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Lignin, a type of abundant and low-cost biomass, is successfully utilized as a carbon precursor to prepare
carbon nanosheets (CNSs) by freeze-casting of a lignin aqueous dispersion followed by direct carbonization
without any activating treatment. The size and specific area of the obtained lignin-derived CNSs can be
manipulated by controlling the concentrations of lignin aqueous dispersions, which in turn influences the
graphitization degree of the CNSs as confirmed by wide angle X-ray scattering analysis and Raman
spectroscopy. X-ray photoelectron spectroscopy study indicates that the CNSs contain ~11-16 at% oxygen
heteroatoms, which contribute to additional pseudocapacitance. The three-electrode supercapacitors based
on optimized CNSs show a high capacitance of 281 F g~* at 0.5 A g~'current density and good cycling
stability in H,SO4 aqueous electrolyte. The study provides a simple, inexpensive, and environmentally friendly
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Introduction

Due to climate change and environmental problems brought by
the growing global energy consumption, development of
sustainable, environment-friendly and efficient energy conver-
sion and storage systems is of great importance. Super-
capacitors (also called electrochemical capacitors), a category of
electrical energy storage devices, have drawn intense attention
owing to their high power density, long cycle life and rapid
charging processes."™ As a means of power supply, super-
capacitors have great potential for a wide range of applications,
including hybrid electric vehicles, wind turbines, wearable
electronic devices, and power management.>® Based on their
energy storage mechanisms, supercapacitors can be classified
into two categories: electrical double layer capacitors and
pseudo-capacitors.® Currently, the commercial electrode mate-
rials for supercapacitors are primarily based on activated
carbons because of their low cost and good electrochemical
stability. Such carbon electrodes typically exhibit much higher
electrostatic double-layer capacitance than electrochemical
pseudocapacitance. However, most of the conventional acti-
vated carbons are produced from the fossil and coal resources,
facing many challenges due to the non-sustainable availability
of carbon precursors. Recently, extensive research efforts have
been made to produce various activated or porous carbona-
ceous materials from renewable low-cost biomass such as

“Donghua University Center for Civil Aviation Composites, Donghua University, 2999
North Renmin Road, Shanghai, 201620, China. E-mail: wsliu@dhu.edu.cn

School of Materials Science and Engineering, Nanyang Technological University, 50
Nanyang Avenue, Singapore 639798, Singapore

This journal is © The Royal Society of Chemistry 2017

method for preparation of CNSs from various water-soluble biomass carbon precursors.

chitosan, lignin,"** cellulose,* hemp,** eggshell,** seaweeds,’
silk proteins,* and pine cone."”

Lignin, which comprises up to 20 to 30% weight of woody
plants, is the second most abundant natural polymer after
cellulose and the most dominant aromatic polymer on
earth.'®" It is estimated that the annual production volume of
lignin in pulp and paper industry is about 70 million tons
globally.”® In the past decade, lignin has been extensively
explored for value-added applications. For example, in our
previous studies, lignin has been successfully used as macro-
molecular toughening agent for epoxy resin®** and surfactant for
two-dimension nano-materials such as graphene® and molyb-
denum disulfide.”® Lignin can also be regarded as an ideal
carbon precursor due to its low cost and bituminous coal-like
structure.** Very recently, Zhang and Zhao prepared three-
dimensional porous carbon by carbonization of lignin using
KOH as activating agent and template.* This porous carbon was
used as electrode materials for supercapacitors and showed
high stability and good rate performance. Jeon and Nune re-
ported that nanoporous carbon with controlled porosity can be
prepared by direct carbonization of lignin with different
molecular weight."”” The supercapacitors based on this nano-
porous carbon exhibited high energy density and excellent
cycling stability. In these reported work, the morphology of the
lignin-derived carbons were textured by adding activating agent
during carbonization or altering the types of lignin, while the
effects of lignin precursor morphology before carbonization was
seldom taken into account.

Freeze casting (also called ice templating), which is a rela-
tively simple and inexpensive technology, has been used to
produce layered ceramic scaffolds for biomimetic materials.>>*®
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In this process, the ceramic aqueous suspensions are treated by
directional freeze, and the ceramic particles are entrapped
within channels between the ice crystals. After sublimation of
the water, a negative replica of the lamellar ice crystals is
formed. Inspired by these ceramic ice templating processes, in
this work, two dimensional lignin sheets were prepared by
freeze-dying liquid-nitrogen-quenched lignin dispersion. The
lignin sheets were then used as carbon precursor to produce
carbon nanosheets (CNSs) by direct carbonization without any
activation treatment. The morphology of the obtained CNSs can
be controlled by adjusting the concentrations of lignin aqueous
dispersions. Herein we demonstrate that the CNSs from
renewable lignin show good electronic conductivity and excel-
lent electrochemical performance as supercapacitor electrodes
in an aqueous electrolyte.

Experimental

Material preparation

Water-soluble alkali lignin (softwood lignin L0082, TCI Amer-
ica, USA) was directly used to prepare CNSs without further
purification. A desired amount of lignin (100, 200, 400 mg) was
added to 20 mL Millipore water in a glass bottles. When alkali
lignin was completely dispersed after 10 minute bath ultrasonic
treatment, the resulting lignin dispersion was immersed in
liquid nitrogen. The frozen sample was freeze-dried (BenchTop
Manifold Freeze Dryer, Millrock Technology, Inc.) for 48 h to
give fluffy light brown lignin powder. The lignin powder was
placed in a ceramic crucible and then transferred to a furnace.
The furnace was tightly sealed and purged with argon gas.
Initially the temperature was increased to 100 °C at a rate of
5°C min~" for 2 h to remove oxygen and moisture residual in
the furnace. The temperature was further increased to 900 °C at
a rate of 2 °C min~*, and maintained at 900 °C for six hours in
the argon atmosphere to carbonize the lignin. After carboniza-
tion, the furnace was naturally cool down to room temperature
in presence of argon, and a black carbon powder was obtained.

Characterization

The composition of CNSs was measured by X-ray photoelectron
spectroscopy (XPS, Kratos Analytical AXIS His spectrometer). A
monochromatized Al Ko X-ray source at 1486.6 eV was adopted to
scan the surfaces of CNSs. Raman spectroscopy was performed
on a Renishaw In via Raman microscope and the excitation
wavelength was 633 nm. Wide angle X-ray scattering (WAXS)
analysis for CNSs was investigated by a Bruker D8 Advanced XRD
with Cu Kol radiation source. Brunauer-Emmet-Teller (BET)
surface area was calculated from the nitrogen isotherm curves
measured on a nitrogen adsorption device (Micromeritics Tristar
11-3020) at 77 K. The pore size distribution was calculated by
density functional theory (DFT) method. The electrical conduc-
tivity of CNSs powders was tested by a four probe method (CMT-
SR2000N, Advanced Instrument Technology) using a pellet
sample prepared by pressing under 10 MPa fixed pressure.”” The
CNS morphologies were observed by field emission scanning
electron microscope (JEOL FESEM 7600F).
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Electrode preparation-electrochemical tests

Three-electrode systems were assembled to study the electro-
chemical performances of lignin-derived CNSs on PGSTAT30
Autolab potentiostat. Pt plate and Ag/AgCl were used as counter
electrode and the reference, respectively. The working electrode
was fabricated through mixing 95 wt% CNSs and 5 wt% poly-
vinylidene fluoride (PVDF) in N-methyl-2-pyrrolidinone
(mPVDF : mNMP = 2:98). The black mixture was magneti-
cally stirred for 12 h and the obtained slurry was coated on
graphite paper (1 x 1 cm?). The electrode was then dried at
60 °C under vacuum. The loading mass of each electrode is
about 1 mg. Cyclic voltammetry (CV) and galvanostatic charge/
discharge (GCD) measurements were conducted using 1 M
H,SO, aqueous electrolyte in the voltage range of —0.1-0.9 V.
The electrochemical impedance spectroscopy (EIS) tests were
conducted to investigate the impedance characteristics of CNSs
using AC voltage with 5 mV amplitude in the frequency range of
0.01-100 kHz under open circuit voltage. Two-electrode systems
were assembled by the similar procedure using the same mass
loading in the positive and the negative electrodes. A poly-
ethylene (PE) diaphragm was placed between the two elec-
trodes. The potential window for the two-electrode systems was
0-1.0 V.

Results and discussion
Preparation and morphology of lignin-derived carbon

Lignin contains a large amount of aromatic structure (Fig. 1)
and hence is an excellent carbon precursor. The preparation
process of lignin-derived carbon is illustrated in Fig. 1. Tyndall
effect was observed from lignin aqueous dispersion, indicating
that it is colloid system. During quick quench of the lignin
aqueous dispersion by liquid nitrogen, ice crystals can act as
laminar templates. In as-received lignin powder sample, most
particles show near-spherical morphology and have a diameter
from a few micrometers to many tens micrometers (Fig. 2a).
After freeze-casting treatment, the morphology of lignin was
converted to sheet-like and the size of the lignin sheets
distinctly increases with increasing the concentration of the
lignin dispersion (Fig. 2b-d). After carbonization at 900 °C, the
as-received lignin was converted to closely stacked near-
spherical carbon particles (Fig. 2e). For the lignin sheets ob-
tained by freeze-casting, the sheet morphology was well
retained after carbonization (Fig. 2f-h). Like their lignin
precursor, the size and stacking compactness of the obtained
lignin carbon sheets increase with the increase in concentration
of the lignin dispersion. To easily identify the thickness of these
corrugated carbon sheets, the sample prepared from 5 mg mL ™"
lignin dispersion was dispersed in water and broken by ultra-
sonic treatment (Sonic & Materials model VCX-750 with 1 cm® Ti
horn). The representative SEM images of the broken carbon
sheets are shown in Fig. 3. Based on the statistics of a large
amount of specimens, the thickness of these lignin-derived
carbon sheets mainly lies in the range of 50-150 nm. There-
fore, this study provides a simple and environmentally friendly
method to produce lignin-derived CNSs.

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Lignin structure model and schematic illustration of preparation process of lignin-derived carbon through freeze-casting method.

Fig. 2 SEM images of as-received lignin powders (a) and lignin sheets prepared from 5 (b), 10 (c), 20 (d) mg mL™ lignin aqueous dispersions by
freeze-casting method; SEM images of lignin-derived carbon prepared from carbonization of as-received lignin powders (e) and lignin sheets
obtained by freeze-casting of 5 (f), 10 (g), 20 (h) mg mL™* lignin aqueous dispersions.

Fig. 3 SEM images of the cross section of broken carbon sheets
prepared from 5 mg mL~t lignin aqueous dispersion.

Composition and properties of lignin-derived CNSs

The graphitic degree of lignin-derived CNSs was investigated by
Raman spectroscopy (Fig. 4a). The CNSs prepared from 5, 10
and 20 mg mL " lignin aqueous dispersions are abbreviated as
LC-05, LC-10 and LC-20, respectively. The Raman spectra of all
the three CNS samples show two peaks associated with D band
(~1360 cm™') and G band (~1600 cm '), respectively. The D
band signal can be ascribed to the A;, phonon breathing
vibrations from disordered carbon, and the G band single is

This journal is © The Royal Society of Chemistry 2017

related to the E,;, mode of phonon vibrations from graphitic sp*
hybridized carbon.”” The intensity ratios of the G band to D
band (Is/Ip) can reflect the graphitic degree of the three types of
CNS samples. The results in Fig. 4a show that the graphitic
degree of CNSs decreases with increasing the concentration of
lignin precursor dispersion, presumably because thinner lignin
sheets facilitate easier removal of volatile products during
carbonization.

To further determine the chemical composition and valence
state of carbon atoms, the three types of CNS samples was
investigated by XPS (Fig. 4b and Table 1). The results of XPS
measurement give the atom ratio of different elements in the
prepared CNSs. Interestingly, the oxygen content in the CNSs
shows continuous increase with increasing the concentration of
lignin precursor dispersion. LC-05, LC-10 and LC-20 CNSs
contain 11.1, 12.4 and 15.8 at% oxygen, respectively. This result
may be because the increased size and stack compactness of
lignin precursor sheets as the increase in lignin dispersion
concentrations (Fig. 2b-d) restrain the generation of oxygen-
containing volatile products during the carbonization.
Although the residual oxygen-containing groups inevitably
reduce the conductivity of prepared CNSs to some extent, they
will contribute to improve the wettability of the carbon

RSC Adv., 2017, 7, 48537-48543 | 48539
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Fig.4 Raman spectra (a), deconvulated C 1s XPS spectra (b) and WAXS
patterns (c) of LC-05, LC-10 and LC-20, respectively.

electrodes with aqueous electrolytes and provide pseudocapa-
citance.”®* The deconvoluted C 1s spectra of the three CNS
samples (Fig. 4b) show a main peak at 284.8 eV assigned to sp”
C=C and several weak peaks at 285.5, 286.5 and 290.1 eV,
which can be assigned to the carbon in C-OH, C-O-C, and O=
C-0O, respectively.’** Among them, LC-20 shows the highest
content of non-graphitic carbon, which is consistent with the
data of Raman spectroscopy. The structures of three CNS
samples were also investigated by WAXS (Fig. 4c). As can be
seen, all the CNSs show a quite broad peak around 26 = 25° (d =
~0.4 nm), indicating the sp* hybridized carbon domains do not
exhibit long-range order. It should be noted that a weak and
broad peak appeared around 26 = 13° (d = ~0.7 nm) in the
spectrum of LC-20, which may be due to the existence of more
oxygen-containing groups between the carbon phase.

Nitrogen adsorption isotherms at 77 K and the pore size
distribution curves of three CNS samples are shown in Fig. 5
and the data are summarized in Table 1. As expected, LC-05
shows the highest BET specific surface area (SSAggr =
854.7 m> g~ ') compared with LC-10 (287.7 m> ¢ ') and LC-20
(96.5 m* g~ ). Besides the specific surface area, the porosity
and pore size distribution also play important roles to deter-
mine the energy storage capabilities of the lignin-derived CNSs.
The pore size distributions (Fig. 5b) indicate three lignin-
derived CNSs possess mainly micropores (pore width < 2 nm).
The formation of micropores may be because the gas (such as
CO, and H,0) genetated during lignin pyrolysis could act as

Table 1 Composition and properties of lignin-derived CNSs
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Fig. 5 Nitrogen adsorption isotherms at 77 K (a) and pore size distri-
bution curves calculated by DFT method (b) of LC-05, LC-10 and LC-
20, respectively.

internal physical activation agents.”” These micropores would
lead to enhanced specific capacitance because of the smaller
charge separation distance between the ion centers and the
pore walls.** The results of four-probe tests show that the elec-
trical conductivities of LC-05, LC-10 and LC-20 powder samples
are 2.5, 1.9 and 1.1 S ecm ™', respectively. As expected, the trend
of conductivity is opposite to the trend for the content of oxygen
impurities in CNSs. The conductivity of LC-05 is comparable to
that of the CNSs prepared from hemp (2.1-2.3 S cm™") and
lower than that of commercial graphene nanoplatelets
(2.9 S cm ).

Supercapacitors from lignin-derived CNSs

To evaluate the electrochemical performance of the lignin-
derived CNSs, LC-05, LC-10 and LC-20 were applied as elec-
trode materials for a three-electrode configuration system in
1 M H,SO, aqueous electrolyte without addition of any
conductive additives. Fig. 6a presents the representative cyclic
voltammetry (CV) curves of the three CNS samples between
—0.1-0.9 V at scan rate of 5 mV s~ . In principle, the CV curve
for an ideal activated carbon electrode shows a nearly rectan-
gular shape. The humps in the CV curves of the three CNS
samples can be attributed to the pseudocapacitance contribu-
tion from the oxygen heteroatom.'?® The mechanism of fara-
daic processes caused by oxygen-containing groups can
generally be attributed to the reversible redox reactions as
shown in the following equations:**

Phenolic: >C-OH < C=0 + H" + ¢~ (1)
Ketone: >C=0 +¢~ < C-O~ (2)
Carboxylic: -COOH < —-COO™ + H" + e~ (3)

Sample C (at%) O (at%) N (at%) S (at%) SSAggr (m* g™ ") Conductivity (S cm ™)
LC-05 88.4 111 — 0.5 854.7 2.5
LC-10 86.8 12.4 — 0.8 287.7 1.9
LC-20 82.9 15.8 — 1.3 96.5 1.1

48540 | RSC Adv., 2017, 7, 48537-48543
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Fig. 6 Electrochemical performances of lignin-derived CNSs. (a) CV
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H,SOy4; (b) galvanostatic charge-discharge curves of LC-05 at
different current rates; (c) the rate performance of LC-05; (d) the
capacitance retention of LC-05 versus cycle number at current density
of L0Ag™™

According to the deconvoluted C 1s XPS spectra of three
CNSs (Fig. 4b), the pseudocapacitance for LC-05 and LC-10
samples was mainly contributed by carboxylic groups, while
the pseudocapacitance for LC-20 sample was contributed by
carboxylic and phenolic groups. Fig. 6a shows that the CV curve
of LC-05 has the highest area compared with LC-10 and LC-20,
indicating a superior capacitive property. This is due to the
highest specific area and conductivity of LC-05. Although LC-20
has the highest oxygen content, its capacitive property is the
lowest due to the low graphitization degree and specific area.
Fig. 6b shows the GCD curves of LC-05 at different current rates.
These charge-discharge curves show a symmetrical quasi-
triangle shape, suggesting the reversible capacitive behaviours
of LC-05 in the acid electrolyte. According to the GCD test, the
calculated specific capacitance of LC-05 is 281 F g~ ! at a current
density of 0.5 A g~" (Fig. 6c). This demonstrates that lignin-
derived CNSs prepared by freeze-casting method has much
better capacitive performance in H,SO, electrolyte than many
other carbon electrode materials obtained from lignin (145 F
g ' at 0.5 Ag 1),° chicken eggshell (250 Fg " at 0.5 A g™ ')** and
cellulose (165 F g~ " at 0.5 A g~ ').?* The high capacitance of LC-
05 is very likely to arise from its high surface area, high content
of micropores and pseudocapacitance brought by the oxygen
heteroatoms.'>**

Fig. 6¢ presents the specific capacitance of LC-05 at different
charge-discharge current densities. For porous carbon, the
specific capacitance usually shows gradual decrease as the
current density increases because some pores may be blocked
under higher current densities.*® When the current density
increases from 0.5 to 20 A g, the specific capacitance of LC-05
shows a decrease from 281 to 153 F g™, and a capacitance
retention of 54% is achieved. The cycling stability of LC-05
electrode was evaluated by GCD tests at 1.0 A g~ (Fig. 6d).

This journal is © The Royal Society of Chemistry 2017
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After 5000 test cycles, LC-05 showed capacitance retention of
91%, indicating its good stability in acid electrolyte. Nyquist
plot of LC-05 was obtained from EIS test, as shown in Fig. 7. LC-
05 possesses low ohmic resistance of 0.8 Q according to the
value of the first intercept between the plot and real axis. The
small semicircle appeared in the high-frequency region (inset of
Fig. 7) is associated with the charge-transfer resistance which
arises from the reversible faradaic reactions of the oxygen-
containing groups. This semicircle also verifies the pseudoca-
pacitance contribution from the oxygen heteroatoms.®

To further investigate the capacitive properties for practical
applications, the symmetric two-electrode systems were
assembled to evaluate LC-05 electrodes in 1 M H,SO, electro-
Iyte. The GCD curves of LC-05 maintain symmetric triangle
shapes at different current densities and have a small IR drop
(Fig. 8a), indicating good capacitive characteristics of LC-05
electrodes. According to the GCD test, the specific capacitance
of LC-05 is calculated to be 182 F g~ " at a current density of
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Fig. 8 Electrochemical performances of LC-05 electrode tested in
a two-electrode system. (a) Galvanostatic charge—discharge curves of
LC-05 at different current rates; (b) the rate performance of LC-05; (c)
Ragone plot showing the energy density versus the power density.
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0.5 A ¢ ' and maintains 103 F g~ ' at a current density of
20 A g~' (Fig. 8b). The energy density and power density of the
two-electrode symmetric supercapacitor were calculated
according to the results of GCD tests.** The Ragone plot (Fig. 8c)
shows the dependence of energy density upon the power
density. The supercapacitor based on LC-05 shows an energy
density of 25.1 W h kg™ " at a power density of 583 W kg™ ' and
an energy density of 14.3 W h kg™" at a power density of
28611 W kg ', respectively. These results are higher or
comparable to the reported values for many other electro-
chemical double layer capacitors based on the carbon materials
derived from lecithin,* sucrose® and glucosamine®” in H,SO,
aqueous electrolyte.

Conclusions

In summary, CNSs are readily prepared by simply freeze-casting
of lignin aqueous dispersion followed by direct carbonization at
900 °C without any activation agent. As the concentration of
lignin dispersion increases, the size of the obtained lignin-
derived CNSs increases but their specific area decreases.
WAXS and Raman studies indicate that the CNSs are partially
graphitized during the carbonization process. The optimized
CNSs (LC-05) show good conductivity (2.5 S em™ ') and excellent
electrochemical performance as supercapacitor electrodes. The
three-electrode supercapacitor based on LC-05 exhibits high
capacitance of 281 F g~ ' at 0.5 A g™ 'current density in H,SO,
aqueous electrolyte, and good capacitance retention (91%) after
cycling tests for 5000 cycles. Moreover, the two-electrode
symmetric supercapacitor based on LC-05 shows an energy
density of 14.3 W h kg™ " at a power density of 28 611 W kg™ .
This method has the potential for preparation of CNSs from
various water-soluble biomass. It may also be applied to prepare
porous CNSs in combination with appropriate activating
agents.
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