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Abstract

Graphitic structures, unlike polymers and metals, cannot be directly printed in 3D. We
demonstrate here that graphitic structures can be shaped in 3D by using direct-ink writing
(DIW) of lignin-graphene oxide solutions that are then dried and carbonized. Lignin is a
promising precursor for the elaboration of bio-based carbon materials because of its low cost,
natural availability and high carbon content. The rheology of the inks is controlled by the
presence of graphene oxide (GO) in order to make the solutions viscoelastic and printable.
The GO flakes are found to align during ink extrusion. This behavior is understood by
considering the applied extrusion shear stress and the yield stress of the inks. By adjusting the
relative fraction of GO and lignin, it is possible to change the density, the graphitic order, and
thus the electrical and mechanical properties of the printed materials. In particular, GO
promotes not only graphitic order but also porosity. By contrast, high amounts of lignin allow
preparing denser but less ordered carbon structures. The possibility to vary density and
properties offers an opportunity for the development of graphitic 3D materials with tunable

properties.
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1. Introduction

Graphite is an ubiquitous carbon allotrope with countless applications [1-3]. These
applications are based on the unique properties of graphite, including chemical stability,
electrical conductivity and mechanical stiffness [4-6]. Graphitic materials can be used under
various forms, from fibers for reinforcing composites to porous aerogels and hard carbons for
electrodes of supercapacitors [7,8] and batteries [9-11]. Shaping graphitic structures is an
important challenge to further broaden the range of applications of such materials [12,13].
Implementing current 3D printing technologies to process graphitic materials is particularly
appealing [14,15]. Additive manufacturing allows shapes not doable by conventional
machining and avoids the waste of precursor material. Unfortunately, graphitic materials,
unlike polymers and metals for example, cannot be easily melted or solubilized for
processing. Generally, carbon materials are made from precursors which are further
carbonized by a thermal treatment [16,17]. In this context, successful achievements of 3D-
printed carbonized materials have been recently reported using graphene oxide (GO) as
precursor [18-21]. GO has a high carbon content and can be dissolved in water to form
viscoelastic inks suitable for printing using the Direct-Ink Writing (DIW) approach [22]. The
latter consists in extruding a shear-thinning ink whose yield stress is high enough so that the
printed structure does not collapse after extrusion [23,24]. The shear-thinning behavior allows
extrusion at a reasonable pressure. In addition, highly concentrated GO solutions show a
liquid crystal behavior, opening perspectives for controlling the alignment of GO flakes
during extrusion. [25]

This approach has allowed the realization of graphene microlattices [18,26]. Nevertheless, the
printed structures are in the form of highly porous and mechanically weak carbon aerogels
[8,26]. We report in this work an approach to make denser structures based on printed GO.
This approach consists in adding alkali lignin [27], a lignin derivative, to GO inks. Lignin is
an abundant bio-sourced polymer which has a high carbon content [28,29]. It cannot be used
alone to form viscoelastic inks [30]. Herein, we show its compatibility with GO solutions that
remain monophasic and viscoelastic. Unlike previous studies in which lignin was mixed with
other gelling agents [30-32], lignin is here mixed with GO to ensure a high carbon yield upon
carbonization. The density and graphitic structure of the carbon materials can be finely tuned
by varying the relative fractions of GO and lignin in the ink. We show in particular that a high
fraction of lignin allows preparing denser, but less organized, structures. By contrast, a high
amount of GO leads to well-structured, but more porous, carbon. As a result, properties such



as electrical conductivity or mechanical stiffness can also be tuned by controlling the
composition of the initial ink. Compromises of structuration and densification allow in
particular defining optimized formulations for enhanced electrical conductivity. The present
results are discussed based on rheological, physical and structural characterizations of the
investigated materials. They provide opportunities to make novel 3D graphitic structures with

tunable properties.

2. Experimental Section

2.1. Materials

Water-soluble alkali lignin powder was purchased from Sigma-Aldrich under the trade name
of “lignin alkali low sulfonate content”. This alkali lignin is also known as Kraft lignin with
an average molecular weight of 10,000 g.mol” and a low sulfur content (4 wt.%). Aqueous
GO solution at 0.4 wt.% was purchased from Graphenea (Spain). It contains GO flakes with a
lateral size of 0.6—1.1 um (according to datasheet). Sonication and centrifugation (1400 g, 20
min) steps have been performed to separate and remove aggregated GO flakes from the
solution. Alkali lignin was used as received without further purification. For simplicity

reason, alkali lignin will be referred in the following parts as “lignin”.

2.2.  Preparation of lignin-GO inks

Different lignin-GO inks with various GO/lignin mass ratios were prepared as follows. The
GO solution was concentrated by ultracentrifugation (200 000 g, 1h) to obtain GO-based
printable ink concentrated at 8 wt.%. An aqueous lignin solution was prepared with a
concentration of 30 wt.%. Fixed amounts of this aqueous lignin solution were added to the
GO ink to obtain aqueous lignin-GO inks concentrated at 8 wt.% with GO/lignin mass ratios
of 100/0, 70/30, 50/50, 30/70, 15/85 and 0/100. The lignin-GO inks were mixed under vortex

stirring for 10 min and then sonicated for 5 min to disperse residual aggregates.

2.3.  Ink rheology

The rheological properties of the inks were characterized using an AR 2000 rheometer (TA
Instruments) with a 40 mm cone-plate geometry and a 50 um gap. All measurements were
preceded by a constant shear rate of 1 s for 1 min, followed by a 10 min relaxation period to
recover the ink structure. Dynamic measurements were performed to record the apparent
viscosity at 25°C in the frequency range of 10" to 10* Hz. A stress scan from 10° to 10" Pa at

a constant frequency of 1 Hz was carried out to record the variations of storage modulus (G”)



and loss modulus (G”) as a function of the scanning stress. The ink yield stress (z,) was
defined as the stress for which storage modulus and loss modulus intersect (G' = G”). An

aqueous solvent trap was used in all experiments to reduce water evaporation effects.

2.4. 3D Printing

GO-lignin inks were used to fabricate cylindrical hollow structures using a modified
commercial 3D printer (Prusa i3). The original extrusion head was replaced by a powered
fluid injector controlled by the initial 3D-printer engine in order to provide the appropriate
pressure to extrude the ink through the nozzle. The ink was loaded into a 5 mL syringe
attached by a luer lock to a pressure sensor (Flowplus16, Viscotec) in order to evaluate the
pressure applied to the ink during the printing process. The 350 um-diameter printing nozzle
was luer locked to the end of the pressure sensor. The inks were printed on glass substrates in
air at an applied pressure of 1-4 bar at a speed of 10 mm.s”. After printing, the obtained
structures were frozen in liquid nitrogen and subsequently freeze-dried for 24h to obtain
composite GO-lignin 3D structures. The thermally dried and reduced 3D structures were
directly obtained after printing, by thermal treatment in air at 250°C in a muffle furnace
(Nabertherm GmbH) heated at 2.5°C.min”". Subsequently, the reduced structures were
annealed under argon by heating in a tubular furnace at 5°C.min™" to 1000°C and held for 1 h
at 1000°C. The thermal treatment converted the 3D-printed lignin-GO composite structures
into 3D-printed bio-based carbon materials with a graphitic structure (Fig. 1). Note that
1000°C is not sufficient to form pure and defect free graphite. Highly graphitized materials

are generally formed at much higher temperatures of about 3000°C.
2.5.  Characterization

The morphology of the printed structures was observed by optical camera and scanning
electron microscopy (SEM, Hitachi S4500). The thermal stability of the printed structures was
evaluated by thermogravimetric analysis (TGA) (TGA 5500IR, TA Instruments). Around 10
mg of sample was loaded into an alumina pan and heated from 30°C to 250°C at 2.5°C.min™"
under air, corresponding to the stage of thermal drying, then from 250°C to 1000°C at
5°C.min"" under argon, corresponding to the stage of carbonization. The TGA measurements
give access to the final carbon yield defined as the weight percent of char after the
carbonization process. The carbon microstructure was analyzed using X-ray diffraction

(XRD) and Raman spectroscopy. The XRD patterns were acquired using a Rigaku
Nanoviewer XRF microsource generator (MicroMax 007HF) at a wavelength of 1.54 1&, with



a 1200-W rotating anode coupled to a confocal Max-FluxH Osmic mirror (Applied Rigaku
Technologies, Austin, USA) and a MAR345 image plate detector (MAR Research,
Norderstedt, Germany). The azimuthal integrations of the 2D patterns were processed using
Foxtrot software. The patterns were corrected from air scattering and backgrounded by
subtracting a sample-free diffraction pattern from the raw data. The Raman spectra were
recorded using a Horiba Jobin-Yvon Xplora microscope equipped with a cooled Andor CCD
detector, using an excitation wavelength of 534 nm, a laser spot size of ~ 1 um, and an
Olympus 50x LWD objective. The electrical conductivity of the carbonized structures was
measured by the two-point method using a Keithley 2000 multimeter. To ensure good contact
with the electrode, a thin layer of conductive silver paste was used. The electrical conductivity
x (S.cm™) was calculated as:

L

K= —
AR

1
where R is the measured electrical resistance (), A is the cross-sectional area (cm?) and L is
the distance between the two probes (cm). The compressive mechanical properties were
measured using a Zwick Z2S testing machine. The 3D-printed cylinders were compressed at a
rate of 6 mm.min™ to record the force as a function of strain (%). The measured force was
converted into stress (Pa) calculated from: Stress (Pa) = Force (N)/Cross Section (cm?). The
Young’s modulus was calculated from the initial slope of the stress-strain curves. The
compressive strength at break was evaluated at the point where a 10 % drop of stress
occurred. The skeletal density of the printed carbon structure was determined using a series of
density floats solutions. Aqueous cesium formate solutions were prepared with densities
ranging from 1.4 to 2 g.cm™ in increments of 0.05 g.cm™. The printed carbon structures were
degassed under at 250 °C under vacuum, then immersed in the cesium formate solutions and
allowed to settle for 24 h. The determination of density is based on the solution in which the
carbonized structure sunk as opposed to the next denser solution where it floated. The bulk
density was calculated from the measured mass and volume of each sample. The percentage
of porosity was assessed by comparing the geometric density and skeletal density of each
sample. The textural properties of the 3D-printed carbon materials were obtained from
nitrogen adsorption at -196°C and from carbon dioxide adsorption at 0°C using a
Micromeritics 3-flex automatic adsorption apparatus. Samples of mass ~ 0.1 g were outgassed
under vacuum at 200°C until the pressure stabilized around 0.2-0.4 mPa for more than 24 h

prior to any adsorption measurement.
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Fig 1. Schematic illustration of the fabrication strategy for 3D-printed lignin-GO-based

carbon materials.

3. Results and Discussion

3.1. 3D Printing and Rheology of Lignin-GO Inks

The fabrication of graphitic 3D-printed carbon materials by the direct ink writing (DIW)
process requires the development of printable lignin-GO composite inks (Fig. 1). The inks
used for this approach must have a high viscosity with a shear-thinning behavior to ensure
extrusion, and a sufficiently high storage modulus (G’) to recover a solid-like response in
order to obtain a self-supporting printed structure [24,33]. The preservation of the filament
shape during DIW is controlled by the high yield stress (z,) of the inks [23]. Highly
concentrated GO aqueous solutions were used to ensure the rheological criteria for the DIW

[18,26]. Lignin solution was added to these GO solutions to obtain lignin-GO inks (Fig. 1).

Accurate control of the rheological behavior of lignin-GO inks is necessary to ensure 3D
printing of uniform and self-supporting structures (Fig. 2). As shown in Fig. 2.a, the
viscosities of pure GO and lignin-GO inks decrease with shear rate increasing. Pure lignin
solutions instead exhibit Newtonian behavior. The Newtonian behavior and the low viscosity

of the pure lignin solution are not suitable for DIW. The viscosity of lignin-GO inks increases



with the amount of GO. It is one order of magnitude higher for pure GO ink compared to the
lignin-GO ink with a GO/lignin ratio of 50/50. The rheological behavior of lignin-GO inks is
determined by the GO concentration. High GO concentrations afford printability [18,34].
Oscillatory measurements allow measuring the storage (G’) and loss (G ") moduli (Fig. 2.b).
Pure GO ink and lignin-GO inks show the same viscoelastic behavior. At low shear stress, G’
and G” are constant with G’ > G ”, which corresponds to a solid-like behavior [23]. The large
difference, of about one order of magnitude between G’ and G ”, enables stable structures to
be made after the extrusion process [22]. At higher shear stress, the inks can flow above a

dynamic yield stress 7, defined as the stress at which G'= G .

The yield stress as a function of the GO fraction is shown in Fig. 2.c. 7, increases from 398
to 4050 Pa with the GO content, and is thus the highest for the pure GO ink. The inks are
expected to undergo a liquid-type shear flow if they are extruded at a shear stress greater than
the yield stress. Under these conditions, flakes and nematic domains should align in response
to shear [35]. By contrast, if the extrusion shear stress falls below the yield stress, the material
is expected to display a plug-flow type behavior. In these conditions, the particles are not
expected to orient because of the constant velocity in this flow regime [25,35]. To clarify the
operating conditions, the radial shear stress (7) inside the extrusion head was estimated using

the following equation [35]

T=—T7rT 2

where AP is the pressure applied to the ink in the nozzle, and » and L are the radius and the
length of the nozzle, respectively. Here » = 175 um and L = 3 mm. P was evaluated with the
pressure sensor. P increases from 5 x 10* Pa to 2.25 x 10° Pa with the GO fraction. The
corresponding shear stress upon extrusion has been reported and compared to the yield stress
of the inks (dotted line in Fig. 2.c). For each ink, the extrusion shear stress is higher than the
yield stress. Thus, the GO flakes should be aligned with their c-axis perpendicular to the
filament direction (Fig. 2.d).



.(?l GOilignin Ratio 10° 5 (b} GomE:if 5;;':
10° 4 "1-._. —e—0/100 30%00cccsscccccccsscncee,, —e— 3070
g, %o, —e—15/85 ] Se o 50/50
:o‘,‘ ."-o-.‘ ha N —e—30/70 —e—70/30
10° ~e-e. ey, e —e—50/50 e —®—100/0
_ e. e, el —e—70/30 »
@ 0 1%, '-._,m.. o . —e—100/0 Y
nl? LAY " o, [ N -9 \
». e N
; 2 o-e. ®-g. ha ®-9-0-¢, .'":\.\ *
2 107 e S ®0-0g Mg . e h
3 0000000, . ~.‘.:.'SLC-' S ¥
(2] 1] o-9 0.y V00 L ]
w 10 ~o-g. .\ ~,
8 N g
> *e
10° 4 "l:: ,
——G
] e G”
10"
3 ..'.,‘-...‘.._.-.-.......—.-.-.-.v.-.-'-.».-.-.—.-.-.-.-.-.-.-.. 1 02 H 3
T T T T T T T T T T T T
10" 10° 10 102 10° 10’ 107 10° 10*
Shear rate (s™) Shear Stress (Pa)
10*
17.7 x 10° Pa () @
1T m d . - .
axwpa - Extrusion head Lignin-GO ink
L |
|16x10°Pa ___ ___ _____________ @ oo
w
o o
-
2 10°
% 183x10°Pa_____ @ - oo
z
2 2
> = e |
1 IS LTINS
| AT NS e
@ VYield Stress |22 ) Wﬂfn\mﬁ'}" :
1 S ) .
W o s Shearsies Lo e i, Aligned GO flakes

T
0 10 20 30 40 50 60 70 80 90 100
GO Fraction (%)

Fig 2. Rheological properties under (a) shear and (b) oscillations (frequency = 1 Hz) of lignin-
GO aqueous inks concentrated at 8 wt.% with GO/lignin weight ratios of 100/0, 70/30, 50/50,
30/70, 15/85 and 0/100. (c) Shear yield stress of lignin-GO inks as a function of GO fraction
(the dotted lines indicate the transition from liquid to plug flow regime). (d) Schematic

representation of the alignment of GO flakes during extrusion and after deposition.

3.2.  Morphology of the Lignin-GO 3D-Printed Structures

Freestanding 3D hollow cylinders were printed with a filament layer of 400 pm, an outer
diameter of 12 mm and a height of 10 mm (Fig. 3). The effect of the thermal treatment on a
3D-printed structure with a GO/lignin ratio of 30/70 was evaluated by optical and SEM
imaging (Fig. 3.a.c.d). The macroscopic cylinder integrity is preserved after freeze drying,
thermal drying and carbonization (Fig. 3.a). After thermal treatment, the color of the samples
turned from bright black to brown after drying and from brown to mate black after
carbonization. The samples tend to shrink linearly by 5 to 10 % after carbonization. The
microstructure is also affected by the drying treatment. SEM images of the freeze-dried

sample show large and aligned pores (Fig. 3.c.d-1). The structuration corresponds to a porous



alveolar microstructure with the walls of the pores made of aligned and stacked GO flakes
[36,37]. SEM images of the reduced and carbonized samples show that the preferential
orientation of the GO flakes is maintained after the heat treatment (Fig. 3.c.d-3). However,
pores of the alveolar structures of the freeze-dried and thermally-dried samples tend to shrink
after carbonization. This phenomenon results from the elimination of oxygen and hydrogen
during thermal reduction [17], as well as from the evolution of volatile matters from the lignin
undergoing carbonization. It is associated with a reduction in the distance between graphene

layers [18,21,38].

(@

Freeze dried Thermally dried

/ s ~ s i

Fig 3. Morphology and structure of 3D-printed structures from lignin-GO ink with a
GO/lignin ratio of 30/70, at different processing steps. (a) Images of 3D-printed structures: (1)
freeze-dried, (2) thermally-dried and reduced at 250°C in air, (3) carbonized at 1000°C under
inert atmosphere. SEM images of (b) the surface, (c-d) the microstructure for the 3D-printed
cylinders (1) freeze-dried, (2) reduced, (3) carbonized. Scale bars: (b) 200 um, (c) 50 um, (d)
10 pm.



3.3.  Thermal Degradation of Lignin-GO 3D-Printed Structures

The thermal degradation behavior of the lignin-GO 3D-printed structures was evaluated using
TGA (Fig. 4). Thermal stabilization in air was included in the TGA measurement to evaluate
the mass loss of the sample after drying. The thermogram of the pure GO sample shows a
massive weight loss of 40 wt.% during drying. It is related to the reduction of GO with the
elimination of oxygen groups and the reorganization of the aromatic structure [38]. The
presence of lignin in the 3D-printed structures significantly increases the final carbon yield at
1000°C. The char formation is indeed multiplied by five when comparing the pure GO and
samples with a GO/lignin ratio of 15/85. The main difference comes from the weight loss that
occurs during the drying process below 250°C. The treatment at this temperature corresponds
in fact to the stabilization step usually performed for lignin-based materials in order to
improve the carbon yield and to avoid the melting of the system [28,39]. Chemical reactions
such as crosslinking of lignin molecules on the one hand, and lignin and GO on the other
hand, increase stability against thermal degradation [40,41]. The addition of lignin to GO-

based 3D-printed structures thus allows a significant improvement of carbon yield.

100 - GO/lignin Ratio
——15/85
——30/70
80 — —— 50/50
70/30
——100/0
< 604
-t
=
=y
é 40 -
20 -
0 T T T T T T T T T
0 200 400 600 800 1000

Temperature (°C)

Fig 4. TGA of 3D-printed structures of various GO/lignin ratios, including thermal drying
under air up to 250°C, followed by pyrolysis up to 1000°C under argon.

3.4.  Microstructural Properties of the Carbonized 3D-Printed Lignin-GO Structures

Raman spectroscopy and XRD analysis were performed to characterize the microstructure of

the carbonized 3D-printed structures as a function of the GO/lignin ratio (Fig. 5). All Raman



spectra show the three characteristic bands of pyrolyzed carbon materials around 1350, 1580
and 2700 cm™'. They correspond respectively to the D-band, due to in-plane defects in the sp?
network, the G-band due to the graphitic structure, and the 2D-band giving information on the

stacking order along the c-axis (Fig. 5.a).

(@) (b) (002)

GOllignin Ratio

-
("

\J Is GOllignin Ratio
\ 2D 100/0
~100/0]

70/30

\'/ \ 50/50 .
\ A \;,_7; ~—
\_/ ] \/

(10)
10000

70/30)
5050

30/75

e

\_ T
15/85
1585
T T T T T T T
1000 1500 2000 2500 3000 10 20 30 40 50
Raman shift (cm™) 2 theta (°)
1.0
(©) —— 15/85 —— 30/70 —— 50/50 70/30 —— 100/0 (d)
129 Gorignin 1 %
1 Ratio 0.8
0.8 - | %
1~
5 .
@ 0.6 "
S 0.6
: §
© - -
~— [v] -
2 % 0.4
= 04- 5
- =
o L]
0.2 0.2
0.0 T T T T T T T T T T T T T 0.0 T T T T T T T T T T
0 50 100 150 200 250 300 350 0 20 40 60 80 100
Azimuth (°) GO Fraction (%)

Fig 5. (a) Raman spectra, (b) XRD patterns, (¢) normalized 2D-WAXS azimuthal intensity
distributions of the (002) reflection, and (d) order parameter of the carbonized 3D-printed

structures for various initial GO/lignin ratios.

The presence of two broad G and D bands, and a low-intensity 2D band, is typical of
pyrolyzed graphene oxide [42]. The peak height of both D and G bands were evaluated to
calculate the Ip/I; ratio (Table 1). It increases from 1.03 for materials of GO/lignin ratio of
15/85 to 1.41 for pure GO-based materials. This evolution can be related to the formation of
nanocrystalline and disordered graphitic domains due to the clustering of aromatic rings
present in the lignin molecules, and to the increase of the initial GO quantity [42,43]. This
transformation also results in the decrease of the width of the bands D and G, as well as in the
increase of the 2D band when the fraction of GO increases. The crystallite lateral size L, was

evaluated according to the theory of Ferrari and Robertson [44]. The values are reported in



Table 1. L, increases with the addition of GO. However, since our systems include a mixture
of carbon precursors, the calculation of L, should be considered as a trend. Nevertheless, this
result shows the beneficial contribution of GO to promote the formation of more ordered
carbon materials [45].

Similar phenomena were confirmed by XRD measurements (Fig. 5.b). The XRD patterns
show a diffraction peak located at 260 = 26°, corresponding to the (002) crystallographic
planes of the graphitic structure. This peak suggests a reorganization of the microstructure
after carbonization with transformation of the sp3 carbon from GO [18] and lignin [28] into
sp® carbon. The average interlayer spacing d02), the stacking size of the crystalline domains
Lew02), and the number of graphitic planes per domain were evaluated using the Bragg and
Scherrer equations [46]. The results are reported in Table 1. The d (g distance appears to be
constant for all initial GO/lignin ratios. However, increasing the initial amount of lignin in
3D-printed structures results in broader (002) peaks. Thus, the crystallite dimension L.z and
the number of graphitic planes per crystallite decrease with the lignin fraction. Lignin
therefore tends to make the carbon materials more disordered. Nevertheless, the presently
investigated composites still have more ordered microstructures than those of carbon

materials obtained from pure lignin [28].

Table 1

Microstructural properties of the carbonized 3D-Printed structures, depending on the initial

GO-lignin ink formulation.

Raman XRD
GO/lignin ink Croatallic
; lati rystallite iallite stacki
onmuiation INI.G size 26 [deg] dyooz [nm] C1yr-,.talllte stacking L /dooz
Ratio size Le [nm]
Lz [nm]
15/85 1.03 11.7 2542 0.333 2.8 8.4
30/70 1.09 124 253 0.332 3.1 9.2
50/50 1.15 13.1 2548 0.334 4.4 132
70/30 1.26 14.3 25.52 0.335 6.2 186
100/0 141 16 26.05 0.342 11.2 327

The microstructural orientation of the carbonized structures was evaluated for different
GO/lignin ratios using 2D-WAXS azimuthal intensity distributions of the (002) reflection
(Fig. 5.c). For each GO/lignin ratio, two intensity peaks appear at 90° and 270°. These peaks

reveal a preferential horizontal orientation of the graphitic planes. The initial orientation of



the microstructure resulting from the extrusion is retained after carbonization, the GO flakes
potentially acting as a template for the graphitic structure [47]. The horizontal intensity
(ZHw02)) at 90° and 270° and the vertical intensity (/ypo2)) at 180° of the azimuthal intensity
distribution depend on the initial GO/lignin ratio. From these intensities, we define an order
parameter (7), according to the following equation [48].

— IH(02)~ Iv(002) 3)

TH(002)* Iv(002)

This order parameter allows a quantification of the ordering of the different samples. If the
graphitic planes have no preferential orientation, then # = 0, while # = 1 corresponds to
complete horizontal alignment. The order parameter changes from 0.27 to 0.9 with the
increase of the GO fraction (Fig. 5.d). Thus, the addition of GO in carbonized lignin-based

system promotes microstructural ordering.

The microstructural organization and arrangement of the carbonized 3D-printed objects as a
function of the initial GO/lignin ratio were also evaluated from SEM images (Fig. 6). The
initial alveolar microstructure disappears (see Fig. 3-d.1) and tends to form domains that are
more compact as the initial amount of lignin increases. In addition, the preferential horizontal
order of the microstructure seems to decrease with the amount of lignin. The internal porosity
of the 3D-printed lignin-GO structures is therefore reduced after annealing at 1000°C. This

behavior can be linked to the increase in carbon yield due to the higher amount of lignin in the

initial material.

Fig 6. SEM images of the internal microstructure of the carbonized 3D-printed structures for
various initial GO/lignin ratios: (a) 15/85, (b) 30/70, (c) 50/50, (d) 70/30, (e) 100/0. Scale
bars: (1) 50 um, (2) 5 pm.



3.5.  Physical Properties of the Carbonized 3D-Printed Lignin-GO Structures

The density of carbonized 3D-printed structures depends on the initial GO/lignin ratio (Fig.
7.a). The skeletal density of the carbon material lies between 1.7 and 1.8 g.cm™ for GO/lignin
ratios between 15/85 and 50/50. This density drops to 1.2 g.cm™ for a pure GO system. The
bulk density follows the same trends as the skeletal density for materials mainly composed of
lignin. Thus, the percentage of porosity is relatively low. This high density is due to the high
carbon yield of lignin submitted to pyrolysis. However, as the amount of GO increases, the

percentage of porosity increases significantly until it reaches 90% for pure GO structures.

The densification of the material by addition of lignin also results in the evolution of the
electrical conductivity as a function of the initial lignin-GO composition (Fig. 7.b). The
electrical conductivity displays an optimal value depending on the fraction of GO (Table 2).
This behavior can be understood by considering the density and the graphitic ordering of the
systems. The conductivity is expected to increase with the density of the material.
Nevertheless, it is also expected to increase with graphitic ordering [45,49]. The influence of
GO has therefore two opposite effects. For low amounts of GO, electrical conductivity
increases because of better ordering with addition of GO. Further addition leads to decrease
because of lower density not compensated by graphitic ordering. These two competing
mechanisms explain the optimal conductivity observed for a given amount of GO. The

electrical properties can be thus finely tuned by changing the composition of the inks.

The mechanical properties are characterized by their compressive stress-strain tests (Fig. 7.c).
The cylindrical samples are compressed until they collapse. The Young’s modulus and the
compressive strength of the 3D-printed objects increase significantly with the addition of
lignin (Fig. 7.d). However, the materials become also more brittle with a reduction in the
maximum compressive strain. This behavior can be associated with the increase in density
and the reduction of porosity for the highest levels of carbonized lignin (Table 2). In the
present system, lignin appears as a mechanical reinforcement of the carbonized 3D-printed

lignin-GO materials.
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Fig 7. Evolution of (a) electrical conductivity, (b) density, porosity, and (d) mechanical
properties depending on initial GO fraction. (c) Stress-strain curves for compression tests of

the carbonized 3D-printed structures for various initial GO/lignin ratios.

The total porosity of these 3D-printed materials is thus quite high, as soon as enough GO is
present in the formulation of the inks, as shown in Fig. 7.b. However, the voids inside the
materials themselves should be separated from the intrinsic porosity of the carbon backbone,
the latter being measured through adsorption experiments. From the nitrogen adsorption
isotherms obtained at 196°C, the surface areas were first calculated with the BET method,
which is one of the most widely used in the literature. The corresponding results are given in
Table 2. The pore size distributions (PSDs) were also obtained by applying the 2D-NLDFT-
HS method, which provides more accurate results by combining N, and CO, adsorption data
simultaneously [50-51]. By integration of the PSDs over the entire range of pore sizes [52]
(not shown), the Syzprr surface areas and the total pore volumes could be calculated and are
also presented in Table 2.

The fact that the BET surface area is much lower than that obtained by NLDFT demonstrates
the presence of extremely narrow pores, in which nitrogen used as a probe molecule cannot

efficiently diffuse. Therefore, only NLDFT values should be taken into account. But whatever



the values of surface area considered, all are quite low, as are the corresponding pore
volumes. These results are logical, since the materials were simply pyrolyzed and not
subjected to any activation process. Table 2 shows that, on average, more GO promotes the
intrinsic porosity of the carbon backbone, which might be easily developed further by any
activation process. In this way, structured activated carbons potentially useful for adsorption

purposes in reactors, or for serving as catalyst supports, would be achieved.

Table 2

Physical properties of the carbonized 3D-Printed structures, depending on the initial GO-

lignin composition.

GOf‘hg—,nm Bulk denzity ~ BET surface area  NLDFT surface area Pore volume Conductivity
ink . [g.cm-?] [m2.g1] [m2.g-1] [em?3.g-] [S.cm]
formulation
15/85 1.62 4 47 0.024 320
30/70 1.69 7 67 0.032 560.5
50/50 1.8 12 88 0.06 468
70/30 1.1 18 63 0.05 340
100/0 0.2 49 92 0.12 14

The combination of lignin and GO allows therefore the 3D printing of carbon structures with
tunable textural, mechanical and electrical properties. The present materials can behave either
as highly compressible and porous carbon aerogels, or as stiffer materials with improved

mechanical and transport properties.

4. Conclusion

We have demonstrated a strategy for developing 3D composite graphitic carbon materials by
direct-ink writing. A new ink formulation based on a lignin-GO mixture was developed. The
viscoelastic properties of the inks were found to be suitable for making uniform 3D-printed
objects. The alignment of the GO flakes was controlled during the ink extrusion. Pure GO
inks lead to the elaboration of highly compressible aerogel-like carbon structures. Although
their microstructure is well ordered, their electrical conductivity remains relatively low due to
high porosity. The presence of lignin in the precursor material allows printing denser
structures. Although less ordered at the microscopic scale, these denser structures have
improved electrical conductivity and mechanical resistance. Actually, the mechanical and

electrical properties can be finely tuned by playing with the antagonistic effects of graphitic



ordering and porosity when changing the GO to lignin ratio. The possibility of tuning

properties makes the present approach promising for a broader range of applications.
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