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Abstract 

In the present work, electrically conductive and mechanically resistant carbon structures were 

elaborated by 3D printing and subsequent pyrolysis using microfibrillated 

cellulose/lignosulfonate/cellulose powder (labeled as MFC/LS/CP) blends. The processability 

of MFC/LS/CP slurries by 3D printing was examined by rheological tests in both steady flow 

and thixotropic modes. The printed MFC/LS/CP pastes were self-standing, provided a high 

printing definition and were proved to be morphologically stable to air drying and the 

subsequent pyrolysis. Pyrolysis at a slow rate (0.2°C/min) to a final temperature ranging 

between 400 and 1200°C was used to manufacture MFC/LS/CP carbons. The TGA/DTG was 

applied to monitor the thermal degradation of MFC/LS/CP materials in blends as well as in a 

separated form. The resulting carbons were further characterized in terms of morphology, 

microstructure and physical properties (such as density, electrical conductivity and 

mechanical strength). At 900°C, MFC/LS/CP carbons displayed a high electrical conductivity 

of 47.8 S/cm together with a low density of 0.74 g/cm
3
 and a porosity of 0.58. They also 

achieved an elastic modulus of 6.62 GPa. Such interesting electrical and mechanical 

properties would lead to a promising application of MFC/LS/CP-derived biocarbons in energy 

storage devices as electrode materials in close future. 
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1. Introduction 

Over the last decade, additive manufacturing progressively evolved from the laboratory/ 

prototyping- to an industrial-process, capable of processing an ever increasing panel of 

structural and functional materials with various physical forms [1]-[3], i.e. from 

metallic/ceramic powders to food/biological hydrocolloids. Among available 3D printing 

technologies, paste/fused material extrusion emerged as one of the most versatile techniques 

for multi-material processing and it has been successfully used with carbon fiber-, carbon 

nanotubes- and graphene-reinforced polymer composites for both structural and electronic 

applications [4]-[6]. Indeed, the ability to combine materials with different functionalities in a 

single object paved the way to the additive manufacturing of new 3D printed structures 

embedding electronic devices [9]-[10]. Despite a relatively high conductivity (ranging from 

0.01 to 4.76 S/cm [6]-[8]), carbon-polymer composites are adapted for the fabrication of 

resistive/antistatic patterns, whereas high conductivity silver-based conductive inks are the 

preferred system for the deposition of conductive paths and electrodes on insulating substrates.  

Thereafter, in most cases the fabrication of highly conducting 3D structures requires the 

combination of both conductive and structural materials [9]. In order to go beyond this 

limitation, the aim of this work was to manufacture monolithic carbon objects with both 

conductive and structural functionalities using 3D printing and lignocellulosic materials as 

carbon precursors. Lignocellulosic materials represent the most abundant polymer source in 

nature and have been widely used in medical, packaging, construction and energy industries. 

In energy storage devices, biomass was usually used as “inactive” component, such as binder 

in electrodes [11], reinforcing agent in gel-polymer electrolytes [11], separator [12] or 

nanoporous template in supercapacitors [13]. More recently, its carbonaceous chars, obtained 
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after pyrolysis in inert atmosphere, have been successfully applied as an “active” electrode 

materials [14]-[16], although no further interpretation concerning their development of 

electrical conductivity during pyrolysis was given.  

Among few studies from the literature, Perepelkin [17] summarized an electrical resistivity 

decrease of nearly 12 orders of magnitude for biomass precursor heat-treated at 350°C and 

950°C, despite the fact that biomass has been considered as non-graphitizing carbon precursor. 

McDonald-Wharry et al. [18] proposed a model called “distorted graphene triad” for 

describing the microstructure of non-graphitizing carbons. Such model is composed of 3 

distinguish microstructures: regular graphite-like domains, distorted graphite regions and 

amorphous carbon phase. Rhim et al. [19] studied the electrical property development 

throughout the pyrolysis of microcrystalline cellulose (MCC) using a binary model (after 

compensation of porosity effect). The authors suggested that the increasing temperature leads 

to the continuous growth of conductive carbon clusters and upon a percolation threshold 

between 600 and 610°C with a conductive phase volume fraction of 0.39, conductive phases 

begin to make contact so that the DC conductivity become detectable. In addition to the 

improvement of electrical property by increased pyrolysis temperatures, Kercher et al. [20] 

also reported the temperature-strengthened mechanical properties by studying the 

carbonization of fiberboards. 

In the midst of various lignocellulosic materials, microfibrillated cellulose (MFC) and 

lignosulfonate (LS) have caught special attention for the elaboration of carbon precursor 

composites [19][21]. MFC are released from cellulose fibers via mechanical treatments with 

potential chemical treatment[12]. Thanks to their micro-scaled dimensions, MFC forms a 

dense fiber network with high strength [23]. LS is a water-soluble macro-polymer composed 

of a large quantity of cross-linked aromatic cycles (lignin phenyl propane units substituted 

with sulfonate groups) [24]. It is an industrial byproduct from the production of wood pulp 
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using sulfite pulping. The composites elaborated from MFC/LS slurries are self-standing with 

MFC playing the role of mechanical reinforcement whereas LS ensures the carbon yield after 

pyrolysis (LS could achieve a high carbon yield up to 50% after 800°C, compared to the 21% 

for MFC and the 3% for CP) [25]-[26]. However, a previous work [25] revealed that adding 

LS into MFC hydrogels led to either a disruption of the hydrogels’ stability after 3D printing 

due to lack of viscosity (with 10%-30% LS), or a loss of shape definition because of the long 

restauration time (with 50% LS). Since LS is an essential component to the composite due to 

its large contribution to the carbon yield [26] that is important to ensure the thermal stability 

and conductivity of as-elaborated bio-carbons, one solution to improving the hydrogels’ 

printability while keeping using a large quantity of LS in the formulation is to add appropriate 

additives. Cellulose and its derivatives were characterized to have a high viscosity and shear-

thinning property [27] in their water suspensions. Thereby, the commercial cellulose powder 

(CP) was chosen as the additive in this work. 

A screw-pump based 3D printing technic was used as the principal forming method for 

elaborating MFC/LS/CP carbon precursor, owing to the fact that all pristine materials are 

water-processable and could form appropriate hydrogel for printing. The interest of using 3D 

printing in this work mainly consists in its flexibility to produce samples in various forms and 

dimensions in order to meet different characterization purposes. For instance, as the simplest 

form, monolines were printed only for tensile tests. More excitingly, electrodes could be 

directly printed using a two-head printer with one head firstly printing a web-like structure 

then another filling the web holes with other types of hydrogel (probably electrochemistry-

strengthen components). As a result, 3D printing not only amplifies the potential applications 

of MFC/LS/CP as a printable hydrogel but also proposes an unexplored way to elaborate 

electrodes of next generation. 
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In addition to the thermal stability [28], biomass-derived carbons could acquire important 

porosity [29], interesting electrical property and mechanical strength with regard to their 

comparatively low density [30], making them a promising materials for electrodes in energy 

storage devices [31]. In the current work, the MFC/LS/CP hydrogel was firstly examined in 

hydrogel rheology. Later, the “green” carbons from MFC/LS/CP precursor were elaborated 

using 3D printing with subsequent pyrolysis and were characterized in terms of thermal 

stability, morphology, mechanical strength, electrical conductivity and microstructure 

evolution.  

2. Materials and methods 

2.1 Materials and hydrogel preparation 

2% (w/w) MFC hydrogel was provided by FCBA (Saint Martin d’  res, France). It was 

produced from bleached hardwood (birch) kraft pulp via a mechano-enzymatic protocol along 

with subsequent homogenization at high pressure. Sodium lignosulfonate (NaLS or simply LS) 

was purchased from Carl Roth GmbH + Co. KG (France).It is in the form of a brown powder 

with a sodium content reaching 9%. The elementary analysis of used MFC and LS could be 

found in a previous work [26]. High purity cellulose powder (CP) from cotton was purchased 

from Sigma-Aldrich (France) with a nominal particle size of 50 µm. All three materials were 

used as received. 

Hydrogel was prepared by adding LS and CP powder into the 2% MFC hydrogel with a mass 

ratio of 1: 49: 14 corresponding to the dry matter of MFC: LS: CP, respectively. A 

commercial planetary blender (RP10, Proline) was used to homogenize the tri-component 

hydrogel. 
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2.2 Rheological tests 

Rheological tests were conducted in two modes: simple shear mode for viscosity 

measurements and thixotropic mode for thixotropic tests. Regardless of modes, all rheological 

measurements were performed by using a rotational physical MCR 301 rheometer (Anton 

Paar) in a plate-cone configuration. A cone with 50 mm diameter and 1° angle was used and 

the gap was set to 1 mm. A transparent cover was used to prevent water evaporation during 

measurements. Temperature of the plate was maintained at 23 °C. 

Viscosity measurements were carried out for all suspensions by repeating several cycles with 

shear rate ranging between 10
-3

 and 10
3
 s

-1
 with about 10 min relaxing time between each 

cycle. Four measuring points were set for decay with 10 s between each measuring point. 

Thixotropic measurements were carried out by maintaining the shear rate at 1000 s
-1

 for 20 s 

before a sudden drop to 0.1 s
-1
. Samples’ viscosity and stress responses were recorded as a 

function of time.  

2.3 Elaboration of carbon precursors by 3D printing and subsequent air drying 

MFC/LS/CP carbon precursors were elaborated using a fused deposition modeling (FDM) 3D 

printer (Leapfrog, Creatr HS model) equipped with a screw-pump paste extruder (Wasp, 

claystruder). The tri-component slurry was stored in a syringe with the plunger being pushed 

under a steady pressure (about 1 bar) and it passed through a dispensing screw-pump before 

being printed via a 0.5 mm needle. The printing speed, the width of filament as well as the 

layer height were set to 550 mm/min, 0.6 mm and 0.33 mm, respectively, in order to attain a 

good printing definition at a relatively high printing speed. Samples printed in various forms 

and patterns (such as cylinder, disc and web) were then air-dried at ambient temperature. 

Only monolines of MFC/LS/CP mixture were printed using a 1mm needle for bending test 

purpose. They were then air-dried in ambient temperature. 
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2.4 Pyrolysis and thermal characterization by TGA/DTG 

Pyrolysis of printed and then dried composites was conducted in a tubular oven (Carbolite®, 

type 3216) under nitrogen flux. The heating program is shown in Table 1, with reference to 

Kercher at al. [20]. Chars at the exit of oven were washed by HCl solution to eliminate the 

mineral matters water by following the protocol of Takagi et al. [32]. 

The thermal stability of MFC/LS/CP composites was examined by thermogravimetric 

analysis (TGA) in a thermobalance (STA6000, Perkin Elmer) under nitrogen atmosphere. The 

temperature program has been detailed in an earlier work [26]. 

Table 1 Heat treatment program. 

T range (°C) Heating rate (°C/min) 

Dwell time at final temperature 

(min) 

Ambient~150 0.5 60 

150~400 0.2 - 

400~600 0.5 - 

600~target T (600~1000) 1 10 

 

2.5 Characterization of the resulting carbons 

2.5.1 Microscopy 

Morphological characterization was performed on the surface and sections of disc-like 

samples (except for CP) using a scanning electron microscope (FEI-Quanta 2000, ESEM
TM

). 

2.5.2 Electrical conductivity measurements 

Electrical measurements were performed on carbons in the form of disc using a four-point 

probe system (Standa 019759) by following ASTM C611-98 (2005) and ASTM F84-98.  
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The current was generated by an impendence analyzer (Jandel, model RM3). The thickness of 

samples was measured by a Vernier caliper. A correction factor was used to compensate the 

small dimensions of each sample according to the work of Smits et al. [33]. 5 disk-like 

samples were measured for each HTT (heat treatment temperature). 

2.5.3 Density measurements 

Bulk densities (geometric densities) were obtained by weighting and geometric measurements 

(disc samples). A Vernier caliper was used for geometric measurements. Skeletal density (true 

density) was measured using a gas displacement pycnometry system (AccuPyc 1330, 

Micromeritics, USA). Helium was used as displacement gas thanks to its extreme inertness 

(avoid being adsorbed) and the small molecule size (about 0.2 nm) [34], thus it can penetrate 

even the micropores in the sample. Before skeletal density measurement, samples were 

grounded in order to minimize the effect of closed porosity. 

2.5.4 Microstructural characterization 

Microstructure characterization (Raman and X-ray diffraction) was conducted only for 

1000°C-carbonized MFC/LS/CP carbon. Raman spectra were recorded using a Renishaw in-

via Raman micro-spectrometer. A 100 mw, 785 nm laser was passed through a 1% 

transmission filter before projecting a measurement spot on samples with a diameter of 

approximately 1.5 µm. A 50x objective was used and frequencies between 800 and 2000 cm
-1

 

were scanned in a synchroscan mode for each spectrum. 10 spectra were collected for each 

char sample representing 10 different measured positions. The average of 10 spectra was 

calculated to represent the Raman pattern of one sample. The spectrum of each sample was 

then smoothed and normalized to its own G-band position (around 1600 cm
-1

). As presented 

in Erreur ! Source du renvoi introuvable., 5 Gaussian peaks (at around 1200, 1330, 1500, 
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1585, 1750 cm
-1

, respectively) were assigned based on data from previous work [35]-[40] by 

considering the shape of the spectra and for the sake of highlighting the characteristic bands.  

X-ray diffraction (XRD) was used for phase and crystal structure identification. Each char, in 

the form of plate thin film, was placed on the sample holder and levelled to obtain total and 

uniform X-ray exposure. The samples were analyzed using an X-ray diffractometer (X’pert 

Pro MPD, PANalytical) at room temperature (RT) with a monochromatic CuKα radiation 

source (λ = 0.154 nm) in the step-scan mode with a 2θ angle ranging from 5° to 70° by a step 

of 0.067° and scanning time of 6.0 min. 

Diffractograms of all samples were smoothed, normalized to 2θ =70° and linear-subtracted as 

described in [10]. Average crystallite size, along c- and a- axis was determined using Scherrer 

equations [20][32][41] (Eq 1 &Eq 2): 

Eq 1                                                                                                                              

Eq 2                                                                                                                             

 

Fig 1 Assignment of Raman bands. The D band (1320 cm
-1

) is due to sp
2
 bonds in highly ordered carbonaceous 

materials (aromatic rings with not less than 6 rings), the G band (1580 cm
-1

) to sp
2
 bonds in graphitic carbons, 

the S, V and Gr bands (at 1180, 1465 and 1800 cm
-1

) to sp
2
 and sp

3
 bonds in amorphous carbons with small 

aromatic rings [38]. 
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Where   , and    are the stacking height and the lateral size of the crystallite, respectively;   

is the wavelength of the used X-ray;    and    are respectively the full width half maximum 

(FWHM) of the (002) and (100) peaks from the diffractogram of each sample, whereas    and 

   are the corresponding scattering angles. 

The interlayer spacing      was determined using Bragg’s law: Eq 3 

Eq 3                                                                                                                              

The number of crystallite layers per stack (N) was therefore calculated as: Eq 4 

Eq 4                                                                                                                               

2.5.5 Mechanical characterization by 3-point bending tests 

A dynamic mechanical analyzer DMA (TA RSA3) equipped with a three-point bending 

fixture (Lxlxh:10x12.5x19 mm) was used for mechanical characterization of MFC/LS/CP 

carbon precursor and the resulting carbons. The tested samples were 3D printed mono-lines 

that were (or not) subsequently carbonized at HTT from 400 to 1200°C. The standard of ISO 

178 was followed except for the special dimensions of the samples. The cross section of each 

samples is approximately an ellipse, as a result, the corresponding section modulus was used 

to calculate the flexural stress and strain as well as elastic modulus. The crosshead speed was 

set to 0.001 mm/s in order to obtain enough data before rupture. 3 samples were tested for 

each HTT in order to examine the inhomogeneity of the samples. For each sample, 6 different 

positions were measured in major and minor axis by a Vernier caliper for the estimation of the 

uncertainty caused by dimension measurement. The average value and the standard deviation 

of elastic modulus or peak stress were thus calculated from the 18 values. 

3. Results and discussion 

3.1 Rheological properties of MFC/LS/CP hydrogel 
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The improvement of rheological properties by the addition of CP is shown in Erreur ! 

Source du renvoi introuvable.. The viscosity still keeps the shear-thinning profile but is 

strengthened by 2-3 magnitudes due to 22% of CP (weight fraction, Wcp/(Wcp+Wwater)) added 

into the pristine MFC/LS hydrogel. More importantly, the time for network restauration is 

largely shortened, from 27 s to 4 s (since MFC/LS/CP is quite similar to pure MFC 

behavior)[15], with the presence of CP. The printing results (Erreur ! Source du renvoi 

introuvable.a)) confirmed the usability of as-formulated hydrogel.  

 

Fig 2 Rheograms a) and b) shear stress variation after a step down shear rate drop from 1000 to 0.1 s
-1

 (high 

shear rate data, t < 20 s, are not plotted since higher than 100 Pa) of the MFC/LS/CP hydrogel, compared to the 

corresponding binary one (MFC/LS). 

3.2 Macro- and micro-morphology of MFC/LS/CP precursor and the resulting carbons 

The photographs of 3D-printed MFC/LS/CP precursor composites are displayed in Erreur ! 

Source du renvoi introuvable.a). After air-drying in ambient temperature, the dry objects 

still maintain their original shape and definition without visible defects due to the evaporation 

of water. Carbons derived from their corresponding precursor are surprisingly well-shaped 

and also without major surface and sectional irregularities although a rather important 

shrinkage occurred during the pyrolysis (Erreur ! Source du renvoi introuvable.b). As a 

a) b) 
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result, the excellent morphological stability of the MFC/LS/CP carbon precursor could be 

concluded, that is the cornerstone of further characterizations of as-elaborated carbons. 

The micro-scaled morphology of the samples is presented in Erreur ! Source du renvoi 

introuvable. using a SEM. The used cellulose powder (CP) particles (Erreur ! Source du 

renvoi introuvable.a) have an average length of 50µm and look like pieces cut from the 

much longer cotton linters. Its presence in the MFC/LS/CP composite can be clearly seen 

from the surface of the latter (Erreur ! Source du renvoi introuvable..b). Such composite 

has a typically “almond chocolate” construction in which CP is more like the tiny pieces of 

almond wrapped by the “chocolate” surrounding that is made of MFC/LS. Since MFC was 

included in the composite in very small quantity and also because of its tiny dimension, it is 

less visualized than LS in the “chocolate-like” MFC/LS background. Furthermore, pyrolysis 

leads to limited changes on the sample surface except largely broadening and intensifying the 

fissures among which some seem already existed after drying (Erreur ! Source du renvoi 

introuvable.b & c). Besides, it “smooths” the surface due to the low residue of CP at 1000°C 

(confirmed by Erreur ! Source du renvoi introuvable.c).  owever, images of samples’ 

section (Erreur ! Source du renvoi introuvable.d & e) reveal an important appearance of 

macro-pores that is very likely to be the result of CP decomposition during pyrolysis by 

accounting the dimensions of pores (multi-diameters, up to 50 µm) as well as the fact that CP 

was wrapped randomly in three-dimension by the MFC/LS surrounding. The significant 

improvement of the porosity by the addition of CP in the formulation will lead to a more 

promising use of the studied bio-carbons in energy storage devices. In addition to that, it is 

worth noticing that although the sample was constructed with printed filaments(diameter = 

500 µm), no single filament was identified from the section image in micro-scale (Erreur ! 

Source du renvoi introuvable.d), signifying that all filament were molten together after 

deposition and the samples is rather homogeneous in terms of the distribution of the matter. 
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Fig 3 Photographs of: a) 3D-printed objects from MFC/LS/CP hydrogel after air-drying and b) after pyrolysis at 

1000°C 

 

Fig 4 SEM observation of: a) as-received cellulose powder (CP); b) and c) surface of MFC/LS/CP precursor 

composite and its carbon after pyrolysis at 1000°C, respectively; d) and e) transversal section of samples 

corresponding to b) and c), respectively; f) and g) a zoomed part of d) and e), respectively. 
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3.3 Analysis of pyrolytic process of MFC/LS/CP composite  

The TGA and DTG patterns of the tri-component composite are presented in Erreur ! Source 

du renvoi introuvable.a and b and are compared to those of its constituents: cellulose powder 

and the binary composite of MFC/LS. CP exhibits a typical cellulose degradation peak at 

around 325°C with the maximum reaction rate reaching 13.2%/min (or 2.64%/°C). Its thermal 

degradation profile shows no difference compared to the published one in [32] where CP of 

the same origin (Aldrich, 50 µm) was examined. One remarkable phenomenon is that the used 

cellulose powder (powder form) decomposes much more intensively than microfibrillated 

cellulose (in the form of a fibrillated web), 13.2%/min compared to 6.1%/min and reaches the 

maximum reaction rate at a slightly lower temperature (325°C with regard to 334°C, 

respectively), as shown in Erreur ! Source du renvoi introuvable.c). MFC is composed of 

smaller cellulose fibrils ( L ≈ 10 µm, D ≈ 2-50 nm [22]) than CP. Due to the huge quantity of 

inter-fibril hydrogen bonds that construct the MFC “web”, MFC decomposition is more or 

less inhibited [43]-[45]. As a result, MFC is thermally more stable than the powder formed CP. 

However, in the range of 230°C-300°C, MFC degrades slightly stronger than CP, probably 

due to its hemicellulose component [46] whose decomposition normally occurs at this 

temperature [47]. In addition to that, many other factors may also affect thermal degradation 

of cellulosic products, such as cellulose source [48], bleaching degree [49], crystallinity [50] 

and impurities [51].  

Furthermore, it is remarkable that the triplet is rather thermally stable by generally following 

the thermal profile of its most important constituent, the binary composite, except for the 

region between 200°C and 280°C. Throughout this temperature range, the reaction rate of the 

triplet is slightly higher than the binary composite, possibly due to the proportion of CP 

whose decomposition was catalyzed by the presence of Na from the binary composite by 

shifting to lower temperatures, as was proved in an earlier study [26]. The temperature shift of 
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CP could be quantified from Erreur ! Source du renvoi introuvable.a where the 

theoretically calculated curve assuming an additivity law is obtained using Fig 6 a) experimental 

and calculated DTG curves of the ternary composite MFC/LS/CP; b) effect of the sodium content on the drop 

(ΔTp) of the maximum reaction rate temperature (the point representing the triple composite is indicated by a 

flash whereas the others represent MFC/LS composites 

Eq 5. The sodium-induced temperature shift of cellulose powder is consistent with the 

previously determined linear relationship describing how sodium content influences MFC 

decomposition in MFC/LS composites, as shown in Erreur ! Source du renvoi 

introuvable.b. 
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Fig 5 TG a) and DTG b) curves of the MFC/LS/CP composite and its constituents (cellulose powder and the 

composite MFC/LS); c) a comparison of thermal degradation between CP and MFC 

 

Fig 6 a) experimental and calculated DTG curves of the ternary composite MFC/LS/CP; b) effect of the sodium 

content on the drop (ΔTp) of the maximum reaction rate temperature (the point representing the triple composite 

is indicated by a flash whereas the others represent MFC/LS composites 

Eq 5                                                                                   
                        

3.4 Characterization of MFC/LS/CP carbons  

3.4.1 Density evolution 

Erreur ! Source du renvoi introuvable. exhibits both bulk and skeletal (true) densities of 

printed MFC/LS/CP “disk” and those of its derived carbons. According to it, the skeletal 

density of MFC/LS/CP carbon precursor is only slightly higher than the bulk one, 1.53 

compared to 1.31 g/cm
3
. It should be attributed to the low porosity that exists in such 

composite, ca. 0.146, induced by air-drying (as shown in Erreur ! Source du renvoi 

introuvable.. During pyrolysis when HTT increases from 400 to 1200°C, quite different 

evolutions are observed for skeletal and bulk density. Skeletal density of the obtained carbons 

globally rises from 1.43 to 1.84 g/cm
3
 for a HTT increase from 400 to 1200°C, except for 900 

and 1000°C, for which a slight density drop is observed. As commonly reported in the 

a) b) 
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literature [52]-[55], such an increase of skeletal density with HTTs is considered as reflecting 

the continuous synthesis of highly organized carbon structures (tuborstratic structures) that are 

more compact and denser than disordered carbon [52],[53].  

 

Fig 7 Density and porosity evolution of MFC/LS/CP carbons as a function of the heat treatment temperature. 

Error bars represent data standard deviation. 

During pyrolysis, non-conjugated molecules either decompose as volatiles or convert into 

conjugated ones and the chars undergo aromatic condensation. Due to the existence of defects 

(oxygen components that are heat-resistant) and the randomly oriented graphite crystals 

(turbostratic nature), the maximum skeletal density of biochars is always below that of 

graphite (2.25 g/cm
3
) [52],[55]. 

Bulk density of biocarbons is the result of the competition between the HTT-induced weight 

loss and volumetric shrinkage. Bulk density importantly drops from 1.31 to 0.77 g/cm
3
 when 

HTT increased at 400°C. After 400°C, the bulk densities of MFC/LS/CP carbons fluctuate 

within the range of 0.68 and 0.73 g/cm
3
, which seems to be less HTT-influenced.  
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The calculated porosities also increases with HTTs (Erreur ! Source du renvoi introuvable.) 

at early stage of pyrolysis before stabilizing after 600°C, which is in agreement with the 

previous SEM observation (Erreur ! Source du renvoi introuvable.) and the literature 

[53][54]. Compared to MFC/LS carbons (not shown here), those derived from MFC/LS/CP 

precursor have significantly higher porosities, ca. 0.6 with regard to 0.37 at 1200°C. This 

value is approaching the result that was reported for wood chars [52]. The distinguished 

porosity between MFC/LS and MFC/LS/CP carbons is associated with the presence of CP in 

the formulation of the latter. According to its thermal degradation pattern in Erreur ! Source 

du renvoi introuvable.c as well as the SEM observation in Erreur ! Source du renvoi 

introuvable.e, CP nearly disappears after 600°C (carbon yield <5%) thus leading to the 

formation of the pores whose dimensions are visibly similar to those of CP particles. Thereby, 

a controlled porosity in the resulting carbons could be expected by simply a good dosage of 

CP quantity in the formulation of carbon precursor. 

3.4.2 Microstructural evolution 

The mutual evolution of the 3 identified phases (defect-free and defected graphene stacks as 

well as amorphous structures) [18] in the as-elaborated carbons provides essential information 

to understand the changes of their electrical and mechanical properties. Raman and X-ray 

analysis revealed that the structures of MFC/LS based carbons get ordered with the increasing 

temperatures (Raman band of D and G, as well as crystal size La increase with HTTs). These 

results have been detailed in a submitted paper focusing on the development of the electrical 

conductivity of these MFC/LS based carbons and its relationship with the micro-structure.  

For these 3D printed carbons, microstructure analysis was conducted only for 1000°C-

carbonized MFC/LS/CP carbon with comparison to MFC/LS carbon under same synthesis 

conditions. As shown in Erreur ! Source du renvoi introuvable. and Fig 8 a) Raman spectrum 
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and b) XRD diffractogram of 1000°C-synthesed MFC/LS/CP carbon, compared to the corresponding MFC/LS 

carbon. 

Table 2, both carbons present similar profiles in Raman spectra and XRD diffractograms, 

owing to their same fundamental constituents. Nevertheless, the small difference in 

proportions between LS-based precursor and cellulose-based precursors (MFC and CP) as 

well as their different aromatic condensation mechanisms during pyrolysis still led to a slight 

distinction in microstructural parameters as shown in Fig 8 a) Raman spectrum and b) XRD 

diffractogram of 1000°C-synthesed MFC/LS/CP carbon, compared to the corresponding MFC/LS carbon. 

Table 2.  

  

Fig 8 a) Raman spectrum and b) XRD diffractogram of 1000°C-synthesed MFC/LS/CP carbon, compared to the 

corresponding MFC/LS carbon. 

Table 2 Structural parameters MFC/LS/CP and MFC/LS carbons obtained at 1000°C calculated using Raman 

and XRD spectra and Eqs. 1-4.  

Precursor  

LS 

proportion 

(%) 

d002 (nm) Lc (nm) La (nm) N 
Raman band 

ID+G/Itotal 

MFC:LS:CP=1:49:14 76.6 0.37 0.81 3.22 3.2 0.4768 

MFC:LS=1:5.25 84 0.38 0.86 3.39 3.2 0.5047 
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At 1000°C, MFC/LS/CP carbon contains less LS, 76.6% compared to 84% in MFC/LS carbon, 

which resulted the smaller size of graphene stacks and higher content of ordered structures 

(D+G ratio) although to a very limited degree. 

3.4.3 Electrical conductivity 

The bulk and the calculated skeletal conductivities (using Fig 9 Bulk and skeletal electrical 

conductivity of MFC/LS/CP carbons plotted as a function of the heat treatment temperature (HTTs). The 

conductivity of MFC/LS carbon obtained at 1000°C is given for comparison. 

Carbon skeletal conductivity was calculated according to an open foam model [57]: 

Eq 6 [19][20][56]) of MFC/LS/CP carbons are displayed in  

. According to it, both skeletal and bulk conductivity of MFC/LS/CP carbons are highly HTT-

depended and present 3 different regions [18][19]: i) the appearance of mutual contacts 

between conductive carbon clusters when 600°C ≤ HTT ≤ 700°C for which the skeletal 

electrical conductivity underdoes a sharp rise of 3 orders of magnitude, ca. from 0.001 to 

1.054 S/cm; ii) the steady intensification of such contacts which arises from the growth of the 

conductive clusters for 700≤HTT≤1000, leading to a continuous improvement of the electrical 

conductivity from 1.1 to 164.6 S/cm ; iii) the slowed-down increase of the conductivity due to 

the already established current pathways that will be less-influence by the growth of 

conductive clusters for HTT>1000°C. Moreover, the difference between the bulk and skeletal 

density that increases at elevated HTT confirms the fact that the resulting carbons possess a 

more and more important porosity during pyrolysis, as revealed by density measurement 

(Erreur ! Source du renvoi introuvable.). At 1000°C, MFC/LS carbon has a slightly higher 

skeletal conductivity than MFC/LS/CP carbon, 173.5 S/cm with regard to 164.6 S/cm. Such a 

difference collaborates with the previous observations in Fig 8 a) Raman spectrum and b) XRD 

diffractogram of 1000°C-synthesed MFC/LS/CP carbon, compared to the corresponding MFC/LS carbon. 
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Table 2 that MFC/LS owns slightly larger size of graphene stacks and higher structural 

ordering (represented by D+G band ratio), that have been proved to be positively correlated 

with the electrical conductivity that is developed in engineering carbons during pyrolysis [40]. 

 

Fig 9 Bulk and skeletal electrical conductivity of MFC/LS/CP carbons plotted as a function of the heat treatment 

temperature (HTTs). The conductivity of MFC/LS carbon obtained at 1000°C is given for comparison. 

Carbon skeletal conductivity was calculated according to an open foam model [57]: 

Eq 6                                                                                                   
 

 
       

 

 
      

    

Where  and s are the bilk and skeletal conductivities and    and    are the bulk and the 

skeletal densities. 

3.4.4 Mechanical properties  

Pyrolysis-induced modifications of the mechanical strength of MFC/LS/CP samples were 

characterized by 3-point bending test. Despite the occasionally important deviation which is 

caused by the commonly reported heterogeneity [30][58][59] of engineering carbons (due to 
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disordered or turbostratic carbon structures), the results shown in Erreur ! Source du renvoi 

introuvable. display a strongly HTT-dependent mechanical behavior for as-produced carbons 

Whether carbonized or not, MFC/LS/CP are elasticity-dominated materials with no plastic 

zone except for non-carbonized ones for which a short plastic zone just before rupture was 

observed. The slope, known as elastic modulus Ef, and the peak stress from each stress-strain 

curve are exhibited as function of HTTs in Erreur ! Source du renvoi introuvable.a and b. 

MFC/LS/CP carbon precursor exhibits a flexural elastic modulus of 4.05 GPa and a peak 

stress of 23.5 Mpa, according to Erreur ! Source du renvoi introuvable.. Compared to the 

precursor, the carbonaceous char obtained at 400°C lose much mechanical strength reflecting 

in both elastic modulus and peak stress. It is associated with the intensive mass loss due to 

devolatilization that the char suffers from during this temperature range. The diminished 

mechanical property also coincides with the decrease of the skeletal and bulk density of 

MFC/LS/CP at 400°C (Erreur ! Source du renvoi introuvable.). When HTT increases to 

600-900°C, the temperature-strengthened mechanical properties become visible. Both flexural 

modulus and peak stress rise quite linearly with HTTs and reach their maximum (6.6 GPA 

and 29.8 MPa, respectively) at 900°C. After 900°C, further carbonization is found to lower 

the mechanical strength of the carbons. 
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Fig 10 a) Elastic modulus and b) peak stress of MFC/LS/CP monolines pyrolyzed at different HTTs from 3-point 

bending tests; c) the flexural stress-strain profile of the samples; d) calculated skeletal elastic modulus with 

comparison to bulk ones. Error bars represent data standard deviation. 

A linear-elastic beam deflection model was used to approximate the flexural modulus of the 

hard carbon of MFC/LS/CP [20]Erreur ! Source du renvoi introuvable., as shown in Eq 7: 

Eq 7                                                                                                                               
  

Where   and    correspond to the bulk and skeletal elastic modulus of the carbon;   and    

are respectively the bulk and skeletal density. The approximate Young’s modulus data of the 

MFC/LS/CP hard carbon are displayed in Erreur ! Source du renvoi introuvable.d. Because 

of the porosity effect, the skeletal modulus is found to be higher than the bulk one and the 

difference between them is largely pronounced throughout the HTT range of 600-1200°C 
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where the porosity is also intensively present. The resulting hard carbon achieves the best 

Young’s modulus as high as 38.4 GPa at 900°C, that is nearly 1.5 higher than that of 

polycrystalline graphite (27 GPa [20]Erreur ! Source du renvoi introuvable.). 

4 Conclusion  

The current study examined the feasibility of manufacturing electrically conductive and 

mechanically resistant carbon structures by 3D printing and subsequent pyrolysis using 

MFC/LS/CP formulation. MFC, LS and CP are purely bio-sourced materials. Their water-

processing and interesting rheological properties (high viscosity, shear-thinning profile and 

the short relaxation time) account for the success of manufacturing well-shaped hydrogels by 

3D printing in the present work. The printed MFC/LS/CP hydrogels were proved to be 

morphologically stable to air drying and to the subsequent pyrolysis. Owing to the presence of 

CP that is thermally less-stable, the resulting carbons exhibit improved porosity at elevated 

HTTs, compared to MFC/LS carbons. Such an increase in porosity and in the material 

specific surface area is supposed to promote the use of MFC/LS/CP carbons in energy storage 

devices owing to an increased interfacial area between the charge carrier (electrolyte) and the 

carbon-based electrode. At 900°C, MFC/LS/CP carbons not only result in a high electrical 

conductivity of 47.8 S/cm coupled to a low bulk density of 0.74 g/cm
3
 (corresponding to a 

porosity of 0.58), but also achieve an elastic modulus of 6.6 Gpa. It is believed by authors that 

the interesting electrical and mechanical results obtained will lead to a promising application 

as electrode materials for MFC/LS/CP biocarbons in close future. 
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