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g r a p h i c a l a b s t r a c t
� Super-fine highly porous activated
carbon fibers (ACFs) were derived
from lignin.

� Lignin-derived ACFs were fabricated
into supercapacitor via vacuum
filtration.

� ACFs achieved excellent 344F g�1

specific capacitance and 8.1 Wh kg�1

energy density.
� KOH ACFs exhibited exceptional total
capacitance of 1 F at 10 mg loading.

� Lignin-derived ACFs exhibited over
96% capacitance stability after 5000
cycles.
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Highly porous submicron activated carbon fibers (ACFs) were robustly generated from low sulfonated
alkali lignin and fabricated into supercapacitors for capacitive energy storage. The hydrophilic and high
specific surface ACFs exhibited large-size nanographites and good electrical conductivity to demonstrate
outstanding electrochemical performance. ACFs from KOH activation, in particular, showed very high
344 F g�1 specific capacitance at low 1.8 mg cm�2 mass loading and 10 mV s�1 scan rate in aqueous
electrolytes. Even at relatively high scan rate of 50 mV s�1 and mass loading of 10 mg cm�2, a decent
specific capacitance of 196 F g�1 and a remarkable areal capacitance of 0.55 F cm�2 was obtained, leading
to high energy density of 8.1 Wh kg�1 based on averaged electrodes mass. Furthermore, over 96%
capacitance retention rates were achieved after 5000 charge/discharge cycles. Such excellent perfor-
mance demonstrated great potential of lignin derived carbons for electrical energy storage.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Activated carbon fibers (ACFs) are highly porous carbon in the
fibrous form usually produced via activation of carbon fibers (CFs).
The fibrous form of ACFs makes them easy to handle and to be
ieh@ucdavis.edu (Y.-L. Hsieh).
further processed into various forms of sheets, felts and compos-
ites. The high specific surfaces, short diffusive paths and abundant
accessible pores to sorbates are desirable characteristics of ACFs for
removing toxic gases such as SO2 [1], NOx [2], organic compounds
from air [3] and in waste water [4] as well as in storing hydrogen
[5], methane and ethane [6]. Besides those excellent attributes, the
high electrical conductivity of ACFs make them good candidate for
supercapacitors, a pulse energy storage and delivery device used in
the pitch system of wind turbines [7], electric vehicles [8] and
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Scheme 1. Construction of (a) an electrode by CF and ACF deposition onto nickel foam
via vacuum filtration (inset image: photo of an electrode); (b) a symmetric super-
capacitor button cell.
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actuators [9] to physically uptake and release charges accumulated
at the interface of carbon material and the electrolyte. To date, ACF
based supercapacitors have beenmade from phenolic resin fibers in
organic electrolytes [10,11] as well as polyacrylnitrile fabrics [12]
and polyamic acid electrospun fibers [13] in aqueous electrolytes,
yielding a specific capacitance from 113 to 208 F g�1. However,
these SCF precursors are energy consuming and expensive to pro-
duce and non-renewable. Moreover, the micro porous and carbon
structures of those ACFs are not targeted for storing aqueous
electrolyte ions. In fact, the electrolyte ions storage capacity of
carbons critically depends on the amount of accessible surface area,
and such accessibility is largely determined by the micro porous
structure and composition, size, defects of the nanographite and
the amorphous sp2 carbon. Overall, high microporosity and
wettability [14,15], larger nanographite size and less distorted bond
angle [16] favor the adsorption of electrolyte ions. Therefore, it is
desirable to fabricate ACFs with controlled micro porous and car-
bon structures for supercapacitor applications via simple and effi-
cient processes from greener sources.

Lignin is the over 50 million metric tons per year worldwide
chemical pulping and biofuel production by-product [17]. With
only a small fraction being burned as low-valued fuel [18], lignin
represents a significantly under-utilized biomass. The high carbon
content and extensively crosslinked polypropanoid structure make
lignin an excellent precursor for various carbon materials [19].
Activated carbon particulates have been produced by activation of
kraft lignin using alkali hydroxide [20,21], zinc chloride and phos-
phoric acid [21]. Carbon fibers have been melt spun from softwood
and hardwood kraft lignin aided by polyethylene oxide (PEO) [22]
and polyethylene terephthalate [23], respectively, and coaxially
electrospun from alcell lignin in ethanol [24]. Activated carbon fi-
bers (ACFs) could also be melt spun from acetic acid softwood
lignin then steam activation [25] or electrospun from Alcell lignin
in ethanol then activated by oxygen-containing species [26].
Recently, we have also electrospun submicron fibers from aqueous
alkali lignin with low sulfonate content (ALls) in-situ impregnated
with alkali hydroxide and then simultaneously thermal processed
and activated into ACFS in a single-step process [27]. The ALls based
ACFs have very high specific surface (up to 1400 m2 g�1) with over
85% attributed to micropores at ca. 0.7 nm average pore size and
remaining mesopores. Such abundant micropores are considered
ideal for adsorption of aqueous KOH electrolytes and the meso-
pores are beneficial to electrolyte transfer to the micropore regions
[15], both characteristics being highly promising for applications as
supercapacitors.

In this work, ALls based ACFs were prepared from both NaOH
and KOH activation (Na-ACF and K-ACF) and constructed into
electrodes and supercapacitors. The electrical conductivities,
wettability and microstructures of the ACF electrodes were first
evaluated. The electrochemical properties of the ACF super-
capacitor cells were thoroughly examined in terms of their specific
capacitance from both cyclic voltammetry (CV) and galvanostatic
charge/discharge curves, equivalent series resistance (ESR), energy
and power densities, as well as cycling stability.

2. Experimental

2.1. Materials

Poly(ethylene oxide) (PEO) (Mw ~600 kDa) and alkali lignin
with low sulfonate content (ALls, Mw ~ 60 kDa, spruce origin) were
purchased from SigmaeAldrich (USA), and sodium hydroxide
(anhydrous pellets, A.C.S. grade, 85% minimum purity) and potas-
sium hydroxide (anhydrous pellets, A.C.S. grade 97% minimum
purity) were acquired from Fisher Scientific (USA). Nickel foam
(�95% porosity with 80e100 PPI and 1.6 mm in thickness) and
button cell case (CR2032) were purchased fromMTI Corp (USA). All
the materials were used as received.

2.2. Synthesis of activated lignin carbon fibers

Activated carbon fibers were prepared according to a previously
reported method [27]. Briefly, aqueous 9/1 w/w ALls/PEO (10 wt%
total concentration) mixtures and without or with alkaline hy-
droxides at 0.3 NaOH/lignin and 0.5 KOH/lignin were electrospun
into CF, Na-ACF and K-ACF precursors, respectively. The electrospun
precursor fiber mats were rolled and placed in a quartz tube (2 cm
inner diameter) of an electric furnace (Mini-Mite, Lindberg/Blue).
Carbonization (and simultaneous activation for ACFs) was per-
formed by first heating to 105 �C to drive off the moisture, then
heating to 850 �C, both at 10 �C min�1 heating rate and held at each
temperature for 0.5 h under flowing N2 at 100 mL min�1. The heat
processed fibers were cooled to ambient temperature within 12 h,
under flowing N2 at 100 mL min�1. CFs and both ACFs were then
washed with deionized water to remove residual alkali metals and
other small hydrocarbon impurities, followed by oven drying at
105 �C for 0.5 h.

2.3. Construction of electrode and supercapacitor cell

The CF and ACF mats were dispersed in water (1 g L�1) and
sonicated (2510, Branson) for 30min. The electrodes were prepared
by vacuum filtration [28] of either CF or ACF suspensions to deposit
onto nickel foams (shown in Scheme 1a). The weight of nickel foam
per electrode is ca. 60 mg. The loaded mass of CF and Na-ACF was
weighed to be 5.4 and 3.2 mg, respectively and the mass of K-ACFs
varied from 1.8, 3.5, 7.5 to 10.0 mg and denoted as K-ACF-1, 2, 3 to 4.
The resulting electrodes were roller pressed to 0.1e0.2 mm thick-
ness and mold punched into 1.5 cm diameter circular shaped cells.
The supercapacitor cells were constructed by using two identical
electrodes with cellulose filter paper as separator into symmetric
button cells (Scheme 1b) and sealed with a manual crimper
(CR2032, MTI). 6 M aqueous KOH was the electrolytes.

2.4. Analytical methods

The chemical structures of CF and ACFs were examined by
Fourier transform infrared spectroscopy (FTIR) (Nicolet 6700,
Thermo Scientific). All FTIR spectra were collected using samples



Fig. 1. Wetting of (a) CF; (b) Na-ACF and (c) K-ACF.

Fig. 2. FTIR spectrum of (a) CF; (b) Na-ACF and (c) K-ACF.
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dried at 60 �C for 12 h and pressed with anhydrous KBr powders
into pellets. The sp2 and sp3 carbon configuration and proportion of
CF and ACFs were investigated by Raman spectroscopy (RM1000,
Renishaw) with excitation source of a 514.5 nm Ar line, and their
electric resistivities measured by a four-point probe (HM21, Jandel).
Five measurements were taken at different spots of each sample
and the averaged peak of these 5 trials was used for the Raman
analysis.

The electrochemical properties of the supercapacitors were
analyzed by CV tests on a potentiostat/galvanostat (263A, EG&G
Princeton Applied Research) and electrochemical impedance
spectroscopy (EIS) with a frequency response detector (263A,
EG&G) over 10 mHz to 100 kHz frequencies at room temperature.
The gravimetric specific capacitance from the CV curve (Ccev) and
galvanostatic charge/discharge curve were derived (Ciet) via Eqs.
(1) and (2), respectively. The areal capacitance (Ca) normalized by
the area of single electrodewas calculated via Eq. (3). The ESR (RESR)
from charge/discharge curvewas derived via Eq. (4), and the energy
and power densities of single electrode were calculated from Eqs.
(5) and (6), respectively. V is the operating voltage, DV the voltage
change (1 V), Im the discharge current normalized by the mass of
single electrode, Dt the discharge time, A the area of single elec-
trode, m the mass of single electrode, DVinitial the initial potential
drop from the galvanostatic discharge curve.

Ccev ¼

Z V

0
CdV

DV
(1)

Ciet ¼
2� Im � dt

dV
(2)

Ca ¼ Ccev �m
2A

(3)

RESR ¼ DVinitial
Im

(4)

E ¼ Ccev � V2

8
(5)

P ¼ V2

4� RESR �m
(6)

3. Results and discussion

3.1. Wettability, chemical and carbon structures of CF and ACF
electrodes

Owning to their continuous fiber form, CFs and ACFs could be
deposited onto nickel foam from their aqueous suspension via
simple vacuum filtration [28] without needing any adhesives
(Scheme 1). In water, CF samples stayed floated on top while ACFs
remain thoroughly dispersed, displaying their distinctly different
water wetting behaviors. Water droplets place on these fibrous
mats further confirm their different wetting behaviors, i.e., hydro-
phobic CFs shown by the slightly larger than 90� water contact
angle (Fig. 1a) hydrophilic ACFs by the immediate spreading of
water droplets (Fig. 1b and c). The FTIR spectrum (Fig. 2) of CF and
both ACFs showed the same characteristic skeletal C]C stretching
of aromatic hydrocarbons at 1567 cm�1, 3438 and 1630 cm�1 peaks
ascribing to OH stretching and bending, respectively, as well as the
CeO stretching at 1113 cm�1. The slightly more intense OH bending
and CeO stretching peaks of ACFs, indicating ACFs to be more hy-
drophilic than CFs, consistent with their better water wetting
behavior. Despite of their similarly high carbon contents of ca.
94 wt% [27], the more hydrophilic ACFs are attributed to their
greater extents of polar groups generated from alkali hydroxide
activation (see Fig. 3).

The Raman spectrum of CF and ACFs showed rather broad and
prominent G and D peaks in the 1500 to 1600 and 1300 to
1400 cm�1 ranges, respectively. The G and D peaks were further
resolved into G1 & D1 and G2 & D2 peaks to represent the winding
short basal plane with bond angle order and amorphous sp2 carbon
clusters with bond disorder, respectively, following same decon-
volution technique for various non-graphitic carbons [29e31]. The
basal planes likely indicated the existence of nanocrystalline
graphite consisting of lignin benzene rings and conjugated aro-
matic hydrocarbons from carbonization while the sp2 carbon
clusters could be from the non-aromatic hydrocarbons. Such clas-
sification is consistent with the three stage graphene to diamond
amorphization model, in which the peaks in 1580e1600 cm�1 and
1530 to 1560 cm�1 ranges represent the nanocrystalline G peak and
amorphous sp2 carbon clusters, respectively [32].

The full width at high maximum (FWHM) of G1and D2 peaks
increased from 66 cm�1 in CF to 75 cm�1 in both ACFs, indicating



Fig. 3. Raman spectra of (a) CF; (b) Na-ACF and (c) K-ACF.
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increased bond disorder of the basal planes from activation. This
is also consistent with the increased electric resistance from ca.
6 U cm�1 for CF to 10 U cm�1 for ACFs. The FWHM of D2 peak
slightly increased from 526 cm�1 in CF to 546 cm�1 in Na-ACF
and to 557 cm�1 in K-ACF, also suggesting more defective spe-
cies in the amorphous sp2 carbon clusters from activation. Noted
such changes in the deconvoluted D2 peaks FWHM could be less
accurate due to the fitting methods itself, since the D peaks could
be the lower frequency shoulder of the G peaks [32]. The I(D1)/
I(G1) ratio decreased from 1.08 in CF to 0.88 in Na-ACF and 0.78
in K-ACF. As I(D)/I(G) ratio is reciprocal to nanographite size but
proportional to amorphous sp2 carbon size [32], the lowered I(D)/
I(G) ratios of ACFs indicated increased basal plane sizes. The
increased I(D2)/I(G2) ratio from 0.77 in CF to 1.09 in Na-ACF and
0.93 in K-ACF also suggest increased amorphous sp2 carbon
cluster sizes from activation. The I(G2)/I(G1) ratio, an empirical
parameter indicative the relative disordered to ordered contents
[29], decreased from 0.94 in CF to 0.64 in Na-ACF and 0.59 in K-
ACF. As potassium had lower ionization energy than sodium, the
reaction between KOH and carbon was more violent, producing
more defective sp2 carbon clusters in K-ACF, e.g. higher FWHM of
D2 peak, as well as a higher content of ordered species, e.g.
lowest I(G2)/I(G1) ratio. These changes in Raman spectrum
showed that oxidative activation of the lignin carbon chars by
alkali hydroxide produced more reactive but less disordered
amorphous sp2 carbons. In other words, oxidative activation
consumes the disordered amorphous sp2 carbon to increase the
proportion of the more ordered domains and produces polar
groups to increase hydrophilicity of ACFs.
3.2. Electrochemical performance of supercapacitors

The electrochemical properties of symmetric supercapacitors
assembled from CF and ACF were studied. The CV curve (Fig. 4a, red
line in the web version) of the CF cells was irregular and covered a
relatively small area, indicating small capacitance. The two ACF
cells, on the other hand, showed rather rectangular CV curves
(Fig. 4a, black and blue lines in the web version), typical of double
layer capacitors. At the scan rate of 50 mV s�1, the CF cell exhibited
specific capacitance of 66 F g�1, while Na-ACF and K-ACF-1 cells
showed doubled and quadrupled capacitance of 122 and 267 F g�1,
respectively. The significantly increased capacitance for these ACF
cells was attributed mainly to their much larger specific surface
area and improved hydrophilicity. K-ACF outperformed Na-ACF by
more than double the specific capacitance. Although both ACFs had
similar specific surface area, the micropores in K-ACF were mostly
around 0.75 nm in sizes, whereas those in Na-ACF were more
widely distributed between 0.8 and 1.2 nm. [27] Such differences in
pore sizes ad pore size distribution could be the determining factor
of the more superior specific capacitance of the K-ACF than Na-ACF.
Another possible contributing factor could be the larger graphite
basal plane sizes in K-ACF, beneficial for the charge storage as
indicated by the preceding Raman analysis [16].

Moreover, K-ACF also showed the highest areal capacitance,
which increased with the mass of electrodes (Fig. 4b). At 50 mV s�1

scan rate and 10 mg electrode mass, a relatively high areal capac-
itance of 0.55 F cm�2 was achieved, giving rise to a remarkable total
capacitance of 1 F per electrode [33]. The specific capacitance of K-
ACFs at 50 mV s�1 scan rate decreased from 267 to 196 F g�1 when



Fig. 4. (a) Cyclic voltammogram; (b) the areal capacitance and (c) specific capacitance as a function of electrode mass at scan rate of 50 mV s�1; (d) specific capacitance as a function
of scan rate.
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the electrode mass increased from 1.8 to 10 mg (Fig. 4c). This could
be due to the thicker and more tightly packed electrode that lowers
the electrolyte diffusion rate [34,35], noting that the roller pressing
process packs an electrode with high mass to suite to the fixed
electrode thickness. The specific capacitances of all cells were found
to decreasewith increasing scan rate (Fig. 4d), caused by shorter ion
migration time at faster rate [36]. For K-ACFs, an outstanding spe-
cific capacitance of 344 F g�1 was obtained at electrode mass of
1.8 mg and scan rate of 10 mV s�1, validating that ACFs, K-ACF in
particular, exhibited excellent electrochemical properties. The
Fig. 5. Galvanostatic charge/discharge curves of (a) K-A
produced specific capacitances are much higher than that of un-
activated lignin based sub-micron carbon fiber (67 F g�1) [37] and
lignin-based mesoporous carbon (102.3 F g�1) [38]. Moreover, at a
relatively high scanning of 50 mV s�1, 4.3 and 8.1 Wh kg�1 energy
densities were achieved for Na-ACF and K-ACF respectively,
showing either comparable (Na-ACF) to, or much better perfor-
mance (K-ACF) than the 3e5 Wh kg�1 energy density of commer-
cialized activated carbon [9].

Deriving from the galvanostatic charge/discharge curve at
1 A g�1, the specific capacitances of K-ACF-1 and Na-ACF were 316
CF-1 and (b) Na-ACF at various current densities.



Fig. 6. Nyquist plots of K-ACF-1, Na-ACF and CF scanned from 100 mHz to 100 kHz.
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and 122 F g�1, respectively, agreeing well with the values derived
from the CV curves. The IR drop, which is the initial onset point of
the charging curve, increased from 41.9 to 81.3 then to 119.1 mV for
K-ACF-1, and from 55.2 to 81.5 then to 140.4 mV for Na-ACF,
respectively, when the current density rose from 1 to 2 then to
3 A g�1 (Fig. 5). The relatively linear increase in the voltage with
increasing current density suggested the ESRs of both ACFs
remained approximately constant. This indicated the high current
density had little effects on ACF surface, porous and carbon struc-
tures. The ESRs of both K-ACF-1 and Na-ACF at 1 A g�1 were esti-
mated following Eq. (4) to be 23.3 and 17.3 U, respectively. The
smaller resistance of Na-ACF was also consistent with the more
rectangular shape of its CV curve (Fig. 4a). Based on these ESRs from
the discharge curves, the power densities for K-ACF-1 and Na-ACF
cells at 1 A g�1 were calculated using Eq. (5) as 2.98 and
2.26 kW kg�1, respectively. It should be noted that, unlike many
previous publications [28,39,40], the ESR values from the charge/
discharge curves were used, not those from the Nyquist plot which
gives much smaller ESR values and consequently a higher power
density. From the Nyquist plots scanned from 100 kHz to 10 mHz
(Fig. 6), much smaller ESR values of 1.71, 1.43 and 0.81 U were
derived for K-ACF-1, Na-ACF and CF, respectively. A modified Ran-
dles model was used as the equivalent circuit where Rs represents
the ionic resistance of electrolytes, Rct is the charge-transfer resis-
tance from electrolytes moving through the electrodes during
Fig. 7. Cell performance comparison of (a) K-ACF-1 and (b) Na-AC
kinetically-controlled electrochemical reactions, Zw is the Warburg
impedance associated with 1-D linear semi-infinite diffusion of
electrolytes to/from the flat electrode planes, Cdl is the double layer
capacitance and Cf is the faradic capacitance [41,42] The Nyquist
plot showed a larger semi-circle in ACFs than in CF. Although the Rs
of all CF and ACFs were similarly located in a narrow range of
0.5e0.8 U, the Rct of ACF is much larger than that of CFs, which may
result from the formation of more reactive groups in ACFs after
activations. The knee frequencies of ACFs are also considerably
lower than that of CF, suggesting decreased ion diffusion ability to
the carbon planes possibly when electrolytes were diffused into
small micropores in the bulk ACFs that are comparable to them in
sizes. All these observations suggested increased resistivity in ACFs
than CF, consistent with the surface resistivity test (see Fig. 7).

In addition, the stability of the as-prepared ACF cells was
examined over 5000 charge/discharge cycles at constant current
densities to show 96.5 and 96.1% retention of capacitance for K-ACF
and Na-ACF cells, respectively. Their high cycling stability is com-
parable to graphene based electrodes [28].
4. Conclusion

CF, NaOH and KOH activated ACFs were efficiently prepared
from ALls and the ACFs were fabricated into supercapacitors. Acti-
vation via alkaline hydroxides turned the rather hydrophobic CFs
into hydrophilic and readily water wettable ACFs that had different
carbonaceous structures than CF, i.e., larger basal plane sizes and
more defective sp2 amorphous carbon, attributing to the excellent
electrochemical properties of the ACF supercapacitors. The K-ACF
supercapacitor, in particular, achieved a remarkable 344 F g�1

specific capacitance at a low electrode mass of 1.8 mg and
10 mV s�1 scan rate and maintained at 196 F g�1 at an even higher
10 mgmass and 50mV s�1 rate, giving rise to a high average energy
density of 8.1 Wh kg�1 at 50 mV s�1 scan rate. The superior elec-
trochemical properties of supercapacitor constructed with K-ACF
over Na-ACF were attributed mainly to the higher microporosity
and more narrowly distributed ca. 0.75 nm pore size, possibly due
to the larger basal plane of the nanographites. The constructed
supercapacitor cells from both ACFs showed rather low ESR and
outstanding cycling stability, affirming ALls based ACFs to be
excellent carbonaceous electrodes for supercapacitors in aqueous
electrolytes. This demonstrates the outstanding potential for con-
verting the abundant lignocellulosic biomass into high perfor-
mance carbon materials for energy storage.
F cells as-prepared and after 5000 cycles' charge/discharge.
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