Bio-Based Lignin Carbon Nanofibers as high performance anode material for Li-ion battery
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Abstract— Increased implementation of lithium ion batteries for all the electronic purposes has created a demand  to develop more cost efficient and increasingly efficient sustainable materials for energy storage devices, such as Li-ion batteries. In this following, the preparation of carbon nanofibers (CNF) from biopolymer blends of lignin, with polylactic acid (PLA) is described. The microstructural surface morphology of these carbon nanofibers where analyzed using a field emission scanning electron microscope after each processing step (electrospinning, stabilization and carbonization). The porosity of the nanofiber is determined using miscibility/immiscibility rule between lignin and the additive polymer (PLA). PLA blend generates porous structure when carbonized. Electrodes produced from 30% PLA blend have specific capacitance of 572 mAhg-1 after 50 charge/discharge cycle; high for sustainable electrodes for Li-ion batteries. This work will promote the development of lignocellulose waste material as high performance energy storage materials
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Energy storage devices are underpinning the rapid development of modern society [1]. There is a need for high capacity high power energy storage device such as batteries and supercapacitors in many areas of modern technological society which includes portable electronic devices such as smartphones, laptops, tablets and biomedical sensing equipment’s to meet their increased energy demands, Coupled to this, the increasing demand for electric vehicles, has dictated the necessity to investigate new materials for energy storage devices [2-5]. Li-ion batteries are the most efficient energy storage devices and are widely used in most of the application [6-8], carbon materials such as graphite is used in commercial Li-ion battery anodes due to their availability, processability and long-term cyclic stability [1]. However, graphite has a very low energy density, with its theoretical capacity of just 372mAhg-1. Many studies have been focused on finding new carbon materials to be used as anodes in Li-ion batteries [3, 11]. Several other carbon nanostructures including graphene, carbon nanotubes and mesoporous carbon have been studied as alternative to graphite [12-18], which however, due to high cost and production difficulty compared to traditional graphite, has not evolved as efficient alternative. Carbon nanofibers, which can be produced by electrospinning can be incorporated into the commercial production of Li-ion battery due to their low cost, larger surface area and ease of production [9-10, 19-20, 24]. The vast majority of the carbon fibers is produced by using petroleum-based polymer called as Polyacrylonitrile (PAN) which has a serious limitations such as; high cost, slow carbonization, solvent usage during synthesis and serious environmental issues such as high co2 emission [22]. Lignin is the most promising and most favorable alternative to PAN as carbon fiber precursor.  Lignin is most abundant aromatic biopolymer on the planet which is amorphous and is present in the cell walls of plants. The aromatic molecular structure of lignin generated by the condensation of the three different monolignols (coniferyl alcohol, sinapyl alcohol and p-coumaryl alcohol) renders it ideal for carbon fiber production [23].

The present study presents a fully sustainable carbon nanofibers with differing tailored microstructures using lignin blended with polylactic acid (PLA). The method allows for the formation of porous structures after carbonization. In order to promote lignin crosslinking and avoid its melting, methylene diphenyl diisocyanate(MDI) was used as crosslinking agent during stabilization. This paper propose a sustainable anode material for Li-ion battery, utilizing biobased materials, leading to better performance compared to current state of the art materials. 

Experimental Section
Materials
The biopolymer component, Alcell organosolv hardwood (TcA) lignin was obtained from technaro GmbH, (Germany). The biobased PLA (Ingeo Biopolymer 3001D) injection moulding grade was supplied by Natureworks, Minnetonka, MN. Dimethylformamide (DMF), Tetrahydrofuran (THF) and Methylene diphenyl diisocyanate (MDI) were purchased from Sigma Aldrich (Germany).  

Solution preparation
PLA was weighed and dissolved in a mixture of DMF/THF (1:1 v/v) for 1 hour under magnetic stirrer at 50°C. Once PLA was completely dissolved, lignin was added to the solution and the mixture was homogenized for 30 minutes under magnetic stirrer at 50°C to dissolve completely, followed by addition of 7% MDI with respect to the lignin content and was stirred for 5 minutes prior to electrospinning process. The solution composition is as summarized in Table 1.

Table 1: Compositions of electrospinning solutions [1].

	Sample lignin/PLA 
	TcA (g)
	PLA (g)
	MDI (g)
	DMF (ml)
	THF (ml)
	Solid content (%)

	80:20
	2.976
	0.8
	0.223
	8.44
	8.99
	20

	70:30
	2.604
	1.2
	0.196
	8.44
	8.99
	20

	50:50
	1.86
	2
	0.14
	8.44
	8.99
	20



Preparation of CNF’s
A custom built electrospinner composed of a syringe driver hardvard PHD 2000 and a power source SIMCO Eurocharge Master were used for producing nanofibers, all the samples were produced at an infusion rate of 30 µl/min and the distance between needle and the collector foil was set to 10 cm and the electrospinning was performed at 7.7 kv with, collector foil grounded and needle connected to power supply. Electrospunn lignin/PLA nanofibers were collected over copper electrode connected to the aluminum foil. After one hour of electrospinning the copper electrodes were removed for the subsequent steps. The dried nanofibers were isothermally stabilized in oven under atmospheric environment. The temperature was ramped from 25 to 150 °C at 1 °C min−1 and kept at 150 °C for 14 h. Then the temperature was raised from 150 °C to 200°C at 1 °C min−1 and kept at 200°C for 1 h and then the temperature was ramped again from 200°C to 250°C at 1 °C min−1 and kept at 250°C for 1 h and then the sample was naturally cooled down to room temperature.

The stabilized Lignin/PLA and Lignin/TPU Nano fibres were being carbonized using the tubular furnace. The fibres were then heated from 200 to 900 °C at 10 °Cmin−1 under a flow of nitrogen or in inert atmosphere and the samples where carbonized at 900 °C for 30 minutes.  The scanning electron microscopy (SEM) and energy dispersive x-ray spectroscopy (EDS) were performed to determine the nanofiber morphology and elemental analysis utilizing hitachi table top TM 1000 system coupled to an oxford instruments x-max EDS system at an accelerating voltage of 5Kv and working distance of 14 mm after each processing step. 
For the electrochemical characterization, the samples were tested within two electrode Swagelok type cells as the working electrode versus a Li metal counter/reference electrode. All potentials are quoted relative to Li/Li+. Celgard separators impregnated with a carbonate based electrolyte (1.0 M lithium hexafluorophosphate (LiPF6) solution in ethylene carbonate and diethyl carbonate, battery grade Aldrich) with 3% weight vinylene carbonate (97 % Aldrich) were used. Half-cells were tested galvanostatically between 3- 0.011 V (vs Li/Li+) at C/2 rate (1C= 372 mA/g-1). Testing was conducted using a Biologic MPG-2. The cells were assembled and tested within an Ar filled glovebox with O2 and H2O levels below 0.1 ppm. The potential carbon yield of the materials was determined using a SETARAM TG-DTA 1600 (Setaram Instrumentation, France), using alumina crucibles. The samples were heated in nitrogen to 900°C at a heating rate of 10°C/min. Surface area, pores radius and volume values were obtained from nitrogen Adsorption desorption isotherms by the theory of Brunaeur-Emmett-Teller (BET).
Results and discussion
Pure lignin solutions tend to have very low viscosity due to low molecular weight of lignin and are not suitable for electrospinning on itself [25], hence lignin blends were developed. In lignin/PLA blend mixture of solvent, DMF: THF (1:1 w/w), is required since phase separation occurs when only one solvent is utilized [1]. Figure 1, shows the evolution of the morphology after each step of the electrode production process i.e., electrospinning, stabilization and carbonization. Lignin/ PLA nanofibers exhibit diameter between 300nm to 700nm and the diameter decreases with the increase in the lignin content as the viscosity of the blend increase, the diameter of the fiber after carbonization is reduced to 150nm to 300nm (Figure 2).

The beading degree increases with lignin content with 50% and 30% PLA being the optimum composition to minimize beading along nanofibers. 
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Fig. 1. SEM images of lignin based nanofibers after each processing step as a function of their composition [1].
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[bookmark: _Hlk34245143]Fig. 2. Lignin/PLA fibre diameter after electrospinning and after carbonization.
 
Lignin/PLA- 50:50 and lignin/PLA 70:30 remain intact as result of efficient crosslinking reactions. The stabilization of the lignin nanofibers is known to be technically challenging due to the melting of lignin; hence considerable number of previous studies have used extremely low heating ramp rate. In this work nanofibers were stabilized combining several isothermal steps to prevent melting, the addition of MDI as crosslinker was crucial in order to maintain the shape of nanofibers. Crosslinking occurs between lignin hydroxyl groups and MDI isocyanate groups, generating urethane groups linking lignin molecules together and transitioning from thermoplastic to thermoset during stabilization.
After carbonization the morphology of the nanofibers remain unchanged keeping the shape obtained after the stabilization step. Lignin/PLA-50:50 and Lignin/PLA-70:30 displays the best shape and morphology retention as in figure 1, producing well defined nanofibers around the whole surface of electrode.
 During the thermal treatments, phase separation occurs resulting in lignin serving as the carbon precursor, while PLA as the pore generator. Consequently, two different structures are obtained after carbonization resulting in PLA generating porous structure after carbonization as shown in figure 3. The fact that PLA depolymerizes and volatilizes completely above 370ºC, means that it becomes a sacrificial polymer during the carbonization process, generating pores along the carbon nanofibers.
   [image: ]
[bookmark: _GoBack]Figure. 3. Schematic of phase separation of lignin/PLA fibers, pore generation [1].

Electrochemical testing of electrodes composed of electrospun lignin/PLA carbon nanofibers and galvanostatic charge–discharge experiments were carried out at a rate of C/2 and within a voltage window of 1–3 V to evaluate the electrochemical performance of the porous carbon nanofiber anode. Lignin/PLA nanofibers with 30% PLA exhibited notably high specific capacity values as shown in figure 4. It was found that PLA electrodes exhibited extremely stable and long-term cyclic performance. After 50 charge/discharge cycles, the specific capacitance of the electrodes was 572 mAhg-1(Figure 4), which is a strong improvement over performance of conventional graphite electrode material and other alternatives being studied as shown in Table 2. The enhanced specific capacity of the PLA composed nanofibers is primarily attributed to increased porosity leading to additional sites for Li storage.
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Figure. 4. Gravimetric capacity values for extended cycling testing at c/2 rate for PLA based electrodes of different masses [1].

Table. 2.  Table comparing the performance of carbon nanofibers in this study to existing literature [1].

	Ref
	Preparation Method
	Potential window
(v)
	Cycle number(n)
	Capacity at nth cycle (mAhg-1)

	This Report
	Epectrospun Lignin/PLA
	0.001-3
	50
	572

	[1]
	Electrospun Lignin/TPU
	0.001-3
	50
	280

	[25]
	Electrospun PAN/PLLA
	0.01-2.80
	50
	435

	[26]
	Electrospun from PAN
	0-2.8
	1
	450

	[10]
	Electrospun PAN
	0.01-3.0
	50
	400

	[9]
	Electrospun Polypyrole (PPy) and PAN
	0.01-2.80
	50
	454



Conclusion
Porous carbon nanofibers of lignin with PLA were successfully prepared by subsequently stabilizing and carbonizing electrospun lignin/PLA nanofibers. The addition of MDI promotes crosslinking between the OH groups of lignin generating urethane groups, which allow nanofiber shape retention after carbonization. The compatibility between lignin, PLA play an important role in the final carbonized CNF morphology. Samples based on PLA precursor produce a well-defined porosity with lignin serving as the carbon precursor, while PLA serving as pore generator. The resultant porous carbon nanofibers have capacity values well beyond state of art graphite material capacitance attributed to increased porosity levels, leading to additional sites for Li storage and can be directly used as anodes for lithium ion batteries. These results provide evidence for the potential of lignin to be used in next generation Li-ion battery critically in terms of better performance than conventional graphite material or any other petroleum-based alternatives. 
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