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Abstract

The production and activation of self-standing carbon electrodes from electrospun lignin 

fibers was analyzed in this work. Carbon microfibers were prepared at 900 ºC from air-

stabilized spun cloths by direct carbonization under inert atmosphere and with diluted O2. 

The modifications of the porosity and surface chemistry of the carbon fibers was also 

studied by adding H3PO4 in the lignin solution and using different oxygen partial 

pressures during activation. The presence of phosphoric acid not only increases the 

porosity development and the preparation yield, but also enhances the gravimetric 

capacitance of the electrodes. In addition, the activation in presence of oxygen increases 

the surface area and the generation of wider micropores. Microporous carbon fibers with 

surface areas as high as 2340 m2 g-1 were obtained using this method. The direct 

conformation of carbon fibers into binderless electrodes allows to achieve high-power 

rate capability supercapacitors. Activation in presence of oxygen can enhance up to 50% 

the energy storage of supercapacitors without compromising the power of the device (8.4 

Wh kg-1 and Pmax of 47 kW kg-1). However, at high activation degrees, no further gain in 

energy density is observed due to the excessive widening of micropores, and the loss of 

electrical conductivity that increases the cell resistance, limiting the power capability of 

the device. The optimal results in terms of energy, power and durability are achieved 

combining low amounts of H3PO4 and mild activation with O2, confirming that 

electrospinning of lignin is a promising method for sustainable production of self-

standing supercapacitor electrodes.
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1. Introduction

The necessity to reduce greenhouse effect gases and meet a rising energy demand at the 

same time is one of the largest challenges for our society. Shifting to a carbon-free energy 

system requires the development and deploy of new energy storage systems that can 

manage the intermittencies and decoupling between production and demand of renewable 

energies [1,2]. In addition, the ever-growing portable electronic device industry requests 

new safer, lighter, faster, wearable and low-cost energy storage systems [3,4].

For these reasons, a strong research effort is nowadays devoted to the improvement of the 

performance and sustainability of electrochemical energy harvesting and storage systems. 

Supercapacitors are electrochemical devices that store energy during polarization through 

the formation of the electrical double layer in the interface between a carbon-based porous 

electrode and the electrolyte. Given that the main storage mechanism is based on 

electrostatic interactions between ions and the surface of the electrode, these devices have 

much longer lifetime, stability and higher power capability than secondary batteries, at 

the cost of a lower energy density [5]. Owing to these characteristics, they are especially 

well suited for servicing high power demand applications, isolated electronic systems that 

require minimum maintenance and grid stabilization. They can be also paired with 

batteries in order to handle power peaks, increasing their lifetime [6].

Although recent advances in supercapacitor technology are improving their performance 

and driving down their costs, further efforts need to be done in order to fasten their 

commercial implementation. In this sense, the porous carbon electrodes are estimated to 

represent up to 1/3 of the cost of the device [7]. Activated carbons (ACs) are the most 

used porous carbon material in supercapacitor electrodes by far. Conventional ACs are 

usually regarded as non-expensive and sustainable materials; however, ACs required by 

the supercapacitor industry need to match highly demanding specifications, i.e. large 

specific surface areas, high electrical conductivity, high chemical and electrochemical 

stability and high packing density [8]. Increasing the surface area is one of the most 

common strategies for enlarging the energy density of supercapacitors. However, 

electrical conductivity and electrochemical stability of the active phase of the electrode 

(i.e. activated carbon) decreases with the development of porosity. Binderless electrodes, 

where the active phase is casted alone in the electrode (without the addition of binders 

and conductivity promoters), can overcome these drawbacks owing to their improved 

conductivity and stability [9,10]. Moreover, certain high-end applications require 
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additional features, such as self-standing, flexible and stretchable conformation of the 

electrodes [4]. Nanostructured carbon materials such as graphene, carbon nanotubes and 

templated carbons are usually considered as the most promising ones for matching these 

specifications [11–13]. The use of activated carbon fibers is also gaining increasing 

attention in this field because they are perfectly suited for micro-scale, wearable and/or 

stretchable electronic devices [14]. Unfortunately, both nanostructured carbon materials 

and porous carbon fibers have important drawbacks. They have high production costs, 

can be difficult to handle, usually involve complex synthesis procedures and they require 

the use of expensive reagents with low sustainability and/or have to be processed into 

electrodes [15].

Electrospinning is a well-known versatile, scalable, top-down technique that allows the 

production of polymeric nanofibers by applying a high voltage field between a solution 

containing the polymer and a conductive substrate [16]. Depending on the fate of the jet 

emitted from the polymeric solution, nanofibers (jet solidifies during fly to the substrate, 

i.e. electrospinning) or nanoparticles (jet breaks up into droplets, i.e. electrospray) are 

obtained. Electrospray/electrospinning can overcome some of the limitations of 

nanostructured carbon materials, making possible their steady processing into electrodes 

[17–19] and interestingly, they allow the production of self-standing cloths that can be 

later carbonized into binderless electrodes [20,21]. Polyacrylonitrile (PAN) is the 

precursor of choice in most of the research works concerning the preparation of porous 

electrospun carbon fibers for supercapacitor applications [21]. Carbonization of PAN 

nanofibers renders carbonized cloths with high yields, though porosity needs to be 

developed via physical or chemical activation in a second treatment over the carbonized 

fibers [22]. In addition, the sustainability of the process is low due to the fossil fuels origin 

of PAN and the potential evolution of toxic products (as HCN) during carbonization. 

Another drawback of electrospinning arises from the choice of solvent . High toxicity or 

non-sustainable solvents can be required in the preparation of the starting solution, due to 

the low solubility of polymeric precursors and the surface tension requirements of the 

process, while the high boiling point of some solvents makes necessary to include heaters, 

fan or additional devices for increase the evaporation rate in the jet.

In this context, lignin highlights as an abundant and renewable biopolymer that is 

obtained in large amounts as a coproduct in the pulp and paper and bio-ethanol industries. 

Our research group has demonstrated that it can be transformed in high-value carbon 
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materials as activated carbons [23], carbon molecular sieves [24], hierarchical porous 

carbons [25], porous monoliths [26] and electrospun carbon fibers [27] owing to its 

worldwide availability, low cost and high carbon and aromatic contents [28]. The use of 

lignin as carbon precursor enhances the sustainability of the production of porous carbon 

electrodes, explaining the attention raised towards this topic [29–34]. The production of 

electrospun carbon fibers from Alcell lignin without binders or additives was reported in 

2007 [35]. These lignin fibers develop microporosity during carbonization, allowing their 

direct use as electrodes of supercapacitors and fuel cells [36,37]. Moreover, the 

electrospinning is conducted using ethanol as solvent, increasing the sustainability of the 

process. The long air stabilization time (lasting more than 3 days) before carbonization, 

which is the main drawback of this method, has been recently overcome by the addition 

of low amounts (10-30% wt.) of phosphoric acid to the lignin solution feed to the 

electrospinning device [38], speeding up to 40-50 times the preparation process. 

Phosphoric acid also acts as activating agent during the carbonization of these fibers, 

increasing the surface area of the resulting carbon fibers up to 1200 m2 g-1 in a single step. 

In addition, the presence of phosphorus-containing complexes increases the acidity [39], 

the oxidation [40] and the electro-oxidation resistances [41] of the carbon materials. 

Generally, carbonization of phosphoric acid impregnated samples takes place under inert 

flow; however, the presence of diluted air can increase the porosity with low yield 

modifications [41,42].

In this work, we report the production of self-standing porous carbon electrodes from 

electrospun lignin fibers. The carbon fibers were prepared by adding H3PO4 to the lignin 

solution and using different oxygen partial pressures during carbonization in order to 

analyze the possible changes in porosity and surface chemistry. The obtained activated 

fibers were directly used as binderless electrodes in order to determine their performance 

in aqueous based supercapacitors. 

2. Experimental

2.1. Preparation of carbon fibers

Lignin fibers were prepared by electrospinning of 50% wt. Alcell® lignin in ethanol 

solutions by using a co-axial spinneret configuration [27]. H3PO4-lignin fibers were 

synthesized by including 5 and 15% wt. H3PO4 in the lignin-ethanol solution (H3PO4 to 

lignin mass ratios of 0.1 and 0.3, respectively). Flow rates of 1 mL h-1 for the lignin 
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solution (inner needle of the spinneret) and 0.1 mL h-1 for pure ethanol (outer needle) 

were used for the preparation of pure lignin fibers and H3PO4 lignin fibers with the lowest 

H3PO4 concentration. In the case of the electrospinning of the lignin solution with higher 

concentration of phosphoric acid, the flow rate was increased to 3 mL h-1 to achieve 

steady jet during electrospinning of fibers. The ethanol flow rate through the outer needle 

was also raised up to 0.3 mL h-1. Electrical field of 0.4 kV cm-1 was applied between the 

tip of the needle and the collector in all the cases. Thermostabilization of the fibers was 

speeded up from 5º C h-1 to 60ºC h-1 and the holding time at 200 ºC was reduced from 60 

to 1 hour in the case of H3PO4-containing fibers. Carbonization of the air stabilized fibers 

was performed in a horizontal tubular furnace at 900 ºC in N2 atmosphere (flow rate: 150 

cm3 STP min-1). Oxygen activation treatment was carried out using different diluted air 

concentrations (0.5, 3.5 and 6.5% O2) instead of inert atmosphere during the 

carbonization step. The gas inlet is switched to nitrogen once the thermal treatment is 

finished, meaning that the cooling of the sample is performed under inert conditions. The 

ratio between the total flow rate and the mass of stabilized fibers was always set at 150 

mL min-1 g-1. The carbon fibers were recovered in the form of carbon cloths. Those cloths 

prepared in the presence of H3PO4 were rinsed in distilled water (1 L per gram of sample) 

at 60 ºC for 1 hour and dried at 105 ºC for ensure the removal of the excess H3PO4 before 

their characterization. The yield of the carbonization treatment (yc) was determined 

directly calculating the remaining mass of carbonized fibers under inert atmosphere:

 𝑦𝑐 =
𝑚𝑓

𝑚𝑜

Where mf is the final mass after the carbonization treatment and mo is the starting mass 

of stabilized fibers. In case of activated carbon fibers, the burn-off (BO) was calculated 

as follows:

𝐵𝑂 = 1 ―
𝑦𝑒𝑛𝑑

𝑦𝑐

Where yend is the yield of the activation treatment (ie ratio between the final mass of 

activated fibers after the oxidative treatment and the starting mass of stabilized fibers), 

and yc is the yield of the carbonization treatment. The samples were prepared in duplicate 

and the preparation yields reported are averaged values with deviations lower than 2%. 

The pure lignin activated carbon fibers were denoted as CF followed by the burn-off 

degree in %. Similarly, The H3PO4-activated carbon fibers where named as PCFL 
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(H3PO4:lignin mass ratio of 0.1) and PCFH (H3PO4:lignin mass ratio of 0.3) followed by 

their respective BO values.

2.2. Characterization of activated carbon fibers

The porosity of the carbonized fibers was analyzed by measuring the N2 adsorption–

desorption isotherms at -196 ºC and CO2 adsorption isotherms at 0 ºC in an ASAP2020 

device (Micromeritics). Prior to the analysis the carbonized fibers were outgassed 

overnight at 150°C. The apparent specific surface area was estimated from the N2 

adsorption isotherm following the BET theory, while the micropore volume was 

determined applying the t-method (Vmic
N2). Mesopore volume (Vmes) was obtained by 

difference between the micropore volume and the volume adsorbed at relative pressure 

of 0.995. Narrow micropore volume (pores with sizes <0.7 nm) was obtained from the 

CO2 adsorption isotherm applying the Dubinin-Radushkevich equation (Vmic
CO2) [43]. 

The pore size distribution (PSDs) was derived from the N2 adsorption isotherms following 

the 2D-NLDFT Heterogeneous surface model [44], as applied by the Solution of 

Adsorption Integral Equation Using Splines (SAIEUS, http://www.nldft.com/) Software. 

The chemical composition of the activated carbon fibers was analyzed using X-ray 

photoelectron spectroscopy (XPS) in a 5700C model Physical Electronics apparatus 

applying Mg Kα radiation (1253.6 eV). For an accurate identification of the oxidation 

state of P species, the whole XPS spectra were shifted by setting the maximum of the C1s 

peak position at 284.5 eV. The oxygen complexes on the surface of the activated carbon 

fibers were characterized by Temperature Programmed Desorption (TPD). In a typical 

experiment, around 10 mg of sample was heated in a TGA-DSC instrument (TA 

Instruments, SDT Q600 Simultaneous) from 120 ºC up to 930°C (heating rate of 20 ºC 

min-1) under inert atmosphere (Helium flow rate of 100 mL min−1 STP). The oxygen 

complexes evolve as CO and/or CO2 during the thermal run, and the presence and amount 

of these gases were tracked using a mass spectrometer (Thermostar, Balzers, BSC 200) 

coupled at the outlet of the TGA instrument.

2.3. Electrochemical characterization of activated carbon fibers
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The electrochemical characterization of the samples in 1 M H2SO4 solution was carried 

out using a standard three-electrode cell configuration in a T-type Swagelok cell equipped 

with titanium rods as collectors (surface of ~ 0.2 cm2). An Ag/AgCl (3 M KCl) reference 

electrode was inserted in the upper connector of the cell. Round slices of the carbon cloths 

were cut, dried at 105 ºC, weighted and directly utilized (ie as self-standing electrodes) 

as working and counter electrodes. Single electrode loadings of 5-8 mg cm-2 were used, 

as recommended for determination of meaningful supercapacitor parameters [45]. The 

thickness of the electrodes was measured in order to calculate their density. A round piece 

of a nylon membrane (Merck Milipore ®, pore size: 0.45 µm) was used as separator. The 

electrodes and membrane were soaked in the electrolyte overnight before the assemble of 

the cell. The electrochemical behavior of the samples was analyzed by cyclic voltammetry 

(CV) at a scan rate of 10 mV s-1 in different potential windows, in a Biologic VSP 

potentiostat, in order to explore the specific capacitance as positive and negative 

electrodes of supercapacitors as well as the potential stability window of the samples. 

Symmetric supercapacitors (SCs) of the activated carbon fibers were constructed using 

two-electrode Swagelok cells following the same procedure. The specific capacitance of 

the cell, the coulombic and energy efficiencies, energy and power densities were 

determined from a series of galvanostatic charge-discharge cycles performed at different 

current densities from 0.5 to 32 A g-1. Maximum power density was determined by 

considering ideal capacitive behavior of the supercapacitor cell: , 𝑃𝑀𝐴𝑋 =
𝑈2

4·𝑅𝑐𝑒𝑙𝑙·𝑤𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒𝑠

where U stands for the operating voltage of the cell, Rcell represents the electrical cell 

resistance as determined from the ohmic drop on the GCD, and welectrodes accounts for the 

total weight of the dried electrodes. The cells were charged up to 1.3 V in these GCD 

experiments. In addition, durability tests consisting in 5000 GCD cycles at 1 A g-1 were 

performed for the activated carbon fibers with the most promising performance. As for 

the determination of the SC parameters, specific capacitance values of each cell were 

estimated from the charge delivered during the discharge branch of the GCD cycle and 

referred to the total weight of both electrodes. For the determination of the Ragone plot, 

the energy density was assessed from the area below the voltage (U) vs. discharge curve 

(Q) at different specific currents, whereas the power density was calculated as the ratio 

between the energy density and the discharge time. Finally, the coulombic and energy 

efficiencies were determined as the ratio between the discharge and charge time, td/tc, and 

the discharge and charge energy, Ed/Ec. The electrochemical characterization and 
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supercapacitors test were carried out three times for the carbon electrodes showing the 

best performance for each series (CF-44, PCFL-33 and PCFH-35). Standard deviations 

of the determined energy density at specific current of 2 A g-1 are lower than 5% of the 

averaged value.

3. Results & Discussion

3.1. Preparation yields and morphology of activated carbon fibers

The sustainable production of activated carbon fibers not only requires the use of 

renewable sources like lignin, but also reducing preparation costs, increasing the yields 

and decreasing the preparation times. In this sense, the production of fibers from 

commercial lignin required, traditionally, the use of copolymers or the use of extensive 

thermal and chemical treatments [16,30,46,47]. Interestingly, Alcell lignin can be directly 

spun as fibers using a coaxial electrospinning device, as that used in this work. Alcell 

lignin has a relatively low molecular weight, so that high concentration of the biopolymer 

is required to achieve a viscosity of the lignin-ethanol solution high enough to enable the 

electrospinning process [35]. When the electrical field is applied in single electrospinning 

device, early clogging of the needle is produced owing to the fast evaporation of ethanol 

from the drop of solution that emits the jet (namely the Taylor cone). As reported in 

previous studies, the use of a coaxial spinneret allows to avoid the solidification of the 

lignin solution by providing additional ethanol that stabilizes the Taylor cone and allows 

steady production of fibers [35]. 

Once the electrospun lignin fibers are recovered as non-woven mats from the 

electrospinning device, they are submitted to the air stabilization step. This step is 

mandatory for avoiding the melting of the fibers during the carbonization step [48]. 

Unfortunately, thermostabilization stage is a time-demanding step, taking between 70 to 

90 hours in the case of pure electrospinning fibers. The addition of phosphoric acid to the 

lignin solution generates phosphate and polyphosphate esters that cross-links the structure 

of lignin fibers, bringing down the stabilization time to only 2 hours [38]. This approach 

has been applied in this work, where H3PO4 to lignin mass ratios of 0.1 and 0.3 were used. 

Table 1 collects data regarding stabilization times and preparation yields. As can be seen, 

fibers casted with 0.1 and 0.3 H3PO4 mass ratios are stabilized in only 3 hours, while pure 

lignin fibers require, approximately, 90 hours, Table 1. 
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Table 1. Preparation of activated carbon fibers.

Air 
Stabilization Activation

Carbonization 
/ Activation 

yield

Overall 
yieldsample H3PO4:lignin 

mass ratio
Time Yield O2 (%) BO (%) (%) (%)

CF-0 0 0 37 28
CF-6 0.5 6 35 26
CF-44 3.5 44 21 16
CF-72

0 90 h 76

6.5 72 10 8
PCFL-0 0 0 47 40
PCFL-7 0.5 7 43 37
PCFL-33 3.5 33 31 27
PCFL-60

0.1 3 h 86

6.5 60 19 16
PCFH-0 0 0 38 33
PCFH-7 0.5 7 34 30
PCFH-35 3.5 35 25 22
PCFH-59

0.3 3 h 87

6.5 59 16 14

In addition, the yield of the stabilization of fibers is increased, since phosphoric acid is 

known to favor the polymer dehydration from very low temperatures, leading to  a more 

condensed polyaromatic structure and therefore increasing the carbon content [48,49]. It 

is also observed that the use of H3PO4 amounts higher than 0.1 g per gram of lignin is 

unnecessary from the point of view of increasing the stabilization yield or time. The 

carbonization of these stabilized lignin fibers, at 900 ºC, under inert atmosphere, produces 

high yields, Table 1, being comparable to those achieved using PAN as raw material 

[50].Oxygen activation is not usually used due to its high reactivity and difficult to control. 

However, the use of diluted air compared to other activating molecules, along with an 

adequate selection of the activation temperature can ensure a kinetic control instead of a 

diffusion control of the gasification reaction, providing carbon materials with a high 

reproducibility and reducing the energy consumption and the preparation costs. In 

addition, the presence of phosphoric acid during the preparation step also increases the 

oxidation resistance of the fibers through the formation of stable P-complexes on their 

surface [40], which allows a homogeneous gasification of the carbon fibers.

The effect of the oxygen presence in the preparation yield of activated fibers during 

carbonization was also analyzed in Table 1. As expected, additional mass loss is observed 

when the atmosphere for the thermal treatment is changed to diluted air. BO values 

between 6 and 72% are obtained as the oxygen partial pressures increases from 0.5 to 
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6.5%. Differently, the lesser reactivity of the H3PO4 containing stabilized lignin fibers 

delivers lower BO values and an increase in the preparation yields, see samples prepared 

at medium and high O2 partial pressures in Table 1. Thus, adding H3PO4 in the 

electrospinning solution seems to be beneficial for both the stabilization and preparation 

yields, and for decreasing the stabilization time of the fibers.

Scanning electron microscopy was used to analyze the morphology of the carbon fibers. 

SEM images shown in Figure 1 correspond to the samples obtained at the highest oxygen 

partial pressure. It is observed that the carbonized cloths are composed by stacks of 

randomly oriented fibers, showing sizes between 1 to 4 µm. The P-containing samples, 

PCFL-60 and PCFH-59, seem to present larger contents of bended and partially melted 

fibers, owing to the fast stabilization treatment utilized in their preparation. Images on the 

right side of Figure 1 show that all these carbon fibers have smooth surfaces (no presence 

of cracks, defects and/or macropores), meaning that the air activation has been produced 

in a controlled way. As for the texture of the carbonized cloths, it must be noted that the 

cloths from the CF and PCFL series are smooth and flat, while those from the PCFH 

presents a cotton-like structure. In addition, the cloths become brittle when bended in the 

case of the samples obtained at highest BO. This is especially pronounced in the case of 

PCFH-59, which tends to break into pieces when is handled to construct the 

supercapacitor cells reported in the last section of this work.
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a) CF-72

b) PCFL-60

c) PCFH-59

Figure 1. SEM images of activated carbon fibers obtained using oxygen pressures of 

6.5%. 

3.2. Porosity of activated carbon fibers

The porosity parameters of all the carbon fibers prepared in this work are compiled in 

Table 2, while Figure 2 presents their N2 adsorption-desorption isotherms. All the 

activated carbon fibers are eminently microporous, showing type I isotherms. The 

addition of phosphoric acid increases the surface area and the micropore volume of the 

fibers obtained by carbonization in absence of oxygen (CF-0, PCFL-0, PCFH-0), 

increasing the apparent surface area from 840 for CF-0 to 1140 m2 g-1 for PCFH-0, Table 

2. These carbon fibers show mesopore volumes lower than 0.02 cm3 g-1. The analysis of 

the mean micropore size by the calculation of Vmic
N2/Vmic

CO2 ratio can be an useful tool 
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for electrochemical applications [43]. CO2 adsorption at 0 °C only fills the narrow 

micropores (sizes around 0.7 nm), needing high pressures to fill the whole micropore 

volume (pore sizes below 2 nm). N2 at −196 °C can fill the total micropore volume, except 

the narrowest micropores (pores <0.4 nm) [43]. Thus, the Vmic
N2/Vmic

CO2 ratio of CF-0 

(0.87) points out the predominance of narrow micropores, while average pore size of 0.7 

nm is expected for PCFL-0 given the similarities between Vmic
N2 and Vmic

CO2. Finally, 

Vmic
N2/Vmic

CO2 value of PCFH-0 (1.32) is indicative of a well-developed porosity with the 

presence of supermicropores (pore size between 0.7 and 2 nm).

Table 2. Porosity parameters of the activated carbon fibers.

Sample ABET 
m2 g-1

Vmes 
cm3 g-1

Vmic
N2 

cm3 g-1
Vmic

CO2 
cm3 g-1

CF-0 840 0.01 0.33 0.38
CF-6 1020 0.01 0.39 0.34
CF-44 1390 0.02 0.54 0.38
CF-72 1760 0.04 0.70 0.38

PCFL-0 950 0.01 0.36 0.36
PCFL-7 990 0.01 0.37 0.34
PCFL-33 1390 0.02 0.54 0.38
PCFL-60 1690 0.04 0.68 0.38
PCFH-0 1140 0.02 0.45 0.34
PCFH-7 1330 0.02 0.51 0.40
PCFH-35 1750 0.03 0.70 0.39
PCFH-59 2340 0.08 0.97 0.37
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Figure 2. N2 adsorption-desorption isotherms at -196 ºC and the derived NLDFT pore 

size distributions of the activated carbon fibers.

The activation in diluted air produces the development of new pores as BO increases, as 

it shows the rise of the N2 uptake at low relative pressures in the adsorption isotherms, 

Figure 2. In addition, the knee of the isotherm at low relative pressures gets more rounded 

with the increase of BO, pointing out the widening of micropores size. In this sense, 

higher ABET and Vmic
N2

 values are delivered with the increase of BO, Table 2. Specifically, 

enlargements over 100% are observed for the highest BO values, as that obtained for 
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PCFH sample from 1140 m2 g-1 (BO=0) to 2340 m2 g-1 (BO=59%). The surface areas are 

higher than those obtained in the literature for electrospun lignin-based carbon fibers 

activated using post-treatments as KOH and CO2 activation [16], with the advantage of 

combining the activation and carbonization in one step, using a green precursor and 

showing comparable or even higher yields.

This trend is also observed for the three series. With regard to the mean micropore size, 

Vmic
N2/Vmic

CO2 ratio increases with BO in a similar way for CF and PCFL fibers. In these 

series, the samples prepared using the lowest oxygen partial pressure (CF-6 and PCFL-7) 

show the development of micropores (higher Vmic
N2 values) with a decrease in narrow 

micropore volume (lower Vmic
CO2 values), suggesting that pore widening is the main 

outcome at early stages of the activation process. Moreover, at higher oxygen partial 

pressures, the increase in Vmic
N2/Vmic

CO2 values (1.4 and 1.8 for oxygen partial pressures 

of 3.5 and 6.5%, respectively) points out that new supermicropores are being generated, 

since the narrow micropore volume is barely modified. In the case of the PCFH series, 

the activation generates a larger widening of the microporosity, because at the same BO 

values than CF and PCFL, larger Vmic
N2 and Vmic

N2/Vmic
CO2 values are obtained. Previous 

studies about the microporosity development during H3PO4 activation of lignocellulosic 

materials in air atmosphere reported lower porosity generation when low concentrated 

phosphoric acid was used [51], in agreement with these results. Still, the activation in 

diluted air under these conditions is highly selective towards the formation of micropores, 

with the fraction of mesopores to the total pore volume being lower than 8% for all the 

analyzed samples, including those of the PCFH series. 

Pore size distributions derived from the N2 adsorption isotherms are collected in Figure 

2. These PSDs clearly show the development of wider micropores as a result of the 

increase of the oxygen partial pressure during the carbonization of the fibers (see the 

appearance and rise of a new peak at ca. 15 Å in PSD of CF series, curves black, green & 

blue in Figure 2b). The presence of low amounts of phosphoric acid does not affect this 

tendency, Figure 2d. However, when the amount of H3PO4 is high enough, the new pores 

being developed show wider sizes (the rising peak is located at 18 Å in PCFH series, 

Figure 2f). Previous studies about the chemical activation with H3PO4 of biomass waste 

already reported the development of mesoporosity as the amount of the activating agent 

increases owing to the formation of polyphosphates [49,52]. In this case, the amount of 



16

phosphoric acid is still too low to favour the formation of mesopores (which requires 

higher impregnation ratios [53]), only showing a widening in the micropores size range.

3.3 Surface chemistry of activated carbon fibers

P content determined by XPS analyses of the activated carbon fibers are compiled in 

Table 3. The study of the P 2p XPS photoemission region of these samples revealed the 

presence of a main peak at 134.0 eV, corresponding to the presence of C-O-P bonds from 

phosphate/polyphosphates groups fixed to the carbon surface [53], and at 133.2 eV related 

to CPO3 and C2PO2 bonds [54]. The amount and oxidation state of phosphorus remains 

unaltered with the BO degree. The results do not provide a clear relationship between P 

content and BO, suggesting that the amount of phosphorus is unrelated to the BO degree.

Table 3. Surface chemistry characterization of activated carbon fibers

Sample PXPS
(%wt.)

COTPD
(µmol g-1)

CO2,TPD
(µmol g-1)

OTPD
(%wt.)

CF-0 0 600 380 1.6

CF-6 0 1540 480 3.2

CF-44 0 2070 360 3.8

CF-72 0 2260 370 4.2

PCFL-0 2.0 2280 430 5.0

PCFL-7 1.9 2680 470 5.8

PCFL-33 1.8 2930 530 6.4

PCFL-60 1.0 3450 580 7.4

PCFH-0 1.8 1950 330 4.2

PCFH-7 1.9 2330 470 5.2

PCFH-35 1.5 2770 510 6.1

PCFH-59 1.9 3090 600 6.9

Figure 3 shows the CO and CO2 evolution profiles of the activated carbon fibers. TPD is 

a well-known technique that allows to identify the presence of different surface oxygen 

complexes attending to the differences in their thermal stability and the type of gas 

generated by the decomposition of the functional group. In general, the evolution of CO 

during TPD is related to the presence of functional groups, such as phenols, quinones, 

carbonyls and ethers, while CO2 evolving groups are related to carboxylic acids, 

anhydrides and lactones [55,56]. However, the presence of heteroatoms can introduce 

changes in these classifications, as in the case of P-containing carbon materials. In them, 

oxidized phosphorus complexes, which have acid character, thermally decompose 
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releasing CO at temperatures over 850 ºC [57]. Thus, the CO profiles of CF series reveal 

the presence of quinones/carbonyls (CO evolution at 750-900 ºC) as the most abundant 

surface oxygen groups, with a larger share of phenols (CO evolution at 650-750 ºC) being 

found in the surface of the CF activated at medium and high burn-offs. This result is in 

agreement with the changes introduced in the surface chemistry of carbon materials by 

oxidation in air, where preferential formation of phenols is reported [58]. However, the 

CO TPD profile is shifted towards higher temperatures, ca. 850 ºC in PCFL and PCFH 

samples. In them, the most abundant contribution to the CO profile seems to be that 

generated by the thermal reduction of C-O-P bonds [53,57]. Again, the activation of 

PCFL and PCFH in diluted air at medium and high BOs delivers the formation of a 

shoulder in the CO profile at 650 ºC, which is indicative of the formation of phenol groups. 

A similar feature was observed when P-containing activated carbons are treated in air 

atmosphere at temperatures over 300 ºC [57]. As for the CO2-evolving functionalities, the 

CO2 profiles indicate the presence of lactones and carboxylic acids, but their amounts are 

much lower than those of CO-evolving groups. The amount of carboxylic acids is higher 

in the P-free CF-0, while more lactones seem to be found in PCFL-0 and PCFH-0. The 

CO2 profiles barely change with the BO, showing a slight rise in the ratio of lactones to 

carboxylic acids as the activation advances.
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Figure 3. CO (left side) and CO2 (right side) TPD evolution profiles of a) CF, b) PCFL 

and c) PCFH samples obtained at different BO. 

It is also possible to estimate the amount of surface oxygen groups by recording the 

concentration of the evolving gases during the TPD run. Table 3 gathers the evolved 

amount of CO and CO2 for all the activated carbon fibers. It can be seen that the amount 

of CO2-evolving groups is unconnected to the oxygen partial pressure used during the 

preparation of the activated carbon fibers (see CO2,TPD in Table 3). However, the amount 

of CO-evolving groups increases with the BO, and this behavior is also observed in all 
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the series. When CO evolution is normalized using the ABET value, the surface density of 

CO groups of CF series increases from 0.7 (CF-0) to 1.5 (CF-6) µmol m-2 when oxygen 

is feed during the carbonization, and it remains the same as oxygen partial pressure 

increases, samples CF-40 and CF-72. The surface density of CO-evolving groups for 

PCFL and PCFH series shows only small variations with the BO within each series, 

showing average values of 2.3 and 1.6 µmol m-2, respectively. The surface density is 

higher in P-containing fibers due to the contribution of oxidized phosphorus group to the 

amount of evolved CO. The total amount of oxygen in the sample can be calculated 

combining the evolved quantities of CO and CO2 during TPD (OTPD column in Table 3). 

3.4 Electrochemical characterization

The electrochemical behavior of the activated carbon fibers is studied by cyclic 

voltammetry measurements at low scan rate under different potential windows. First, CVs 

from CF, PCFL and PCH series are plotted separately in order to analyze the effect of the 

BO in the capacitance of the electrodes, Figure 4. These CVs are recorded using a 

potential window of -0.2 to 0.8 V vs Ag/AgCl, allowing to assess the faradaic 

contributions from surface oxygen groups to capacitance [59,60]. 

The sample prepared without H3PO4 and under inert atmosphere, CF-0, shows a 

rectangular CV, characteristic of a pure capacitive behavior (Figure 4a). When CF 

samples are prepared in presence of oxygen, an increase of the capacitance in all the 

potential range is observed as activation increases, including the development of broad, 

reversible redox peaks at potentials between 0.2 and 0.4 V vs Ag/AgCl (see CVs of CF-

44 and CF-72 samples). These peaks are indicative of the occurrence of fast faradaic 

reactions from electroactive surface oxygen groups. The relationship between BO and 

electrochemical behavior is different in P-containing activated carbon fibers. In the case 

of PCFL series, Figure 4b, there is an increase in the capacitance when the stabilized 

fibers are prepared in presence of oxygen (CV of PCFL-0 vs PCFL-7). However, a further 

increase of BO produces changes in the current of the redox peaks at 0.3V but no shift of 

the peak potential is observed indicating the reversibility of the redox process. An 

increase of the BO in PCFH samples barely has any effect on their electrochemical 

behavior, Figure 4c, exception made of PCFH-59, where more intense and irreversible 

redox peaks are observed. A direct comparison between the CVs of the most activated 

samples, Figure 4d, reveals only minimal differences, which are accountable to the 
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contribution of electroactive functional groups (ie the presence of irreversible redox peaks 

in PCFH-59).

c)

a)

d)

b)

Figure 4. Three electrode CV measurements of a) CF, b) PCFL and c) PCFH samples at 

different BO levels. D) comparison between the most activated samples. Scan rate: 10 

mV s-1. Electrolyte: 1 M H2SO4

Gravimetric capacitances are determined from the CVs shown in Figure 4, and the 

obtained values are compiled in Table 4 (Cg). The capacitance of the fibers obtained by 

carbonization in inert atmosphere are in agreement to previous publications [36,38], and 

they double the Cg values of electrodes obtained from carbonization of electrospun 

lignin/polyvinyl alcohol blends in 6 M KOH [61]. At first glance, the impact of BO in 

gravimetric capacitance is lower than expected, especially considering the observed 

increase in ABET achieved in P-containing fibers, Table 2. In fact, the surface capacitance 

of these materials (Cg/ABET in Table 4), although they have typical values for activated 

carbons [62], shows a negative trend with ABET. Ideally, the gravimetric capacitance of 

activated carbons is expected to be proportional to the specific surface area. However, the 

lack of a clear relationship between capacitance and ABET has been already reported in 
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the literature [63–65]. Some authors have proposed that the wettability, the 

pseudocapacitance and the pore size distribution of carbon materials can have a stronger 

impact in capacitance than ABET [15]. Wettability in aqueous electrolyte is related to the 

presence of polar complexes, such as surface oxygen groups [66], which increases the 

surface area that can be reached by the electrolyte, and pseudocapacitance in acid 

electrolyte is connected to the presence of CO-evolving groups [59]. Since the amount of 

surface oxygen groups increases with BO, Table 3, the differences in the pore size 

distribution seems to be the responsible for the decrease in surface capacitances. In this 

sense, several authors stated that micropores with sizes lower than the ions of the 

electrolyte can produce sieving effects [67], while narrow micropores matching the size 

of unsolvated ions increases significantly the surface capacitance [68]. On the contrary, 

the presence of wide micropores enlarges the distance between ions and the surface of the 

electrode, decreasing the surface capacitance [69]. For aqueous electrolyte, micropore 

sizes around 0.7-0.8 nm were proposed to maximize capacitance in aqueous electrolyte 

[70]. Thus, since the surface capacitance of the wide micropores developed as BO 

increases (see Vmic
N2/Vmic

CO2 ratios from Table 2 and PSDs in Figure 2) is lower than 

that of narrow micropores, only minor gains in gravimetric capacitance are obtained, 

explaining the decrease of surface capacitance with burn-off. Volumetric capacitances 

have been estimated from the bulk density of the electrodes, Cv values on Table 4. In 

general, volumetric capacitance increases with B.O. in a lower extent than gravimetric 

one owing to the development of porosity, which brings down the bulk density of the 

electrodes. The highest Cv values are obtained for the PCFH series (98 F cm-3). 

Volumetric capacitances do not increase with B.O. due to the loss of bulk density of the 

electrodes, which compensates any gaining of gravimetric capacitance. CF and PCFL 

show similar Cv values at comparable B.O. In these series, volumetric capacitance 

increases with B.O. reaching values of 80 F cm-3 in the case of CF-72 and 76 F cm-3 for 

PCFL-60. These values are similar to those obtained for lignin-based hierarchical porous 

carbons [32], although lower than the ones showed by denser binderless carbon monoliths 

[26,71]. Densification of electrospun carbon electrodes needs to be addressed for 

broadening their potential applications.

Table 4. Three-electrode characterization of activated carbon fibers in 1 M H2SO4
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Sample Cg
Bulk 

density CV Cg /ABET OCP ΔVmax
+ ΔVmax

- Cg,max
+ Cg,max

- Umax

F g-1 g cm-3 F cm-3 mF m-2 V V V F g-1 F g-1 V

CF-0 134 0.45 60 160 0.31 0.59 0.81 123 123 1.18
CF-6 143 0.44 62 140 0.32 0.55 0.82 181 151 1.21
CF-44 178 0.41 73 128 0.28 0.62 0.76 174 186 1.20
CF-72 206 0.39 80 117 0.35 0.55 0.83 219 194 1.17

PCFL-0 149 0.39 58 156 0.26 0.61 0.76 165 136 1.35
PCFL-7 174 0.39 67 174 0.28 0.62 0.78 200 173 1.34
PCFL-33 205 0.36 75 147 0.24 0.64 0.74 203 203 1.28
PCFL-60 218 0.35 76 129 0.23 0.63 0.73 213 196 1.31
PCFH-0 195 0.50 98 171 0.25 0.65 0.73 185 197 1.26
PCFH-7 200 0.49 98 150 0.24 0.62 0.73 189 170 1.31
PCFH-35 204 0.45 93 117 0.29 0.62 0.79 186 188 1.23
PCFH-59 240 0.41 98 102 0.28 0.63 0.78 190 200 1.23

The stability potential windows of all the samples are assessed in the three-electrode cell 

by stepwise opening of the CV potential window. The potential limits are explored from 

the open circuit potential (whose values are collected in OCP column of Table 4) up to 

1.0 V vs Ag/AgCl (positive potential window) and down to -0.5 V vs Ag/AgCl (negative 

potential window) using scan rate of 10 mV s-1. The stability potential limits are stablished 

at the potentials where the contribution of faradaic current to the overall current is more 

than five percent [72]. Figure 5 compares the voltammograms of the potential window 

tests for the highest BO samples of each series. The three samples can safely operate at 

potentials lower than -0.4 V vs Ag/AgCl. However, a large irreversible peak is developed 

at potentials higher than 0.9 V, which are indicative of the degradation reactions of the 

electrolyte and the oxidation of the electrode. The intensity of this current is slightly lower 

in the case of the P-containing fibers, owing to the protective effect towards 

electrooxidation of phosphorus groups [41]. Similar results are obtained for the rest of the 

samples. The available potential windows for the positive and the negative electrodes 

(ΔVmax
+ and ΔVmax

-, respectively), of each sample are gathered in Table 4. It is observed 

that the positive potential windows are narrower, and P-containing fibers usually show 

lower OCPs than their P-free counterparts, meaning that their negative and positive 

potential windows are more equilibrated. Thus, the lower OCP for P-containing fibers is 

an interesting observation from an application point of view. 
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The highest allowable voltage, Umax, for the symmetric supercapacitor cells (i.e. equal 

weight of the electrodes) are estimated from the potential window tests. Note that charge 

is symmetrically stored in both electrodes, Q+=Q-, and given the dependency of charge 

with capacitance and voltage, the equation Cg
+·ΔV+= Cg

-·ΔV- can be applied (where Cg
+ 

and Cg
- stands for the gravimetric capacitance of the positive and the negative electrodes 

as measured in the ΔV+ and ΔV- potential windows). Cg,max
+ and Cg,max

- are drawn for all 

the samples from the CVs recorded at the maximum allowable potential window of each 

electrode. It has been found that the limiting charge (lower value of Cmax,g
±·ΔVmax,g

±) is in 

all the cases assigned to the positive electrode. Failure of supercapacitors due to 

overoxidation/degradation reactions on the positive electrode in aqueous electrolytes has 

motivated the development of strategies based in asymmetric in mass electrodes [73] or 

the use of protective additives [74]. Using the limiting charge as calculated by the positive 

electrode and the gravimetric capacitance of the negative electrode, it is possible to 

estimate the maximum available voltage, Umax= ΔVmax
+·(1+Cmax,g

 +/Cmax,g
-). It can be seen 

that most of the capacitor cells constructed using CF samples could theoretically operate 

at 1.2V, while PCFL samples and PCFH-7 could reach 1.3V (Table 4). 
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Figure 5. CV Exploration of the stability potential windows of activated carbon fibers 

prepared at the highest BO. Scan rate: 10 mV s-1. Electrolyte: 1 M H2SO4
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3.5. Characterization of the activated carbon fibers as self-standing supercapacitor 

electrodes

All the activated carbon fibers prepared in this work are used as self-standing electrodes 

for the construction of 2-electrode symmetric supercapacitor cells. These cells are 

constructed and characterized following the recommendations for ensuring trustable 

measurements of the supercapacitor performance [45,75]. In first place, the performances 

of the cells are analyzed using several cycles of galvanostatic charge-discharge (GCD) 

experiments up to 1.3 V at different specific currents ranging from 1 to 64 A g-1. Figure 

6 presents the 8th cycle GCD profile at specific currents of 2 (left panel) and 16 A g-1 

(right panel). At low specific currents, all the cells show quasi-triangular charge-

discharge profiles, confirming the predominance of capacitive behavior. Gravimetric 

capacitances of the cells are measured from the discharge time and compiled in Table 5. 

In addition to the gravimetric capacitance, GCDs recorded at high specific currents are 

used to measure the cell resistance from the ohmic drop (i.e. drop of voltage in the charge 

to discharge transition), Rcell= IRdrop/I. Capacitances from 33 to 48 F g-1 are determined 

for these cells. At low specific currents, Cg,2E values seem to increase with the BO degree. 

However, this trend does not hold at high specific currents, where samples obtained at 

medium BO (CF-44, PCFL-33, PCFH-35) show the best capacitance values. This 

tendency can be explained by the variation in cell resistances, Rcell in Table 5. The 

samples prepared by direct carbonization have average pore sizes of 1 nm or even lower 

(VDR
N2/VDR

CO2 from Table 2), increasing the diffusion resistance of ions in the porosity 

[8]. As the BO degree increases, micropores are widened, decreasing the diffusion 

resistance. However, an excess of porosity reduces the electrical conductivity of the 

electrode, which in turn increases the cell resistance of the samples prepared at high BO 

[63]. Maximum power density is estimated from the Rcell values considering ideal 

behavior of the cells and using an operating voltage of 1.3V. Values as high as 47 kW 

kg-1 are obtained for PCFL-33, followed by 40 kW kg-1 shown by CF-44. These values 

are between the highest observed in the literature [21,36]. 
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b)

c)

a)

e)

f)

d)

Figure 6. 2E GCD profiles from symmetric supercapacitors loaded at 1.3V operating at 

specific currents of a-c) 2 A g-1 and d-f) 16 A g-1

Energy and power densities are obtained at different specific currents. Table 5 compiles 

the Eg values at 2 and 16 A g-1. The advantages of performing the carbonization treatment 

in diluted air are observed in several ways. At 2 A g-1 (0.65 kW kg-1), the highest energy 

density, 8.6 Wh kg-1, is obtained for CF-44, followed by PCFL-33, 8.4 Wh kg-1. Note that 

the activation in diluted air produces energy enhancements of 50% for CF and PCFL 

series, while no net gain is observed for PCFH series. However, when power density is 
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increased to 16 A g-1 (ca. 10 kW kg-1) an increment of 41% in energy density is observed 

between PCFH-0 and PCFH-35, and even larger amounts are obtained in CF and PCFL 

series. Coulombic and energy efficiencies are also included in Table 5. As can be 

observed from the high columbic efficiencies, charge stored in the cell can be effectively 

recovered during the discharge process, and this is unaffected by the BO degree. The 

energy efficiency is inversely related to the ohmic drop, while curved charge-discharge 

profiles (i.e. deviation from the ideal triangular GCD profile) also decreases the 

efficiency. The highest energy efficiencies are shown by samples prepared at medium BO 

degrees (CF-44, PCFL-33 and PCFH-35) for a wide range of specific current values.

Table 5. Performance parameters of the symmetric supercapacitor cells

Specific current = 2 A g-1 Specific current = 16 A g-1

Sample
Cg,2E
F g-1

Eg
Wh kg-1

Eeff 
%

Ceff
%

Cg,2E
F g-1

Eg
Wh kg-1

Eeff
%

Ceff
%

Pmax
kW kg-1

Rcell
Ω

CF-0 33 5.7 89 99 20 3.4 66 100 24.6 15.6

CF-6 47 7.9 83 99 34 4.8 69 100 24.9 15.4

CF-44 42 7.8 88 99 35 5.9 84 100 40.2 9.0

CF-72 47 8.6 86 99 37 5.7 75 100 22.5 10.6

PCFL-0 33 5.6 80 99 18 2.5 61 99 35.5 10.0

PCFL-7 42 7.5 81 99 30 4.4 68 100 31.5 11.8

PCFL-33 48 8.4 85 99 37 5.8 77 100 47.0 8.6

PCFL-60 44 7.4 85 100 30 4.3 72 100 34.4 10.4

PCFH-0 44 7.8 82 98 26 3.5 59 99 19.9 19.6

PCFH-7 42 7.0 81 98 30 4.1 65 99 29.1 14.0

PCFH-35 45 7.6 89 100 34 4.9 81 100 34.4 11.0

PCFH-59 46 7.3 81 100 16 1.4 38 100 17.0 20.6
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Figure 7. Ragone plots of supercapacitor cells from the a) CF b) PCFL and c) PCFH 

series operating at 1.3 V. 
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Ragone plots are useful for comparing the energy and power capabilities of 

electrochemical energy storage devices. Figure 7 compares the Eg vs Pg profiles of all 

the analyzed cells. The boosted performance of samples prepared in presence of oxygen 

is especially notable for the PCFL series (Eg vs Pg profile of PCFL-0 is always under 

those for O2-activated samples). Similar behavior is observed in the case of CF series, 

exception made of the highest tested power density. However, the performance of PCFH 

samples is barely improved with the BO degree, showing only an increase of power 

capability rather than energy density. The supercapacitor performance of these cells is 

among the highest reported in the literature for electrospun fibers, being comparable to 

those obtained by KOH-activated electrospun PAN nanofibers [76], and showing higher 

energy and slightly lower power capability than electrospun kraft lignin nanofibers 

activated either by CO2 gasification or partial oxidation with an inorganic salt [29,30]. 

Commercial activated carbon fibers, textiles [77,78] and lignocellulosic fibers [79,80] 

show lower energy and power capabilities in aqueous electrolyte. Chemical activation of 

carbon fibers with KOH can be optimized for achieving larger specific surface area and 

capacitances on activated carbon fibers [81], at the cost of using additional preparation 

step and using non-renewable carbon precursors.

Finally, CF-72 and PCFL-33 materials are selected due to their highest performance and 

their 2-electrode supercapacitor cells are submitted to a durability test in order to confirm 

their suitability as electrodes for supercapacitor. The tests consisted in 5000 GCD cycles 

at 1 A g-1 using a cut-off voltage of 1.3 V. The capacitance retention is shown in Figure 

8. In accordance to the theoretical voltage limit established in Table 4, PCFL-33 shows 

a higher retention of capacitance, being able to keep around 85% of their initial 

capacitance. However, CF-72 shows a capacitance decay higher than 20% after 2300 

cycles. The comparison between the GCDs recorded before and after the cyclability tests, 

Figure 8b, confirms that the capacitance loss is related to the increase in the cell 

resistance, as depicted by the large rise in the ohmic drop. The increased electrochemical 

stability of P-containing activated carbon fibers electrodes is in agreement with the 

observations for powder P-containing porous carbons already described in the literature 

[41,82].
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Conclusions

Microporous activated carbon fibers with surface areas as high as 2340 m2g-1 were 

successfully prepared from electrospun H3PO4-lignin fibers by merging phosphoric acid 

activation and partial gasification with oxygen during the carbonization step. The addition 

of phosphoric acid to lignin boosts the sustainability production of activated carbon 

fibers, owing to the desirable combination of higher preparation yields, shorten 

preparation times and higher porosity development in presence of oxygen. The activation 

degree can be controlled by regulating the oxygen partial pressure during the 

carbonization. As activation proceeds, wider micropores and electroactive functional 

groups are generated. The obtained activated carbon cloths showed promising 

performance as self-standing supercapacitor electrodes. The activation in oxygen not only 

enhances the energy storage up to 50% at low power density, but also improves the power 

capability of the electrodes. The activated carbon fibers prepared using mass 

H3PO4:lignin mass ratio of 0.1 and activated at 900 ºC using 3.5% oxygen partial pressure 

show the best performance parameters, with energy density of 8.4 Wh kg-1, maximum 

deliverable power of 47 kW kg-1 and 85% of capacitance retention after 5000 cycles at 

1.3V. Overactivation of the carbon fibers can be detrimental, producing a decrease in the 

maximum power density, while the use of H3PO4 to lignin mass ratio higher than 0.1 

seems to be not useful from the point of view of the supercapacitor performance. These 

results provide evidences that sustainable production of self-standing porous carbon 

electrodes with superior supercapacitor performance can be achieved by electrospinning 

of H3PO4-lignin solutions and activation in diluted air.
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Highlights

 ACFs from electrospun lignin/H3PO4 solutions were carbonized in diluted ai

 Surface area increased from 840 to 1760 m2 g-1 with the oxygen partial pressure 

 Combination of H3PO4 and oxygen increased the surface area up to 2340 m2 g-1

 Self-standing electrodes with capacitances from 134 up to 240 F g-1 in 1 M H2SO4

 Eg of 8.4 Wh kg-1 and Pmax of 47 kW kg-1 combining H3PO4 and oxygen activation   
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