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The increasing interest in nanostructured porous carbon materials in the field of energy storage and

electrocatalysis has led to drastic improvement in their properties. These materials are still expensive to

manufacture, often due to the harsh chemical treatments required to enhance porosity. In this article, we

demonstrate that the process of activating carbons does not uniquely depend on the amount of activating

agent (NaOH) but also on the contact area between the salt and the carbonaceous framework to be

activated. We compare the microstructure, double layer capacitance and microporosity of carbon materials

of the same chemical composition but obtained through two different protocols: electrospinning, which

allows the formation of small NaOH domains (∼60 nm) homogeneously distributed across lignin fibres,

and standard activation, which leads to the growth of larger NaOH domains within the lignin framework.

As intimate contact between both phases ensures maximum activation, our electrospun material shows a

remarkable capacitance (∼180 F g−1) in comparison to the material prepared through standard “mix and

dry” activation procedure (∼10 F g−1). This is attributed to the generation of micropores (∼670 m2 g−1),

tailored from the small activating salt template domains in intimate contact with the lignin framework. In

summary, through this work we establish a relationship between the activating agent's morphology and its

effect in porosity and energy storage performance. We present a facile method to interpenetrate the

chemical activating agent within the carbon precursor structure before pyrolysis, through the efficient

usage of the activating agent.

Introduction

Nanoporous carbons can be synthesised from low-cost
precursors and through a myriad of protocols that enable
tailored surface areas, specific functional groups and high
electrical conductivities.1,2 The rising importance of these
versatile materials as high-performance electrodes for
batteries and supercapacitors calls for the development of
more efficient synthesis pathways and a better understanding
of their structural properties.

Nanoporous carbons have been traditionally prepared
through sol–gel synthesis,3–5 hard/soft templating6–8 and
activation.9,10 While sol–gel synthesis allows for the
development of both micro (<2 nm) and mesoporosity (2–50
nm), hard/soft templating usually uses inorganic
nanoparticles and thermo-degradable polymers that generate
predominantly mesopores.4,8

Activation instead, is performed by the gasification of the
carbon itself via the reduction of activating alkali and
transition-metal salts or oxidizing gases to etch the carbon
surface. Chemical activation using KOH or NaOH is one of
the most effective way to enhance microporosity in a short
time.11–14 Pores below 2 nm are especially attractive for
electrostatic charge storage applications (e.g. supercapacitors)
where very high surface areas and pore sizes matching that
of the electrolyte ions are needed. This type of porosity has
been normally controlled by tuning the ratio of carbon to
templating/activating agent during the pyrolysis-activation
process.15 Since high porosities are usually achieved with
large excess of activating agents10,15 it is of general interest to
propose alternative activation routes that enable high
microporosity degrees while maintaining a low usage of salt.

Alkali salts (e.g. KOH and NaOH) are frequently used as
activation agents. They are first dissolved together with the
carbon precursors and annealed after solvent removal.
Carbonisation occurs alongside the formation of molten-salt
and/or C-metal oxide intermediates. As temperature
increases, the inorganic alkali domains within the emerging
carbonaceous framework play a double role: they first serve
as hard-templates that then activate the carbon surface they
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are in contact with by oxidation.13,16 Here we study this
relationship by linking the resulting carbons porosity and the
morphology/crystallinity of the activating agent domains
prior to carbonisation. We propose the use of
electrospinning, a process in which the solvent evaporation
rate is particularly high, as a technique that can drastically
increase the porosity of lignin-based carbon materials by
limiting the crystal size of the templating/activating agent.17

In contrast to standard techniques used for activation, we
were able to produce highly porous carbons with a surface
area of 640 m2 g−1 and pore volume of 0.3 cm−3 g−1, using 40
times less activating salt than most procedures.10–13,15–20

To illustrate our example, we have chosen lignin as carbon
precursor — an abundant and environmentally friendly bio-
polymer that is commonly extracted from wood as a by-
product of paper industry. Lignin is an attractive precursor
for carbon materials since it enables relatively high yields
upon carbonisation. Activated carbons from lignins have
been extensively prepared15,21–28 but the degree of control of
their porosity via activation is poor compared to the one
obtained using carbohydrates as carbon precursors,13,19,29–32

mainly due to the 3D complexity of its structure. Here, we
prepare carbon nanofiber (CNF) mats which, due to the low
content of salt that we use for the in situ activation of the
electrospun lignin, remain structurally intact upon
carbonisation and therefore are suitable as free-standing
electrodes. Furthermore, the CNFs present a very narrow pore
size distribution (between 0.4 nm and 0.75 nm), ideal for
charge storage in supercapacitors.33,34 For the sake of
comparing our material to a standard carbon, we also
prepared a non-electrospun activated carbon cast film using
the same lignin-based solution. After carbonisation, this
material was brittle and could not be used as a free-standing
electrode but as a powder (AC powder). Through this
comparison we show that the porosity of any activated
material is determined by the activating salt-carbon precursor
interaction during carbonisation. In turn, this relationship
also controls the charge storage capacity of the produced
carbon. Decreasing the crystallite size of the activating salt
during carbonisation was proved to increase by a factor of 10
the microporous surface area and by a factor 10 the
maximum energy density.

Results and discussion

Lignin/polymer nanofiber mats were obtained by
electrospinning organosolv lignin (90 wt%, see
characterisation in Fig. S1–S9, ESI†) and poly-ethylene oxide
(PEO, 10 wt%) in a 0.5 M NaOH aqueous solution (see
Experimental section for further details). Our typical recipe
has a salt : carbon ratio of 0.13, in contrast to most classical
activation strategies in which this ratio is above 1. After
electrospinning, the material is carbonised under nitrogen at
800 °C to yield mats of porous CNFs which are rich in
oxygen-containing groups (5.5 wt% as determined by X-ray
photoelectron spectroscopy, see Fig. S10 in ESI†).

NaOH was preferred as activating agent over the widely
used KOH for various reasons. First, its lower cost and much
larger worldwide production rate than KOH make it more
attractive for industrial scale applications.35,36 Secondly,
NaOH activation process is milder than with KOH and thus
better maintains the morphology of the free-standing
material upon carbonisation. Finally, NaOH is particularly
suitable for less ordered carbon materials such as raw
biomass or lignin since it reacts with the most energetic sites
of the carbon surface.14,37 During the activation process, the
intercalation of Na ions produced during carbothermal
reduction promotes the formation of porosity after being
washed away from the carbon structure. Since Na does not
intercalate easily into ordered structures, it is a particularly
effective activating agent for disordered carbonaceous
systems.

Scanning electron micrographs (SEM) of the as-spun CNF
before carbonisation (Fig. 1a) show typical electrospun
narrow-diameter fibres (av. 490 nm) displaying
homogeneously distributed brighter features of ca. 60 nm in
size (see Fig. S9 in ESI†). These regions can be attributed to
the nucleation of the activating agent (NaOH) within the
precursor solution as the electrospinning proceeds. Their
limited size is a consequence of the fast solvent evaporation
kinetics: during electrospinning, the polymer solution jet
suffers a pronounced elongation which results in a high
solvent evaporation rate and a sudden increase in the sodium
hydroxide concentration.38 When the nanofibers reach the
current collector, the salt concentration has surpassed the
solubility limit. The Na salt then nucleates inside and on the

Fig. 1 Scheme of the electrospinning versus casting techniques used.
(a) SEM of the as-spun polymer nanofibers; (b) SEM of the cast-solution
after drying; (c) SEM of the large crystals on the surface and (d) energy-
dispersive X-ray spectroscopymapping on the large crystals (EDX).
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surface of the nanofibers (Fig. 3a and b) and since the solvent
evaporation occurs in less than 10 milliseconds,17 further
growth of salt crystals is prevented.

In contrast to the electrospun material, the AC powder,
prepared by casting the same lignin-PEO/NaOH solution and
drying at 110 °C for 30 min, presents micro-sized star-like
features (Fig. 1b) with a broad distribution of sizes (between
1 and 50 μm). This suggests that these Na-rich regions
(Fig. 1c and d) have nucleated and the crystal growth has
been thermodynamically facilitated by the slow solvent
evaporation rate of the process. SEM images of both as-spun
CNF and AC powder materials before carbonisation are
provided in the ESI† (Fig. S8). The drastic morphology
difference of the activating agent between these samples
emphasises the role of electrospinning as a micro/nano
structure-directing technique.

X-ray diffraction patterns of both materials before
carbonisation confirmed the presence of monoclinic phase
Na2CO3 (Fig. 2), confined in a broad amorphous halo due to
the presence of disordered carbonaceous matter. The
formation of Na2CO3 might be explained by the saturation of
the solution with CO2 and the consequent carbonation of the
NaOH(aq).

39 However, the presence of an amorphous NaOH
phase is not excluded in the two materials.

After carbonisation, the CNF electrospun material has a
relatively high microporosity (SDR above 500 m2 g−1), given
the low initial ratio of salt : carbon (Fig. 3a and b). The
porosity of the AC powder instead (SBET 60 m2 g−1 and Vtot
0.04 cm3 g−1), was found to be approximately 10 times lower
than that for the CNF (see Table 1). Electrospinning produces
nanofibers with a uniform distribution of salt which in turn
enhances the interfacial surface between the molten salt and
the carbon (Fig. 3d). This optimises the activation during
carbonisation and therefore the resulting CNF material is
highly porous, with a microporous surface area SDR of 670
m2 g−1 and a microporous volume of 0.3 g cm−3 (see Table 1).
In contrast, in the AC powder material, the formation of

porosity during pyrolysis is not pronounced since the
interfacial contact between the carbon and the salt is
confined at the surface (Fig. 3c). This explanation was
supported by the comparable carbonisation yields obtained
for both samples (Table S1, ESI†), which reveal similar
degrees of gasification.

The activation of carbon materials by NaOH and Na2CO3

occurs via a series of complex cascade reactions between the
salt phases and the gases evolved during pyrolysis.40,41 At low
temperatures, the NaOH spontaneously reacts with the
evolved CO2, forming Na2CO3 (eqn (1)). Although the Gibbs
energy of this reaction decreases with increasing temperature,
the increase of the partial pressure of CO2 during pyrolysis
makes it more likely to occur from 350 °C onwards.42

4NaOH lð Þ þ 2CO2 sð Þ ���!fromRT
2Na2CO3 sð Þ þ 2H2O gð Þ (1)

At temperatures above 700 °C, the residual presence of NaOH
could also oxidise the carbon framework (eqn (2)) forming
metallic Na, which tends to react with the reactive sites on the
edges of the aromatic domains.42–44

6NaOH lð Þ þ 2C sð Þ ����!>700 °C
2Na lð Þ þ 2Na2CO3 sð Þ þ 2H2 gð Þ (2)

At these temperatures, the partial thermal decomposition of
Na2CO3 is also thermodynamically favourable (eqn (3)) and
the CO2Ĳg) produced could promote the formation of pores by
etching the accessible carbon atoms, as suggested by the
Boudouard reaction (eqn (4)).41

Na2CO3 lð Þ ����!>700 °C
CO2 gð Þ þ Na2O sð Þ (3)

CO2 gð Þ þ C sð Þ ����!>600 °C
2CO gð Þ (4)

Similarly to KOH and K2CO3, the carbon can also reduce the
Na2CO3 or Na2O at temperatures below 1000 °C to form

Fig. 2 X-Ray diffraction patterns of the cast powder and electrospun
polymer nanofibers before pyrolysis. The natrite pattern (monoclinic
Na2CO3) was obtained from the ICDD crystallographic database,
reference code: 00-037-0451.

Fig. 3 (a) N2 sorption isotherms at 77 K of the electrospun CNF and
AC powder after pyrolysis; (b) pore size distribution calculated via
quenched solid density functional theory (QSDFT) model calculated
from the adsorption lines of the isotherms. (c and d) Schemes
representing the development of porosity during the chemical
activation process with Na2CO3 for both (c) AC powder and (d) CNF.
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metallic Na which might also intercalate in-between the
aromatic domains formed during pyrolysis (eqn (5) and
(6)).10,31 These two processes, called “carbothermal reduction”
gasify the carbon and promotes the formation of porosity.

Na2O sð Þ þ C sð Þ ����!>700 °C
2Na lð Þ þ CO gð Þ (5)

Na2CO3 lð Þ þ C sð Þ ����!>700 °C
2Na lð Þ þ 3CO gð Þ (6)

To illustrate the impact of surface area on energy storage
abilities, the two materials were tested as electrodes in
supercapacitors, using a two-electrodes symmetric Swagelok
cell and 6 M KOH as electrolyte. To minimize the impact of
different electrode manufacturing techniques on the
electrochemical performances, the AC powder electrodes were
also prepared as free-standing films (thickness 120 μm and
density of 1.0 ± 0.1 g cm−3). While the cell performances are
presented in Fig. 4, we were also able to monitor the
polarization of both electrodes versus a reference electrode
(see Fig. S11a and b, ESI†) to illustrate the relatively
symmetric polarization of the cell at low and high scan rate.
The capacitive currents were calculated from the cyclo-
voltammograms (CVs) and the galvanostatic charge–discharge
(GCDs) using the eqn (7) and (8) provided in the Experimental
section.

The electrospun CNFs display the typical features of
highly capacitive materials, including rectangular CVs at
scan rates from 5 mV s−1 to 2 V s−1 (Fig. 4a and b) and
triangular GCD profiles at low and high current densities
(Fig. 4c and d). The slight hump in the CVs observed at low
cell voltages (from 0 V to 0.9 V) has been previously
attributed to the presence of active oxygen-containing
functional groups that might contribute to the pseudo-
capacitance (see XPS in Fig. S10†).45,46 The current peak at
high over-potential suggests a slight corrosion of the carbon
framework due to the higher polarization of the working
electrode (see Fig. S11a and b, ESI†). This explains the
cyclability just above 90% after 10 000 cycles (Fig. S11f,
ESI†).47 The maximum capacitance, obtained from the GCD
profiles, reaches the decent value of 180 F g−1 for a single
electrode (Fig. 4e), which supports its good performance as
supercapacitive material.

As expected, the CVs for the AC powder reveal a much
lower capacitive current than its CNF counterpart. The
appearance of a reversible redox peak on the CV at low scan-
rate and high overpotential (Fig. 4a) could also be either
correlated to the reversible protonation of pseudo-capacitive
oxygen containing groups (coulombic efficiency of 95%, see

Fig. S11d, ESI†).48 Despite this reversible activity, the
maximum capacitance observed for the AC powder is about
10 F g−1, which is nearly 20 times lower than that of CNFs.
Accordingly, a much lower discharge time than that for the
CNF is observed on the GCD profiles. This very low
capacitance at 0.1 A g−1 compared to other results found in
the literature20–27 can easily be explained by the low salt :
carbon ratio leading to poor micro-porosity development (see
Table 1). Electrochemical impedance spectroscopy (EIS) was
also performed on the symmetric cell to support the
difference in charging mechanisms. The Bode diagram and
Nyquist plot (Fig. S11e and f, ESI†) show the phase angle as
well as the impedance of the cell at low frequency. As
expected, the AC powder does not exhibit the typical

Table 1 Surface area data extracted from the N2 isotherms presented on Fig. 3

SBET (m2 g−1) SDR (m2 g−1) VDR (cm3 g−1) SDFT (m2 g−1) VTOT DFT (cm3 g−1)

VMICRO

VTOTAL
(%)

SBJH (m2 g−1) VBJH (cm3 g−1)

CNF 642 689 0.245 312 0.312 68 49 0.094
AC powder 60 66 0.024 56 0.042 33 13 0.023

Fig. 4 Cyclic voltammograms (CV) of AC powder and CNF at (a) 5 mV
s−1 and (b) 2 V s−1; galvanostatic charge discharge (GCD) at (c) 0.1 A g−1

and (d) 10 A g−1; (e) capacitance retention between 0.1 A g−1 and 150 A
g−1; (f) gravimetric Ragone plot.
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characteristics of a supercapacitive material. It features a much
larger resistance than that of CNF and maintains a phase angle
above −60° at 10 mHz. This shows no clear transition from a
resistive to a capacitive regime when decreasing the frequency.
To support this observation, the relaxation time τ0 for CNF was
calculated. τ0, the inverse of the frequency ω0 displaying the
maximum in imaginary capacitance C″ (see eqn (9)–(11) in
Experimental section), is considered as the characteristic
discharge time of the device and is a good tool to compare
ionic diffusions in carbon electrodes.49 CNF exhibited a
relaxation time of 370 ms (see Fig. S11g, ESI†). This value is
particularly low compared to typical supercapacitive activated
carbons, indicating a quick in-micropore ionic diffusion.31,50 In
contrast, AC powder displays a relaxation time infinitely low,
due to its very low microporosity.

Finally, the capability of both samples (Fig. 4e and S11c†)
reveal a drastic difference in performances resulting from the
two contrasting morphologies. CNF exhibits a very high
capacitance retention of 75% at 100 A g−1 whereas the AC
powder has no capacitance beyond 10 A g−1. These results
translate into not only an energy density increased by tenfold
for CNF but also an extremely high-power capability (Fig. 4f).
We explain this phenomenon by the presence of continuous
electrical pathways provided by the fibrous network. This
probably leads to a higher electrical conductivity than the AC
powder material where the electrical resistance between the
grains is relatively high.

Conclusions

Using electrospinning, we have synthesised porous carbon
nanofibers with a much more efficient chemical activation
than carbon materials of the same composition but prepared
through standard activation. Through the high intrinsic
evaporation rate of the carbon/activating agent solution used
for electrospinning, we were able to constrain the growth of
the activating agent (Na2CO3) domains, and in turn enhance
the contact area between the salt and the carbonaceous
framework. Therefore, with our electrospun bio-based
material, we were able to produce symmetric supercapacitors
exhibiting a capacity of 180 F g−1 with the relatively low
surface area of 670 m2 g−1, both values surpassing those
observed for the material prepared through standard
activation.

We have rationalised our observations according to the
tailored microporosity we can achieve through
electrospinning. When the domain size of the activating
agent is limited, the contact area of these and the
carbonaceous framework is maximised. This in turn enables
higher porosities and the presence of micropores in the
resulting carbons. We present a rational method to effectively
enhance the microposity of the resulting carbons through the
interpenetration of the activating agent within the
carbonaceous framework before pyrolysis.

We think that our results will promote further
understanding of the chemical activation procedures and the

importance of controlling the size/morphology of the
activation agent and lead to more efficient material designs.

Experimental procedures
Materials and methods

The organosolv was kindly given to us by the group of
Christine Roβberg at the Fraunhofer Center for Chemical-
Biotechnological Processes (CBP) in Jena. Sodium hydroxide
pellets (NaOH, analytical reagents grade) were purchased
from Fisher Scientific. Polyethylene oxide (PEO, Mw 600 000 g
mol−1) was purchased from Sigma Aldrich. Both chemicals
were used without further purification.

Synthetic procedures

Extraction of the organosolv lignin. Lignin was obtained
by organosolv extraction of beech wood, which was first
chopped in small pieces and digested at 170 °C during 80
min in a mixture of 50 wt% ethanol/water containing 1% of
H2SO4. The resulting black liquor was then diluted with H2O
(ratio of 2 : 1 vol/vol water/black liquor) to precipitate the
lignin with a yield of 64 wt% with regard to the initial dry
wood mass. The lignin obtained from this method contains a
very low sulfur content (determined by XPS), low
carbohydrate content, a high concentration of syringyl units
(determined by nuclear magnetic resonance NMR) and a low
molecular weight Mw/Mn/PID of 4815 g mol−1/3207 g mol−1/
1.50 versus polystyrene (determined by gel permeation
chromatography). Lignin characterisation is provided in the
ESI.†

Synthesis of carbon nanofibers (CNF). 204 mg of PEO was
first dissolved during 2 hours in 15 g of 0.5 M aqueous NaOH
solution by stirring. Then 1.84 g of organosolv lignin (OSL)
was added and the solution was vigorously stirred for another
2 hours to yield a polymer concentration of 12% wt and a
ratio PEO :OSL of 1 : 9. This solution was centrifuged at
10 000 rpm during 5 min to remove the air bubbles present
in the solution and facilitate the formation of the Taylor cone
during the electrospinning. The solution was then
electrospun in a chamber (Nanobox, Plaslab), where
temperature was monitored at 22 °C and the relative
humidity at 25%. The solution was electrospun at a rate of 2
ml h−1 using a 18 gauge needle positively charged at 20 kV. A
25 cm2 aluminium collector was electrically grounded and
placed at 20 cm from the needle. After spinning 4.5 to 5 mL
of solution, the mat (approx. 150 μm thickness) is removed
from the collector, cut in stripes, sandwiched between two
pieces of carbon felt and submitted to heat treatment in a
MTI 1200× tubular furnace with 3 heating zones.
Carbonisation was performed at 800 °C during 2 h, using a
heating rate of 5 °C min−1 in the same tubular furnace. Once
the carbonisation is performed, the mat is placed in a
distilled water bath at room temperature. The temperature of
the bath is progressively increased to 85 °C, over the course
of 30 min and the temperature is kept constant for 1 hour.
This allows the dissolve progressively the remaining salt and
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maintain the flexibility of the textile. Then the textile is
removed from the bath, rinsed with ethanol and placed in a
vacuum oven at 100 °C to dry overnight. The yields observed
after thermal treatments are reported in supplementary
information. The resulting CNF electrodes exhibit good
bending ability over a surface of 50 cm2, as well as a
thickness of approx. 80–120 μm.

Synthesis of cast activated carbon (AC powder). The
spinning solution (5 mL) was cast onto a circular (10 cm
diameter) glass Petri dish and dried for 30 min at 110 °C in a
forced air circulation oven. Subsequently, the film obtained
(thickness 1–2 mm) was ground into powder and carbonised
under nitrogen at 800 °C during 2 hours, using a heating rate
of 5 °C min−1. After carbonisation, the powder was washed at
85 °C in distilled water for a couple of hours, separated by
vacuum filtration, rinsed with ethanol and placed in a
vacuum oven at 110 °C for drying overnight.

Characterisation

Lignin characterisation. Gel permeation chromatography
(GPC) measurements were conducted on an Agilent 1260
infinity system operating in DMF with 5 mM NH4BF4 and
equipped with refractive index detector and variable
wavelength detector, two PLgel 5 μm mixed-C columns (300 ×
7.5 mm), a PLgel 5 mm guard column (50 × 7.5 mm) and an
autosampler. The instrument was calibrated with linear
narrow poly-styrene (PS) standard. The organosolv lignin was
dissolved in DMF at a concentration of 1 mg mL−1 of solvent,
sonicated and filtered through 0.2 μm Nylon filters before
analysis. Two-dimensional heteronuclear single quantum
coherence (2D-HSQC) (1H &13C) nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker AV-III 600 mHz.
The organosolv lignin was dissolved in dimethyl sulfoxide-d6,
99.9 atom% D [(CD3)2SO] at a concentration of 30 mg mL−1

and the resonance signal of residual (CD3)2SO at 2.5 ppm
(1H) and 40 ppm (13C) served as reference for the chemical
shift δ. 31P NMR spectroscopy was used to quantify the
hydroxyl groups after derivatization of lignin with 100 μL of
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
(TMDP).51–53 The lignin sample (30 mg) was dissolved in
dimethylformamide/pyridine (1 : 1 v/v) and mixed with 100 μL
of a solution of N-hydroxy-5-norbornene-2,3-dicarboxylic acid
imide (20 mg mL−1) and chromiumĲIII) acetylacetonate (5 mg
mL−1) as internal standard and relaxation agent, respectively.
31P NMR spectra were acquired using an inverse-gated
decoupling pulse sequence with a 90 ° pulse angle, 10 s
relaxation delay, and 512 scans. Thermogravimetric analysis
(TGA) was measured on a Q500 TGA from TA Instrument.
The lignin was decomposed at 5 °C min−1 under air after
being ground in a fine powder. The as-spun mat was cut into
small layers and piled on a platinum pan. Between 4 and 5
mg of samples were used for analysis. The differential
scanning calorimetry (DSC) was measured in T-zero hermetic
aluminium pans (40 μL) on a DSC2500 from TA Instruments.
The highly amorphous nature of lignin coupled with its

complex hydrogen bonding interactions can induce
significant endothermic enthalpy relaxation during the initial
DSC scan of the original lignin. During this initial, the
sample was first heated from room temperature to 160 °C
and maintained at 160 °C for 10 min. The sample was then
cooled down to −20 °C with a cooling rate of 10 °C min−1 and
maintained at this temperature for 10 min. The second
heating run was used to determine the glass transition
temperature of the sample. The temperature was ramped
from −20 °C to 200 °C with a heating rate of 20 °C min−1 (as
the glass transition is more pronounced at faster heating
rates), followed by an isothermal state at 200 °C for 10 min
and cooling to room temperature at 30 °C min−1. The sample
mass used was approximately 5–6 mg.

Carbon material characterization. The N2 sorption
isotherms were measured at 77 K using a Quantachrome
Autosorb instrument. The relative pressure range was
measured between 1 × 10−5 and 0.99. This provides
information about the pores larger than 0.5 nm. The porosity
datas (SBET, SDR, SBJH) reported on Table S1 (ESI†) were
measured by the software Novawin. The Brunauer–Emmett–
Teller surface area (SBET) was measured over the pressure
range of from 5 × 10−3 to 5 × 10−2 for CNF and from 1 × 10−2

to 1 × 10−1 for AC powder. The pore size distribution was
calculated from the adsorption line using a quenched-solid
model QSDFT assuming slit and cylindrical pores geometries.
The mesoporous surface area SBJH was calculated from the
adsorption line. The microporous data were calculated from
the adsorption line by the Dubinin–Radushkevich model on
the relative pressure range from 4 × 10−3 to 1 × 10−2 for CNF
and from 5 × 10−2 to 3 × 10−1 for AC powder. Scanning
electron microscopy was used to investigate the
microstructures of the as-spun CNF and the dried solution. A
small but representative amount of sample was fixed onto a
steel stub with a sticky carbon tape. All samples were coated
with gold (45 seconds, 15 mA plasma current) prior to
imaging to avoid charging of electrons within the SEM
chamber. Images were taken on a FEI Inspect F instrument
using an acceleration voltage of 20 kV and a working distance
of 10 cm. Energy-dispersive X-ray spectroscopy, used for
elementary composition analysis, was performed on a JEOL
InTouchScope model using the same acceleration voltage but
a working distance of 15 cm. Prior to imaging, the non-
conductive samples were coated with gold. X-Ray diffraction
was performed on a silicon wafer on a Bruker D2. The dried-
cast solution was finely ground into powder and deposited
onto the wafer. The as-spun nanofibers were cut into squares
(1 cm sides) and 3 layers were pressed onto the silicon wafer.
The spectra were recorded for 10 hours from an angle from
20° to 70°.

Electrochemical measurements. Electrochemical
measurements were obtained using a standard 2 electrodes
symmetric Swagelok cell connected to a VSP Biologic
potentiostat using a Hg/Hg2SO4 (in saturated K2SO4Ĳaq))
reference electrode to record the polarization of both
electrodes simultaneously (see ESI†). CNF electrodes were
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cut from the mat using a hole-punch with a diameter of 7
mm and directly placed on stainless steel current collectors.
Free-standing carbon electrodes were manufactured by
mixing 90 wt% of our AC powder with 5 wt% of conductive
carbon black and 5 wt% of PTFE in absolute ethanol.
Ethanol was fully evaporated from the paste at 110 °C and
a few drops of ethanol were added to form compact free-
standing electrodes. The electrodes were calendered in an
electric 2-rolls mill to a thickness of 100–150 μm and
punched with a 7 mm diameter. Finally, the electrodes
were dried under vacuum at 100 °C overnight. Before
assembling the cell, both types of electrodes were wetted by
adding a few drops of electrolyte on the electrode and
pressing it onto the current collector using a spatula. In
this way, the electrolyte can infiltrate properly the macro
structure of the electrodes. Cell assembly. The cells were
assembled by pressing the 2 electrodes separated by a 10
mm disc glass fibre separator (Whatman) between the 2
current collectors. Prior to measurement, 500 cycles were
run at 5 A g−1 in order to improve the electrolyte access to
the micropores. The capacitance was observed to increase
up to 5%. Cyclo-voltammograms (CV) were recorded at
various scan rates, galvanostatic charge discharge (GCD) at
different current densities and electrochemical impedance
spectroscopy (EIS) between 500 kHz and 10 mHz with a
signal amplitude of 5 mV. The specific capacitances (F g−1)
of a single electrode were calculated from the cyclo-
voltammograms (eqn (7)) and the galvanostatic charge
discharge (eqn (8)) as following:

CCV ¼ 4·I
ν·m

(7)

CGCD ¼ 4·Q
ΔV − IRdrop
� �

·m
(8)

The relaxation time was calculated from eqn (9):

τ0 ¼ 1
ω0

(9)

ω0 are C″(ω) are defined as the following:

dC″ ω0ð Þ
dω ¼ 0

(10)

C″ ωð Þ ¼ −Z ωð Þ
ω· Z ωð Þj j2 (11)

The following notations are used: I (mA) current, ν (mV
s−1) scan rate of the cyclovoltammograms, Q (C) the charge
accumulated in the porous material calculated during the
discharge cycle, ΔV (V) is the voltage window, IRdrop (V) is the
voltage drop observed when the current is reverse during

GCD, ω (Hz) is the frequency, Z′(ω) and Z″(ω) are the real and
imaginary parts of the impedance and m (g) is the mass of
the working electrode.
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