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Abstract: This paper presents a strategy to convert hydrophilic cellulose nanofibrils (CNF) into a
highly cross-linked hydrophobic network with inorganic nanoparticles to develop a gel ink suitable
for gel 3D printing. The CNF were chemically modified initially through a single-electron transfer-
living radical polymerization (SET-LRP) of stearyl acrylate (SA) in the presence of the surface-
modified cobalt iron oxide (CoFe,Oy4, CFO) nanoparticles. The modified CFO nanoparticles provide
their multifunctional properties, such as magnetic and electrochemical, to the CNF hybrid network
and, at the same time, act as cross-linking agents between the nanocellulose fibrils, while the grafted
poly-stearyl acrylate (PSA) introduces a strong hydrophobicity in the network. A suitable gel ink
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1. Introduction
Received: 15 November 2022

Revised: 13 December 2022 One of the greatest challenges for a future sustainable society is the use of renewable
Accepted: 19 December 2022 and environmentally friendly material resources that can replace fossil-based products to
Published: 21 December 2022 produce high-performance functional materials. Therefore, in recent decades more and
more attention has been given to the utilization of bio-based polymers such as cellulose,
which offers many advantages, for instance, being renewable, biodegradable, and recy-
At clable [1-6]. Some of the most interesting cellulose-based materials are cellulose nanofibrils
Copyright: © 2022 by the authors.  (CNFs) which exhibit numerous intrinsic advantages, including high elastic modulus,
Licensee MDPI, Basel, Switzerland. - yomarkable strength, high specific surface area, and high aspect ratio, which make them
promising for a variety of applications ranging from drug delivery and water purification
to composites [7-10].
One step further is to combine cellulose nanofibrils and inorganic nanoparticles to
create hybrid bio-based materials. Such materials have attracted much interest since
they combine organic and inorganic components and allow the individual properties of
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each component to be incorporated into the final material. Various research groups have
developed said hybrid materials made of nanocellulose and inorganic nanoparticles. Guo
et al. [11] included gold nanoparticles into CNF by azide-alkyne-Huisgen cycloaddition
or by electrostatic interactions between a positively charged CNF and the negatively
charged nanoparticles. This CNF-based hybrid material with gold nanoparticles can then
be used as a substrate for surface-enhanced Raman scattering [12]. Dadigala et al. [13]
prepared material from CNF-supported Pd nanoparticles as a novel nanozyme with good
peroxidase and oxidase-mimicking activities and easy recyclability for the remediation of
water pollution, which was shown by dye degradation in a continuous flow method. Other
research groups immobilized quantum dot nanoparticles onto nanocellulose [14-17] and
showed potential applications in bio-labeling, photoelectrical ink, and integrated optical
electronic and light-emitting devices. Another example is the combination of vanadium
oxide and nanocellulose to produce a stimuli-responsive chromium paper device [18-21].
In the above cases, nanocellulose and inorganic nanoparticles were connected either by
covalent bonding/coupling or electrostatic interaction.

In our recent publications [22-25], we have shown that hydroxide groups on the
CNF surface can be chemically modified to act as a radical polymerization initiator.
Single-electron transfer-living radical polymerization (SET-LRP), introduced by Percec
et al. [26-31], is a form of Cu(0)-mediated radical polymerization and has been used as
a powerful polymerization technique since the reaction is normally not influenced by
the presence of water and noninert conditions [32-36]. This kind of Cu(0)-mediated free
radical polymerization can be used to polymerize either hydrophilic or hydrophobic vinyl
monomers, with the additional advantage that the length of the polymer chain can be
fully controlled [37—40].

We also demonstrated an approach of cross-linking polymer-modified cellulose nanofib-
rils with inorganic nanoparticles through surface-initiated grafting from SET-LRP [24]. The
controlled radical polymerization of stearyl acrylate in the presence of modified barium
titanate nanoparticles has improved the properties of the CNF drastically by restricting
the interfibril interaction upon drying, while the barium titanate nanoparticles add their
properties to the final hybrid material.

Recently, it has been shown that CNF-containing materials are promising candidates
to be used in the 3D printing processes [41-48]. Three-dimensional printing, also referred
to as rapid prototyping, is a fairly new processing technology that allows the production
of customized objects through a layer-by-layer process. Such 3D-printed CNF-based
objects have enormous potential as, for example, printed bioactive composites used in
tissue engineering, wound dressings, and printed tablets for the controlled release of
drugs [20,49,50]. However, the 3D printing of such CNF gel should exhibit a shape fidelity
and stability of the desired object after the printing. For this reason, and to increase the
mechanical properties of the gel, a cross-linking process of the CNF is necessary.

Markstedt et al. [51] created a bio-ink made of cross-linked CNEF, alginate, and CaCl,.
The cross-linked CNF-alginate material proved to be a feasible support for hosting human
nasoseptal chondrocyte cells. Leppiniemi et al. [52] developed a CNF-based gel ink with
alginate, the protein avidin, and glycerin. In this study, Leppiniemi et al. used CaCl,
as a cross-linker and CNF as a strengthening additive, which led to better shape fidelity
after 3D printing. Moreover, the 3D-printed object showed high tissue compatibility and
great potential in biomedical wound dressings applications. Li et al. [53] used nanocel-
lulose and carbon nanotubes for 3D printing. A possibility to 3D print CNF-based gels
made of oxidized CNF, cross-linked with various metal cations, was demonstrated by our
group previously [54].

CFO nanoparticles show very high potential in several electrochemical applications [55],
such as supercapacitors [56,57], electrochemical sensing [58], and as anode materials for
sodium ion [59] or lithium-ion [60] batteries. CFO nanoparticles are as well known for their
magnetic characteristics. Interestingly, the magnetic properties, either paramagnetic [61,62]
or superparamagnetic [63], can be tuned depending on their size. Further, CFO particles
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were, for example, used in nanocomposites based on carrageenan, processed by direct ink
writing with the ability to be used as magnetic actuators [62].

In this paper, our aim was to develop a bio-based hybrid material made of polymer-
modified CNF, cross-linked with CFO nanoparticles, to use as a gel ink for 3D printing.
Therefore, CNF was polymer-modified through SET-LRP of stearyl acrylate (SA) in the
presence of the surface-modified CFO nanoparticles. The CFO nanoparticles act as a cross-
linking agent and impart their electrochemical-magnetic properties to the CNF-PSA-CFO
hybrid. By manipulating the solvents, 3D printing gel ink from the CNF-PSA-CFO hybrid
was developed and demonstrated.

2. Materials and Methods
2.1. Materials

1,1’-Carbonyldiimidazole (CDI), 2-bromo-2-methylpropionic acid 98%, imidazole
>99%, stearyl acrylate (SA, contains 200 ppm monomethyl ether hydroquinone, MEHQ, as
inhibitor) 97%, ethyl 2-bromo-2-methylpropionate, 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMP) 99%, isopropanol, ethanol 98%, and toluene were purchased from Sigma-
Aldrich. Dimethyl sulfoxide (DMSO, >99%) was purchased from Merck/Sigma Aldrich.
Tris [2-(dimethylamino)ethyl]lamine (Mes-TREN) was purchased from Alfa Aesar. Copper
wire (diameter 1 mm) was purchased from Fisher. Cobalt iron oxide nanoparticles (CoFe;O4
nanopowder/nanoparticles, size: 30 nm) were purchased from Nanografi Nano Technology.
The dry cellulose source, elemental chlorine-free (ECF) bleached softwood kraft pulp, was
obtained from MERCER Stendal GmbH, Germany. The Northern bleached softwood Kraft
pulp was made from pine (30-60%) and spruce (40-70%). CNF was produced by processing
the softwood Kraft pulp with an M-110EH-30 Microfluidizer from Microfluidics.

2.2. Extraction of Cellulose Nanofibrils from Wood Pulp

The CNF was prepared according to a previously reported procedure [54]. Briefly,
the cellulose pulp was firstly suspended in water and then ground to obtain a 75-80° SR
(SR: Schopper-Riegler degrees, determined using the Schopper-Reigler method (DIN EN
ISO 5267-1)). After that, the ground slurry was further refined with a microfluidizer under
high pressure by passing the slurry several times in different chambers with orifice widths
of 400 um and 200 pum (2 times, 15,000 psi) and 200 pm and 100 um (4 times, 25,000 psi)
successively. The process resulted in a 2.1 wt% CNF aqueous gel.

2.3. Prepolymerisation Modification of the CNF

The water-based CNF gel was solvent exchanged with DMSO according to a previously
published method [24]. Briefly, DMSO was slowly added to the CNF suspension under
constant stirring. The CNF suspension was then centrifuged (4000 rpm /20 min), and
the supernatant (DMSO and water) was discarded and replaced with fresh DMSO. The
procedure was repeated 4 times. After that, a CNF-based macroinitiator (CNF-MI) was
obtained by grafting an initiator unit on the CNF with 2-bromo-2-methylpropionic acid in
the same way as in one of our previous papers [24]. The process resulted in a 1.0 wt% gel
of CNF-MI in DMSO.

2.4. Surface Modification of CFO Nanoparticles

A total of 50 mg of CFO nanoparticle powder was suspended in 100 mL of ethanol.
Then, 2-Acrylamido-2-methyl-1-propanesulfonic acid (1.0 g, 4.8 mmol) in 10 mL of ethanol
was added to the nanoparticles suspension, and the suspension was then stirred and heated
to 80 °C for 16 h. The nanoparticles suspension was cooled to room temperature and
separated from the liquid phase through centrifugation (6000 rpm, 20 min). The super-
natant was removed and replaced with ethanol. After resuspension and centrifugation,
the supernatant was replaced with an ethanol/DMSO 1:1 mixture, resuspended, and cen-
trifuged. This operation was repeated 2 times. After that, the modified CFO nanoparticles
(CFO-AMP) were suspended in 50 mL of pure DMSO.
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2.5. Procedure for SET-LRP Grafting of CNF Together with CFO Nanoparticles (CNF-PSA-CFO)

The SET-LRP reaction procedure is the same as that previously published with barium
titanate NPs [24]. A copper wire (1 mm diameter and 6 cm length) was wrapped to a
spring shape and immersed in a concentrated hydrochloric acid for 1 min, then rinsed with
water and acetone and dried prior to use. The CNF-based macroinitiator (4 g, 1.0 wt%)
and the surface-modified CFO nanoparticles (5 mg) were suspended in DMSO (30 mL).
SA was dissolved in 15 mL toluene and filtered through a small portion of an aluminum
oxide powder to remove the MEHQ polymerization inhibitor. The HCl-treated copper
wire was added, and the reaction mixture was degassed via nitrogen purging for 10 min.
The temperature was then raised to 40 °C. The polymerization was then started by adding
200 uL MesTREN ligand solution (2 vol.% in DMSQO), and the reaction was allowed to
proceed under a nitrogen atmosphere for 16 h. After cooling to room temperature, the
product (CNF-PSA-CFO) was precipitated with isopropanol, and the liquid phase was
discarded. CNF-PSA-CFO was washed three times with a toluene/isopropanol (1:4)
mixture and collected via centrifugation (4000 rpm /20 min). In the last purification step,
CNF-PSA-CFO was dissolved in pure toluene and centrifuged at 50,000 g for 1.5 h, which
resulted in a toluene-based CNF-PSA-CFO gel with a solid content of about 10 wt%.

2.6. Gel 3D Printing

A cube model of 10 x 10 x 5 mm was designed and 3D printed by pneumatic
extrusion. Three-dimensional printing was performed with an INKREDIBLE 3D printer
from CELLINK. The cubes were 3D printed from a toluene-based gel using a 0.41 mm
diameter stainless steel nozzle and a pressure of 30-50 kPa for pneumatic extrusion. For
consolidation and drying of the 3D objects, they were first solvent-exchanged from toluene
to DMSO in a two-step process. First, the objects were transferred carefully to a 25:75
mixture of DMSO and toluene and stirred slowly overnight. After that, the now-mechanical,
more stable objects were transferred to a pure DMSO bath and stirred for another few
hours. Then, the objects were frozen in liquid nitrogen and freeze-dried overnight.

2.7. Characterization

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was
performed using a Bruker Vector 33 spectrometer. Measurements were performed by
accumulating 256 scans in the spectral region of 4000-550 cm ™! with a spectral resolu-
tion of 2 cm~1.

The morphology of the different hybrid materials was observed via ultrahigh-resolution
field emission scanning electron microscopy (FE-SEM) using a Hitachi 5-4800 or SEM LEO
(Zeiss) 1550. The dried samples were mounted on sample supports using carbon tape and
coated with a 5 nm layer of Pd/Pt with a Cressington 208HR under an inert atmosphere.
Some of the pictures were taken with an energy-selective backscattered detector (EsB
detector) for enhanced material contrast between organic content and inorganic particles.

XPS Characterization was performed by MSE Analytical Services using Thermo Scien-
tific ESCALAB 250Xi with a source gun type Al K Alpha and a spot size of 400 pm.

Thermal degradation was analyzed with a NETZSCH TG 209 F1 from 25 °C to 600 °C
with a 20 K/min ramp under an inert nitrogen atmosphere.

The magnetic moment measurements were performed with an EZ9 from MicroSense.
The particles were filled into a ULTEM (Polyetherimide) cup. The cup was glued with
double-sided tape to a quartz glass sample holder. Then the sample vibrated at 75 Hz.
The field was changed from —25,000 Oe (—2.5 T) to 25,000 Oe (2.5 T) and then back to
—25,000 Oe (—2.5 T). The step size was —25,000 to —5000 in 1000 Oe (0.1 T) steps, from
—5000 to —1000 Oe in 100 Oe (10 mT) steps, and from —1000 to 1000 Oe in 10 Oe (1 mT) steps.

All electrochemical measurements were performed using an Autolab PGSTAT101
potentiostat. Three-electrode electrochemical measurements were conducted in dry THE,
and tetrabutyl ammonium hexafluorophosphate 1 M was used as a supporting electrolyte.
A Pt disk was used as working, and a Pt wire was used as counter electrodes. For the
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reference electrode, a silver wire was used. The electrolyte solution was purged with argon
for 2 min prior to every electrochemical measurement. The reference potential of the silver
electrode was calibrated in a solution of 1:10~3 M of Ferrocene in THE.

3. Results and Discussion

A schematic representation for developing the CNF-PSA-CFO material network is
shown in Figure 1. Surface-modified CFO (CFO-AMP) particles were combined with the
CNF macroinitiator (CNF-MI) in presence of SA monomer to conduct a SET-LRP reaction
to realize the multifunctional CNF-PSA-CFO network. Modified CFO act not only as a
crosslinking agent but also gives bi-functional—magnetic and electrochemical—properties
to the CNF-PSA—CFO network. On the other hand, poly-stearyl acrylate (PSA) introduces
a strong hydrophobicity to the network, which helps to develop gel ink for gel 3D printing.

Br

P S &
Initiator M
CNE-MI 5

SA monomer

SET-LRP

CNF-PSA-CFO

CFO-AMP

Figure 1. Schematic modification strategy of CNF with PSA and CFO nanoparticles.

The mechanical disintegration of wood pulp with a high-pressure microfluidizer
resulted in a 2.1 wt% CNF aqueous gel. On the surface of the CNF, an excessive number of
hydroxyl groups are present, which are perfect anchoring centers for potential chemical
modifications. To carry out such modification, the water-based CNF gel was first solvent-
exchanged with DMSO, and then a CNF-based macroinitiator (CNF-MI) was synthesized
by grafting an initiator group unit onto the CNF surface through an esterification reaction
with 2-bromo-2-methylpropionic acid [24].

To use CFO nanoparticles as crosslinking agents, they also need to be surface-modified.
To let them react directly in the polymerization reaction, they have to be modified with
an acrylic function. For that reason, the CFO nanoparticles were surface-modified with 2-
Acrylamido-2-methyl-1-propanesulfonic acid by hetero-condensation with the CFO surface
hydroxyl groups following a slightly modified previously published method [24,64]. This
surface modification also extremely increased the stability of the nanoparticle (NP) suspen-
sion in DMSO if compared with the unmodified, crude CFO particles. XPS measurements
were performed with the untreated and surface-modified CFO nanoparticles to investigate
the elemental composition of the samples and to verify whether the surface modification
was successful.

Figure 2a shows the full XPS survey of CFO-AMP. It reveals that the sample consists
of cobalt (Co), iron Fe, and oxygen O as well as sulfur S. The high-resolution XPS spectra
of Fe2p, Co2p, and Ols are shown in Figure 2 b-d, respectively. In the deconvoluted
Fe2p spectrum (Figure 2b), six signals were observed at 710.1, 711.7, 718.1, 723.7, 725.8,
and 731.9 eV with the complex multiplet splitting of iron oxides [65,66]. The Co2p high-
resolution XPS spectra can be deconvoluted into two peaks at 782.0 eV and 786.7 eV. The
Ols peaks at 529.7 and 530.7 eV were assigned to lattice oxygen and surface-adsorbed
oxygen, respectively.



Fibers 2023, 11,2

6 of 15

Intensity (a.u.)

10

Intensity (a.u.)

a Co2p Fe2p b Fe2p,,
\ O1s
Fe2p,,,
S2p sate\llite
) /.

00 800 600 400 200 0 740 730 720 710 700
C d

Co2p,, M-Ora

'OHsurf

ey
810 790 780 545 540 535 530 525

Binding Energy / eV Binding Energy / eV

Figure 2. XPS spectra of CFO-AMP in different regions (a) survey, (b) Fe2p, (c) Co2p, and (d) Ols.
XPS spectra b—d are background subtracted.

The spectrum of the pristine CFO particles shows exactly the same signals except that
the S2p signal is missing, as shown in Figure 3.

—CFO
— CFO-AMP

Intensity (a.u.)

174 172 170 168 166 164 162 160 158
Binding Energy / eV

Figure 3. Background-subtracted XPS spectra region of S2p comparing CFO and CFO-AMP.
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The S2p high-resolution XPS spectra of CFO-AMP can be deconvoluted into two peaks
at 782.0 eV and 786.7 eV, which is an effect of the spin-orbit splitting of S2p /, and S2p3 ;.
In the S2p high-resolution XPS spectra of the pristine, unmodified CFO, no signals were
observed. The XPS spectra of the pristine CFO and the modified CFO confirm that the
surface modification of the CFO nanoparticle was successful. Figure 4a shows the SEM
images of CFO nanoparticles. It can be seen that the particles are of uniform, round shape
with a narrow size distribution.

Figure 4. SEM pictures of samples. (a) CFO, (b) CNE-MI, (¢) CNF-PSA-CFO, (d) CNF-PSA-CFO,
(e) CNF-PSA-CFO, and (f) CNF-PSA—-CFO 3D printed, freeze-dried, and cut open. Pictures d and e
were taken with the EsB detector.

With the CNF-MI and the CFO-AMP on hand, it was time to let the CNF-based
macroinitiator initiate the Cu(0)-mediated SET-LRP of stearyl acrylate (SA) in the presence
of the modified CFO NPs. The result was a slightly orange/brown but mostly transparent
gel in toluene. The color of the gel relies on the presence of the CFO NPs and is a good
indication of well-dispersed nanoparticles due to a chemical bond between the particles
and the CNF-PSA composite because otherwise, the particles would have been eliminated
in the purification process. The morphological appearance has been analyzed with the help
of SEM pictures.

When comparing the pictures in Figure 4b,c (CNF-MI and CNF-PSA—CFO), it can be
clearly seen that the fibrils of the CNF are still clearly visible when polymer coated, even
the cross-linked CFO particles are well observable as bright spots in Figure 4d,e. These
pictures were taken with an EsB detector. In this technique, backscattered electrons are
measured. The backscattered electrons come from the primary electrons interacting with
the nuclei of the sample atoms. These images show a material contrast due to differences in
the chemical composition of the sample. Thereby, the intensity of the backscattered signal
increases with the atomic number of the atom, resulting in brighter areas in the EsB image
corresponding to areas with heavier atoms. Therefore, organic matter appears darker than
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inorganic matter, such as metal oxides. Based on the contrast and the present size of the
particles, it can be assumed that they are most likely the CFO particles. Therefore, these
SEM pictures directly show the polymer modification of the fibrils and the presence of
individual nanoparticles as cross-linking agents in the CNF-PSA-CFO gel.

For further analysis, the pristine CNF, the chemical-modified CNF with 2-bromo-2-
methylpropionic acid (CNF-MI), and the cross-linked PSA-modified CNF (CNF-PSA-CFO)
were monitored with IR (Figure 5).

—— CNF
—— CNF-MI
—— CNF-PSA-CFO

VA

intensity / a.u.

N

1 ' I ' 1 ' 1 ' ' 1
3500 3000 2500 2000 1500 1000
wave numbers / cm™’

Figure 5. FTIR spectra of pristine CNF, CNF-based macroinitiator (CNF-MI), and poly(SA)-grafted
CNF (CNF-PSA-CFO). Data were shifted in intensity by equal amounts for better visualization.

All three spectrums show the CNF characteristic bands localized at 3332 cm ™! (O-H),
2900 and 2865 cm~! (C-H), 1428 cm~! (C-H), and 1161 cm~! (C-O-C). In addition, the
spectrum of CNF-MI shows an absorption band localized at 1726 cm ™! (C=0) attributed to
the carbonyl group of the initiator ester function. The spectrum of CNF-PS-CFO shows
strong additional absorption bands localized at 2916 and 2849 cm™~! (C-H), 1734 cm™!
(C=0), 1468 cm~! (C-H), 1161, and 1246 cm~! (C-O-C) confirming the presence of ester
groups and an abundance of methylene groups in the main and side chains of the grafted
SA polymer.

To determine the thermal stability and the actual content of CFO nanoparticles in the
CNF-PSA-CFO material, TGA measurements were carried out.

The TGA measurement, shown in Figure 6, indicates that CNF-PSA-CFO is thermally
stable up to a temperature of around 300 °C. Above this temperature, the thermal decom-
position takes place and leaves a residue of 1.5 wt%. Since CNF and PSA consist only of
organic material, the residual mass is directly the content of CFO nanoparticles.
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Figure 6. TGA curve of CNF-PSA-CFO under inert nitrogen atmosphere.

Now that we can be sure that the CNF-PSA-CFO material is made of chemically
connected CNF and PSA chemically cross-linked with CFO nanoparticles, it is worthwhile
to check if the CFO nanoparticles have preserved their functionality and intrinsic properties.
CFO nanoparticles are known for their magnetic [67,68] and electrochemical [69] properties.
To analyze the magnetic properties of the nanoparticles embedded in CNF-PSA, a vibrating
sample magnetometer (VSM) was used.

The VSM measurement in Figure 7 of the CNF-PSA-CFO sample shows the gravimet-
ric magnetization against the external magnetic field strength. The absence of a magnetic
hysteresis indicates that the CFO particles in the CNF-PSA-CFO material exhibit super-
paramagnetic behavior. Mitra et al. found that their CFO nanoparticles have ferromagnetic
properties [67]. These particles had a diameter of 50 nm. The particle size of our CFO
particles was estimated to be 20-30 nm from SEM images (Figure 4a,b). This small size of
our particles is the reason for the superparamagnetic behavior. The gravimetric saturation
magnetization with 0.03 emu/g is quite low due to the very low content of CFO in the
CNF-PSA-CFO of 1.5 wt%. However, this measurable magnetization of the CNF-PSA-
CFO sample shows that the magnetic properties of the CFO still remain and can be used in
further applications.

Now that it has been confirmed that the CFO NPs still have their magnetic properties
in the CNF-PSA—CFO material, the electrochemical properties can be addressed, and the
qualitative electrochemical study on CNF-PSA—-CFO provided the following results.

Figure 8 shows the cyclic voltammetry of CNF-PSA-CFO at a platinum electrode in
water-free THF. Only one irreversible reduction peak could be observed at V = —1.14 V vs.
a silver wire as a reference electrode, and the produced current was I = 0.81 pA. No appre-
ciable oxidation peak was observed within the electrochemical window of the solution.
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Figure 7. Magnetization as a function of the applied magnetic field of CNF-PSA-CFO.
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Figure 8. Cyclic voltammogram showing the reduction phase at a platinum electrode of CNF-PSA-
CFO (30 mg-L~!) in THF (0.1 mol-L.3 NBuyPFg) at 298.15K. v =0.1 V-s7.

The reduction peak can be explained by the easily reducible nature of the oxidized Fe
and Co in the CFO. However, a study conducted by Mylarappa et al. [70] in an aqueous
medium shows that CFO undergoes a quasi-reversible reduction and shows a reduction
peak at —0.4 V vs. Ag/AgCl reference electrode. In addition, another study conducted by
Pereira et al. [71], where they attempted to explore the catalytic effect of CNF-modified
electrodes on the reduction of CO,, shows that CNFs alone do not undergo any reduction in
the electrochemical window of the current study. The low current produced during the CV
study is due to the very low solubility of CNF-PSA-CFO in THF. When a full redox scan
was performed on the material, a slight oxidation peak was observed at +0.4 V; the current
peak was too low that it could not be taken into consideration. Such an oxidation peak
could result from the reoxidation of Fe and Co generated in the medium upon reduction.
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With this fully characterized CNF-PSA-CFO sample, we tested its 3D printability. For
that, we used an INKREDIBLE 3D printer from the company CELLINK. These printers
are able to print any 3D object with gel inks by pneumatic extrusion. We found that
a toluene-based gel from the CNF-PSA-CFO material with a solid content of 10 wt%
works the best with our material. Some simple shapes were successfully printed with
a 0.41 mm stainless steel nozzle and extrusion pressures of 30-50 kPa. We designed a
basic 10 x 10 x 5 mm cube and printed this flat on its 10 x 10 mm surface (Figure 9a,b),
as well as on its 5 x 10 mm surface (Figure 9¢,d) to test the gel’s performance for 3D
printing applications.

Figure 9. Photos of 3D printed cubes from CNF-PSA-CFO in toluene (10 wt%). The upper row
shows the 10 x 10 x 5 mm cube printed on its 10 X 10 mm surface; the lower row was printed on its
5 x 10 mm surface. (a,b) Toluene gel after printing, (c,d) DMSO-based gel after the solvent exchange,
and (e f) freeze-dried cubes (cut open for electron microscopy).

The gel performed great in the 3D printing process, and both orientations of the
test cube were printed successfully. If the 3D object were dried after printing at high
temperature or under ambient conditions, the object would collapse because of the surface
tension and capillary forces of toluene in the pores of the gel. To overcome this issue,
different drying methods could be applied. One possibility is a solvent exchange followed
by supercritical drying with CO, which would lead to a true aerogel [72]. A different but
very effective method is freeze-drying. A freeze-dried gel is often named a cryogel. Toluene
is not a solvent from which direct freeze-drying is possible, so in the first postprinting step,
the toluene has to be solvent-exchanged with DMSO, with which freeze-drying is possible.
In Figure 9c¢,d, the solvent-exchanged cubes are shown. From these pictures, it can be seen
that no major shrinkage or deformation due to solvent exchange from toluene to DMSO
has occurred. Once the cubes were solvent-exchanged, they were frozen in liquid nitrogen
and freeze-dried overnight. Figure 9e,f shows the freeze-dried cryogel cubes. It can be
seen that the shape was retained after freeze-drying and, therefore, throughout the entire
consolidation and drying process.

4. Conclusions

The conversion of hydrophilic CNF into modified CFO nanoparticle-assisted highly
cross-linked hydrophobic network gel with magnetic and electrochemical properties for
3D printing and printed forms was demonstrated in the paper. The successful modifi-
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cation of the CFO nanoparticles with 2-Acrylamido-2-methyl-1-propanesulfonic acid by
hetero-condensation with CFO surface hydroxyl groups was verified by XPS measure-
ments. Furthermore, the CNF was converted into a CNF-based macroinitiator (CNF-MI)
by grafting an initiator unit on the CNF through an esterification reaction with 2-bromo-
2-methylpropionic acid. The CNF-MI was then used to initiate a SET-LRP reaction of
stearyl acrylate in the presence of modified CFO-AMP, which has led to a hydrophobic
CNF-PSA material highly cross-linked with CFO nanoparticles. This material was char-
acterized by SEM, IR, and TGA. To verify the magnetic properties of the CFO particles,
a VSM measurement was performed, which confirmed that magnetic functionality was
preserved. To ascertain the electrochemical properties of the CNF-PSA—-CFO material,
cyclic voltammetry measurements were carried out. Only one irreversible reduction peak
was observed, which is attributed to the easily reducible nature of the oxidized Fe and
Co in the CFO. This is the first hint of the electrochemical behavior of such materials, but
further studies should be performed to unravel the capacitance and impedance effect of
the material, as well as to determine the electrochemical properties quantitatively. This
way, modified electrodes should be prepared using the CNF-PSA-CFO material, and the
electrochemical measurements should be performed in an aqueous medium.

In addition, we were able to show that a 10 wt% gel of CNF-PSA-CFO in toluene
was great 3D printable with a gel 3D printer using pneumatic extrusion. These 3D printed
objects could be solidified through solvent exchange from toluene to DMSO and then
freeze-dried under shape retention to give a cryogel.
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