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A B S T R A C T   

Functional carbon fibers were prepared by carbonization of thermostabilized electrospun lignin-fibers at 
500–900 ◦C followed by a high temperature thermal treatment at 1200–1600 ◦C. The effect of the preparation 
temperature on their surface chemistry, structural order, textural properties and electrochemical behavior has 
been stablished. Maximum porosity development is obtained at 900 ◦C. The addition of phosphoric acid in the 
electrospinning lignin solution shortens the stabilization time of the fibers, increases the carbonization yield, 
generates phosphorus functional groups (P content as high as 3% wt.) and increases the BET surface area of 
carbon fibers from 840 to 1143 m2 g− 1. Interestingly, when phosphorus-containing carbon fibers are treated even 
at very high temperature, 1600 ◦C, most of the porosity is preserved (ABET = 822 m2 g− 1). XPS depth profile 
reveals the presence of reduced phosphorus in the core of carbonized fibers. XRD and TEM analysis make evident 
that the presence of phosphorus induces curvature of the graphitic layers, which seems to hinder the stacking of 
the graphene layers, explaining the preservation of microporosity after the thermal treatment at high temper
ature. However, Raman and XRD analyses point out that the presence of phosphorus does not affect the lateral 
growing of the crystallites. Thus, phosphorus preserves the porosity and allows the development of the electrical 
conductivity after the thermal treatments. Gravimetric capacitances of 79 F g− 1 and capacitance retention of 63% 
at 68 A g− 1 have been determined for phosphorus-containing carbon fibers prepared at 1200 ◦C.   

1. Introduction 

Lignin is one of the major components of the cell walls and one of the 
most abundant biopolymers on Earth. It is obtained at large amounts in 
pulp and paper industries through different processes, being Kraft 
pulping the most implemented process. In spite of being considered as a 
potential feedstock for the production of fine chemicals and materials 
[1,2], most of the produced lignin is consumed as a fuel in the pulp–
paper industry to recover energy and chemical reactant, and only a 2% 
of the produced lignin is actually being commercialized [3,4]. However, 
new processes like Organosolv one produces a type of lignin with very 
low amount of impurities. In this sense, the Alcell® pulping process (the 
most well-known process in the organosolv lignin category) exhibits 
higher pulp yields than the Kraft process and it is also more environ
mentally friendly [5]. Within a biorefinery scheme, large amounts of 
organosolv lignin are expected to be generated in future 

wood-to-ethanol bio-refineries. Therefore, the development of 
value-added lignin-based sustainable products will be decisive to the 
economic success of the bio-ethanol production by this process, also 
having an important impact on strengthening the transition towards the 
circular economy. 

In this regard, the carbon-rich and high aromatic content of lignin 
structure turns it a promising raw precursor for the preparation of car
bon materials [6,7]. Following this premise, we have reported the 
preparation of carbon molecular sieves, activated carbons, hierarchical 
porous carbons, carbon fibers and high temperature carbons from lignin 
[8–12]. More specifically, the production of carbon fibers from low-cost 
and abundant precursors like lignin could be an interesting alternative 
for its valorization, from both economic and environmental points of 
view [3,13]. According to their applications, carbon fibers can be clas
sified into two different blocks: one related to the mechanical properties 
for structural applications; and another for functional applications, in 
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which some other properties such as high surface area, an adequate pore 
size and surface chemistry, high electrical conductivity, and elevated 
oxidation resistance are considered of great relevance. 

In both cases, some post-treatments are required to optimize the fiber 
properties. In particular, heat treatment from 1500 up to 3000 ◦C be
comes necessary to enhance the structural carbon order of the fibers, 
which improves the electrical conductivity and oxidation resistance. In 
this sense, some authors have reported the existence of a heterogeneous 
fine structure with inclusions of a highly graphitized nature in lignin- 
based carbon fibers treated at 1500 ◦C [14]. Baker and Gallego found 
an increase of the graphitization with lignin-derived carbon fibers 
treated up to 2700 ◦C [15]. Evidences for this effect at high temperature 
treatment on the structural order of the final carbon was also reported by 
Rodriguez-Mirasol et al. for lignin powder treated at temperatures as 
high as 2800 ◦C [12], and by Compere et al. for soda harwood 
lignin-poly(ethylene) terephthalate treated at 1200 ◦C [16]. 

However, an improvement of the structural order of carbon material 
by thermal treatment at high temperatures conduces irrevocably to a 
large decrease of the porosity and the surface area, which represents a 
strong drawback for some functional applications, such as in 
electrochemical-related ones. Therefore, the optimization of the post- 
treatment of the carbon fibers with the goal of increasing both the 
structural ordering and the porosity development is an important 
challenge. 

With regard to the preparation method, in previous works, we have 
reported the preparation of lignin-derived carbon fibers by means of a 
simple and versatile technique, such as electrospinning, without the 
incorporation of any spinning-assisted agent, reducing the manufacture 
complexity, time and costs [11,17–22]. Electrospun lignin-based carbon 
nanofibers are receiving a growing interest for energy conversion and 
storage application owing to their improved electrical and ion transfer 
and the presence of microporosity [21,23–26]. Moreover, we found that 
the addition of H3PO4 into the initial lignin solution shortens the sta
bilization process and produces more oxidized spun lignin fibers, due to 
the reaction of phosphoric acid with the dissolved lignin. This phos
phoric acid generates phosphate (and/or polyphosphate) esters, which 
promote cross-linking into the lignin structure, increasing the glass 
transition temperature of the lignin, and so, reducing the time needed 
for the stabilization step. Moreover, it also produces lignin-fibers with a 
higher development of the porosity, oxidation resistance, together with 
a rich variety of P and O surface functionalities [22]. 

In this sense, the objective of this work is the preparation of porous 
and highly conductive carbon fibers from Alcell lignin by electro
spinning. For this purpose, the influence of i) the addition of phosphoric 
acid in the initial solution, ii) the carbonization temperature, and iii) the 
heat treatment at temperatures from 1200 to 1600 ◦C on the surface 
chemistry, porosity, structural ordering, electrical conductivity and 
electrochemical performance of the carbon fibers is deeply studied. 

2. Materials and methods 

2.1. Preparation of carbon fibers 

Carbon fibers were prepared by carbonization of electrospun lignin 
fibers using Alcell lignin as raw material. For the preparation of pure 
lignin fibers, a solution of lignin and ethanol, in a weight ratio of 1/1, 
was electrospun. Phosphorus-containing lignin fibers were obtained by 
electrospinning of H3PO4 (85%)/lignin/ethanol solutions, where two 
different H3PO4 to lignin mass ratio, 0.1/1/1 and 0.3/1/1, were used for 
their formulation. All solutions were stirred overnight at 200 rpm and 
60 ◦C before spinning. A coaxial electrospinning setup was used for the 
spinning of the aforementioned lignin solutions. This device is described 
in detail elsewhere [17,20]. The aforementioned lignin solutions were 
feed to the device through the inner needle, while pure ethanol was 
pumped into the outer needle. The applied electrical potential differ
ences were 14 kV for pure and lignin fibers with the low H3PO4 to lignin 

mass ratio (0.1/1/1 mass ratio) and 22 kV were applied for lignin fibers 
with high H3PO4 to lignin mass ratio (0.3/1/1 mass ratio). The 
tip-to-collector distance was 25 cm. Flow rate of 1 mL h− 1 was set for the 
pure lignin and low H3PO4 to lignin mass ratio solutions, while the high 
H3PO4 to lignin mass ratio solution required an increase of the flow rate 
to 3 mL h− 1 in order to achieve steady electrospinning regime. In all the 
cases, the pure ethanol flow rate through the outer needle was set to 10% 
of the flow rate of the lignin solution. 

The obtained fibers were air stabilized (flow rate of 50 cm3 min− 1 

STP) in a conventional oven. The stabilization was carried out from 
room temperature to 200 ◦C. On the one hand, for pure lignin fibers, the 
heating rate in the stabilization step was 0.08 ◦C min− 1 and the final 
temperature was kept for 80 h. On the other hand, the stabilization step 
for phosphorus-containing lignin fibers (both H3PO4 to lignin mass ra
tios) was carried out at 0.8 ◦C min− 1 and the final temperature was kept 
for 1 h. More details of the preparation method can be found elsewhere 
[20]. 

Stabilized fibers were carbonized in a tubular furnace at 500, 700 
and 900 ◦C under a continuous flow of N2 (150 cm3 STP min− 1), with a 
heating rate of 10 ◦C min− 1. Pure carbon fibers (CFs) were directly 
stored for further use, whereas phosphorus-functionalized carbon fibers 
(PCFs) were washed with distilled water at 60 ◦C before storage. The 
carbon fibers prepared at 900 ◦C were also thermally treated at 1200, 
1400 and 1600 ◦C for 1 h (heating rate of 5 ◦C min− 1, N2 flow rate of 200 
cm3 STP min− 1) [27,28]. The nomenclature used in this work is CF and 
PCF for pure and phosphorus-functionalized carbon fibers, respectively. 
For PCFs, the acronym L, for the lowest H3PO4 to lignin mass ratio (0.1), 
or H, for the highest H3PO4 to lignin mass ratio of 0.3, was added at the 
end of the name. The final preparation temperatures were also included. 
For instance, the sample PCFL1200, makes reference to 
phosphorus-containing carbon fibers with an H3PO4 to lignin mass ratio 
of 0.1, obtained at 900 ◦C and followed by a thermal treatment at 
1200 ◦C. 

2.2. Characterization of carbon fibers 

Ultimate analysis of the carbon fibers was carried out in a Leco 
CHNS-932 system, being the oxygen content calculated by difference. 
The surface chemistry of the sample was analyzed by X-ray photoelec
tron spectroscopy (5700C model Physical Electronics) with Mg kα ra
diation (1253.6 eV). The maximum of the C1s peak was set to 284.5 eV 
and used as reference for shifting the whole spectrum. Total amount of 
phosphorus of PCFH samples was determined by inductively coupled 
plasma optical emission spectrometry (ICP-OES). Temperature- 
programmed desorption (TPD) analyses were obtained in a customized 
quartz fixed-bed reactor placed inside an electrical furnace and coupled 
to both a mass spectrometer (Pfeiffer Omnistar GSD-301) and to a non- 
dispersive infrared (NDIR) gas analyzers (Siemens ULTRAMAT 22), in 
order to quantify CO and CO2 evolution, (calibration error <1%). In 
these experiments, c. a. 50 mg of the carbon fibers was heated from room 
temperature to 930 ◦C, at a heating rate of 10 ◦C min− 1, in nitrogen 
(purity 99.999%, Air Liquide) flow (200 cm3 STP min− 1). SEM images of 
the carbon fibers were obtained from a JSM 6490LV JEOL instrument 
and TEM images were obtained by using a Philips CM200 microscope (at 
an accelerating voltage of 200 kV), respectively. 

The porous texture of the samples was characterized by N2 
adsorption-desorption at − 196 ◦C, and by CO2 adsorption at 0 ◦C per
formed in ASAP 2020 apparatus (Micromeritics). Samples were out
gassed at 150 ◦C for at least 8 h. From the N2 isotherm, the apparent 
surface area (ABET) was determined by applying the BET equation. The t- 
method allows obtaining the values of the external surface area (At) and 
the micropore volume (Vt). The mesopore volume (Vmes) was deter
mined following the Gurvich rule as the difference between the adsorbed 
volume of N2 at a relative pressure of 0.99 (Vtot) and the micropore 
volume Vt. Dubinin-Radushkevich equation was used to calculate the 
apparent surface area (ADR) and narrow micropore volume (VDR) from 
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CO2 adsorption data. 
Raman spectra were recorded with a Renishaw micro-Raman system 

using an Ar+ laser at 514 nm as the excitation source, with a spectral 
resolution of 2 cm− 1. The diffraction patterns of the carbon fibers were 
analyzed by a XRD diffractometer (Siemens D5000), over a 2θ range 
with Bragg–Brentano geometry using the Cu Kα radiation and a graphite 
monochromator. To characterize these materials, the centroid of the 
(002) peak was determined, obtaining the average d002 interlayer 
spacing from Bragg’s equation. Additionally, lattice parameters in the 
parallel, La, and perpendicular, Lc, directions were calculated from the 
position and full width at half maximum (FWMH) of the (002) and (10) 
peaks by using the Scherrer equation. Shape factor (K) values of 0.9 and 
1.84 were utilized, respectively [12]. 

Electrical conductivity measurements were performed on a home
made 2-probe electrochemical cell, consisting of a stainless-steel cylin
der with an internal polytetrafluoroethylene (PTFE) jacket (internal 
diameter: 6 mm) and equipped with two titanium rods ended with PTFE 
stoppers as collectors. C. a. 50 mg of sample was packed between the 
collectors for the measurements. Afterwards, the cell was pressed up to 
1 MPa by using a hydraulic press. The length of packed bed within the 
cell was then determined by using a micrometer (±0.05 mm). Conduc
tivity measurements of the samples were performed while pressing in a 
SP-200 Biologic potentiostat working in galvanostatic mode. The bed 
resistance, R (ohms), is determined from the slope of the voltage vs 
current intensity (V–I) plot and it is later used for the determination of 
the electrical conductivity using the following equation:  

σ = S⋅R− 1⋅L− 1                                                                                      

where L is the bed length (m), and S is the cross-sectional area of the cell 
(m2). In all the cases, at least five V–I determinations were collected and 
averaged to determine the resistance of the carbon fibers. 

The electrochemical behavior of CFs and PCFs in acid electrolyte (1 
M H2SO4, Sigma-Aldrich) were evaluated using PTFE 3-electrode Swa
gelok cells equipped with titanium rod as current collectors. A com
mercial Ag/AgCl/KCl electrode was inserted through the upper 
connector of the cell in order to track the potential of the electrodes. The 
electrodes consisted in round slices (Ø: 4 mm, thickness: 0.2 mm, surface 
loading of 5–6 mg cm− 2) of the carbon fiber samples, meaning that no 
binder nor conductivity promoters were used in their preparation. A 
Nylon membrane (Milipore, Merk, mean pore size: 450 nm) was sand
wiched between the carbon fiber electrodes, therefore acting as sepa
rator. Cyclic voltammetry (CV) in 3-electrode configuration was 
recorded between − 0.2 and 0.8V vs Ag/AgCl. Reference electrode was 
connected to the counter electrode for operating the cell in a 2-electrode 
configuration. Electrochemical impedance spectroscopy (EIS) was 
measured at open circuit potential measurements of the electrodes. The 
equivalent series resistance of the cell (Rs), the charge transfer resistance 
(Rct) and equivalent distributed resistance (Zd) of the electrodes have 
been estimated from the Nyquist plots using an Randles equivalent cir
cuit coupled with a capacitor element in Z-sim software (Bio-Logic). All 
measurements were carried out in a SP-200 Biologic potentiostat. 
Gravimetric capacitance, Cg, was obtained according with the next 
equation: 

Cg =
j⋅td

U − IRdrop  

where Cg is the gravimetric capacitance (F g− 1), j is the current density 
(A g− 1), td is the discharge time (s), U is the voltage (V) and IRdrop is the 
voltage drop due to cell resistance (V) 

3. Results and discussion 

3.1. Carbon fibers preparation and chemical composition 

The morphology and size of the electrospun carbon fibers has been 

analyzed using scanning electron microscopy. Fig. 1 shows representa
tive SEM micrographs of carbon fibers prepared using different H3PO4 
mass ratios and thermal treatment temperatures, along with the evolu
tion of the fiber diameter distribution. Each of these distributions were 
stablished after evaluating the diameter of more than 100 fibers. The 
micrographs reveal that the carbonization of the electrospun lignin so
lutions at 500 ◦C provided mats consisting in flexible, continuous and 
randomly-oriented fibers showing average diameter of around 2.5 μm, 
no matter the amount of phosphoric acid added to the solution. How
ever, the presence of H3PO4 produces a larger dispersion of the sizes, as 
depicted by the wider fibers size distributions of the PCFL500 and 
PCFH500 (sizes from 0.5 to 4.5 μm for both samples, while size for 
CF500 ranges from 1 to 4 μm). The addition of H3PO4 to the solution 
increases the electrical conductivity, which decreases the stability of the 
Taylor cone produced in the electrospinning, rendering a larger vari
ability of jet diameters and consequently, of the diameter of lignin- 
H3PO4 fibers collected on the electrospinning plate [20]. As expected, an 
intense shrinkage of the pure lignin fibers is observed with the increase 
of the preparation temperature (ca. 50% at 900 ◦C and of ca. 65% at 
1600 ◦C). This shrinkage is clearly hindered by the addition of H3PO4 to 
the lignin solution, being around 45% for PCFL900, 60% for PCFL1600, 
and only 20% for PCFH900. Surprisingly, no shrinkage is observed in the 
case of PCFH1600. A likely explanation of this unexpected outcome is 
the existence of microporosity on this sample, Table 4, due to the 
presence of P in the bulk of the fibers, which has been corroborated by 
XPS depth profile, Fig. 3. All these features will be discussed on the next 
sections. In accordance to all these observed shrinkages, a narrower 
fiber size distribution is achieved as preparation temperature increases 
in these samples, exception made of PCFH1600. It must be noted that the 
wideness of the size distribution of P-containing fibers is always higher 
than that of CF at any given temperature. 

Table 1 shows the mass yield of the fibers for each process step, the 
overall yield of the different final carbon fibers and the chemical 
composition by ultimate analysis. The stabilization step consists of an 
oxidative treatment, generating cross-links in the lignin matrix, in order 
to increase the glass transition temperature and prevent the fiber from 
fusion during carbonization step [11]. The stabilization yields increase 
with the amount of H3PO4 in the Alcell lignin solutions and vary from 87 
to 76% for lignin fibers with and without H3PO4, respectively. The 
addition of H3PO4 results in the formation of thermally stable phosphate 
and/or polyphosphate esters, which generate cross-links with the lignin 
structure without the need to incorporate oxygen from the gas phase 
[20]. 

In general, carbonization yields decrease with temperature due to 
the dehydration of the precursor, the removal of the volatile matter and 
the possible activation of the samples. Phosphorus-containing carbon 
fibers present higher carbonization yields than those without phos
phorus, due to the restriction of the formation of tar during the activa
tion process, increasing the final solid weight [29]. The carbon content 
determined by ultimate analyses increases with the treatment temper
ature, meanwhile the amount of hydrogen and oxygen significantly 
decreases, as a consequence of devolatilization and aromatic conden
sation processes that are favored at higher carbonization temperatures 
and/or H3PO4 to lignin mass ratios. 

High temperature thermal treatment of carbon fibers produces 
further increase in the carbon content and significant low oxygen con
tent, that further decreases with temperature, particularly for the sam
ples prepared at higher H3PO4/lignin mass ratio. The preparation of 
porous carbon materials by chemical activation with H3PO4 produces an 
increase in the oxygen surface groups due to the presence of thermally 
stable C–O–P and C–P–O surface groups [28,30]. The decomposition of 
these surface groups takes place at high temperatures (>700 ◦C, see TPD 
results in Fig. 4), explaining the lower thermal treatment yields of PCFs. 

The overall yields referred to the weight of carbon fibers with respect 
to the initial weight of lignin are ranging from 27 to 41% for the pure 
carbon fibers, in agreement with those previously reported [31]. 
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Phosphorus-containing carbon fibers show higher overall yields at 500 
and 700 ◦C. Those values are in agreement with those obtained by 
chemical activation with phosphoric acid at the same activation tem
perature from other biomass precursors [27,32,33]. Carbonization at 
900 ◦C and thermal treatment at higher temperatures produces the 
decomposition of most of the phosphorus surface groups (Fig. 4), 
resulting in overall yields for PCFs similar to those shown by CFs. 

3.2. Surface chemistry 

Table 2 collects the C, O and P mass surface concentrations of the 

different carbon fibers determined by XPS and the mass concentration of 
phosphorus in the bulk for PCFH samples measured by ICP. In general, 
the surface carbon content increases and the oxygen amount decreases 
with the preparation temperature. In the case of CF samples, it can be 
associated to the higher removal of the volatile matter and to the greater 
release of the oxygen incorporated in the stabilization stage, in form of 
CO2 and CO, during this carbonization stage [19]. For P-containing 
carbon fibers, the increase in the carbonization temperature and/or in 
the H3PO4 to lignin mass ratio decreases the oxygen content. The ther
mal treatment at high temperature provides very pure carbon fibers with 
oxygen content lower than 2%. As it was previously reported, 

Fig. 1. Fiber diameter distribution and SEM images of CF, PCFL and PCFH carbon fibers prepared at 500, 900 and 1600 ◦C. Scale bar: 10 μm. (A colour version of this 
figure can be viewed online.) 
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phosphorus-functionalized carbon fibers present more oxygen than CFs, 
due to the presence of phosphorus surface groups (e.g., C-O-PO3 like 
groups) [30,34]. Furthermore, some devolatilization of phosphorus 
compounds is also observed at 1400 ◦C, generating PCFs with high pu
rity (P surface content as low as 0.3% for PCFH1600). The comparison of 
the phosphorus content measured by XPS and ICP suggests that the 
phosphorus is mainly located in the external surface of the fibers pre
pared at temperatures lower than 1200 ◦C. At higher temperatures, a 
decrease of the phosphorus content is probably produced by reduction 
and devolatilization on the most outer surface of the carbon fibers, as 
pointed out by the lower amount detected by XPS. 

The analysis of the P 2p spectra of the PCFs was carried out in order 
to determine the kind of P-surface groups found on the carbon fibers. 
Fig. 2 shows the P 2p spectra of PCFs prepared at H3PO4 to lignin mass 
ratio of 0.3 and at different thermal treatment temperatures. The 
contribution of mainly three species of phosphorus are observed, which 
are located at i) 134.1 eV attributed to –C–O–PO3, –(CO)2–PO2 or 
–(CO)3–PO species; ii) 133.1 eV associated to –C–PO3 or –C2–PO2 species 

and; iii) 132 eV assigned to phosphorus reduced –C3–PO species. In most 
samples, the band centered at 133.1 eV is the most relevant, which is 
characteristic of C–P bonding as in C-PO3 groups, where P is bonded to 
one C and three O atoms (two single and one double bonds), and/or 
C2PO2 [28]. The thermal treatment does not seem to modify the relative 
contribution of the different P functionalities on the PCFH900. However, 
PCFH samples prepared at lower temperatures (PCFH500 and PCFH700) 
present a slightly higher proportion of the more oxidized species. Pre
vious results with another biomass precursor also showed that an in
crease in the activation temperature shifts the main peak to lower values 
(around 133.2 ± 0.2 eV), associated to the presence of less oxidized 
species [30]. 

In order to verify that phosphorus is located inside the carbon fibers, 
particularly (mostly) for those prepared at temperatures higher than 
1200 ◦C, P 2p region of the depth-profile XPS spectra were collected in 
Fig. 3 after submitting PCFH1600 at two different argon sputtering 
times. An important shifting of the peak to lower binding energy (130.3 
eV) was observed just after 1 min of argon ion sputtering, revealing the 
presence of less oxidized P species in the inner of the carbon fibers, 
probably in form of C3– P one (and C3–PO). Further increase on the 
sputtering time delivers both a higher P concentration (increasing 9.2 
and 22.1% from the starting concentration after one and 3 min of 
sputtering time, respectively) and a larger contribution of these C3– P 
species (negligible amount of C3– P in the starting spectra vs contribu
tion of more than 80% of this P species after sputtering for 3 min), 
confirming that phosphorus concentration increases in the core of the 
PCFH1600 carbon fibers, being preferentially in form of less oxidized 
species. 

Fig. 4 collects CO and CO2 evolution during TPD experiments of the 
three series of carbon fibers. As can be seen, the amount of CO-evolving 
groups in all samples is significantly higher than that of oxygen surface 
groups decomposing as CO2. Overall, the presence of oxygen containing 
functionalities decreases with the preparation temperature, especially in 
the case of CF samples. In addition, the evolution of CO and CO2 for CF 
series is much lower than that found in PCFs series, at all temperatures, 
with the exception of the sample carbonized at 500 ◦C. According to XPS 
data, the oxygen surface concentration of CF500 is quite high (15.4% O), 
as a consequence of the presence of volatile matter and oxygen incor
porated in the stabilization stage, which have not been released during 
carbonization. In this line, results previously reported [17] showed a 
broad CO evolution curve up to high temperatures (>700 ◦C), related to 
the thermal release of anhydride, phenol, ether and/or carbonyl groups 
as a consequence of char formation reactions, which suggests that these 
reactions are not completed at 500 ◦C and are probably taking place 
during the TPD analysis of CF500. 

The addition of phosphoric acid to the lignin solution produces a 
decrease of CO and CO2 released at temperatures lower than 700 ◦C, as 
observed for PCFL500 and PCFH500, pointing out the presence of a 
lower amount of anhydrides and phenolic groups. This decrease is 
probably related to the dehydration and crosslinking reactions taking 
place between phosphoric acid and hydroxyls/phenolic functionalities 
during the air stabilization stage. An increase in the CO evolved at high 
temperatures (700–900 ◦C) due to the decomposition of phosphorus 
functional groups is also observed in these samples. Rising the carbon
ization temperature from 500 to 900 ◦C produces a shift of the whole 
curve to higher temperatures. PCFH900 and PCFL900 samples show the 
maximum CO desorption rate at 860 ◦C, assigned to the decomposition 
of stable C–O–P surface groups, producing CO and C′-P surface groups, 
where C′ refers to a new surface carbon atom [28,30]. 

As for the samples treated at 1200–1600 ◦C, it is worthy to mention 
the relatively high CO evolution of samples PCFL1200 and PCFH1200 
when compared to that of CF1200. The CO evolution of the former 
samples again peaked at 860 ◦C, indicating the presence of C–O–P type 
groups. We have reported that C–P groups formed during thermal 
annealing at high temperatures of P-containing carbon materials can be 
easily reoxidized upon contact with air, forming again the C–O–P type 

Fig. 2. XPS spectra of P 2p core-levels of phosphorus-containing lignin fibers 
obtained at the highest H3PO4 to lignin mass ratio (0.3), at different tempera
tures. (A colour version of this figure can be viewed online.) 

Fig. 3. P 2p region of XPS spectra from PCFH1600 at different etching times. (A 
colour version of this figure can be viewed online.) 
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Table 1 
Ultimate analysis and preparation yields of carbon fibers.  

Carbon fiber Yields (%) Ultimate analysis 

Stabilization Carbonization Thermal treatment Overall C (%) H (%) Oa (%) 

CF500 76.0 54.5  41.4 74.4 2.2 23.4 
CF700 45.0  34.2 89.0 1.5 9.5 
CF900 35.0  26.6 92.0 1.7 6.3 
CF1200 35.0b 99.2 26.4 95.8 0.1 4.1 
CF1400 35.0 b 96.4 25.6 97.3 0.2 2.5 
CF1600 35.0b 93.1 24.8 98.5 0.1 1.4 
PCFL500 86.1 68.3  58.8 73.5 2.0 24.5 
PCFL700 59.1  50.9 74.1 1.2 24.7 
PCFL900 34.3  29.5 78.8 1.3 19.9 
PCFL1200 34.3b 98.6 29.1 85.0 0.2 14.8 
PCFL1400 34.3b 91.2 26.9 96.3 0.1 3.6 
PCFL1600 34.3b 87.8 25.9 96.6 0.0 3.4 
PCFH500 87.3 70.6  61.6 76.6 2.4 20.9 
PCFH700 52.1  45.5 79.5 2.1 18.4 
PCFH900 33.1  28.9 81.4 1.5 17.2 
PCFH1200 33.1 b 94.2 27.2 85.2 0.4 14.3 
PCFH1400 33.1 b 87.2 25.2 94.5 0.5 5.0 
PCFH1600 33.1 b 83.3 24.1 97.2 0.0 2.8  

a Calculated by difference. 
b Yield of samples carbonized at 900 ◦C, which are the starting material in the further high temperature thermal treatment. 

Fig. 4. CO and CO2 evolution during TPD experiments of the three series of carbon fibers: (a), (b) CF; (c), (d) PCFL and (e), (f) PCFH, respectively, at different 
thermal treatment temperatures. (A colour version of this figure can be viewed online.) 
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groups [28]. This phenomenon is not observed in the samples treated at 
1600 ◦C due to the loss of most of the surface phosphorus groups (see P 
contents by XPS in Table 2), producing a low evolution of CO and CO2, 
as observed for PCFL1600 and PCFH1600, still slightly higher than that 
of CF. 

3.3. Structural order characterization 

Changes on structural order generated by thermal treatment of 
carbonized lignin under inert atmosphere were studied by Raman and X- 
ray diffraction spectroscopy, demonstrating that highly ordered carbon 
materials can be obtained from lignin [12]. Fig. 5 compares the 
first-order Raman spectra of the three series of carbon fibers prepared in 
this work in order to follow changes in structural order due to the 

presence of phosphorus and the increase in the preparation temperature. 
All curves present characteristic features of carbon materials, i.e. pres
ence of two broad Raman bands at ca. 1350 cm− 1 (presence of disor
dered carbon, D band) and 1590 cm− 1 (graphitic-like structure, G band) 
that get narrower and more intense with temperature [35,36]. In addi
tion, the development and narrowing of the bands at 2700 cm− 1 (2D 
band) and 2940 cm− 1 (D + G band) line of the second order spectra 
(inset in Fig. 5) with the carbonization/high temperature treatment are 
also noticed, confirming the advance of the structural order with tem
perature [37–39]. 

Fig. 5. d provides a direct comparison between the Raman spectra of 
the carbon fibers obtained at 1600 ◦C. Similar spectra are recorded for 
the three samples, with the narrower D band belonging to PCFH1600, 
which also shows the clearer development of the 2D and D + G bands in 
the second-order spectra region. Lateral size of the crystallites (La) on 
these samples has been determined using the formula stablished by 
Knight and White (La=4.4⋅IG/ID, nm [40]), showing values of 4.6, 4.9 
and 4.5 nm for CF1600, PCFL1600 and PCFH1600, respectively. These 
results seem to point out that the presence of phosphorus does not 
significantly modify the development of this lattice parameter of carbon 
fibers. 

Deconvolution of Raman spectra into four bands was used to obtain 
some further information about the structural order, in accordance to 
our previous studies about electrospun lignin-based carbon fibers [17]. 
The deconvolution includes the D and G lines and two additional bands 
at 1170 cm− 1 and 1510 cm− 1 that are attributed to the presence of ox
ygen groups and other heteroatoms and interstitial defects, respectively 
[41,42]. Table 3 summarizes a selection of the obtained deconvolution 
parameters. Again, the presence of phosphorus seems to have a low ef
fect in the structural order of the carbonized fibers determined by 
Raman. In all the series, the integrated IG/IT ratios (i.e. ratio between the 
integrated intensity of G peak and the integrated intensity of all the 
deconvoluted peaks) show a small development of G peak at 1600 ◦C 
and a clear narrowing of the width of the D line with the preparation 
temperature. Both features are regarded as an evidence of structural 
ordering development [36,37,41]. Lastly, the I1170/IT ratio, which is 

Table 2 
Mas surface concentration (%) determined by XPS of the carbon fibers and total 
phosphorus concentration of PCFH samples determined by ICP.  

Carbon fibers CXPS (wt%) OXPS (wt%) PXPS (wt%) P ICP (wt%) 

CF500 84.6 15.4 0.0 n.m. 
CF700 92.4 7.6 0.0 n.m. 
CF900 95.9 4.1 0.0 n.m. 
CF1200 97.8 2.2 0.0 n.m. 
CF1400 98.9 1.1 0.0 n.m. 
CF1600 98.2 1.8 0.0 n.m. 
PCFL500 79.7 18.2 2.1 n.m. 
PCFL700 82.7 15.0 2.3 n.m. 
PCFL900 83.2 14.2 2.6 n.m. 
PCFL1200 91.8 5.4 2.8 n.m. 
PCFL1400 97.0 2.5 0.5 n.m. 
PCFL1600 97.3 2.1 0.6 n.m. 
PCFH500 85.8 13.2 1.0 0.7 
PCFH700 87.2 11.1 1.3 1.0 
PCFH900 90.2 7.4 2.4 1.3 
PCFH1200 90.3 6.6 3.1 2.3 
PCFH1400 98.0 1.5 0.5 1.5 
PCFH1600 97.9 1.8 0.3 0.7 

n.m.: not measured. 

Fig. 5. First-order region of the Raman spectra of the 
three series of lignin-fibers carbonized at different 
temperatures. a) CF series b) PCFL series; c) PCFH 
series. Dotted line guides at 1170, 1350, 1510 and 
1590 cm− 1 are plotted for indicating the position of 
the main bands used in the deconvolution of the 
Raman spectra. Inset shows the respective second- 
order Raman spectra region. d) Comparison of full 
Raman spectra from pure and P-containing lignin fi
bers prepared at 1600 ◦C. (A colour version of this 
figure can be viewed online.)   
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related to the presence of heteroatoms, decreases after the heat treat
ments at 1400 and 1600 ◦C of sample CF900. However, this ratio is 
higher for the heat-treated PCFL and PFCH samples, confirming the 
presence of phosphorus even after the thermal treatment at the highest 
temperatures, as pointed out by XPS (Table 2). 

X-ray diffraction profiles have also been used to follow the structural 
order of lignin-based carbon materials [12]. In general, the profiles 
confirm that carbonized samples have a low structural order, which 
starts to develop after the high temperature heat treatment. For a better 
understanding of the effect of the presence of phosphorus on the struc
tural lattice parameters, a direct comparison of the XRD profiles of 
PCFH1600 and CF1600 samples is shown in Fig. S1 of the electronic 
supporting information (ESI). Large X-ray scattering at small angles is 
observed in them due to the presence of well-developed narrow micro
porous structure (see CO2 pore volumes in Table 4). The intensity of this 
scattering is higher in P-containing carbon fibers, in agreement with the 
larger narrow micropore volume observed for PCFH1600. This sample 
also shows a greater width of the (002) peak, which can be associated to 
a lower thickness of the crystal in perpendicular direction to the 
graphite-like layers (Lc) for this sample. In addition, no significant dif
ference is observed in the shape of the (10) peaks, i.e. the one related to 
the size of the crystal in the parallel direction of the graphite-like layers, 
La. 

The deconvolution of the (002) peak allows to deepen in the study of 
the structural order of these samples, revealing that the d002 interlayer 
spacing is 3.8 Å and 4.0 Å for CF1600 and PCFH1600, respectively. 
These values are in agreement to those reported for high-temperature 
carbons prepared from lignin at a similar temperature range [12]. The 
average thickness of the crystallite is also higher in the pure lignin fibers 
(8.7 Å for CF1600 vs 7.6 Å for PCFH1600), with a 17% decrease of the 
average number of graphitic planes (estimated as Lc/d002) being 
measured for PCFH1600. The deconvolution of the (10) peaks confirms 
the Raman findings about the average lateral size of the crystallites 

being unaffected by the presence of phosphorus (La of 4.0 nm for CF1600 
vs 4.1 nm for PCFH1600). It seems that, although phosphorus can delay 
the stacking of the basic structural units of the carbon fiber, it does not 
affect the edge-to-edge association between crystallites that are 
responsible of lateral growth of the graphene layers. 

In view of the above results, the carbon fibers treated at high tem
peratures were analyzed by means of TEM (Fig. 6). The microstructure 
of P-free and P-containing carbon fibers cannot be distinguished when 
the heat treatment is performed at 1200 ◦C, Fig. 6 a and c. The images 
depict the expected disordered structure of porous activated carbon fi
bers [43]. However, the presence of phosphorus seems to produce dif
ferences in the carbonaceous matrix microstructure with a further 
increase of the heat treatment temperature. For the carbon fibers treated 
at 1600 ◦C in the absence of phosphorus (CF1600), the structure is 
dominated by long and straight graphitic planes, which runs parallel to 
the surface of the carbon fiber (see Fig. 6d). Differently, the presence of 
phosphorus renders the formation of long, curved and strained graphene 
layers, as those seen in TEM image of PCFH1600 (Fig. 6b), confirming 
that the presence of phosphorus hinders the stacking of carbon micro
crystallites. Theoretical studies on the bonding of atomic P to graphene 
systems based on Density Functional Theory have shown a marked 
tendency for P-induced inter-linking of the graphene that breaks the 
continuity of the planes and that the bonding of P atoms both induces 
and enhances strong local curvature in such graphitic structures [44,45]. 
In this sense, a theoretical study on the bonding of atomic phosphorus to 
planar hydrocarbons and to curved graphite-like surfaces concluded that 
bonding phosphorus to planar polycyclic hydrocarbons induces curva
ture away from the phosphorus atom and that the ability of the carbon 
atoms of these systems to maintain or induce curvature is a prerequisite 
condition for stably bonding of atomic phosphorus [46]. The origin of 
this curvature can rely on the generation of a charge transfer between 
the phosphorus and the carbons, creating new charge concentrations 
that make curved geometry energetically favorable [46]. Experimental 

Table 3 
Selected first-order Raman spectra deconvolution parameters.  

Temperature Integrated IG/IT (%) FWMHD (cm− 1) Integrated I1170/IT (%) 

CF PCFL PCFH CF PCFL PCFH CF PCFL PCFH 

700 26.6 25.7 25.6 198 206 224 2.6 1.8 1.9 
900 25.0 23.3 22.7 180 172 181 2.5 1.9 1.9 
1200 26.6 26.4 22.4 147 134 153 2.6 2.7 2.1 
1400 27.2 27.3 26.5 120 119 116 1.8 2.8 4.9 
1600 29.4 27.4 31.4 104 115 89 1.6 2.1 4.2  

Table 4 
Textural properties derived from the N2 adsorption–desorption isotherms and CO2 isotherms at − 196 ◦C and 0 ◦C, respectively, of the three series of carbon fibers at the 
different thermal treatment temperatures.  

Carbon fibers N2 Isotherm CO2 Isotherm 

ABET m2g− 1 At m2g− 1 Vt cm3g− 1 Vmes cm3g− 1 Vtot m3g− 1 ADR m2g− 1 VDR cm3g− 1 

CF500 326 11 0.122 0.015 0.137 505 0.203 
CF700 413 16 0.159 0.018 0.177 652 0.261 
CF900 840 7 0.329 0.008 0.337 951 0.381 
CF1200 621 5 0.239 0.007 0.246 749 0.300 
CF1400 530 13 0.204 0.017 0.221 669 0.268 
CF1600 20 16 0.003 0.021 0.024 253 0.101 
PCFL500 398 16 0.153 0.018 0.171 508 0.204 
PCFL700 556 11 0.215 0.014 0.229 630 0.252 
PCFL900 951 5 0.366 0.007 0.376 798 0.320 
PCFL1200 758 11 0.300 0.014 0.314 751 0.301 
PCFL1400 719 11 0.277 0.014 0.291 698 0.280 
PCFL1600 646 13 0.252 0.016 0.268 609 0.244 
PCFH500 749 14 0.294 0.015 0.309 803 0.322 
PCFH700 837 10 0.326 0.012 0.338 842 0.338 
PCFH900 1143 16 0.449 0.017 0.466 859 0.344 
PCFH1200 921 13 0.361 0.014 0.375 803 0.322 
PCFH1400 908 11 0.368 0.012 0.380 739 0.296 
PCFH1600 822 15 0.327 0.017 0.344 599 0.240  
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results on phosphorus carbides thin films corroborated these results and 
indicated that the induced graphene layer curvature increases the 
inter-layer distances [47,48]. 

3.4. Textural properties 

With regard to the influence of the presence of P on the porosity of 
the lignin-derived carbon fibers, Fig. 7 shows the N2 adsorp
tion–desorption isotherms at − 196 ◦C of the pure carbon fibers and 
phosphorus-containing carbon fibers obtained at different preparation 
temperatures. Textural parameters derived from N2 (− 196 ◦C) and CO2 
(0 ◦C) adsorption data for the different carbon fibers are summarized in 
Table 4. All the fibers exhibit a type I isotherm, characteristic of 
microporous solids. Previous studies revealed that the high oxygen 
content in the stabilized Alcell fibers could also act as activating agent 
during carbonization step, producing a decrease of the carbonization 
yield as a consequence of a development of microporosity [11,17]. At 
the same carbonization temperature, higher N2 adsorbed volumes (at 
very low relative pressures) were observed as the H3PO4/lignin mass 
ratio increases, showing increasing ABET values from 326 m2 g− 1 for CF 
to 749 m2 g− 1 for PCFH, at 500 ◦C. The high values of the micropore 
volume measured with CO2 (compared with those of N2) indicate the 
presence of narrow microporosity. The presence of mesoporosity is quite 
low in all samples (Vmes lower than 0.02 cm3 g− 1). An increase of the 
H3PO4/lignin mass ratio above 1 would provide the development of 
wide mesopores, as we have observed with other lignocellulosic pre
cursors [30,49]. However, the use of higher amounts of phosphoric acid 
provides solution with greater conductivity values, hindering the 
spinnability of the solution. 

In general, the maximum development of porosity is obtained in 

samples carbonized at 900 ◦C, independently of the presence of phos
phorus. The micropore volume and surface area of the P-free lignin- 
derived carbon fibers slightly decrease after thermal treatments at 
temperatures between 1200 and 1400 ◦C. However, an accused decrease 
of the porosity is observed when the treatment temperature was 
increased above 1400 ◦C for carbon fibers that did not contain phos
phorus. In this sense, it is important to highlight the differences among 
the N2 isotherms of PCFL1600 and those of PCFH1600 and CF1600. Very 
low nitrogen adsorption at − 196 ◦C is measured for the latter sample, 
pointing out the reduction of most of the porosity (ABET = 20 m2g-1) with 
the high temperature treatment. A similar porosity shrinkage is observed 
for activated carbon fibers with ABET comparable to that of CF900 when 
they are heat treated at 1500 ◦C [50]. However, PCFL1600 and partic
ularly PCFH1600 show a large N2 uptake, which translates into an 
apparent surface area of 820 m2 g− 1 in the case of the latter sample, 
despite the high treatment temperature used. Given the similar struc
tural order and surface area of both CF900 and PCFH900 samples, the 
presence of phosphorus seems to be responsible of the low porosity 
shrinkage observed for the last one with increasing temperature. In this 
sense, TEM images of PCFH1600 in Fig. 6 evidenced that the presence of 
phosphorus prevents from the staking of carbon microcrystallites that 
takes place in the case of CF1600, which could be the reason of the 
porosity preservation shown by PCFH1600. Thus, the voids between the 
microcrystallites, which correlates with microporosity, are larger in 
PCFH1600 because the hindered stacking of their curved graphene 
layers. The results of XPS, TPD, Raman, TEM and N2/CO2 adsorption 
isotherms allow concluding that structural order is not severely 
compromised neither by the presence of phosphorus nor by a more 
developed pore structure in PCFH1600 (with ABET >820 m2 g− 1). This 
combination of desirable features is usually hard to achieve. For 

Fig. 6. TEM images of a) PCFH1200 b) PCFH1600, c) CF1200 d) CF1600. (A colour version of this figure can be viewed online.)  
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instance, the shape and intensity of D and G bands for other porous 
lignin-based carbon fibers clearly shows the loss of structural order 
when the carbonized fibers are submitted to a chemical activation 
method [51]. Thus, the carbonization of phosphorus-functionalized 
lignin fibers followed by high temperature heat treatment can over
come the degradation of structural order. In this regard, some authors 

have reported the thermal treatment at 1500 ◦C of electrospun 
lignin-derived carbon fibers using polyvinyl alcohol as a binder. These 
fibers showed ABET of 940 m2 g− 1, but also presented a very high oxygen 
content (12.1%, determined by ultimate analysis), which suggests that a 
slight gasification was taken place [52]. Furthermore, neither the mass 
yield for the preparation of the carbon fibers nor their structural order 
were reported. 

3.5. Electrical conductivity 

In view of an adequate combination of chemical composition, 
morphology, microstructure and porosity, the lignin-derived carbon fi
bers presented in this work could have potential electrochemical and 
photovoltaic applications [53–55]. In fact, carbonized lignin was 
recently proposed as a potential alternative to carbon blacks [56], even 
though the electrical conductivity achieved at carbonization tempera
ture of 900 ◦C is not enough to match that of commercial carbon blacks. 
The electrical conductivity of the prepared carbon fibers, a decisive 
factor for these applications, was determined at different carbonization 
and heat treatment temperatures by using a 2-probe method (Table 5). 
At low preparation temperatures, pure lignin-based carbon fibers pre
sent lower electrical conductivity than those prepared with phosphoric 
acid in their formulation. As previously mentioned, phosphoric acid 
catalyzes dehydration and condensation reactions, as pointed out by the 
carbon contents in Table 1. Aromatization of the carbon structure is one 
of the requisites for enabling electrical conductivity of carbon materials, 
explaining why the addition of H3PO4 improves the electrical conduc
tivity at low and mild carbonization temperatures. At 900 ◦C, poly
condensation and dehydrogenation reactions take part in the 
carbonization of pure carbon fibers, enabling the formation of polycyclic 
aromatic structures that increases the electrical conductivity [57]. In 
addition, phosphates and polyphosphates (see P content on Table 2) at 
edge positions of these structures are believed to behave as 
electron-withdrawing groups, decreasing the conductivity of PCFH 
when carbonized at 900 ◦C [58]. The conductivity values shown by the 
carbon fibers obtained at 900 ◦C, either with or without H3PO4 in their 
formulation, are comparable to other electrically conductive carbon 
materials, such as activated carbons [59], glassy carbons [60], carbon 
blacks [61] and petroleum pitch based activated carbon fibers [62]. 
They are higher than those reported for carbonized lignin powder at 
900 ◦C, around 1 S m− 1 [56], or electrospun carbon fibers prepared at 
1000 ◦C from blends of kraft lignin and PEO, 231 S m− 1 [63] and only 
lower than the value obtained for graphene grafted carbon nanofibers 
prepared at 1100 ◦C by electrospun of calcium lignin sulfonate, 2378 S 
m− 1 [64]. 

As for the effect of the heat treatment at higher temperatures, con
ductivity clearly increases with temperature, obtaining a linear relation 
for the electrical conductivity and the preparation temperature (see 
Fig. S2) at preparation temperature from 900 ◦C. In the case of PCFs, 
similar slopes were found, being of 0.85 and 0.81 S m− 1 ◦C− 1 for carbon 
fibers prepared at low and high H3PO4/lignin mass ratio, respectively. 
On the other hand, for CFs, a high value of this slope, of 1.42 S m− 1 ◦C− 1, 
is obtained. Electrical conductivity increases between 2 and 2.5 times at 
1600 ◦C for all the carbonized fibers. Similar improvement upon elec
trical conductivity was reported for glassy carbon, which was found to Fig. 7. N2 adsorption–desorption isotherms at − 196 ◦C of the three series of 

carbon fibers: (a) CF; (b) PCFL and (c) PCFH series, respectively, at the different 
carbonization temperatures. (A colour version of this figure can be 
viewed online.) 

Table 5 
Electrical conductivity of carbonized and heat-treated fibers, (S m− 1).  

Temperature (◦C) CF PCFL PCFH 

500 10− 6 6⋅10− 4 7 
700 1 70 115 
900 670 630 450 
1200 1046 919 756 
1400 1402 1058 894 
1600 1640 1230 1020  
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double the value of electrical conductivity at room temperature after 
heat treatment at 1600 ◦C [60]. The achieved values are comparable to 
those of composite electrodes of carbon black and chemically activated 
electrospun carbon fibers of surface areas ca. 1300 m2g-1, ca. 1500 S m− 1 

[65], or lignin-based porous carbon monoliths (SBET of 800 m2g-1) ob
tained through templating methods, 1700 S m− 1 [66], but without 
requesting the use of conductivity promoters, templating agents or 
activation treatments. It is important to note that the presence of P in the 
carbon fibers does not yield a notable drop of conductivity, while the 
preservation of microporosity on these samples constitutes a highly 
valuable feature of these materials. In fact, the differences in conduc
tivity of samples prepared at 1600 ◦C mostly arises from their porosity. 
When bulk density is considered for the estimation of the conductivity of 
solid fiber, the value for CF1600 is only 8% and 11% higher than that of 
PCFL and PCFH samples (4285 vs 3980 and 3870 S m− 1 of solid fiber, 
respectively). Other relevant properties, such as flexibility or mechani
cal strength, have been previously reported for similar lignin-based 
carbonized fibers at 900 ◦C [20,67]. A comparable flexibility has been 
observed for the materials reported on this work. 

3.6. Electrochemical characterization 

The production of continuous mats by carbonization of electrospun 
fibers allow preparing binderless electrodes that are known to have 
enhanced performance as electrodes of fuel cells and supercapacitors 
[18,19,21,68]. We have analyzed the potential application of the carbon 
fibers reported in this work for the latter application by measuring the 
steady state cyclic voltammetry of CF, PCFL and PCFH series in acid 
electrolyte (1 M H2SO4), shown in Fig. 8. It is important to note that 
these materials have been directly used as electrodes, avoiding addi
tional preparation steps or the use of binders or conductivity promoters. 
It can be seen that square-box CVs characteristic of a capacitive material 
are observed for most of the samples. Nevertheless, the preparation 
temperature has different effect in the electrochemical response of CF 
and PCFL/PCFH series. 

In the case of CF samples, the low electrical conductivity of CF700 
(Table 5) is translated into a resistive response of the electrode (gravi
metric capacitance ~1 F g− 1). In accordance to our previous works, it is 
found that carbonization at 900 ◦C produces a capacitive response of the 
electrode, due to the increase in the electrical conductivity and the 
presence of well-developed microporosity [21]. It is also worth noting 
the contribution of highly reversible redox process at ca. 0.35 V, which is 
related to the presence of electroactive functional groups, such as the 
quinone/hydroquinone pair [69,70]. However, the thermal treated 
sample CF1200 shows a capacitance decrease and slightly titled CVs in 
the positive potential region (around 0.7–0.8 V, Fig. 8a) despite its 
improved electrical conductivity (Table 5). The latter finding is probably 
connected to the diffusional constraints found at positive polarization by 
sulphate anions when moving in the narrow porosity of the sample, 
usually named ion sieving effect [71]. Gravimetric capacitance peaked 
at 900 ◦C in these samples, showing values of 1, 134 and 99 F g− 1 for 
CF700, CF900 and CF1200, respectively. These values are within the 
range reported for carbon fiber electrodes with similar microporosity 
development [20,21,67] and in accordance with the expression devel
oped by Lobato et al. for relating capacitance and porosity for carbon 
electrodes [72]. In this sense, the positive effect of microporosity on the 
gravimetric capacitance of electrospun carbon fibers has already been 
reported in the literature [21]. Expanding micropore volume from 0.33 
up to 0.97 cm− 3 g− 1 increases the gravimetric capacitance from 130 up 
to 240 F g− 1. However, other performance parameters show different 
trends. Surface capacitance (Cg ABET

− 1 ) is not improved by activation and 
volumetric capacitance reaches a maximum value at micropore volumes 
ca. 0.50 cm− 3 g− 1. 

Even though microporosity is the main variable for increasing 
capacitance, the wettability of micropores by the electrolyte is also 
necessary for the development of the electrical double layer [73]. Thus, 

Fig. 8. Steady state cyclic voltammetry of a) CF, b) PCFL and c) PCFH series. 
Electrolyte: 1 M H2SO4. Scan rate: 10 mV s− 1. 
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further increase of heat treatment temperature delivered a total resistive 
behavior of the electrodes due to high hydrophobicity of the samples, 
which is in agreement with the loss of most of the oxygen functional 
groups at 1200 ◦C, Fig. 4. Removal of these functional groups decreases 
the wettability of the inner surface of the pores and therefore reduces the 
accessible surface area available for the electrolyte and the formation of 
the electrical double layer [74]. 

Interestingly, the PCFL series show a different pattern for the 
dependence of electrochemical response with temperature, especially at 
700 and 1400 ◦C. Thus, PCFL700 shows a capacitive behavior, as ex
pected from its higher electrical conductivity, Table 5. A small pseu
docapacitive contribution related to the electroactive oxygen groups at 
ca. 0.45 V is also detected for PCFL900. In contrast with the loss of 
capacitive behavior shown by CF1400, PCFL1400 features a box-shaped 
CV, Fig. 8b. XPS and ICP analyses revealed the presence of oxidized 
phosphorus groups in this sample, Table 3, which probably enhances the 
surface polarity, increasing the surface area available to ions in this 
sample [74]. In addition, the gravimetric capacitances of PCFL700, 
PCFL900 and PCFL1200 are higher than their P-free counterparts, being 
121, 141 and 112 F g− 1, respectively. Similar conclusions arise from the 
CVs recorded on PCFH700, PCFH900 and PCFH1200 samples, Fig. 8c, 
showing Cg values of 111, 175 and 112 F g− 1, respectively. These values 
are higher than those obtained for polyacrylonitrile (PAN)/pit
ch/lignin-based carbon nanofibers (CNFs) with ZnO [75], and compa
rable to those reported for hardwood and softwood lignin-based carbon 
nanofibers, although in alkaline electrolyte [76]. The superior capaci
tance of P-containing fibers no longer holds when the contribution of 
their higher surface area is discounted by normalizing the capacitance 
using ABET values (surface capacitances of 0.22, 0.15 and 0.15 F m− 2 for 
PCFL700, PCFL900 and PCFL1200; 0.13, 0.15 and 0.12 F m− 2 for 
PCFH700, PCFH900 and PCFH1200; and 0.15 F m− 2 for both CF900 and 
CF1200, respectively). A possible explanation of the higher surface 
capacitance of PCFL700 could be the pore size. In this sense Chmiola 
et al. proposed that narrow micropores could enhance the capacitance in 
aqueous electrolyte [77,78]. However, PCFL700 have a Vt/VDR

CO2 ratio 
similar to CF900 and larger than CF1200, which speaks about the mean 
micropore size being similar or slightly larger in the P-containing sample 
[79]. Therefore, the large amount of oxygen and phosphorus groups in 
PCFL700 (Table 2) probably increases capacitance through additional 
pseudocapacitance contribution from electroactive surface groups [80], 
which could be related to the presence of broader redox peak at po
tentials from − 0.2 to 0.3 V in the CV [81]. In accordance with this hy
pothesis, the redox peaks decrease progressively with the preparation 
temperature due to the decomposition of electroactive hydroxyls, car
bonyls and quinones groups during the carbonization and after the 
thermal treatments (which can be observed in the changes of CO TPD 
profiles in Fig. 4), losing their pseudocapacitive contribution. This is 

especially noted by the disappearance of all redox contribution in 
PCFL1400, Fig. 8b. Another desirable electrochemical feature of 
P-containing carbon materials is a higher electrochemical stability, 
meaning that the potential window for electrochemical water decom
position is widened [82]. Previous studies have also demonstrated that 
phosphorus groups avoid the electrochemical oxidation of carbon ma
terials owing to the higher oxidation potential of C–O–P groups [83]. 
These advantages have allowed to prepare supercapacitors with P-con
taining electrospun carbon fibers that operates at voltages as high as 1.5 
V [21], boosting the energy density of the device. 

The power capability is the most important feature of super
capacitors [84]. Electrode materials for this application need to retain 
most of their capacitance values when submitted to high and variable 
power demands. Thus, the rate performance of PCFL series have been 
analyzed measuring the capacitance using a symmetrical 2-electrode 
cell configuration in the same electrolyte and operating in a 1.2 V 
window at increasing current density from 0.5 to 68 A g− 1, Fig. 9a. 
Gravimetric capacitance is reported in terms of electrode capacitance (4 
x cell capacitance). CF1200 and PCFH1200 have been also included for 
comparison purpose. It can be seen that gravimetric capacitance de
clines with the current density, although the slope of the decrease varies 
between samples. An improvement of the capacitance retention (ratio of 
capacitances determined at scan rates of 0.5 and 68 A g− 1) is observed 
with preparation temperature, moving from a value of only 3.3% of 
PCFL700 to 41, 63 and 58% for PCFL900, PCFL1200 and PCFL1400, 
respectively. The capacitance retentions of CF1200 and PCFH1200 are 
69% and 50%, showing a clear relationship with the electrical conduc
tivity values reported on Table 5. The capacitance retention values of ca. 
70% are between the highest obtained by electrospun carbonized fibers, 
in some cases surpassing the values obtained by more complex prepa
ration procedures, as step-by-step electrospinning, boron and nitrogen 
doping [85–89]. 

The improvement on capacitance retention with temperature in the 
PCFL series seems to be related to the electrical conductivity, as sup
ported by the impedance analysis. The Nyquist plot derived from EIS 
measurements depicts the usual features of capacitive materials, ie x- 
intercept at high frequency region due to the equivalent series resistance 
of the cell (Rs), a semicircle at high-medium frequency region, followed 
by the Warburg region at medium frequencies and a vertical line at low 
frequencies. The slope of the Warburg region is connected to the elec
trical distributed resistance (Zd) of the porous electrode [90], while the 
semicircle resistance (the closure point of the circle as real resistance 
increases in the Nyquist plot) is related to the combination of the elec
trical conductivity of the electrode, the ion diffusion resistance of the 
electrolyte in the pores and the bulk capacitance of the electrolyte 
(charge transfer resistance, Rct) [91]. The values of the different re
sistances are compiled in Table S1. It is found that the values of Zd and Rs 

Fig. 9. a) Rate performance of CF1200, PCFH1200 and PCFL series. Current density between 0.5 and 68 A g− 1 b) Nyquist plot derived from the EIS measurements of 
PCFL series. (A colour version of this figure can be viewed online.) 
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decreases with the carbonization temperature, as visually confirmed in 
Fig. 9b, and they are further decreased after the heat treatments. This 
improvement is undoubtedly related to the increase in electrical con
ductivity with the preparation temperature of the electrode, Table 5. 
Differently, the one related to the ion diffusion resistance, RCT, registers 
an increase at 1400 ◦C, due to the presence of higher ion diffusional 
constraints, which are imposed by the shrinkage of the microporosity. 
This result explains why this material showed a slightly lower capaci
tance retention than PCFL1200, Fig. 9. a. The slope of the Nyquist plot in 
the medium to low frequency region can be also connected to the 
presence of pseudocapacitance in carbon materials [92]. In agreement 
with the CV responses and the capacitance retention test, PCFL1400 
shows almost vertical line in this region, evidencing the almost pure 
capacitive response of this sample. In clear contrast, PCFL900 and 
PCFL700 shows slightly tilted lines for this region, related to the pro
gressive loss of the contribution of slow surface redox reactions to the 
capacitance of the electrode as the frequency of the test increases. 

4. Conclusions 

Porous carbon fibers were prepared by carbonization of pure and 
phosphorus-functionalized electrospun lignin fibers at temperatures 
between 500 and 900 ◦C followed by thermal treatments from 1200 to 
1600 ◦C. The incorporation of phosphoric acid in the lignin solution 
during the electrospinning show several advantages, namely: i) faster air 
stabilization stage ii) increase of carbonization and preparation yields 
iii) generation of stable oxygen and phosphorus groups iv) preservation 
of large porosity development and high electrical conductivity after 
thermal annealing at 1600 ◦C v) increase of the gravimetric capacitance 
and surface wettability for aqueous electrolytes. 

XPS, TPD and ICP measurements revealed the presence of stable 
oxidized phosphorus groups in the carbonized H3PO4-containing lignin 
fibers. These groups remain linked to the surface after the thermal 
treatment at 1200 ◦C, where the phosphorus amount reaches a 
maximum value of 3% wt. Thermal treatments at higher temperatures 
produces the devolatilization of surface phosphorus. However, XPS 
depth profiling and ICP revealed the presence of reduced phosphorus in 
the core of the fibers treated at 1600 ◦C. 

Microporosity is developed as carbonization temperature increases 
for pure carbon fibers, showing ABET vale of 800 m2 g− 1 at 900 ◦C. The 
addition of phosphoric acid to the electrospinning solution increases the 
microporosity development, obtaining more than 1100 m2 g− 1 when a 
H3PO4 to lignin mass ratio of 0.3 is used. The thermal treatment at 
1600 ◦C produce a marked shrinkage of the wide microporosity in pure 
carbon fibers. However, phosphorus-functionalized carbon fibers 
maintain most of their microporosity, showing ABET values higher than 
800 m2 g− 1 at the same temperature. XRD and Raman analyses confirm 
that the thermal treatment increases the structural order of both pure 
and phosphorus-functionalized carbon fibers, showing similar growing 
of the lateral size of the carbon microcrystallites. TEM and XRD analysis 
make evident that the presence of phosphorus in the core of the fibers 
induces curvature of the graphitic layers, which seems to hinder the 
stacking of the graphene layers, explaining the preservation of micro
porosity after the thermal treatment at high temperature by preventing 
the collapse of the micropores in those samples. Nevertheless, since the 
presence of phosphorus does not affect the lateral growing of the 
microcrystallites, the relatively high porosity does not compromise the 
electrical conductivity of P-containing carbon fibers, which shows a 2- 
fold increase after the heat treatment at the highest temperature. 

Cyclic voltammetry measurements in acid electrolyte reveal a 
generalized improvement of gravimetric capacitance and wettability of 
carbonized and heat-treated fibers is observed by using a very low 
H3PO4 to lignin mass ratio of 0.1. Capacitance retention of ca. 65% when 
current density is 128-fold increased has been determined for the P- 
containing sample heat treated at 1200 ◦C. In addition, the enhanced 
electrical conductivity attained by P-containing carbon fibers at 700 ◦C 

allow their use as a capacitive material. 
In sum, the high structural order, electrical conductivity and porosity 

development of electrospun lignin-based functional carbon fibers make 
them a promising candidate for advanced energy conversion and storage 
applications, such as supercapacitors and fuel cells. 
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microspectroscopy of soot and related carbonaceous materials: spectral analysis 
and structural information, Carbon 43 (2005) 1731–1742, https://doi.org/ 
10.1016/j.carbon.2005.02.018. 

[43] A.W.P. Fung, A.M. Rao, K. Kuriyama, M.S. Dresselhaus, G. Dresselhaus, M. Endo, 
N. Shindo, Raman scattering and electrical conductivity in highly disordered 
activated carbon fibers, J. Mater. Res. 8 (1993) 489–500, https://doi.org/10.1557/ 
JMR.1993.0489. 
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