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Introduction

Highly conductive carbon fibers (CFs) are used in diverse applications from reinforcement of composites to microelectrodes used in bio-electrochemical applications.

They are lighter and chemically more stable than metallic fibers for electrical applications.

The small size, easy to weave in wearable devices, light weight and flexibility make these fibers promising candidates to meet the demands of next-generation photovoltaic cells [START_REF] Peng | Electrochromatic carbon nanotube/polydiacetylene nanocomposite fibres[END_REF][START_REF] Pan | Efficient dye-sensitized photovoltaic wires based on an organic redox electrolyte[END_REF][START_REF] Fu | A fiber-shaped solar cell showing a record power conversion efficiency of 10%[END_REF],

smart textiles [START_REF] Di | Carbon-Nanotube Fibers for Wearable Devices and Smart Textiles[END_REF], actuators [START_REF] Foroughi | Torsional carbon nanotube artificial muscles[END_REF][START_REF] Cheng | Graphene fibers with predetermined deformation as Moisture-triggered actuators and robots[END_REF], batteries [START_REF] Ren | Twisting carbon nanotube fibers for both wire-shaped micro-supercapacitor and micro-battery[END_REF][START_REF] Zhang | Super-stretchy lithium-ion battery based on carbon nanotube fiber[END_REF][START_REF] Liu | Conductive carbon nanofiber interpenetrated graphene architecture for ultra-stable sodium ion battery[END_REF], electrochemical sensors [START_REF] Zhao | Carbon Nanotube Thread Electrochemical Cell: Detection of Heavy Metals[END_REF], biofuel cells electrodes [START_REF] Delord | Carbon nanotube fiber mats for microbial fuel cell electrodes[END_REF][START_REF] Gao | Engineering hybrid nanotube wires for high-power biofuel cells[END_REF], and supercapacitors [START_REF] Yu | Scalable synthesis of hierarchically structured carbon nanotube-graphene fibres for capacitive energy storage[END_REF][START_REF] Sun | A Bamboo-Inspired Nanostructure Design for Flexible, Foldable, and Twistable Energy Storage Devices[END_REF][START_REF] Wang | Conductive Carbon Microfibers Derived from Wet-Spun Lignin/Nanocellulose Hydrogels[END_REF][START_REF] Yu | Transforming Pristine Carbon Fiber Tows into High Performance Solid-State Fiber Supercapacitors[END_REF][START_REF] Yu | Emergence of fiber supercapacitors[END_REF]. CFs can be produced from different precursors, such as polyacrylonitrile (PAN), pitch, cellulose (rayon), lignin, carbon nanotubes and graphene [START_REF] Frank | Carbon Fibers : Precursor Systems, Processing, Structure, and Properties[END_REF][START_REF] Liu | Unconventional supercapacitors from nanocarbon-based electrode materials to device configurations[END_REF][START_REF] Meng | Graphene-Based Fibers: A Review[END_REF]. To date, commercial CFs are essentially based on PAN, which is derived from petroleum. The precursor represents half the cost of manufacturing the final product of CFs [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]. In addition to its high cost, PAN carbonization involves the production of hazardous chemicals. Thus, bio-based and low-cost precursors, such as lignin, are alternatives of fast growing interest. Industrial lignins are currently obtained as co-products from the manufacture of cellulose pulp for paper, as well as from other biomass-based industries. There are various types of lignin depending on their extraction process and purity [START_REF] Olsson | Carbon fibres from precursors produced by dry-jet wet-spinning of kraft lignin blended with kraft pulps[END_REF][START_REF] Vishtal | Challenges in industrial applications of technical lignins[END_REF][START_REF] Fang | Manufacture and application of lignin-based carbon fibers (LCFs) and lignin-based carbon nanofibers (LCNFs)[END_REF]. The main advantages of this precursor are its high carbon content (>60%) and potentially high carbon efficiency after the carbonization steps, the absence of toxic disposal products, such as nitrous gases, during carbonization, as well as its availability [START_REF] Baker | Recent Advances in Low-Cost Carbon Fiber Manufacture from Lignin[END_REF]. Compared to PAN, lignin-based CFs tend to have a larger fiber diameter, and relatively low conductivity, tensile strength and modulus [START_REF] Kadla | Lignin-based carbon fibers for composite fiber applications[END_REF]. The poor properties generally found for lignin-based CFs are the results of a poor graphitic structure. Indeed, lignin is an amorphous and branched polymer in its natural state [START_REF] Ogale | Recent advances in carbon fibers derived from biobased precursors[END_REF]. Therefore, improving the structure of lignin CFs is a critical challenge to make these fibers industrially viable. This is why control of the structure and its relationship to properties during graphitization are the focus of extensive studies [START_REF] Frank | Carbon Fibers : Precursor Systems, Processing, Structure, and Properties[END_REF][START_REF] Baker | Recent Advances in Low-Cost Carbon Fiber Manufacture from Lignin[END_REF]. High-temperature treatments (up to 3000 °C) are generally necessary to obtain better defined graphitic structures [START_REF] Kurban | Turbostratic graphite nanofibres from electrospun solutions of PAN in dimethylsulphoxide[END_REF].

However, graphitization at high temperature is very expensive. This cost has a significant economic impact and should, therefore, be controlled and minimized [START_REF] Faruk | Lignin in polymer composites[END_REF]. Besides, the structure of the CFs depends not only on the precursors but also on the manufacturing conditions (spinning, carbonization, graphitization) [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] Faruk | Lignin in polymer composites[END_REF].

Graphene oxide (GO) is the oxygenated form of a monolayer graphene platelet with strong mechanical properties, chemical functionalization capability, and large surface area [START_REF] Kim | Graphene oxide liquid crystals[END_REF]. GO can be solubilized in water and polar organic solvents, and can form nematic liquid crystalline phases [START_REF] Kim | Graphene oxide liquid crystals[END_REF][START_REF] Xu | Aqueous liquid crystals of graphene oxide[END_REF]. The formation of Graphene Oxide Liquid Crystal (GOLC) offers a unique opportunity for the production of macroscopic, periodic self-assembled materials from oriented graphene sheets [START_REF] Naficy | Graphene oxide dispersions: Tuning rheology to enable fabrication[END_REF]. For example, GO can play a dual role as dopant and soft template for the preparation of polyaniline nanotubes and new layered structures [START_REF] Yang | Layered nanostructures of polyaniline with graphene oxide as the dopant and template[END_REF][START_REF] Rana | Graphene oxide/polyaniline nanostructures: Transformation of 2D sheet to 1D nanotube and in situ reduction[END_REF].

Papkov et al. reports that the graphitic structure of PAN-based nanofibers is improved after carbonization with an addition of a small amount of GO into PAN prior to processing [START_REF] Papkov | Improved graphitic structure of continuous carbon nanofibers via graphene oxide templating[END_REF].

Similarly, Li et al. have prepared highly conductive microfibers based on GO and nanofibrillated cellulose, where GO serves as a template for cellulose carbonization [START_REF] Li | Highly conductive microfi ber of graphene oxide templated carbonization of nanofi brillated cellulose[END_REF].

Huang et al. have found that adding a small amount of GO to glucose or cellulose can significantly alter the morphology of its hydrothermal carbonization product (from spheres to sheets), resulting in more conductive carbon materials with higher degree of carbonization [START_REF] Krishnan | Graphene oxide assisted hydrothermal carbonization of carbon hydrates[END_REF]. Recently, Tran et al. have prepared lignin/GO films for energy-storage systems [START_REF] Tran | Sustainable Energy-Storage Materials from Lignin-Graphene Nanocomposite-Derived Porous Carbon Film[END_REF] and Fӧllmer et al. have shown larger graphitic domains in carbonized films of lignin with the addition of GO [START_REF] Föllmer | Structuration of lignin-graphene oxide based carbon materials through liquid crystallinity[END_REF].

In this paper, we present an original approach that uses GOLC as a templating agent not only to direct the ordering of lignin molecules during the wet-spinning process, but also to accelerate the formation of graphitic structures in fibers at low carbonization temperature.

Furthermore, a complete study of the structural properties of lignin and hybrid lignin/GOLCbased CFs as a function of the carbonization/graphitization temperature is presented and discussed.

Experimental section 2.1 Preparation of lignin and lignin/GOLC fibers:

2.1.1 Lignin dope: Kraft Lignin (KL), without any chemical modification, was dissolved in DMSO at 35 wt. % under magnetic stirring at room temperature. A polyvinyl alcohol (PVA-195 k g. mol -1 ) solution was prepared at 10 wt. % in DMSO at 90 °C under strong stirring.

After cooling to room temperature, both solutions were mixed (14 wt. % KL + 6 wt. % PVA in solution) until they form a homogeneous dope solution.

Lignin/GOLC dope:

Firstly, an aqueous GO solution (Graphenea) at 0.4 wt. % was concentrated to 3-5 wt. % by means of two centrifugation steps (1400 g, 20' + 50440 g, 60') and a solvent exchange was performed from water to DMSO by means of two more centrifugation steps (50440 g, 120') until the desired concentration was obtained (1.6 wt. %).

Afterwards, Kraft Lignin powder was added to the GO solution stirred with a magnetic bar at room temperature for 24 h. Finally, a PVA solution, previously mentioned, was added to the mixture and stirred at room temperature for 30'. The final concentration of solid content inside the fibers, in dried state, was 66 % Lignin, 29 % PVA, 5 % GO.

In this work, a conventional wet-spinning process [START_REF] Mercader | Scalable Process for the Spinning of PVA-Carbon Nanotube Composite Fibers[END_REF][START_REF] Fourne | Synthetic Fibers[END_REF] was chosen for the preparation of the lignin and lignin/GOLC fibers. The prepared spinning solutions were checked for homogeneity by optical microscopy and were continuously injected into a coagulation bath containing isopropanol through a 1-hole spinneret (diameter 300 μm), in which the solutions formed fibers at sufficiently high concentration and PVA content. The obtained fibers were directly washed in isopropanol and dried in-line in an infrared oven at 90 °C.

Fiber characterization

Thermo-stabilization and carbonization process:

During the stabilization process, the precursor fibers were attached to graphite frames and heated to 300 °C in an oven (Nabertherm) with a heating rate of 2 °C.min -1 under an oxidizing atmosphere. Subsequently, a first carbonization process was carried out for all fibers in the same conditions in a homemade oven up to 1000 °C with a heating rate of °C.min -1 until 550 °C, followed by 5 °C.min -1 until 1000 °C in Argon atmosphere. At the end of the step, a plateau of 1h or 10h was employed before return to room temperature. A second carbonization process was accomplished from 1000 °C to 2700 °C in a homemade oven under Argon with a heating rate of 10 °C.min -1 .

X-ray diffraction (XRD):

X-ray measurements were conducted using a Xeuss 2.0 set-up (Xenocs, Sassenage, France) equipped with a GeniX Low Divergence Cu-Kα source. The Xray wavelength was 0.154 nm. A Pilatus 300K detector (Dectris Ltd, Switzerland) collected SAXS patterns and the integration time was 1200 seconds. The radial integrations of the 2D SAXS patterns were undertaken using Foxtrot (SOLEIL, France). Calibrated with silver behenate powder, the sample-to-detector distance was 145.44 mm. All data were recorded using only 1 fiber in a horizontal position.

Raman spectroscopy: Raman spectroscopy characterization was performed on an

Xplora spectrometer from Horiba-Jobin-Yvon with an excitation energy of 2.33 eV (532 nm laser wavelength) using a macro-sample holder. The peak positions were calibrated using the G-band of highly ordered pyrolytic graphite (HOPG-1582 cm -1 ). All Raman experiments were carried out on the fiber surface in 3 different areas.

Electron Microscopy:

The surface and the cross-section of the fibers were observed with scanning electron microscopy (SEM) using a field emission gun (SEM-FEG) Jeol-6700F. Transmission electron microscopy (TEM) images were acquired using a TEM-FEG HR (JEOL 2200FS) microscope operating a 220kV. TEM grids have been prepared by ultramicrotomic technique.

Thermo-gravimetric Analysis (TGA):

Thermo-gravimetric characterization was carried out on a Texas Instruments TGA5500. About 10 mg of fibers were weighed in a Pt crucible.

The measurements were performed under a nitrogen atmosphere from 30 °C with a heating rate of 2 °C.min -1 until 550 °C, followed by 5 °C.min -1 until 1000 °C, ending with a plateau of 1h.

Electrical measurements:

2-points measurements were carried out using a KEITHLEY 2000 multimeter. Contacts were made with silver ink. The length between the contacts and surface area were measured using optical microscopy.

Mechanical properties:

Tensile tests of the fibers were carried out by using a tensile machine Zwick 2.5/TN1S at room temperature. Each fiber is fixed to a 20 mm long paper frame, and at least 3 measurements were performed for each type of fiber. The diameter was determined by optical microscopy.

Results and discussion

Preparation and characterization of lignin and lignin/GOLC-based CFs

Lignin and lignin/GOLC solutions have been used as a dope for the preparation of fibers. As shown in figure 1, the solution with a concentration of 0.8 wt. % GO, 10.6 wt. % KL and 4.6 wt. % PVA displays birefringence, and no phase separation. The system forms a homogeneous liquid crystalline phase. These results are in agreement with the recent phase diagram shown by Follmer et al. [START_REF] Föllmer | Structuration of lignin-graphene oxide based carbon materials through liquid crystallinity[END_REF], even with PVA addition. Dopes containing lignin and PVA with and without GO have been used in a wet-spinning process for fiber preparation.

PVA was added to the lignin spinning dopes as a plasticizer to increase the ease of spinnability, as pure lignin and pure lignin/GOLC fibers exhibit high brittleness. Liquid crystallinity provided by the addition of GO is expected to promote flow-induced ordering.

Figure 1b

presents a sketch of the mechanism, as well as the continuous lignin/GOLC fiber collected in a pilot line (figure 1c). The surface and the cross-section of the spun fibers were observed by SEM (figure 1d). A slightly crumpled structure is observed for lignin/GOLC fibers that differs from the smooth surface and dense cross-section of neat lignin fibers (figure SI1). The differences in texture are attributable to the organization of the GO during the spinning and drying process, which has also been observed in previous works [START_REF] Xu | Ultrastrong fibers assembled from giant graphene oxide sheets[END_REF][START_REF] Li | Ultrastrong Graphene-Based Fibers with Increased Elongation[END_REF][START_REF] Xu | Graphene fiber: A new trend in carbon fibers[END_REF][START_REF] Li | Hydrothermally Activated Graphene Fiber Fabrics for Textile Electrodes of Supercapacitors[END_REF]. The obtained fibers can be carbonized by a thermal treatment. 2D SAXS patterns of carbonized fibers were recorded as a function of the carbonization temperature for lignin and lignin/GOLC fibers (figure 2a). The observed arcs reflect a polycrystalline carbon structure.

However, there is a preferential orientation of the crystalline planes revealed by variations in the intensity of the arc as a function of the azimuthal angle [START_REF] Shukla | Advanced Carbon Materials and Technology[END_REF]. Reflection 002, which corresponds to the diffraction by graphene planes, is composed of pronounced arc reflection. This indicates that the graphitic crystals have a preferential orientation along the fiber axis. It can be observed that the carbon structure of the lignin-based CFs remains rather disordered below 2700 °C. A clear anisotropy becomes visible only at 2700 °C. By contrast, carbonized fibers with GO already show an orientation at 1000 °C, and more distinctly at high temperatures. In figure 2b, we show the azimuthal integration of the 002 peaks for fibers carbonized at 2700 °C. Both spectra have been fitted with a single Gaussian function. From these data, we quantify the orientation of carbon structures by defining the order parameter ( ) from equation 1. The presently used order parameter varies between 0 and 1. =0 means absence of preferential orientation, while =1 means a completed alignment along the fiber axis [START_REF] Landois | Growth of aligned multi-walled basic solid state physics carbon nanotubes: First in situ and time-resolved X-ray diffraction analysis[END_REF]. [START_REF] Peng | Electrochromatic carbon nanotube/polydiacetylene nanocomposite fibres[END_REF] where I max is the maximum intensity of the peak and I min is the minimum intensity in the valley.

The results are presented in figure 2c. We find that the order parameter is low (η=0.06) for lignin fibers carbonized at 1000 °C. The value increases up to 0.2 for carbonization at 2700 °C. On the other hand, lignin/GOLC-based CFs have already an order parameter of 0.26 at 1000 °C. This parameter gradually increases to ~0.7 for a treatment at 2700 °C. The increase in temperature leads to a higher alignment of carbon structures on the fiber axis. It should be noted that an increased alignment is already achieved at rather low carbonization temperatures for lignin/GOLC fibers compared to lignin fibers.

Similarly, the SAXS spectra for both fibers carbonized at 2700 °C are reported in figure 2e. The scattered intensity at small angles reflects the appearance of porosity presumably formed during the carbonization process [START_REF] Upton | Strategies for the Conversion of Lignin to High-Value Polymeric Materials : Review and Perspective[END_REF]48]. This phenomenon is confirmed by SEM images for lignin and lignin/GOLC CFs at all carbonization temperatures (figure SI2). The 002 peak is broad and spread over the area 2θ=22-27° for lignin fibers. This behavior indicates the existence of small graphitic domains present among a poorly ordered carbon structure. This result is consistent with previous reports [START_REF] Frank | Carbon Fibers : Precursor Systems, Processing, Structure, and Properties[END_REF][START_REF] Kurban | Turbostratic graphite nanofibres from electrospun solutions of PAN in dimethylsulphoxide[END_REF]. By contrast, the 002 peak of lignin/GOLC-based CFs is sharper and centered at 2θ~26°. From these results, we calculate the spacing between the sheets (d 002 ) using the Bragg's equation, and the crystallite thickness (L c ) from the Scherrer's equation:

(2) (3)
where θ is the diffraction angle, λ is the wavelength of the X-rays, is the full width at half maximum (FWHM), and the form factor K is 0.89. The structure of both sets of CFs carbonized at different temperatures was also examined by Raman spectroscopy [START_REF] Matthews | Origin of dispersive effects of the Raman D band in carbon materials[END_REF][START_REF] Pimenta | Studying disorder in graphite-based systems by Raman spectroscopy[END_REF]. All Raman spectra were recorded on the surface of the fibers and were normalized by the G-band. The results are shown in Figures 3a-b for lignin and lignin/GOLC fibers as a function of the temperature. All spectra exhibit the typical three bands for carbon materials [START_REF] Matthews | Origin of dispersive effects of the Raman D band in carbon materials[END_REF][START_REF] Pimenta | Studying disorder in graphite-based systems by Raman spectroscopy[END_REF]. A defect induced D-band, which is located around ~1350 cm -1 , a G-band, situated around ~1600 cm -1 and a third characteristic 2D-band at 2700 cm -1 originating from the stacking of graphite planes [START_REF] Pimenta | Studying disorder in graphite-based systems by Raman spectroscopy[END_REF]. The D-band increases and gets sharper with increasing carbonization temperature. It reaches a maximum at 2000 °C for lignin fibers and at 1200 °C for lignin/GOLC fibers. According to the three-stages model proposed by Ferrari et al. [START_REF] Ferrari | Interpretation of Raman spectra of disordered and amorphous carbon[END_REF], in the low-temperature range, the beginning of clustering leads to an increase of the D-band intensity. With increasing graphitization at higher temperature, the growth of graphene sheets and graphite crystallites and the reduction of defects lead to a decrease of the D-band intensity. Moreover, the G-band is shifted to higher frequencies until 1800 °C and 1200 °C for lignin and lignin/GOLC-based CFs, respectively. Above these temperatures, the G-band is shifted to low frequencies. According to Ferrari et al., the threestages model results from the increasing content of sp 2 hybridized carbon, as well as from the beginning of clustering of sp 2 hybridized carbon, with the conversion of amorphous carbon into nanocrystals. The shift of the G-band to lower frequencies at 2000 °C was attributed to an increasing graphitization in agreement with the model [START_REF] Ferrari | Interpretation of Raman spectra of disordered and amorphous carbon[END_REF]. The 2D band is observed from 1500 °C in both CFs and is also shifted to higher frequencies as the carbonization temperature was raised. This behavior was interpreted as an increase in the degree of graphitization. The analysis of these data thus further confirms that GO acts as a templating agent, leading to a significant improvement in the graphitic structure of CFs. It should be mentioned that no improvement of the graphitic structure of the fibers was achieved by changing the duration of the temperature plateau (10 h instead of 1 h) in the carbonization process (figure SI3).

Furthermore, the degree of structural disorder can be characterized by the intensity ratio between the two peaks (I D /I G ) and by the FWHM of the G-band [START_REF] Ferrari | Interpretation of Raman spectra of disordered and amorphous carbon[END_REF]. The D and Gbands of the carbonized samples were fitted using Lorentzian functions and the integrated intensities, I D , I G , and the FWHM of the G-band were calculated. As shown in figure 3c, the I D /I G ratio increases due to defects in the graphite structure until 2000 °C and 1200 °C for lignin and lignin/GOLC-based CFs, respectively. Above these temperatures, I D /I G decreases significantly for both CFs, indicating a crystalline graphite formation. Similarly, the FWHM for both fibers decreases gradually as the temperature increases (figure SI4). We observed that the FWHM for lignin/GOLC-based CFs decreases faster than for lignin before reaching a constant value at above 2000 °C. This value is much lower than the value obtained at 2700 °C for lignin-based CFs. In Raman spectroscopy of carbon materials, I D /I G ratio is often correlated to the crystal size using the Tuinstra-Koening model for crystal sizes greater than 2 nm [START_REF] Tuinstra | Raman Spectrum of Graphite[END_REF] and the Ferrari-Robertson model for L a below 2 nm [START_REF] Ferrari | Interpretation of Raman spectra of disordered and amorphous carbon[END_REF]. The results are shown in figure 3d. In both sets of fibers, L a increases with increasing I D /I G ratio until it reaches an expected maximum of 2 nm (or less). From this value, L a increases exponentially while I D /I G decreases, due to the growth of graphene sheets, graphite crystallites and the reduction of defects in the fibers. It should be noted that higher values of L a are achieved for lignin/GOLC fibers. This result confirms the fact that neat lignin is a precursor difficult to graphitize even at 2700 °C. However, there are clear structural improvements due to the presence of GO, even at low temperatures, starting from 1200 °C. To the best of our knowledge, these L a values are the largest values obtained in comparison to other lignin-based CFs reported in literature [START_REF] Baker | Recent Advances in Low-Cost Carbon Fiber Manufacture from Lignin[END_REF].

These results confirm that GO is a particularly effective structuring agent. In particular, it allows a preferential orientation to be obtained from low temperatures. Similar results have been reported incorporating GO flakes into PAN nanofibers prepared by Electrospinning [START_REF] Papkov | Improved graphitic structure of continuous carbon nanofibers via graphene oxide templating[END_REF] and GO flakes into cellulose [START_REF] Li | Highly conductive microfi ber of graphene oxide templated carbonization of nanofi brillated cellulose[END_REF]. These results are also consistent with the SAXS data presented above. The structure becomes more graphitic with increasing temperature, while remaining poorly ordered. The Fast Fourier Transform (FFT) images of these samples do not show a preferred orientation of graphene planes, even at 2700 °C (inserts in figure 4a). It should be noted that regardless of the temperature, the poor graphite structure is oriented randomly. The irregular, complex and amorphous structure of lignin likely inhibits rearrangements and ordering during carbonization [START_REF] Sagues | Are lignin-derived carbon fibers graphitic enough?[END_REF]. An even less pronounced graphitic structure for these fibers and an absence of orientation are also found in the core of the fibers (figure SI5). However, in the case of lignin/GOLC-based CFs, the cross-sectional HRTEM shows a clearer graphitic structure at early stages of carbonization (1000 °C). This structure becomes more defined at elevated temperatures (figure 4b). In addition, FFT images show ordering of the graphene planes. Here, GO layers provide multiple nucleation sites for graphite growth. They act as a template to form orientated layers parallel to the GO flakes. At higher temperatures, these layers develop further to form extended graphitic planes parallel not only to the GO layer surface but also along the fiber axis due to the alignment of GO layers during the wet-spinning process. A similar effect can also be observed in the core of the fiber, especially at 2000 °C and 2700 °C, where several GO layers allow for the growth of parallel graphitic planes in the same direction (white arrows in figure SI5). Nevertheless, regardless the presence of GO, the core of the carbonized fibers seems always less graphitized than the surface. This behavior is likely due to the fact that the thermal treatment acts firstly at the fiber's surface before developing towards the center. Nevertheless, this scenario remains speculative and would need in-situ characterization during carbonization for validation.

Figure SI6

presents typical stress-strain curves of lignin and lignin/LCGO-based fibers (a) before carbonization and (b) after carbonization at 1000 °C, 1200 °C and 1500 °C. The precursor fibers before carbonization display similar mechanical performances, meaning that GO does not act as a reinforcement agent at the used concentration. The fiber strength is only of about 96 MPa with a Young´s modulus of 4.9 GPa. However, the tensile strength and Young's modulus of lignin/LCGO-based fibers are 87 MPa and 7.4 GPa, respectively. CFs are substantially improved after carbonization at 1000 °C. Their mechanical properties respectively reach values of 763 MPa and 52 GPa. CFs in absence of GO are also improved but to a lower extent, with a tensile strength of 300 MPa and a Young's modulus of 44 GPa.

From the above results, we conclude that the greater improvement in the tensile strength for lignin/GOLC-based fibers is basically due to the effect of GO acting as templating agent, rather than direct reinforcement. Nevertheless, this effect cannot be easily exploited at higher temperatures of carbonization. Indeed, it is observed that the mechanical properties are decreased, in spite of the higher graphitic structure achieved at higher temperatures. The fibers become more brittle. Actually, mechanical tests for fibers carbonized at temperatures above 1500 °C were too difficult because of the brittleness of the fibers. This behavior is likely due to the presence of pores formed by the carbonization process (figure SI2). The process is associated to the release of gaseous compounds, such as CO 2 , O 2 , CH 4 , etc. [START_REF] Frank | Carbon Fibers : Precursor Systems, Processing, Structure, and Properties[END_REF]. The electrical conductivity of the fibers as a function of the carbonization temperature is presented in figure 5. For lignin fibers, the values are in the order of magnitude of ~2x10 3 S.m -1 , with a slight increase at 2700 °C. However, the electrical conductivity of the lignin/GOLC fibers increases more strongly with temperature, obtaining a maximum value of ~0.7x10 5 S.m -1 . Furthermore, the behavior upon thermal treatment up to 1000 °C for both fibers was characterized by thermogravimetric analysis (TGA). A carbon yield of around 43 % was found both for lignin and lignin/GOLC fibers (Figure SI7), showing that the high yield of neat lignin can be maintained in the presence of GO. 

Conclusion

In conclusion, the addition of GOLC to the lignin-based CFs allows not only to orient complex organic polymers along the fiber axis during the wet-spinning process, but also to improve the formation of additional graphite layers adjacent and parallel to the present graphite layers at low carbonization temperature, which is clear evidence for templating. By further increasing the heat treatment temperature, longer layers and a preferred orientation along the fiber axis were achieved, resulting in highly conductive CFs. This finding provides a new, highly economical approach to the production of low-cost CFs at low carbonization temperatures for wearable and electrical applications. Nevertheless, the obtained fibers display some porosity at higher temperatures which is detrimental for mechanical properties. This point should be improved in future work to extend the uses of the present fibers beyond electrical or electrochemical applications.
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The authors declare no competitive financial interest.

Figure 1 .

 1 Figure 1. a, Sketch of Lignin/GOLC dope solution and its optical micrograph containing 0.8 wt. % GO, 10.6 wt. % KL and 4.6 wt. % PVA in DMSO under normal light (left) and crosspolarized light (right). Scale bars 200 μm. b, Sketch of the wet-spinning process of the dope solution where GOLC serves as a templating agent for better organization of the lignin structure. c, As-spun Lignin/GOLC fiber and d, lateral and cross-section views of the lignin/GOLC fiber. Scale bars 50 μm.

  As a schematic representation of the parameters, d 002 , L c , and L a , are shown in figure 2d. L a represents the lateral extension of the crystallites. The results for both fibers are presented in figure 2f for different carbonization temperatures, showing a decrease of d 002 when the temperature increases. Lower values are always observed for lignin/GOLC fibers with respect to those for lignin fibers, especially for carbonization temperatures above 1500 °C. d 002 for lignin/GOLC-based CFs can reach a value of 0.338 nm at 2700 °C, which is a value close to the spacing in HOPG (0.335 nm-dotted line). The higher d 002 values obtained for lignin fibers demonstrate that neat lignin is very difficult to graphitize. It is thus shown that the presence of GO flakes greatly promotes graphitization of the carbon structure based on lignin. The dependence of the crystallite thickness (L c ) as a function of the carbonization temperature is shown in figure 2f. L c is, on average, higher for lignin/GOLC-based CFs compared to lignin-based CFs. Values of ~22 nm are obtained for lignin/GOLC fibers in comparison to ~1.8 nm obtained for lignin fibers treated at 2700 °C. To the best of our knowledge, both d 002 and L c , have improved values in comparison with other bio-sourced and PAN-based CFs already reported in literature [25,49-51].

Figure 2 .

 2 Figure 2. a, 2D SAXS patterns for lignin fibers (upper part) and lignin/GOLC fibers (lower part) carbonized at different temperatures. b, Azimuthal integration of scattered intensity for the reflection 002 for lignin and lignin/GOLC fibers carbonized at 2700 °C. c, Order parameter determined by equation 1. d, Schematic representation of the carbon crystallites. e, SAXS spectra for both lignin and lignin/GOLC fibers graphitized at 2700 °C. f, Crystalline interlayer spacing (d 002 ) and crystallite size (L c ) of lignin and lignin/GOLC fibers as a function of carbonization temperature. The dotted line represents the carbon-carbon interlayer spacing for HOPG.

Figure 3 .

 3 Figure 3. Raman spectra for a, Lignin and b, Lignin/GOLC fibers treated at different carbonization/graphitization temperatures. All spectra were normalized by the G-band. Variation of the I D /I G ratio as a function of c, Different carbonization/graphitization temperatures, and d, crystalline size, L a . The dotted lines are guides for the eyes, and the vertical dotted line represents the boundary between the two models.

Figure 4 .

 4 Figure 4. High-Resolution Transmission Electron Microscopy (HRTEM) images and the corresponding FFT images for lignin-based CFs (left part) and lignin/GOLC-based CFs (right part) at different carbonization/graphitization temperatures. All images were taken at the edge of the fiber. The scale bars are 5 nm and 10 nm -1 for the HRTEM and FFT images, respectively.

Figure 5 .

 5 Figure 5. Conductivity as a function of carbonization/graphitization temperatures for lignin and lignin/GOLC fibers with a plateau of 1 h. The open red point represents the lignin/GOLC fibers carbonized at 1000 °C with a plateau of 10 h.
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