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In this study, lignin-based carbon nanofibers were prepared by electrospinning, followed by carbonization at four different temperatures (800, 1,000, 1,200, and 1,400°C). The surface and bulk elemental compositions were analyzed by energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy, respectively. In addition, the structure of the prepared carbon nanofibers was characterized by scanning electron microscopy, transmission electron microscopy, focused ion beam microscopy, and Raman spectroscopy. Results showed that all carbon nanofibers, irrespective of the carbonization temperature, had continuous and homogeneous structures. They were dense and no phase separation was observed. Moreover, the nanofibers carbonized at 800°C or 1,000°C predominately contained amorphous carbon and some non-carbon elements. When the carbonization was performed at a higher temperature (1,200°C or 1,400°C), non-carbon elements were effectively removed and nanocrystalline graphite was formed, indicating that high temperature carbonization facilitated the formation of ordered carbon structures.
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INTRODUCTION

Carbon fibers containing more than 92 wt% carbon have been widely reported for their possible use in composite reinforcement, gas adsorption, water purification as well as energy storage applications (Shimazaki, 1987; Buckley and Edie, 1993; Chand, 2000; Jiang et al., 2007; Figueiredo et al., 2013). Carbon fibers are mostly prepared from the fossil-based polymer polyacrylonitrile (PAN) or mesophase pitch; nonetheless, researchers and industrial manufacturers are actively seeking for renewable, low-cost, and environmentally friendly replacements for PAN-based precursors (Baker and Rials, 2013). Lignin, the second most abundant biopolymer, is attracting considerable attention because of its high carbon content and dominant aromatic structure, which are beneficial for its conversion into carbon fibers (Dallmeyer and Kadla, 2014).

Initially, lignin-based fibers were spun by melt or wet spinning (Sevastyanova et al., 2010; Baker et al., 2012; Awal and Sain, 2013; Jia et al., 2016). These methods can produce fibers with diameters of tens to several hundreds of micrometers. Another spinning technique, electrospinning, in which a static electric field is applied to extract ultrathin fibers from a polymeric solution, was first used by Lallave et al. (2007) to produce lignin-based fibers. They prepared lignin fibers from organosolv lignin and converted the lignin fibers into carbon nanofibers by thermal carbonization (Lallave et al., 2007). Unlike other spinning methods, electrospinning generally produces fibers with diameters in the range of 0.05–5 μm (Doshi and Reneker, 1995). Therefore, these lignin-based fibers have considerably larger specific surface areas compared to those of fibers obtained by other spinning techniques, making electrospun lignin-based carbon fibers potentially suitable for gas separation, water purification, as well as energy storage applications, wherein high-specific-surface-area materials are highly preferred (Wang et al., 2013; Jin et al., 2014; Lai et al., 2014; Kai et al., 2015; García-Mateos et al., 2019; Kumar et al., 2019; Salinas-Torres et al., 2019).

Carbon fibers obtained from different precursors and/or processes often exhibit different fundamental structural characteristics (Edie, 1998). In 1987, on the basis of small-angle X-ray diffraction as well as transmission electron microscopy (TEM) data, Johnson proposed a model of the microstructure of PAN-derived carbon fibers. It was found that in the skin region of the PAN-derived carbon fibers, carbon layer planes were parallel to the surface, with needle-shape voids existing between crystallites; on the other hand, in the core region, the carbon layer planes were extensively folded, many of them folding through angles of 180° in a “hairpin” fashion (Johnson, 1987). On the other hand, mesophase pitch, a liquid crystalline precursor with large amounts of polynuclear aromatic hydrocarbons, usually produces carbon fibers with a radial or flat-layer transverse texture, depending on the spinning method (Edie, 1998).

Because the structure of carbon fibers varies with the precursor and the process, understanding the microstructure of carbon fibers can facilitate the optimization of their properties. However, very few studies on the microstructure of electrospun lignin-based carbon fibers have been reported. In this study, focused ion beam microscopy (FIB), scanning electron microscopy (SEM), as well as TEM were performed to determine the microstructure of electrospun lignin-derived fibers after carbonization at four different temperatures (800, 1,000, 1,200, and 1,400°C); in addition, the carbon fibers were characterized by Raman spectroscopy, energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS).



EXPERIMENTAL


Materials

All chemicals were of analytical grade and used without prior treatment. Alkali lignin (AL, low sulfonate content, CAS Number: 8068-05-1), and poly (vinyl alcohol) (PVA, Mw of 89000–98000, CAS Number: 9002-89-5) were obtained from Sigma-Aldrich, Sweden. Sodium hydroxide (NaOH) was purchased from VWR, Sweden. Distilled water was used throughout the experiments.



Electrospinning of Lignin-Based Nanofibers

PVA powder was added to a certain amount of distilled water and heated to 80°C under constant magnetic stirring to obtain a 5 wt% PVA aqueous solution. The solution was allowed to cool down and then AL powder was gradually added until the final AL:PVA weight ratio was 75:25. The resulting mixture was continuously stirred for 2 h at 80°C, and then, subjected to electrospinning.

Fluidnatek LE-10 (Bioinicia SL, Spain) was used for the electrospinning process. A 12 mL Luer syringe (HSW NORM-JECT, Bremen, Germany) containing the prepared AL/PVA solution was connected to the electrospinning nozzle through a polytetrafluoroethylene pipe; the inner diameter of the nozzle tip was 0.60 mm. The distance between the tip and the plate collector was 20 cm. The feeding rate and the voltage used were 0.5 mL/h and 17 kV, respectively.



Heat Treatment

The as-spun AL/PVA nanofibers were converted to carbon fibers by a two-step process. First, the as-spun nanofibers were stabilized in air using the procedure previously reported (Lai et al., 2014). Typically, the nanofibers were heated to 100°C at a rate of 5°C/min and held at the temperature for 2 h. Then, the temperature was increased to 180°C at a rate of 1°C/min. The nanofibers were held at 180°C for 18 h, and then, heated to 220°C at a rate of 0.5°C/min. The nanofibers were held at 220°C for 8 h and naturally cooled to room temperature. During the stabilization, the nanofibers were crosslinked because of the formation of carbonyl and carboxyl structure, which can prevent the nanofibers melting in the carbonization (Braun et al., 2005). Next, the stabilized nanofibers were carbonized at different temperatures (800, 1,000, 1,200, and 1,400°C) under a nitrogen atmosphere. The two-step process was performed in a tube furnace (Nabertherm RHTC 80-230/15, Bremen, Germany).



Characterization Methods


SEM Analysis

The as-spun, stabilized, and the carbonized nanofibers were observed by SEM (Magellan 400 XHR-SEM, FEI Company, Hillsboro, USA). A thin layer of tungsten was coated on the as-spun and stabilized fibers using Bal-Tec MED 020 (Leica, Wetzlar, Germany). The carbonized nanofibers were observed directly without any coating. The accelerating voltage was 5 kV. The diameters of the fibers were determined using the software called “FibreApp” (Usov and Mezzenga, 2015).



XPS Analysis

XPS analysis was carried out with an Escalab 250 XI system (Thermo Fisher Scientific, USA) using an Al Kα source at 1486.6 eV. The data were evaluated using the Thermo ScientificTM Avantage software.



EDX Analysis

EDX analysis of the nanofibers was conducted using a JEOL JSM 6460LV SEM instrument (JEOL Ltd., Tokyo, Japan) with a silicon drift detector (Oxford X-MaxN 50 mm2, Oxford Instrument, United Kingdom). The accelerating voltage used was 10 kV. The as-spun and stabilized nanofibers were coated with gold using a vacuum coater (EM ACE200, Leica, Wetzlar, Germany). The gold contribution was manually subtracted from the final EDX data.



FIB Analysis

A dual-beam focused ion beam microscope (FEI Helios, NanoLab, USA) was used to analyze the cross-sectional structure of the electrospun fibers. A small piece of the carbonized nanofiber network was cut and placed on a flat metal holder with an adhesive carbon tape. Then, a piece of platinum foil was fixed on top of the sample which provide protection against artifacts and helped in achieving a smooth cutting surface during milling. Next, the sample was bombarded with Ga+ ions excited from a Ga liquid metal ion source over a defined area (milling box). A beam current of 0.17 nA was used to prevent melting down of the sample. The cross-sectional images of the nanofibers were recorded using secondary electrons.



TEM Analysis

A JEOL-2200FS TEM instrument (JEOL, Japan) was used to analyze the microstructure as well as the chemical composition of the electrospun carbon nanofibers. A small piece of the carbonized fiber networks was ground in a mortar in the presence of ethanol. Then, the ground sample was directly placed on a Cu support grid. TEM was performed at an accelerating voltage of 200 kV and a probe current of 1 nA.



Raman Spectroscopy Analysis

The carbon structure of the nanofibers was analyzed using a Bruker Senterra dispersive Raman spectroscope (Bruker Corp., USA). The wavelength of the laser beam was 533 nm. A power of 2 mW was used to avoid local overheating.





RESULTS AND DISCUSSION

It is reported that the electrospinning process can be affected by the viscosity, conductivity of the solution as well as the high voltage applied to the tip, etc. (Doshi and Reneker, 1995). In this study, PVA was added as a binder polymer to increase the viscosity of the precursor for a stable electrospinning process. The applied voltage and the feeding rate of the solution were carefully adjusted to have a stable Taylor cone for smooth and continuous fibers.

The SEM images of the as-spun, stabilized and carbonized nanofiber networks are shown in Figure 1. Fibers carbonized at 800, 1,000, 1,200, and 1,400°C were denoted as C800, C1000, C1200, and C1400, respectively. Almost all nanofibers were smooth and continuous before and after the thermal treatment process. Although the carbonized fiber diameter decreased from 140.4 ± 26.3 nm to 100.3 ± 23.1 nm with increasing carbonization temperature from 800°C to 1,400°C, the nanofiber network was intact with very few fiber breakages.


[image: Figure 1]
FIGURE 1. SEM images of the (A) as-spun, (B) stabilized, (C) C800, (D) C1000, (E) C1200, and (F) C1400 fibers.


Because XPS using an Al Kα source at 1486.6 eV can reveal the elemental composition of a sample at a depth of up to 10 nm from the sample surface, it is considered a powerful technique for surface elemental analysis (Shuguang, 1994; Tanuma et al., 2011). On the other hand, in SEM-EDX analysis using an accelerating voltage of 10 keV, the X-ray generation depth for carbon is ~1 μm (Goldstein et al., 2017; Monte-Carlo-Simulation, 2019). Thus, the surface and the bulk elemental compositions of the nanofibers were determined using XPS and SEM-EDX respectively, and the results are shown in Figure 2.


[image: Figure 2]
FIGURE 2. (A) Carbon, (B) oxygen, (C) sodium, and (D) sulfur contents in the bulk and on the surface of nanofibers.


The electrospun lignin-based nanofibers were mainly composed of carbon, oxygen, sodium, and sulfur. Overall, there were no significant differences between the bulk and surface chemical composition of the as-spun and stabilized nanofibers, indicating that the electrospun nanofibers had homogeneous composition along the axial direction, and the stabilization process did not add additional layers to the surface of the nanofibers. However, for C800 and C1000, oxygen and sodium contents on the surface were significantly higher than those in the bulk. The high-resolution SEM images in Figure 3 reveal heterogeneous dot-like features on the surfaces of C800 and C1000. These sodium- and oxygen-rich features were derived from the chemicals (NaOH, Na2CO3, and Na2SO4) used in the kraft process to extract lignin. Notably, homogeneity in the chemical composition of the carbon nanofibers was retained at carbonization temperatures above 1,200°C, indicating that such features can be effectively removed as the carbonization temperature increased.


[image: Figure 3]
FIGURE 3. High-resolution SEM images showing dot-like features on the surface of (A) C800 and (B) C1000.


The cross-sectional images of all carbon nanofibers were captured by the FIB microscopy, and C1200 was chosen as a representative shown in Figures 4A,B because of its good fiber structure and relatively high carbon content according to the SEM and EDX results shown above. The carbon nanofibers were milled under a positively charged Ga ion beam to expose the cross-sections of the carbon nanofibers. As observed in Figure 4B, each nanofiber contained three distinct phases and the total fiber diameter was ~300 nm, which was double of that observed before Ga+ ion bombardment (Figure 1). The outer two layers were derived from the platinum foil used to enhance the milling quality. Under Ga+ ion beam exposure, platinum from the foil formed a thick layer on the surface of the nanofibers (Phase 1 in Figure 4B). Subsequently, Ga+ ions also penetrated the platinum layer, producing a new phase (Phase 2, PtxGay) (Phaneuf et al., 2003; Li, 2006), and the carbonized nanofibers formed the inner cores (dark contrast). Because of ion tunneling in carbon, significantly less amount of secondary electrons were generated, resulting in dark cores (Phase 3 in Figure 4B) (Serantoni et al., 2005; Li, 2006). Similar phenomena were also observed in FIB images for all other carbonized nanofibers (C800, C1000, and C1400). For further verification, cross-sectional SEM images of C1200 were recorded. It was first embedded in a conductive polymer, and then, immersed in liquid nitrogen for 1 min. Next, the deep-frozen sample was broken to expose the fracture surfaces of the carbon nanofibers, as shown in Figures 4C,D. As observed, the cross-sections of the carbon nanofibers were homogenous, with no voids, skin layers, or phase separation.


[image: Figure 4]
FIGURE 4. (A) FIB image of C1200 nanofibers, showing the milling box, (B) high-magnification FIB image of C1200 nanofibers, showing three distinct phases, (C) SEM image of C1200 nanofibers, showing the overall fracture surface, and (D) SEM image of fractured C1200 nanofibers.


TEM images of fractured edge of C800, C1000, C1200, and C1400 nanofibers are shown in Figures 5A–D. The inset images in Figures 5A–D also demonstrated that the fiber structure was homogenous and there was no obvious cavity observed. C800 and C1000 nanofibers contained some small curved graphene sheets as revealed by the contrast in the images. This suggested that C800 and C1000 nanofibers mostly contained amorphous carbon and some nanocrystalline graphite (De Tomas et al., 2017). The graphene sheets in C1200 and C1400 were longer and more obvious, as shown in Figures 5C,D; however, long-range stacking of graphene sheets was not observed, indicating that C1200 and C1400 predominantly contained nanocrystalline graphite but the formation of long-range ordered graphite structures did not occur in these samples (De Tomas et al., 2017). Similar trends have been reported by Zhang et al. (2017). They concluded that the lateral size of nano-graphene derived from kraft lignin increased with increasing temperature.


[image: Figure 5]
Figure 5. (A–D) TEM images of C800, C1000, C1200, and C1400, respectively. Scale bar in the inset: 100 nm. (E–H) SAED patterns of C800, C1000, C1200, and C1400, respectively. Scale bar: 12.5 nm−1.


The selected area electron diffraction (SAED) patterns of the carbon nanofibers are shown in Figures 5E–H. The smallest diffraction ring in the SAED pattern was assigned to the (002) planes. Notably, a prominent broadening effect was observed, which indicated loss of periodicity along the sheet-stacking direction of the graphitic structure (Matassa et al., 2014). Moreover, diffraction rings corresponding to (101) and (112) planes were detected, and the corresponding interplanar distances were calculated. The interplanar distances for the carbon nanofibers were mostly larger than those for graphite [2.04 Å for (101) planes and 1.16 Å for (112) planes] (Downs and Hall-Wallace, 2003). Moreover, with increasing carbonization temperature, the crystal planes were packed in a more compact manner (the (101) interplanar distance decreased from 2.07 to 2.04 Å). This indicated that high-temperature carbonization resulted in the formation of lignin-based carbon nanofibers with better structures.

Raman spectroscopy was performed to characterize the carbon structure of C800, C1000, C1200, and C1400 nanofibers. The intensity and position of Raman peaks were denoted by I and Pos, respectively. As observed in Figure 6, each sample exhibited three prominent Raman peaks, and the two most intense features are D peak at ~1,330 cm−1 and G peak at ~1,580 cm−1. The G peak was attributed to bond stretching of all pairs of sp2 atoms in rings and chains while the D peak was assigned to the breathing modes of sp2 atoms in the rings, which were activated by defects (Ferrari and Robertson, 2004). As observed in the TEM images (Figure 5), with increasing carbonization temperature from 800°C to 1,400°C, the carbon structure gradually evolved from amorphous carbon to nanocrystalline graphite. In this evolution stage, the upshift of Pos(G) from 1,576 to 1,588 cm−1 (Figure 6) indicated an increase in the degree of ordering in the carbon structure (Ferrari and Robertson, 2004). Moreover, because of the presence of the topological disorder in this stage, the Tuinstra and Koenig (TK) relation, which states that the I(D)/I(G) ratio is inversely proportional to the effective graphite crystallite size (La) was not valid. Instead, Farrari and Robertson proposed the relation: [image: image] in 2000 (Tuinstra and Koenig, 1970; Ferrari and Robertson, 2000, 2004). As shown in Figure 6, the I(D)/I(G) ratio increased with increasing carbonization temperature from 800°C to 1,400°C. Thus, the effective size of nanocrystalline graphite increased as the carbonization temperature increased.


[image: Figure 6]
FIGURE 6. Raman spectra of (A) C800, (B) C1000, (C) C1200, and (D) C1400 fibers.


The Raman peaks at ~2,600 cm−1 (Figure 6) were assigned to 2D mode originating from four-step Stokes-Stokes double resonance Raman scattering (Yoon et al., 2011). The 2D peak typically reveals the electronic band structures and phonon dispersion of carbon materials and therefore, it can be used to characterize strain-induced anisotropy or distortion in the reciprocal lattice (Ferrari et al., 2006; Yoon et al., 2011). For instance, Yoon et al. reported that when strain was applied to graphene, the 2D peak redshifted, owing to the modification of the electronic band structure resulting from distortion (Yoon et al., 2011). Typically, the 2D peak appears at ~2,700 cm−1. However, in this study, it was observed at 2,521 cm−1 for C800, indicating carbon lattice distortion which was attributed to the incomplete conversion the lignin-based precursor to graphite during carbonization. As the carbonization temperature increased, the 2D peak monotonically shifted from 2,521 cm−1 for C800 to 2,663 cm−1 for C1400. The upshift of the 2D peak suggested that the carbon structures of the nanofibers became more ordered at higher carbonization temperatures. Moreover, it is reported that 2D peak is symmetric in turbostratic graphite because of the absence of the AB stacking order which induces the doublet structure (asymmetry) of the 2D peak (Cesano et al., 2016). Here, symmetric 2D peaks were observed for C800 and C1000 while the asymmetry of the 2D peak became more and more obvious in C1200 and C1400, again indicating more ordered carbon structures in C1200 and C1400.



CONCLUSION

Alkali lignin-based nanofibers were carbonized at four temperatures: 800, 1,000, 1,200, and 1,400°C, and different microscopic and spectroscopic techniques were performed to determine the differences in the structures of the obtained carbon nanofibers. It was confirmed that the electrospun lignin-based carbon nanofibers were dense and homogenous, without any phase separation. In addition, it was found that nanofibers carbonized at 800 and 1,000°C mostly contained amorphous carbon. Notably, carbonization at high temperatures (>1,200°C) facilitated the removal of non-carbon elements. Moreover, with increasing carbonization temperature, the degree of structural ordering of the nanofibers and the effective graphite crystal size increased. However, lack of periodicity along the sheet-stacking direction of the graphitic structure observed for the carbonized nanofibers. Thus, graphitization of these lignin-based nanofibers needs to be carried out at a higher temperature or in the presence of a catalyst.
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