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ABSTRACT: The growing adoption of biobased materials for
electronic, energy conversion, and storage devices has relied on
high-grade or refined cellulosic compositions. Herein, lignocellu-
lose nanofibrils (LCNF), obtained from simple mechanical
fibrillation of wood, are proposed as a source of continuous
carbon microfibers 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 microfibers with a high carbon
yield (29%) and electrical conductivity (66 S cm™). The
incorporation of anionic cellulose nanofibrils (TOCNF) enhanced
the spinnability and the porous morphology of the carbon w
microfibers, making them suitable platforms for electrochemical

double layer capacitance (EDLC). The increased loading of LCNF

in the spinning dope resulted in carbon microfibers of enhanced carbon yield and conductivity. Meanwhile, TOCNF influenced the
pore evolution and specific surface area after carbonization, which significantly improved the electrochemical double layer
capacitance. When the carbon microfibers were directly applied as fiber-shaped supercapacitors (25 F cm™), they displayed a
remarkably long-term electrochemical stability (>93% of the initial capacitance after 10 000 cycles). Solid-state symmetric fiber
supercapacitors were assembled using a PVA/H,SO, gel electrolyte and resulted in an energy and power density of 0.25 mW h cm™
and 65.1 mW cm™>, respectively. Overall, the results indicate a green and facile route to convert wood into carbon microfibers
suitable for integration in wearables and energy storage devices and for potential applications in the field of bioelectronics.
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B INTRODUCTION suspensions of CNF are extruded into a coagulation bath
comprising either an organic solvent (ethanol, acetone) or
aqueous solutions (electrolyte or acidic solutions).” The
formed filaments present high crystallinity and promising
mechanical properties.'’ Unfortunately, the carbonization yield
of such cellulose-based filaments is less than 20%, a
consequence of the relatively low theoretical carbon content
of cellulose, ca. 44%,” and the cleavage of glycoside linkages,
bond scission, and loss of oxygen and hydrogen during
carbonization."'*

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 fibers. Lignin

Renewable resources are attractive alternatives for the growing
demand of carbon fibers (CFs).' They include cellulose, which
was reported already as early as the 1880s,” from cotton, ramie,
and other natural fibers; however, the actual performance of
the cellulose-based CFs is limited by several factors.”* Carbon
fibers 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 fiber axis.* A
drawback of related processes is the demand for pure cellulose
to facilitate its dissolution in the solvent, for example, carbon
disulfide, 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 nanofibrils (CNF) as possible precursors that require
no dissolution for wet spinning, representing a simple, low
cost, and eco-friendly technique.”™® In this process, aqueous
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modification or the addition of a secondary polzmer plasticizer
is generally required in the spinning process."’ An additional
drawback is the long thermal stabilization required to prevent
fiber fusion during carbonization."”'*'® Tt was previously
shown that the addition of nanocellulose to lignin prevents
fiber fusion during carbonization, thus eliminating the need for
tedious thermal stabilization; in turn, lignin increases the
carbon yield and produces carbon fibers with good electrical
conductivity.'®

On the basis of the results reported so far, it is reasonable to
consider another precursor, namely, lignocellulosic (nano)-
fibrils, such as those derived from mechanical fibers, obtained
without any chemical treatment (such as digestion and
bleaching). Indeed, lignocellulose nanofibrils (LCNF) can be
prepared from unbleached mechanical wood pulp via
homogenization, microfluidization, and microgrinding.w_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 defibrillation of wood has been
known as an effective process to liberate fibers since the 18th
century.”’ Limited dissolution of cell wall components in
mechanical defibrillation results in fibrils with a high total mass
yield (97—98%) compared to the typical chemical routes (45—
50%).”" Several products are obtained from mechanical fibers,
such as unbleached printing paper, board grades, wallpaper,
and absorbent and molded products.”” Recently, Nguyen et al.
successfully spun fibers from autohydrolyzed wood chips via
ionic liquid dissolution.”

Here, mechanical wood fibers were used to produce
lignocellulose nanofibrils (LCNF), which were further
processed via wet spinning. Taking advantage of the presence
of cellulose and lignin, they were directly carbonized into
carbon microfibers, thereby eliminating the need for thermal
stabilization. Unfortunately, LCNF alone did not form
filaments or microfibers by wet spinning. Therefore, an aid
was necessary and, in the present case, a small loading of
lignin-free nanofibers, such as TOCNF, improved LCNF
spinnability (for example, a TOCNF concentration as low as
5% was sufficient 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%) significantly influenced the
properties of the spun fibers, before and after carbonization.
TOCNEF contributes to pore evolution during carbonization,
saving stegs such as surface activation; electrochemical
treatment;”* and deposition of particles (CNTs/GO),>
conductive polymers, or metal-oxides,”* ** which are other-
wise required for energy storage application. The reported
resources and methods pave the way toward cost-effective
fiber-shaped supercapacitors that are proposed for integration
into small portable devices and woven wearable elec-
tronics.”” ™

B EXPERIMENTAL SECTION

Materials. Never-dried unbleached mechanical softwood pulp and
bleached birch fibers 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 purification.
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Lignocellulose (LCNF) and TEMPO-Oxidized Cellulose
(TOCNF) Nanofibrils. Never-dried unbleached mechanical pulp
with a dry solids content of 1.8 wt % was first 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 fibrils were further refined through one and five passes
in high-pressure microfluidization (Microfluidizer 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.'® Briefly, never-
dried bleached hardwood (birch) pulp was oxidized by TEMPO at
pH 10, then washed with deionized water. The TEMPO-oxidized
fibrils were refined through one-pass high-pressure microfluidization
(Microfluidics Corp., USA). The TOCNF obtained had 1.6 wt %
solid content and 0.6 mmol g~ carboxylic groups. In this paper,
TOCNEF was used as a reference and to enhance the spinnability of
LCNF.

Nanofibril 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.>* To investigate the
fibrils’ 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, S, 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 fixed rate of 10 mL min~". After approximately 1 min, filaments
were collected from the acetone antisolvent and dried under tension
under room temperature (23 °C) conditions. The wet-spun
microfibers contained the given TOCNF amount, therein referred
to as LCNF, L/TS, L/T13, L/T20, L/T33, and TOCNF, respectively.
The wet-spun microfibers were carbonized in a tubular furnace
(NBD-01200—50IC Vacuum Tube, Furnace) at 900 °C for 60 min
operated at a heating rate of 2 °C min~' under a N, flux. After
carbonization, carbon microfibers 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 microfibers was obtained by weighing and measuring the volume
of the microfibers, assumed to have a circular cross section. Seven
specimens were measured for each sample. The surface and cross-
section of the microfibers at the break point, before and after
carbonization, were observed by field 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 microfibers before carbonization were sputter-coated
with a S 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 TOCNEF, which was assumed to indicate the orientation
of nanofibrils in the wet-spun microfibers. A MicroMax-007 HF X-ray
generator (Rigaku, Japan) was operated at a wavelength of 1.54 A,
with a beam size of 120 ym and exposure time of 10 min. A Mar345
imaging plate detector was used to collect sample diffraction patterns
with a 200 mm sample-to-detector distance. Before evaluation,
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Figure 1. A photograph of LCNF hydrogel and AFM images (3 X 3 ym) of LCNF and TOCNF.

Table 1. Composition of the Spinning Dope, Dope Spinnability, and Properties of the Obtained Microfibers before

Carbonization (L = LCNF, T = TOCNF)

LCNF L/TS L/T13 L/T20 L/T33 TOCNEF
spinnability no yes yes yes yes yes
density, g cm™ 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 £ 097 5.8 £ 143 6.7 + 12 85+2 152 + 2.6
tensile strength, MPa N/A 45 + 17 106 + 24 154 + 60 150 + 21 215 + 65
strain at break,% N/A 32+1 55+2 70+ 1 S1+1 46 + 1
tenacity, cN tex™! N/A 145 +£2 1S+1 1S +2 157 + 1 174 + 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
Toneer °C 281 277 270 265 255 230

diffraction patterns were corrected by subtracting the background. On
the basis of azimuthal intensity distribution profiles, the orientation
index (7) and Herman’s orientation parameter (S) were calculated
according to egs 1 and 2.%°

180° — FWHM
7[ =_-—

180° (1)
_ 3{cos?y) — 1
SET @)

where fwhm is the full width at the half maximum (in degrees) of a
peak in the azimuthal intensity distribution profile. The average (cos®
7) is obtained from the average cosine of the azimuthal angle ¢ based
on egs 3 and 4.

(cos® 7) = 1 — 2{cos” @) 3)

where

Zzgﬂ/z I(g)sin @ cos® ¢

@t+7/2 .
X g)sin g

(cos” ) =
(4)

where I(¢@) is the intensity detected at azimuthal angle ¢ and ¢, is the
azimuthal angle in the beginning of the range used for the calculation
of the average cosine {cos” ¢). S was calculated at a ¢, of 0, 7/2, 7,
and 37/2, 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.

Specific Surface Area and Mechanical Strength. The specific
surface area of the carbon microfibers was characterized by N,
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 microfibers 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 microfibers were conditioned overnight in 50% relative
humidity at 23 °C. The diameter of the microfibers was measured by
a micrometer assuming a circular cross section. Eight specimens of
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each sample were tested with an extension rate of 2 mm min~" and a
gauge length of 20 mm.

Thermogravimetric Analysis (TGA). TGA was utilized for the
characterization of the microfibers’ thermal stability by measuring the
weight change as a function of temperature in N, atmosphere (TA
Instrument, Thermo Gravimetric Analyzer QS500). The wet-spun
microfibers were cut into small pieces and heated up to 900 °C from
room temperature at a heating rate of 10 °C min~". As a reference,
LCNEF was also measured after drying in an oven at 80 °C and ground
through a 60-mesh sieve.

Electrical Conductivity of Carbon Microfibers. Each given
carbon microfiber was fixed 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 microfiber 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.

o= —

RA ()

where ¢ is the conductivity of the material (S cm™), R is the
resistance of the specimen (Q), and I and A are, respectively, the
length (cm) and cross-sectional area of the specimen (cm?).

Electrochemical Capacitance and All-Solid State Fiber-
Shaped Supercapacitor Assembly. The carbon microfibers were
used as free-standing working electrodes, assembled into a three-
electrode cell configuration with Ag/AgCl as a reference and a
platinum rod as a counter electrode. An Autolab PGSTATI12
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 H,SO, 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 microfibers that
were placed parallel on polydimethylsiloxane (PDMS) films, and the
overlapping section was coated with PVA/H,SO, gel electrolyte at
room temperature. After the electrolyte became a gel, the assembly

https://dx.doi.org/10.1021/acssuschemeng.0c00764
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Figure 2. (a) Stress—strain profiles of LCNF-based microfibers (filaments) with given TOCNF content, from S to 100% (the standard derivations
are highlighted around the curves). (b) Tensile strength and Young’s modulus of microfibers as a function of TOCNF content. (c) 2D WAXS
spectra of the LCNF/TOCNTF microfibers. (d) Intensity in terms of azimuthal angle. (e) The orientation index and Herman’s parameter of LCNF/

TOCNF microfibers.

was covered with another layer of PDMS film to seal the whole
system. Once the PDMS was dried at room temperature, the full fiber-
shaped supercapacitor was ready to be used. The gel electrolyte was
prepared by mixing 1 g of H,SO, with 10 g of poly(vinyl alcohol)
solution (PVA, 10%) at 90 °C.

Bl RESULTS AND DISCUSSION

LCNF Composition and Fibril Morphology.
Unbleached mechanical fibrils containing cellulose (36.5%),
hemicellulose (29%), and lignin (28.3%; Table S1) were
defibrillated into the nano/microsize (LCNF) to synthesize
filaments by wet spinning (herein termed microfibers, given
their size). The chemical composition of LCNF is expected to
be quite similar to that of the crude raw fibrils.”>*° The present
work is motivated by the fact that a high lignin concentration
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facilitates high carbonization yield while hemicelluloses and
cellulose introduce porosity features in the resultant carbon
microfibers and remove the need for thermal stabilization.
Despite the high lignin content (28.3%), the LCNF aqueous
suspension and hydrogels presented an off-white color (Figure
1), much lighter than the dark brown of the unbleached
chemical fibers that contain chromophore groups formed from
residual lignin.37’3’8 For a given lignin content, mechanical
fibers have a light-scattering coefficient that is higher than that
of chemical fibers (50—65 m?/kg compared to 30 m*/kg), thus
resulting in a brighter color.”” TOCNF consists of homoge-
neous nanofibrils, whereas LCNF is heterogeneous in size,
presenting nanofibril and microfibril bundles (Figure 1), as

reported in other studies.’>*

https://dx.doi.org/10.1021/acssuschemeng.0c00764
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Figure 3. Surface morphology of the LCNF/TOCNEF microfibers
before (first column) and after (second column) carbonization (scale
bar = 100 pm). Higher magnification images of the carbon
microfibers are included in the third column (scale bar = 2 ym).

LCNF Wet-Spinning and Microfiber Density. Spinning
dopes were prepared with different ratios of LCNF and
TOCNF (0, S, 13, 20, 33, and 100%) and spun into
microfibers using acetone as an antisolvent for coagulation.
LCNF alone (0% TOCNF) was not spinnable. However, the
addition of small amounts of TOCNF (5%) significantly
improved the LCNF spinnability. Further addition of TOCNF
enhanced the spinning process. The lack of spinnability for
LCNF is explained by the poor fibril bonding capacity,”””° an
effect that is impaired by the thick bundles seen in LCNF

(Figure 1). TOCNF, with a high fibril aspect ratio, enables
better physical entanglement between fibrils during spinning.

Table 1 presents the density of the wet spun microfibers
with various TOCNF content (5—33%). The values are in a
close range (~1.1—1.3 g cm™>). A slight difference was noticed
at low TOCNF content, L/TS and L/T13, which presented a
lower density compared to microfibers L/T20, L/T33, and
TOCNEF. Because of the low bonding capacity of LCNF, a
relatively loose structure could be formed in microfibers of
high LCNF content.

Mechanical Strength and Orientation. The stress—
strain curves and Young’s modulus of the LCNF-based
microfibers are displayed in Figure 2a and b, respectively.
With increasing TOCNF content, from 5% to 33%, the
Young’s modulus and tensile strength of the microfibers
increased, from 2.8 to 8.5 GPa and from 45 to 150 MPa,
respectively (Table 1). The latter contained 67% of LCNF (L/
T33) was 3 times stronger compared to microfibers with only
35% LCNF (48.6 + 10 MP).*® On the other hand, these values
are still lower than those of microfibers produced from neat
TOCNF (15 GPa Young modulus and 215 MPa tensile
strength).

The orientation index and Herman’s parameter (WAXS)
were used as an indicator of the orientation of cellulose
crystallites in the lateral direction, with 0 and 1 corresponding
to fully disordered and fully aligned fibrils, respectively. The
2D detector images in Figure 2c indicate crystals more aligned
in the microfibers when the (200) diffraction rings are reduced
to arcs. Clearly, as the TOCNF content is increased, the arcs
become better defined or sharper, indicating a higher fibril
orientation. This is further confirmed by the azimuthal
intensity profiles (Figure 2d) where the peaks also become
sharper. The nanocellulose orientation within the microfibers
plays a significant role in defining the mechanical properties,
especially the Young’s modulus.”"' = Accordingly, the higher
TOCNEF content in the dope, the better the fibril alignment, as
indicated by both the orientation index and Herman’s
parameter: the orientation index increases from 0.67 to 0.74
and the Herman’s parameter from 0.57 to 0.66, reaching a
plateau for L/T20. The presence of amorphous lignin and
branched hemicellulose in LCNF may impair fiber alignment
during wet spinning. Meanwhile, the addition of TOCNF,
from 5 to 33%, reduced the total solid content of the spinning
dope (from 6.1% to 1.6%), providing more space for fibrils to
move and align under shear.*> The trend for the Herman’s
parameter does not correlate with the measured strength, i.e.,
the Young’s modulus increases with TOCNF addition, as
shown in Figure 2b. Noting that WAXS provides data
originated from cellulose crystal alignmentf'5 the presence of
lignin and hemicelluloses impairs the interpretation of the
orientation index as well as Herman’s parameter. Therefore,
they are taken here on a relative basis.

Table 2. Properties of the Carbonized Microfiber

microfiber L/T5c
specific surface area, m* ¢! 12
pore volume, cm® g™* 0.0033
avg. pore size, nm 2.7
carbon yield, % 285+ 16
conductivity, S cm™ 58.0 + 6.2
capacitance, F cm™ 24+ 14

L/T13c L/T20c L/T33c
20 17 46
0.0081 0.0094 0.0084
4.5 4.7 4.2
289 + 1.2 28.8 + 0.9 222 + 43
62.3 + 12.1 46.6 + 8.2 42.5 + 5.7
53+ 1.6 12 + 33 25+ 6.5
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Microfiber Morphology. Figure 3 shows the morphology
of the LCNF/TOCNF microfibers, before and after carbon-
ization. At higher TOCNF content, the microfibers become
thinner and smoother on the surface. The cross-sectional
images (Figure S1) further confirm that the addition of
TOCNF results in smaller microfiber diameters. Upon
carbonization, the microfibers shrink slightly along the
transverse axis (Figure 3, second column). Compared to L/
T13c, L/T20c, amd L/T33c keeping in straight form (Figure
S2), TOCNFc and L/T5c become coiled upon carbonization.

The high magnification SEM images (Figure 3, third
column) indicate a porous morphology for all carbon
microfibers, with larger pores observed for the L/T33c. To
gain more insights into the pore structure, nitrogen
adsorption/desorption was carried out. The isotherms show
higher adsorption as the TOCNF content was increased from
S to 33% (Figure S3), leading to higher specific surface area,
from 12 to 46 m®> g~' (Table 2). SEM images from cross
sections of carbon microfibers illustrate a more porous
structure for those with higher TOCNF content (Figure S4).
Pore development with increased addition of TOCNF likely
resulted from the cleavage of glycoside bonds and gasification.
Li et al. also reported the effect of TOCNEF in pore evolution in
carbon microfibers obtained from graphene and TOCNFE.**
Opverall, the specific surface area of our microfibers is in the
range observed for natural hemp fibers (42.8 ng_l).45

8554

Carbonization and Properties of Carbon Microfibers.
The thermal stability of the microfibers was investigated using
TGA (Figure 4). TGA also provides information on how the
various concentrations of TOCNF in the spinning dope affect
the carbonization process and the left-over yield (carbon
yield). Three stages for weight loss were observed for all the
samples. The first transition (<200 °C) corresponds to the loss
of water as well as elimination of small molecules.*® Then,
polymer decomposition and chain scission start (hemicellulose
~200—-315 °C, cellulose ~315—400 °C, and lignin ~160—600
°C),"” followed by carbonization until 900 °C.*® The
degradation and pyrolysis behavior of the microfibers were
slightly different depending on their composition, Figure 4.
Pure TOCNF microfibers started to decompose (T,..) at 230
°C. The presence of sodium in TOCNF reduces the onset of
decomposition temperature due to the catalytic dehydration
and decarboxylation reactions, which facilitate char forma-
tion.*>° With a higher LCNF loading, e.g., with a higher lignin
content, the T, increased to 277 °C for L/T33, close to the
Tonee of LCNF microfibers (281 °C). The higher thermal
resistance of the fibers containing more LCNF eventually
improves the carbon yield, which affects the conductivity of the
fibers after carbonization. Meanwhile, a clear trend was noticed
from the thermogravimetry derivative (DTG). As shown in
Figure 4b, the temperature at the maximum degradation rate
was shifted to higher values (from 259 to 329 °C) with
increased LCNF content.
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LCNFE/TOCNE-based microfibers were carbonized in a
tubular furnace at 900 °C for 60 min, and the respective mass
yield was determined, Figure 4c. The carbonization yield of
freeze-dried LCNF was 23%. Interestingly, the yield increased
to 28.5% after transforming LCNF into microfibers by adding
5% TOCNF (L/TSc), and a plateau was kept until L/T20c.
Then, it was dropped to 22% for L/T33c, which is still much
higher than the carbonization yield of neat TOCNF micro-
fibers (~14%). It is apparent that the microfiber composition
has a significant influence on the carbonization yield. In
addition, the electrical conductivity of the microfibers was
influenced by the precursor composition (Figure 4d).
TOCNFc showed the lowest electrical conductivity (~18 S
cm™"). The increase of LCNF concentration in the precursor
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dope clearly improved the microfiber conductivity, reaching to
values S-fold higher, ~62 S cm™ for L/T13c, similar to that of
L/TSc. Interestingly, the conductivity of our microfibers is
close to the one reported in the literature for wet-spun
graphene/cellulose nanocrystals (~65 S cm™).>" Park et al.
reported a 6-fold increase in electrical conductivity of wet-spun
graphene fibers, from 23 to 133 S cm™!, when CNTs were
added to the spinning dope as intercalating material.”> We
have previously reported that the addition of 60% lignin to
TOCNEF dope significantly improved the electrical conductiv-
ity of the carbonized fiber, from ~40 to 103 S cm~.'°
Therefore, even though the fibril alignment and packing
density are enhanced by TOCNF, the electrical conductivity
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after carbonization is mainly influenced by residual lignin in
the spinning precursor, given its higher carbon content.

Raman spectra of the carbon microfibers indicate the degree
of graphitization (Figure SS5). The G band located around
1600 cm™ is related to the tangential vibration of the
hybridized sp’ carbon atoms in graphitic planes. The band
around 1350 cm™' is the characteristic breathing vibration
mode, related to defects in the aromatic rings. The intensity
ratio of the D to G bands (I/I;) correlates with ratio of the
disordered carbon structure to the graphitic planes. The Ip/Ig
ratio for all the samples was similar (1.2 + 0.1), since they were
all carbonized at the same temperature (900 °C) and reached a
similar graphitic carbon structure.>®

Electrochemical Performance. Supercapacitors store
energy either by electrochemical double layer capacitance
(EDLC), via reversible ion adsorption/desorption or by
pseudocapacitance (PC), via surface redox reactions. Owing
to their high conductivity and porous morphology, the LCNF/
TOCNF-derived carbon microfibers are suitable for EDLC.
EDLC operates through electrostatic accumulation of charged
ions and polar solvents at the electrode/electrolyte interface.
Thus, the porous morphology of the electrode is advantageous,
and the capacitance is proportional to the amount of stored
charge. While PC results from Faradaic redox reactions at the
surface of an electrode, it requires additional materials with
different oxidation states such as metal oxides or conductive
polymers. Thus, more complicated core—shell structures may
be required for PC.>*>"

The electrochemical behavior of the carbon microfibers was
investigated in a three-electrode cell, and cyclic voltammetry
(CV) was recorded from 0 to 0.8 V (vs Ag/AgCl) in 1 M
H,SO, at various scan rates (from 5 to 100 mV s™*). The CV
curves of all carbon microfibers showed symmetrical and
rectangular shapes, even at higher scan rates, indicating typical
features of EDLC and fast charge/discharge behavior (Figure
S6). The slight pair of redox peaks was observed at —0.4 V due
to the typical transition between quinone/hydroquinone
groups commonly detected on carbon materials in sulfuric
acid electrolyte.”” Figure Sa compares the CV curves of the
carbon microfibers derived from the different precursors
measured at a scan rate of 10 mV s~ The increased
TOCNTF loading (from S to 33%) significantly improved the
total area in the CV profiles, which indicates an increased
specific surface area and porosity, as observed in Table 2 and
Figure 3S. The specific capacitance obtained from CV profiles
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at 10 mV s~ indicates the highest value for L/T33c (~25 F
cm™) followed by L/T20c (~12 F cm™), L/T13c (~5.3 F
cm™), and finally L/TSc (~2.4 F cm™; Figure Sb). Thus, a
correlation exists between TOCNF loading in the precursor
system and the capacitance behavior, highlighting the role of
TOCNEF in creating pores during carbonization. We note that
for the L/T20c sample, a lower average capacitance at 10 mV/
s is measured compared to that at 20 mV/s. While the
differences are within the experimental error, any effect would
likely be a consequence of the pore structure of the respective
carbon microfiber.

As shown in the adsorption isotherms (Figure S3), there is a
large difference in values recorded for the adsorption isotherm
of L/T33c and the rest of systems. In addition, there is a more
noticeable hysteresis loop for L/T33c, from relative pressure
P/P, = 0.4 to 0.9, revealing the coexistence of both micropores
and mesopores, both of which contribute to the EDLC. In
particular, mesopores are main contributors in the diffusion of
ions to the micropores. Considering the similar BET values for
L/T13c and LT/20c, the reason for the higher capacitance of
L/T20c could be explained by the higher mesoporosity, at a
range of 3—S5 nm (Figure S3), which enhances the ion
transport and the double layer adsorption of solvated ions.

When the scan rate increased from 10 to 100 mV s, the
specific capacitance decreased and L/T33¢ maintained 60% of
the capacitance. In sum, the hierarchical porous structure of L/
T33c enhances the ion transport in reaching the smaller pores
at lower potential scan rates lead to a larger double layer
capacitance.

Galvanostatic charge/discharge (GCD) measurements were
carried out at different current densities, ranging from 0.6 to
6.3 mA cm™* between 0 and 0.8 V. Figure Sc shows GCD
profiles of the carbon microfibers at 0.6 mA cm™?, illustrating
approximately symmetrical charge and discharge behavior,
which is characteristic of favorable electrochemical reversi-
bility. In addition, a higher discharge time was observed for the
carbon microfibers with higher TOCNF content (L/T33c >
L/T20c > L/T13c > L/T5¢c). A small voltage drop in the
discharge curve indicates energy losses due to the internal
resistance and the mass transfer-limited mobility of the
electrolyte ions in the microfiber pores. It is observed that
the voltage drop decreases for carbon microfibers with higher
TOCNF content (L/T33c < L/T20c < L/T13c < L/T5c),
indicating less energy losses, i.e., enhanced charge transfer for
T/L33c. The symmetrical GCD profiles of L/T33c at current
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(inset: the high-frequency region of the plot). (f) Capacitance retention during stability cycles at 100 mV s™".

densities from 0.6 to 6.3 mA cm™* (Figure 5d) also indicate
that the double layer capacitance occurs reversibly in a wide
range of current density.

To further understand the impedance characteristics of the
carbon microfibers, EIS measurements were carried out over a
frequency range of 0.01 Hz to 100 kHz. The Nyquist plots in
Figure Se mainly include a linear part in the low frequency
region and a semicircle in the high frequency range, related to
the polarization resistance (R,). The small semicircle is likely
induced by the redox features of quinone/hydroquinone
groups in the carbon microfibers, as observed earlier in the
CVs. In the low frequency region, the linear part (vertical lines
to the real axis, Z') reveal a capacitive behavior.”*> L/T33c
shows the highest slope of such lines, followed by L/T20c, L/
T13c, and finally L/TSc. The observations indicate an
improved capacitive behavior with increasing TOCNF content.
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The high-frequency intersection of the plots at the real axis
indicates the electrode series resistance (R;). L/TSc and L/
T33c show the lowest (108.5 + 9 Q) and highest (366.6 = 51
Q) value of R, respectively, while L/T13c and L/T20c
displayed intermediate ranges. Bode plots in Figure 5f show
the real values of impedance over the entire frequency range.
The values at high frequency are related to the series resistance
(R,),” and a similar pattern in Nyquist plots can be observed.
From the low frequency section, it can be inferred that the
charge transfer resistance (RP) is the lowest for L/T33c, thus
validating better electrochemical behavior. It can be concluded
that although the conductivity decreased with TOCNF loading
in L/T33c, the capacitance was not significantly influenced by
this variable (the conductivity was in a relatively narrow range
of values, 42—62 S cm™"). It was the surface area and porous
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Table 3. Electrochemical Performance of the Reported FSC

materials electrolyte capacitance, F cm™

CNT/RGO PVA/H,SO, 68.4
RGO/CNT/PANI” PVA/H,SO, 36.7
CNT/MnO, yarn PVA/KOH 25.4
MnO,/carbon fiber PVA/H,;PO, 2.5
RGO/CNT/PANI PVA/H,PO, 0.18
MnO,/CNT fiber PVA/LIiCl 10.9
RGO/CNT PVA/H,PO, 300
MoS, 1GO/CNT PVA/H,SO, 52
PEDOT/CNT PVA/H,SO, 180
PPY’/RGO/CNT PVA/H,PO, 182
CNT/GF* PVA/H,SO, 60.75
GRO/PANI PVA/H,SO, 148
carbon microfiber PVA/H,SO, 2.8-3.1

“PANI: polyaniline; ppy: polypyrrole. “GF: graphene fibers.

energy density, mWh cm™ power density, mW cm™> ref
24 16 63
0.98 16.25 64
3.52 127 67
0.22 8 68
3.5 18 65
1.5-0.96 50—-2500 69
6.3 1085 66
1-3 ~90—1100 70
1.4 40000 71
0.94 7.32 72
1.5-4.83 17.11-18.1 52
8.8 30.77 73
0.25 65.1 this work

structure that were the main variables influencing the
capacitance.

Next, the most promising carbon microfibers were further
tested in terms of long-term cycling performance and electrode
stability. As shown in Figure 6a, the microfiber electrodes
exhibited excellent electrochemical stability after S000
continuous cycles. L/T33c showed no loss of specific
capacitance; on the contrary, a slight capacitance increase
was observed. The increase in capacitance implies that there is
gradual wetting and thus better access of electrolyte ions to the
pores, especially relevant in stability tests that were carried out
at slow scan rates (20 mV s™"). Similar observations have been
reported elsewhere.””®"° The stability trends varied for the
different samples, Figure 6a, likley due to the different pore
distribution, as discussed earlier. To elucidate the effect of
wetting, we soaked the carbon fibers in the electrolyte
overnight, which were then subjected to longer stability tests,
for up to 10,000 continuous cycles at 100 mV s™". As can be
seen in Figure 6b, L/T33c retained its initial performance, by
93%, after 10,000 cycles. The CVs before and after stability
tests (inset of Figure 6b) indicated minor performance loss
after such long-term cycling. The XPS spectrum further proved
that no chemical changes occurred on the surface of the carbon
microfibers during H,SO, (1 M) immersion in (Figure S7) or
after stability evaluation (Figure S8).

Finally, a solid-state symmetric fiber supercapacitor (FSC)
was fabricated using two L/T33¢ microfibers with PVA/H,SO,,
gel electrolyte and covered with PDMS, forming a two-
electrode cell configuration. Figure 7a shows the CV curves at
different scan rates, indicating an ideal EDLC behavior, with
rectangular profiles even at high scan rates (200 mV s™'). The
GCD curves at different current densities (Figure 7b) display
excellent symmetry with minimal IR drop, suggesting good
charge storage properties. The specific capacitance, around
31-28 F cm™ (3.8-34 F g'), slightly decreased by
increasing the current density, from 0.07 to 0.2 A g~' (Figure
7¢c). A Ragone plot (Figure 7d) related the energy density and
power density, with maximum values equal to 0.25 mWh cm™
(0.33 Wh kg™'), and power density of 65.1 mW cm™ (84.7
Wh kg™'). Table 3 includes the performance (energy and
power density) of various FSCs. The energy and power density
measured for the present system are on par with those reported
for carbon nanotubes (CNTs) and graphene oxides (GO)**~*°
as well as metal oxide®” " and conductive polymers.®**>7"7>
Nyquist plots from EIS measurements in Figure 7e indicate a
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small intrinsic resistance (inset of Figure 7e), and the vertical
straight line in the low-frequency region is a signal of good
capacitive performance. Moreover, all solid-state symmetric
FSCs based on L/T33c exhibited excellent electrochemical
stability, above 96% after 500 cycles (Figure 7f).

One final point related to the use of the carbon microfibers
is that of their bendability, which is limited in the present case
given the relatively large diameter of the microfibers. It can be
expected that bendability (and overall mechanical strength)
could be improved if fibers of smaller diameters were
produced.

Overall, the introduced facile method for preparation of
porous and conductive carbon microfibers represents an
opportunity toward 1-D electrodes. They can be deployed as
environmentally friendly, fiber-shaped energy-storage devices
for small portable and wearable applications. Application in
organic bioelectronics can be foreseen. In addition, coupling
the synthesized, porous carbon microfibers with conductive
polymers or metal-oxides in core—shell device configurations is
expected to lead to gains in pseudocapacitance.

B CONCLUSIONS

Carbon microfibers were obtained by wet spinning of aqueous
suspensions of lignocellulose nanofibrils (LCNF) derived from
mechanical wood fibers followed by carbonization at 900 °C.
The addition of only 5% TOCNF in the spinning dope
significantly enhanced the spinnability of LCNF. A further
increase of TOCNEF to 33%, improved the morphology and the
mechanical properties of the obtained microfibers (increasing
by 3 times the Young’s modulus and tensile strength). The
carbon yield and conductivity increased with LCNF loading,
owing to the high lignin content. Meanwhile, the pore
evolution after carbonization was mainly affected by TOCNF
content in the spinning dope. The surface area and porosity
were both increased with TOCNF loading (from S to 33%)
and resulted in improved capacitance (from 2.4 to 25 F cm™).
The carbon microfibers showed excellent long-term stability
(93% retention after 10,000 cycles). All-solid state super-
capacitor performed stably, with an energy density of 0.25
mWh cm™ (0.33 Wh kg™') and power density of 65.1 mW
cm™ (84.7 Wh kg™'), demonstrating a potential candidacy for
integration in small portable and wearable electronics.
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