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Abstract 

Pure eucalyptus Kraft lignin derived carbon fiber mats were produced based on a model 

workflow. It covers the preparation and characterization of the lignin precursor and the carbon 

materials and its testing in the final application (supercapacitor). Sequential solvent extraction 

was employed to produce a eucalyptus Kraft lignin precursor which could be electrospun into 
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lignin fibers without any additives. The fiber formation from low molecular weight lignin is 

assigned to strong intermolecular interactions via hydrogen bonding and π-π-stacking between 

individual lignin macromolecules which gives rise to association complexes in the 

electrospinning solution. By stabilization in air, carbonization in N2 and an activation step in 

CO2, free-standing microporous carbon fiber mats could be produced. These fiber mats possess 

mainly basic oxygen functional groups which proved to be beneficial when tested as free-

standing electrodes in symmetric supercapacitors. Consequently, the CO2-activated fiber mats 

showed a high specific gravimetric capacitance of 155 F/g at 0.1 A/g, excellent rate capability 

with 113 F/g at 250 A/g and good capacitance retention of 94% after 6000 cycles when tested in 

6 M KOH electrolyte. Therefore, we conclude that lignin itself is a promising precursor to 

produce microporous, oxygen functionalized carbon fibers serving as free-standing electrodes in 

aqueous supercapacitors.  
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 Introduction 1.

Lignin is the generic term for a large group of aromatic polymers resulting from the oxidative 

combinatorial coupling of 4-hydroxyphenylpropanoid units (Figure 1).[1,2] It is the second most 

abundant biopolymer on Earth and can be found in the plants’ cell walls giving plants their 

structural integrity.[2,3] Moreover, lignin is essential for the water transport and acts as barrier 

against pathogens and herbivores.[4,5] Finally, its random and branched structure results in 

reluctance to (bio-)chemical or physical degradation.[5] This structural and chemical 

randomness, optimized by Nature over 100 millions years, is the main obstacle for its use as a 

precursor for advanced functional (carbon) materials.[6–8]  

Kraft lignin differs structurally and chemically considerably from native lignin due to the 

extraction process while its complexity is preserved and even enhanced.[8]  

 

Figure 1 Basic building units of lignins which differ in their degree of methoxylation. 

It is isolated in large quantities (70 million tons p.a.) via the Kraft process which separates 

cellulose and hemicellulose from lignin by treatment in a digester with a strong base and sodium 

sulfite at elevated temperatures and pressures.[8,9] To date, the majority of the Kraft lignin 

isolated globally is incinerated to produce steam and heat for energy use.[10] However, from an 

economic standpoint the potential of Kraft lignin is by far not fully exploited and hence, lignin is 

considered an undervalued by-product of the pulp and paper making.[11] This makes it an 
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economically and ecologically attractive feedstock for the manufacture of functional carbon 

materials. Carbons are widely used in various technologies and applications due to their physical 

and chemical versatility.[12–14] For instance, the most widespread electrochemical energy 

storage system, namely Li ion batteries (LIBs), and the upcoming Na ion batteries (NIBs) rely on 

carbon anodes.[15–17] Fuel cells and metal air batteries also heavily rely on carbon materials as 

active material or support of electrocatalysts.[18–21] Finally, electric double layer 

supercapacitors (SCs) constitute another more rapid form of energy storage in which carbon 

materials play a crucial role by providing surface sorption sites for charge storage.[22–24]   

Many of these energy storage devices are based on unsustainable, petroleum derived carbon 

materials prepared under harsh conditions (CVD, Hummer’s method, etc.).[25] In the case of 

supercapacitors, these are typically coated on metal foil/grid with an insulating binder and 

conductive additive to form the electrodes.[25,26] This gives rise to resistive interfaces between 

the active material (activated carbon powder) and the current collector.[26,27] Besides, additional 

interfaces are created within the film due to the separation of the conductive material by the 

insulating binder.[26] Non-flexible and bulky devices are the consequence of the state-of-the-art 

electrodes.[28] Replacing these by free-standing and flexible electrodes gives the opportunity to 

omit current collectors, insulating binders and conductive additives, as free-standing electrodes 

constitute both the active material and the current collector.[28] Furthermore, building in 

flexibility would allow energy storage devices to be molded around electrical vehicles or portable 

electronics, thus significantly reducing their weight and bulk volume. Indeed, recently, lignin 

derived carbon nanofiber (CNF) mats were shown to be well-suited as free-standing and even 

flexible electrodes in SCs.[29–33]   
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However, literature on the relation between the structure/chemistry of the lignin precursor and the 

resulting materials' properties is very scarce to date. Since lignin is not a well-established (“off-

the-shelf “) chemical, but inherently a loosely defined precursor, it is crucial to characterize the 

lignin used as precursor to understand its structural and chemical features. As mentioned 

previously, lignin is a generic name for a big family of biopolymers containing aromatic units 

linked differently. Hence, every lignin is different. Neglecting this, will give rise to a potpourri of 

non-comparable works and irreproducible materials portfolios which will substantially hinder 

progress towards lignin-based commercial products. Here, we address this literature gap by 

providing a model workflow (Figure 2) whereby the properties of the initial lignin precursor are 

linked with the properties of the resulting carbon fibers. 

We report purely Kraft lignin derived fiber mats prepared via electrospinning without using any 

additional synthetic polymer. Throughout stabilization in air and carbonization in nitrogen the 

Kraft lignin fiber mat was converted to a carbon fiber (CF) mat. Additionally, the pore size 

distribution (PSD) was optimized by CO2 activation to optimize performance as free-standing SC 

electrodes. Based on the lignin structure/chemistry and final CF properties the potential of lignin 

as a suitable natural precursor for porous carbon fiber mats can be investigated without 

interfering effects from additives or co-polymers.  
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Figure 2 Workflow for the use of lignin as a precursor for carbon materials. 

 Materials and Methods 2.

 Preparation of lignin precursor 2.1.

The eucalyptus Kraft lignin was isolated using the LignoBoost process at RISE Innventia AB 

(Stockholm, Sweden). The black liquor, from eucalyptus wood, was obtained from the ENCE 

pulp mill (Huelva, Spain). The isolated lignin was dried at 80 °C under vacuum for about 24 h. A 

sequential solvent extraction was used to produce a suitable lignin fraction for electrospinning. 

The solvent extraction method was a modified version of the method described elsewhere.[34,35] 

At first, the dry lignin (1000 g) was extracted with deionized water by rapidly stirring in 10 L 

water at 60 °C for 2 h. The suspension was cooled to room temperature and then filtered. The 

recovered air-dried solid was dried at 80 °C under vacuum for about 12 h. Subsequently, the 

lignin was extracted with dichloromethane, by stirring in 10 L solvent at room temperature for 

2 h. Afterwards, the sample was filtrated and the solid recovered on the filter and extracted using 

methanol (1:10 solid to liquid ratio, room temperature, 4 h). The extract solution was then 

filtered, and lignin from the filtrate was isolated using a rotary evaporator. The isolated lignin 
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was dried in a vacuum oven at 80 °C for 12 h. The final yield for this fraction used as precursor 

for electrospinning was 52.3%. 

 Characterization of lignin precursor  2.2.

 Ash content and composition of the extracted lignin 2.2.1.

The ash content and composition of the extracted lignin sample were determined using standard 

methods.[36–39] In brief, the ash content was determined by combustion of the lignin sample at 

575 °C. The compositional analysis was performed by two step acid hydrolysis and measurement 

of lignin and carbohydrate content. Lignin content was measured as acid soluble and acid 

insoluble lignins by gravimetric method and UV spectroscopy. Carbohydrates were measured 

using high-performance liquid chromatography (HPLC). Due to the high purity of the lignin 

sample, impurities (carbohydrates and ash) were used to determine the purity of the sample. 

 Elemental (CHNS/O) analysis 2.2.2.

The organic content of the lignin was measured using a PerkinElmer 2400II CHNS/O combustion 

elemental analyzer based on the Pregl-Dumas method.[40] The absolute content of C, H, N and S 

were measured. The oxygen content was calculated as 100% minus the sum of C, H, N, S, and 

ash. 

 Determination of glass transition temperature 2.2.3.

The glass transition temperature (Tg) was determined in triplicate on approximately 3 mg samples 

of lignin using a TA Instruments Q2000 differential scanning calorimeter (DSC). Each specimen 

was heated from 25 °C at a rate of 20 °C/min under nitrogen (50 ml/min) to 150 °C and held at 

that temperature for 5 minutes, to remove any remaining moisture, then cooled to 25 °C and 

again heated to 220 °C at the same heating rate. The second trace was used for the calculation of 

the Tg.  
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 Determination of molecular weight 2.2.4.

The molecular weight distribution was determined by size exclusion chromatography (SEC) 

using a Water SEC system equipped with UV (set at 280 nm) and RI detectors. Two PSS MCX 

columns (1000 and 100000 Å) were connected in series. The mobile phase was a pH 12 buffer 

solution at a flow rate of 0.5 ml/min. Lignin sample was dissolved in NaOH solution (pH = 13.5) 

and diluted to a suitable concentration with the mobile phase. The injection volume was 100 µL. 

The SEC system was calibrated using polystyrene standards with the molecular weight in the 

range of 891 to 780000 g/mol. 

 NMR spectroscopy 2.2.5.

NMR experiments were performed using a Bruker Avance III 400MHz NMR spectrometer 

equipped with a broadband PFG 5 mm probe at room temperature (25 °C). For 2D (HSQC) 

spectroscopy, 100 mg of lignin were dissolved in 0.75 ml of DMSO-d6. NMR spectra were 

recorded using the Bruker’s “hsqcetgpsisp2.2” pulse program (adiabatic-pulse) with 1.5 s pulse 

delay. The number of transients was 64 and 256 time increments and were recorded in the 13C 

dimension. The 1JCH used was 145 Hz. Data processing and analysis was performed using 

Bruker’s Topspin 4.0. The central solvent peak was used as an internal reference (δC/δH 39.5/2.49 

ppm). HSQC cross-signals were assigned by correlation with literature databases. [7,41–44] 

Hydroxyl groups were measured using quantitative 31P NMR spectroscopy after derivatization of 

lignin with 100 µL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP). [45,46] The 

lignin sample (30 mg) was dissolved in dimethylformamide/pyridine (1:1 v/v) and mixed with 

100 µL of a solution of N-hydroxy-5-norbornene-2,3-dicarboxylic acid imide (20 mg/ml) and 

chromium(III) acetylacetonate (5 mg/ml) as internal standard and relaxation agent, respectively. 

31P NMR spectra were acquired using an inverse-gated decoupling pulse sequence with a 90 ° 

pulse angle, 10 s relaxation delay, and 512 scans. 
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 Preparation of carbon fiber mats from lignin 2.3.

The precursor solutions for electrospinning contained 50 wt% fractionated eucalyptus hardwood 

Kraft lignin (Rise AB, Stockholm) dissolved in DMF (VWR). These solutions were typically 

sonicated for 90 min and repeatedly shaken for several minutes and finally stirred for several 

days in a sealed glass vial until a homogeneous solution was obtained. For one electrospinning 

run, a plastic syringe (Plastipak luer-lock, 5 ml) was loaded with 2 ml of the solution. The syringe 

was discharged at a rate of 1 ml/hr with a single syringe infusion pump (KDS-100-CE, KD 

Scientific). A high voltage between the syringe needle (gauge = 22, Hamilton) and a rotating 

collector was applied with a transformer (Glassmann high voltage inc., USA). The collector was 

placed 13 cm away from the needle’s tip and the rotating speed was 72 rpm. Electrospinning was 

carried out in a room with an air conditioning system to control humidity at 30% (±5%).  After 

spinning, the as-spun lignin fiber mats were converted to carbon fiber mats by a two-step thermal 

treatment: 1) stabilization in synthetic air (300 ml/min) and 2) carbonization in N2 (300 ml/min) 

in a quartz tube furnace (OTF-1200X, MTI). Hereby, the lignin fiber mats were stabilized at 

250 °C for 15 min, where the ramp between RT and 50 °C was 10 °C/min and the one between 

50 and 250 °C was 0.5 °C/min. Subsequently, the fiber mats were carbonized at 900°C for 

30 min, where the ramp between RT and 250 °C was 2.5 °C/min and the one between 250 and 

900 °C was 3 °C/min. Additionally, some of the carbon fiber mats were further activated at 

800 °C in CO2 (200 ml/min) for 60 min. The heating rate was 5 °C/min. 

 Characterizations of carbon fiber mats 2.4.

 Morphological characterization 2.4.1.

Fiber morphology was characterized using a FEI Inspect F scanning electron microscope (SEM) 

with an accelerating voltage of 20 kV. Both as-spun and carbonized fiber samples were gold 
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coated prior to imaging. Fiber diameter distributions were generated from SEM images using the 

ImageJ software package (U.S. National Institutes of Health). Diameters are reported as the mean 

and standard deviation based on measurements of 100 fibers. 

TEM images were recorded with a JEOL 2010 operated at 200 kV. 

 Surface chemical composition: Temperature programmed desorption (TPD) 2.4.2.

Temperature programmed desorption (TPD) experiments were carried out in a TGA-DSC 

instrument (TA Instruments, SDT Q600 Simultaneous) coupled to a mass spectrometer 

(Thermostar, Balzers, GSD 300 T3) by heating the samples (approx. 4 mg) up to 950 °C (heating 

rate: 20 K/min) under helium atmosphere (flow rate: 100 ml/min). The thermobalance was 

purged for 2 hours under helium atmosphere prior to the heating of the sample. The calibration of 

the equipment for H2O, CO and CO2 evolved gases was carried out using the decomposition of a 

calcium oxalate (99.999%, Sigma Aldrich) standard. 

 Porosity measurements 2.4.3.

The surface areas and pore size distributions of the carbonized fiber mats were determined by N2 

and CO2 ad-/desorption measurements at 77 K and 273 K, respectively, using an Autosorb iQ 

(Quantachrome Instruments, US). Samples were degassed at 473 K for 16 h under vacuum 

(0.27 Pa) before analysis. Pore size distributions were calculated by Non-Localized Density 

Functional Theory (NLDFT) for CO2 sorption and Quenched Solid State DFT (QSDFT) for N2 

sorption. 

 Testing of carbon fiber mats in supercapacitors 2.5.

The Kraft lignin derived CF mats were tested as electrodes in symmetric supercapacitor cells. All 

measurements were performed in a two-electrode set-up consisting of two similar carbon 

electrodes (symmetric SC type). The SCs were assembled in a Swagelok-type cell and connected 
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to a VSP-potentiostat (Biologic, France). The electrolyte was 6 M KOH and as a separator 

standard filter paper was used (Whatman, GE Healthcare Life Sciences, UK, Grade GF/D).  

Before the actual measurements, the cells were galvanostatically charged and discharged for 500 

cycles to ensure wetting of the electrodes with the electrolyte. Subsequently, cyclic voltammetry 

(CV) and galvanostatic charge-discharge with potential limitation (GCD) were carried out at 

different rates. Impedance spectroscopy was conducted at open circuit potential and with an 

amplitude of 5 mV in a frequency range of 10 mHz to 500 kHz. Finally, capacitance retention 

was measured at a rate of 5 A/g for 6000 cycles.  

 Results and Discussion 3.

 Lignin characterization  3.1.

After the preparation of the lignin precursor (described in 2.1), the resulting extracted lignin was 

characterized according to the model workflow in Figure 2. The elemental composition of the 

lignin summarized in Table 1 shows low amounts of ash and residual carbohydrates. The purity is 

higher than what has been reported for non-fractionated Kraft and organosolv lignins.[43,47,48] 

The solvent extraction of lignin eliminates impurities and results in increased purity of lignin as 

most impurities are not soluble in the solvents used and hence remain in the insoluble 

fraction.[34,49] Elemental analysis shows the presence of sulphur in the lignin, as a result of 

Na2S in the Kraft process, which is common in Kraft lignins.[43,48] It is difficult to remove 

sulphur entirely from these lignins since it is covalently bound within the lignin structure. The 

lignin has a high carbon content of 62.2 wt% which potentially could give high carbonization 

yield. The presence of heteroatoms, especially oxygen, indicates formation of pores after 

carbonization of the lignin-based fibers. 
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Table 1 Composition of extracted eucalyptus Kraft lignin. 

Component Composition (%) 

Carbohydrates 0.40 

Ash 0.27 

Purity 99.3 

C 62.2 

H 5.56 

N 0.17 

O 29.7 

S 2.06 
1 Purity was determined by subtracting carbohydrates and ash content from the dry weight of lignin. 

Additionally, the inorganic elemental content determined by Inductively Coupled Plasma – 

Optical Emission Spectroscopy (ICP-OES) shows that sodium and sulfur are the major impurities 

(Figure S1). These elements originate from the Kraft pulping process. The other elements have a 

low concentration. Inorganic elements in general catalyze the gasification of carbon and are an 

explanation of low yields and generation of pores.[50,51] Since the amount and type of inorganic 

impurities are not controllable they should be reduced to a minimum which was achieved here. 

The fractionated lignin has a Tg of 154 °C (Table S1, Figure S2) which is higher than reported 

values for non-fractionated hardwood Kraft lignin and pH-fractionated eucalyptus Kraft 

lignin.[52–55] The relatively high Tg of this lignin indicates higher molecular weight of this 

fraction as a result of removing some of the lower molecular weight components during first 

extraction.[56] Lignin with higher Tg potentially can stabilize at faster rate and reduce the 

production time of carbon fibers.[34,57] This is particularly important in the case of hardwood 

lignins which generally require slower stabilization rate compared to softwood lignins.[55,57] 

The thermal decomposition profile is shown in Figure S3. A summary of key data related to it is 

shown in Table S1. Lignin has a thermal decomposition temperature of 250 °C with a maximum 
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thermal degradation rate at 359 °C. In addition, the lignin precursor has higher residual char 

(38.3%) compared to pH-fractionated eucalyptus Kraft lignin.[53] The char yield correlates with 

carbon yield during carbonization which is 33.1% shown in Table 2. 

The molecular weight values are 1900 g/mol (Mw) and 1200 g/mol (Mn). It is difficult to compare 

absolute molecular weight values for lignins due to the variability in measurement methods. 

However, the (poly-)dispersity index (PD) is relatively low (1.5) compared to what has been 

reported on fractionated and non-fractionated hardwood Kraft lignin. [52,53] This indicates that a 

homogenous and narrow molecular weight fraction of lignin was obtained by the sequential 

solvent extraction.  

The 31P NMR spectrum and the corresponding hydroxyl group distribution of the lignin sample 

are presented in Figure S4 and Figure 3, respectively. The number of hydroxyl groups are close 

to the data previously reported for eucalyptus and other hardwood lignins.[47,58] However, this 

fraction has a relatively lower number of aliphatic hydroxyl groups, compared to non-fractionated 

eucalyptus Kraft and organosolv eucalyptus lignin.[58,59] These results could indicate higher 

elimination of terminal hydroxymethyl groups or higher percentage of components such as 

stilbene or Hibbert’s ketones in this fraction. The number and distribution of hydroxyl groups is 

important in the formation of intermolecular and intramolecular hydrogen bond interactions in 

lignin.[60] Aliphatic hydroxyl groups can form intermolecular hydrogen bonds and thus limit 

fusibility of lignin while phenolic hydroxyl groups give higher mobility to lignin. These 

intermolecular interactions are important for fiber formation during electrospinning and in the 

thermostabilizing step as they control rate of stabilization and crosslinking in the lignin. 
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Figure 3 Distribution of phenolic moieties determined by 31P NMR. 

HSQC spectra and main correlation assignments of the lignin sample are shown in Figure 4. In 

the side chain region signals related to interunit linkages are predominant and signals related to 

carbohydrates are not discernible. This is consistent with compositional analysis which showed 

that the extracted lignin has a high purity. Main signals related to interunit linkages are β–O–4́ 

and resinol structures. Signals related to phenylcoumarans were not observed, while resinol 

shows strong signals. β–β linkages were also observed in the form of epiresinol as a result of base 

catalysed reactions.[61–63]  

The phenylcoumarans are formed mainly from guaiacyl type units and on the other hand resinols 

are synthesized from syringyl units.[64] These observations could indicate a higher ratio of 

syringyl units in the fractionated lignin. In the aromatic region signals related to guaiacyl units, 

especially C2–H2 and C6–H6, are very weak which is an indication of condensation reactions in 

guaiacyl units or lower amount of guaiacyl units as it was observed in the side chain region.  
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Figure 4 Aromatic (top) and side-chain (bottom) regions of the 13C ̶ 1H (HSQC) spectra of the eucalyptus Kraft 

lignin precursor: (G) guaiacyl (e.g. G2 signal from C on position 2); (S) syringyl; (Sox) α-oxidized syringyl. (A) β–

O–4́ aryl ether linkages (e.g. Aα signal from α-carbon); (B) resinol; (B̍) epiresinol; (I) cinnamyl alcohol end-groups; 

(OMe) methoxyl groups 

 Characterization of lignin fiber and carbon fiber mats 3.2.

After preparation and characterization of the lignin precursor, fiber mats were produced by 

electrospinning the extracted eucalyptus Kraft lignin. The as-spun lignin fiber mats were then 

stabilized in air and carbonized in N2. Additionally, some fiber mats were CO2 activated. Due to 

the extraction, it was possible to electrospin fibers based on pure lignin without any additional 

synthetic high molecular weight polymer (e.g. PEO, PVA). Despite the low molecular weight of 

the lignin precursor (Mw = 1900 g/mol), compared with other polymer fibers, fiber formation 

during electrospinning was achieved as shown in the SEM micrographs in Figure 5.[65] The here 
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observed fiber formation is attributed to strong intermolecular interaction via hydrogen bonding 

and π-π-interactions between the lignin macromolecules in solution. Hence, the molecular weight 

is increased at high concentrations in solution. The resulting fiber mats consist of randomly 

entangled fibers with cylindrical shape. The as-spun fibers have an average diameter of 769 nm 

(Table 2) which is quite big compared to other studies confirming that intermolecular interactions 

must take place.[32,66] Additionally, the high polymer concentration in the solution (50 wt%) 

and the lack of additives (salts or co-polymers), generally decreasing fiber diameters, gives rise to 

fibers with big diameters.[66,67] After stabilization at 250 °C in air the overall fiber morphology 

does not change (no fusing of fibers). 

Carbonization of the fibers at 900 °C leads to a decrease of approx. 100 nm to 567 nm. The 

additional activation step does not lead to a further decrease in fiber diameter.  

 
Figure 5  (a) as-spun fiber mat produced from a pure Kraft-lignin electrospinning solution, (b) stabilized fiber mat, 

(c) carbonized fiber mats (non-activated), and (d) activated for 60 min in CO2. 
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Instead, the porosity increases dramatically which is discernible in the single fiber morphology 

analyzed by TEM (Figure 6). 

Table 2 Average diameters of fibers and yields at all stages of the process chain. 

Fiber Average fiber diameter 

/nm 

Standard deviation /nm Yield /% 

as-spun 769 258 - 

stabilized 656 152 79 

carbonized 567 132 42 (overall: 33.1) 

CO2-activated 566 177 75 (overall: 28.0) 

 

The non-activated fiber (Figure 6a) is dense, whereas the CO2-activated one contains additional 

porosity and hence appears less dense (6b).  

 

Figure 6 TEM image of (a) non-activated fiber, (b) CO2-activated carbon fiber; electron diffraction of selected area 

on (c) non-activated, (d) CO2-activated fiber.  

Additionally, selected area electron diffraction (SAED) was carried out. Considering the short 

(30 min) carbonization time, low carbonization temperature (900 °C) and the disordered structure 

of the lignin precursor a low degree of graphitization is expected. This is confirmed by SAED 
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shown in Figure 6c. The rings in the diffraction pattern, however, indicate the presence of 

disordered graphene sheets. This is explained by the high degree of aromaticity in lignin 

determined by 2D NMR before. The additional one-hour treatment at 800 °C in CO2 leads to 

partially graphitized domains in the carbon structure (Figure 6d). In addition to the diffraction 

rings there are diffraction spots superimposed indicative for polycrystalline graphite in the fiber. 

This might also be assigned to a leaching effect through CO2 activation which exposes ordered 

domains which might be hidden in the dense matrix of the non-activated fibers.   

The Raman spectra (Figure S6) of the non-activated and CO2-activated samples show both D- 

and G- bands, indicating disordered carbon structures which was also concluded from the TEM 

micrographs. More details on the Raman analysis are given in the supplementary information 

(SI). 

The results of the CO2 and N2 gas sorption experiments are shown in Figure 7a and b. The results 

clearly indicate that the CO2 activation yields increasing porosity as the amount of adsorbed CO2 

and N2 rises dramatically upon CO2 activation. 
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Figure 7 (a) CO2 ad-/desorption isotherms of the non-activated (blue) and CO2-activated (red) fiber mats (b) N2 ad-

/desorption isotherms of the non-activated (blue) and CO2-activated (red) fiber mats. Pore size distributions 

calculated by DFT based on the adsorption isotherms for: (c) non-activated and (d) CO2-activated fiber mats. 

From both N2 and CO2 sorption measurements pore size distributions were generated by DFT 

models (NLDFT for CO2 sorption and QSDFT for N2 sorption).[68] 

The resulting pore size distributions (PSDs) calculated by DFT based on the adsorption isotherms 

indicate that the non-activated sample contains a considerable amount of (ultra-)micropores 

(<1 nm) (Figure 7c). This was anticipated as the lignin precursor contains approximately 30 wt% 

of oxygen (Table 1) and high degree of disorder, hence a low packing density. The additional 

CO2 activation effectively creates both meso (2 - 50 nm)- and micropores (<2 nm) (Figure 7d). 

This might take place by widening of the pre-existing (ultra-)micropores and additional creation 

of new (ultra-)micropores. This explanation is supported by the fact that the CO2-activation did 

not decrease the overall fiber diameter (Table 2). Hence, the CO2 oxidation might take place in 
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existing micropore space rather than uniformly on the external fiber surface. The increased 

porosity is also manifested in the values of specific surface area shown together with adsorbed 

gas volumes in Table S4. 

The oxygen content on the fiber surface was determined by TPD and XPS. The results of the 

latter are given in the SI (Figure S7). The TPD spectra are shown in Figure 8. In general, the non-

activated and CO2-activated sample have very similar desorption rates of CO and CO2. Overall, 

both samples desorb more CO (2562 and 2635 µmol/g) than CO2 (860 and 896 µmol/g) 

(Table S5). From this, the total oxygen content was determined to be 6.9 wt% for the non-

activated and 7.1 wt% for the CO2-activated fibers. 

 

Figure 8 TPD spectra (a) CO2 desorption rate and (b) CO desorption rate of non-activated (blue) and CO2-activated 

sample (red) from TPD. 

The evolution of CO2 arises from carboxylic groups and their derivatives, such as lactones and 

anhydrides, whereas CO is associated with the decomposition of carbonyl groups, ethers and 

hydroxyl groups (e.g. phenols) groups.[14,69,70] It was shown that the CO-type oxygen groups 

have a positive effect on the capacitance in electric double layer capacitors (EDLCs) in basic 

electrolytes, whereas the CO2-type oxygen groups are less stable and hence detrimental.[71] 

From 31P NMR (Figure 3) and 13C ̶ 1H (HSQC) (Figure 4) spectra it is clear that the extracted 
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eucalyptus Kraft lignin precursor is rich of phenolic (especially: syringyl, aliphatic, guaiacyl and 

condensed groups) and ether bonds (especially: β-O-4’ bonds). As determined by TPD, these 

oxygen functional groups are preserved in a reduced quantity (6.9/7.2 wt% to 30 wt%) upon 

thermal treatment which makes lignin a promising precursor for aqueous (especially basic) 

supercapacitors in terms of surface chemistry. 

 Testing the carbon fiber mats in supercapacitor  3.3.

As shown in the model workflow in Figure 2, the last step is to test the lignin derived carbon 

fiber mats as free-standing electrodes in a symmetric supercapacitor (SC). Cyclic voltammetry at 

different scan rates was carried out on the non-activated and CO2-activated carbon fiber  

mats in 6 M KOH (Figure 9). All voltammograms show the rectangular shape typical of electric 

double layer charge storage.[26,72] The CO2 activated sample shows a slight curvature indicating 

pseudocapacitive contribution of the oxygen functional groups.[73] The absence of the 

contribution in the non-activated sample is assigned to the non-accessibility due to lacking 

porosity as the oxygen content only marginally changed upon CO2 treatment. The 

voltammograms reveal that the increased porosity in the CO2-activated mat translates into 

elevated capacitances. At low rates (5 and 50 mV/s) the difference between non-activated and 

CO2-activated fiber mats is less pronounced. However, at 500 mV/s and 1 V/s, the non-activated 

sample shows a deformed rectangular shape indicating limited pore accessibility. This is well-

explained by the gas sorption experiments which revealed that the short pyrolysis at 900 °C for 

30 min effectively creates (ultra-)micropores, but hardly any meso- (2-50 nm) or bigger 

micropores (1-2 nm) as shown in Figure 7c.  
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Figure 9 Cyclic voltammograms at scan rates of (a) 5, (b) 50, (c) 500 and (d) 1000 mV/s for the non-activated (blue) 

and CO2-activated (red) carbon fiber electrodes. 

The galvanostatic charge-discharge (GCD) curves at 0.25 A/g shown in Figure 10a exhibit the 

symmetric triangular shapes typical of EDLCs. As for the voltammograms, the GCD curves of 

the CO2-activated sample shows a slight curvature indicating contribution from oxygen 

functional groups. The dependence of the specific gravimetric capacitances on current density 

was determined from the GCD curves at various current densities to investigate the rate 

capabilities (Figure 10b). Clearly, the CO2-activation increases both the specific gravimetric 

capacitance which is 155 F/g at 0.1 A/g and the overall rate capabilities (113 F/g at 250 A/g) 

which can be assigned to the increased micro- and mesoporosity (Figure 7). The capacitance 

values attained are in line with other recent reports on lignin derived composite CFs (64 F/g, 

83.3 F/g).[31,74] The leap in performance upon CO2-activation is also shown in the 

corresponding Ragone plot in Figure 10c. Both energy and power density of the CO2-activated 
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sample are considerably higher than of the non-activated sample. The difference between the 

samples is especially pronounced at high power density. The non-activated sample retains only 

1.2 Wh/kg at 41 kW/kg, whereas the CO2-activated sample achieves 4 Wh/kg at 52 kW/kg. This 

can be assigned to the presence of mesoporosity and accessibility of the stable basic oxygen 

functional groups in the CO2-activated sample. The imaginary capacitance (C’’) plotted as a 

function of frequency derived from impedance spectroscopy confirms this observation (Figure 

S8c). The maximum imaginary capacitance is located at the relaxation frequency, fR, determining 

the characteristic time constant according to τ =(2πfR)-1. [75] In general the higher the time 

constant the lower the rate capability.[75] For the non-activated fiber mats, fR= 0.68 Hz whereas 

for the CO2-activated CFs, fR= 14.5 Hz, hence the non-activated CFs exhibit a dramatically 

increased time constant of 0.23 s compared to the CO2-activated sample (0.011 s). Further details 

on the impedance spectroscopy data may be found in the SI. Finally, the cyclability test at 5 A/g 

over 6000 cycles shows an interesting trend (Figure 10d). The CO2-activated fiber mat exhibits a 

typical slight capacitance fade with increasing cycle number (94% after 6000 cycles). Contrarily, 

the non-activated fiber mat shows a slight increase in capacitance with cycle number. This is 

unusual and can be assigned to the low degree of pore accessibility and hence low pore 

penetration. However, with time (cycle number), a slight improvement of wettability by repetitive 

cycling is observed. The correlation between the mainly ultra-microporous PSD with low degree 

of accessibility and electrochemical performance is striking in this case. 
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Figure 10 (a) Charge-discharge curves at 0.25 A/g, (b) dependence of specific gravimetric capacitance on current 

density, (c) Ragone plot and (d) capacitance retention for 6000 cycles at a current density of 5 A/g. 

Due to the low density of activated carbon materials in general and especially of activated carbon 

fiber networks consideration of areal capacitance and volumetric energy/power density is of great 

importance (Figure 11). The differences in areal capacitance among the samples is similar to the 

specific gravimetric capacitance. However, the overall difference is less substantial. 
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Figure 11 (a) Areal capacitance as a function of current density, (b) Ragone plot in volumetric measures. 

This is also true for the Ragone plot in volumetric measures. This can be explained by the fact 

that the density of the CF networks is reduced by CO2 activation which affects the volumetric 

measures negatively. Overall, the CO2 activation is still beneficial in terms of rate capability as 

shown in Figure 11 a and b. This proves the importance of both gravimetric and volumetric 

measures for energy and power densities. Future works on carbon fiber networks for energy 

storage clearly need to focus on the densification in order to increase the volumetric energy and 

power densities. This work is currently in progress in our group. 

Here, it was shown that it is possible to produce lignin-based carbon fiber mats from extracted 

eucalyptus Kraft lignin with high purity. The fiber formation from this low molecular weight 

polymer (1900 g/mol, PD = 1.5) in absence of any synthetic high molecular weight polymer is 

attributed to strong intermolecular interaction via H-bonding between ether bonds (esp. β-O-4) 

and hydroxyl groups (esp. aliphatic) and π-π interactions (various phenolic moieties) in the 

electrospinning solution at high lignin concentration. Through stabilization in air, carbonization 

in N2 and activation in CO2 it is possible to produce high performance free-standing carbon fiber 

mats from Kraft lignin without any additive. As shown the combination of high oxygen and 

carbon content and the high degree of aromaticity of the lignin precursor translate into (ultra-
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)microporous oxygen functionalized carbon fibers with good yield. The mainly hydroxyl and 

ether groups of the initial precursor are preserved in a reduced quantity as beneficial basic oxygen 

groups in the final CFs. As a result, the lignin-based CF mats exhibit excellent performance in 

6 M KOH. In order to improve volumetric energy/power densities the densification of these mats 

has to be achieved. 

 Conclusion 4.

Here, the entire process from the precursor (Kraft lignin) to the application (supercapacitor) is 

described. By applying the workflow for the use of lignin as a precursor introduced here, it is 

possible to manufacture pure Kraft lignin derived carbon fibers without any additive (e.g. high 

molecular weight synthetic polymer). The fiber mats produced in this work were tested as free-

standing electrodes in symmetric supercapacitors. The CO2-activated fiber mats showed a high 

specific gravimetric capacitance of 155 F/g at 0.1 A/g, excellent rate capability with 113 F/g at 

250 A/g when tested in 6 M KOH electrolyte and good capacitance retention of 94% after 

6000 cycles. Thus, lignin is a promising precursor for the production of microporous, oxygen 

functionalized carbon fibers serving as free-standing electrodes in aqueous supercapacitors. In the 

future, these carbon fiber mats have to be densified in order to improve their volumetric 

energy/power density.  
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