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Summary

Additive Manufacturing (AM) permits the development of complex printed
architectures, rendering them from a computer-aided design (CAD) towards a
physical structure. This technology allows the combination of multiple scientific
approaches, starting from the chemistry in the materials, the kinetics & processing
of the solidification reactions, and the AM technique applied, which variables
would strictly depend on the final product's desired properties. 3D polymeric
printing can enclose a whole set of science behind the spatially controlled
solidification of its monomeric/oligomeric parts depending on the method chosen,
such as fused filament fabrication (FFF), selective laser melting (SLM), inkjet, and
vat photopolymerization methods that can include great printing fidelity (<35 pum)
and fast printing times (<1h) like Stereolithography (SL) or Direct Light Processing
(DLP). Nowadays, for the latter, the market offers inexpensive and more
commercial options such as Liquid Crystal Display (LCD) technology.

The photopolymeric resin formulations normally include a polymeric matrix
and embedded additives that can provide specific properties as will be explained in
this thesis work. Usually, structural characteristics like flexibility and rigidity are
attributed to the polymeric matrix, as well as reactivity or even the capacity to
withstand extreme conditions depending on the chosen monomers/oligomers.
Regarding the additives, there is a whole set of fillers, colorants, and radical
scavengers that can be included in the formulation to adjust or incorporate
functional properties to the printed structure for specific applications.

The scope of this Ph.D. thesis was to study the inclusion of advanced
conductor/semiconductor materials as fillers in 3D printable polymeric matrixes to
develop 3D structures for electronic or photocatalytic applications. The use of DLP
and LCD was selected as printing technology, allowing fast material processing in
their liquid state, and acquiring high-resolution 3D objects. Both printing methods
employ photopolymerization, defined as the assembling of monomers/oligomers
initiated by the reaction of a photoinitiator with incident light. The reaction starts
when a projection of the light pattern from the layer to print arrives on the screen
which is in contact with the vat, and slices are rapidly cured, producing a 3D
structure in a layer-by-layer process. However, a load of additives and specifically
fillers may limit the light absorption of the photoinitiator due to photoblocking
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activity or light scattering, leading to a decrease in the reaction kinetics affecting
the printing process.

In the first part of the research, the development of polymeric
MXene/composites was investigated for the later production of 3D-printed objects
applied in electronics. A MXene being a 2D material based on transition metal
carbides, carbonitrides, or nitrides with huge research interest given their novelty,
and properties such as high electrical conductivity, hydrophilicity, and thermal
endurance. The MXene composition used in this study is TizC2T,, to deliver its
electrical properties to build 3D conductive objects by photopolymerization. These
were then introduced into a monomer formulation of Bisphenol A dimethacrylate
(BPA-dma) and Trimethylolpropane triacrylate (TMPTA), whose reactions kinetics
was studied by photorheology, while chemical -characterization and IV
measurements were performed to study the material properties. The choice of these
monomers was based on their compatibility with an annealing post-process, which
was further exploited to enhance the electric conductivity of the 3D structures.

The innovation of this study relies on the use of MXenes in DLP as a printing
method and the study of the influence of Titanium carbide (Ti3C>T,) inside the vat
photopolymerization. Also, in the exploration of how its properties are affected
when including them in 3D objects and submitting them to high temperatures when
using the annealing as post-process.

In the second part of the research, the use of a specific advanced semiconductor
photocatalytic material was explored also as filler in DLP and LCP printing
methods for the development of 3D printed composites. The semiconductor chosen
being a hybrid system, composed of phenyl carbonitride as the organic part and
TiO in its anatase phase as the inorganic one, forming a heterojunction of Phenyl
carbonitride and Titanium oxide (PhCN/TiOz) known for its great performance in
photocatalysis. The purpose of this investigation was to explore the inclusion of
PhCN/TiOz in 3D printing vat photopolymerization and how its photocatalytic
performance was affected when included in the printed structures. As a polymeric
matrix, a polyethylene glycol diacrylate (PEGDA) formulation was considered
adding a silane monomer 3-(trimethoxy silyl)propyl methacrylate (TMSPM) to
improve mechanical resistance and the ability of the matrix to withstand the
photocatalysis reaction. Furthermore, comparing the best method to include
PhCN/TiOz in 3D printing and translating its photocatalytic activity which was
evaluated by the degradation under visible light irradiation of Rhodamine B (RhB),
the material was considered also under a coating strategy. For this, the silane
monomer was used as a coupling agent between the organic matrix and the
inorganic part of the hybrid system, via the sol-gel technique.

The innovation of this part is the inclusion of this hybrid system inside the vat
photopolymerization and as a post-treatment, for the analysis of its application as
photodegradation capacity at visible light. Also, its influence in the PEGDA system,
and how by adding TMPSM in the matrix properties are improved to withstand the
inside reactions. In the last set of experiments, a glassy polymeric composite
approach was also utilized for its inertness over extreme environments with the
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same polymeric matrixes, which is going to be introduced in the appendix as it did
not work effectively.

Throughout the Ph.D. and this manuscript, the development of different
polymeric matrixes and their optimization was done to improve the quality of the
final composite when including the fillers in the formulation. 3D printing can serve
for fabricating objects with added values, in combination with multi-scientific
approaches. The design can applied in a wide set of application fields as seen during
these years, as electronics and photocatalysis.
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Chapter 1

1. Additive Manufacturing

1.1. Background & Evolution

Additive Manufacturing (AM) technology is a digital technology that has
integrated machinery, computers, numerical control, and materials in the global
advanced manufacturing field for the past 30 years (Y. Shi et al., 2021). It is a multi-
disciplinary field that requires interaction between scientists, engineers, software
developers, and 3D designers. Also known as three-dimensional printing (3DP),
this technique has the advantage of generating superior components with complex
shapes in any possible geometry with simple production steps, considering lower
production time, high flexibility, and minimal wastage of material.

In the 1980s, when the invention of binder jet printing was settled by MIT
(Massachusetts Institute of Technology), the definition of 3DP was “A process
under development at MIT for the rapid and flexible production of prototype, end-
use parts, and tools directly from a CAD model” (Kaczynski, 1989). Though, it was
Hideo Kodama in 1980 who developed the earliest 3D printer, prototypying a
machine that created parts layer-by-layer using a resin that could be polymerized
by UV light (Kodama, 1980). Today this concept is much broader, involving new
advancements and even portable personalized printers, disregarding this definition,
as it did not effectively describe the term anymore. According to the American
Society for Testing and Materials (ASTM), AM is the process of creating three-
dimensional (3D) objects by successive addition of material (International, 2012).
However, even if AM and 3DP fall under the same definition and are commonly
considered synonyms, the two terms are usually employed to refer to different
domains: where AM is mainly used at an industrial level, involving enterprise and
supply chain; 3DP is associated with low-cost techniques, beyond industry areas,
like research centers, business stores, and equipment.

Historically, AM technology was introduced in the 1980s, and limited to
prototyping (Saleh Alghamdi, John, Roy Choudhury, & Dutta, 2021). On the other
hand, only after 2009, its development started to increase rapidly, witnessed by an
increasing number of scientific publications. Figure 1.1 reports the publications
recorded in the SCOPUS database, from 1980 to now, with 73,557 documents,
noteworthy the main increment in publications is seen after 2008 and, currently, the
curve is still growing.
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Figure 1.1. Results of documents in SCOPUS froerlalr‘)SO up to now using the keywords “Additive
Manufacturing”

The aim of the 3DP is the creation of objects from a computer-aided design
(CAD) tool in a single machine. The products are created through a selective and
successive material addition, in a layer-by-layer approach, in which each layer
corresponds to a cross-section of a digital file. Currently, depending on the
technology used and the client's demands, materials can be designed or combined
to achieve the best performance. Describing in general the process, this consists of
translating the CAD file into a digital format compatible with the printer (g-code),
to generate the printing pattern, which is implemented to fabricate the desired object
and finally, depending on the final application, a post-processing can be also
considered (Figure 1.2). Among its various advantages, AM can be employed with
diverse materials, including metals, ceramic, and polymers along with its different
combinations, to form composites, hybrids, graded functional materials, and
hydrogels in different physical states (solid, liquid, viscoelastic, and gels) (Saleh

Alghamdi et al., 2021).

1. Creation of the CAD 2. Slicing if the model 3. File transfer & 4. Printing process 6. 3D object

model and storage as a into cross-sectional Machine setup
readable file (.stl) layers
5. Post-processing

Figure 1.2. Schematic representation of the 3DP process
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In this regard, the AM process is very broad and consequently, the ASTM has
formulated a set of standards that classify the range of AM into 7 general categories
(ISO/ASTM  52900:2015). The 7 types are: jetting, binder jetting, vat
photopolymerization powder, powder bed fusion, material extrusion, energy
deposition, and sheet lamination (Shahrubudin, Lee, & Ramlan, 2019). These
processes are categorized using parameters depending on speed, material strength,
resolution, scalability, build volume, cost, quality, and surface finish. The following
Table 1.1 shows each category with common 3DP examples, the materials that can
be used, and the corresponding advantages and drawbacks of each technology.

Nowadays, 3DP is widely used in industry and research departments for the
development of customized products. The versatility of this technology has made it
possible to use it in a wide range of applications and fields, such as aerospace,
automotive, machinery, medical implants, handling and robotics, electronics,
lifestyle products, etc (Al Rashid, Khan, G. Al-Ghamdi, & Kog, 2020). Though, the
main problem relies upon the scalability of the processes and production to scale-
up to an industrial level.

Table 1.1. Seven AM categories according to the ASTM classification

Category Image |3DP Tech. | Advantages | Drawbacks | Material
High .
'8 Overcuring
SLA, - | accuracy,
Vat- . | & scanned | Polymer,
. SLA, DLP, |fast building |.. .
Photopolymerization line shape, | Ceramic,
(VP) CLIP, 2PP, speed, high  cost|composite
CAL tailored fof supplies P
formulations PP
. Requi
- High equire Polymer,
0 Polyjet accuracy support, ceramic
Material Jetting (MJ ' . |low- .
aterial Jetting (MJ) .“ MIJP,NPJ | multiple o composite,
4 i strength i
materials ) hybrid
material
e . Less
. . FFF, Inexpensive,
Material Extrusion ) accuracy, |Polymer,
(ME) ‘ PAMS, multiple . 't
7 ADAM materials poot compostie
resolution
Different Post- Polymer,
. . colors, wide | processing, |ceramic
Binder Jett BJ Ju MIJF, SPJ ’ ) ’ ’
inder Jetting (BI) _1b , ’ range of | high metal,
materials porosity composite
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High
Is)rec:l(s):n, no Polymer.
) SLS, SLM, Uppott, High power | ceramic,
Powder Bed Fusion range of .
DMLS/SLS, ) usage, post- | composite,
(PBF) materials, i i
EBM . processing | hybrid,
high
metal
strength
parts
J— LENS Post-
/ ’ Extremel ,
Direct Energy ¢ A\ EBAM, fa);treme yart processing, |Metal,
Deposition (DED) | \_ = LMD-e, re e’lir P poor hybrid
\'_'/ WAAM P resolution
Polymer,
Sheet  Lamination LOM. UAM High speed, | Post- metal,
(SL) ’ low cost processing | ceramic,
hybrid

*The abbreviations for the different 3DP technologies can be found here: SLA
stereolithography, p-SLA micro-stereolithography, 2PP two-photon polymerization, CAL
computed axial lithography, DLP digital light processing, CLIP continuous liquid interface
production, MJP multijet printing, FFF fused filament fabrication, ADAM atomic diffusion
AM, PAMS pressured assisted micro-syringes, MJF multijet fusion, SPJ single-pass
jetting, SLS selective laser sintering, DMLS direct metal laser sintering, LENS laser
engineered net shape, EBAM electron beam AM, LMD-e laser metal deposition with wire,
WAAM wire arc AM, LOM laminated object manufacturing, UAM ultrasonic AM.

** This table has been adapted from the following ref (Nazir, Abate, Kumar, & Jeng, 2019;
Sefene, Hailu, & Tsegaw, 2022).

In this context, this thesis is focused on 3DP technologies for the development
of liquid printable resins based on photopolymerization. Therefore, the following
sections will describe the science behind these topics in detail.

1.2. Polymers in AM

Table 1.1 shows that 6 out of 7 AM categories can be applied to polymeric
materials, giving its advantages and drawbacks, and DED was excluded as it is used
mainly in metal printing. This section will briefly describe their principles and use
in polymers, focusing on Vat-Photopolymerization (VP), which will be explained
in detail in section 1.2.1 given its importance in the development of this thesis.

MJ — Material Jetting

A jet printer is comprised of a print head with thousands of nozzles, which are
employed to fabricate the 3D structures by depositing ink droplets onto a substrate

25




(base platform), in a layer-by-layer form (Ligon, Liska, Stampfl, Gurr, & Mulhaupt,
2017). The surface tension, viscosity, and volatility of the material play a vital role
in the printing (Chou, Gamboa, & Morales, 2021). As per ISO/ASTM BJ and MJ
use the same printing mechanism handling different materials. According to the
technology, the printer heads deposit droplets of melted material or photocurable
resin containing additives onto a build platform, where it solidifies or is cured.

ME — Material Extrusion

The 3D object is fabricated by selectively dispensing the printing material or
ink and binder through an orifice. This system uses computer-spatially controlled
methods to disperse the ink and to deposit the melted filament layer-by-layer, to
finally obtain a 3D structure (Lewis & Gratson, 2004). There are 2 main types of
extrusion-based systems: PAMS (Pressured Assisted Micro-Syringes) and FDM
(Fused Deposition Modelling), with the difference between them mostly related to
the used material (solid wires for FDM, gels or pastes for PAMS). These methods
are the most widespread due to cost and rate of production.

PBF — Power Bed Fusion

In this process, powders are selectively melted to form a 3D object using
thermal energy (e.g. a laser). The printing begins by feeding powder into the
building chamber, where it is homogenized before exposure to a high-power laser
beam. As the laser passes point-by-point, it melts the particles to form a joint 2D
layer. The build platform then steps down to a height equal to the layer thickness,
then a second layer is spread on the first layer and sintered on it using the laser. The
procedure is then repeated until it forms the desired 3D structure (Lakkala,
Munnangi, Bandari, & Repka, 2023). The critical process parameters include the
bed thickness, temperature, and powder properties like particle density, shape, size,
and size distribution.

BJ- Binder Jetting

In a BJ printer, the printing head sprays a liquid agent (binding agent solution)
selectively as per the CAD design onto a powder bed. The subsequent chemical
reaction leads to the joining of powder particles, employing the evaporation of
solvent or curing. Once a section is formed, another layer of powders is deposited,
and the process is repeated until the formation of the object.

SL — Sheet Lamination

This process involves the shaping and bonding of material sheets. The
laminated object manufacturing is conducted by trimming the material sheets into
the required dimensions and sticking them together with an adhesive to produce a
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3D object. this technology can be used also for metals, using ultrasonic AM welding
(Bhatt, Kabir, Peralta, Bruck, & Gupta, 2019).

1.2.1. Vat photopolymerization (VP)

Vat photopolymerization is an AM technology where the photopolymerization
occurs in a resin tank, commonly known as vat, which contains a formulation of
monomers, additives, photoinitiators, and fillers, that will be specified in sections
afterward (Pagac et al., 2021). The setup includes a light source that is employed
for the photopolymerization reaction which, in turn, performed layer-by-layer,
leads to the fabrication of the 3D object. The advantages, disadvantages, and types
of VP are mentioned in Table 1.1.

The process consists of spatiotemporal-controlled photoactivated
polymerization enabling precise localized solidification of resin materials, resulting
in high-shape fidelity of the final 3D object to the CAD file (Salas, Zanatta, Sans,
& Roppolo, 2023). The light irradiates perpendicular to the XY plane, and
depending on its resolution, it outlines a minimum volume unit or voxel. A scheme
of how the light is guided throughout the different VP technologies is reported in
Figure 1.3.a, whereas Figure 1.3.b. shows the two possible configurations of the
build platform.

a Minimum laser spot size Footprint of the UV laser
S
v
1
a
5
Minimum pixel size Footprint of the projected light
-
-
=
a
-
=]
o
o
-
=}
b Bottom Up Top Down
- —-
-

Figure 1.3. SLA-based technologies. a) Methodologies to solidify photopolymer resins in laser-based
SLA and DLP. Image reproduced from ref (Pagac et al., 2021) b) Differences between bottom-up and
top-down technologies. Image taken with permission from ref (M. Lee, Rizzo, Surman, & Zenobi-Wong,
2020).
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1.2.2. Principles of photo polymerization applied to 3D
printing.

Photopolymerization is a polymerization method that employs the energy
provided by photons (i.e. light) to initiate the reaction; it occurs only by
polyaddition, meaning the continuous addition of propagating species with
unreacted monomers. Usually, the monomers used in 3D printing are
multifunctional (i.e. bearing more than one reactive species, so as the reaction
propagates the macromolecules form crosslinking points, and by consequence
thermoset polymers (J.-P. Fouassier, 1995). Photopolymerization is typically
divided into three main steps: initiation, propagation & termination (Yagci,
Jockusch, & Turro, 2010).

1.2.2.1. Initiation

The step in which active species are generated by light exposure. The reaction
starts when a photoinitiator (PI) absorbs a specific wavelength of light radiation and
generates initiating species. At this point, the reaction can follow two different
pathways, directly generating the reactive species (Norrish I photoinitiators) or
aided by a co-initiator (Norrish II photoinitiators) (Garra, Fouassier, Lakhdar,
Yagci, & Lalevée, 2020; Junyi Zhou, Allonas, Ibrahim, & Liu, 2019).

The Norrish I photoinitiator absorbs light that excites the molecule to a triplet
state, which then decays into a singlet state, with a consequent cleavage of a -bond
generating 2 radicals that subsequently react with a monomer and/or oligomer. A
Norrish type II photoinitiator absorbs the light and the excited molecule extracts an
H-atom from a donating co-initiator (e.g. amines), decaying to an equilibrium state,
whereas the co-initiator starts the polymerization. For both cases, the initiation
mechanism follows Eq.1.1 (J.-P. Fouassier, 1995).

h
PI SRR, = ®;1,[PI]

Equation 1.1. PI activation

Where R is the initiating reactive species, R; is the initiation rate, ®; is the
initiation quantum yield, ¢ is the molar extinction coefficient at a given wavelength,
[PI] the molar concentration of the PI and I is the incident photonic flux. This last
coefficient is related to the incident radiation I, (i.e. surface radiation), defined in
the Eq.1.2 (J.-P. Fouassier, 1995).

I, =1,(107%)

Equation 1.2
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A being the absorbance, as defined by the Lambert-Beer law in Eq.1.3
(Mayerhofer, Pahlow, & Popp, 2020)

A= ¢gzc

Equation 1.3. Lambert-Beer
Law
Where c is the concentration of the absorbing species, which in the present case
is the PI and z is the length of the light path. Therefore, the initiation rate is related
to both the chemical properties of the PI (via ®;) and the light intensity. In contrast,
it can also happen that given a certain light source (i.e fixed I,) increasing the [PI],
the light penetration decreases. In VP 3D printing, where the slicing is fixed by the
operator (Z steps), there is a better control of the light penetration allowing an
efficient adhesion of the different layers and precise printing, avoiding uncontrolled
polymerization beyond the desired voxel.

1.2.2.2. Propagation

Here photogenerated species react with stable monomers, leading to an increase
in molecular weight and the formation of the polymeric chains or networks. The
second step of photopolymerization starts when R- reacts with a monomer (M),
hence generating a propagating reactive molecule that interacts with other
monomers and leads to a growing polymeric chain P-. This process is described in
Eq.1.4 (J.-P. Fouassier, 1995)..

M
R +M - RM > PR, = k,[P][M]

Equation 1.4. Propagation

Where R, is the polymerization rate and &, is the chain propagation constant.

Most of the time, the photopolymerization goes by chain-growth mechanism,
typical for monomers with unsaturated bonds (e.g. vinyl, acrylate, methacrylate) or
rings (e.g. epoxy). Though, an alternative mechanism is the step-growth, which is
typically given in reactions with thiol-ene/ -yne (Hoyle & Bowman, 2010; M. Lee
et al., 2020). Figure 1.4 embodies a schematic representation of both mechanisms
and the difference in their kinetic profile.
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Figure 1.4. Random copolymerization of building blocks (cyan and pink circles represent different
monomers or oligomers) (A) via chain-growth polymerization and (B) via step-growth polymerization.
Asterisks represent radical species. Image taken from ref (Esmaili, Eldeeb, & Moosavi-Movahedi, 2021).
(C) Polymer growth Kkinetic profiles for both mechanisms. Image taken from ref (Colebatch & Weller,

2019).

The extent of the propagation step determines the molecular weight, which later
establishes the gel-point, mechanical, and physicochemical properties of the
polymer (Nicholson, 2012). Taking advantage of this knowledge, the design of
custom-made photocurable resins is done to achieve faster kinetics that would be
translated in 3D printing as shorter irradiation times and controlled solidification.
The use of multifunctional monomers is also preferred, which would generate
highly cross-linked polymers with rapid gelation, and higher molecular weights
(Figure 1.4 C) can reach an infinite molecular weight. Additionally, mono-
functional monomers lead to linear polymers, which are generally soluble in their
monomers, restricting the possibility of obtaining solid objects.
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1.2.2.3. Termination

The final step, in which polymerization ends, can be defined as the stage when
the propagating radical species cease to react to form a stable polymer. This occurs
when two growing polymeric chains react, following the mechanism in Eq.1.5 (J.-
P. Fouassier, 1995)..

P+ P - Polymer R, = k[P

Equation 1.5. Termination

Where the R; is the termination rate and the k; is the kinetic constant of the
reaction and combining these relations, in Eq. 1.6 we can define the polymerization
rate (Ry) (J.-P. Fouassier, 1995)..

Equation 1.6

This last equation is demonstrated to work particularly for mono-functional
monomers, but as in 3D printing multi-functional monomers are preferred,
modifications in the kinetic should be considered (J.-P. Fouassier, 1995), as it has
been demonstrated in literature (Andrzejewska, 2001). Remarkably, the
polymerization kinetics in this case is proportional to the first power of the
monomer concentration and the square root of light intensity. Resulting that, the
quantum yield of the polymerization is:

Equation 1.7

Where the quantum yield decreases with increasing light intensity. Moreover,
Eq.1.5 demonstrates that the polymerization rate is proportional to the second
power of the concentration of the propagating polymeric species (P-), which
depends directly on the [PI]. As a consequence, by limiting the concentration of PI
molecules present, one could speed up the polymerization, but exceeding could lead
to termination (Krongauz & Trifunac, 2013). Therefore, an optimum concentration
should be selected.
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1.2.2.4. Optimizing photopolymerization steps towards
better 3D printing

To obtain precise structures it is necessary to have spatial control over the
polymerization (Ahn, Stevens, Zhou, & Page, 2020). Resolution is empirically
obtained by adjusting the quantity, type of PI, and printing parameters, such as layer
exposure time and light intensity. Likewise, other parameters are also important,
like monomer reactivity, viscosity, and temperature.

Besides that, to enhance the printing precision two strategies can be applied.
The first one is the use of dyes and photoabsorbers to control light penetration and
the excess of photocuring on initial layers. The latter are molecules that absorb light
in the same spectral range of PI, but without generating reactive species. The
absorbance of a formulation is described as(J.-P. Fouassier, 1995).:

Ap=2z)¢ ¢

Equation 1.8

Where Af at a given wavelength with a given optical path length (z) is the sum
of the contributions for the concentration (c;) of every absorbing species i
multiplied for the corresponding molar extinction coefficient (g;). Meanwhile, dyes
compete with the PI in photon absorption, increase the absorbance, and instead
decrease the initiation rate (Eq.1.1) affecting the photopolymerization mechanism.
Herein, the dyes in VP 3D printing allow a finer control on the XY plane, decreasing
propagation out of the pixel irradiation (Gastaldi et al., 2020).

In this context, the following equation must be taken into consideration:

E
Ca = Dyln (4%

Equation 1.9

Where C; is the curing depth, D,, is the light penetration depth, Ep 4y is the
energy dose per unit of area, and E. is the critical activation energy. D, is
empirically defined as;

1
P T 23¢[PI

Equation 1.10
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Showing, inversely proportional to € and to [PI]. It emerges that the presence
of dyes increases the molar extinction coefficient and decreases the curing depth.
Given this, dyes allow for control of the curing depth simulating the Z step of the
3D printing process (Ahn et al., 2020; Lin, Liu, Chen, & Cheng, 2019; Vitale &
Cabral, 2016).

The second strategy is the use of radical scavengers. These chemical
compounds stabilize free radicals to avoid further polymerization. They interact
with either initiating species or propagating species, inducing termination, and
avoiding post-curing. The main drawback of their presence in the formulation is
that they can reduce the polymerization rate (Cook et al., 2020).

In any case, 3D printable resins and formulation content will be defined and
explained more in detail in the next chapter. Nonetheless, it is important to settle
that light-curable 3D materials are defined as photopolymerizable resins that are
composed mainly of a photoinitiator, and a polymeric matrix that determines the
mechanical properties and 3D resolution of the final printed object, besides, that it
is possible to add fillers with diverse chemistry to envisage specific desired
properties or even colorants for improving resolution, by regulating light-
penetration and maintain a proper 3D definition.

1.2.3.Types of VP
1.2.3.1. SLA (Stereolithography)

In SLA machines, polymer solidification is accomplished by focusing the laser
on one specific point using a galvanometric head on the building platform to create
the first layer (H. Li, Fan, & Zhu, 2020). The XY- resolution is determined by the
laser spot size. Then, the polymer remains attached to the building platform. After
the first layer is formed, the platform is raised or lowered depending on the specific
configuration, as depicted in Figure 1.3.b. The wavelength and intensity of the light
determine its penetration, which also depends on the resin’s optical transparency
and viscosity. Classic SLA technologies can achieve XY resolution down to 10 um
(Juskova, Ollitrault, Serra, Viovy, & Malaquin, 2018).

The light penetration depth is an important factor that determines each step size,
as it needs to be sufficient for curing the entire layer, neither too much as it would
lead to over-curing and a decrease of resolution. For this, parameters such as layer
thickness, irradiation time, and light intensity need to be optimized. Thus, the Z-
axis steps should be optimized to reach a compromise between high resolution and
short building times. Mechanically, the vertical resolution depends on the precision
of the stepper printer’s motor screw and the rotational screw that controls the
motion of the building platform (Enders, Siller, Urmann, Hoffmann, & Bahnemann,
2019). Usually, the first layers should ensure a robust binding to the platform with
longer polymerization times, followed by the subsequent layers with the optimized
parameters. As seen in Figure 1.2, usually post-processing is needed, which is
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considered by washing the residual resin on the object with common solvents (e.g.
water or alcohols) and the post-curing.

The post-curing enhances the long-term structural stability of the printed
structure because it assures the complete conversion of the resins. This step
maximizes the probability of reaching the gel point by increasing the cross-linking
density, thus the degree of polymerization, by the subsequent light exposure.

The bottom-up approach is the usual configuration since lesser volumes of resin
are necessary, as only the bottom of the vat should be covered to allow the process,
and the vat depth does not limit the construction volume. Another advantage is that
in this process, the newly formed layer has no contact with oxygen as
photopolymerization always happens at the bottom, and usually, all the printing is
covered/flooded in resin improving the kinetics and curing rate (Lian, Yang, Xin,
& Li, 2017).

1232 p-SLA

In the early 1990s, micro-stereolithography was developed differing from
normal SLA because the laser spot size was about 5 um instead of 10 um (Ikuta &
Hirowatari, 1993). Lately, the use of more precise lasers has enabled the generation
of submicron structures (Y. Liu et al., 2016), down to 0.??? um, which is at the limit
for a single-photon technology. Nowadays, this technology is commonly used for
optic & photonics (Gao et al., 2023) applications to develop microlenses and arrays,
also, (Maruyama, Hirata, Furukawa, & Maruo, 2020) developed multi-material p-
SLA printing system with multicolor photocurable resins in high resolution. They
proposed a micro-stereolithography system with a linear translational stage for the
material exchange, integrating a cleaning step with a solvent to avoid
contamination. In the system, a 405 nm laser beam incident to a Galvano mirror
passes through a variable neutral density filter and a shutter, to regulate intensity
and exposure time, . Afterwards, it is focused on the boundary surface of the
photocurable resin and the glass plate using an objective lens with a numerical
aperture of 0.1 (magnification x10). This system reaches scanning speed of 1mm/s,
a laser intensity of ImW, with a stacking deviation in the printed structures of
approximately 20 pm.

1.23.3 DLP

Digital Light Processing consists of the same principle as SLA, however
instead of accomplishing polymer solidification in an specific point in space and
time, it photopolymerizes the resin by layer-by-layer projections. Therefore,
leaving a footprint of the projected light as seen in Figure 1.3.a. The printer directs
the light with digital mirror device (DMD) chips, as seen in Figure 1.5. Here each
micro-mirror on the DMD represents one pixel from the digital image in the layer
to be solidified, achieving a resolution up to 3-5 pum in the XY plane (Yu et al.,
2020) in optimized conditions. Each layer consists of an entire projected cross-
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section of an object, which usually translates into faster printing times for larger
areas. Currently, the best commercial DLP printers claim a resolution of about 20
um (Gonzalez, Roppolo, Pirri, & Chiappone, 2022).

movable
platform

resin

reservoir \if
coated / .

glass plate

lens

LCD graymask

digital mirror
device (DMD)
S

Figure 1.5. Setup for the DLP-3D printer. Permission to reproduced this image was granted
(Melchels, Feijen, & Grijpma, 2010).

This printing method is promising for the construction of 3D and 4D structures,
incorporating micro and nano-scale (Sajjad et al., 2023) features with the usage of
light as cross-linking source, curing directly to the vat in a matter of seconds and
consisting of a Z-directional motor achieving a moveable platform. However,
cheaper printers include LCD screens with lower resolutions and power intakes
which have been developed due to the high demand of the low technical level
market.

1.23.4 CLIP

Maintaining the same working principles of DLP, CLIP printers usually uses
a light-emitting diode (LED) array at 405 nm (Pagac et al., 2021) or 385 nm (de
Beer et al., 2019) or a liquid-crystal display (LCD) screen, which acts as a mask
that directs the layer polymerization. The main difference with DLP consists in the
presence of a controlled interfacial layer of oxygen, created at the bottom of the vat
through an oxygen-permeable window. Such layer acts as a polymerization
inhibitor in the window interface, allowing a continuous interface for
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polymerization, near the bottom window, resulting in layer-less printing and
increasing the printing speed (500 mm/h). Prof. Mirkin’s group recently reported a
breakthrough that enhance the printing area and speed, branding it high-area rapid
printing (HARP) (Tumbleston et al., 2015), where a flow of fluorinated oil in the
base of the printing bed avoids the adhesion of the materials and facilitates the
continuous cooling of the printing front at high speed.

1.23.5 2PP

In this type of printing, the process is activated by the simultaneous absorption
of two photons generated by a pulsed pico- or femtolaser (A. K. Nguyen & Narayan,
2017). The absorption happens in the more energetic part of the laser spot, which
starts the free-radical polymerization resulting in structures in the range of 100 nm.
The main drawback of this technique is the high cost of the equipment, the limited
printing volume (<1 mm in height), and the low printing velocity (0.5-1 mm/s),
however it has a great resolution.

1.23.6 CAL

Developed at Lawrence Livermore National Laboratory as a volumetric
technique, this employs computed tomography (CT) images to generate a hologram
within a controlled photopolymer volume. The hologram is generated by the
simultaneous projection of several 2D images while the vat tank rotates
continuously. The images combine through the liquid resin from different angles,
resulting in a 3D hologram with enough energy to photopolymerize a volume of
resin. The key parameters are angular velocity and the resin's viscosity. The key
point in the technology is the control of the rotation speed which must be enough
to prevent the relative shift of the 3D-printed model and the rest of the liquid resin.
Another advantage is that as it works volumetrically it has high surface definition
and smoothness.

1.2.3.7 XOLO

A different type of volumetric 3D printing, xolography works as a dual color
technique, which employs two-wavelength photoswitchable photoinitiators to
induce local polymerization inside a confined monomer volume upon linear
excitation. This is achieved by intersecting light beams with different wavelengths
(Regehly et al., 2020). This technique includes higher resolutions than CAL and a
higher printing volume than 2PP, with rapid printing times and minimizing
unwanted polymerization with laser sheet-induced curing.
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Chapter 2

2. Introducing Polymeric
Composites terms for VAT 3DP

This chapter was written based on the published article (Salas, Zanatta, et al.,
2023).

2.1. Introduction & General Concepts

Photocurable formulations can be suitable for different VAT 3DP technologies,
as mentioned in Chapter 1, i.e. SLA, SLP, CLIP, etc. The liquid resins employed
need at least two components to be converted into a polymeric network:
monomers/oligomers and photoinitiator(s) (Crivello & Reichmanis, 2014; Layani,
Wang, & Magdassi, 2018). Beyond those, for matters of resolution, additives such
as radical scavengers or colorants can be added too, more importantly, fillers can
be also added to conceive properties; the so fabricated materials are called
polymeric composites.

The vat photopolymerization (VP) printing process starts once the patterned
light exposure radiates over the resin, generating reactive species or radicals, that
promptly convert the liquid monomers into a cured covalent network
(Appuhamillage et al., 2019). The involved PI must be compatible with the light
source, which is usually UV or visible, the latter being safer and compatible with
even cell-laden water-based inks (M. Lee et al., 2020; Samadian, Maleki, Allahyari,
& Jaymand, 2020). The PI then reacts with photocurable species, hence, monomers
or oligomers that contain single or multiple active groups (mono or multifunctional)
e.g. (meth)acrylate moieties, as side or chain-ends. They will enable their
association onto a cross-linked network mainly on the irradiated regions, outside of
that would be considered over-curing (A. Bagheri & Jin, 2019). Therefore, for an
optimal 3D printable formulation, there should be a trade-off between the
composition, desired properties, and resolution. The latter depends on the curing
kinetics and penetration depth that, combined with parameters such as light
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intensity and exposure time, allow an optimized VP regarding speed, precision, and
mechanical integrity.

On the other hand, a basic requirement for all additive manufacturing (AM)
light-based technologies is that the polymerized object must not be soluble in the
ink while being printed, as it must have continuous contact with the liquid resin.
This condition is achieved by supplying enough energy to reach the material’s gel
point (Ng et al., 2020). The next sections will introduce the chemistry of the main
components in a 3D printable formulation.

2.2. Formulations

A formulation for 3DP Vat photopolymerization consists of the addition of
different chemical reagents, where each one has a particular role in specific ratio to
achieve an homogeneous solution (Liska et al., 2007). The main roles to be fitted
inside a formulation are: photoinitiator (s), monomers/oligomers & crosslinker(s),
and for modulating parameters a printing definition, printing time, and/or
mechanical resistance, additives as radical scavengers, colourants or fillers can be
added. In the next subsections, each reagents role would be explained and
exemplified.

2.2.1. Photoinitiators (PI)

A photoinitiation system is considered efficient when it enables fast
photopolymerization and high-quality 3D printing, so it should have an adequately
high molar extinction coefficient at the light source wavelength and generate active
initiating species (e.g. free radicals) upon photoexcitation (A. Bagheri & Jin, 2019).
PIs can follow Norrish I or Norrish II type mechanisms, as explained in detail in
Chapter 1, section 1.2.2.1, and, generally, they can be either radical or cationic,
according to the reactive species they generate (Jing Zhang & Xiao, 2018). For an
efficient initiation, the absorption wavelength of the selected PI must match the
emission of the used 3D printer (Ikemura & Endo, 2010). Nowadays, many Pls are
commercially available and well-known for their photochemical properties, Figure
2.1 shows most of them with their maximum absorption wavelength being in the
UV and visible range, even though some can have multiple absorption peaks (Al
Mousawi et al., 2017; Corrigan, Xu, & Boyer, 2016; Hong, Park, & Park, 2019;
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Figure 2.1. PI absorption. Chemical structures and maximum absorption wavelength of the recalled
PIs used for 3D photopolymerization. Image taken from ref (Salas, Zanatta, et al., 2023).

The most used PIs are wusually Norrish type I, such as 2,4,6-
trimethylbenzoyldiphenyl phosphine oxide (TPO) and phenylbis (2,4,6-trimethyl-
benzoyl)phosphine oxide (BAPO or Omnicure 819 previously known as Irgacure
819) (Dietlin et al., 2015; Jing Zhang & Xiao, 2018). As seen in the above figure,
they usually absorb UV and visible light, which is compatible with the VP
techniques, particularly DLP which often exploits light-emitting lamps at 405 nm
(J. P. Fouassier, Allonas, & Burget, 2003). Whereas, cationic PIs usually need more
energetic light sources that are more compatible with SLA, that uses wavelength at
355 nm (Marco Sangermano, 2012).

Dividing PIs according to their chemical nature, their solubility and high
reactivity are the main considerations for their efficiency. For radical Pls, benzyl
ketals are efficient PIs based on the formation of a methyl and benzoyl radical both
being very reactive radicals. Examples used in SLA for their UV absorbance are 2-
hydroxy-2-methyl-1-phenylpropane-1-one { 1173), 2,2-dimethoxy-2-
phenylacetophenone (DMPA or I 651) and 2-hydroxy-4’-(2-hydroxyethoxy)-2-
methylpropiophenone (I 2959) (Fischer & Radom, 2001). Another very efficient
group is represented by phosphine oxides, which given their lower energy levels in
their excited states due to the proximity between the phosphorous atom and the
carbonyl group, can absorb wavelengths at 400 nm, and are widely used in DLP
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(Fantino, Chiappone, Calignano, et al., 2016; Fantino, Chiappone, Roppolo, et al.,
2016). Acyl phosphine oxides such as diphenyl (2,4,6-trimethylbenzoyl) phosphine
oxide (MAPO or TPO) and bis(2,4,6-trimethylbenzoyl) phenylphosphine oxide (I
819, BAPO) provide photosensitivity under UV and visible light radiation (Patel et
al., 2017; Stassi et al., 2017).

Norrish II Pls differ from type I in a bimolecular process. They produce free
radicals through direct hydrogen abstraction or electron transfer once they reach the
excited triplet states under light exposure and the presence of a co-initiator.
Considering chemical stability and blocking effects, these groups possess more
advantages for the initiation process, however, they have low water solubility,
discoloration, low reactivity, and higher volatility given to their amine nature (Jauk
& Liska, 2005). The most used examples in 3D printing are, camphorquinone (CQ),
benzophenone (BP), isopropyl thioxanthone (ITX), & Eosin Y, commonly being
tertiary amines (Lalevée, Fouassier, Graff, Zhang, & Xiao, 2018).

Besides Norrish reactions, redox reactions are also reported in the literature for
PlIs. Eosin Y can also be considered under this category (Fors & Hawker, 2012). In
this type of reaction, the excited PI oxidizes phenolic tyramine groups into tyrosyl
radicals, cross-linking into a tyramine network (Ohtsuki, Goto, & Kaji, 2012).
Another type of molecule that proceeds under redox reactions are organometallic
complexes, e.g. tris(2,2’-bipyridyl)-ruthenium(Il)  chloride  hexahydrate
([Ru(Il)(bpy)3]Cl12), which has long-lived excited states and suitable redox
potentials (K. S. Lim et al., 2016). Ru (II) complexes are water soluble and with a
persulphate, they can accept electrons when Ru is photoexcited to a triple state
(Khoon S. Lim et al., 2019). Once the Ru (I1I) is formed, the persulphate dissociates
into sulphate radicals that follow the free-radical or thiol-ene chain polymerization.
Instead, regarding the cationic process the usual Pls are diazonium salts such as
Bis-(4-t-butyl phenyl)-iodonium hexafluorophosphate (Speedcure 938) (Villotte,
Gigmes, Dumur, & Lalevee, 2019) and triaryl sulfonium salts, alkyl sulfonium, iron
arene salts, sulfonyl ketone, and triaryl siloxane used with monomers as epoxies,
vinyl esters, acetals, cyclic esters, etc. The activation of these salts involved the
photoexcitation and decay of the resulting excited singlet state, with heterolytic and
homolytic cleavages (M. Sangermano, Roppolo, & Chiappone, 2018). The
generated cationic radicals are organic cations generated during the photolysis that
further react with the formulation components, mainly monomers (Yagci & Reetz,
1998). The strength of this acid is the key to determining whether and how the
polymerization proceeds. If the acid is not strong enough, due to the anion's strong
nucleophilicity this combines with the carbon cationic center and polymerization
does not proceed.

2.2.2. Monomers & Crosslinkers
Monomers & oligomers can be photopolymerised during the VP 3D printing

process, in the presence of suitable PIs, and determine the final properties of the
printed objects. Most commercial photo polymerizable formulations are
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confidential, however, not all the available market options satisfy special
applications. Therefore, there is a need to design and develop new formulations,
using diverse monomers/oligomers for 3D printing of materials with required
properties.

Monomers are the organic molecules responsible for the binding during the
photopolymerization process. They have to be engineered to generate
photosensitive liquid resins with low viscosity (Rasaki et al., 2021). In turn, it will
result in the formation of a slurry with rheological properties, such as fluidity,
photosensitivity, and viscosity, that must match the different kinds of
photopolymerization-based AM techniques. Typical monomers with these
properties are acrylates, methacrylate epoxides, vinyl ethers, (meth)acrylamides (
some examples of the used monomers are reported in Figure 2.2), propenyl ethers,
siloxanes, cyclic acetals, and furfurals (C.-J. Bae, Ramachandran, Chung, & Park,
2017; Manapat, Chen, Ye, & Advincula, 2017). A .

Oligomers, on the other hand, have similar properties but consist of two or more
structural units of the latter mentioned. Thus, they exhibit larger molecular
structures and higher viscosity, otherwise referred to as prepolymers or
macromonomers (Ikemura & Endo, 2010).

Formulations include a blend of photoactive monomers, which are categorized
according to their molecular length, weight, and present functionalities. When more
than one active site (or capable of being a polymerized bond) is present, they are
considered crosslinkers, like di-, tri-, and tetra-functional acrylates. They are
included to make inside bonds inter different macromolecules in the polymeric
network. Their chemistry and binding capacity can affect the kinetics, morphology,
and mechanical performance of the polymeric matrix, where usually the amount of
cross-linker used for the polymerization permits to obtain a more rigid, and stable
porous material.

The higher amounts of unsaturated units per molecule in the chemical structure
of crosslinker results in higher mechanical stability and binding efficiency, e.g.
polymers synthesized with trimethylolpropane triacrylate in comparison with the
ones synthesized with ethylene glycol dimethacrylate (Y.-J. Park, Lim, Kim, Joo,
& Do, 2012). Also, the presence of multiple functionalities in reactive species leads
to an auto-acceleration in the early propagation phase. This could mean faster
kinetics but a higher viscosity and denser network, leading to a considerable amount
of unreacted bonds (M. Lee et al., 2020). The monomer molecular weight has also
an impact on the kinetics. The higher the weight the more restricted the mobility of
the chains, requiring a diluent in some cases.

At last, it must be noted that most of these compounds are commercially
available, nevertheless many more can be found in literature, according to their
properties and final goals. While a complete list of photocurable monomers is out
of the scope of this thesis, more information can be found in relevant literature(Lai,
Peng, Li, Zhu, & Xiao, 2022; Peer et al., 2018).
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Figure 2.2.Chemical structure of commercially available oligomers & monomers for 3D printing.
Image taken from ref (Salas, Zanatta, et al., 2023).

2.2.2.1. Acrylic acid derivatives as monomers/oligomers
in VP 3D printing

Free-radical polymerizable resins are frequently based on highly reactive
(meth)acrylate functionalities (J. Fouassier & Lalevée, 2012). These are employed
as building blocks to develop bigger molecules due to their reactivity upon light
irradiation, well-established mechanisms, and commercial availability (Narupai &
Nelson, 2020). Figure 2.2 shows the most common monomers and oligomer
derivatives from acrylates of, and similar nature used in VP (Scott et al., 2020; Zhao
et al., 2018). These kinds of monomers tend to follow a chain-growth
polymerization. In the previous chapter this mechanism has been explained, and in
Figure 2.3 A) a schematic representation for photopolymerization can be
appreciated.
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The main criteria for monomer selection depend on their functionality (mono,
di- or poly-), viscosity, reaction kinetics, hydro(phobicity/philicity), shrinkage,
cost, shelf-life, volatility, toxicity, and the final mechanical and functional
characteristics of the product (A. Bagheri & Jin, 2019). Also, the reactive groups
mainly control the kinetics, while the backbone influences the physicochemical and
mechanical strength of the polymer (Jing Zhang & Xiao, 2018).

The preference for acrylates is due to their fast reactivity related to their chain
growth-polymerization mechanism and oxygen inhibition, which allows good
adhesion between printing layers (Jing Zhang & Xiao, 2018). However, they tend
to shrink when cured, leading to poor resolution, internal stress, or even damage to
printed objects. Meanwhile, methacrylate monomers reduce the shrinkage problem,
but have a slower curing rate. Aromatic or high-molecular-weight (meth)acrylates
are characterized instead by lower shrinkage and adequate kinetics (Gonzalez,
Chiappone, Dietliker, Pirri, & Roppolo, 2020).

2.2.2.2. Other monomers/oligomers in VP 3D printing

Monomers with a wide range of functionalities have been reported to be
compatible with photo-induced AM technologies (A. Bagheri & Jin, 2019). The
main monomer moieties are reported in Figure 2.3 , together with the mechanism
they can undergo when induced by light to form the polymeric network.

(Meth)acrylamides and vinyl esters follow the same chain-growth
polymerization pathway as (meth)acrylates (Figure 2.3(A1 and A2)). The reactivity
of these moieties decreases together with the inductive effect, given this also,
methyl-functionalized molecules have a lower tendency to homopolymerize.
Hence, reactivity can be modulated by electron acceptor groups that impart stability
to intermediate radical species during the reaction (Beuermann, Paquet, McMinn,
& Hutchinson, 1996). Furthermore, molecules with a polymerizable double bond
such as methacryloyl groups can be used on the backbone of unreactive species, by
esterification of hydroxy or amino groups to provide photoreactivity enabling
further functionalization of some natural (e.g. gelatine, chitosan, or cellulose) and
synthetic polymers (Mondschein, Kanitkar, Williams, Verbridge, & Long, 2017).
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Figure 2.3. Schematic representation of (A) chain-growth and (B) step-growth formation of the
polymer network. Examples of “constructive” photochemical reactions to form and functionalize
hydrogels by 3D biofabrication techniques: (A1) (meth)acrylates and (meth)acrylamides; (A2) vinyl
esters. (B1) thiol—ene, thiol-yne, and thiol-Michael addition. Image taken from ref (M. Lee et al., 2020)

For niche applications, thiol -ene/-yne systems and epoxy are used in VP,
known for their reduced shrinkage, lower stress, and higher conversion compared
with acrylate resins (Nair, Cramer, Scott, Bowman, & Shandas, 2010; Sycks, Wu,
Park, & Gall, 2018). In Figure 2.3 B1 are reported the possible polymerization
mechanisms in thiols' presence following a step-growth polymerization. The
advantages of thiol-ene networks include their high rate of reaction and conversion
under ambient conditions, with reduced shrinkage due to the delay in the gel point
and mechanical stress, as well as their lower susceptibility to oxygen inhibition
compared with the first mechanism and the formation of less brittle networks. These
photoinduced reactions have orthogonal click chemistry because each available
thiol group reacts only once with one alkene double bond, producing homogeneous
networks with consistent bulk and local properties (Bertlein et al., 2017). This
selectivity can be exploited by performing the reaction in an off-stoichiometric ratio
to control the reaction’s conversion and still have residual functionalities from the
excess component and perform post-printing functionalization (Hoyle & Bowman,
2010).
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Finally, epoxy resins can be cured by cationic-induced mechanisms. In this
case, the PI generates a cationic active center after UV light irradiation, which in
turn initiates the polymerization of epoxy or vinyl ether monomers. Cationic
photopolymerization is slower than radical polymerization, but offers some
advantages such as reduced shrinkage and residual stresses, which enhance the
mechanical properties of the components (M. Sangermano et al., 2018).

2.2.2.3. Monomers for developing hybrid polymeric
networks in VP 3D printing

A hybrid network is defined by a monophasic morphology where an organic
phase is interconnected with an inorganic one, without the possibility to clearly
define the boundaries between the two phases (Amerio et al., 2008; Malucelli et al.,
2005). These materials combine the attractive properties of ceramics, such as
thermal stability and high modulus, with the low-temperature processing conditions
of polymers (A. Chiappone et al., 2016). UV curing or photopolymerization can be
used on the organic phase of the network allowing even the formation of 3D
structures, while the sol-gel process undergoes at the same time to unify the
inorganic with the organic phase (schematic representation in Figure 2.4 B). A sol-
gel chemical process describes the reaction in which a sol evolves into a gel, where
sol is a colloidal dispersion of small particles in a liquid, and a gel is a substance
composed of a continuous network encompassing a continuous liquid phase (Sol-
Gel Processing and Applications, 2012). This reaction is based on the subsequent
network formation through hydrolysis and condensation reactions of inorganic
alkoxide monomers. At this point, the use of a coupling agent is necessary to permit
the interconnection in the network and prevent macroscopic phase separation.

Reported articles of this type of material usually contain precursors as acrylate
monomers for the organic phase, a coupling agent, and as an inorganic precursor a
metal alkoxide or metal-alkoxysilane (Amerio et al., 2008). Chiappone et al. utilize
3-(trimethoxysilyl) propyl methacrylate (TMSPM) as a coupling agent and
tetracthyl orthosilicate (TEOS) as the inorganic/ceramic precursor (A. Chiappone
et al., 2016) (Figure 1.4 (A)). Also, Amerio et al. have studied this reaction for
scratch-resistant acrylic coatings (Amerio et al., 2008) and Malucelli et al. for
composites utilizing PEGDA 600 and BEMA 1400 (Bisphenol A ethoxylate (15
EO/phenol) dimethacrylate) as monomers (Malucelli et al., 2005). The same
explored sol-gel reaction has been used after dispersion polymerization processes
for preparing hybrid copolymers by Bae-Jun et al (Jun, Hong, Park, & Suh, 2003).
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Figure 2.4. (A) Chemical structures of the coupling agent (TMSPM) and the inorganic precursor
(TEOS). (B) Schematic representation of the sol-gel process, adapted from ref (Malucelli et al., 2005)
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2.2.3.Additives
2.2.3.1. Fillers

The addition of fillers is the most common strategy to overcome polymeric
materials limitations, introduce controlled anisotropy, or obtain specific properties
such as electrical(Gonzalez et al., 2017) or thermal conductivity (Riccucci et al.,
2021), improving rheology (Mun et al., 2021), adding luminescence (Frascella et
al., 2018), stiffness (L. Chen et al., 2021; Schwarz, Pagac, Petrus, & Polzer, 2022),
electromagnetic shielding (Kruzelak, Kvasnicakova, Hlozekova, & Hudec, 2021),
or antibacterial properties (Parajuli et al., 2022). In addition, fillers can reduce
shrinkage and consequently result in better accuracy or resolution.

The use of carbon materials (T. Zhou et al., 2020) (e.g. graphene, nanotubes),
ceramic and metal powders, such as 2D materials (Maleski, Ren, Zhao, Anasori, &
Gogotsi, 2018) in particular, and glassy and fibrous materials (e.g. cellulose (J.
Wang et al., 2018)) as fillers they reinforce the structure and improve mechanical
properties. Meanwhile, to improve thermal, chemical, and UV resistance, the most
common fillers are minerals (e.g. titanium (Kang et al., 2019)) and even bio-fillers
(e.g. coffee grounds, wood flour) (Sztorch et al., 2022).

In some cases, the filler content can be higher than the main matrix material
turning out to be the main component. In every case though, the selection of the
filler should be done considering that the composite resin must have solubilization
stability during the whole process. This means a in an homogeneous suspension
that does not suffer from sedimentation, agglomeration, or collateral reactions
(Angelopoulos, Samouhos, & Taxiarchou, 2021). Additionally, the fillers cannot
present excessive absorption that compromises the reactivity of the blend or
generates scattering phenomena.

Based on the composition, fillers can be divided into organic, inorganic, and
hybrid types. The organic types are represented by natural polymers (e.g. cellulose),
generally with an intrinsic fibrillar structure, and synthetic polymers (polyamide or
polyester). Inorganic compounds include oxides and hydroxides (Al(OH)s,
Mg(OH)2, TiO2, Fe30s), salts (CaCOs, BaSO4), metals and silicates (Mazzanti,
Malagutti, & Mollica, 2019). In this Thesis work two types of fillers were
employed: MXenes and photocatalytic semiconductor materials as a hybrid type.

So, being out of the scope of this introductive chapter to illustrate a
comprehensive literature review of composites in Vat 3DP, in the next sections the
literature related to these two fillers will be briefly summarized, giving more
examples then in Chapter 3.
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2.2.3.1.1. MXene/composites in VP 3D printing

A complete description of MXene will be given in Chapter 3 of this Thesis,
along with the main reported properties. Nevertheless, here a brief overview related
to their use in VP 3D printing will be given. Their use as fillers in polymeric
composites throughout AM technologies has been explored in applications such as
sensors, energy, biomedical, electromagnetic shielding, and electrochemistry (K.
Gong, Zhou, Qian, Shi, & Yu, 2021; T. Li, Jabari, McLellan, & Naguib, 2023).
Their negative surface zeta potential and hydrophilicity make them easily
dispersible in many aqueous media, therefore also polymeric inks. In a colloidal
solution, they can be tuned over a large viscosity due to their clay-like behavior,
enabling MXenes versatility for introducing them in polymeric inks.

Achievements so far have been reported for VP 3D printing, where MXenes
have been used with LCD (Y. Li, Kankala, Chen, & Wang, 2022) for tough
thermally resistant nanocomposites, CLIP (B. Huang et al., 2021) in hydrogels as
an adhesive sensor, and DLP (Salas, Pazniak, et al., 2023) for its particular
conductivity and used in electronics. As part of the work developed has been on
this topic, the other chapter will include the work presented in DLP, explaining in
detail their chemistry and performance.

2.2.3.1.2. Photocatalytic semiconductor materials in VP
3D printing

A photocatalyst is a material that employs light to activate and/or to accelerate
chemical reactions (Aguirre-Cortés et al., 2023). Its efficacy depends on four key
elements: light absorption ability, the density of active sites, redox capacity, and
photoinduced electron-hole recombination rate (Ahmad et al., 2023). In the case of
semiconductor (SC) photocatalysts, they show a moderate band gap (E;<3.5 eV),
so that light exposure with sufficient energy leads to the promotion of electrons(e)
from the valence band to the conduction band, leaving positive holes (4*) in the
valence. For the photogeneration of the e/A" pairs, the irradiated light energy (hv)
must overcome the band gap. This way both can initiate a redox process on the
substances present in the surrounding area (K. Rokesh, Sakar, & Do, 2021). Which
subsequently, would cause catalytic degradation of possible pollutants in solution,
defined as the decline or reduction of the molecular mass of a particular material
caused by catalytic photoinduced reaction (Yousif & Haddad, 2013). This term is
used further in the thesis referring to photodegradation to simplify the term
photocatalytic degradation.

Even though, their intrinsic definitions can be overlapped, the first one is
defined as an advanced oxidation process that can be used to degrade pollutants
with high concentration, complexity, and low biodegradability (Alves, de Farias,
Breslin, Pinto, & Cadaval, 2022), and the second as the change in a material by
light, caused by subsequent oxidation or hydrolysis of it (Alves et al., 2022).
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Whereas, photobleaching is defined as a photophysical phenomenon wherein
fluorophores undergo permanent chemical damage caused by prolonged excitation,
often due to oxidation by free radicals within the imaging solution, and as a result
of this damage the fluorophore no longer produces a fluorescent signal
(Demchenko, 2020). Figure 2.5 shows the mechanistic differences between
photocatalytic degradation & photobleaching.

H20 .
02 —>02—>H202>0H

Photobleaching
R4

|
| T
Dye I — "
______ | s,
Sun Products e DN e
| Flurescence
Dye Excitation emission (ns)
| —rl e Triplet relaxation
OH. | S0 Y (us - ms)
t+++tt 0
VB |
H20 i
|
Photocatalytic Degradation Photobleaching

Figure 2.5 Mechanistic difference between photocatalytic degradation (Saeed, Usman, & Hagq,
2018)& photobleaching (Y. Wu et al., 2016). This image has been adapted from the references mentioned
besides their corresponding words.

The inclusion of these SC photocatalyst materials in VP 3D printing techniques
has been explored both as fillers and in post-processing (N. Li, Tong, Yang, & Du,
2022). In the first case, Metal-Organic Frameworks (MOFs) are the principal
material added to the resins' preparation. Halevi et al. embedded copper benzene-
1,3,5-tricarboxylate as MOF into polymeric structures using DLP to degrade
methylene blue colorant and Zhang et al. used a porphyrinic Zr MOF in SLA,
specifically as a PI for Photoinduced electron/energy transfer reversible addition-
fragmentation chain transfer (PET-RAFT polymerizations (L. Zhang et al., 2021).

Alternatively, such photoactive materials can be deposited onto printed
substrates o used as coating. For example, Mei et al. loaded a 3D printed sintered
carbon-ceramic support with Molybdenum disulfide for RhB degradation (Mei,
Huang, Liu, Pan, & Cheng, 2019). Surface modifications can also be done in
already printed materials, like Medina et al that coated SLA fabricated carbon
devices with hyperporous carbon to extract RhB from contaminated water (Medina
et al., 2019) . Other techniques for their inclusion in post-processing will be further
explored in the post-treatment section, as for the dip-coating processing.

2.2.3.2. Colorants or dyes

D,
yes are typically UV and visible light absorbers (e.g. azobenzenes &
benzotriazoles families). These additives can be dispersed in the liquid formulation
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or covalently linked to the monomer/polymer chains (Ligon et al., 2017). The most
common dyes are listed in Table 2.1 with their applications.

In 3DP technologies, the fundamental roles of the dye are printability and
resolution. Generally, dyes are used for controlling polymerization, fundamental
for high-fidelity printing, for avoiding a loss of features and precision by attenuating
light absorption and its penetration, or just for the aesthetics aspects. However, their
use results in an undesired final color (Gastaldi et al., 2020).

The selection of the correct dye must be done considering the absorption
spectrum of the used PI and the dye, and the emission wavelength of the printing
machine. Commonly, the PIs absorb in a similar working range to the 3D printing
machines, e.g. around 355 nm for some SL lasers, to 385/405 for common DLP.
For this reason, in general, the dyes also absorb in the UV range or at wavelengths
below 500 nm (Ligon et al., 2017). Sudan I is probably the most common photo-
absorber and its use has been thoroughly investigated to limit the curing depth and
obtain better Z resolution (Vitale & Cabral, 2016).

Table 2.1. List of reported common dyes used in VP 3D printing.

Name and Structure Amax Polymer used with and Application
(nm)
Avobenzone; butylmethoxy-dibenzoyl-methane | 357 PEGDA for biomedical applications (Warr et

o O
ST T

al., 2020)
PEGDA for microfluidic channels (H. Gong,
Bickham, Woolley, & Nordin, 2017)

2-nitrophenyl phenyl sulfide (NPS) 360 PEGDA for microfluidic channels (H. Gong
NO, etal.,2017; Warr et al., 2020) and microchannels
@/ S\@ (H. Gong, Woolley, & Nordin, 2018)
Tinuvin 327; 2-(2'-Hydroxy-3',5'-di-tert-butyl- | 365 IBXA HDDA /BEDA mixture for 3D
phenyl)-5- chlorobenzo-triazole microstructures (Choi, Wicker, Cho, Ha, & Lee,
2009)
-"Nl
/CE‘ N
cl N
HO
Benetex OB; 2,2°-(2,5-thiophenediyl) bis(5-tert- | 375; PEGDA for microfluidics channels (H. Gong
butylbenzoxazole) 435 |etal., 2017)

L3 s SO
2 S A
NWN
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Sudan I; solvent yellow 14; solvent orange R

oo

418;
476

PEGDA for improved printing resolution
(M. P. Lee et al., 2015)

Tango Plus (Commercial elastomer),
miniaturized for soft robotics (Y.-F. Zhang et al.,
2019)

PEGDMA for antimicrobial
scaffolds (Garcia et al., 2018)

Acrylate/allyl/ thiol mixture for uniformity
study (Vitale & Cabral, 2016)

hydrogel

Methyl red; acid red 2

\ 'N@
/ HOOC

410;
520
(pH <
4.4)

Bio-based acrylate monomer for
printing resolution (Cosola et al., 2020)

Starch for hydrogels (Noe¢, Tonda-Turo,
Chiappone, Sangermano, & Hakkarainen, 2020)

Phosphorescent bio-based resin (Maturi et
al., 2020)

high

Reactive orange 16; remazol; Brilliant orange 3R
- ]

®
o SO,Na
OO N._N .
OH [ :L g @

g ~">80,Na

388;
494

PEGDA/AETAC mixture for monolithic ion
absorbers (Simon & Dimartino, 2019)

PEGDA for precise conductive structures
(Fantino, Chiappone, Calignano, et al., 2016)

BEDA for microcantilever (Stassi et al.,
2017)

Brilliant green; diamond green; Emerald green;
ethyl green

/\N/\

650;
440

PEGDA/CNC for hydrogel (J. Wang et al.,
2018)

2.2.3.3.

Radical Scavengers

A radical scavenger is a chemical substance added to a polymer mixture to
remove or deactivate impurities and undesired secondary reaction products (Cook
et al., 2020; Strohmeier, Frommwald, & Schlogl, 2020). The polymeric radical
scavengers are preferred as easily separable antioxidants or as films having
antioxidant activity. For instance, to improve the storage stability of a rubber

formulation, a radical scavenger can be applied to reduce premature cross-linking
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reactions under dark conditions (Strohmeier et al., 2020). Common examples are
tocopherol and naringenin, free-radical scavengers that act as antioxidants or
synthetic catalytic scavengers.

2.3. Post-Curing & Post-treatments

Consider the last step in AM to produce a 3D object, as seen during the first
chapter. At this point, one or more of the following can be included: (i) clean off
residue liquid polymer from the surface, (ii) remove the support structures, (iii)
post-curing that includes the final exposure of the structure to light, and/or specific
post-treatments which can go depending on the final desired properties for a
specific application, (iv) coating, (v) thermal treatments. Henceforward, the post-
processing phases used in DLP will be presented.

2.3.1. Cleaning

In both approaches, bottom-up and top-down, used for VP the printed object
emerges from the unpolymerized ink in the vat with residual unreacted products on
the printed structure. This residual ink needs to be removed due to further gelation
by natural light over the desired object and then complete curing in further process.
Generally, the object is rinsed and sonicated in solvents like isopropyl alcohol, ethyl
alcohol, water, or acetone depending on the material used. However, overexposure
to these solvents may lead to swelling or cracking affecting the surface of the
printed structure (R. Chaudhary, 2022).

2.3.2. Removal of the support

In the manufacturing of complex 3D structures, support is often required,
though changes in the printing orientation may mitigate the necessity of adding
supporting buildings. This should be later removed from the printed bodies before
the post-curing to avoid complete attachments or damage to the 3D structure.

2.3.3. UV Post-curing

To get at an optimal cross-linking point of the printed polymer, ultimately it
must be exposed to UV radiation. The exposure time is the main variable in this
stage, as a too short time can lead to under-cured objects and too long, to over-
curing or even shrinkage and cracking. This action is performed in a UV oven, to
achieve better mechanical properties (Pagac et al., 2021).

2.3.4. Surface Post-treatments

Post-treatments can assure higher performance products or enhancements of
desired properties from the material used. The main properties that can be enhanced
include mechanical, thermal, and conductivity quality (Yuewei Li, Wang, Wu, &
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Kankala, 2023). This can be given, by adding or modifying the surface of the
printed objects by coating treatments, posterior reactions (e.g. chemical vapor
deposition), or inducing them to different temperature treatments.

2.3.4.1. Coating techniques

The initial role of surface coatings in industrial applications emerged to protect
from corrosion and to provide mechanical resistance (Jiang, Cao, Xiao, Zhu, & Lu,
2017). Recently, polymer-/nanocomposite-based coatings have been developed and
utilized for diverse applications such as biomedical, photocatalysis, electronics,
optics, mechanical stability, etc (Amerio et al., 2008; Jiang et al., 2017; Sander van
Loon, 2018; Sharma, Gupta, & Mudgal, 2022). Figure 2.5 shows the most recent
coating techniques reported in the literature so far for polymeric substrates.
Nevertheless, dip-coating would be the technique explained in detail as it has been
used during the experimentation of the thesis.

Dip Coating Technique

Chemical Vapor Deposition
(Plasma Enhanced)
Physical Vapor Deposition
(Magnetron Sputtering)

Quadruple Coating
Direct Immersion Coating Application
Atmospheric Pressure Cold Biomimetic Co-Precipitation
Plasma Spra

Figure 2.6. Schematic representation of the most recent coating techniques. Permission granted to
reproduced this image (Sharma et al., 2022).

2.3.4.1.1. Dip-Coating

Electroless Deposition
Electrospinning

Techniques for
Polymer
Substrates

Dip coating is a well-established method that involves a precise and controlled
immersion and withdrawal of a substrate from a solution. The main stages involved
are: immersion, dwelling, withdrawal, drying and/or curing (in some cases). For
polymers, this technique includes the immersion of the polymeric substrate in a
polymer melt or solution, then withdrawal of the substrate, solvent evaporation
(Erkoc & Ulucan-Karnak, 2021), followed by drying, as seen in Figure 2.6. For the
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successful attachment of the active material onto the surface, it useful to have
surface functionalities that can react with the coated material.

Two different types of dip-coating can be found, the first one consists in batch
dip-coating, and the second in continuous dip-coating (Shakeel Ahmad, Pandey, &
Abd Rahim, 2017). The final coating thickness is determined by the interaction of
the polymer surface with the active coated material, the viscosity of the solution,
drainage, and attachment/capillary forces. The combination of the three regimes
ultimately determines the thickness vs withdrawal speed behavior for a film.

Depending on the material added to the coating, it can provide resistance
against scratches, wear, corrosion, external elements, or other applications like the
one here studied photocatalysis. If an active substrate is used, like metals, organic
solutions, inorganic precursors, or hybrid materials, different applications can be
obtained. For example, for the development of metallic coatings Sonawane et al.
used Fe-doped with TiO> films over polyethylene glycol to improve the wear
resistance and to provide photocatalytic properties (Sonawane, Kale, & Dongare,
2004)- While, for organic functionalization Xuelin Li et al. studied the deposition
of poly(methyl methacrylate) over bioceramics for corrosion protection (Xuelin Li
& Zhitomirsky, 2020).. Moreover, Navidpour et al. also studied the deposition of
tin oxide semiconductors for photocatalytic applications like methylene blue
degradation . Even inorganic precursors, like orthosilicates, were used in literature
to change hydrophilicity of the materials and wear resistance by in situ silica
generation (Soloukhin, Posthumus, Brokken-Zijp, Loos, & de With, 2002).

For photocatalytic activity, semiconductors such as TiO» in thermoplastics for
the degradation of methylene blue (J.-H. Yang, Han, & Choy, 2006) have been
reported in the literature. Sol-gel dip coating has also been used to better coupling
the substrate for the same purpose, by adding polyethylene glycol (PEG) to the
surface and using a Ti-peroxy sol-gel for posterior dip coating (Sonawane et al.,
2004).
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Figure 2.7. Schematic representation of the dip-coating process (a) dipping (b) formation of the
coated layer (c) evaporation and sealing. Image adapted from ref (Tasdemir, Senaslan, & Celik, 2021)
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2.3.4.2. Thermal treatments for 3D-printed structures

Thermal post-processing is used on the other hand to alleviate residual stresses,
reduce cracking, and homogenize microstructures for particular enhancements (X.
Peng, Kong, Fuh, & Wang, 2021). These are used when exposing the composite to
high temperatures in particular environments, to obtain a desired property from the
3D product. However, shrinkage tends to be a critical factor affecting thermal
treatment due to organic degradation inside the structure (X. Peng et al., 2021).

Annealing is a heat treatment in which the material is heated to a specified
temperature and then slowly cooled (Dinita et al., 2023). It can also be subjected to
specific gasses, typically inert such as argon, helium, or nitrogen, reductive
environments considering a percentage of hydrogen or oxidative environments
using air as an inlet gas. This is a common method used in AM, where the
temperature and holding times will depend on the material used. Overheating or
prolonged exposure to high temperatures may lead to material degradation in
thermoset and melting in thermoplastics, leading to a decrease in tensile properties.

Also, inducing polymers to post-processing enables structural changes of
amorphous parts into crystalline parts, e.g. PLA annealing at 100°C for 90 min can
improve its thermomechanical stability (Pastorek & Kovalcik, 2018). Instead in
biobased thermosets, e.g aromatic resins developed with vanillin, gualacol or
eugenol; the subjection to thermal annealing increased up to a 2000% the Young’s
modulus improving the mechanical response (Cortés-Guzman et al., 2023)..

Finally, thermal treatments as post-processing can be used to improve
performance in electrical conductivity and electromagnetic interference. Annealing
procedures have been used in CNT composites (Nguyen Thi et al., 2022), graphene,
carbon nanofillers (Deng, Bilotti, Zhang, Loos, & Peijs, 2010), and including
MXenes (Rakhi, Ahmed, Hedhili, Anjum, & Alshareef, 2015; Salas, Pazniak, et al.,
2023). First, increasing the temperature can induce re-orientation and distribution
of CNTs increasing the interconnection between them, while for graphene
composites and MXene composites the temperature can affect the material surface
or even its concentration inside the composite (Kotsilkova et al., 2019) enhancing
their performance in specific applications as electronics (Salas, Pazniak, et al.,
2023).
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Chapter 3

3. Fillers wused throughout this
research for 3D VP printing
envisaging specific properties.

3.1. MXenes

3.1.1. Historical Development

For more than 20 years, beginning with the finding of single-layer graphene,
two-dimensional (2D) materials have been of interest in material science,
condensed matter physics, and chemistry fields because of their wide set of
applications (Jia et al., 2020; Zeranska-Chudek, Lapinska, Siemion, Jastrzgbska,
& Zdrojek, 2020). This interest led to a new wave of research, where the limelight
has been focused on metal dichalcogenides, and boron nitride, following novel 2D
materials that also include MXenes (Wee, Hersam, Chhowalla, & Gogotsi, 2016;
Hua Zhang, 2015).

MXenes correspond to a big family of 2D materials, where each 2D flake is
composed of n+1 (n=1-3) layers of transition metals (M, elements in blue in Figure
3.1.1.a) interacting with # layers of carbon and /or nitrogen (X, elements in grey in
Figure 3.1.1.a) with a general formula Mu+1Xn Tz, that precedes the name of this
material. On the other hand, the T, represents the surface termination groups such
as O, OH, F, and/or Cl (elements in orange in Figure 3.1.1) which are bonded to the
outer M layers (Babak Anasori, Lukatskaya, & Gogotsi, 2017), and their presence
depends on the etching method chosen that will be later explained.

The MXene field has significantly increased in the number of research areas
and publications (Babak Anasori & Gogotsi, 2019; Gogotsi & Anasori, 2019),
where more than 1450 institutions from 72 countries have already developed
research lines on this topic (Saravanan, Rajeswari, Kumar, Rajasimman, &
Rajamohan, 2022). MXenes were discovered in 2011 at Drexel University, where
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the first stable composition Ti3C,T, was made with no prior prediction (M. Naguib
etal., 2011). This research also included Michel W. Barsoum as lead scientist, who
participated in the renaming of the MAX phases. Since then, theoretical calculations
have predicted 100 possible compositions and more than 40 MXenes structures
have been synthesized changing their compositions, structures, and synthesis
methods (Dadashi Firouzjaei, Karimiziarani, Moradkhani, Elliott, & Anasori,
2022).

To witness the interest that MXenes are raising, in 2018 the 1% International
Conference on MXenes was held at Jilin University in Changchun, China. The
latest one was the 4" International Conference in May 2022 in Nanjing, China.

3.1.2. The origin of the MAX phase: a brief
summary of its history and composition.

The MXene synthesis starts with the topochemical selective etching of the
precursor material, MAX phases. They play an essential role in the quality of the
MXene, as their properties can be affected by the preparation process, composition,
and structure of the MAX phase (Ghosh, Pal, Das, Chatterjee, & Das, 2022).

MAX phases were initially named and published by Barsoum in the 2000s
(Barsoum, 2000) which was initially followed by the synthesis and characterization
of H-phases (Jeitschko, Nowotny, & Benesovsky, 1963) and ceramics. H-phases
are ternary systems based on a transition metal, a metalloid, and carbon, that drew
interest at the beginning given their oxidation resistance, mechanical properties,
machinability, and electrical properties. These H-phases had a hexagonal crystal
structure, e.g. Ti-Al-C, V-Al-C, Nb-Al-C, Cr-Al-C, Ti-Sn-C, and V-Ga-C
(Gonzalez-Julian, 2020). However, MAX phases and H-phases had the same crystal
structures. MAX phases use the general formula “Mu+1AX,” where “M”
corresponds to a transition metal, “A” from an A-group element, X is usually a C
and/or N, and “n” can be 1,2, or 3 (Barsoum, 2000). The possible elements
employed in MAXs are displayed in Figure 3.1.1. b. Their main characteristic is
their combination of properties between a ceramic material and a metal, and the
most attractive compositions are Ti3SiC,, Ti2AIC, Ti3AlC,, and Cr2AlC.
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Figure 3.1.1. Periodic tables showing compositions of MXenes & MAX phases. (a) Elements used to
build MXenes. The schematics of the possible structures are displayed at the bottom of the table. (b)
Elements used to build MAX phases, MXenes, and their intercalated ions. The elements in red, regarding
the A group, are present in MAX phases and can be selectively etched to make MXenes. The green
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single transition metal and A element MAX phase and MXene. SS indicates the solid solutions in
transition metal atomic planes or A element planes. 2M shows the formation possibility of an ordered
double-transition metal MAX phase or MXene (in-plane or out-of-plane) (Babak Anasori & Gogotsi,
2019). The image is taken from ref (Gogotsi & Anasori, 2019).
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3.1.3. MXene Compositions

In MXene arrangements M covers n layers of X in an [MX].M, giving 3
possible structures MaX, M3X>, and M4Xs. Figure 3.1.2 shows the theoretically
predicted (marked in grey) and experimental (marked in blue) reported species,
where mono-transition metal and compositions with more than one M element
exist.

A unique feature of this material happens when there are two or more transition
metals MXenes. They could exist in 2 forms: solid solutions (SS) and ordered
phases; the possible examples are shown in Figure 3.1.2. In the first one, a random
arrangement of 2 different M is observed between the layers (marked in green). In
the ordered phases, transition metals can form ordered structures in a single flake,
either by atomic sandwiches of M planes (n>2) such as M0,TiC,T, or in-plane
(n=1) ordered structures such as (M023Y13)2CT,. Density functional theory (DFT)
calculations showed that for certain M combinations, ordered MXenes (marked in
red) are energetically more stable than their SS counterparts (Babak Anasori et al.,
2015).

It has also been reported an ordered divacancy structure, though only possible
for M2C structures, makes an M133C composition due to almost 33 atom % of
vacancies in the M layers (Babak Anasori & Gogotsi, 2019). This composition is
marked in pink on the next table.
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Figure 3.1.2. Possible MXene structures were reported experimentally and theoretically. Image
taken from ref (Gogotsi & Anasori, 2019).

Following solution-based etching routes, the surface functional groups (T,) are
mainly fluorine (-F), hydroxyl (-OH), chlorine (-Cl), and/or oxygen (=O) moieties.
The ones synthesized using acidic fluoride-containing solutions have a mixture of
-H, =0, and -F terminations, while the ones coming from derivative salts can
contain also -Cl terminations. However, etching routes containing molten salts,
different than fluorine and halogen-based solutions, have produced terminations
(T,) such as -Br, -1, or -NH, -S, -Se, -Te, and else (Jawaid et al., 2021; M. Li et al.,
2019; Y. Li et al., 2020; H. Shi et al., 2021).

DFT studies have predicted that the choice of MXene surface terminations can
affect its electronic and magnetic properties (S. Bae et al., 2021; Khazaei, Mishra,
Venkataramanan, Singh, & Yunoki, 2019), therefore the study of their presence and
uniformity is essential for final applications and needs further investigation. Almost
all experimental studies on MXenes have a mixture of different surface
terminations, whose presence and quantification imply instrumental
characterization. However, in 2020 V. Kamysbayev et al. achieved MXenes
modifications with uniform terminations (Kamysbayev et al., 2020).
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3.14. The synthesis route for MXenes

The challenges in MXene synthesis are many, but mainly rely on the
mechanistic understanding of how to control the production of larger-area of single-
layer flakes, how to obtain a chemically safe synthesis with the aim of greener
chemistry, and how to control surface chemistry by the quantification of the
termination elements. The synthesis procedure starts with the selection of the
MXene precursor, the selective A-atom layers etching, and ends with the
delamination of the multilayers (K. R. G. Lim et al., 2022). On these guidelines,
this section will explain the traditional and the newest insights on the selective
etching of the MAX phases and the parameter control in the delamination and
intercalation process.

As mentioned in the definition section, MAX phases are usually MXene
precursors. A highly selective etching of the atomic layers is the key to making
them, which is possible because M-A bonds are more chemically active than the
M-X bonds. Nevertheless, from more than 10 different A elements (selected in red
in Figure 3.1.1. b) 1A has been mainly used to successfully form MXenes. Table
3.1 summarizes the wide range of synthesis routes for possible Mxenes that are
possible to use and their precursors. In this Thesis, a TizAlC, was used due to its
outstanding properties and ease of synthesis, as will be detailed in chapter 4.

As a predominant selective etch approach, fluoride-containing solutions have
been used to remove the A-element layers from MAX phases to synthesize
MXenes. Two main approaches are commonly used depending on the final desired
properties and the application, either by using aqueous hydrofluoric acid HF (M
Naguib, 2014) or in situ formation of HF. In the latter, the reaction of hydrochloric
acid (HCI) and fluoride (e.g. LiF) (Ghidiu, Lukatskaya, Zhao, Gogotsi, & Barsoum,
2014) or ammonium hydrogen bifluoride and ammonium fluoride (J. Halim et al.,
2014; Karlsson, Birch, Halim, Barsoum, & Persson, 2015; L. Wang et al., 2016)
has been successfully applied for in situ HF formation to obtain titanium carbide.
Still, new etching methods are constantly being published using bulk reactions,
halogen-based solutions, and/or non-MAX phase precursors (Baig, Gul, Baig, &
Shahzad, 2022; Ghidiu, Naguib, et al., 2014; Ghosh et al., 2022; Hong Ng et al.,
2017; K. R. G. Lim et al., 2022; Jie Zhou et al., 2016).

As recent examples in literature, MoCT; is the first MXene to have been
synthesized from a non-MAX phase precursor (Joseph Halim, Kota, et al., 2016;
Meshkian et al., 2015). It comes from Mo0.Ga,C, a phase that though similar to a
MAX phase has A-element layers of Ga separating the carbide layers. Another
example is Zr3C;T,, coming from Zr;AlzCs as a non-MAX phase precursor (Jie
Zhou et al., 2016) and etching aluminium carbide (Al3Cs) from the layers. Where
Z13Al;Cs belongs to example, removing Al-C units is energetically more favorable
than just Al layers. Following this finding can enable the synthesis of new MXenes
from non-MAX precursors.

61



Table 3.1.1. MXene synthesis conditions

Type MXene Precursor Etchant | Concentration T(lll:)le T (°C) |Comment |Ref
Multilaver (Michael
Ti,CT, Ti,AIC HF 10 wt.% 10 RT | Y Naouib et al.,
powder
2012)
Multilaver (Michael
V,CT, VLAIC HF 50 wt.% 90 RT | WHAYET Naguib et al.,
powder
2013)
Multilayer (Michacl
Nb.CT, NbAIC HF 50 wt.% 90 RT Y Naguib et al.,
powder
2013)
Delaminated
via TBAOH | (Joseph
HF 25 wt.% 160 55 |intercalation, | Halim, Kota,
M:X sonication in | et al., 2016)
DI water
Mo,CT, Mo,GaxC Delaminated
via
HCI- 9M HCI-15mol 7 35 sonication in| (Seh et al.,
LiF LiF DI water:|2016)
Img/ml
solution
. . Multilayer (M Naguib,
o
(Ti,V).CT, |(Ti,V),AIC |HF 50 wt.% 19 RT powder 2014)
Multilaver (Michael
(TL,Nb),CT, |(Ti,Nb),AIC |HF 50 wt.% 28 RT | Y Naouib et al.,
powder
2012)
. (Michael
50 wt.% 2 RT Mulglayer Naguib et al.,
powder 2012)
Delaminated
10, 25 & 50 via DMSOl o o al,
24 RT |intercalation,
wt.% . T.712015)
HF sonication in
DI water
(H.-W. Wang,
. Naguib, Page
Multilayer PR
o
M:X, | TisCoT, TRAIC, 10 wt.% 24 RT powder Wesolowskl,'
& Gogotsi,
2015)
i Y (Ghidiu,
]6}:1@ HCl- Smol 45 40 Céigdlelrke Lukatskaya, et
P al., 2014)
HCl Delaminated
LiF_ 9M HCI- 5mol 24 35 via (Lipatov et
LiF sonication in | al., 2016)
DI water
6M HCI- 24 35 Delaminated | (Lipatov et
7.5mol LiF via hand | al., 2016;
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shaking (no

Shahzad et al.,

sonication) |2016)
Multilayer (H.-W. Wang
o
NH,OH | 30 wt.% 18 RT powder et al., 2015)
Etched thin
film of |(J. Halim et
IM 11 RT | ..
NH.HF, Ti3AIC, (60 ]al., 2014)
nm)
Multilayer | (Karlsson et
M 120 RT powder al., 2015)
. . Multilayer |(M  Naguib,
o
(Ti, V);C.T, | (Ti, V);AIC, | HF 50 wt.% 18 RT powder 2014)
Multilayer (Michael
Ti;CNTz TizAl (C, N), | HF 30 wt.% 18 RT Naguib et al.,
powder
2012)
ZnCT,  |ZnALC:  |HF |50 wi% 7 Ry | Incomplete | (Jie Zhou et
conversion | al., 2016)
Multilayer (Michacl
(Cr, V);CoT, | (Cr, V)3AIC, | HF 50 wt.% 69 RT Naguib et al.,
powder
2012)
) ) (Babak
CLTiCT, |cnTialc, |HE-  |6M HCL- Smoly 55 | Incomplete | cori et al.,
LiF LiF conversion
2015)
Delaminated | (B. Anasori et
o via DMSO |al., 2016;
HE S0 wt.% 43 3 or TBAOH | Babak Anasori
Mo, TiC,T, | Mo:TiAIC, intercalation | et al., 2015)
o and
Hr-Hcl |10 We%e 10144 40 |sonication in| _, (Shahzad
wt.% DI water et al., 2016)
Molten salt .
TiNsT, TLAIN; Molten salt LiF, NaF, KF | 0.5 550 | etching in Ar | (Uroankowski
etal., 2016)
atmosphere
Multilayer |, (Gd1Y,
NbsCsT, NbsAICs HF 50 wt.% 90 RT | WHAYET | Naguib, et al.,
powder
2014)
(Nb, (Nb, o Multilayer | (J. Yang et al.,
TiNG:T,  |TinAlcs | HF S0 wt.% 20 30| sowder 2016)
(Nb, (Nb, HCI- 12M HCI- 168 50 Multilayer (J. Yangetal.,
M, X; | Z04CsT, Zr)4AlCs LiF 10mol LiF powder 2016)
Multilayer (Mlchael
TasC5T, TasAlICs HF 50 wt.% 72 RT Naguib et al.,
powder
2012)
Delaminated | (B. Anasori et
o via DMSO |al., 2016;
HE S0 wt% o6 3 or TBAOH | Babak Anasori
Mo, Ti2CsT, | Mo2Ti,AlC; intercalation | et al., 2015)
o and
Hr-Hel | 10 We%e 10144 40 |sonication in| (Sahzad et
wt.% DI water al., 2016)

* HF, hydrofluoric acid; HCI, hydrochloric acid; LiF, lithium fluoride; NH4+OH,
ammonium hydroxide; NH4HF>, ammonium bifluoride; NaF; sodium fluoride; KEF,
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potassium fluoride; RT, room temperature; TBAOH, tetrabutylammonium hydroxide;
DMSO, dimethyl sulphoxide; DI water, deionized water.
**This table has been adapted from ref (Babak Anasori et al., 2017).

3.1.4.1. Selective Etching approaches

In top-down MXene synthesis, the A-atomic layer is selectively removed from
the precursor, leaving Mn+1 X, layers intact (K. R. G. Lim et al., 2022). The etching
process involves the oxidation of the A-atom, because while in the MAX phase, the
A-atom is in an oxidation state close to zero, while after the etching they are found
with an increased oxidation state. A common example is seen in Eq.3.1.1 (M.
Naguib, V. N. Mochalin, M. W. Barsoum, & Y. Gogotsi, 2014), where strong
conditions are used, and HF is directly added. Theoretically, the performance of
this reaction depends on the Gibbs free energy and stability of the final by-products.
Therefore, the subsequent conversion of the A element to soluble salts or derivative
compounds via ligation is crucial, as the etching process will immediately stop
when the oxidized products or posterior hydrolysis of them restrict the etchant from
accessing other precursor reaction sites. Another role of the etching solution is to
remove the protective native oxide layer in the MAX phase surface.

3
Ti3AlLC,(s) + 3H (aq) - Ti;C,(s) + A (aq) + EH2 (9
AB*(aq) + 3F (aq) - AlF; (aq) &
A3*(aq) + 6F (aq) — AlF¢ 3 (aq)

Ti3C2 (S) + ZHF(aq) il Ti3C2F2 (S) + Hz(g)

Equation 3.1.1. Ti;AlC; etching in HF solutions.

Regarding fluoride-free routes, Al oxidation can also be performed by
electrochemical etching (Eq.3.1.2) when coupled with -OH and -Cl ligands.

TizAlC,(s) — TizCy(s) + A3t (aq) + e~

Equation 3.1.2. Electrochemical Al etching.

In non-aqueous etching routes, similar analyses can be done. In the halogen-
based etching approaches, the transition metals and halide ions act as oxidizing
agents and ligands respectively (Jawaid et al., 2021; H. Shi et al., 2021).
Meanwhile, in the molten salt route, the transition metal in the halide salt acts as
the oxidizing agent and the halide ions as the ligands, e.g. the Cu'? and the CI" in
the CuCl, (Y. Li et al., 2020).

Bottom-up synthesis methods such as chemical vapor deposition (CVD) are
also possible for synthesis. It has been reported, that a-Mo>C orthorhombic 2D
crystals were produced via CVD from methane on a bilayer of copper foil sitting
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on Mo foil. However, using this method yields MXenes with large lateral size and
few defects (C. Xu et al., 2015).

3.1.4.2. Intercalation & Delamination Mechanism

Forming individual 2D MXene sheets requires overcoming attractive forces
between each stacked layer, and simple mechanical exfoliation provides a low yield
of single layers. The presence of stronger intermolecular forces between layers
increases the challenge of the process, thus, intercalation of different molecules and
ions followed by sonication and/or agitation is widely used (Mashtalir et al., 2013).

The function of the intercalants is to expand the interlayer space and weaken
interface interactions. Common examples include solvents, organic molecules, and
ions. Successively, adding mechanical energy by agitation and/or sonication (in a
suitable solvent) provides the energy to separate the intermolecular bonds between
the multilayers into a stable colloidal solution of single or few-layered MXenes.

The solvent choice will directly depend on the MXene surface chemistry, if the
termination groups are -F, OH, =O polar solvents can be used, e.g. water, DMSO,
N-methyl-2-pyrrolidone (NMP), and dimethylformamide (DMF). As seen in Table
3.1, TBAOH or tetramethylammonium hydroxide (TMAQOH) are effective in some
cases. On the other hand, for MXenes prepared in the presence of HCl and fluoride
ions, with -Cl termination groups, Li* ions are used for delamination (Alhabeb et
al., 2017).

In these intercalation-delamination processes, the presence and attachment of
intercalants between layers increases the c¢ lattice parameter. Given this effect,
during the washing, there is a swelling of the MXenes through water intercalation,
and depending on how strong the intercalants could attach to the surface layers there
would be colloidal stability on the flakes after the delamination and the extensive
washing (Hart et al., 2019). Adding multivalent ions and removing adsorbed ions
via acid treatments could result in flocculation and gelation. Altogether, these
considerations rely on a fine-tuning of the intercalant ions and the surface
termination groups, their stability and solubility are key for further development.

3.1.5. Ti2C3T-

As the MXene that was first discovered, it is the one that presents more reports
up to date (Kurtoglu, Naguib, Gogotsi, & Barsoum, 2012). Given this fact, this
thesis will focus on this species TioC3T, and from now on whenever a MXene is
mentioned it will refer to this one. This section will explore the particularities of the
reported methods for the desired properties of the applications. As seen in Figure
3.1.3, there are dimensions and structural configurations that work better in
different fields and applications.
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Figure 3.1.3. Schematic diagram of applications of different dimensional Ti3C2Tx MXene. Image
taken from ref (W.-X. Huang et al., 2022).

3.1.5.1. Physicochemical Properties

The design and tuning of the synthesis methods convey a specific morphology,
distribution, and surface chemistry in the MXene flakes. As seen in Table 3.1,
where the main synthesis methods reported in the literature are displayed, these
could affect the physical configuration and with it the physicochemical properties
obtained, comprising the electrical conductivity, hydrophilicity, and mechanical
stability.

Regarding the morphology, the macro- and micro-appearance of TizAlC; will
drastically be changed once etched into Ti3C2 T, as seen in Figure 3.1.4 (a, b, ¢, and
d). From the first, the dense black powder usually changes to dark purple or bright
black, whereas, microscopically they exhibit a more compact layered structure after
the etching. Nonetheless, after delamination, the multi-stacked MXenes turn into
2D single or few-layered nanosheets, as the ones schematically drawn in Figure
3.1.3.
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For instance, monolayered flakes are prepared with strong corrosion methods
including 40% HF aqueous solution, which usually breaks them down to nanometer
lamellar size (100-400 nm) (Hong Ng et al., 2017). Meanwhile, those prepared on
milder conditions such as LiF/HCl and NH4Cl possess much larger sizes
considering micrometer levels (S. Yang et al., 2018). Generally, the larger the
lamellar sizes of nanosheets, the more active sites exposed; therefore, it is popular
in electrochemistry, catalysis, and biomedical applications. Nevertheless, smaller
flakes are also in demand due to their enhanced solubility, optical properties, and
electromagnetic shielding applications (W.-X. Huang et al., 2022).
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Figure 3.1.4. Morphology of Ti3;C, MXene. Photographs of the a) macro-appearance of TizAlC,
MAX phase and b) TizC; MXene; SEM images of ¢) TizAlC; and d) Ti3;C; accordion-like multilayers.
Images were taken from ref (Babak Anasori et al., 2015). e) TEM and f) AFM images of 2D Ti;C,T,
monolayers. Images were taken from ref (Lipatov et al., 2016).
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3.1.5.2. Electrical conductivity

The most attractive property of MXenes is their electrical conductivity, even
matchable in the 2D material field with graphene. In MXenes, the Fermi energy is
located on the d metal bands that induce the metallic nature, and the p bands of
carbon or nitrogen are located under the d bands, divided by small band gaps (Ravi
Kumar et al., 2022). The conductive carbide core along with the transition metal
oxide-like surfaces play a central role in their great performance as conductors
(Lukatskaya et al., 2017). The Ti3C> core enables a fast electron supply and favors
their flow, providing electrochemically active sites. It has been reported that a pure
MXene film with a thickness of 940 nm prepared by a scalable blade coating
process with large-size flakes can exhibit an electrical conductivity of 1.5x10*
S/cm, i.e. of the same order of magnitude of graphene film conductivity (Jizhen
Zhang et al., 2020).

This feature is influenced by factors such as the presence and elements of the
terminal groups, interlamellar spacing, and temperature. Firstly, to shorten the
conduction paths of electrons removing part of the termination groups by annealing
in vacuum directly improves conductivity. Wang et al. (H. Wang et al., 2015)
reported a three-time increment of the conductivity (up to. 2410 S/cm) for MXene
nanosheets after exposing them at 600°C for 1 h. Secondly, increasing the
interlamellar spacing between flakes could increase electrical properties By
delaminating multi-stacked MXenes conductivity can be increased by one order of
magnitude (Lipatov et al., 2016). Moreover, the use of intercalants as Li* decreases
resistance values from 41 to 10 Q (Hart et al., 2019). Thirdly, a temperature
decreases below 100 K increases resistivity, a phenomenon attributed to electron
backscattering in 2D materials. Halim et al. (J. Halim et al., 2014) reported that this
decrease in temperature increases resistivity in nanofilms from 4.8 to 6.2 u(). m.

Improving electro-conductivity has been used in applications such as
electromagnetic wave absorption and shielding, energy conversion, sensors, and
catalysis.

3.1.5.3. Hydrophilicity and hydrophobicity

This property directly depends on the surface terminations, which are given
according to the synthesis method chosen. The main synthesis methods for MXenes
are made in aqueous solutions, providing the termination moieties derived from the
reagents (mainly -OH, =0, -F & -Cl) & granting great hydrophilicity to final
structure.. In this regard, application fields that take advantage of this feature are
photocatalysis (R. Tang et al., 2020), pollutant degradation (Fang, Pan, Yin, & Pan,
2019), biomedicine (Soleymaniha, Shahbazi, Rafieerad, Maleki, & Amiri, 2019),
and seawater desalination (Yin et al., 2021).
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On the contrary, Ti3C2T, hydrophobic surfaces are achievable by surface
modification with organic solvents or by its introduction to other functional
materials to develop composites. This feature refers to specific applications such as
developing textiles with heat endurance (Q.-W. Wang et al., 2019), or specific
materials as platforms for applications such as electromagnetic interference-
shielding (J. Liu et al., 2017).

Although the polar terminations grant great hydrophilicity, given this they have
the proclivity to easily oxidize in air or water to form TiO2 or oxycarbides, resulting
in structure collapse and performance decrease in applications. This is a particular
drawback for MXene development, however spontaneous oxidation can be
managed under certain conditions such as vacuum storage, or even freezing in
aqueous dispersions.

3.1.5.4. Mechanical stability

Titanium carbide mechanical properties depend directly on the interaction force
between individual nanosheets and defect concentration inside the structures.
Therefore, depending on the film thickness the material's tensile strength and
flexibility varies. Zhang et al. studied that a film thickness of 940 nm can reach a
tensile strength of 570 MPa and a Young Modulus in the vertical direction of 20.6
GPa (Jizhen Zhang et al., 2020). This property then allows their use in flexible
functional devices and their application in the wearable electronic field (Ling et al.,
2014). Furthermore, structural defects also affect this performance as the presence
of defects results in up to a 17% of the elastic modulus (Ibrahim et al., 2020). It was
also reported that the defect concentration in structures, from 2 to 8% can decrease
the Ultimate Tensile Stress (UTS)from 21.6 to 18.9 GPa (Firestein et al., 2020).

3.1.6. MXene polymeric composites & 3D
printing.

The inclusion of MXenes in a polymeric matrix can significantly increase the
mechanical, thermal, and conductivity properties in comparison to neat polymers
(L. Liu et al., 2021; D. Wang et al., 2021; K. Wang et al., 2023). For instance their
incorporation can significantly improve (up to 155%) the tensile strength and
(102%) the modulus, due to the microcracks bridging effect of evenly dispersed
MXene particles in the matrix (Hu et al., 2022). Additionally, composites with
MXenes as fillers can target a thermal conductivity 141.3% higher than neat epoxy,
and their presence could restrict polymer chain movement and improve also the
storage modulus (Wazalwar, Tripathi, & Raichur, 2022). Meanwhile, their
exceptional electrical properties make them an excellent filler for electrocatalytic
applications and electronics, though their conductivity is directly affected by the
composite loading, the surface groups, particle size, defect concentration, and
contact resistance between flakes (M.-S. Cao et al., 2019).
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Their use has been considered for 3D printing to give them a customizable
architecture and major applicability, using techniques such as Direct Ink-Writing
(DIW) for electromagnetic shielding and capacitors (Dai et al., 2022; W. Yang et
al., 2019), DLP for their conductivity (Salas, Pazniak, et al., 2023), binder jet for
applications such as energy storage (T. Li et al., 2022), or even CLIP for printing
biosensors (B. Huang et al., 2021).
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3.2. Semiconductor
Photocatalysts (PhCN/TiO3)

3.2.1. Historical Development

In the historical overview of TiO» for photocatalysis, Hashimoto & coworkers
(Hashimoto, Irie, & Fujishima, 2005) pointed out that the oxide powders have been
used for millennia as a white pigment, and that their activity under sunlight has been
known since 1929 for paint deterioration & fabrics.

Yet scientific studies in photocatalysis started in Lyon, France with the concept
of heterogenous catalysis at Universit¢ Claude Bernard in 1970 to describe the
partial alkane oxidation and olefinic hydrocarbons in the presence of TiO»
(Fujishima & Honda, 1972; Steinbach, 2006). Then, Teichner reports the behavior
of TiO2 under UV irradiation in ambient conditions and found that when the metal
oxide was irradiated and evacuated (to 10 torr) the white powdered particles
turned blue because of losing a fraction of its surface oxygen. Exposing the blue
particles to oxygen again restored them to their initial color. Successively, in 1972
other studies reported the first results on water splitting using TiO> electrodes by
Fujishima and Honda (Fujishima & Honda, 1972). After this, publications in
photocatalysis bloomed.

Nowadays, the development in photocatalysis regards the studies of new
materials with higher efficiency. Different approaches are used to overcome
technical limits and to take advantage of the visible component in light absorption,
mainly from solar emissions. The strategies that have been utilized to overcome this
issue include lowering the material band gaps, using the doping process for new
energetic levels, and the use of heterostructures with increased charge separation.

3.2.2. Basic Principles & Definition

A photocatalytic process occurs when light interacts with a semiconductor
surface (the photocatalyst) allowing a redox process. At this point, two reactions
occurred simultaneously, oxidation from the photogenerated holes and reduction
from the photogenerated electrons (see Figure 3.2.1.).
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The process can be divided into four fundamental steps: (I) light absorption to
generate electron-hole pairs, (I) excited charges separation, (III) transfer of
electrons and holes to the photocatalyst surface, (IV) charges utilization on the
surface for redox reactions (Ren et al., 2022). The holes left in the valence band
have high oxidizing power and, reacting with water, generate hydroxyl radicals
responsible for pollutant degradation. Meanwhile, the electrons in the conduction
band, via reaction with dissolved oxygen for superoxide ions promote the reduction
process.

A good photocatalyst, on the other hand, should promote electrons just by
exposure to light, from the valence band (VB) to the conduction band (CB), leaving
positive holes (£") in the VB. Also, for the efficient photogeneration of the e/A"
pairs, the incident light energy (hv) must overcome the band gap. Both e and 4"
can initiate redox processes on the substances present in the surrounding media (K.
Rokesh et al., 2021). Therefore, its efficiency depends on features like suitable band
edge position, narrow band gap energy, reduced charge recombination, enhanced
charge separation, transfer, and surface-active sites (Karuppannan Rokesh, Sakar,
& Do, 2020). However, the whole process efficiency would depend on other factors
such as photocatalyst morphology, size and surface area, reaction temperature, pH,
light intensity, photocatalyst amount, and quantity of organic catalyzed product.
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Figure 3.2.1.Schematic diagram of a semiconductor-mediated photocatalytic mechanism. Image
taken from ref (Aslam et al., 2022).
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3.2.3. Semiconductor Photocatalysts

As mentioned, photocatalysis is the process of activation and/or acceleration of
a chemical reaction driven by light irradiation by means of photoactive materials
(Aguirre-Cortés et al., 2023). Semiconductors(SC) are defined as a materials that
have a crystalline structure and peculiar electronic characteristic i.e. they have very
few mobile electrons at room temperature, which anyway can be promoted,
generating electron/hole pairs providing energy, which can be electrical, photonic,
thermal,... (Rahman, 2014).Their use for as photocatalysts is reported in several
papers (Asahi, Morikawa, Ohwaki, Aoki, & Taga, 2001; Porcu, Castellino, et al.,
2020; K. Zhang et al., 2017). SC-based photocatalysts can absorb photons to
generate electron-hole pairs that are used for further oxidation or reduction or for
photodegradation. These materials have a moderate band gap (E,<3.5 eV), meaning
the energy difference between the valence band (VB) and the conduction band (CB)
in its electronic structure (Aguirre-Cortés et al., 2023).

Metal oxides are considered the most efficient materials in this context, while
selenides and sulfides are less considered due to their toxicity and poor stability.
Currently, the most attractive ones, are n-type SC like TiO2, WO3, and Fe;Os3,
because of their stability and CB edge with a potential level negative enough that
allows photon reduction without additional electric bias (Kay, Cesar, & Gritzel,
2006; Palmas et al., 2016). The general photocatalytic mechanism is reported in the
Eq.3.2.1.

SC + Light energy — SC (ecg + hy’g)
Dye + SC (h5) — Oxidation process
SC (hiz) + H,0 - SC+ H* + OH~
SC (hiz) + OH™ - SC + OH
Dye + SC (ecg) — Reduction Process
SC (ecg) + 0, —» SC+ 0y
0, +H" - HO,
HO, + HO, - H,0, + 0,
Dye + OH — Degrdation Products

Equation 3.2.1. The photocatalytic mechanism for dye degradation

The main drawbacks of n-type SC are their high recombination rates and
negligible light harvesting in the visible range, therefore, strategies such as surface
modification, facet engineering, morphology control, doping, and the addition of
oxidants have been explored (Nakata & Fujishima, 2012; C. C. Nguyen, Vu, & Do,
2015; Porcu, Secci, & Ricci, 2022; Preethi, Antony, Mathews, Walczak, &
Gopinath, 2017; Serpone & Emeline, 2012; Steinbach, 2006; Juan Wang, Wang,
Cheng, Yu, & Fan, 2021).

On the other hand, organic SC are preferred due to their abundance in earth
constituents, and their optical and structural properties, and particularly because of
their tunable energy levels. They can be divided into two categories: polymers and
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small molecules. Where the definition of a polymeric SC stands as macro-
molecules based on sp2 hybridized carbon atoms, with the alternation of singles
and double bonds along their building block (Porcu et al., 2022) as seen in Figure
3.2.2.

Despite the polymer's versatility, their efficiency can be hampered by the low
thermal and short-time structural stability. Therefore, their conjugations can
encompass covalent organic frameworks (COFs), metal-organic frameworks
(MQFs), or polymeric carbon nitrides (CN). Given the scope of this thesis, CNs are
in the limelight in this proceeding, by the use of phenyl carbon nitride (PhCN).

CH;(CH5)42,CH
FSBT L 3(CH2)12CH, |

PBTTT

PDPP-TTT

Polyacetylene

Figure 3.2.2. Chemical structures of SC-polymers. Image taken from ref (Porcu et al., 2022)

Polymeric carbon nitride has emerged as a metal-free photocatalyst. Kroke et
al., using density functional theory (DFT) methods, proposed a system based on
two-dimensional heptazine-units polymer as the most thermodynamically stable
structure (Kroke et al., 2002). Given its graphitic-like structure, it was called
graphitic carbon nitride (g-C3N4), a layered material in which van der Walls forces
hold the stacking layers (C-N bonds), and each layer is composed of the heptazine
units, bridged by tertiary amino groups with high condensation degree.

The appealing properties of this molecule include its thermal and chemical
stability, biocompatibility, eco-friendly, planar configuration with a m-conjugated
system, and moderate bandgap workable in the solar spectrum (Ong et al., 2017,
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Porcu, Secci, Abdullah, & Ricci, 2021; Zheng, Lin, Wang, & Wang, 2015).
Nevertheless, the efficiency of g-C3Ns by itself is diminished by low quantum
efficiency and high recombination rate for electron-hole pair photogeneration (Y.
Zhang et al., 2013). Recent studies report that by controlling the morphology and
surface properties, an enhancement of the photoreduction can be observed.
Particularly, Porcu et. al studied a new polymer of the CN-polymers with enhanced
absorption in the solar spectrum (Porcu, Castellino, et al., 2020). The authors
exfoliated phenyl-doped carbon nitride for 4-nitrophenol reduction as seen in
Figure 3.2.3.

H,S0,

Figure 3.2.3. 4-Nitrophenol photoreduction by phenyl carbon nitride (PhCN). Image taken from ref

(Porcu et al., 2021)
3.2.3.1. Heterostructures

The design of heterojunction systems can improve the photocatalytic efficiency
of SC materials. General designs include combinations such as SC-SC
heterojunction, SC-metal heterojunction, SC-carbon heterojunction, and the
multicomponent heterojunction (H. Wang et al., 2014). These are defined by the
coupling of two SC-photocatalysts to take advantage of their relative band structure
(Xin Li, Yu, Jaroniec, & Chen, 2019). This coupling has been classified into Type
I, Type II, Z, and S-scheme photocatalysts, as mirrored in Figure 3.2.4.
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Figure 3.2.4. Heterojunction systems, (A) Type L, (B) Type 11, (C) Z-scheme redox mediator, (D) all
solid Z-scheme and (E) S-scheme. Taken from ref (Porcu et al., 2022)

The S-scheme has been used to understand the mechanism between hybrid
organic-inorganic heterostructure, which will be recalled next.

3.2.3.2. Organic/Inorganic Heterostructure

The formation of hybrid materials by coupling organic-inorganic SC permits to
obtain a new class of material with tunable properties. There are three main types
of synthesis methods between these systems: sol-gel, solvothermal and/or
hydrothermal, and solid state. According to the bond formation between both SC,
stability and efficiency are given in the system. On the one hand, the stability of the
system can be provided by physical interactions such as hydrogen bonding, van der
Waals, or ionic interactions, where proper functional groups are necessary to
stabilize the structure. On the other hand, it can be defined by stronger interactions
generated by chemical bonding, making it a very stable material with a fast charge
transfer process.
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The organic part of the hybrid system can act as a photocatalyst in synergy or
a photosensitizer. As a photosensitizer, it will absorb a photon with a suitable
wavelength on the surface and pass it to an excited state, then, the photoexcited
carriers are injected into the excited inorganic band (following the S-scheme and/or
Z-scheme in Figure 3.2.4 (¢, d & ). The sensitizer’s role is at this point to overcome
physical limitations by lowering the absorption bands. Section 3.2.3.4 contains
different examples of this type of system.

3.2.3.3. Organic/Inorganic Heterostructure
example & applications

As a promising technology, the photocatalysis process can be applied for the
fabrication of fuel cells (Bhunia & Dutta, 2020), solar conversion (C. C. Nguyen et
al., 2015), healthy treatments (K. Rokesh et al., 2021), and environmental radiation
(S. Bagheri, TermehYousefi, & Do, 2017), see Figure 3.2.5.

Photocatalysis’

Figure 3.2.5.Application fields of photocatalysis. Image taken from ref(Porcu et al., 2022)
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As an example of its use, photocatalysis has been employed to degrade several
organic waste types, such as dyes (Porcu, Castellino, et al., 2020), phenolic
compounds (Mohamed et al., 2020), organohalides (Gusain, Khan, & Khatri, 2020),
and petroleum hydrocarbons (Gusain et al., 2020), but also for heavy metal removal
(Nakata & Fujishima, 2012). This technique has also been used for the degradation
of pharmaceutical compounds in water and soils (Duy, Bui, & Hien, 2020), as
displayed in Table 3.2.1.

3.2.3.4. Compositions & Targeted Application

The next table summarizes examples of different published organic/inorganic
heterostructures with targeted application and efficiency. Table 3.2.1 was used to
exemplify different Hybrid organic/inorganic System (HS) found in literature and
used as photocatalysts for the degradation of organic pollutants, however, as
PhCN/TiO; is the HS used in the thesis, section 3.2.4 is completely dedicated to
detail its mechanism and applications.
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Table 3.2.1. Reported Organic/Inorganic Heterostructures & applications.

Target

Light

Effici Ref.
Application Photocatalyst Contaminant Source lelency ¢
UV lamp
800  W/m?,
o 50 ppm 365 nm and (H. Wu et al,
t 1009
Citric acid/CeO glyphosphate visible lamp 00% 2021)
1800 W/m?,
400-800 nm
50 mL 300 W Xe
Perylene . (J. Han et al,
Bisphenol A 10|l 1 1009
imide/Bi,WOs ISPIETO 0)lamp  cold 00% 19001
ppm light source
300 W
20 ppm |xenon lamp
Ag3PO4/PDI tetracycline with a cut 82% (Cai et al., 2020)
hydrochloride filter (>420
nm)
X
20 ppm 1am30(\)vm ael
Degradation WO3/Cu/PDI tetracycline 3 75% (Zeng et al., 2020)
f i hydrochloride cut-off filter
of organic y (0> 420 nm)
pollutants .
LED with
10 ppm |50 W powers . .
h t al.
ZnSe/Polyaniline |tetracycline and 4300 LM 90% (2?) 118r;nard1 ok
hydrochloride as a visible-
light source
2 L
Bis h(zglol njk Direct (Sutar,  Barkul,
g-CsN4/TiO, P o 95% Delekar, & Patil,
Brilliant green and | sunlight
. 2020)
mixed dyes 20 ppm
white
50 mL |LED Philips :
PhCN/TiO; RhB/MB 13 W with|  98% (Poreu, Castellino,
. et al., 2020)
10 ppm optical power
100 mW
S-doped g- 100 mL Congo 300 W ~00% (J. Wang et al.,
C3N4/TiO2 Red 50 ppm Xenon lamp ° 2021)
9.4
Hydrogen e , |(Hamdy et al,
evolution Polyaniline/ZnO H>O Xe lamp |[mmolh g |, 021)
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Xedamp Uv| 10451
- -1 -1 ;
Cds/TCP H>O cut-off filter A Emolh g ' |(Liang et al., 2019)
> 420 nm ?
A 300 W
Xietcl)ln lamz 2.7 (Zang, Zhang,
Pyrene/MoS: H>O W mmolh™ g !'|Lan, Zheng, &
working H Wang, 2019)
current of 15| &
A
. lightVlslble- 1260
- -1 -1
phosphonate/MOF 10 irradiation (A EmOIh g |(Zhuetal, 2020)
> 400 nm) ?
: dible tght|  25%2
) H Ih' g !'|(Hieu etal., 2021
C3N4/TiO2/ TisCs 0 (Xe 300 W ngo g | (Hicuetal, 2021)
lamp)
lightV e 69.8 (S. Gong et al
) SR ACS ”
InVO4 /g-C3Ny CO; and H20 irradiation (. rggmlh g Hon 0
> 420 nm)
. ) simulated 2.13 ..
WOGraphydme/Blz CO»and H,0 | sunlight mmolh g ! (2[({)121181 Yang et al.,
° irradiation | CH30H
visible- 70.8
2 K t 1.
co2 Zr(IVYMOF/Co CO, and HO | light mmolh 1 ¢1|Rong et al,
reduction . . 2021)
irradiation CH4
visible- 36.16 (Ke, Zhang, Dai,
DETSIENbZO6 /CdSe- CO; and H,O |light mmolh™! g !'|Fan, & Liang,
irradiation CO 2021)
A >
400r(1m) 36.2 (H. Wang et al
] : . ) . o
g-C3Ny4 /TiO, CO; and H-O 8 W UV-light umolh g1 2020)
Cco
lamp
CeOa/polymeric Staphyl visible-
¥Poy APAYIOCOCEUS | i oht 88% (Xia et al., 2020)
CN aureus T
irradiation Sn
Sterilization 300 W
Escherichia Xe-lamp UV (H. Yang et al,
- - >8()9
a-Fe205/g-CsNs coli cut-off filter A 80% 2022)
> 420 nm
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P-doped MoS./g- Escherichia Visible 100% (X. Zhang et al.,
CsNa coli light 2022)
Sn304/PTCDI aureit;lphylococcﬁ Simulated >90% (Ruiqi Yang et al,
Escherichia coli sunlight 2021)
100 W (Rathna,
TiO2/WO3/PANI Cr(VI) 10 ppm | . . 68% PonnanEttiyappan,
. visible lamp & D, 2021)
Reduction —
of  heavy| PVP/BiS: Cr(VI) 10 ppm | . ViSO 95% (Shen et al., 2020)
metals light —
| KW Xe (Ruixiang Yang,
PW12/CN/Bi2WOgs Cr(VI) 10 ppm Lamp 98% Zhong, Zhang, &
Liu, 2020)
*Table adapted from ref (Porcu et al., 2022)
32.4.  PhCN/TiO:
3.2.4.1. Applied Mechanism for Photocatalytic Dye
Degradation

PhCN/TiO; as a hybrid nanocomposite offers an enhanced surface and catalytic
action with an extended photo absorbance reachable up to the visible level, higher
charge generation, improved interfacial charge separation, and strong redox
properties (Porcu, Castellino, et al., 2020; Porcu et al., 2021). TiO» is widely studied
among SC photocatalysts, though its high band gap (3.2 eV) makes it negligible for
light harvesting in the visible range (Nakata & Fujishima, 2012). Therefore, the use
of photogenerated charge carriers capable of excitation through the absorption of
UV light has been reported in synergy with TiOz (C. Peng et al., 2016), to increase
its photoactivity towards a visible light range.

Particularly, organic-inorganic hybrid systems coupling TiO> with delocalized
conjugated structures with lower band gaps such as graphitic carbon nitride (g-
C3N4) (Yan, Li, & Zou, 2009) and phenyl-carbon nitride (PhCN) (Porcu, Castellino,
et al., 2020) have been proven efficient. Nonetheless, PhCN offers a superior
performance given its capacity to utilize a larger portion of the visible solar
spectrum. Its lower band gap (2.0 eV) and slower recombination rate demonstrate
that the synthesis of the heterojunction PhCN/ TiO; system works efficiently, as
seen in Figure 3.2.6. The last figure, explains the transfer process of photoexcited
electrons from the LUMO state in PhCN to the almost resonant CB in TiOa,
facilitating the charge transfer from the organic part to the inorganic one. While the
holes remain in the HOMO state of PhCN, it further increases the charge separation
of the photogenerated electron-hole pairs. Then the e/A" pairs will later oxidize
species in solution that will further degrade Rhodamine B (RhB).
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Figure 3.2.6. Schematic representation of the transfer process of photoexcited electron
from the LUMO state of PhCN to TiO; CB. Image taken from ref (Porcu, Castellino, et al.,
2020)

3.2.4.2. PhCN/TiO2 in 3D nanocomposites for
photocatalytic applications

PhCN/TiOz is a recently developed hybrid material by S.Porcu et al. its
applications are published so far in hybrid composites by surface modifications.
The inclusion of this material for additive manufacturing applications and
specifically for 3D printing was explored during this thesis in the last chapter. This
research includes its use as a hybrid coating material, using a sol-gel process and
dip-coating and its inclusion as a filler in vat photopolymerization 3D printing.
Further investigations were pursued without success by its inclusion in glassy
polymers, though there seemed to be material degradation in the thermal treatments
explored.
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Chapter 4

4. Development of
polymeric/MXene composite inks
toward 3D printable electronics

This chapter was written based on the published article (Salas, Pazniak, et al.,

2023).

4.1. Introduction

2-Dimensional materials based on transition metal carbides carbonitrides, and
nitrides, known as MXenes, have recently attracted large research interest due to
their properties, such as high electrical conductivity (Michael Naguib, Vadym N.
Mochalin, Michel W. Barsoum, & Yury Gogotsi, 2014; Q. Tang, Zhou, & Shen,
2012), volumetric capacitance (Ghidiu, Lukatskaya, et al., 2014; Ling et al., 2014;
Lukatskaya et al., 2017), hydrophilicity (M. Han et al., 2020), and high thermal
endurance (Kang et al., 2019; Z. Lietal., 2015; R. Liu & Li, 2018; Pan et al., 2019).
Such characteristics envisage promising performances in different fields like energy
storage (Shanto et al., 2022), electromagnetic shielding (Wan, Liu, Tang, Wen, &
Xiao, 2021), photodetectors (Tao et al., 2019), sensors (Chia et al., 2020) and
electrocatalysis (H.-J. Liu & Dong, 2021). MXenes are obtained from layered
precursors known as the MAX phase, as mentioned in the previous chapter. They
are then produced by selective chemical etching of the A-element, in fluorine (F)
or halogen (Cl, Br, etc.)-based environments. This process induces in the MXenes
the presence of surface functional groups inherited from the etchants. After which,
the formula of MXenes is My+1Xn T2, where T, comes from the terminations given
by the acid solution or melts, typically =O, -OH, -F, and -CI (Carey & Barsoum,
2021; Y. Li et al., 2020).

These termination groups determine the physicochemical properties such as
their solubility and particularly the conductivity, and also allow better interaction
with polymeric matrices, enabling the fabrication of MXenes-based composites (V.
Chaudhary et al., 2022; Jasim et al., 2022; Luo et al., 2022). These materials can
combine the properties of polymers, such as good mouldability and processing, with
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the outstanding properties of MXenes such as the electrical and thermal response
(Naik, Singh, & Sharma, 2022). The interest in them is reflected in the number of
published research articles, around 800 articles just in 2022 (source Scopus). For
example, Qin L. et al. used the electrochemical polymerization process to develop
MXene/composite films (Qin et al., 2019) for micro-supercapacitors. Shamsabadi,
A.A. et al. developed membranes for CO; separation by embedding 2D TizC2Tx
nanosheets in Pebax®-1657 copolymer (Shamsabadi et al., 2020).

Beyond conventional manufacturing processes, additive manufacturing (AM)
techniques, known as 3D printing, can be used to develop MXene-based
architectures (Cui, Zhu, Tong, & Zou, 2023). This combination permits overcoming
conventional 2D application of MXenes, achieving complexity in designs,
accuracy, and fabrication of 3D objects from CAD data, via layer-by-layer
processes (Gross, Erkal, Lockwood, Chen, & Spence, 2014). AM technology has
been used to print MXene-based micro-supercapacitors (C. J. Zhang et al., 2019),
electrodes (J. Zhang et al., 2019) and others (Fu et al., 2022). Furthermore,
polymeric composites containing MXenes were also employed in 3D printing
(Aakyiir et al., 2022; T. Li et al., 2022).

Among the different 3D printing technologies, Digital Light Processing (DLP)
and Stereolithography (SLA) (Goyanes, Det-Amornrat, Wang, Basit, & Gaisford,
2016) are known to be particularly suitable for the development of functional
materials (Fu et al., 2022; Gonzalez et al., 2022; Lantean, Roppolo, Sangermano,
Pirri, & Chiappone, 2018). For what concerns this investigation, few works are
present in the literature related to light-induced 3D printing for MXenes-based inks,
due to some intrinsic limitations. In fact, it is necessary to maintain the uniform
distribution of the particles in the photocurable formulation during the printing
process, avoiding sedimentation or aggregation which can affect the final properties
and enhance the contact between MXenes and outside stimuli (Lantean et al., 2019;
Lantean et al., 2022). Meanwhile, increasing the content of the nanoparticles may
interfere with the photopolymerization since they compete with the photoinitiator
in absorbing the incident light irradiation (B. Huang et al., 2021) and increasing the
viscosity (Greaves, Mende, Wang, Yang, & Barg, 2021). So far in previous works,
3D MXene-based structures have been printed either in particular conditions (Tetik
et al., 2022), with limited resolution (B. Huang et al., 2021) or in simple squared
patterns for electrodes (J. Zhang et al., 2019). In this context, to the best of our
knowledge only Fu. J ef al have achieved SLA printing with MXenes for scaffolds
(Fu et al., 2022) and Huang et al. have achieved CLIP (B. Huang et al., 2021) for
multifunctional gels while studies with DLP are not reported.

In this work, we aimed to develop 3D printable MXene-based ink via DLP
photopolymerization. Hence, we embedded MXenes in the printable formulations,
to obtain complex and precise 3D geometries. The MXene composition used in this
study is Ti3C. T, prepared by chemical etching of Ti3AIC; in hydrofluoric acid (HF).
These were later introduced into a monomer formulation of Bisphenol A
dimethacrylate (BPA-dma) and Trimethylolpropane triacrylate (TMPTA), whose
reactions kinetics was studied by photorheology. Chemical characterization of the
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material and the resolution analysis of the printed structures through 3D scanning
were performed. The choice of these monomers was based on their compatibility
with an annealing post-process, which was further exploited to increase the electric
conductivity of the 3D structures.

4.2. Materials & Methodology

The next section contains the procedures for the development of the materials
used for the preparation of the ink, the printing parameters, and the
characterizations applied to determine its properties.

4.2.1. MAX phase precursor

Ti3AIC; MAX phase powders were synthesized from their elemental
constituents by solid-liquid state reaction. Titanium (d50 = 24.8 pm, 99.0% pure),
aluminum (d50 = 9.1 um, 99.5% pure), and graphite (d50 = 6.9 um, 99.0% pure)
powders (all from Alfa Aesar) were used as starting materials and mixed in a molar
ratio 3.0:1.1:2.0, respectively. An extra 10 wt. % of the aluminum was added to
compensate for its loss during the synthesis process at high temperatures. The
mixture was heated up to 1350°C for 3 h under an argon atmosphere to avoid
oxidation. The synthesized Ti3AlC, sample was ground in an agate mortar and
milled in a planetary milling at 200 rpm in ethanol with zirconia balls (5 mm
diameter) for 2 h. The resultant Ti3AlC, powder presented a unimodal particle size
distribution (d10 = 3.6 um, d50 = 6.2 um and d90 = 10.1 um).

4.2.2. MXenes Synthesis

The TizAlC; MAX phase was etched under 49% HF (2.44 M), where 2 g
(0.0103 mol) of the powder was added slowly into a Teflon beaker containing 10
ml of the stirring acid. Therefore, the proportion of MAX phase per acid was 1:24.4.
The mixture was kept for 5 h at room temperature with continuous stirring. The
obtained solution was then transferred into a 50 mL falcon and repeatedly diluted
with deionized (DI) water, centrifuged at 3500 rpm for 3 min until the supernatant
reached a neutral pH. The intercalation of the multi-layered structures was
performed by adding 2 mL of 40% TBAOH (Tetrabutylammonium hydroxide) to
the etched product and left stirring for 24 h. The delaminated suspension was
washed in ethanol several times to get rid of the residual TBAOH until the neutral
pH was reached. The TizC,T, MXenes were collected onto a polyvinylidene
fluoride (PVDF) membrane (0.22 um pore size) by vacuum filtration and left
overnight on a vacuum dryer. Before using, MXene powder was dispersed in DI
water and additionally sonicated at 49 kHz for 50 min in an ice bath under nitrogen
bubbling. Then MXenes were collected by centrifugation at 3500 rpm for 30 min,
recovering the supernatant, which was further used to prepare the ink.
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4.2.3. Ink Preparation for the printable
composites.

The formulations were prepared by mixing the monomers (BPA-dma and
TMPTA), the photoinitiator (BAPO), solvent (ACN), and by adding the MXenes,
in the quantities reported in Table 4.1, followed by bath sonication for 5 min. The
percentages refer to the relative amount of each component in the final formulation.

Regardless the global attention to the materials containing BPA (Bonefeld-
Jorgensen, Long, Hofmeister, & Vinggaard, 2007) (BPA-dma), it present standard
acylates hazards. Furthermore, its use was envisaged due to the high aromatic
content, which will be later exploited in the carbonization process.

Table 4.1.Formulations

BPA-dma |TMPTA MXenes |ACN BAPO
Formulation |y o) [Wt.%] [Wt.%] | [wt.%] [phr]
BPA-dma:
TMPTA 17 33 0 50 1
MXenes 1% 16 33 1 49 1
MXenes 2% 16 32 2 48 1
MXene 5% 16 31 5 47 1

4.2.4. 3D Printing Parameters

The 3D Printing of the nanocomposites was performed on an ASIGA UV-MAX
DLP printer with LED light source emitting at 385 nm. During the printing, the
layer thickness was fixed at 50 um for the burn-in and 70 pum for the successive
layers, with the light intensity at 37 mW.cm™. The exposure time was 21 s for the
BPA-dma: TMPTA composite, and for the other composites 25, 30 and 35 s
increasing the time with the MXene concentration.

Finally, the post-curing process was performed on the printed samples. They
were first washed with acetone to remove residual formulation and then exposed
under a UV lamp (from Robot Factory) for 2 min, with a light intensity of 12
mW-cm™.

4.2.5. Post Treatments: Annealing

Two types of thermal treatment were tested to evaluate the annealing process,
one under inert conditions and the other under reductive ones. The first one involved
heating for 5 h at 900°C at a heating rate of 3°C/min under an argon atmosphere
with >50 ml/min gas flow in a tubular furnace using pure Ti metal as the oxygen
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getter. The same protocol was used for the reductive environment but under a 5%
hydrogen and argon atmosphere.

4.2.6. Characterization Techniques:
4.2.6.1. Evaluation of 3D printability:
Photorheology

The investigation of the kinetics of the photocurable formulations was done by
photorheology using an Anton PAAR Modular Compact Rheometer (Physica MCR
302) in parallel-plate mode, equipped with a UV-light source (Hamamatsu LCS8
lamp 15 mW-cm2) under the glass bottom plate, with a settled distance of 50 mm.
The measurements were performed under isothermal conditions (25°C) with a
constant shear angular frequency (10 rad-s™"). The photo-reactivity was investigated
by following the changes in the storage moduli (G’) during UV-light irradiation.
The light was switched on after 60 s to stabilize the system before the
polymerization onset. Meanwhile, the viscosity curve was performed on the same
equipment changing to a rheometer modulus with shear rates in the range 0.001-
100000 s

4.2.6.2. Detecting Absorbance & Visible Spectra

The UV-visible spectra were recorded by a Synergy™ HTX Multi-Model
Microplate Reader Instrument (Biotek, Winooski, VM, USA) set in spectrum mode
between 330 and 700 nm at a scan step of 1 nm. The experiments were performed
on solid films of 200 nm, using a 24-well plate.

4.2.6.3. Measuring polymeric conversion: FTIR
Analysis

The Fourier-transform infrared spectroscopy (FTIR) spectra were collected
using a Tensor 27 FTIR Spectrometer (Bruker) equipped with an ATR (Attenuated
Total Reflectance) tool. The average signal collected was in the range of 4000-500
cm! with a resolution of 4 cm™. For each sample, a background measurement was
run before the analysis was performed on the liquid formulation (t=0) and the solid
films (t=t»). The conversion of the acrylate double bonds was calculated following
the decreased area of specific peaks.

4.2.6.4. Thermal Simulation, morphological &
oxidation profile after annealing

The morphology of the prepared composites was investigated by a Zeiss Supra
40 FESEM, equipped with a GEMINI II column and EDS analyser, where a probe
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current of 1200 pA and an accelerating voltage between 5.00 and 15.00 kV were
used. On the other hand, the surface composition was analysed by a PHI 5000
Versaprobe Scanning X-ray Photoelectron Spectrometer (monochromatic Al K-a
X-ray source with 1486.6 eV energy). The sample size was 100 um for the high-
resolution shift, exploiting 23.5 eV for these peaks. To reduce the charging effect
during measurements, all samples were analysed with a combined electron Ar-ion
gun neutralizer system. All core level peak energies were referred to C 1s peak at
284.5 eV, and the background contribution, in HR scans, was subtracted by means
of a Shirley function.

X-ray diffraction (XRD) was used (Panalytical X’Pert Pro X-ray
diffractometer) in Bragg/Brentano configuration with Cu Ka as an X-ray source to
examine the crystalline structures. Finally, the Thermal Gravimetric Analysis
(TGA) was performed to determine the degradation temperature in an inert
environment, using a Mettler Toledo TGA with STARe software and placing the
samples on alumina crucibles (70 pL). The temperature in the TGA started from
RT to 900°C, with a heating rate of 10 K/min.

4.2.6.5. Evaluation of mechanical properties

The mechanical properties were evaluated through a Tritec 2000 DMA (Triton
Technology Ltd, London UK). The measurements were conducted at 26°C in a
stress/strain setup with a target force of 5 N, force ramp rate of 0.5 N/s on 3D printed
samples of 10*10*1 mm?, while the annealed shrunk versions were 5x5x2 mm?.

4.2.6.6. Materials electrical resistance

The resistance was measured at 25 °C through a voltage linear sweep method
from -10 V to 10 V with compliance of 0.021 A using a Keithley 4200A SCS
Parameter Analyzer. In each measurement, was performed with a 2-probe (tweezer)
system, with a direct CVU path.

4.2.6.7. 3D Scanning, Shrinkage, & Resolution

It was performed to evaluate print resolution compared to the original CAD
file, using a 3D optical scanner (E3, 3Shape). This scanner includes 2 cameras of 5
MP, an accuracy of 7 um (ISO 12836) with a scan speed of 18 s. The scanned data
and the reference model were aligned before the statistical comparison, and the
analysis is displayed as a colored 3D heatmap displaying the geometrical deviation.
The same software was used to measure and compare samples before and after
annealing, to determine the surface area exposed and the volume of the printed
samples.
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4.3. Results & Discussion

This section contains results and their corresponding explanations as a
consequence of the characterization activities, comparing them with the preceding
literature.

4.3.1. Evaluation of 3D Printability

To investigate the 3D printability of MXene inks based on acrylate monomers,
photopolymerization's kinetics was initially evaluated. Figures 4.1(a-d) show the
schematic representation of the process. Tiz3CoT, MXenes have a broad light
absorption in UV-Vis range which overlaps the BAPO photoinitiator absorption
(band from 350-430 nm (G. Gonzalez et al., 2020)), as inferable from the UV-
visible spectra in Figure 4.3. This may reflect a decrease in the efficiency of the
photopolymerization mechanism, due to a competitive absorption of incident light
(Salas, Zanatta, et al., 2023). This effect was investigated using photorheology,
following the change of viscoelastic properties after irradiation. Figure 4.1 e) shows
the changes in G’ modulus (elastic modulus) for the different tested formulations.
The photorheology demonstrates that formulations with higher concentrations of
Ti3C,T, showed a slight delay after the start of the photopolymerization (see inset
in Figure 4.1 e)). Nevertheless, they showed similar G’ values at the end of the
reaction and stability at this stage, confirming their suitability for 3D printing. The
presence of MXenes in the BPA-dma: TMPTA resin slows the reactivity of the
photopolymerization, which confirms their photo-blocker activity (B. Huang et al.,
2021); in 3D printing this usually translates into longer layer exposure. The photo-
blocker effect is like the UV-shielding effect already measured for CNTs (Cortés et
al., 2021; Gonzalez et al., 2017; Marco Sangermano, Pegel, Potschke, & Voit,
2008).

In Figure 4.1 f) viscosities of the different formulations are reported. As
expected, all the formulations showed a shear-thinning behavior and an increase in
viscosity with the increasing amount of MXenes. In standard DLP 3D printing,
usually, viscosity below 50 Pa-s is requested (Tetik et al., 2022), thus formulations
containing 5% of MXene can be critical in the next investigation step.

89



a) c)
Bisphenol A dimethacrylate (BPA-dma)

d)

Photocurable ink

MG CHy HiC. . CHy
HSC CH3 mé o A O CH
o} 0 y N L
chﬁ)kooJ\fCHz BAPO o .3 i
CHs CHa /{’H’O\BCOWO oJ\(
| o)
b) Ti,C,T, in ACN
Trimethylolpropane triacrylate (TMPTA) e) Photorheology f) Viscosity Profile

MXene 1%
MXene 2%

0] 0 1071
HC Mg N

L BPA-dma:TMPTA

—a— BPA-dma:TMPTA
1 —e— 1% MXene
—— 2%MXene

]051 MXene 5% _ 104 —a— 5%MXene
0.~ ] 5
L g o
) ]0‘1 ‘§ 1
: $
10" 1 1001

1 T 60 65 1
temeo” Time [3]

10"

T T T T T T T 107 - -
0 20 40 &40 80 100 120 140 160 0.001 0.01 O.1 1

Time [s] Shear Rate (1/3)

Figure 4.1 Chemical formula of a) BPA-dma and b) TMPTA, ¢) BAPO chemical formula and the
schematic representation of the preparation process, d) representation of the final polymer, e)
photorheology and f) viscosity profile of the given formulations. Image taken from ref (Salas, Pazniak,
et al., 2023)

Once stable formulations were developed (Figure 4.1 e) and their behavior
under irradiation was investigated, these were used to produce 3D printed structures
like the one shown in Figure 4.2 b) and Figure 4.2 ¢). Each formulation required an
optimization of the printing parameters, as reported in the method section. As
expected after photorheology tests, longer layer irradiation times are necessary for
the formulations containing the fillers. Figure 4.2 (b and ¢) demonstrates the good
CAD fidelity of formulations with 2 wt.%. MXenes and for 5 wt.%. Therefore,
complex MXenes-based architectures can be printed showing a good resolution,
and exemplary structures like lattice cube and honeycomb were reproduced. Such
complex geometries can be then envisaged and designed for advanced electronic
applications. Nevertheless, to this perspective also electric and electronic
performance must be evaluated.

In the present case, a further increase in the content of MXenes will have
the previously mentioned limitations in terms of printability. So, our strategy
focuses first on 3D printing using an ink that includes monomers, like TMPTA and
BPA-dma, with a low amount of oxygen for later, as a second step, inducing
annealing. Accordingly, the MXenes content should increase in the final
composites, with further conductivity enhancement. The thermal treatments were
performed either under an inert or reductive atmosphere, and those were compared
in terms of material characteristics and shrinkage of the structures.
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Figure 4.2. a) Stability of the liquid formulation up to 36 h and b) figure from the CAD to the printed
structure (MXene 2%) and its 3D scanning, ¢) Printed honeycomb (MXene 5%) from the CAD up to the
3D Scanning image. Image adapted from ref (Salas, Pazniak, et al., 2023)

4.3.2. Detecting Absorbance & Visible Spectra:
The Photoblocker Effect

The presence of MXenes can also be beneficial for 3D printing, acting similarly
to functional dyes. In transparent resins the control of light penetration can be
problematic, causing uncontrolled polymerization and consequently poor resolution
of printed structures (Annalisa Chiappone et al., 2017). In DLP 3D printing, a dye
is often used for limiting light diffusion. So far, in the literature, organic functional
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dyes have been reported (Gastaldi et al., 2020) to add properties likewise, but also
inorganic materials were exploited such as silver nanoparticles (Fantino,
Chiappone, Roppolo, et al., 2016), graphene oxide (Annalisa Chiappone et al.,
2017), and others. In this case, MXenes, can also play a role in this direction, since
they give a blackish pigmentation, limiting also light penetration and allowing
better control of the reaction.

Figure 4.3 shows the spectra from 330 to 700 nm of the printed polymeric
composites, without and with the corresponding MXene concentrations. In the
polymeric spectra, which corresponds to the neat polymeric matrix, two subtle
peaks are visible at 370 nm and 395 nm related to the BAPO photoinitiator
(Frascella et al., 2018). Those peaks are less evident in in the composites with
MXene, since the presence of this filler provides a blackish pigmentation. In this
regard, as expected, it is also visible that by increasing the MXene concentration in
the composite the absorbance tends to increase, which is noticeable as the higher
concentrations have a broader decrease from 330-500 nm(Satheeshkumar et al.,
2016). Xu and coworkers identified that exfoliated Ti3C,T, MXenes have a
particular broad peak from 275-400 nm which can be the influence for this broad
decrease when increasing the MXene concentrations (X. Xu et al., 2020).
Noteworthy, the film with 1% of MXene appears considerably with a similar
absorbance with the polymeric matrix, however this can be related to a slightly
lower thickness of the film, which can be related to human error. In this context it
is important to highlight again that t MXene particles compete for light absorption
with BAPO, whichcan be translated towards its printability, as the BAPO peaks
seem subtly disappear from the MXene curves. In literature this photoblocker effect
is also seen by Huang et al (B. Huang et al., 2021) when using MXenes in hydrogel
for CLIP printing. In the present case it appears particularly evident in the sample
with 3% and 5% of MXenes, which curves are constantly above neat polymer.
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Figure 4.3.UV-Vis performed on thin films (200 pm)
4.3.3. Measuring polymeric conversion: FTIR

The effect on photopolymerization of polymeric MXene formulations can also
be observed in the double bond conversion in the FTIR spectra (Figure 4.4) with a
consistent decrease at the higher filler concentrations. The main peaks of each
structure are also signalled in each correspondent graph, using mainly the acrylate
peak at 875 cm!. The calculated % conversion degree (%CD) is seen in Table 4.2,
which was calculated by measuring the peak areas from the formulation without
crosslinking and the crosslinked ones. It is evidently seen that the formulations with
higher MXene concentration, have less polymeric conversion, as a consequence of
the photoblocker effect and the increased viscosity.
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Figure 4.4.FTIR spectra of the formulations, before (¢;), after polymerization (.,) and polymerized
(ts,) with MXenes (2% and 5%).

Table 4.2.Photopolymerization conversion degree (% CD)

Sample\Wavenumber (cm™) Ac=c(ty) Ac=c.) Ac=ct)/Ac=c(t..)) %CD
TMPTA: BPA-dma\ 875 cm™ 0.84 0.19 0.22 77%
TMPTA:BPA-dma (MXene 0.84 0.6 0.71 29%
2%\ 875 cm’!

TMPTA:BPA-dma (MXene 0.84 0.7 0.83 17%

5%)\ 875 cm’!
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4.3.4. Thermal simulation, morphological &
oxidation profile after annealing

TGA measurements (Figure 4.5 (a)) were initially performed in an inert
atmosphere, to simulate the thermal process in the oven. As can be observed, the
polymeric matrix undergoes thermal degradation with a consistent mass loss
between 400°C and 500°C, while the mass of MXenes is almost constant for the
whole thermal process as seen on the black curve and the respective composites.
However, the presence of the MXenes seemed to slightly delay the degradation
towards higher temperatures. Most importantly, a certain residue can be measured
at the end of the process, which in the case of the pure polymeric matrix was around
3 wt.% of the initial mass, and with MXenes is higher than 10 wt.% This can be
consistent with a barrier effect of MXenes towards volatilization of degradation by-
products during the thermal process, which leads to carbonization. On the other
hand, TGA measurements cannot provide information on the structural
modifications of the materials, and to this aim, XRD, XPS, and FESEM
experiments were performed.

The results of the XRD analysis on the polymeric matrix, the pure TizC2Tz
MXenes obtained from the Al removal in the MAX phase, and the materials
inserted in the composite are shown in Figure 4.5 ¢). The polymeric matrix (Figure
4.5 c), black curve) shows the expected amorphous behavior around 15°.

Concerning pure MXenes, yellow and green curves in Figure 4.5 c) show the
spectra after synthesis and after thermal treatment in an inert atmosphere at a
temperature of 600 °C respectively. Typical (002), (004), and (006) peaks from the
lamellar structure are detectable in both spectra, while the corresponding picture of
this structure is reported in Figure 4.6 a). Furthermore, traces of oxidation are
present. According to Li. Z et al. (Z. Li et al., 2015), the first oxidation stage
involves the oxidation of the MXenes surface layers, where the TiO2 anatase form
appears first, as evident in the yellow curve. Despite the inert atmosphere, thermal
treatment at 600 °C in an inert atmosphere causes an evolution of the Ti oxidation
process toward the formation of titanium dioxide in rutile crystallographic form.
These newly formed nanocrystals are attached to the outer sheets and limit the
contact of unreacted sheets with O, which in turn slows further oxidation and
hinders the release of CO: produced by titanium carbide degradation.

Figure 4.5 c) also shows the XRD spectra of composite materials at different
concentrations (2 wt.% MXene, blue curve, and 5 wt.% MXene, orange curve). The
fillers are embedded into the polymer matrix, as confirmed by the characteristic
(002) and (004) peaks related to the lamellar MXene structure. Figure 4.5 b) shows
a schematic interaction between the polymer and the MXene in the composite. In
this case, the material shows an increase in the interplanar distance, witnessed by
the shift of the (002) peak towards smaller angles. This phenomenon is compatible
with the typical behavior of lamellar materials reported in the literature (Pan et al.,
2019;J. Wei etal., 2020) and it is accentuated by the thermal treatment. In literature,
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it is also reported that at high temperatures. like 900 °C in an inert atmosphere,
moieties including -F, -OH groups are eliminated without affecting the layered
structure and maintaining the conductivity (Rakhi, Nayak, Xia, & Alshareef, 2016).
However, when embedded in a polymeric matrix, despite the inert atmosphere, the
degradation of the polymeric matrix induces the generation of oxygen and hydroxyl
radicals, which in turn can lead to MXenes oxidation as evidenced by the XRD
patterns (Figure 4.5 b), light blue curve).

Moreover, high-temperature annealing treatments at 900 °C of the composite
material in a reducing environment have been carried out and the spectral
characteristics are reported in Figure 4.5 b) (red curve). Also in this case, the
characteristic peaks of the MXenes are no longer detectable, showing that the long-
range order of the crystalline structure is lost during the treatment.
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Figure 4.5. (a) TGA in N2 of the pristine MXenes sample (green), the composite BPA-dma: TMPTA
(black), composite at 2 wt.% (blue) and Swt.% MXenes (orange) content. (b) Schematic representation
of the interaction between polymeric matrix & Ti3C2Tz-MXene. (¢) XRD patterns of the BPA-dma:
TMPTA (black), MXenes sample before annealing (yellow), after annealing (green), MXenes/composite
at 2 wt.% (blue), annealed MXene/composite 2 wt.% (light blue), MXene/composite 5 wt.% (orange)
before annealing and after reductive annealing (red). (JCPDS cards: TiO2 anatase: 89-4921; TiO2 rutile:
89-4920)

Figure 4.6 a) shows the pristine Ti3C>Tz morphology, with a delaminated
structure whose chemical nature and structure were also confirmed by XRD (Figure
4.5 c)-yellow curve) and XPS (Figure 4.7 A). Figure 4.6 (b, ¢, and d) shows MXenes
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in the composite under different conditions. Figure 4.6 b) shows an aggregation of
MXenes sheets on the cross-section of the 3D-printed polymeric composite, where
some stacking is still preserved though the MXene flakes seem broken. Figures 4.6
(c and d) were taken after the different types of thermal treatments performed on
the composites (reducing and inert environment respectively), where the
morphology of the MXenes is no longer preserved and appears to be dispersed on
the rough surface.

Fiure 4.6. FESEM images of: ) pur MXenes (Ti3C2Tz) delaminated sample; b) 5 wt.%
MXenes/composite before annealing; ¢) 5 wt.% MXenes/composite annealed in a reductive
environment; d) 5 wt.% MXenes/composite annealed in an inert environment.

XPS was also used to better characterize the composites. High Resolution
(HR) Ti2p and Cls spectra are collected and compared in Figure 4.7: concerning
the HR Ti2p spectra, in the pure MXenes sample two main components are
observed. The highest belongs to the Ti-C bond (constituted by a doublet at 455.7
eV and at around 462 eV), while the second and lower peak belongs to the TiO; at
460 eV. This second peak represents the different possible forms of Ti oxycarbides
present on the surface given by the sample oxidation (Joseph Halim, Cook, et al.,
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2016; R. Liu & Li, 2018; C. Peng et al., 2016). Differently, the printed composite
shows a very low Ti-C signal with great dispersion at 455.6 eV, due to the low
concentration of reduced Ti at the surface and the presence of TiO», evidenced by
the 459.3 eV peak. This may suggest that MXenes are mainly embedded and not
present on the composite surface. Meanwhile, the Ti bonds can be easily detected
on the composite's annealed version, since most of the organic phase was thermally
degraded, giving less dispersion and sharper peaks. On the other hand, the Ti-O
peak presence, also observed from XRD, indicates a certain degree of oxidation of
MXenes on the composite surface and after annealing, higher than in the pure
MXenes phase (Figure 4.7 c). This can be related to spontaneous surface oxidation
of Ti3C,TzMXenes, under environmental conditions.
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Regarding Cls spectra, on the pure MXenes sample (Figure 4.7 A) the Ti-
C at 281.9 eV is the most relevant component, reflecting the (Ti3Cz) bonds. Other
components are also present at 285 eV, 286.8 eV and 289.5 eV, which were
attributed to C-C, C-O and C=0 bonds respectively (Joseph Halim, Cook, et al.,
2016; C. Peng et al., 2016; Rakhi et al., 2015). In contrast, in the composite samples
(Figure 4.7 B)) the Ti-C was not detected, while peaks related to C-C, C-O and C=0
were evidenced. The presence of those peaks is consistent with the observation of
the polymeric matrix, supporting the description above mentioned on the low
surface exposure of MXenes in this sample. Finally, in the annealed sample, the Ti-
C peak is again observed, in good agreement with the other XPS measurements.

4.3.5. Evaluation of the mechanical properties

Table 4.3. Young’s Modulus [GPa]

Sample Young 's Modulus [GPa]
BPA-dma: TMPTA 0.08 £0.03
MXene 5% 0.3+0.1
BPA-dma: TMPTA (ann.) 2+0.2
MXene 5% (red. ann.) 21+£03

In Table 4.3 all the available parameters are summarised. As expected, the
presence of MXenes increases the Elastic Modulus of the composite (from 80 MPa
to 300 MPa with 5% MXenes), while it has a lower effect after thermal treatment,
with the mechanical behavior that is mostly determined by the carbonization
process. In fact, the Young’s Modulus value after thermal annealing for the neat
polymeric matrix is 2 GPa, and 2.1 GPa in the presence of MXenes due to their high
thermal endurance (Y. Cao et al., 2017). These values, like polymers such as
polycarbonate or polypropylene, may suggest the use of annealed 3D printed parts
also for not-demanding structural applications beyond the functional one.
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4.3.6. Material Electrical Resistance
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Figure 4.8. I-V Measurements of the determined samples
Table 4.4. Resistance Measurements
Sample Resistance (GQ)
Polymer Matrix (BPA-dma: TMPTA) 1468.4
Polymer Matrix (carb.) 261.8
MXene composite 5 wt.% 507.6
MXene composite 5 wt.% (carb.) 10.5

Hosting polymeric matrix is an insulating material and the presence of MXenes
decreases resistance from 1468.4 to 507.6 GQ (see Table 1.4), however, those 3D
printed structures are still not suitable for an electronic application. To obtain
conductive structures should be thus necessary to increase considerably the content
of MXenes as well as the conductivity of the hosting matrix. For this aim, Tetik. H
et al. exploited direct inkjet printing and freeze casting (Tetik et al., 2022), while
Yang. W et al. (W. Yang et al., 2019) used extrusion-based 3D printing and freeze-
drying to withhold MXenes architectures with good conductivity.
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The I-V measurements carried out on the printed samples are shown in Figure
4.8. As evident, the MXenes-containing composite after the reducing carbonization
treatment is characterized by larger conductivity with respect to the other samples,
which display similar low current values. It is reported that when MXenes are
exposed to up to 900°C, terminal groups such as -O and-OH can be eliminated
without affecting their layered structure and maintaining their conductivity (Ji et
al., 2020) which contributes to this finding.

Moreover, it is important to highlight that the carbonization treatment is
beneficial also to increase the conductivity of the bare polymeric matrix, as shown
in the inset of Figure 4.8. The temperature helps removing various carbon-derived
species from the surface, which leaves Ti-C bonds exposed or increases their
exposure as seen on the XPS.

The obtained I-V curves were fitted with straight lines to calculate their slope,
and consequently, to evaluate the resistances of the different samples, which
otherwise, would have been difficult to obtain because of the very noisy values due
to the low conductivity of the samples by themselves. The obtained resistance
values demonstrate that the addition of the MXenes to the polymeric matrix has
effectively increased its conductivity, which also became one order of magnitude
larger after the thermal treatment.

4.3.7. 3D Scanning, Shrinkage & Resolution
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Figure 4.9. Bar chart representation of the volumetric shrinkage of the structures with and without
MXenes, with printed structures of the nanocomposite showing the results.
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After the annealing was performed on 3D printed structures, as expected for a
thermal process, an evident shrinkage in the components was observed, which was
measured by comparing the volume of the structures before and after the thermal
treatment. The volume was measured by the 3D scanner and then the percentage of
shrinkage was calculated. Figure 4.9 shows shrinkage percentage in various
structures with and without MXenes and the 3D structures with MXenes and their
corresponding annealed counterparts. The shrinkage varies according to the 3D
structure, but it was measured at around 75% for the structures with MXenes. In
this regard, these measurements suggest that the CAD design and thus the printing
should be adjusted according to the volume of the final required device.

4.4. Conclusions

In this work, the fabrication of printable MXenes nanocomposite polymers
using DLP 3D printing is reported based on photocurable acrylate resins and
containing Ti3C2Tz as a nanofiller. During the printing, higher light intensity and
longer slicing time were needed due to the photo blocker activity of the MXenes,
but the structures were achieved with high fidelity. However, nanocomposites did
not show significant improvement in electrical properties compared to the neat
polymeric matrix, thus the carbonization process was performed on 3D-printed
structures. This increases the relative amount of MXenes in the 3D printed
structures without affecting the quality of the fillers, as witnessed by XRD, XPS,
and electronic microscopy measurements. After carbonization, the 3D-printed
structures maintained their complex shape, despite, a shrinkage of about 75%
measured. This requires that careful design of CAD should be performed to obtain
objects with the desired final shape. Finally, electrical measurements were
performed to measure the capability for electronic application. Even if the
resistance was decreased by one order of magnitude, these 3D printed
MXenes/composites still need an improvement of their electric properties. To this
end, the feasibility of 3D printing with this material on DLP suggests intriguing
advancements in this technology, even if still a lot needs to be improved, especially
in terms of electrical conductivity. The potential to develop 3D architectures
through this method gives the possibility to create complex devices and further
advanced electronic applications, achieving also good resolution, always
considering proper compensation for the shrinkage of the material.
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Chapter 5

5. Photopolymerizable 3D
composites developed with
PhCN/TiO: for photocatalytic

applications.

5.1. Introduction

The development of photopolymerizable 3D composites with semiconductor
(SC) materials has been studied for various applications, i.e. redox (K. Rokesh et
al.,2021), catalysis (C.-C. Nguyen, Vu, Chabot, Kaliaguine, & Do, 2017; Chunping
Xu, Ravi Anusuyadevi, Aymonier, Luque, & Marre, 2019), and photocatalysis
(Aguirre-Cortés et al., 2023; S. Y. Lee, Kang, Jeong, Do, & Kim, 2020; Nakata &
Fujishima, 2012). In literature, SC can be found in different species given their
efficiency, like, in Rokesh et al. where CaBiO3 was used to develope photocatalytic
redox systems for antibiotic degradation, or in Nguyen et al. where Pt/Ti02/CxNy-
triazine hybrid nanocomposites were employed as co-catalysts on carbon colloidal
spheres for hydrogen generation and organic pollutant degradation. Consequently,
those materials are appealing for a wide variety of research fields, as seen in Chapter
3, such as environmental (Cai et al., 2020; S. Y. Lee et al., 2020), pharmaceutics
(Ruiqi Yang et al., 2021), and structural (Amorim et al., 2018).

The combination of composites containing SC and AM technology or 3D
printing permits the design of 3D architectures enhancing the possible application,
combining material properties with high-resolution complex structures (Taormina,
Sciancalepore, Messori, & Bondioli, 2018), absorption (D. Nguyen et al., 2019),
and resistance (S. Park, Shou, Makatura, Matusik, & Fu, 2022).

In particular, the combination of photocatalytic SC materials with 3D printing
photopolymers has been reported, but mainly by adding them during the post-
treatments (Aguirre-Cortés et al., 2023). For example, by using surface
functionalization or deposition strategies, Mei et al. printed by stereolitography
(SLA) a carbon-ceramic matrix and later by hydrothermal reaction deposited MoS»
for RhB degradation (Mei et al., 2019). Another example in SLA printing is
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reported in Wang et al. , that printed complex architectures with acrylate-based
formulations, and then coated those with Cu- and Ni- structures by immersion
deposition. (X. Wang et al.,, 2014). Moreover, other AM strategies for the
development of photopolymerizable 3D composites for photocatalytic applications
are reported, directly embedding the SC in the polymeric formulations. In this frame
Medina et al. used SLA photoactive resins with hyper-porous carbons for the
degradation of rhodamine B (RhB) (Medina et al., 2019). Alternatively,- Diaz-
Marta et al. used direct ink-writing (DIW) to 3D print SiO; colloidal inks with an
inorganic binder for Suzuki reactions (Diaz-Marta et al., 2018).

Among photocatalytic SC materials, organic-inorganic hybrid systems were
explored for their superior performance due to their recombination rates,thermal
and chemical stability (Porcu et al., 2021). These materials are particularly
appealing because the formation of charge transfer complex at the interface between
the organic donor and the inorganic acceptor allows to increment the charge
separation and consequently photocatalytic performance. However, one of the main
challenges of these compounds consists in controlling the range of light absorption,
hopefully performing a red-shift to the working spectral range from UV to visible
and NIR, to utilize a larger portion of the visible solar spectrum (Rehman, Ullah,
Butt, & Gohar, 2009). In this context, the application of PhCN/TiO, as
photocatalytic material has demonstrated high efficiency under visible light
irradiation (Porcu, Castellino, et al., 2020). Introducing such catalysts in the AM
field opens a wide range of possibilities for translating their applicability into
customizable 3D architectures and taking advantage of their efficiency under
visible light spectra for efficient catalytic photodegradation.

In this context, this research aims to introduce PhCN/TiO; to translate its
photocatalytic activity into DLP-developed 3D printed composites.

Printed
Composite

Thermoset
network

\-r e I“.
IR
%PEGDA 250

Figure 5.1. Translating photocatalytic activity towards 3D printing

The investigations performed pursued different strategies: the first aimed at
testing this hybrid system (HS) for surface functionalization, employing dip-coating
on 3D printed structures as a covering technique, optimizing the anchoring onto the
polymer surface via an autoclave procedure, and finally testing photocatalytic
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activity. The second consisted of using the HS as a filler in polymeric matrices,
where the interaction between the HS and the polymeric matrix is explored by
comparing rheology, photokinetics, and mechanical properties in the two polymeric
matrixes, polyethylene glycol diacrylate (PEGDA with Mn 250) and an optimized
ink/resin with PEGDA (Mn 250) and 3-(Trimethoxysilyl)propyl methacrylate
(TMSPM). Chemical characterizations were performed on the polymeric matrix to
evaluate polymeric conversion and surface morphology, while the material’s
printing resolution was determined by 3D scanning. Once the more suitable
polymeric matrix for this filler was chosen, catalytic photodegradation tests of RhB
were executed in solution, of the composite and the coated versions with the HS to
compare the efficiency of the used approaches. Then, in the printed composite, solid
photodegradation of the RhB was further evaluated.

On the other hand, embedding photocatalytic precursors in polymeric resins
was already investigated (Porcu et al., 2022; Zhakeyev et al., 2021), which
evidenced mainly two drawbacks. First, the interaction between catalyst and
reagents decreased, due to hindered conditions, resulting in a decrease of efficiency
(Amorim et al., 2018; S. Y. Lee et al., 2020). Secondly, the polymeric matrix was
also affected by photocatalytic activity of the HS used, resulting in a degradation of
the same polymer. In this context, the choice of utilizing TMPSM as a silane
monomer had a two-fold purpose; the first one is because of its structural capacity,
enhancing the crosslinking and stress resistance for the polymeric matrix (Amerio
et al., 2008) given its exposure to radical species generated by the filler; and the
second for its known use as coupling agent (Belon et al., 2011; Chemtob,
Courtecuisse, Croutxé-Barghorn, & Rigolet, 2011; A. Chiappone et al., 2016;
Malucelli et al., 2005) given the further possibility of performing a sol-gel reaction
with Si-OCH3 groups, and creating chemical bonds between the organic and the
inorganic phase (Roppolo et al., 2012) (P. M. Ajayan, L. Schadler, & Braun, 2003).
The sol-gel technique is defined as a two-step hydrolysis and condensation reaction
(Comstock, 1995; Malucelli et al., 2005), where in this case the silane precursor
starts the reaction and permits further condensation with a posterior addition of an
inorganic phase component. In this context, the possibility of transforming the
polymeric matrix into a glassy-like polymer was explored, aiming at optimizing the
process for future SC embedding.

5.2. Materials & Methodology

The next section contains the procedures for the development of the materials
used for the preparation of the ink, the printing parameters, and the
characterizations applied to determine its properties and efficiency in the
photocatalytic degradation of RhB.
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52.1.  PhCN/TiO: (HS) Synthesis

PhCN/ TiO2 hybrid system was prepared by a hydrothermal method followed
by calcination, where 0.02 g of PhCN was dispersed in 15 mL of ethyl alcohol and
stirred for 30 min. 0.075 g of ascorbic acid was then added to the suspension, after
which, 0.5 mL TiCls; was added dropwise for 20 min while undergoing magnetic
stirring. Subsequently, the solution was transferred to a 50 mL Teflon-lined
autoclave and oven-heated to 180°C for 8 h. Once cooled to room temperature, the
product was 4 times washed with DI water and absolute alcohol followed by a 12 h
drying procedure at 60°C. The powder was later calcinated at 400°C for 2 h to obtain
white powders. The procedure was the same one followed by (Porcu, Castellino, et
al., 2020).

5.2.2. Hybrid Ink preparation of printable Si-
polymeric hybrid matrix

The synthesis of this polymer (PEGDA: TMSPM) was performed following
the reaction in Figure 5.3 and according to Table 5.1 ratios. The exploited materials
were: PEGDA M, 250 (Sigma-Aldrich), TMSPM (98% Sigma Aldrich),
Phenylbis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO 97% Sigma-Aldrich).

Table 5.1.Chemical compositions of the PEGDA: TMSPM inks

Name by [TseM v | EES
PEGDA 1 0 100
50% TMSPM 1 50 50
52% TMSPM 1 52 48
58% TMSPM 1 58 42
80% TMSPM 1 80 20

5.2.3. PhCN/TiO2 (HS) as coating

The hybrid system was used to coat 3D-printed structures to test the efficiency
of these devices in photocatalytic degradation. Two main techniques were used for
this: simple dip-coating and autoclave dip-coating. Both procedures were
performed in the same size samples, which were printed with the chosen matrix and
15x5x5 mm dimensions and dipped in the same homogeneous solution of
PhCN/TiO; with a concentration of 50 mg/ 25 mL DI- water.

Before dipping the pieces in the PhCN/TiO; solution, surface activation was
performed, by submerging the printed matrixes in a solution of H2O2:H2SO4 (1:3).
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5.2.4. Dip-coating technique.

The technique was performed by constantly dipping the 3D parts in a stable
PhCN/TiO; solution with a tweezer, and then letting air-drying. The latter was
repeated three times to ensure the homogenous powder attachment to the surface.

W Crosslinkini
coo

<o

%PEGDA 250 D TMSPM o o BAPO o PhCN/TiO,

Figure 5.2. Schematic representation of the elaboration procedure.

5.2.5. Autoclave+ Dip-coating

The technique was performed by dipping the 3D sample and letting it submerge
in the PhCN/TiO; solution, then putting it in an autoclave at 180°C for 5 hrs.
Afterward, it was taken out and air-dried. This approach was studied aiming to
establish whether the thermal treatment can be employed to create chemical bonds
between the 3D printed structure and the HS, improving the adhesion without
affecting the photocatalytic activity.

5.2.6. PhCN/TiO: (HS) optimization as filler

Table 5.2 shows all the formulations used, with different filler loadings, for
embedding strategy.
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Table 5.2. PEGDA & Matrix (58% TMSPM) formulations with different PhCN/TiO; loadings

BAPO |[TMSPM [PEGDA | PhCN/TiO;
Name (phr) |(wt.%) |(wt. %) |(phr)
PEGDA 1 0 100 0
1% HS PEGDA 1 0 100 1
2%HS PEGDA 1 0 100 2
5% HS PEGDA 1 0 100 5
10% HS PEGDA 1 0 100 10
swerwsny | V| % @ o
1% HS 1 58 42 1
2% HS 1 58 42 2
5%HS 1 58 42 5
10% HS 1 58 42 10
15% HS 1 58 42 15
5.2.7. Optimization of the 3D printing

parameters in MAX Asiga DLP printer &
Anycubic Mono Photon SE

Table 5.3 shows the printing parameters in a MAX Asiga DLP (LED light
source at 385 nm) printer for the obtained 3D structures with the respective
polymeric matrix, 58% TMSPM formulation.

Table 5.3. 58% TMSPM & neat PEGDA printing parameters

58% TMSPM (Hybrid

Matrix) PEGDA
Parameter Burn-in 1 Burn-in 1
Slicing time (s) 7 5 3 1
Light Intensity

27 20 10 5

(mW/cm?)
Layer Thickness (um) 50 75 50 100
Off time (s) 1.5 1.5 3 5
Print range (mm) 4 11 4 11

Since part of the experiments was conducted at Cagliari University, a different
printer was also used for producing PhCN/TiO> loaded 3D composites (10% HS).
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The printer used for this material Anycubic (LED light source of 405 nm) was Mono
Photon SE and its parameters are reported in Table 5.4.

Table 5.4. 10% HS Printing Parameters with the chosen polymeric matrix & the PEGDA matrix

58% TMSPM (Hybrid
Matrix) PEGDA
Parameter Burn-in 1 Burn-in 1
Slicing time (s) 15 14.5 15 10.5
Light Intensity
11.5 11. 11. 11.
(mW/cm?) > > >
L Thick
aver: TEERESST 100 75 100 75
(um)
Off time (s) 2 1.5 5 5
Print range (mm) 4 11 4 11
5.2.8. Post-treatment: Transforming the

polymeric matrix into glassy polymers.

Once printed the 58% TMSPM formulation, the coated versions and the
composite were both exposed to a thermal treatment submitting them to inert
conditions in a tubular furnace, for 5 hrs at 400°C at a heating rate of 5°C/min under
an Ar atmosphere with a >50 ml/min gas flow.

5.2.9. Characterization Techniques
5.2.9.1. Evaluation of the 3D printability:
Photorheology

The photopolymerization kinetics between the TMSPM and PEGDA were
measured through photorheology using an Anton PAAR Modular Compact
Rheometer (Physica MCR 302) in parallel-plate mode, equipped with a UV-light
source (Hamamatsu LC8 lamp 11 mW.cm™) under a crystal bottom plate, with a
distance of 50 mm between the lamp and the plate. The measurements were
performed in isothermal conditions at 25°C with a constant shear angular frequency
(10 rad.s™") following the changes in the storage modulus (G’) without light for 60
s to stabilize the system before reaction, and upon UV light irradiation after that.
The optimization of the filler loadings inside the resin was done on similar
conditions, however, the light intensity applied was higher up to 25 mW.cm™. The
amplitude sweep was done with an angular frequency of 10 rad/s from a strain of
0.01-1000 %. The viscosity profile was performed on the same equipment changing
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to a rheometer modulus with shear rates in the range of 5-1000 s! in samples with
filler loadings.

5.2.9.2.3D Scanning: Proving 3D printed
resolution fidelity.

The same equipment as for the previous chapter was used to obtain a scanned
reference model of the 3D printed objects, that were then compared to the original
CAD file (optical scanner E3, 3Shape). This scanner includes 2 cameras of 5 MP,
an accuracy of 7 um (ISO 12836) with a scan speed of 18 s. After this, the scanned
data and the reference model were aligned before the statistical comparison, and the
analysis was displayed as a colored 3D heatmap displaying the geometrical
deviation.

5.2.9.3. Mechanical Testing

The samples' tensile strength and elongation break were measured using an
INSTRON 3366 electromechanical universal testing machine, equipped with a 500
N load cell. The tests were carried out on 3D-printed dumbbell-shaped specimens
of 50 mm* 12.5mm* 2mm, with a tensile rate of 2 mm.min’! replicated on 3
different samples before their breakage. During the tensile testing, the stress
(measured through machine-recorded force) and strain (through the displacement
based on the initial cross-section area and gauge length) were followed in real-time.
At the same time, Young’s modulus £ was calculated based on the initial linear
elasticity regime of the stress-strain curve.

5.2.9.4. Detecting functionalities & measuring
polymeric conversion: FTIR

The Fourier-transform infrared spectroscopy (FTIR) spectra were collected
using a Tensor 27 FTIR Spectrometer (Bruker) equipped with an ATR (Attenuated
Total Reflectance) tool. The average signal collected was in the range of 3500-600
cm! with a resolution of 4 ¢cm™!. The analysis was performed on the liquid
formulation (t=0) and the solid films of 0.2 mm (t=t.,) of both resins, PEGDA, 58%
TSMPSM, and the films with the respective filler (PhCN/Ti02) concentration. The
conversion (%CD) was calculated by monitoring the decrease in the area A of the
FTIR absorption band of the reactive functionality C=C, with a peak around 1638
cm!, The area was normalized by a constant signal in the spectra C=0 with the
peak around 1730 cm™!. The following Equation 5.1 shows how the conversion was
calculated.
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A=
%CD = <1 W) x100
[ B /Ac:o][:(]

Equation 5.1. Acrylate
conversion

5.2.9.5. Determining Surface Morphology:
FESEM & EDS

The morphology of the prepared composites was investigated by a Zeiss Supra
40 FESEM, equipped with a GEMINI II column and EDS analyzer, where a probe
current of 1200 pA and an accelerating voltage between 5.00 and 15.00 kV were
used.

5.2.10.  Photocatalytic Application: detecting RhB
absorbance & photoluminescence (PL) to
determine photocatalytic degradation.

The photocatalytic performance of the prepared samples was evaluated by
monitoring the concentration changes in RhB aqueous solution under visible light
irradiation. The photocatalytic performance was assessed using a white LED (white
LED Philips 13 W with an optical power of 100 mW) as the light source.

5.2.10.1. Concentration Changes in Solution

Before light irradiation, both the solid 3D composite (10% HS) and RhB (50
mL, 10 mg-L~")/MB (50 mL, 10 mg-L") were stirred in the dark for 30 min to ensure
absorption—desorption equilibrium between the catalyst and the dye. During the
photodegradation process, 2 mL aliquots were collected every 60 min. The aliquots
were then centrifuged and the residual concentrations of RhB were analyzed using
the UV—Vis-NIR Agilent Technologies Cary 5000 spectrophotometer.

5.2.10.2. Concentration Changes in Solid

Measurements were performed by using a PbS solid-state photodetector. The
reflection configuration measures the diffused reflection of the sample concerning a
KBr reference that is considered to have 100% reflectivity. The Kubelka-Munck
equation was applied to extract the absorption features (L. Yang & Kruse, 2004).
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5.2.10.3. Photoluminescence (PL)
Spectroscopy in solid samples

PL measurements were recorded by exciting samples with 200 fs pulses
sourced from an optical parametric amplifier (Light Conversion TOPAS-C)
pumped by a regenerative Ti: Sapphire amplifier (Coherent Libra-HE). The signal
was recorded by a streak camera (Hamamatsu C10910) equipped with a grating
spectrometer (Princeton Instruments Acton Spectra Pro SP-2300). All the
measurements were collected in the front-face configuration to reduce inner filter
effects. Proper emission filters were applied to remove the reflected contribution of
the excitation light.

5.3. Results & Discussion

This section contains results and their corresponding description as a result of
the characterization activities, comparing them with the preceding literature.

5.3.1. Determining  ink-printability of  Si-
polymeric matrix and the inclusion of PhCN/TiO:
as a filler and coating: Rheology, Photorheology
& 3D Scanning Fidelity

The 3D printability of the different polymeric matrices was first explored with
different oligomer quantities, as reported in Table 5.1, to evaluate the possible
development of 3D printing inks. To this aim, the comparison of the
photopolymerization kinetics using photorheology was performed and by
amplitude sweep the Linear Visco Elastic region (LVE) of the main formulations
was done too. Rheology was measured in these samples; however, as both reagents
were liquid, with similar and low viscosity, it was disregarded as it did not interfere
in the printing procedure, the viscosity of the liquid samples of the two main
polymeric matrixesis shown in Figure SI-2.

Figure 5.3 shows the chemical reagents used, together with the amplitude sweep
measurements performed on the representative samples (Figure 5.3.B), a table
summarizing Storage modulus (G’) values monitored in the photorheology
measurement, the delay times for each reaction to initiate upon light irradiation, and
a printed object with the chosen matrix. Figure 5.3 C) presents the photorheology
of the settled formulations, from where the values of the attached table were
obtained. The table reflects that by increasing the TMSPM monomer concentration,
a longer delay time before the gel point is measured. This, in 3D printing terms,
suggests longer printing times. The increase in the delay could be due to the effect
of introducing a different reactive group with the same quantity of photoinitiator in
solution (Roppolo et al., 2012), and even though TMPSM is a very reactive

113



molecule (Hadi Mohammed, Ahmad, Ibrahim, & Zainuddin, 2016) the presence of
a trimethoxysilane group in the main chain aside from a carbonyl group might
slower the photopolymerization reactivity in comparison to neat PEGDA in
solution. Additionally, from the photorheology, it can be appreciated, that once the
crosslinking is accomplished and solid structures are reached with light irradiation,
the max G’ is higher for the formulations with higher TMSPM content. Similar
results were seen by Chiappone et al. when printing hybrid nanocomposites with
the same silane monomer, even if she incorporated also tetraethyl orthosilicate
(TEOS) (A. Chiappone et al., 2016) in the resins.
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Figure 5.3. Resin-like behavior. A) Schematic representation of the chemical reaction. B) Amplitude
sweep C) Photorheology and time-delay chart D) 3D printed structure of 58% TMSPM matrix.

Figure 5.3 B) shows that both the PEGDA and TMSPM (50% and 58%)
formulations have similar LVE regions under increasing oscillating amplitude in
the liquid phase, standing a strain value of up to 1 %. The PEGDA formulation has
a smoother drop, indicating an easily flowing material, while formulations with
TMSPM reflect brittle fracture behavior and a storage modulus almost one order of
magnitude higher in comparison to PEGDA, due to strengthened networks.
Regarding formulations with TMSPM, the 58% one shows a higher G modulus
and a more subtle drop once the yield point is reached, indicating a more gradual
breakdown compared to the 50% resin. Therefore, by adding the silane monomer
the G” slightly increases with the TMSPM concentration, also increasing flexibility
which is observed by the gradual breakdown, given to its mono-functionality which
at the polymeric network level decreases the crosslinking points (Pezzana, Melilli,
Guigo, Sbirrazzuoli, & Sangermano, 2023; Yagci, 2006).
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PEGDA is a well-known oligomer which has been used in photopolymerization
and 3D printing (Goyanes et al., 2016; Simon & Dimartino, 2019; Warr et al.,
2020). As a precursor of polymeric networks in 3D printing, it achieves great
resolution (Y. Yang, Zhou, Lin, Yang, & Yang, 2020), its reactivity and mechanical
properties depend on its molecular length (Rekowska et al., 2023) and its
biocompatibility (Warr et al., 2020) makes it is a perfect oligomer for additive
manufacturing, which is why it was chosen as first model for building composites
with the HS. However, as seen, adding TMSPM in the formulations enhanced the
polymeric matrix for a better withstanding of this filler.

Another advantage of the TMSPM formulations as printable inks is their
transparency and the high resolutions obtained in 3D architectures. However, high
concentrations of TMSPM in the formulation as TMPSM 80% were difficult to
print as only bulk 3D (Figure SI-1) structures were possible to reproduce, while
complex architectures cannot be achieved. Conversely, up to 58% of TMSPS in the
formulation complex geometries, like the ones reported in Figure 5.3 D) or Figure
5.3, were fabricated. Given these indications, the chosen formulation containing
TMSPM for testing the embedding of PhCN/TiO2 was the TMSPM 58%. Figure
5.4 shows a CAD file and the heatmap of the scanned 3D-printed object. This
heatmap shows a red zone on the flat part of the structure given to shrinkage, which
means a higher deviation concerning the CAD file up to +/- 0.25 mm. On the
contrary, the green zones present on the parts witness high CAD fidelity.

[y

Figure 5.4. CAD file and 3D scanned product from the respective CAD with mm deviationheatmap.

Once chosen an efficient photoreactive resin, meaning short printing times and
good G’ as seen in Figure 5.3 C), the filler was added. Hence, an optimization of
the process was performed, aiming at finding the maximum possible amount of HS
fillers that can be introduced without affecting dramatically the printing process,
but sufficient to further exploit the photocatalytic activity. As mentioned the HS is
known for its photocatalytic activity in visible light (Porcu, Castellino, et al., 2020),
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enabling the generation of radical species. In this case, this generation can be
helpful for the photocuring process, even if the presence of fillers is well known for
decreasing the photopolymerization process, both for absorbance and hindering
effects (Gonzalez et al., 2017). Thus, different amounts of fillers were loaded in the
two photocurable formulations, the 58%TMSPM and a PEGDA one, to compare
the photoreactivity.

Figure 5.5 and Table 5.5 present the given optimization analysis for the 58%
TMSPM, while Figure 5.5 A) is a schematic representation of the reagents, and the
crosslinked networks with and without the filler. Observing data reported in Figure
SI-2, it is evident that the resins show a Newtonian behavior within the shear-rate
range explored and that increasing the concentration of the filler inside the resin
strongly increases the viscosity. In standard DLP 3D printing, usually, a viscosity
below 50 Pa-s is requested (Tetik et al., 2022), thus the obtained viscosities with
this ink are optimal. However, with the 15% HS there was too much sedimentation
and no stability of the powder and the solution, thus this concentration was not used
for further investigation.

Meanwhile, the same optimization was performed for PEGDA formulation, as
seen in Figure 5.6 and Table 5.6, where Figure 5.6 A) is a schematic representation
of the reagents before and after crosslinking, and the version including the filler in
it. The first graph shows the rheology where a shear thickening effect seems to
appear when increasing the concentration of the filler at 10% in the resins. This
phenomenon is attributed to the formation of hydrodynamic clusters formed by the
aggregation of the filler inside the resin that interrupts the flow of the oligomers in
solution (M. Wei, Sun, Qi, Chang, & Zhu, 2018).
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Figure 5.5. Filler optimization in TMSPM/PEGDA matrix. A) Schematic representation of the
chemical reaction. B) Rheology profile C) Photorheology performed with different HS loadings

Table 5.5.Acquired values from photorheology (Delay, slope, and Max G') from Matrix

formulations.
Formulation | Delay [s] Slope [Mpa/s] | MAX (G') MPa at 144s
Matrix 3.8 2.42 0.21
1% HS 4.6 1.57 0.18
2%HS 4 1.47 0.77
5%HS 4.2 1.43 0.9
10%HS 4.2 1.09 2.7
15%HS 4.2 -- 2.7

Tables 5.5 & 5.6 show the main kinetic parameters extrapolated from
photorheology measurements. In both cases, the same effect is observed when
increasing the concentration of the filler: the viscosity and shear stress of the

formulations increase, and as a consequence the kinetic in the reaction decreases,
showing longer delay times before the propagation phase, and lower slope values.
As expected, PEGDA formulations showed better values compared to the 58%
TMSPM one, with shorter delay time ranges at the beginning of the reaction which

could be translated into shorter printing times afterward, and higher Max G’
modulus achieving stiffer crosslinked networks. This property would be better

117



B)

Viscosity [Pa‘s]

0.01 4

0.001

0.1 e - |
' Q)
107 4
- F ]
o ) 10°
PR
= ]
[¥)] ]
- o 10°4
(V] [=)) E
2 g ]
" 2 7
o 3 —— PEGDA
® PEGDA ]
A o 1.%HS 10" 5 19%HS
—A— 2%HS S —— 2.%HS
—v— 5.%HS o — 5%HS
—— 109 ] —— 10%HS
T T 10%HS 0.01 107" . y , , : : : : |
10 100 1000 20 40 60 80 100 120 140 160 180 200
Shear Rate [1/s] Time [s]

analysed with the mechanical tests on photopolymerized specimens. However, the
reactivity of the PEGDA resin seems to decrease when loaded at 10% HS, showing
a lower slope (meaning a slower photopolymerization kinetics) than the other
polymeric formulation when using the same concentration of filler; this can be a
consequence of the previously mentioned shear-thickening effect (M. Wei et al.,
2018). Concerning the 58% TMSPM formulation, increasing the filler
concentrations had a similar effect by diminishing the slope and increasing
polymerization times.

Whereas, Figure 5.7 shows printed structures of the composite with 10% HS,
and how the photoluminescence of the hybrid system is rendered to the printed 3D
structure when exposed to UV light.

W Crosslinking  J0S Crosslinking ]
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Figure 5.6. Filler optimization in PEGDA matrix. A) Schematic representation of the chemical
reaction. B) Rheology profile C) Photorheology with different HS loadings

Table 5.6. Acquired values from photorheology (Delay, slope, and Max G') from PEGDA
formulations.
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Formulation | Delay [s] Slope [MPa/s] | MAX (G') MPa at 144s
PEGDA 0.6 2.13 1.8
1% HS 0.2 1.28 4
2%HS 0.4 1.26 0.6
5%HS 0.4 1.21 11
10%HS 2.8 0.92 0.9
15%HS -- -- --

Figure 5.7'.”(a) 3D Printed PhCN/TiO; composite (b) PhACN/TiO, composite vs. Polymeric matrix
at visible light (c) PhCN/TiO; composite vs. Polymeric matrix at 385 nm UV light.

5.3.1.1. Glassy Polymers

After the post-treatment, the shape and architecture of the printed objects are
preserved as seen in Figure 5.8, though there is a noticeable shrinkage in the
structures which is measured by the volumetric scanned comparison and calculated
by Eq. 5.2. The attached Table 5.7 shows the calculated shrinkage of the respective
formulations following the next equation.

(initial volume — final volume)

. o) —
Shrinkage (%) (iinital volume) X100

Equation 5.2. Shrinkage Calculation

On the other hand, the photocatalytic efficiency was evaluated following the
RhB degradation in solution, seen in section (5.3.5.1), at Figure 5.14 showing the
different treatments done with the glassy polymers. The considered matrix was 58%
TMSPM.
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Shrs- 900 °C Ar

Figure 5.8. 3D printed matrix 58% TMPSM before and after vitrification procedure. The attached
table represents the calculated shrinkage values respective to the scanned volume.

Table 5.7. Shrinkage results in the corresponding formulations

TMSPM (wt. %) 50 52 58
Shrinkage (%) 88.799 84.805 80.670

The development of an advanced matrix turning this composite into glass by a
chemical vitrification (Oleinik, 1987) was thought initially to introduce them into
extreme environments and induce photocatalytic degradation in extremely acidic
conditions, or high temperatures. Once these advanced composites were introduced
to the “piranha solution” they were able to withstand this environment, however, as
mentioned, the photocatalytic activity of the HS was reduced to almost none, given
the most probable degradation of the PhCN inside after the exposure to thermal
treatment. In section 5.3.5.1.1, its photocatalytic activity is explored.

5.3.2. Mechanical Testing

The mechanical properties of the photo-cured specimens were investigated by
tensile tests, that were done on 3D-printed flat specimens (dumbbell shape formed)
with a thickness of 1.4 mm. Young’s Modulus £ was obtained by the linear regime
of the stress-strain curves, and it is shown with the elongation break in Table 5.7.
In this case, the values measured resulted higher than the similar materials obtained
by Chiappone et al. (A. Chiappone et al., 2016). This is due to the use of a PEGDA
with lower Mn, which permits a higher crosslinking density and consequently
higher stiffness.
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Regarding Figure 5.8, which shows the stress-strain curve, the matrix
formulation, which contains 58% TMSPM shows an increase of almost 50% in the
E value, a lower Young’s modulus, and a higher elongation, indicating lower
stiffness and better elasticity compared to the neat PEGDA network. This is
consistent with a decrease of the cross-link density induced using a monofunctional
monomer, with synergistic positive effect of the presence of a precursor of an
inorganic phase (silica), which can enhance mechanical performances. While
samples, containing 10% HS present a notable decrease in the E value for both
networks and a slightly higher Young’s modulus, translating in the ability of the
filler to influence the material stiffness. However, this effect is less pronounced in
the polymer with TMSPM where it seems that the presence of Si-O-C bonds (seen
in the XPS of printed matrix- Figure SI- 4) inside allows stronger interconnections
and elasticity, also providing the matrix a further possibility of performing sol-gel
reactions later on and functionalizing (Belon et al., 2011; Chemtob et al., 2011).
The filler’s insertion also seems to add fragility or a brittle behavior in crosslinked
samples, as the elongation in samples with filler is shorter.
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Figure 5.9. Stress-strain curves of PEGDA, PEGDA+HS, Matrix, and Matrix + HS networks
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Table 5.8. Young's Modulus (MPa) and Elongation break (%) of the printed formulations

Parameter PEGDA | PEGDA+HS | Hybrid Matrix | Hybrid Matrix+HS
Young's Modulus (Mpa) 1.5 1.8 1.1 1.2
Elongation break (%) 4.9 3.51 6.4 8.1

5.3.2.1. Introducing Glassy polymers into RhB
solution for photodegradation

As mentioned before, the vitrification was performed by introducing the
polymeric matrixes and composites to high temperatures and inducing them to slow
cooling ramps, where the SiO2 coming from the silane monomer is the main glass
former by ionic-covalent systems (Persch et al., 2021). Figure SI-4, shows how after
the thermal treatment, the Si derived peak is sharper which shows the tendency to
glass formation.

The glassy polymer matrix (red line) by itself seems to have similar activity
compared to the concentrated RhB solution degradation by itself, keeping a similar
concentration as seen in Figure 5.10. The glassy versions of the composite (filler)
and the coated systems had similar activity to the glassy matrix, though arriving at
almost a 4 % in photodegradation, which indicates that the PhCN after being
exposed to high temperatures degrades almost to completion and the photocatalytic
system activity decreases, therefore, the HS is not able to absorb energy from visible
light. At this point, TiO2 should be the main component remaining from the HS and
its photoabsorbance should be around 3.2 eV (Janczyk, Krakowska, Stochel, &
Macyk, 2006) negligible from the visible range.
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Figure 5.10. RhB photodegradation in solution of glassy polymers

5.3.3. FTIR characterization & polymeric
conversion

FTIR characterization served to the identification of the respective bonds, and
the posterior calculation of polymeric conversion for both photopolymerizable inks.
The conversion was calculated by following the decrease of the band attributable
to the C=C stretching vibrational mode at 1638 c¢cm!, normalizing it with the
simultaneous diminution of the C=0 absorption band at 1720 cm! bonds that are
present in both cases.

Figure 5.10 A) and B) show the obtained FTIR for the PEGDA and 58%
TMSPM resins, comparing liquid formulations and 3D printed samples, with and
without filler. In the PEGDA spectra, the main identifiable peaks correspond at
2876 cm’! from the C-H stretching, 1445 cm™! from C-H bending, and 1720 cm’!
from the C=0O absorption band (Kianfar, Vitale, Dalle Vacche, & Bongiovanni,
2021). Before the polymerization the C=C peak at 1638 cm! is higher given its
abundance in the oligomeric form. After the polymerization, given its reaction,
there are less PEGDA molecules present with the C=C bond which would be the
unreacted ones, while the changed ones turn into the C-C form, that is why
conversion is usually measured by the decreased of the C=C bonds. Moreover,
similar peaks were found in the 58% TMPSM matrix formulation. Given its
PEGDA content also conversion is measured by the same formula with this
formulation. Although, in the FTIR there is a characteristic silica point at 1100 cm’
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! appreciated (Posthumus, Magusin, Brokken-Zijp, Tinnemans, & van der Linde,

2004), and peak correspondant to the Si-O-Si stretchingvisible at 1020 cm™ & other
at 820 cm™! (Soloukhin et al., 2002).

Table 5.9 shows the %CD respecting both formulations and how the insertion
of the filler affects its polymerization. As mentioned before, pristine PEGDA has
better reaction kinetics in contrast to formulations with TMSPM added, in this case
reflecting it in a higher %CD. While the filler presence significantly diminishes the
conversion degree in both cases, this effect is more pronounced in neat PEGDA.
The same effect has been seen in the chapter before when adding MXenes in the
respective inks, and it is given to the increased viscosity in the resins that obstructs
the oligomeric flow and collision/contact between them, which in the neat PEGDA
is worsened due to the shear thickening at this concentration in the formulation.
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Figure 5.11. FTIR graphs, focusing on the C=C sign to measure polymeric conversion. A) PEGDA-
ink system B) TMSPM/PEGDA-ink system.
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Table 5.9. Polymeric conversion in PEGDA system and TMPSPM/PEGDA system

Sample Wavenumber (cm™) | Ay A-0) i@:m/ %CD
(C=0)

1638 cm-1 (C=C) 0.39 7.07 0.10
PEGDA 78.59%
¢ 1720 cm-1 (C=0) 3.79 14.71 0.48 °

1638 cm-1 (C=C) 1.58 45 0.22
PEGDA+10%HS 26.95%
° 1720 cm-1 (C=0) 7.07 14.71 0.31 °

1638 cm-1 (C=C) 1.01 4.49 0.13
Hybrid Matri 71.12%
ybrid Vatrix 1720 cm-1 (C=0) 8.03 10.31 0.44 °
Hybrid 1638 cm-1 (C=C) 1.44 3.04 0.21 10.33%
Matrix+10%HS 1720 cm-1 (C=0) 7.01 10.31 0.29 o7

5.3.4. Determining the Morphology of the
polymeric composite

FESEM analysis was performed to determine the dispersion and morphology
of the fillers inside both the polymeric networks. Figure 5.11 (A and B) represent
neat PEGDA and the matrix networks respectively with homogenous surfaces,
while Figure 5.11 (C-G) shows how the fillers are distributed on the surface of the
composite, by randomly polydispersed agglomerations of less than Sum each ,
whilst. The filler contains Ti, which has high electron reflectance, therefore it
appears clearer in FESEM pictures. This result is good agreement with the data
reported in S.Porcu et al., in which it was showed that PhCN/TiO> has a spheric
shape ( Figure 5.11 D), which is similar as the particles observed in Figure 5.11
C). As mentioned, Chiappone et al. (A. Chiappone et al., 2016) printed a similar
network with a lower TMSPM concentration. In this work, similar morphologies
were encountered in the surface of the polymer, chemical structures can be seen in
Figure 5.13. In comparison, as expected, PEGDA network is fully homogenous.

Regarding the HS, Porcu et al. had already tested this HS, as seen in Figure
5.11.D), showing spherical shapes with micrometer scale dimensions of about 10
um. (Porcu, Castellino, et al., 2020) FESEM images show that the fillers preserved
their original shape in both composites. Furthermore, in both composite structures,
the filler seems to be well-dispersed for this concentration and with little
aggregations on the surface. However, in PEGDA networks these seem to have
bigger particle sizes, because of the shear thickening effect seen in the rheology,
while the matrix networks present smaller particle sizes generally. In VP, the
presence of big clusters is undesirable when polymerizing, as printing can be
severely affected. In particular, clusters larger than layer thickness may enable the
printing process, due to incomplete reach of printing levels.
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Elemental composition was evaluated by EDX of Figures 5.11 (C and E), and
the gathered data is seen in Table 5.11. Nitrogen, which is usually present in the
PhCN structures because of the carbonitride bonds, according to Porcu et al., could
not be detected in these figures since the nitrogen present in the HS is 0.7% (Porcu,
Castellino, et al., 2020) which is too low to be detectable under this technique, and
also because of the low concentrations (10%) of the HS in the composite. The
detection limit for EDX in composites, for elements inside is usuallt for them to be
higher than 10% wt (Nasrazadani & Hassani, 2016). Furthermore, N band can be
somehow hidden by C and O signals. Ti was detected in very low concentrations
for both cases (0.97% and 0.19%) confirming the incorporation of anatase species
inside the composite, which in the pure HS has a 15% concentration. Yet, PhCN
presence is notable because of the structure’s photoluminescence when irradiated,
which is a particularity of this component (Ashfaq et al., 2021; Porcu, Castellino,
et al., 2020; Porcu et al., 2021). Another particularity was P(phosphorous) presence
in the composites regarding BAPO’s presence inside the compositions and Si
presence in TMSPM or the matrix structures, which is directly involved with its
high concentrations in the formulations.
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Figure 5.12. FESEM pictures. A) PEGDA printed formulation, B) 58% TMPSM printed
formulation, C) and F) correspond to PEGDA (10% HS) cross-section, D) Image taken from Porcu et al.
(Porcu, Castellino, et al., 2020) of the PhCN/TiO; and E) and G) to 58% TPMSM matrix at (10% HS)
cross-section.




Table 5.10. EDS Acquired data from figure C & E

Figure C Figure E
Weight (%) | Atomic (%) | Weight (%) | Atomic (%)
CK 57.83 65.34 51.95 62.56
N K 0 0 0 0
OK 39.85 33.8 32.86 29.71
SiK 0 0 13.79 7.1
PK 1.35 0.59 1.22 0.57
TiK 0.97 0.28 0.19 0.06
Totals 100 100
5.3.5. Photocatalytic Application Efficiency

This section reports the application efficiency of all the synthesized approaches,
starting from the HS used at the beginning for coating applying the sol-gel
technique and the HS inside the matrix network as fillers.

The first experiments refer to the measured photocatalytic efficiency in
solution, while the second ones analyze the photocatalytic efficiency after being in
solution, by leaving the same 3D printed composites exposed to light.

Posthumus et al. reported the reaction of TMSPM after a sol-gel reaction with
oxide particles (tin oxide, antimony doped tin oxide, and silica particles), with the
formation of bonds between the TMPSM-carbonyl and the oxide (Posthumus et al.,
2004). The approach here studied envisage to apply the same strategy, exposing the
surface of the 3D printed component to oxidizing solutions to promote the presence
of surface hydroxyl groups that can be employed in a sol-gel reaction between the
Si-O-H exposed moieties and the HS; Figure 5.13 mirrors the procedure and
synthetic routes. Two routes were investigated: the simple dip-coating and the dip
coating plus autoclave, to perform a temperature-aided condensation reaction. A
full characterization of these processes was not reported in this Thesis due to lack
of time, but for the sake of the project, photocatalytic efficiency in solution was
tested, as reported in the following paragraph.
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Figure 5.13.The sol-gel technique applied for the coating strategy with the HS over printed
polymeric matrix.

5.3.5.1. RhB photodegradation in liquid solution

The hybrid matrix, hybrid matrix+10% HS, dip-coating Figure 5.14 A, and the
dip-coating plus autoclave Figure 5.14 B) approaches were assessed for their
catalytic performance in solution by RhB photodegradation under LED irradiation.
Most of the light emitted from a LED source has an energy below 2.8 eV (Porcu et
al., 2022), and it cannot be absorbed by the TiO, in the anatase phase, which
requires an energy of 3.2 eV (Yuhan Li et al., 2017; Nakata & Fujishima, 2012).
On the other hand, this light below 2.8 €.V can be efficiently absorbed by PhCN
according to Porcu and coworkers who developed this hybrid material PhACN/TiO»
(Porcu et al., 2021), once the light absorbed by the organic part, the photoexcited
electrons from the LUMO state pass to the TiO; (the inorganic part) conduction
band. Given their relative positions of PhCN valence band and TiO: conduction
band, charge transfer is facilitated between the organic PhCN to the inorganic part.
At the same time, holes remain in the HOMO state of PhCN, further increasing the
charge separation of the electron-hole pairs (Porcu, Castellino, et al., 2020). Then,
the electrons of the excited states react with the oxygen in the solution (RhB+ DI
water) to create superoxide and hydroxyl radicals that photodegrade the RhB.

Figure 5.13 C) shows the normalized RhB concentration as a function of time
for the studied approaches, compared with RhB stability in solution when exposed
to light (black line). The RhB concentrations were calculated from the UV-Vis
spectra shown in Figure SI-3. Regarding the composites approach (red line), when
being immersed in the RhB solution it showed a similar behavior compared to the
printed matrix (the blue line). This suggests that when tested in solution and
exposed to light, the filler inside is not quietly exposed or remains unavailable for
reacting with the pollutant in contact with the surface and consequently the decrease
measured can be related to surface absorption or, in the best case, the diminished
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catalytic activity of the surface groups. This is consistent with the coloration of the
3D printed structure, shown in Figure 5.13 c), the blue line.

Moreover, comparing the samples with HS on the surface as coated material,
similar results were observed, with a degradation efficiency that reaches almost
70% of RhB degradation in both scenarios, namely the dip sample and the dip plus
autoclave. In the dip-coating approach Figure 5.14 A), 70% of the RhB degradation
was achieved, though some of the attached powder from the HS was subtly removed
from the structure when agitating the solution during the experiment. As seen the
HS maintained its original color over the surface, suggesting that there has been no
modification in it. The detaching process could have avoided the light absorbance
at the beginning, however, once a considerable amount of the HS powder was in
solution the light absorbance could have increased given its increased surface
exposure, increasing the photodegradation. In the dip plus autoclave Figure 5.14
B), there was better adhesion of the HS to the printed surface, which contributed to
even RhB degradation though dependent on the surface being exposed to light.
Though, as seen in the image, there is a slight change of color in the HS, which
could suggest partial deterioration of the PhCN, even though, the results in the
photocatalytic degradation on both coating strategies were similar. The color seen
in this PhCN was similar to the one see by Porcu, et al (2020) thermally treated
(Porcu, Roppolo, et al., 2020). Furthermore, no evident precipitation of HS was
observed.

The HS by itself is evidently more efficient than when using the coating
approach or another 3D printing approach so far, Porcu et al. reported shorter time
ranges for RhB photodegradation, showing full degradation in less than 7 hours
(Porcu, Castellino, et al., 2020; Porcu et al., 2021). Still, this approach avoids
having to later separate the dispersed HS powder from the solution and provides
practical structures which exposed surface could be modified to increase light
exposure. The idea has already been applied with different materials by Seong et
al., where he presents TiO2 and Au-supported nanoparticles in a PDMS sponge for
RhB photocatalytic degradation (S. Y. Lee et al., 2020).Zhan et al. presented
inmobilized thin films of TiO; by inkjet printing for photocatalytic degradation of
RhB, with similar degradation timings to the ones seen in these experiments (Zhan
et al., 2020).
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Figure 5.14. RhB photodegradation was performed using the different AM insertion approaches of
PhCN/TiO;. A) 3D printed object with Dip-coating technique (called “dip” in the graph). B) 3D Object
with dip plus autoclave technique (called “dip+autoclave” in the graph). C) RhB photodegradation graph
in solution with different approaches utilized for the photocatalytic reaction, the balck line corresponds
to RhB autodegradation with Ight by itself, the red line to the composite with the HS as filler in 10%
concentration, the blue line is the control or the neat polymeric matrix, the purple line to the dip coated
sample (Figure A), and the green line to the dip coated+autoclave
(Figure B) .

5.3.5.2. RhB photodegradation in solid medium

Once removed from the RhB solutions, the composite structure was dried and
exposed again to the LED light. Figure 5.15 A), shows the composite structures
before and after being inserted into RhB solutions, while Figure 5.15 B), shows the
normalized curve of the normalized RhB concentration inside the printed matrix
alone and the composite. Inside the matrix, RhB remains stable in time, while,
inside the composite, the photodegradation of the contaminant is appreciated in
longer periods. Physically, RhB degradation is seen by the vanishing of its
characteristic pink, as seen in Figure 5.15 C), and even its photoluminescence, as
seen in Figure 5.17. Chemically, the PACN/TiO> system needs a medium to react
to create radicals that would later photodegrade the contaminant. Inside the
composite, this medium could be provided by the remaining humidity of the
immersion in RhB, remaining unconverted monomers, or by the polymeric matrix
itself, though in these conditions the scavenger kinetics are very low. This is due to
the low mobility of reactants in the solid structures and because more energy is
needed for the generation of the radical molecules with these species, than for
generating radicals with water. Cheng et al. reported the deethylation route by
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photooxidation of RhB decomposition until the destruction of the chromophore
structure (F. Chen, Zhao, & Hidaka, 2003). Similarly, here RhB is absorbed by
Ti02/Si02 particles where the amines in the RhB interact with the TiO2/SiO;
surface, constantly oxidizing and generating 4 different RhB intermediates before
the chromophore destruction. This can be seen through the UV/Vis decrease of the
maximum absorbance in time, meaning that RhB concentration is lowering (Figure
5.16).
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Figure 5.15. Printed 3D composite (10% HS). a) Before and after being submerged for 7 h in RhB.
b) RhB degradation efficiency inside solid, c) Pictures of the 3D printed structure at each time of the

efficiency curve.
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5.3.6. Photoluminescence (PL) as consequence of
RhB absorption

The PhCN has a band absorption around 350 nm, as mentioned by (Porcu et al.,
2021). The HS has a UV-Vis absorption between the gaps 300-400 nm, which is
reflected in the composite absorption also reported in Figure 5.16. The RhB has an
absorption from 450-600 nm (Fang et al., 2019; Huoli Zhang et al., 2018), seen in
the samples after exposure to RhB concentrated solutions. However, after light
exposure and photodegradation in the composite, a slight decrease in the HS is
reflected pairing the RhB decreased in its concentration, signaling a consumption
of the HS after RhB photodegradation. The next Figure 5.17 follow the same effect
measuring PL in the samples.

Figure 5.17 shows the PL spectra of the matrix, the composite, and the
composite after RhB absorption. As seen in Figure 5.7, the printed matrix has no
photoluminescence while the composite displays similar weak emissions as the HS
by itself, as mentioned by Porcu et al. (Porcu, Castellino, et al., 2020). It has to be
noted that the applied excitation energy is below the band gap of anatase, therefore
the contribution of the inorganic component needs to be excluded and the main
emission component regards the PhCN (Stagi, Carbonaro, Corpino, Chiriu, & Ricci,
2015).

Moreover, RhB has a strong photoluminescence emission between 550-700 nm
within the printed structures that absorbed it. However, as proof of the HS
performance, RhB maximum emission decreased after a 100-hour exposure of the
composite to visible light, and with it also the HS emission, probably given to PhCN
decomposition.
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5.4. Conclusions

In this part of the study, the insertion of PhCN/TiO2 in VP 3D printing was
explored utilizing different AM strategies, either grafting on the surface employing
a post-treatment coating or embedding it as filler inside the photocured resins. The
evaluation of both strategies was performed by measuring the photocatalytic
degradation efficiency of RhB when using the material, and how it was affected
when translating its applicability toward 3D printed structures.

In the first strategy, a good performance was achieved reaching a 70%
degradation of the RhB in the dip coating treatment, and up to the same point when
adding the autoclave treatment. In the latter, a more homogenous degradation rate
was observed assuming a better attachment of the HS to the system, however, the
effectiveness of this application was dependent on the exposed area of the active
surface to the light. Therefore, for an optimization of the activity of the material
utilizing this AM approach, 3D structures with increased exposed surface area are
needed, or increasing the light irradiation angles over the structures. As a polymeric
matrix, a formulation with an optimized quantity of TMSPM and PEGDA was used,
where the silane bonds from the TMSPM were used as the coupling agent of the
coating material and the matrix for assuring a better attachment. To ensure this
scope more chemical characterizations are needed, like XPS or FESEM to prove
the sol-gel reaction on the surface.

In the second strategy, we introduced the hybrid system inside a resin whose
mechanical properties would not be affected as much when crosslinked and can
withstand the photocatalytic degradation of RhB inside its structures. For the
elaboration of the resin, PEGDA was used as the main oligomer for its great
printability, and TMPSM for providing support, diminishing viscosity, and
permitting stronger crosslinked bonds. To do this, an evaluation of rheology,
photorheology and mechanical properties was done on both formulations to assess
the effect of the filler in the photopolymerization. Then a formulation containing
58% TMSPM with a 10% HS or PhCN/T10- concentration was selected, and the
applicability of this material was evaluated. Where in solution, there was almost no
RhB degradation but a great absorption of the colorant inside the structure,
achieving a 30% of RhB in a 10 mg.L"! environment. The photodegradation came
later however, when left to the visible light for long time periods (100 h) achieving
a 50% RhB degradation of the absorbed dye in the previous experimentation,
proving that the system is still efficient though with slow kinetic when introduced
inside a polymeric network.
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General Conclusions

In this Thesis, different approaches for obtaining customized functional
structures by optimizing photopolymerizable inks in VAT 3D printing were studied.
Also, the suitable post-processing procedures for enhancing their applicability.

In the first chapters of the thesis a general introduction is reported, recalling
AM techniques, polymeric composites for VP 3D printing, and the specific fillers
used throughout this thesis for the translation of their most representative properties
to a printed device.

In the first experimental part, Chapter 4, acrylate-based monomers with low-
oxygen content in their molecular composition were used to fabricated 3D printed
structures, adding a novel conductive material as filler, MXenes. For the MXene
introduction in the resins, Ti3CoT, species was utilized, where its production was
based on a strong etching approach with further delamination, to obtain smaller,
better conductive and more stable flakes in comparison to other forms obtained by
different synthesis methods. This method allowed better dispersibility inside the
resin. As when printed in the polymeric composites, the conductivity reached was
relatively low, a thermic post-treatment was included to increase the MXene
concentration in the structures, and its exposition at the surface. The use of low-
oxygen monomers was envisaged to diminish internal degradation on the 3D-
printed objects to maintain the original structures even after the thermal post-
treatment. Such procedure was also performed in an inert environment to avoid
posterior MXene oxidation and maintain its conductive properties. Furthermore,
chemical characterization was performed to evaluate its inclusion and the
optimization of its concentration inside the photopolymerizable resin without
compromising its printability with the DLP methodology. At this point, a
photoblocker effect was observed, and an increase in the resin viscosity limited its
concentration inside the resins. Then, a follow-up of the material evolution when
submitted to extreme temperatures, where a little oxidation was seen in the
MXenes, however, its conductive properties were maintained as this treatment did
decrease the electrical resistance of the composite. The inclusion of 5
% MXene to the polymer decreased the electrical resistance from 1468 GQ to 507
GQ, while, after the post-treatment it decreased even more to 10.5 GQ2.

In the second experimentation part, a different filler material was employed, a
photocatalytic semiconductor hybrid material, PhACN/TiO.. This filler was used
either as coating on 3D printed structures or as filler embedded within those, aiming
at translating the photocatalytic degradation activity in 3D printed structures. In the
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coating approach, first dip-coating was tested on a 3D printed part with 58%
TMPSM/PEGDA composition. However, due to poor adhesion, an autoclave step
was also added to enhance the attachment between the polymeric matrix and
PnCN/TiOz. In fact, by using TMPSM monomer in the formulation, a sol-gel
chemical bonding can be enabled by using the silane monomer as a coupling agent
between the organic matrix and the inorganic phase of the hybrid material. With
dip-coating in both strategies it was possible to achieve results up to 70% RhB
degradation in 7 hours, while the enhanced adhesion ensured a more homogenous
photocatalytic behavior.

Whereas, as a second approach and the main scope of this part of the work, the
photocatalytic material was included as a filler. For this part of the work, a
comparison between the PEGDA matrix, and the 58% TMPSM matrix was done in
terms of printability and mechanical properties and how the filler inclusion affected
these properties. The optimization of the filler concentration was also accomplished
on both resins, arriving at a 10% filler quantity respectively as the maximum
without compromising printing times, polymeric conversion, resolution, and
mechanical properties. We choose to proceed with the TMPSM matrix, given its
ability to better withstand the filler from a mechanic point of view. Hereafter, the
next part of the work was to translate the photocatalytic properties of the material
into a composite printed structure. Regarding the efficiency in solution,
unfortunately the composite showed negligible photocatalytic activity when
submerged in the RhB solution, as its activity was comparable with the neat matrix,
though an observable amount of RhB was absorbed by the printed composite (30%
RhB in solution). Once dried the composite was left at light exposure, and then the
photocatalytic activity was appreciated on the light-exposed surfaces of the solid.
At this point, photoluminescence characterizations and solid UV were performed
to evaluate the RhB photodegradation inside the solid, achieving almost up to a
53% degradation in a 100h time period.
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Appendix A

At the beginning, the main purpose of including TMPSM in the formulation
was not only the possibility of experimentation with sol-gel reactions, but also to
form later glassy polymers. This part of the project is found here, as there were no
satisfactory results apart from their great resolution after the thermal post-treatment
considering the degradation of the hybrid system past these temperatures.

The first figure shows complementary structures, printed with increased
TMSPM concentrations.

&)

Figure SI-0.1. 3D Printed Mole Antonelliana. 80%TMSPM
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Viscosity [Pa-s]

TMSPM rheology

The next image also included rheology from the chosen formulations in Chapter
5, confirming their Newtonian behavior under this shear rate range and very similar
viscosity and shear stress though neat PEGDA results are slightly lower.
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Figure SI-0.2. Rheology profile PEGDA & TMPSM 58%
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Figure SI- 0.3.UV-Vis Spectra of RhB in solution with the different treatments and after the
respective time exposed to LED light. A) RhB by itself. B) Composite (Matrix+10% HS). C) Neat
Matrix. D) HS as Coating (Dip Coating). E) HS with Enhanced Attachment (Dip coating+Autoclave).
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C/S

XRD of the Si-composites (Glassy polymers)

The XRD shows that the matrix follows a thermoset behavior, by showing a
broad peak corresponding to amorphous polymers. However, this peak near 23°
increases its intensity after the thermal treatment concerning the increased
concentration of Silane or silicon species (Yanhui Li, Wang, Yin, & Yang, 2013;
Vasques et al., 2008) after the given carbon degradation at high temperatures. The
same effect has been seen in the EDS results after the FESEM characterizations and
confirmed in the next figure by the XPS.
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Figure SI-0.4. XRD Polymeric matrix (58% TMPSM) & Glassy version
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XPS (Glassy polymers)
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Figure SI-0.5. XPS Polymeric Matrix (52%TMPSM) & Glassy version
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