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ABSTRACT: The growing adoption of biobased materials for
electronic, energy conversion, and storage devices has relied on
high-grade or re�ned cellulosic compositions. Herein, lignocellu-
lose nano�brils (LCNF), obtained from simple mechanical
�brillation of wood, are proposed as a source of continuous
carbon micro�bers obtained by wet spinning followed by single-
step carbonization at 900 °C. The high lignin content of LCNF
(�28% based on dry mass), similar to that of the original wood,
allowed the synthesis of carbon micro�bers with a high carbon
yield (29%) and electrical conductivity (66 S cm�1). The
incorporation of anionic cellulose nano�brils (TOCNF) enhanced
the spinnability and the porous morphology of the carbon
micro�bers, making them suitable platforms for electrochemical
double layer capacitance (EDLC). The increased loading of LCNF
in the spinning dope resulted in carbon micro�bers of enhanced carbon yield and conductivity. Meanwhile, TOCNF in�uenced the
pore evolution and speci�c surface area after carbonization, which signi�cantly improved the electrochemical double layer
capacitance. When the carbon micro�bers were directly applied as �ber-shaped supercapacitors (25 F cm�3), they displayed a
remarkably long-term electrochemical stability (>93% of the initial capacitance after 10 000 cycles). Solid-state symmetric �ber
supercapacitors were assembled using a PVA/H2SO4 gel electrolyte and resulted in an energy and power density of 0.25 mW h cm�3

and 65.1 mW cm�3, respectively. Overall, the results indicate a green and facile route to convert wood into carbon micro�bers
suitable for integration in wearables and energy storage devices and for potential applications in the �eld of bioelectronics.
KEYWORDS: Wood, Lignin, Nanocellulose, Wet spinning, Carbon �bers, Supercapacitance

� INTRODUCTION
Renewable resources are attractive alternatives for the growing
demand of carbon �bers (CFs).1 They include cellulose, which
was reported already as early as the 1880s,2 from cotton, ramie,
and other natural �bers; however, the actual performance of
the cellulose-based CFs is limited by several factors.2,3 Carbon
�bers made from regenerated cellulose after solvent spinning,
such as Viscose, Lyocell, and Ioncell-F, show competitive
properties given their high degree of polymerization,
crystallinity, and polymer orientation along the �ber axis.4 A
drawback of related processes is the demand for pure cellulose
to facilitate its dissolution in the solvent, for example, carbon
disul�de, N-methymorpholine-N-oxide, ionic liquids, and
sodium hydroxide solutions. These solvents may have negative
impacts on the cost, equipment corrosion, and sustainability
metric. Moreover, solvent recovery is required for these
processes to be economically viable. Recent studies indicated
cellulose nano�brils (CNF) as possible precursors that require
no dissolution for wet spinning, representing a simple, low
cost, and eco-friendly technique.5�8 In this process, aqueous

suspensions of CNF are extruded into a coagulation bath
comprising either an organic solvent (ethanol, acetone) or
aqueous solutions (electrolyte or acidic solutions).9 The
formed �laments present high crystallinity and promising
mechanical properties.10 Unfortunately, the carbonization yield
of such cellulose-based �laments is less than 20%, a
consequence of the relatively low theoretical carbon content
of cellulose, ca. 44%,2 and the cleavage of glycoside linkages,
bond scission, and loss of oxygen and hydrogen during
carbonization.11,12

An alternative to cellulose is another plant-based polymer,
lignin, with the advantage of a high carbon content (>60%);
unfortunately, lignin is not easily spun into �bers. Lignin
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modi�cation or the addition of a secondary polymer plasticizer
is generally required in the spinning process.13 An additional
drawback is the long thermal stabilization required to prevent
�ber fusion during carbonization.12,14,15 It was previously
shown that the addition of nanocellulose to lignin prevents
�ber fusion during carbonization, thus eliminating the need for
tedious thermal stabilization; in turn, lignin increases the
carbon yield and produces carbon �bers with good electrical
conductivity.16

On the basis of the results reported so far, it is reasonable to
consider another precursor, namely, lignocellulosic (nano)-
�brils, such as those derived from mechanical �bers, obtained
without any chemical treatment (such as digestion and
bleaching). Indeed, lignocellulose nano�brils (LCNF) can be
prepared from unbleached mechanical wood pulp via
homogenization, micro�uidization, and microgrinding.17�19

The use of lignocellulose implies a better integration, lower
costs, and more complete utilization of biomass and eliminates
the need for polymer fractionation. It is surprising that such
feedstock has not been explored as a precursor for CF,
especially because mechanical de�brillation of wood has been
known as an e�ective process to liberate �bers since the 18th
century.20 Limited dissolution of cell wall components in
mechanical de�brillation results in �brils with a high total mass
yield (97�98%) compared to the typical chemical routes (45�
50%).21 Several products are obtained from mechanical �bers,
such as unbleached printing paper, board grades, wallpaper,
and absorbent and molded products.22 Recently, Nguyen et al.
successfully spun �bers from autohydrolyzed wood chips via
ionic liquid dissolution.23

Here, mechanical wood �bers were used to produce
lignocellulose nano�brils (LCNF), which were further
processed via wet spinning. Taking advantage of the presence
of cellulose and lignin, they were directly carbonized into
carbon micro�bers, thereby eliminating the need for thermal
stabilization. Unfortunately, LCNF alone did not form
�laments or micro�bers by wet spinning. Therefore, an aid
was necessary and, in the present case, a small loading of
lignin-free nano�bers, such as TOCNF, improved LCNF
spinnability (for example, a TOCNF concentration as low as
5% was su�cient to allow spinnability). Other possible
components can be considered, but TOCNF was taken as a
good reference given that several recent studies have made
extensive use of this type of nanocellulose. Increased levels of
TOCNF loading (up to 33%) signi�cantly in�uenced the
properties of the spun �bers, before and after carbonization.
TOCNF contributes to pore evolution during carbonization,
saving steps such as surface activation; electrochemical
treatment;24 and deposition of particles (CNTs/GO),25

conductive polymers, or metal-oxides,26�28 which are other-
wise required for energy storage application. The reported
resources and methods pave the way toward cost-e�ective
�ber-shaped supercapacitors that are proposed for integration
into small portable devices and woven wearable elec-
tronics.29�33

� EXPERIMENTAL SECTION
Materials. Never-dried unbleached mechanical softwood pulp and

bleached birch �bers were kindly provided by Sappi’s Kirkniemi Mill
and UPM’s Pietarsaari Mill, both in Finland. Acetone, 2,2,6,6-
tetramethylpiperidine-1-oxyl (TEMPO), poly(vinyl alcohol) (PVA),
poly(dimethylsiloxane) (PDMS), and sodium hydroxide were
purchased from Sigma-Aldrich and used without further puri�cation.

Lignocellulose (LCNF) and TEMPO-Oxidized Cellulose
(TOCNF) Nano�brils. Never-dried unbleached mechanical pulp
with a dry solids content of 1.8 wt % was �rst subjected to pregrinding
(two passes) with a super mass colloider (MKZA10�15J, Masuko Co.
Ltd., Japan) operating at 1500 rpm with a gap of 0.22 mm and 0.18
mm. Then, the �brils were further re�ned through one and �ve passes
in high-pressure micro�uidization (Micro�uidizer M-110EH-30)
operating at 1100 and 1800 bar, respectively. The resultant LCNF
was concentrated to 6.1 wt % after centrifugation at 2000 rpm for 10
min.

TOCNF was prepared according to the literature.16 Brie�y, never-
dried bleached hardwood (birch) pulp was oxidized by TEMPO at
pH 10, then washed with deionized water. The TEMPO-oxidized
�brils were re�ned through one-pass high-pressure micro�uidization
(Micro�uidics Corp., USA). The TOCNF obtained had 1.6 wt %
solid content and 0.6 mmol g�1 carboxylic groups. In this paper,
TOCNF was used as a reference and to enhance the spinnability of
LCNF.

Nano�bril Composition and Morphology. To determine the
carbohydrate and lignin content in LCNF, the same composition as
that of the precursor mechanical pulp was assumed, which was dried
in an oven at 80 °C and Wiley-milled through a 60-mesh sieve after
cooling down. Sulfuric acid was used in a two-step procedure run in
duplicate according to NREL/TP-510-42618.34 To investigate the
�brils’ morphology, TOCNF and LCNF suspensions were diluted and
cast on a mica support by spin coating and then dried at 50 °C for 1 h.
The dried samples were imaged with an AFM (Nanoscope V
controller, Bruker Corporation, USA) using an E-scanner in the air
and operating in tapping mode.

Wet Spinning of LCNF/TOCNF Dope and Carbonization.
Aqueous suspensions of TOCNF of a given composition (0, 5, 13, 20,
33, and 100% TOCNF, based on total dry mass) was added to 50 g of
6.1% LCNF. The mixed dopes were stirred (3 min at 2000 rpm) and
degassed (3 min at 2500 rpm) via a planetary centrifugal mixer
(THINKY ARE-250). The prepared suspensions or dopes were
loaded into a 50 mL plastic syringe connected with a plastic tube
(44.5 cm in length and 6 mm in inner diameter) that ended in a
needle with an inner diameter of 1.2 mm and a length of 3.7 cm. The
latter was immersed in a coagulation bath (acetone) during spinning
at a �xed rate of 10 mL min�1. After approximately 1 min, �laments
were collected from the acetone antisolvent and dried under tension
under room temperature (23 °C) conditions. The wet-spun
micro�bers contained the given TOCNF amount, therein referred
to as LCNF, L/T5, L/T13, L/T20, L/T33, and TOCNF, respectively.
The wet-spun micro�bers were carbonized in a tubular furnace
(NBD-O1200�50IC Vacuum Tube, Furnace) at 900 °C for 60 min
operated at a heating rate of 2 °C min�1 under a N2 �ux. After
carbonization, carbon micro�bers were obtained and named following
the same nomenclature as before but adding a subscript, the letter “c”
standing for carbonization, namely, LCNFc, L/T5c, L/T13c, L/T20c,
L/T33c, and TOCNFc. The carbonization yield was calculated from
the mass before and after carbonization.

Bulk Density and Morphology. The bulk density of the wet-
spun micro�bers was obtained by weighing and measuring the volume
of the micro�bers, assumed to have a circular cross section. Seven
specimens were measured for each sample. The surface and cross-
section of the micro�bers at the break point, before and after
carbonization, were observed by �eld emission scanning electron
microscopy using a Zeiss SIGMA VP (Carl Zeiss Microscopy Ltd.,
Cambridge, UK) at 1.6 kV. The working distance was 1 cm. Before
imaging, the micro�bers before carbonization were sputter-coated
with a 5 nm thickness of Pt/Pd.

Wide Angle X-ray Scattering (WAXS) and Raman Spectros-
copy. WAXS was used to determine the orientation of cellulose
crystallites in TOCNF, which was assumed to indicate the orientation
of nano�brils in the wet-spun micro�bers. A MicroMax-007 HF X-ray
generator (Rigaku, Japan) was operated at a wavelength of 1.54 Å,
with a beam size of 120 �m and exposure time of 10 min. A Mar345
imaging plate detector was used to collect sample di�raction patterns
with a 200 mm sample-to-detector distance. Before evaluation,
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di�raction patterns were corrected by subtracting the background. On
the basis of azimuthal intensity distribution pro�les, the orientation
index (�) and Herman’s orientation parameter (S) were calculated
according to eqs 1 and 2.35
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where I(�) is the intensity detected at azimuthal angle � and �0 is the
azimuthal angle in the beginning of the range used for the calculation
of the average cosine �cos2 ��. S was calculated at a �0 of 0, �/2, �,
and 3�/2, and the average of these values is reported.

Raman analysis was performed using a Horiba LabRAM HR
spectrometer equipped with a CCD camera and a 633 nm excitation
laser.

Speci�c Surface Area and Mechanical Strength. The speci�c
surface area of the carbon micro�bers was characterized by N2
adsorption/desorption using the Brunauer, Emmett, and Teller
(BET) method. The nonlocal density functional theory (NLDFT)
was used to analyze the pore volume.

The tensile strength of the wet-spun micro�bers was measured by
using an Instron 5944 Single Column, Tabletop Universal Testing
System operated in tensile mode with a load cell of 5 N. Before
testing, all the micro�bers were conditioned overnight in 50% relative
humidity at 23 °C. The diameter of the micro�bers was measured by
a micrometer assuming a circular cross section. Eight specimens of

each sample were tested with an extension rate of 2 mm min�1 and a
gauge length of 20 mm.

Thermogravimetric Analysis (TGA). TGA was utilized for the
characterization of the micro�bers’ thermal stability by measuring the
weight change as a function of temperature in N2 atmosphere (TA
Instrument, Thermo Gravimetric Analyzer Q500). The wet-spun
micro�bers were cut into small pieces and heated up to 900 °C from
room temperature at a heating rate of 10 °C min�1. As a reference,
LCNF was also measured after drying in an oven at 80 °C and ground
through a 60-mesh sieve.

Electrical Conductivity of Carbon Micro�bers. Each given
carbon micro�ber was �xed on a support with silver paint, and the
diameter was measured using a microscope and the length with a
ruler. The electrical conductivity of the carbonized micro�ber was
calculated based on eq 5. The electrical resistance was determined
with a semiconducting parameter analyzer (Agilent 4154A) operated
under ambient conditions. These tests were run in duplicate and six
times for each sample.

� = l
RA (5)

where � is the conductivity of the material (S cm�1), R is the
resistance of the specimen (�), and l and A are, respectively, the
length (cm) and cross-sectional area of the specimen (cm2).

Electrochemical Capacitance and All-Solid State Fiber-
Shaped Supercapacitor Assembly. The carbon micro�bers were
used as free-standing working electrodes, assembled into a three-
electrode cell con�guration with Ag/AgCl as a reference and a
platinum rod as a counter electrode. An Autolab PGSTAT12
potentiostat (EcoChemie, Netherlands) was used for electrochemical
evaluation controlled by GPE software. Cyclic voltammetry (CV)
measurements were carried out at a potential window from 0 to 0.8 V
in 1 M H2SO4 as an electrolyte. Galvanostatic charge/discharge tests
were also performed using various current densities over the voltage
range of 0 to 0.8 V. Electrochemical impedance spectroscopy (EIS)
was carried out at open circuit voltage over a frequency range of 0.01
Hz to 100 kHz.

The supercapacitor assembly used two carbon micro�bers that
were placed parallel on polydimethylsiloxane (PDMS) �lms, and the
overlapping section was coated with PVA/H2SO4 gel electrolyte at
room temperature. After the electrolyte became a gel, the assembly

Figure 1. A photograph of LCNF hydrogel and AFM images (3 × 3 �m) of LCNF and TOCNF.

Table 1. Composition of the Spinning Dope, Dope Spinnability, and Properties of the Obtained Micro�bers before
Carbonization (L = LCNF, T = TOCNF)

LCNF L/T5 L/T13 L/T20 L/T33 TOCNF

spinnability no yes yes yes yes yes
density, g cm�3 N/A 1.13 ± 0.20 1.17 ± 0.09 1.31 ± 0.24 1.34 ± 0.21 1.32 ± 0.13
Young modulus, GPa N/A 2.8 ± 0.97 5.8 ± 1.43 6.7 ± 1.2 8.5 ± 2 15.2 ± 2.6
tensile strength, MPa N/A 45 ± 17 106 ± 24 154 ± 60 150 ± 21 215 ± 65
strain at break,% N/A 3.2 ± 1 5.5 ± 2 7.0 ± 1 5.1 ± 1 4.6 ± 1
tenacity, cN tex�1 N/A 14.5 ± 2 15 ± 1 15 ± 2 15.7 ± 1 17.4 ± 2
orientation index N/A 0.67 0.70 0.74 0.74 0.74
Herman’s parameter N/A 0.57 0.61 0.66 0.66 0.64
Tonset, °C 281 277 270 265 255 230
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