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Introduction

Environmental awareness and cost constraints have led to a growing demand for renewable carbon materials. Increasing research activities in the field are dedicated to a variety of potential applications. Especially for carbon fibers, renewable precursor materials represent an important approach to reduce raw material costs. Nowadays, conventional carbon fibers made from polyacrylonitrile (PAN) and pitch are rather used for high value applications where cost factors are less important. However, industry demands their use in composites for mass-market applications (e.g. automotive, wind energy, sporting goods), which is why biopolymers are considered important candidates for alternative carbon materials. [START_REF] Frank | Carbon Fibers: Precursor Systems, Processing, Structure, and Properties[END_REF][START_REF] Huang | Fabrication and Properties of Carbon Fibers[END_REF][START_REF] Chand | Review carbon fibers for composites[END_REF] Cellulose and lignin for instance are frequently studied raw materials for low-cost carbon fibers.

Although the ones based on cellulose are generally more developed, they exhibit rather weak mechanical properties and low carbonization yields of 10-30 %. [START_REF] Frank | Carbon Fibers: Precursor Systems, Processing, Structure, and Properties[END_REF][START_REF] Huang | Fabrication and Properties of Carbon Fibers[END_REF][START_REF] Chand | Review carbon fibers for composites[END_REF] Lignin bears higher carbonization yields of up to 40-50 %, which is the main reason why it is more attractive for economical processing. [START_REF] Baker | Recent advances in low-cost carbon fiber manufacture from lignin[END_REF] Lignin is a widely abundant natural resource mostly occurring as a by-product in the paperand biofuel industry. [START_REF] Baker | Recent advances in low-cost carbon fiber manufacture from lignin[END_REF][START_REF] Vishtal | Challenges in industrial applications of technical lignins[END_REF][START_REF] Brodin | Chemical properties and thermal behaviour of kraft lignins[END_REF][START_REF] Souto | Lignin-based carbon fiber: a current overview[END_REF][START_REF] Brodin | Oxidative stabilisation of kraft lignin for carbon fibre production[END_REF] During its extraction from cellulose, different techniques may lead to different chemical compositions and thus to different types of lignin. [START_REF] Vishtal | Challenges in industrial applications of technical lignins[END_REF] The most abundant one of fairly high purity is Kraft lignin derived by the Kraft pulping process from the paper industry. This type promises the highest potential for commercialization. [START_REF] Olsson | Carbon fibres from precursors produced by dryjet wet-spinning of kraft lignin blended with kraft pulps[END_REF][START_REF] Fang | Manufacture and application of lignin-based carbon fibers (LCFs) and lignin-based carbon nanofibers (LCNFs)[END_REF] Another frequently used lignin type of lower purity is lignosulfonate extracted by sulfite pulping, which is often found water-soluble thanks to its polar functional groups. [START_REF] Vishtal | Challenges in industrial applications of technical lignins[END_REF] Lignin fibers prepared by melt-spinning, wet-spinning and dry-spinning can be found in literature. [START_REF] Dallmeyer | Lignin-based Carbon Fibers[END_REF] Usually, the branched and non-linear molecular structure of lignin and its low molecular weight (Kraft lignin ≤ 25 kg mol -1 , lignosulfonates ≤ 150 kg mol -1 [START_REF] Vishtal | Challenges in industrial applications of technical lignins[END_REF] ) complicate the spinning process and lead to a high fiber brittleness. [START_REF] Ogale | Recent advances in carbon fibers derived from biobased precursors[END_REF] Although a few examples of pure lignin fibers do exist, [START_REF] Baker | On the characterization and spinning of an organic-purified lignin toward the manufacture of low-cost carbon fiber[END_REF][START_REF] Zhang | Carbon fibers from dry-spinning of acetylated softwood kraft lignin[END_REF][START_REF] Nordström | A new softening agent for melt spinning of softwood kraft lignin[END_REF] high molecular weight polymers are often blended with lignin to assist the spinning and to improve the overall properties of the resulting fibers. [START_REF] Frank | Carbon Fibers: Precursor Systems, Processing, Structure, and Properties[END_REF][START_REF] Ogale | Recent advances in carbon fibers derived from biobased precursors[END_REF][START_REF] Kadla | Lignin-based carbon fibers for composite fiber applications[END_REF][START_REF] Kubo | Lignin-based Carbon Fibers: Effect of Synthetic Polymer Blending on Fiber Properties[END_REF][START_REF] Rosas | Preparation of Different Carbon Materials by Thermochemical Conversion of Lignin[END_REF] Especially in wet-spinning, the addition of a spinning aid is crucial for the fiber formation. Lignin-PAN blends and -co-polymers [START_REF] Seydibeyoğlu | A Novel Partially Biobased PAN-Lignin Blend as a Potential Carbon Fiber Precursor[END_REF][START_REF] Maradur | Preparation of carbon fibers from a lignin copolymer with polyacrylonitrile[END_REF][START_REF] Bissett | Lignin/polyacrylonitrile-containing dopes, fibers, and methods of making same[END_REF][START_REF] Dong | Polyacrylonitrile/lignin sulfonate blend fiber for low-cost carbon fiber[END_REF][START_REF] Liu | Processing, Structure, and Properties of Lignin-and CNT-Incorporated Polyacrylonitrile-Based Carbon Fibers[END_REF][START_REF] Liu | Stabilization kinetics of gel spun polyacrylonitrile/lignin blend fiber[END_REF][START_REF] Xia | Preparation and Characterization of Lignosulfonate-Acrylonitrile Copolymer as a Novel Carbon Fiber Precursor[END_REF] as well as lignin-cellulose mixtures [START_REF] Jia | Lignin/Polyacrylonitrile Composite Hollow Fibers Prepared by Wet-Spinning Method[END_REF][START_REF] Lehmann | Method for the production of lignin-containing precursor fibres and also carbon fibres[END_REF][START_REF] Ma | High-Strength Composite Fibers from Cellulose-Lignin Blends Regenerated from Ionic Liquid Solution[END_REF] or lignin-polyvinyl alcohol blends [START_REF] Lu | Effect of the Coagulation Bath on the Structure and Mechanical Properties of Gel-Spun Lignin/Poly(vinyl alcohol) Fibers[END_REF] are possible examples, among others.

By means of wet-spinning, also infusible lignin grades (as e.g. softwood Kraft lignin) can be fabricated into precursor fibers. In this case, the thermal pyrolysis treatment for carbonization may be performed with or without previous stabilization under air. Furthermore, the aromatic ** A. M. Helmenstine, ' structure of lignin, which is already partially cross-linked, usually facilitates the process. [START_REF] Vishtal | Challenges in industrial applications of technical lignins[END_REF][START_REF] Ogale | Recent advances in carbon fibers derived from biobased precursors[END_REF][START_REF] Rosas | Preparation of Different Carbon Materials by Thermochemical Conversion of Lignin[END_REF] The interest of reducing the stabilization step is based on important cost advantages for industrial carbon fiber processing.

However, the obtained properties of carbonized lignin fibers are still insufficient for highperformance applications. The main reason is their amorphous carbon structure, which is linked to the amorphous nature of lignin itself. [START_REF] Frank | Carbon Fibers: Precursor Systems, Processing, Structure, and Properties[END_REF][START_REF] Ogale | Recent advances in carbon fibers derived from biobased precursors[END_REF][START_REF] Ferrari | Interpretation of Raman spectra of disordered and amorphous carbon[END_REF] The resulting fiber structure is hence only poorly organized and bears only low electrical-and mechanical properties. Therefore, attempts to improve the carbon structure of lignin by means of graphene oxide (GO) flakes are made in this work. Unlike graphene, GO can be easily dissolved in water and in polar organic solvents, in which it forms liquid crystalline phases. [START_REF] Xu | Aqueous Liquid Crystals of Graphene Oxide[END_REF][START_REF] Lin | Graphene oxide liquid crystals: synthesis, phase transition, rheological property, and applications in optoelectronics and display[END_REF] By using GO solutions as spinning dopes, they can easily be wet-spun into GO fibers. The resulting structure and properties of these fibers are extremely promising thanks to an alignment of GO flakes in fiber axis induced by the flow during spinning. [START_REF] Xu | Graphene fiber: a new trend in carbon fibers[END_REF][START_REF] Xu | Ultrastiff and strong graphene fibers via full-scale synergetic defect engineering[END_REF] Due to the high complexity of lignin fiber wet-spinning, our work initially focused on carbon films made from lignin and GO. As a first approach, the mixing behavior of GO with lignin was studied in solution prior to preparation of solid lignin-GO films. After carbonization, these films served as model systems for lignin-GO based carbon materials. The impact of the GO flakes on the structure and properties of lignin-based carbon films was characterized by electron microscopy, X-ray diffraction-and conductivity measurements. We demonstrate enhanced structuration in lignin-GO based carbon films through addition of GO liquid crystals. Furthermore, we prove the same concept for an example system of lignin-GO carbon fibers prepared by wet-spinning.

Experimental

Preparation of lignin-GO solutions and phase diagram

The lignin-GO mixtures were prepared from two separate stock solutions of lignin and GO in dimethyl sulfoxide (DMSO, Scharlau). A commercial GO solution at 0.4 wt% in water (Graphenea) with a GO flake size of < 10 µm (according to datasheet) was homogenized by sonication, and concentrated by two centrifugation steps (1400 g, 20 min + 50440 g, 60 min).

The first centrifugation was used to separate and remove aggregated GO flakes from the solution. The supernatant was then used for the second centrifugation, during which a concentrated GO-gel was formed at the bottom of the tubes. By removing the water in the upper phase, replacing it with DMSO and redissolving the GO respectively, an exchange of solvent was performed by means of centrifugation. Additionally to the centrifugation of GO in water, two more centrifugation steps were performed (each at 50440 g for 120 min). After two re-dissolution steps with subsequent centrifugation, it was assumed that all water residues had been removed with the supernatants, leaving behind a GO-gel in DMSO. The lignin solution in DMSO was prepared by direct dissolution of the softwood Kraft lignin raw material (extracted from pine, provided by FCBA) at 10, 20, 30 and 40 wt%. Afterwards, they were mixed with the prepared GO-gels diluted to different concentrations in the desired ratios with magnetic stirrer bars at room temperature until homogeneous blend solutions were obtained.

The phase behavior of the blend solutions was investigated by polarized optical microscopy (POM) between crossed polarizers on a microscope Axio Scope.A1 (Zeiss) in transmission mode.

Preparation of lignin-GO films

Blend solutions of lignin and GO in DMSO were prepared as described above in different ratios based on selected points of the phase diagram (see Figure 1). The proportions in the blend solutions are listed in Table 1. The homogeneity and the phase behavior of the mixtures were evaluated by optical microscopy under normal light and polarized light. The blend solutions were then filled into Teflon ® molds and subsequently dried under vacuum. By evaporation of the solvent at 100 °C and at 80 mbar for 12-16 h, solid lignin-GO films were obtained (see proportions in Table 1).

Carbonization of lignin-GO films

Thermogravimetric analysis (TGA) was performed on a TGA 5500 instrument (TA Instruments) under nitrogen at a heating rate of 5 °C min -1 . The samples were heated with an isotherm at 45 °C during 1 h to remove potentially adsorbed water.

Carbonization was performed by heating the films to 1200 °C under argon by means of a static carbonization oven (Adamel Lhomargy FN 50 No. 4992). The films were placed inside a ceramic mold and protected with ceramic plates to prevent them from moving with the argon gas flux. Two linear heating rates of 2.5 °C min -1 and 5 °C min -1 and one heating ramp divided into two parts (0. 

Characterization of lignin-GO films

The morphology of the obtained films before and after carbonization was visualized with a scanning electron microscope (SEM) HITACHI TM3030 after gold-palladium metallization with a Quorum SC7620 to enhance the image contrast. The samples were fixed on a sample holder in a way that the cross-sections and the surfaces of the films could be characterized respectively.

X-ray diffraction (XRD) measurements were performed on a Rigaku Nanoviewer (MicroMax 007HF) with a rotating anode coupled to a confocal Max-Flux® Osmic mirror operating at a wavelength of 1.5418 Å. The recorded spectra were corrected by subtraction of the reference noise.

The electrical conductivity of the carbonized films was determined by cutting them into rectangles and fixing two opposing sides onto a glass substrate by means of conducting silver ink. The electrical resistance R of the films was measured with an electrometer (Keithley 6517B) operating at 0.1 V. The sample geometry (length and width) was determined with a sliding caliper, whereas the sample thickness was measured based on SEM images. From the obtained values, the cross-sectional surfaces S of the samples were calculated respectively.

Based on equation 1, the resistivity was calculated from the measured values, which is inversely proportional to the electrical conductivity σ (see equation 2). (50440 g, 120 min). The two separate stock solutions were then mixed in different ratios depending on the desired concentration in the dried fibers. Mixing was performed with magnetic stirrer bars at room temperature until homogeneous blend solutions were obtained.

By optical microscopy under normal light and polarized light, the homogeneity and the phase behavior of the mixtures were verified.

The lignin-GO spinning dopes were injected by means of a syringe pump into a turning beaker containing ethanol as the coagulation bath. The formed fibers were removed with tweezers and dried under a fume hood at room temperature for 24 hours.

Results and discussion

The combination of lignin with graphene oxide (GO) for carbon materials with enhanced structuration and for wet-spinning applications has first been studied in solution. The miscibility of the two components and the phase behavior of GO in presence of lignin was investigated. Based on these findings, solid films and fibers were prepared from the lignin-GO solutions and the resulting properties before and after carbonization were characterized.

Lignin-GO phase diagram

A possible and common way to study and visualize the interactions between two components in a mixture is the preparation of a phase diagram. Various phase diagrams of pure GO already exist, for instance depending on its concentration in solution or its flake size. [START_REF] Kim | Graphene oxide liquid crystals[END_REF] A few studies of the interaction between GO and polymeric compounds are also reported in literature. For instance, a phase diagram for mixtures of GO and polyethylene glycol (PEG) has been reported by Shim et al. [START_REF] Shim | Wide concentration liquid crystallinity of graphene oxide aqueous suspensions with interacting polymers[END_REF] A combination of lignin and GO in composite films has recently been reported by Tran et al. [START_REF] Tran | Sustainable Energy-Storage Materials from Lignin-Graphene Nanocomposite-Derived Porous Carbon Film[END_REF] However, the interactions between the two components in solution have not been studied.

In this work, we therefore focus on the phase behavior of lignin and GO (depending on their respective concentrations). The used softwood Kraft lignin was found to be soluble in DMSO at high concentrations. In order to prepare mixtures with GO, a solvent exchange from water to DMSO was performed for the GO solution. The GO solutions are thermodynamically stable, as opposed to graphene and reduced graphene oxide dispersions which are generally metastable. [START_REF] Neklyudov | New insights into the solubility of graphene oxide in water and alcohols[END_REF] The maximum concentration of the solution in DMSO being limited, GO concentrations only up to 1.8 wt% (and less in the mixtures) were investigated. The resulting phase diagram based on the mixed lignin-and GO solutions shows the GO liquid crystalline phase as a function of GO-and lignin concentration (see Figure 1). Despite the presence of lignin in high concentrations, liquid crystalline phases of GO were recognized by means of polarized optical microscopy (POM). Through crossed polarizers in POM, birefringence of liquid crystalline phases can usually be visualized, as shown through example images in Figure 1. In the isotropic phase (Figure 1a) and thus at low concentration of GO flakes, a lack of molecular orientation results in completely dark images. A few bright spots which were found in the samples indicate the presence of birefringent multilayer impurities remaining from the graphite raw material. These aggregates were also recognized on optical micrographs under unpolarized light, as shown in Figure S1 (supporting information) and indicated by the provider. Within the biphasic isotropic-nematic coexistence at higher GO concentrations, nematic domains can be recognized in some areas of the POM images (Figure 1b). At even higher GO concentrations, in the nematic phase, large areas with a more uniform texture suggest a regular orientation of the GO flakes throughout the sample (Figure 1c). In some areas, patterns were created in the samples due to shear when confined between glass slides.

The patterns reflect the presence of different types of defects. [START_REF] Luo | Nematic Order Drives Macroscopic Patterns of Graphene Oxide in Drying Drops[END_REF] The phase transition from isotropic to nematic was found to occur over a broad concentration range of about 0.083-0.56 vol% (assuming a GO density of 1.8 g/cm 3 as in Zamora-Ledezma et al. [START_REF] Zamora-Ledezma | Liquid Crystallinity and Dimensions of Surfactant-Stabilized Sheets of Reduced Graphene Oxide[END_REF] ). This broad range is due to the high polydispersity of the samples. According to Onsager model, the isotropic-nematic transition of monodisperse and rigid platelets is expected at a volume fraction given by 4t/d, where t and d are the thickness and diameter of the platelets. Taking a value of t = 0.5 nm [START_REF] Zamora-Ledezma | Liquid Crystallinity and Dimensions of Surfactant-Stabilized Sheets of Reduced Graphene Oxide[END_REF][START_REF] Poulin | Superflexibility of graphene oxide[END_REF] , and a typical transition at a volume fraction of 0.1 % (in the range of the experimentally observed transition), we would expect the diameter of the platelets to be 2000 nm. This is a reasonable value considering that the flakes have been sonicated for homogenization of the solutions. [START_REF] Poulin | Superflexibility of graphene oxide[END_REF][START_REF] Coleman | Manipulation and quantification of graphene oxide flake size: Photoluminescence and cytotoxicity[END_REF] It has to be mentioned that the evaluation of the POM images was generally difficult to perform. Due to a lack of resolution of the microscope and because of only small differences ** A. M. Helmenstine, ' between the samples, the phase diagram is considered to demonstrate only tendencies. Many factors influencing the phase behavior of the investigated system, such as GO polydispersity and aspect ratio, charge density, aggregation due to centrifugation and homogeneity of the mixtures further complicate the evaluation. The main trend of our phase diagram however remains clear: the phase transitions of GO in presence of lignin do still exist. Particularly, lignin does not induce a phase separation or aggregation of the GO flakes via depletion mechanisms. This result suggests that lignin and GO are compatible in a way that homogeneous materials can be prepared from blend solutions. Furthermore, the formation of liquid crystalline phases of GO in solution possibly leads to an enhanced structuration inside the resulting materials, such as composite films and -fibers presented in this work.

Lignin-GO Films

Based on the results obtained for blend solutions of lignin and GO, some of the combinations were selected to prepare composite films by evaporation of the solvent. An overview of the chosen combinations of lignin-GO films is given in Table 1. The obtained films were carbonized and their structure and properties were investigated by means of scanning electron microscopy (SEM), X-ray diffraction (XRD) and electrical conductivity measurements. thermal decomposition of infusible softwood lignin in three stages. [START_REF] Zhao | Thermal degradation of softwood lignin and hardwood lignin by TG-FTIR and Py-GC/MS[END_REF] The mass loss at temperatures below 180 °C could mainly be attributed to the release of physically adsorbed water. Between 180 °C and 300 °C, phenolic compounds were found to be some of the main volatiles released, while during the third pyrolysis stage at temperatures above 300 °C, mostly CO2 and CH4 gaseous compounds were detected. The formation of these gases was mainly attributed to cleavage of lignin functional groups (methoxyl-, ether-, carboxyl-and carbonyl groups). [START_REF] Zhao | Thermal degradation of softwood lignin and hardwood lignin by TG-FTIR and Py-GC/MS[END_REF] Figure 2: TGA results performed under nitrogen on selected films from lignin (L) and graphene oxide (GO); the carbon residues were directly compared with those of the pure components After heating under nitrogen at 1000 °C and 1200 °C, pure lignin-and GO components form carbon residues of around 40 % (pure lignin: 43 %, pure GO: 41 %). A direct comparison between the pure components and the films is given in Figure 2. It can be stated that the carbon residues of the lignin-GO films (at both ratios of 80:20 and 20:80), were found to be at around 52 % and thus higher than those of pure lignin and pure GO. This result suggests a synergistic effect between these two components. Additional hydrogen bonds may be created upon mixing of lignin and GO due to the presence of hydroxyl-, carbonyl-, methoxyl-and carboxyl functional groups at their surfaces. [START_REF] Vishtal | Challenges in industrial applications of technical lignins[END_REF] They can also be linked through covalent ester bonds. A high affinity between the two materials may give their films a higher resistance against degradation.

Different heating rates were applied for the carbonization in order to study their influence on the quality of the obtained carbon films based on lignin and GO. Two linear heating ramps (2.5 °C min -1 and 5 °C min -1 ) and one heating ramp divided into two parts (0.5 °C min -1 + 1 °C min -1 ) were applied. The latter one was selected based on the thermal degradation profiles of the films obtained by TGA under nitrogen. The heating rate for the temperature range below 400 °C was decreased in order to provide more time for the samples to undergo the pyrolysis process as described above.

Carbon film morphologies

By observation with bare eyes, it was recognized that the brittleness of the carbonized films strongly increased with increasing lignin contents (see Figure 3a). The SEM images revealed a homogeneous morphology of the lignin-GO films, but depending on their composition, more or less pronounced porosity could be observed on their surfaces. Besides, a crumpled surface was observed for films at GO contents ≥ 40 %. The morphology of the film crosssections suggests an organization of GO planes in several layers, whereby these were found more densely packed with increasing GO concentrations (see Figure 3b-e). The film prepared only from lignin showed a smooth and dense surface and the addition of lignin to GO even seemed to densify the obtained films. Xu&Gao characterized freeze-dried GO solutions with SEM images and found more oriented GO textures for samples prepared from more concentrated GO solutions. [START_REF] Xu | Aqueous Liquid Crystals of Graphene Oxide[END_REF] In our case however, we assume that the slow solvent evaporation transformed all the blend solutions into a nematic phase before solidification into films. Therefore, clear differences in orientation did not become evident because of our chosen preparation technique (different from freezedrying).

As mentioned previously, different heating rates were applied to the films in order to study the influence on the obtained carbon structure. Two different compositions of lignin-GO 80:20 and 20:80 were characterized. The heating rate seems to have an important impact on the porosity of the obtained films, since larger pores were found at lower heating rates (see Figure 4). The films heated at a fast rate of 5 °C min -1 did not show any pores at a given SEM resolution, although it is possible that very small pores would become visible when characterizing the films at higher resolution. However, it can be stated that the pore size within lignin-GO carbon films seems to be related to the heating rate used for carbonization.

At lower heating rates (0.5-1 °C min -1 ), the films undergo a slower decomposition associated to the release of gaseous compounds (CO2, O2, CH4 etc.) [START_REF] Zhao | Thermal degradation of softwood lignin and hardwood lignin by TG-FTIR and Py-GC/MS[END_REF] and thus may form larger pores, whereas at higher rates (5 °C min -1 ), the decomposition process may be accelerated in a way that smaller pores are formed. (3)

Due to the fact that pure lignin carbon films did not show any porosity at the given resolution (see Figure 3e), lignin seems to have a positive effect on the overall porosity of lignin-GO composite films. Due to a low impurity content of the used Kraft lignin and possibly a high compatibility with GO in solution (see phase diagram in Figure 1), films based on lignin and GO seem to be a promising candidate to obtain homogeneous and dense carbon structures with an increased structuration.

Carbon Structure

The impact of GO flakes on the carbon structure of pyrolysed lignin-GO mixtures was studied by X-ray diffraction (XRD) measurements. The spectra of pure GO, pure lignin and different GO-lignin films were compared before and after carbonization (see Figure 5). From the graphs in Figure 5a, a clear diffraction peak at a scattering angle 2-Theta of 10-11° corresponding to the 001 peak of GO flakes can be recognized for the pure GO films before carbonization. This GO peak was not observed with the addition of lignin, either because the regular stacking of GO flakes is altered by the presence of lignin, or because of dilution and greater spacing between the flakes. Such a dilution would result in a shift of the peak towards small angles not accessible in our experiments. Besides, diffraction peaks at 42° were found in all samples except the pure lignin film, both before and after carbonization (compare spectra in Figure 5a and-b). This scattering angle corresponds to the in-plane ordering of a hexagonal lattice (d100 of graphite). Considering the XRD spectra of the films after carbonization (see Figure 5b), well defined diffraction peaks of graphite at 26°, corresponding to d002, can be detected in all films containing GO. The position at 26° indicates the existence of dense graphitic domains in all lignin-GO films. The peaks appear qualitatively to be sharper for the highest GO content. In comparison, the pure lignin film displays only a broad peak, showing a poor graphitization. Depending on the lignin-GO ratios, the intensity of the graphite diffraction peak seems increased and its width slightly decreased at higher GO contents. These results suggest larger graphitic domains with larger carbon crystal sizes in films with higher GO contents. The concept of an improved ordering in lignin-based carbon through GO flakes seems valid even for a low GO content of 20 %. However, the broad overall shape of the diffraction peaks still indicates a poor crystallinity of the graphitic domains inside the films. The impact of the heating rates used for carbonization on the obtained XRD spectra was investigated for the carbon films lignin-GO 80-20 and 20-80. Three different heating rates were applied (5 °C min -1 , 2.5 °C min -1 and 0.5 +1 °C min -1 ) and from SEM images an increased pore size in the carbon films after slow carbonization was observed (see Figure 4). It becomes clear that for both ratios within lignin-GO films, the films carbonized at 2.5 °C min -1 exhibit the sharpest diffraction peaks at 26°, suggesting the existence of more ordered graphitic domains (see Figure 6). It can be noted that these domains are found larger and of larger crystal size at a higher GO content compared to a higher lignin content. After a fast heating rate during carbonization (5 °C min -1 ), the resulting diffraction peaks are potentially shifted towards lower angles of ≤ 20°, whereas at a slow carbonization (0.5 +1 °C min -1 ), a peak at 26° of reduced intensity and a peak around 20° coexist. These results suggest on the one hand that a fast heating process may not provide enough time for the formation of graphitic domains during carbonization. On the other hand, a very slow heating process may provoke an increased degradation of the samples, thus hindering the carbon structure formation. Consequently, an intermediate heating rate was found to be the most suitable way to obtain large and dense graphitic domains within carbonized lignin-GO films.

According to the film morphologies, this rate also led to the lowest porosity on the carbon film surfaces (see Figure 4). It can thus be concluded that a carbonization rate of 2.5 °C min -1 resulted in lignin-GO-based carbon films with the highest quality. It can be concluded that graphitic domains based on GO flakes can be introduced inside films made of originally amorphous lignin-based carbon. The lack of macroscopic orientation of these multiple domains is related to the preparation method of the films, since no particular direction is induced during solvent evaporation. However, regarding carbon fiber applications, an alignment of GO liquid crystals can be expected during wet-spinning, thus promoting an ** A. M. Helmenstine, ' oriented graphitic carbon structure for lignin-GO composite fibers. The wet-spinning of liquid crystals and the resulting fiber properties have already been demonstrated for graphene oxide [START_REF] Xu | Graphene fiber: a new trend in carbon fibers[END_REF][START_REF] Xu | Ultrastiff and strong graphene fibers via full-scale synergetic defect engineering[END_REF][START_REF] Cheng | Graphene fiber: a new material platform for unique applications[END_REF][START_REF] Tian | Dry spinning approach to continuous graphene fibers with high toughness[END_REF] , Poly p-phenylene terephthalamide (PPTA, Kevlar ® /Twaron ® ) [START_REF] Jin | Structure of PPTA fibers derived directly from a liquid crystalline prepolymer dope in an organic solvent[END_REF][START_REF] Ahmed | Microstructural developments of poly (p-phenylene terephthalamide) fibers during heat treatment process: a review[END_REF][START_REF] Picken | Liquid crystal main-chain polymers for high-performance fibre applications[END_REF] and carbon nanotubes. [START_REF] Davis | Phase behavior and rheology of SWNTs in superacids[END_REF][START_REF] Zhou | Single wall carbon nanotube fibers extruded from super-acid suspensions: Preferred orientation, electrical, and thermal transport[END_REF][START_REF] Jiang | Macroscopic nanotube fibers spun from single-walled carbon nanotube polyelectrolytes[END_REF] Additionally to XRD measurements, the orientation of carbon planes within a given sample can be investigated by measuring the sample's electrical conductivity. In our case, the electrical resistivity of lignin-GO films cut to a defined geometry was determined with an electrometer and the conductivity was calculated as shown in equations 1 and 2. Graphene by itself is highly conductive on the microscopic scale (10 5 S m -1 ), but when assembled into macroscopic materials, e.g. graphene fibers, its conductivity is usually decreased (10 4 S m - 1 ). [START_REF] Xu | Graphene fiber: a new trend in carbon fibers[END_REF] GO is an insulator in its original state, but by chemical-or thermal reduction methods, it can be easily converted into electrically conductive graphene. [START_REF] Shim | Wide concentration liquid crystallinity of graphene oxide aqueous suspensions with interacting polymers[END_REF] The carbonization process of GO-based materials can be considered as a thermal reduction treatment. At around 180 °C, the transition of GO into reduced GO (rGO) can be observed, for instance in TGA (see Figure 2). The electrical conductivity obtained for our pure GO film before carbonization was within the range of 10 -1 S m -1 . After carbonization at 1200 °C, its conductivity increased to 2x10 4 S m -1 , hence GO was transformed into a conductive material. Since all the films prepared from GO and lignin were found insulating before carbonization, only the electrical conductivities of the carbonized films were taken into consideration.

As can be recognized from the film cross-sections (see Figure 3), in some cases the films were found to consist of several layers of GO and lignin. Depending on the packing density of these layers, the overall film cross-section could be found inflated or swollen, with air in between the layers. The sample thickness was thus difficult to evaluate and only approximate thickness ranges could be determined based on measurements at the densest parts. These thickness ranges were used to evaluate the electrical conductivity range. With respect to the evaluation, only tendencies and orders of magnitude are compared. Indeed, the uncertainties in thickness evaluation lead to some scatter in the data.

Table 2 demonstrates the electrical conductivity values obtained for the carbonized films with respect to the lignin concentration within the films. Generally, a denser and more organized carbon structure should lead to higher electrical conductivities. Due to the fact that the highest conductivities (5-9x10 4 S m -1 ) were found for films containing lignin ratios of 55-75 %, a synergistic effect between GO and lignin could be assumed. The electrical conductivity values of pure GO and lignin-GO films were found within the reference range of graphene fibers (2.5x10 4 S m -1 [START_REF] Xu | Graphene fiber: a new trend in carbon fibers[END_REF] ), whereas the pure lignin film showed a conductivity around the reference value of amorphous carbon (1.3-2x10 3 S m -1 )**. These findings are in agreement with the amorphous-and crystalline molecular structure of lignin and GO respectively Table 2: Electrical conductivity values for carbonized lignin-GO films at different compositions and at different heating rates used for carbonization Two selected films were carbonized at different heating rates and their resulting electrical conductivities were directly compared. As shown in Table 2, the electrical conductivity range seems slightly decreased for the films carbonized more slowly (at 0.5 °C min -1 + 1 °C min -1 ).

The films carbonized at 2.5 °C min -1 and 5 °C min -1 showed electrical conductivities within the same order of magnitude. As has been observed on SEM images, the films carbonized at the lowest heating rate exhibited the highest porosity and largest pore size. Based on this observation, it can be assumed that the density of these films is lower than for the other films, thus leading to a decreased conductivity.

Transfer from films to wet-spun fibers

In order to investigate whether the principle of introducing GO into lignin can also be transferred to fiber spinning applications, the wet-spinning of lignin in combination with GO has been performed on laboratory scale. Thereby, spinning solutions containing lignin and GO in DMSO were continuously injected into a rotating coagulation bath in which fibers were formed. The principle is shown in Figure 7a. As reported in literature, the used setup may serve as a research tool to demonstrate a wet-spinning process which can work in line and at pilot-or industrial scales. [START_REF] Mercader | Scalable process for the spinning of PVA-carbon nanotube composite fibers[END_REF][START_REF] Fourné | Synthetic fibers: Machines and equipment, manufacture, properties[END_REF] Our spun fibers based on infusible softwood Kraft lignin and GO were too brittle to be characterized, which may be due to a low molecular weight of the used Kraft lignin. Therefore, fibers consisting of lignosulfonate and GO are presented in this section to prove the concept, as spinning could be achieved with this type of lignin. POM images demonstrate that GO showed an organization into a nematic liquid crystalline phase within all of the solutions used for spinning. Additionally, a shear was applied on the samples by moving the glass coverslips in a defined direction, thus simulating the flow direction during spinning. The alignment of GO flakes can clearly be recognized in Figure 7f.

The alignment of the GO flakes under the flow during wet-spinning is believed to be directly transferred into the formed fibers. The concept has already been introduced by Xu&Gao in 2015. [START_REF] Xu | Graphene fiber: a new trend in carbon fibers[END_REF] Due to their flow-induced alignment, the incorporation of GO flakes into a lignin solution should thus facilitate the spinning process. Upon injection into the coagulation bath, the ease of spinnability was found to increase with increasing GO content in the lignin solution. The longest fibers could be achieved with GO contents as high as 73%, whereas higher lignin contents led to shorter fibers of extremely high brittleness. These results indicate an improved wet-spinning performance of lignin upon combination with GO liquid crystals.

The GO flakes should also improve the structural properties of the fibers before and after carbonization. Therefore, the obtained fibers were carbonized at 1200 °C after wet-spinning and characterized regarding their morphology (see Figure 7d and 7e) and their electrical conductivity. X-ray diffraction measurements of the carbonized fibers gave insufficient scattering intensities on our instrument, so that the order parameter of the aligned GO flakes could not be determined yet. However, synchrotron experiments may help to quantify the degree of GO alignment inside the fibers in future studies.

The aim of introducing GO into lignin was to obtain a more organized and more crystalline carbon structure compared to the amorphous carbon structure of pure lignin. Similarly to the films characterized earlier, electrical conductivity measurements after carbonization gave an indication about the carbon structure obtained within the lignin-GO fibers. Two types of fibers with lignin-to-GO ratios of 90-10 and 27-73 were analyzed. The results show that the fibers with a higher GO content exhibit an increased electrical conductivity compared to the fibers with a higher lignin content. More specifically, the conductivity was found to increase by one order of magnitude from 10 3 S m -1 to 10 4 S m -1 . This result can be explained by the amorphous structure of lignin compared to the lamellar/graphitic structure of GO planes, which is conserved during carbonization. Interestingly, at lignin contents of 27 % within the precursor fiber, an electrical conductivity in the range of 10 4 S m -1 , and thus almost as high as the value for pure graphene fibers, was obtained. The present carbon fibers, in spite of an expected better structuration, display a conductivity level that compares with that of our carbonized films. However, the two types of materials cannot be directly compared since they are not made from the same precursors and they have not been fabricated and treated in the same conditions. The obtained fibers are rather porous and of insufficient mechanical strength to be implemented in structural composites. Nevertheless, their conductivity and porosity can already be the basis for an interesting potential of lignin-GO fibers for various applications in electronic devices, such as battery-or biomedical device electrodes, supercapacitors and "smart" textiles.

Conclusion

The phase diagram prepared from lignin-GO solutions demonstrated a good compatibility between lignin and GO, whereby GO flakes are able to form nematic phases in presence of lignin molecules. The two components being compatible in solution, lignin-GO films at different ratios were prepared by evaporation of the solvent. TGA measurements demonstrated an increased carbonization yield of the films induced by GO. Their characterization showed that denser and larger graphitic domains are created within the carbonized films at higher GO contents. Similarly, the addition of GO globally leads to an increased electrical conductivity of carbonized lignin films.

Regarding fiber wet-spinning applications, the approach of a GO reinforcement is promising since it would lead to lignin-based carbon fibers with improved structure. Unfortunately, the impact of the dope flow behavior on the spinning performance could not be investigated in this study due to only limited sample quantities. Rheology measurements on lignin-GO spinning solutions will be performed in the future. The lignin-GO fibers were found to exhibit a very high brittleness in dried state, despite good spinning performances. The brittleness of these fibers can be considered as a strong restriction for industrial applications, as they cannot be implemented in structural composites at the present state. Therefore, the use of a plasticizer is recommended and necessary in order to obtain more flexible fibers that can be manipulated up to the carbonization process. If the spinning process would be optimized and the carbonization conditions would be adapted accordingly, e.g. through oxidative stabilization,

our approach could open new market perspectives towards low-cost carbon fibers with improved structures.
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 225 is the resistance [Ω], the resistivity [Ω·m], S the cross-sectional surface [m²] and L the length [m] of the sample.) Spinning of lignin-GO fibers and their characterization A solution of lignosulfonate (Arbo N18 maritime pine, Tembec) was prepared by dissolution in DMSO at room temperature at 1-10 wt%. An aqueous GO solution (Graphenea) at 0.4 wt% was concentrated to 3-5 wt% by two centrifugation steps (1400 g, 20 min + 50440 g, 60 min) and a solvent exchange was performed from water to DMSO by two more centrifugation steps ** A. M. Helmenstine, '
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 1 Figure 1: Phase diagram of lignin and GO in DMSO and POM images of solutions in isotropic phase (a), biphasic phase (b) and nematic phase (c), scale bars: 100µm.
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 21 Thermal behavior and carbonizationIn order to investigate the thermal degradation process during carbonization, TGA measurements were performed on some of the films. As demonstrated in Figure2, the high mass loss at temperatures below 450 °C indicates an increased degradation of matter and evaporation of gaseous elements within this temperature range. Zhao et al. described the ** A. M. Helmenstine, '

Figure 3 :

 3 Figure 3: Morphologies of different film compositions with increasing GO content from top to bottom (a) and SEM images of pure GO film before (b) and after carbonization (c) and of films after carbonization: lignin-GO 50:50 (d) and pure lignin (e). Scale bars of (b, c, e) 100µm and scale bar of (d) 30 µm.

Figure 4 :

 4 Figure 4: SEM images of carbonized lignin-GO films at ratios 20:80 (a) and 80:20 (b)prepared at different heating rates: 5°C min -1 (1), 2.5°C min -1 (2) and 0.5°C min -1 + 1°C min-1 

Figure 5 :

 5 Figure 5: XRD spectra showing scattered intensity depending on the scattering angle (2-Theta) of lignin (L)-GO films before (a) and after carbonization (b)

Figure 6 :

 6 Figure 6: XRD spectra showing scattered intensity depending on the scattering angle (2-Theta) of lignin-GO films carbonized at different heating rates (5°C/min, 2.5°C/min and 0.5°C/min+1°C/min) in ratios lignin-GO 20-80 (a) and 80-20 (b)

Figure 7 :

 7 Figure 7: Wet-spinning principle on lab-scale (a), drying process (b), dried lignin-GO fibers (c), SEM images of carbonized lignin-GO 27-73: fiber cross-section (d, scale bar 30µm) and fiber surface (e, scale bar 100µm), POM image of lignin-GO solution (f, scale bar 100µm), scheme based on[33] 

  

  

Table 1 :

 1 Combinations of graphene oxide with lignin in solutions and in dried films
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