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development of lignin-based porous carbons. Herein, a facile and eco-friendly
strategy was proposed to fabricate hierarchical porous lignin/cellulose-based carbon
materials (LCs). In the process, cellulose nanofibrils acted as the skeleton of the bio-
aerogels, which supported lignin and benefit the preparation of the LCs. Moreover,
the specific surface area and the graphitization degree of LCs can be regulated by
varying the cellulose content. Without activation, the bio-based carbon material
(LC30) had a high specific surface aera of 1770 m? g'!, which displayed high specific
capacitance of 216.2 F g'! at the current density of 0.5 A g-!. The supercapacitor based
on LC30 also showed outstanding energy density of 12.3 Wh kg™! at the power density
of 50 W kg!. The sustainable raw material, simple and harmless preparation process,
and remarkable electrochemical performance enable LC30 a promising supercapacitor

electrode for energy storage.

Keywords: cellulose nanofibrils, carbon aerogel, hierarchical porous structure, energy

storage, cleaner production

1. Introduction

Due to the increasing population and rapid economic development, huge energy
consumption has caused the depletion of fossil resources and the deterioration of
ecological environment. The development of green, clean and sustainable energy is of
great importance to energy security and environment protection, and the search for
advanced, low-cost, environmental-friendly energy storage devices has become an
urgency [1, 2]. As complements of the energy units like Solar Cells [3], lithium ion
batteries [4] and zinc ion capacitors [5], supercapacitors have drawn intense attention
and shown broad application prospect because of its high power density, fast charging

and discharging speed, and long cycle life [6]. Electrode is the core component of
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supercapacitors, and it plays a vital role in determining the electrochemical
performance of supercapacitors [7]. At present, the electrode materials in
supercapacitors are mainly classified into three types: carbon materials, transition
metal oxides and conductive polymers. Among them, transition metal oxides show
some disadvantages such as non-renewability, high-cost and low conductivity, which
hinder their wide applications [8]. In the case of conductive polymers, they usually
uses toxic monomers in the synthesis process, and the poor cyclic stability caused by a
large volume change is also a problem in charge-discharge process of supercapacitors
based on conductive polymers [9]. Therefore, carbon materials are more attractive
supercapacitor electrodes due to its non-toxic, sustainability, high conductivity and
good chemical stability [10, 11].

Lignin, one of the main components in lignocellulosic biomass, is the most
abundant natural aromatic polymer in the planet. Because of its abundance, low cost,
and high carbon content, lignin has been regarded as an ideal precursor for porous
carbon materials. In our previous studies, lignin has been successfully transformed
into graphene for potential applications in energy storage and sensors [12, 13]. Due to
the cross-linking and polymerization of lignin macromolecules in the direct pyrolysis
process, lignin-based carbon usually exhibits terrible pore structure and low specific
surface area, which is adverse to the electrochemical performance [14]. Therefore, the
porous lignin-based carbon materials are desired and they can be prepared by physical
activation, chemical activation process or template method. Zhang et al. designed and
prepared lignin-based hierarchical porous carbon microspheres by efficient potassium
carbonate activation, and found that the hierarchical porous carbon microspheres
exhibited a capacitance of 140 F g-! at 0.05 A g! in organic electrolyte [15]. Wu et al.

prepared hierarchical porous carbon through sequential hydrothermal carbonization
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pre-treatment of alkali lignin with zinc chloride and activation process by potassium
hydroxide [16]. The obtained porous carbon electrode showed remarkable specific
capacitance and good cycle stability. Saha et al. introduced a mesoporous carbon
synthesized from lignin using a surfactant template and post-activation methods and
used as supercapacitor electrode materials [17]. Despite chemical activation and hard
template agent method often lead to high specific surface area and pore volume of
porous carbon, the additional activators or template agents often introduces highly
corrosive reagents in the pyrolysis or post-treatment process, which are not only
dangerous and unrecyclable but also environmental unfriendly. Thus, advanced
technologies that can alleviate the problems of these existing processes are highly
desired.

Freeze-casting is a common and simple technology to prepare porous materials
[18]. Recently, Liu et al. prepared carbon nanosheets by freeze-casting and direct
carbonization of a lignin dispersion [19]. However, the poor formability of lignin led
to the requirement of lignin solubility in water and the relatively low specific surface
area of carbon materials. Benefit from the nanoscale dimension and large amounts of
hydroxyl groups, nanocellulose is often used as skeleton or adhesive to improve
polymer formability, internal morphology and chemical property of cellulose-based
composite materials, which has potential application in selective oil absorption [20],
self-healing [21], and electromagnetic composites fields [22-24]. It is versatile in
freeze casting. Cai and Sun et al. reported an innovative porous lignin/cellulose
carbon aerogel for capacitive energy storage [25]. Chen et al. fabricated a wood-
derived elastic carbon aerogel with cellulose nanofibers and lignin in alkaline solution
[26]. Though cellulose improved the porous structure of the cellulose/lignin aerogel

and its carbon product, the carbon material did not show a great advantage in specific
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capacitance and energy density. Moreover, the additional ionic liquid could cause
higher cost and complexity in preparation.

Herein, we reported a hierarchical structure design of lignin/cellulose-based
carbon material by unidirectional freeze casting and heat treatment. The cellulose
nanofibrils acted as skeleton and template in the preparation of lignin/cellulose
aerogels, which linked lignin by H-bonding. Unidirectional ice-templating endowed
the lignin/cellulose aerogels lamellar-featured porous structure, which contributed to
the hierarchical structure of lignin/cellulose-based carbon after the carbonization
process. Moreover, the carbonization of cellulose nanofibrils could regulate the
graphitization degree and the specific surface area of the lignin/cellulose-based
carbon. This interesting structure can not only improve the wettability of carbon
materials in the electrolyte, but also provide convenient ion diffusion and electron
transport channels as well as abundant charge storage sites, resulting in the high
specific capacitance and excellent energy density. The whole preparation process did
not include activation and acid treatment steps, and the use of any expensive and
harmful chemicals. Therefore, this work provides a simple, low cost, and eco-friendly
method for the fabrication of porous biomass-based carbon material, which can be

promising supercapacitor electrode for energy storage.

2. Materials and methods

2.1 Materials and reagents

Lignin (dealkaline) was provided by Huatai Group Co., Ltd. (Dongying, China),
which had a pH value of 3. The ash content was measured to be 3.9%. The element
analysis was measured by elemental analyzer (Vario EL cube, Elemantar), and the

results showed the content of C, H, O, N, and S was 61.3%, 4.84%, 27.73, 0.93% and
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2.87%. The TEMPO-oxidized cellulose nanofibrils (CNFs) was supplied by
Muyjingling Biotechnology Co., Ltd (Tianjin, China), possessing a size of 10-20 nm in
width, and 10-20 pum in length, and the carboxyl group content was determined to be
0.7 mmol g''. Carbon black (from acetylene, 50% compressed) with a purity of 99.9%
was purchased from Alfa Aesar (Shanghai, China) Chemical Co. Ltd.
Polytetrafluoroethylene dispersion (PTFE, 60%) was purchased from Aladdin Co.,

Ltd. (Shanghai, China). All the chemicals were used without purification.
2.2 Preparation of lignin/cellulose-based carbon materials

The preparation of hierarchical porous lignin/cellulose-based carbon materials
(LCs) is schematically illustrated in Fig. 1. Lignin and CNF were dispersed in distilled
water in a total 2% solid content, in which the mass ratios of CNF to lignin were set to
be 0:100, 10:90, 30:70 and 50:50, respectively. The mixture was placed under
ultrasonic treatment for 30 min, and then stirred for another 2 h to yield a uniform
suspension. Then the resulting mixture was poured into a mold, and the mold was
placed on the top of a copper column inserting into liquid nitrogen bath for 20 min.
Later, the lignin/cellulose aerogel (LCA) was obtained after freeze-drying of the
samples at -60 °C for 72 h. According to the content of cellulose, the obtained
aerogels were named LCAO, LCA10, LCA30 and LCAS5O0.

Next, the obtained lignin/cellulose aerogel was placed in a tube furnace under N,
atmosphere, which was heated up to 900 °C, hold for 0.5 h, and then cooled to room
temperature. The lignin/cellulose-based carbon materials were obtained and marked
as LCO, LC10, LC30 and LC50, respectively.

As a control, lignin powder was directly placed in a tube furnace for pyrolysis
according to the same steps. The carbon material obtained in this method was labeled

LO.
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Fig. 1 (a) Illustration of the fabrication of lignin/cellulose-based carbon material. (b)

Photograph of LCA and LC
2.3 Characterization

Scanning electron microscope (SEM, S-3400N, Hitachi, Japan) was used to
analyze the micromorphology of LCAs and LCs. The samples were mounted with
conductive carbon tape and imaged at 15 kV after gold spraying. The chemical
structure of the samples was characterized by an FT-IR spectrometer (FT-IR, Nicolet
iS10 Model, Thermo Electron, US) within a wavenumber range of 500 to 4000 cm-!.
The X-ray diffraction (XRD) pattern was determined with an X-ray diffractometer
(Smart Lab 9kW, Rigaku, Japan) using Cu Ka radiation with scanning range over
10°~80°. The Raman spectra was detected using a Raman spectrometer (LabRAM HR
evolution, Horiba scientific, Japan) with an exciting source of 532 nm laser. The
surface chemistry of the carbon samples was recorded with X-ray photoelectron
spectroscopy (XPS, K-alpha, Thermo Scientific, US). The specific surface area and
pore structure of the lignin/cellulose-based carbon samples were measured by a N,
physisorption analyzer (ASAP2460, Micromeritics, US). The decomposition behavior
of LCAs were studied by thermal gravimetric analyzer (TGA, TG209F1, NETZSCH,

Germany) in N, atmosphere with the temperature ranging from 40 to 900 °C.
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2.4 Electrochemical measurements

The electrochemical characteristic was measured in a three-electrode system
using CHI760e electrochemical workstation (Shanghai Chenhua Instruments, China).
The working electrode was constructed using the following procedure: the LC sample
and carbon black were ground into fine particles and then mixed with PTFE
dispersion and a few drops of ethanol. The weight ratio of LC sample, carbon black
and PTFE was 8:1:1. After grinding for another 0.5 h, the mixture was shaped into
uniform sheet film. The film was then cut into 1cmx1cm size, and pressed on a nickel
foam at 5 MPa for 5 min. Later, the pressed electrode was dried at 60 °C for 12 h. The
content of the active substance on each electrode was about 2-3 mg/cm?. The
electrochemical behavior was measured in 6 M KOH solution as the electrolyte, and
platinum sheet and Hg/HgO (1M KOH) were used as the counter electrode and
reference electrode, respectively. Cyclic voltammetry (CV) curves, galvanostatic
charge-discharge (GCD) curves and electrochemical impedance spectroscopy (EIS)
tests were then carried out for each electrode. The specific capacitance was obtained

from GCD curves according to the following equation:

_ IAt
T mAV

where C is mass specific capacitance (F g'"); I is discharge current (A); At is the
discharge time (s); m is the mass of active substance (g); AV is the discharge voltage
(V).

The energy density E (Wh/kg) and power density P (W/kg) are calculated with the

following equations:

. CAV?
T 2x%x3.6
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where C is mass specific capacitance of the symmetric supercapacitor (F g!); At

is the discharge time (s); AV is the discharge voltage (V).

3. Results and discussion

3.1 The characterization of lignin/cellulose aerogels

The morphologies of LCAs are shown in Fig. 2. In Fig. 2a, LCAO without CNFs
cannot form intact lignin aerogel after freeze-drying, exhibiting a powder structure in
the image. At the same time, some lignin spheres aggregates to form flocculent fibers
rather than sheet structure in Fig. 2e, which is different from the reported literature
[19]. When cellulose nanofibrils were introduced, it acts as a binder to connect the
lignin particles by hydrogen bond. The images in Fig. 2b-d clearly show that the
LCAs exhibit directional lamella structure after freeze casting [27]. In Fig. 2b and f,
large amount of lignin accumulated on the crossed-linked cellulose surface with 10%
CNF addition. As the CNFs content increased, the cellulose sheet framework become
more intact, and the LCAs exhibited a larger and denser lamella structure. Meanwhile,
the lignin spheres dispersed evenly on the cellulose sheets in LCA30 and LCASO0.
These images confirmed that cellulose played an important role in the formation of

the freestanding lignin/cellulose aerogels.

20 pm




206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

Fig. 2 SEM images of LCAs: (a, ) LCAO; (b, f) LCA10; (c, g) LCA30; (d, h)

LCASO.

The chemical structure of LCAs was analyzed by FT-IR and the results are shown
in Fig. S1. In the spectra, a wide peak at 3342 cm™!' in LCAO is attributed to the O-H
stretching vibration in lignin which became stronger with the CNFs addition. The
peaks at 2930, 2835 and 1425 cm™! are resulted from the C-H bond in lignin and
cellulose. The peak at 1705 cm™! in LCAO shows the non-conjugated carbonyl groups
existed in lignin. While it gradually shifts to 1720 cm™! (LCA50), which confirms the
carboxyl groups in lignin/cellulose composite. The peaks at 1601, 1510 and 1454 cm’!
are regarded as the vibration of aromatic skeleton in lignin. It is noticed that the peaks
at 1510 cm! in LCA50 is much lower than in LCAO as the lignin content decreasing.
Impressively, peaks at 1160 and 1050 cm!, corresponding to C-O-C and C-O
characteristic bond, are clearly observed in LCA10, LCA30 and LCAS5O0 as the
cellulose content increased.

The thermal degradation properties of the LCAs were determined by
thermogravimetric analysis (TGA). As seen in Fig. 3, from 40 to 160 °C, the weight
loss of the samples was mainly attributed to the evaporation of free water and
interlayer water of the aerogels. It can be seen that the thermal degradation of LCAs
processes over a wide temperature range from 160 °C to 630 °C due to the
decomposition of lignin and cellulose. In the TGA curve of LCAO0, it presented the
major weight loss with a single DTG peak at 368.3 °C. As for the other three LCA
counterparts, they had two significant DTG peaks during decomposition (Fig.3b). The
DTG peaks of the LCA10 were located at 256.8 and 323.1 °C, and those of LCA30

were slightly decreased to 254.4 and 315.9 °C. As for the LCA50 sample, it had a
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strong DTG peak at 306.4 °C, accompanied by an acromion at 250.1 °C. The results
showed that with the increase of cellulose content, the stability of aerogels became
worse and the DTG peak temperature decreased. This is mainly attributed to the lower
thermal stability of cellulose than that of lignin [12]. Because of the high thermal
stability and high carbon content of lignin, LCAO exhibited the highest weight
retention of 41.62% in Fig. 3a [28]. Accordingly, the weight retention of LCAS50 is
the lowest compared with the other LCAs for its low lignin content in the precursor. It
was noticed that the TGA curves showed a slight decrease trend at 900 °C due to the
high thermal stability of lignin. Fig. S2 showed TGA curves of the aerogel samples
holding at 900 °C for 1 h or heating to higher heating temperature. They both
presented continuous weight loss at two tests. That was because the stronger chemical
bonds in the precursors could further decompose at 900 °C or higher temperature,
which is consistent with the results of high temperature heat treatment of lignin in
reports [29]. Moreover, lignin would undergo a thick cyclization reaction under high
temperature, and the skeleton structure of the product would gradually transform to

the graphitic structure, resulting in further mass reduction [30].
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Fig. 3 (a) TGA and (b) DTG curves of LCAs samples.

3.2 The characterization of lignin/cellulose-based carbon materials
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After carbonization, the LCs presented remarkable volume shrinkage compared
to the LCAs, owing to the thermal degradation of those oxygen-containing species in
the LCAs (see Fig. 1b). This phenomenon was also reported by other colleagues in the
carbonization of composite aerogels containing cellulose [20, 31]. The detailed
morphology and microstructure of the LCs are presented in Fig. 4. As can be seen, the
LC10, LC30 and LC50 preserved the laminar and porous structure, similar to their
LCAs precursors. However, it can be seen that the lamellar spacing of each carbon
sheets decreased in comparison to their precursors. Meanwhile, the sheets of LC50 in
Fig. 4f are much thinner than those of LC10 and LC30 in Fig.4b and d, which was
mainly due to that more CNFs fraction degraded in the LC50. The lowest weight
retention of LC50 in Fig. 3a can also explain this phenomenon. On the other hand, the
LCO0 and LO carbon samples were smooth and compact (Fig. 4g-1) with a granular
morphology. This is because lignin melts and aggregates to form clumps during high
temperature thermal processing [13, 32]. Above images indicated that different
cellulose addition greatly affected the microstructure and morphology of the LCs. The
three carbon materials (LC10, LC30 and LC50) exhibited a typical porous structure,

which plays an important role in electrochemical applications.
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Fig. 4 SEM images of LCs: (a, b) LC10; (c, d) LC30; (e, f) LC50; (g, h) LCO; (1) LO.

The XRD and Raman spectroscopy were used to characterize the graphitic
structure of the LCs, and the corresponding patterns are shown in Fig. 5a and b. In the
XRD pattern, the carbon materials revealed two broad crystalline peaks at 26 = 23°
and 43.5°, which are assigned to the (002) and (100) planes of graphitic carbon,
respectively [33]. This result indicated that these lignin/cellulose-based materials were
partially graphitized in the carbonization process. The two strong peaks of LO and
LCO were much stronger than that with cellulose incorporation, revealing the low
graphitization degree and the large crystal grain which was generally observed in the
lignin-based carbon materials [26, 34]. In addition, high cellulose content led to slight
peak shift from 23° to 23.6°. Also, lowered peak at 43.5° in LC30 and LC50 was
observed compared with other samples. These results indicated LC 30 and LC50 had

smaller size carbon crystals and improved graphitic structure with the introduction of
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CNFs. In Fig. 5b, two Raman peaks around 1339 cm ! and 1590 cm™! are clearly
observed in all patterns, which corresponds to the D and G bands, respectively. As
well known, D band is attributed to the defect site or disordered sp3 hybridized carbon
atoms of graphite, and G band is assigned to sp? hybridized carbons or graphitic
carbon [35]. The intensity of D and G band (Ip/Ig) is related with the degree of
graphitization of carbon materials, in which the higher Ip/I value indicated the lower
degree of graphitization of carbon materials. In this study, the lowest Ip/I value of
0.99 was found for the LCO sample and this may be related with the aromatic
structure of lignin. This result is not completely consistent with the XRD pattern,
because Raman spectra is detected at several single points while XRD is measured on
a bulk sample [36]. After cellulose was added, the Ip/Ig value of LC10, LC30 and
LC50 increased slightly, and it followed a decreasing order as their cellulose content
increasing, suggesting that the cellulose could regulate the degree of graphitization of
the LCs.

The surface chemistry of the lignin/cellulose-based carbon materials was
investigated using XPS spectra (Fig. 5S¢ and Fig. S3). As seen in Fig. 5c, the
characteristic peaks of C-1s, O-1s and S-2p demonstrated the presence of these
elements in the prepared carbon aerogels. The contents of each element after
normalization are shown in Fig.5d and Table S1. It can be seen that the O content in
LC10, LC30 and LC50 was prominently lower than that in LO and LCO. This may be
attributed to the porous structure of LCAs which are prone to thermal decomposition.
On the other hand, high temperature induced the melting and agglomeration of lignin
to form “hard shell” solid material, hindering the evaporation of volatile gases,
resulting in higher O content and lower C content in the solid residue [37]. These

reasons consisted with LCO and LO which had much lower SSA than other
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cellulose/lignin-based carbon materials in Table 1. In addition, minor S element
(<1%) was detected in these carbon samples because most S in precursors escaped at
high temperature treatment. It is generally believed that O- and S-containing groups
are beneficial to improve the wettability of porous carbon materials to electrolyte,

resulting in better electrochemical performance [38, 39].
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Fig. 5 Characterization of LCs: (a) XRD patterns; (b) Raman image; (c) XPS survey

scans; (d) Element contents of LCs from XPS survey scans.

The N, adsorption-desorption isotherms of the lignin/cellulose-based carbon
materials are shown in Fig. 6a and the pore structure parameters of these samples are
listed in Table 1. As can be seen in Fig. 6a, all samples showed type IV isotherm,
suggesting the existence of micropores and mesopores in the samples [40, 41]. The N,

adsorption of LC30 at low relative pressure (P/Py<0.05) was found to be higher than
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other samples, which indicated the presence of significant amounts of micropores
[42]. Table 1 confirms that LC30 had the largest micropore volume. Moreover, LC10,
LC30 and LC50 exhibited much obvious hysteresis loop and sharper increase under
relatively high pressure (0.4<P/P;<0.99) compared to LCO and L0, which showed that
the first three samples have more mesopores and higher specific surface area [43].
This can be seen clearly in Table 1, in which LC30 exhibited the highest specific
surface area of 1770 m? g! with a total volume of 1.87 cm?® g'! and a mesopore
volume of 1.29 cm? g!. Moreover, the tails of the curves can be observed at a relative
high pressure (P/Py=1.0) in LC10, LC30 and LC50, indicating the existence of
macropores in these samples [44]. Based on the above analysis, it can be concluded
that the LCs samples preparing from lignin/CNF aerogels had hierarchical porous
structures. The results also indicated that the micropores are probably resulted from
the decomposition of lignin, and the addition of CNF was favorable to the generation
of mesopores. The cellulose nanofibrils played a remarkable role in regulating the
pore structure of lignin/cellulose-based carbon materials, which was a vital factor for
carbon electrodes in energy storage applications.

The pore-size distribution of the carbon materials is shown in Fig. 6b. The pore
sizes of LCO and LO were mainly concentrated in micropores (<2 nm), while LC10,
LC30 and LC50 had a large portion of mesopores (2-50 nm) and some micropores.
This was consistent with the results in Fig. 6a and Table 1. It should be noticed that
the average pore size of LC30 was centered in 4.2 nm, which is beneficial for
electrolyte ions to transfer inside the channels and the charge storage in the
micropores. In addition, the heating temperature for preparing the carbon aerogels was
investigated and the results were shown in Fig. S4 and Table S2. It indicated that the

lower temperature contributed to inferior specific surface area, lower pore volume and
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smaller pore size, which not conducive to the electrochemical performance of carbon

materials. Considering the sintering of carbon materials and pore collapse caused by

much high temperature, the heating temperature at this work was suitably set at 900

°C. In consideration of the high specific surface area, high microporosity and

mesoporosity, and certain amounts of macropores, the LC30 showed a great promise

as electrode material for supercapacitors.
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Fig.6 (a) N, adsorption-desorption isotherm; (b) Pore size distribution of
lignin/cellulose-based carbon materials.
Table 1 Pore structure parameters of the carbon samples
Samples SBET Vtotal Vmicro Vmeso Vmeso/ Vtotal Pore size
(m*g’) (em’g!) (em’g!) (em’gl) (%) (nm)
LO 965 0.471 0.377 0.094 19.96 1.951
LCO 915 0.384 0.319 0.065 16.93 1.677
LCI10 1596 1.444 0.522 0.922 63.85 3.620
LC30 1770 1.874 0.585 1.289 68.78 4.235
LC50 1365 1.036 0.439 0.597 37.63 3.037

3.3 Electrochemical performance
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The three-electrode system in a 6M KOH solution was used to evaluate the
electrochemical performance of the lignin/cellulose-based carbon materials. Fig. 7a
displays the cyclic voltammetry (CV) curves of LCs electrodes at 10 mV s! and Fig.
S5al-el show the CV curves of these electrodes at various scan rates from 5 to 100
mV sl It can be found that all the CV curves showed a quasi-rectangular shape,
indicating that the prepared carbon materials had an ideal double-layer capacitance
behavior for enhancing ion diffusion/adsorption processes [45]. Different loop areas
of the CV curves denoted the different capacitance performance of the LCs samples,
demonstrating that CNFs addition and freeze-casting process have obvious effects on
the electrochemical property of the LCs. As seen in Fig. 7a, the CV area of LC30 was
much larger than that of the other carbon samples, which showed that the LC30 had
the highest specific capacitance. Moreover, the CV curves of LC30 in Fig. S5d1
retained quasi-rectangular shape at various scan rates, revealing the excellent rate
stability of the sample.

The galvanostatic charge/discharge (GCD) tests of the carbon materials were
performed at different current densities and the results are shown in Fig. 7b and Fig.
S5 a2-e2. The GCD curves of the LCs at 0.5 A g'! presented symmetrical triangle
shapes, confirming the typical electric double-layer energy storage mechanism. The
LC30 had the longest charge-discharge time (Fig. 7b). In the GCD curves of LC30
determined at various current density in Fig. S5 d2, these curves were all in
symmetrical triangle shapes when the current density increased to 10 A g!, which
showed a good reversibility and rate capability [46]. Compared to other samples, the
LC30 displayed the highest specific capacitance in Fig.7c, which was 216.2 F g'! at
0.5 A g''. When the current density increased to 10 A g-!, the specific capacitances of

LC30 was 173.2 F g! with the capacitance retention over 80.0%. Meanwhile, the
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specific capacitances of LC50 decreased from 181.8 to 132.2 F g'land LO from 154.7
to 107.7 F g, which showed relatively low capacitance retention of 72.7% and
69.6%, respectively. Table S3 lists the electrochemical performance of various porous
carbon materials. It shows that LC30 displayed much higher specific capacitance than
that of many reported lignin-, cellulose- and lignin/cellulose-based carbon materials.
This result can be attributed to its high specific surface area and excellent hierarchical
porous structure with both high micropore and mesopore volume of LC30. Usually,
mesopores favored the electrolyte transfer and rapid ion diffusion, resulting in great
rate performance, while micropores contributed to high specific surface area and pore
volume and can provide active sites for charge storage, resulting in high capacitance
[47].

The electrochemical impedance spectroscopy (EIS) was used to characterize the
LCs electrode and the Nyquist plots are shown in Fig. 7d. In the low-frequency range,
all carbon samples showed a near vertical straight curve, revealing a typical capacitor
behavior. The LC30 electrode had the steepest linear curve, indicating the lowest
diffusion barrier and Warburg element. This result is due to the existence of large
amounts of mesopores and macropores in LC30. At high frequency region, the inset in
Fig. 7d shows the LCs samples almost coincide at the X-axis intersection, revealing
the near series resistance (Rs). Meanwhile, distinct semi-circle can be observed at this
region, and its diameter indicated the charge transfer resistance (R) at the
electrode/electrolyte interface [48]. In this study, LC30 exhibited the smallest semi-
circle with the values of Ry and R of 0.69 and 0.34 Q, which were associated with its
hierarchical porous structure. The above results showed that the LC30 can be an ideal
electrode material with high specific capacitance, good capacitance retention and low

impedance owing to the 3D hierarchical porous structure.
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Fig. 7 Electrochemical properties of lignin/cellulose-based materials with three-
electrode system. (a) The CV curves under 10 mV s!. (b) The GCD curves under 0.5
A gl (¢) Specific capacitance of the electrodes calculated from the GCD curves at

different discharge current density. (d) The Nyquist plots.

To further study the performance of LC30 electrode, its electrochemical
measurements were performed using a two-electrode system. The quasi-rectangle CV
curves in Fig. 8a showed the good electrical double-layer capacitive behavior and rate
performance of LC30-based supercapacitor at different sweep rates. Fig. 8b presents
the GCD profiles of the system at virous current densities. The GCD curve at 0.2 A g-
I exhibited a trailing phenomenon, indicating the chemical reactions caused by O-

containing functional groups in LC30. When the current density increased to 0.5 A g°!
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and higher values, the GCD curves had symmetrical triangle shapes. As shown in Fig.
8c, the Nyquist plot exhibited steep linear curve, small semicircle and short intercept
in X-axis, which suggested that LC30 possessed low impedance, high electrode
conductivity and typical capacitive behavior with rapid diffusion of electrolyte ions.
As seen in Fig. 8d, the LC30 electrode displayed attractive electrochemical
performance with a high specific capacitance of 178 F g at 0.2 A g-'. When the
current density increased to 0.5 A g'!, the specific capacitance decreased obviously,
while it had a significantly retention rate after 0.5 A g!. This may be associated with
the electrochemical capacitance caused by the chemical reactions under low current
density. Therefore, this supercapacitor provided an opportunity for some fast
charge/slow discharge and fast charge/fast discharge applications. Moreover, Fig. 8e
shows that the supercapacitor based on LC30 electrodes displayed the maximum
energy density of 12.3 Wh kg! at the power density of 50 W kg-!. When the power
density increased to 1226.2 W kg, the energy density can still maintain 5.0 Wh kg-!.
The prominent electrochemical capacitive behavior of LC30-based supercapacitor in
two-electrode system is superior to many reported carbon materials containing CNT
or heteroatoms [34, 49-54]. The comparison details of the electrochemical
performance are listed in Table S4. In addition, the cycling performance of the LC30-
based supercapacitor was measured and displayed in Fig. 8f. It showed a high
capacitance retention of 98.27% after 5000 cycles, indicating the high cycling
performance of LC30 as electrode for supercapacitors. Fig. S6a showed the LC30
particles were mixed with the conducting carbon black and PTFE binder. After
cycling, the LC30 electrode can maintain good integrity in Fig. S6b, which suggested
the structural stability of LC30 electrode for the stable cycling performance.

Noticeably, the LC30 was prepared just from lignin and cellulose in water solvent
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without activation treatment, and the fabrication process was uninvolved in any

harmful or high-cost chemicals. Thus, merits of renewable resource, harmless

preparation process, high specific capacitance, low impedance and outstanding energy

density endow the LC30 with a great potential in electrochemical energy storage

application.
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Fig.8 Electrochemical performance of LC30 measured with two-electrode system in 6
M KOH. (a) The CV curves at different scan rates. (b) The GCD curves at different
current densities. (c¢) The Nyquist plots. (d) Specific capacitance calculated from the
GCD curves. (e) Ragone plot of the symmetric supercapacitor and performance
comparison with reported supercapacitors. (f) Cycling stability of LC30-based

supercapacitor at current density of 2 A gl
4. Conclusions

In summary, hierarchical porous lignin/cellulose-based carbon materials (LCs)
with high specific surface area were fabricated from lignin and cellulose nanofibrils
without any harmful reagents during the unidirectional freeze-casting and
carbonization processes. Cellulose nanofibrils linked with lignin and acted as skeleton
of lignin/cellulose aerogels, which can regulate the graphitization degree of the LCs
and manage their specific surface aera and pore structure. The LC30 exhibited a high
specific surface aera of 1770 m? g'! and well-developed hierarchical pore structure
with the total volume of 1.87 cm? g-! and average pore size of 4.2 nm. Expectedly,
LC30 showed a high specific capacitance (216.2 F g! at 0.5 A g!) and low impedance
(Rt =0.34 Q) in the three-electrode system. In addition, LC30 electrode displayed
attractive electrochemical performance with a high specific capacitance of 178 F g! at
0.2 A gl in the two-electrode system. The corresponding symmetric supercapacitor
showed remarkable energy density of 12.3 Wh kg'! at a power density of 50 W kg'!
and possessed a great energy retention of 5.0 Wh kg! at 1226 W kg-!. Therefore, this
study demonstrated a facile, low cost and environmental-friendly strategy for the
fabrication of lignin/cellulose-based carbon materials with high specific surface area,
reasonable 3D hierarchical pore structure and outstanding electrochemical

performance, which is beneficial for the high value utilization and development of
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lignin and cellulose. The developed lignin/cellulose carbon material LC30 holds great

promising as supercapacitor electrode in electrochemical energy storage application.
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