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ELECTROSPUN LIGNIN-BASED TWISTED CARBON NANOFIBERS FOR POTENTIAL MICROELECTRODES APPLICATIONS

Lignin nanofibers (NFs) have been fabricated by electrospinning of a new formulation system: lignin, polyvinyl alcohol (PVA), dimethyl sulfoxide (DMSO) mixture. The ternary phase diagram of this system has been realized in order to define bead free nanofibers electrospinnability domains. Resulting NF mats were carbonized in a temperature range 550-1200°C and then characterized by X-Ray diffraction, Raman spectroscopy, and electrochemical measurements. It revealed the influence of the carbonization temperatures on the structural properties of the resulting carbon nanofibers (CNFs). Lignin NF yarns have been manufactured by twisting the initial electrospun lignin NF precursor mats. Resulting precursor yarns have been carbonized to obtain lignin-based twisted carbon nanofibers (TCNFs) and then characterized as function of the degree of twist. Electrochemical capacitance and electrical conductivity of the TCNFs are found to vary substantially with the twist (from 330 mF.g -1 to a few mF.g -1 and from 11 to 22 S.cm -1 ). These variations can be understood by considering compaction and the densification of highly TCNF yarns.

Considering their properties and dimensions, manufactured bio-resourced conductive TCNF yarns can be promising candidates as functional conductive porous materials including for example microelectrodes in biosensor or biofuel cells applications.

Introduction

Carbon nanofibers (CNFs) and Twisted carbon nanofibers (TCNFs) are promising materials for several applications such as reinforcement in high-strength and lightweight composites [START_REF] Arshad | Strong carbon nanofibers from electrospun polyacrylonitrile[END_REF][START_REF] Hammel | Carbon nanofibers for composite applications[END_REF], catalysis [START_REF] Bezemer | Cobalt Particle Size Effects in the Fischer-Tropsch Reaction Studied with Carbon Nanofiber Supported Catalysts[END_REF], biomedicine [START_REF] Kai | Sustainable and Antioxidant Lignin-Polyester Copolymers and Nanofibers for Potential Healthcare Applications[END_REF], electronics with electrochemical capacitor for energy storage, batteries, fuel cells, and solar cells [START_REF] Yu | Emergence of fiber supercapacitors[END_REF][START_REF] Chen | Novel Electric Double-Layer Capacitor with a Coaxial Fiber Structure[END_REF][START_REF] Zequine1 | High Performance and Flexible Supercapacitors based on Carbonized Bamboo Fibers for Wide Temperature Applications[END_REF]. Poly(acrylonitrile) (PAN), a fossil fuel based polymer, is one of the most studied precursor for the preparation of CNFs [START_REF] Arshad | Strong carbon nanofibers from electrospun polyacrylonitrile[END_REF][START_REF] Hammel | Carbon nanofibers for composite applications[END_REF][START_REF] Kim | Raman spectroscopic evaluation of polyacrylonitrile-based carbon nanofibers prepared by electrospinning[END_REF].

However, industrial manufacturing of carbon materials from PAN is limited by a high cost and unsustainability of PAN. In this context, bio-resourced and renewable precursors offer a preferable route towards low-cost and greener CNFs.

Lignin is the second most abundant, renewable, bio-based polymer. It is produced in large quantities as a waste product of the paper industry. Lignin molecules are mostly composed of aromatic subunits which make lignin an excellent carbon precursor. Research on the production of lignin based carbon fibers (CFs) by traditional fiber spinning processes started in 1960s and is still very active [START_REF] Baker | Recent advances in low-cost carbon fiber manufacture from lignin[END_REF][START_REF] Chatterjee | Lignin-Derived Advanced Carbon Materials[END_REF][START_REF] Mainkaa | Lignin -an alternative precursor for sustainable and cost-effective automotive carbon fiber[END_REF][START_REF] Fang | Manufacture and application of lignin-based carbon fibers (LCFs) and lignin-based carbon nanofibers (LCNFs)[END_REF].

CNFs are generally produced by vapor growth methods and electrospinning. Vapor grown CNFs are relatively short and difficult to be aligned and assembled. By contrast, electrospinning is an efficient technique to manufacture continuous filaments at a submicrometer scale, typically from hundreds of nanometer to a few micrometers [START_REF] Ruiz-Rosas | The production of submicron diameter carbon fibers by the electrospinning of lignin[END_REF]. This versatile technique allows the production of mats, aligned filaments or even yarns directly by twisting mats [START_REF] Doshi | Electrospinning Process and Applications of Electrospun Fibers[END_REF][START_REF] Li | Electrospinning of Nanofibers : Reinventing the Wheel ?**[END_REF][START_REF] Smit | Continuous yarns from electrospun fibers[END_REF][START_REF] Teo | A review on electrospinning design and nanofibre assemblies[END_REF]. Such yarns can find applications as new multifunctional fibers and textiles, microelectrodes, or reinforcing fibers.

Preparation of neat lignin-based CNF mats by electrospinning has been reported in 2007 [START_REF] Lallave | Filled and hollow carbon nanofibers by coaxial electrospinning of Alcell lignin without binder polymers[END_REF]. Nevertheless, neat lignin materials are brittle and cannot be easily manipulated. This is why it could be preferable to mix lignin with plasticizers. However, such mixing is not straightforward since it is necessary to find plasticizers which can be electrospun and which are soluble in good solvents of lignin [START_REF] Lai | Free-standing and mechanically flexible mats consisting of electrospun carbon nanofibers made from a natural product of alkali lignin as binder-free electrodes for high-performance supercapacitors[END_REF][START_REF] Ago | Lignin-based electrospun nanofibers reinforced with cellulose nanocrystals[END_REF][START_REF] Poursorkhabi | Electrospinning of aqueous lignin/poly(ethylene oxide) complexe[END_REF][START_REF] Dallmeyer | Preparation and characterization of interconnected, Kraft lignin-based carbon fibrous materials by electrospinning[END_REF][START_REF] Oroumei | Thermal and rheological characteristics of biobased carbon fiber precursor derived from low molecular weight organosolv lignin[END_REF] Several groups have reported the possible use of PAN as plasticizer and dimethylformamide (DMF) as solvent [START_REF] Kim | Raman spectroscopic evaluation of polyacrylonitrile-based carbon nanofibers prepared by electrospinning[END_REF][START_REF] Dallmeyer | Preparation and characterization of interconnected, Kraft lignin-based carbon fibrous materials by electrospinning[END_REF][START_REF] Oroumei | Thermal and rheological characteristics of biobased carbon fiber precursor derived from low molecular weight organosolv lignin[END_REF]. Unfortunately, as indicated above, the use of PAN is limited by its cost and unsustainability. In addition DMF is a harmful solvent. The use of less harmful solvents would be a significant progress for a more viable production. In this goal, electrospinning of sulfonated lignin, which is soluble in water, has been the topic of recent studies [START_REF] Lai | Free-standing and mechanically flexible mats consisting of electrospun carbon nanofibers made from a natural product of alkali lignin as binder-free electrodes for high-performance supercapacitors[END_REF][START_REF] Ago | Lignin-based electrospun nanofibers reinforced with cellulose nanocrystals[END_REF][START_REF] Poursorkhabi | Electrospinning of aqueous lignin/poly(ethylene oxide) complexe[END_REF]. It allows the inexpensive and environmentally friendly electrospinning with polyvinyl alcohol (PVA) as plasticizer instead of PAN [START_REF] Gupta | The electrospinning behavior of poly(vinyl alcohol) in DMSO-water binary solvent mixtures[END_REF]. But sulfonated lignin contains a high fraction of inorganic impurities that can downgrade the final properties of the CNFs [START_REF] Shi | Impact of lignin extraction methods on microstructure and mechanical properties of lignin-based carbon fibers[END_REF].

In this work, we report an alternative approach with the electrospinning of PVA and pure lignin both dissolved in dimethyl sulfoxide (DMSO) as common and nontoxic solvent. The obtained lignin-based NFs can be easily manipulated and carbonized. We demonstrate in particular the possibility to twist precursors NF mats in order to make yarns. The materials, under the form of mats or yarns, are carbonized by thermal treatments at high temperature.

We describe the structure and properties of the obtained materials as function of their composition and degree of twist. A particular attention is paid to their electrochemical capacitance [START_REF] Yu | Emergence of fiber supercapacitors[END_REF]. The present results provide a new, low cost and environmentally friendly approach for the production of CNF functional mats and yarns, potentially useful for electrochemical, energy storage and microelectrodes as biosensors and biofuel cells applications [START_REF] Chen | Novel Electric Double-Layer Capacitor with a Coaxial Fiber Structure[END_REF][START_REF] Ren | Twisting Carbon Nanotube Fibers for Both Wire-Shaped[END_REF][START_REF] Viry | Nanotube fibers for electromechanical and shape memory actuators[END_REF][START_REF] Gao | Engineering hybrid nanotube wires for high-power biofuel cells[END_REF][START_REF] Mateo | Wet-Spun Bioelectronic Fibers of Imbricated Enzymes and Carbon Nanotubes for Efficient Microelectrodes[END_REF].

Experimental

Materials

PVA was obtained from Sigma-Aldrich under the trade name of Mowiol 18-88 (CAS number: 9002-89-5) with a molecular weight Mw = 130 000 g.mol -1 and a degree of hydrolysis of 86-89%. Dimethyl sulfoxide (DMSO) as solvent (CAS number: 67-68-5) was purchased from VNR Chemicals, France. Fraction of commercially available low impurities softwood Kraft lignin (Indulin AT) was obtained from Meadwestvaco, USA. All chemicals were used as received without further purification.

Preparation of spinning solutions and electrospun nanofibers

Different spinning dopes with different mass ratios of lignin were prepared as follows. PVA was first dissolved in DMSO with concentration ranging from 3 to 15 wt% under mechanical agitation at 90°C. After PVA dissolution, a fixed lignin amount was added to the PVA solution under magnetic stirring at 65°C for 10h. After being cooled to room temperature, the solution mixture was loaded in a 5-mL plastic syringe with a 21 gauge needle. The material was electrospun using a vertical electrospinning setup (Fig. 1.a) purchased from Tong Li Tech co (model TL-Pro), China. Typically, electrospinning was performed with a voltage of [START_REF] Li | Electrospinning of Nanofibers : Reinventing the Wheel ?**[END_REF][START_REF] Smit | Continuous yarns from electrospun fibers[END_REF][START_REF] Teo | A review on electrospinning design and nanofibre assemblies[END_REF][START_REF] Lallave | Filled and hollow carbon nanofibers by coaxial electrospinning of Alcell lignin without binder polymers[END_REF][START_REF] Lai | Free-standing and mechanically flexible mats consisting of electrospun carbon nanofibers made from a natural product of alkali lignin as binder-free electrodes for high-performance supercapacitors[END_REF][START_REF] Ago | Lignin-based electrospun nanofibers reinforced with cellulose nanocrystals[END_REF] kV applied between the needle and the grounded collector. The latter is a rotating cylinder covered by an aluminum foil. The feeding rate was of 0.5 mL.h -1 , and the distance between the tip of the needle and the rotating collector was set to 20 cm. Finally, the lignin/PVA nanofiber mats were carefully peeled off from the aluminum foils. In the present work, the composition of lignin/PVA systems is defined as the weight percent ratio lignin:PVA at a total fraction of dry matter in weight.

Twisting of the precursor nanofibers mat

The manufacture of twisted yarns is realized using a home build electronic setup (Fig. 1.b).

Precursor NF rectangular mats are pre-cuted with a dimension of 5 cm x 1 cm and a thickness of 100 µm. Each extremity of the precursor NF mat are stuck at the tip of two needles vertically oriented and separated by a distance of 4 cm. The top end of the setup is fixed, whereas the lower part is rotated by a motor. The system allows the control of the number of turns and of the rotation speed.

The latter is set at 5 turns per minute for all the yarns presently produced. Precursor NF yarns with respectively 23, 44, 54 and 78 turns per centimeter have been realized.

Preparation of lignin-based CNFs

The thermal conversion of lignin precursor NFs into CNFs involved two steps: first an oxidative thermostabilization and second, a carbonization at higher temperature. The precursor fiber mats were clamped by their edges between alumina plates in order to prevent from shrinkage during stabilization. The precursor twisted yarns were stuck at both ends to a graphite frame, also to prevent from shrinkage during the thermal treatment. Mats and yarns were then thermally stabilized under air in a muffle furnace (Nabertherm GmbH, Germany) upon heating at a rate of 2.5 °C.min -1 to 250 °C. Thereafter the temperature was held at 250 °C for 1 h. After cooling to room temperature, the thermostabilized NFs were carbonized under argon by heating in a tube furnace at 5 °C.min -1 to 550, 650, 800, 900, 1000 or 1200 °C.

The samples were lastly held at the highest temperature reached for 1 h.

Characterization

The morphology of the precursor NFs in electrospun mats was examined using scanning electron microscopy (SEM, Hitachi TM-1000). The structure of twisted precursor mats has been evaluated using high resolution optical binocular (Nikon SMZ1270), objective Nikon 2x WFWD. The average fibers diameter was evaluated using the Image J software by measuring randomly 40 diameters of NF and TNF mats on their corresponding images. The number of turns T per unit length (one centimeter here) for the twisted precursor fibers is given by:

Ƭ = 1 L (1)
where L is the pitch length corresponding to one turn of twist.

The thermal stability of the electrospun fibers was measured by thermogravimetric analysis (TGA) (TGA 5500IR, TA Instruments). 10 mg of sample are loaded in alumina pans and are heated from 30 to 1000 °C at 5 °C.min -1 under argon atmosphere. An additional TGA heating process of thermal oxidation under air from 30 to 250 °C at 2.5 °C.min -1 has been performed to simulate the oxidation process in the furnace. TGA measurements give access to the final carbon yield defined as the weight percentage of char after thermal treatment. We assume that only the initial quantity of lignin affects the formation of char and that PVA is completely degraded after the thermal treatment.

The carbon structure was analyzed using Raman spectroscopy and X-ray diffraction (XRD).

Raman spectra were recorded using a Horiba Jobin Yvon Xplora microscope equipped with a cooled Andor CCD detector, excitation wavelength: 534 nm, laser spot size of ~1 µm, objective Olympus 50x LWD. X-ray diffraction patterns were acquired using a Rigaku Nanoviewer (XRF microsource generator, MicroMax 007HF) λ = 1.54 Ǻ, with a 1200-W rotating anode coupled to a confocal Max-FluxH Osmic mirror (Applied Rigaku Technologies, Austin, USA) and a MAR345 image plate detector (MARResearch, Norderstedt, Germany).

The electrical conductivity of the carbonized samples was measured by two-points probe using a Keithley 2000 multimeter. Each sample was painted at each end with silver paste and mounted onto clean glass slides to provide good contact with the electrode. The electrical conductivity κ (S.cm -1 ) was calculated as:

= (2)
where R is the measured resistance (Ω), A is the cross-sectional area (cm 2 ) and L the distance between the two probes (cm).

The mechanical properties were measured using a Zwick Z2S tensile test instrument on TCNFs with 3 cm in length mounted on paper sample holders. The gauge length for tensile tests was 2 cm. The samples were elongated at an extension rate of 10 mm.min -1 . The measured force is converted in stress (Pa) as calculated from: Stress (Pa) = Force (N)/Cross Section (m 2 ). The cross section of the TCNFs is evaluated after each tensile test using the optical binocular (Nikon SMZ1270) observations.

To measure the density of the CNFs, a series of density floats was used to prepare cesium formate solutions with densities ranging from 1.5 to 2 g.cm -3 in increments of 0.05 g.cm -3 .

CNF material was immersed into these solutions and allowed to settle for 24 h. The determination of the density is based on the solution in which the fibers sunk as opposed to the next denser solution where the fibers floated. CNFs produced at 1000°C float on the surface of solutions with density larger than 1.75 g.cm -3 and sank with density lower than 1.7 g.cm -3 . The intrinsic density of the carbon material could be defined at 1.75 g.cm -3 . Densities of the carbonized mat and the TCNFs have also been calculated by weighing the mass sample and subsequently dividing it by the apparent volume of each fiber.

Electrochemical measurements

The electrochemical measurements were performed using the CNF mats and TCNFs as working electrodes. A three electrodes system equipped with a counter electrode and a Ag/AgCl reference electrode in 1M NaCl electrolyte was used to evaluate the electrochemical performances. The counter electrode consists of a carbon nanotube paper mat made by membrane filtration and enclosed in a Pt mesh to ensure a large surface area. Cyclic voltammetry (CV) was carried out using a Metrohm Autolab (PGSTAT204) potentiostatgalvanostat. The scan rates are varied in the range from 2 to 100 mV.s -1 and the voltage window was kept between -0.2 and 0.2 V. The specific capacitance was evaluated according to the following equation:

= ×∆ ∆ (3) 
where CS, ΔI, ΔV/Δt and m represents the specific capacitance of the electrode (F.g -1 ), the difference between charge and discharge current at 0 V (A), the scan rate (V.s -1 ), and the mass of the carbon electrode, respectively. The slope of plots of ΔI (normalized by the electrode mass) as a function of the scan rate give access to the specific capacitance. and 750 nm respectively. The transition from the lignin bead to mixed bead/nanofiber and to bead-free nanofiber morphologies takes progressively place as the lignin:PVA ratio decreased. Also, it has been observed that an increase of the total concentration of the electrospun dopes improved the uniformity of the bead-free nanofibers. This behavior can be ascribed to the increase of the viscosity of the dopes [START_REF] Fong | Beaded nanofibers formed during electrospinning[END_REF][START_REF] Kubo | Lignin-based Carbon Fibers : Effect of Synthetic Polymer Blending on Fiber Properties[END_REF]. By increasing further the ratio of PVA above 50%, the electrospinning became difficult due to the high viscosity of the dope.

As a result, a domain of optimal electrospinning has been defined in the monophasic domain of the phase diagram. These optimal conditions are represented by a red line in Fig 2 .a where bead-free and uniform nanofibers can be electrospun. Even if PVA and lignin phase separates in solution for high PVA fractions, it has been reported that these two polymers still display favorable interactions which facilitate electrospinning [START_REF] Corradini | Lignin-poly (vinyl alcohol) blends studied by thermal analysis[END_REF]. Corradini et al. [START_REF] Corradini | Lignin-poly (vinyl alcohol) blends studied by thermal analysis[END_REF] have shown via thermal analysis that interactions between lignin and PVA increase with the degree of hydrolysis and molecular weight of PVA. Also, Kubo and Kadla [START_REF] Kubo | The formation of strong intermolecular interactions in immiscible blends of poly(vinyl alcohol) (PVA) and lignin[END_REF] have demonstrated that lignin and PVA tend to form hydrogen bonds between the hydroxyl groups of PVA and lignin. These specific interactions ensure the good mechanical strength of the precursor The thermal behavior of the system (Fig. 2.d) has been evaluated using TGA analysis (Fig. 3).

For a thermal treatment directly up to 1000°C, without pre-oxidation, the carbon yield is 30% (Fig. 3, black curve). However, after a stabilization step under air atmosphere at 250°C, the carbon yield raises to about 35% (Fig. 3, red curve). It has been reported that the stabilization step of kraft lignin is performed to avoid the fusion of the material [START_REF] Braun | Lignin-based carbon fibers : Oxidative thermostabilization of kraft lignin[END_REF]. Our initial system being not fusible, the oxidative treatment influenced mainly a higher degree of char formation after pyrolysis. Similar behavior was reported by Brodin et al. for the manufacturing of conventional carbon fibers from Kraft lignin [START_REF] Brodin | Oxidative stabilisation of kraft lignin for carbon fibre production[END_REF][START_REF] Brodin | The behavior of kraft lignin during thermal treatment[END_REF]. The increase of carbon yield can be explained by the increase of the oxygen content in the material. Oxygen induces chemical reactions such as crosslinking of the lignin molecules and of lignin and PVA ones. The resulting oxidized mats become more stable against thermal degradation. All the samples further characterized in this work have been stabilized before pyrolysis. XRD analysis and Raman spectroscopy were performed to characterize the microstructures of the CNFs prepared at different carbonization temperatures (Fig. 4). XRD patterns (Figure 4.a)

Carbonization temperatures and structural properties

show a broad diffraction peak in the region 2θ = 20-25° for the systems carbonized from 650 to 1200 °C. This peak can be attributed to the (002) crystallographic plane of the graphite structure. For a highly graphitized material, the peak is located at 2θ = 26°. The average interlayer spacing d(002) was determined using the Bragg equation (reported in Table 1). This spacing decreases with increasing carbonization temperature. This result suggests an improvement of the carbon microstructural organization. In addition, a diffraction peak at 2θ ~ 44° which can be attributed to the (101) reflection is observed for samples treated at high temperature. This peak appears clearly above 900 °C, and demonstrates the growth of crystallites in the lateral direction. Overall, these peaks demonstrate a carbonization of the samples, but their large widths show that the degree of graphitic order is still relatively low [START_REF] Zhoua | Graphitic carbon nanofibers developed from bundles of aligned electrospun polyacrylonitrile nanofibers containing phosphoric acid[END_REF].

Raman spectroscopy measurements have been performed for better understanding of the transformation occurring with increasing carbonization temperature (Fig 4 .b). The two characteristic bands of pyrolyzed carbon materials around 1350 and 1580 cm -1 corresponding to the D-band (from disorder) and G-band (graphite structure) respectively are visible for all the carbonization temperatures. From a Lorentzian line shape fit for each spectrum, the peak height for both D and G bands have been evaluated to calculate the ID/IG ratio (Table 1). The ID/IG increases with increasing the carbonization temperature, from 0.47 to 1.12 for temperatures from 650 to 1200 °C respectively. This behavior has already been observed for lignin and cellulose based CFs [START_REF] Dallmeyer | Preparation and characterization of interconnected, Kraft lignin-based carbon fibrous materials by electrospinning[END_REF][START_REF] Deng | Carbon nanofibres produced from electrospun cellulose nanofibers[END_REF]. It differs from the case of PAN based CFs where ID/IG decreased with increasing the carbonization temperature. According to Dallmeyer et al. [START_REF] Dallmeyer | Preparation and characterization of interconnected, Kraft lignin-based carbon fibrous materials by electrospinning[END_REF],

the increase of ID/IG ratio is related to the transformation of amorphous structures into nanocrystalline graphitic domains due to clustering of aromatic rings present in lignin molecules. This transformation, and associated increase of ID/IG ratio, is also reflected by the decrease of the width of the D-band when the temperature of pyrolysis increases. It may be related to the increase in the number of 6-carbon aromatic rings in the lignin-based carbon structure. The related increase of the electrical conductivity reported in Table 1 with the carbonization temperatures confirms this type of transformation. Raman spectra of disordered and amorphous carbon have been investigated in depth by Ferrari and Robertson [START_REF] Ferrari | Interpretation of Raman spectra of disordered and amorphous carbon[END_REF].

According to these authors, the ID/IG ratio varies as function of the crystallite lateral size La as follows:

/ = (4) 
The crystallite lateral size has been evaluated using equation 4, where the constant C ' (λ) ≈ 0.0055 for the excitation wavelength λ = 514 nm. The values are reported in Table 1.

Table 1

Physical parameters of the lignin based CNFs as a function of the carbonization temperature.

Electrochemical properties 3.3.1. Effect of the carbonization temperature

The electrochemical capacitive behavior of CNF mats carbonized at different temperatures was studied by using cyclic voltammetry (CV). The CV curves of carbonized mats were acquired at the scan rate of 30 mV.s -1 within the potential range of -0.2 to 0.2 V in 0. CNF mats carbonized at 1000 °C. 

Effect of the twisted morphologies

Twisted fibers are made from mats of the same dimensions in thickness, width and length. Fig 6 shows four twisted precursor fibers with 23, 44, 54 and 78 turns per centimeter respectively.

The diameter of the fibers (Table 2) decreases with increasing twist.

The twisted precursor fibers have been carbonized in the same conditions as the precursor mats in order to compare their electrochemical properties. After the thermal treatment, the electrochemical properties of the TCNFs have been evaluated by CV such as CNF mats above. In addition, their electrical conductivity and mechanical properties have also been characterized (Table 2). SEM pictures of the twisted carbon nanofibers are detailed in the The effect of twist on the electrochemical capacitance of TCNFs has been studied using CV as shown in Fig 7 . The CV plots show for all systems a clear capacitive current. However, it is observed that the capacitive current substantially decreases with the degree of twist. For the greatest twist (sample (d)), the shape of the CV suggests that the capacitive current becomes low compared to the resistive current of the electrode at the investigated scan rates. The specific capacitances are reported in Table 2 and compared with the one of CNF mat. The found values are significantly lower than that of mats (around 20 times less). The percentage of porosity for the carbonaceous materials obtained at 1000 °C can be assessed by comparing the geometric density of the mat and yarns (Table 2) with the intrinsic density of CNFs determinate by flotation (1.75g.cm -3 ). The porosity percentage is 12.6% for the mat and varies from 6.4 to 2.2% for the TCNFs with increasing the twisting level. The decrease of capacitance with the degree of twist can be explained by the compaction and lower porosity of highly twisted yarns [START_REF] Dong | Facile Fabrication of Light, Flexible and Multifunctional Graphene Fibers[END_REF]. The densification and compaction with twist is also reflected in an increase of the yarn conductivity (Table 2). Mechanical properties reported in Table 2 are also found to depend on twist. The improvement of the mechanical properties of twisted fibers is due to the combination between the reduction of their diameters and to the compaction of the nanofibers with an increase of their density. Comparable values are obtained for conventional lignin-based CFs and CNTs fibers with much lower diameters [START_REF] Zhang | Carbon fibers from dry-spinning of acetylated softwood kraft lignin[END_REF][START_REF] Jia | A comparison of the mechanical properties of fibers spun from different carbon nanotubes[END_REF]. The present mechanical properties would not be sufficient to replace conventional carbon fibers in structural composites, but they are largely sufficient for the fibers to be manipulated and used in electrochemical applications for example. The obtained values are relatively low compared to the capacitance of CFs made of carbon nanotubes and activated CFs [START_REF] Chen | Novel Electric Double-Layer Capacitor with a Coaxial Fiber Structure[END_REF][START_REF] Ren | Twisting Carbon Nanotube Fibers for Both Wire-Shaped[END_REF][START_REF] Viry | Nanotube fibers for electromechanical and shape memory actuators[END_REF][START_REF] Gao | Engineering hybrid nanotube wires for high-power biofuel cells[END_REF][START_REF] Hu | High energy density supercapacitors from lignin derived submicron activated carbon fibers in aqueous electrolytes[END_REF]. Large capacitance is sought after in particular for supercapacitor applications. Instead, the present electrodes would be more suitable for applications not necessitating giant capacitance such as electrodes for biosensor or biofuel cell applications in which faradic current has to dominate over capacitive current. Carbon nanotubes based microelectrodes display excellent electrochemical performances, but are still raising issues for implantation in the body because of the small diameter of carbon nanotubes.

The nanofibers of the present yarns are much greater than carbon nanotubes, explaining the lower capacitance and the good electrical conductivity. In addition, even if low, the present values of capacitance remain still much greater than those of conventional carbon fibers [START_REF] Gao | Engineering hybrid nanotube wires for high-power biofuel cells[END_REF].

This is why the present porous and non-activated conductive carbon yarns, in addition to be produced from bio-resourced precursors, can find applications as microelectrodes potentially useful for biosensor or biofuel cells for example [START_REF] Gao | Engineering hybrid nanotube wires for high-power biofuel cells[END_REF][START_REF] Mateo | Wet-Spun Bioelectronic Fibers of Imbricated Enzymes and Carbon Nanotubes for Efficient Microelectrodes[END_REF] as an alternative to conventional carbon fiber or nanotube based fibers.

Table 2

Physical and electrochemical parameters of the lignin based CNFs depending on the material morphologies.

Conclusion

In this study, a new formulation system of lignin/PVA in DMSO has been electrospun to prepare twisted carbon yarns. The morphology and the thermal properties of the electrospun precursor NFs were determined as a function of the formulation composition and of the thermal treatment. The CNF mats obtained from lignin:PVA ratio of 70:30 at 30 wt% in DMSO were consecutively stabilized and carbonized at various temperatures. XRD, Raman spectroscopy and electrical conductivity suggested that lignin changes from an amorphous carbon to a nanocrystalline graphitic structure with increasing temperature of carbonization.

Morphological modifications from mats to twisted CNFs have demonstrated an important evolution of the electrochemical capacitance from 7.73 F.g -1 for the mat to few mF.g -1 for the more highly twisted system. Reduction of the active surface area and increase of the material density can explain this variation. Fiber twisting is shown as a versatile way to tune the properties of the fibers. Twisting in particular allows the stiffness and conductivity to be increased, whereas capacitance is reduced. Capacitance and electrical conductivity values reported here make the present bio-resourced carbonaceous material a promising candidate for microelectrode applications.
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 1331 Fig 1. Schematic representation of the steps to manufacture lignin based twisted carbon nanofibers, (a) electrospinning process, (b) twisting mat setup. Scale (500 µm)

  nanofibers. In order to get the highest carbon yield and bead-free nanofiber morphology, the initial dope lignin:PVA 70:30 at 30 wt% in DMSO illustrated in Fig 2.d will be the system studied in all the following of the present work.

Fig 2 .

 2 Fig 2. (a) Ternary phase diagram indicating electrospinnability domains to obtain uniform nanofibers according to the composition of the dopes (mass fractions of lignin, PVA, and DMSO). SEM images of precursor fibers electrospun from 30 wt% total in DMSO solutions with lignin:PVA weight ratios of (b) 100:0 (c) 80:20 (d) 70:30, and (e) 50:50. Scale bar 2 µm.

Fig 3 .

 3 Fig 3. TGA curves for lignin:PVA 70:30 nanofibers without oxidative stabilization (black curve) and with the successive steps of oxidative stabilization until 250°C followed by pyrolysis under argon realized in one single TGA measurement (red curve).

Fig 4 .

 4 Fig 4. XRD patterns (a) and Raman spectra (b) of lignin based CNFs treated at different carbonization temperatures.

5 M

 5 NaCl. The values of the specific current (A.g -1 ) were obtained by normalizing the CV currents with the corresponding total active carbon mass for each electrodes. The obtained results are shown in Fig 5.a. The CV plots obtained for CNF mats carbonized at 1000 and 1200 °C respectively display a near-rectangular shape without apparent redox reactions, indicating an ideal capacitive behavior. On the other hand, the CNF mats carbonized from 650 to 900 °C display a typical pseudo-capacitive behavior with broad redox peaks between 0.1 -0.2 V.These could be attributed to the presence of reactive components such as phenol groups not yet degraded at low carbonization temperatures. It is important to note that CNF mats carbonized at 1000 and 1200°C have nearly the same CV current, much greater than that of materials treated at lower temperatures. Materials treated at high temperature have the greater capacitance. Additionally, the CNF mats carbonized at 1000 °C was tested at different scan rates from 2 to 100 mV.s -1 (Fig 5.b). These measurements allow the specific capacitance of the carbonized mats to be deduced using equation[START_REF] Bezemer | Cobalt Particle Size Effects in the Fischer-Tropsch Reaction Studied with Carbon Nanofiber Supported Catalysts[END_REF]. The difference of current densities for charge and discharge ΔI is evaluated at 0 V for each scan rate and is shown in Fig 5.c. We deduce from the slope of the curve that the electrochemical capacitance is of 7.7 F.g -1 for

Fig 5 .

 5 Fig 5. Electrochemical characterizations of the CNF electrodes in 0.5 M NaCl aqueous electrolyte at room temperature: (a) CV plots of the CNF electrodes carbonized at different temperatures at a scan rate of 30 mV s -1 in the potential window of -0.2 -+0.2 V, (b) CV plots of the CNF electrode carbonized at 1000 °C at different scan rates in the potential window of -0.2 -+0.2 V, (c) linear fit of the capacitive current density at the potential 0 V as a function of the scan rate.

Fig 6 .

 6 Fig 6. High resolution optical images of the twisted precursor lignin-based nanofiber mats with turn per unit length of: (a) 23, (b) 44, (c) 54, and (d) 78 turns per centimeter. Scale bar 500 µm.

Fig 7 .

 7 Fig 7. Cyclic voltammograms of the TCNF twisted electrodes: (a) 23, (b) 44, (c) 54, and (d) 78 turns per centimeter at different scan rates in 0.5 M NaCl aqueous electrolyte at room temperature in the potential window of -0.2 -+0.2 V.

Fig 8 .

 8 Fig 8. Curves of the current density obtained by CV for each twisted CF as a function of the scan rate. The capacitance is given by the slope of the linear fits.
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