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Ultraflexible all-in-one supercapacitors with high
capacitance and ultrastable cycle performance
enabled by wood cellulose networks

Shaogqiu Ke,+* Di Xie,+° Kai Zhang,” Fangchao Cheng (2 **° and Yigiang Wu*?

Herein, we demonstrate a structure-enabled strategy to construct an ultrastable, high-performance,
ultraflexible all-in-one supercapacitor with a one-piece wood cellulose network/polyaniline/multiwalled
carbon nanotube composite as both the electrodes and the separator. A cellulose network was used as
the carrier and separator, and multiwalled carbon nanotube and polyaniline acted as conducting
materials. Excellent flexibility was achieved by combining the cellulose network with a polyvinyl alcohol-
based electrolyte. Natural directional channels in the cellulose network and the gradual distribution of
the polyaniline and carbon nanotube within the structure enabled the construction of an integrated
supercapacitor with reduced contact resistance between layers and improved electronic/ionic
conductivity and stability. The supercapacitors resulted in a high specific areal capacitance of
0.71 F cm~2, as well as ultrastable cycle performance, which led to a 106.68% retention of the specific
capacitance after 50000 loops at a current density of 3 A g~1. The current study provides a nature-
inspired strategy to rationally design and construct environmentally friendly high-performance and

ultrastable energy storage devices.

1. Introduction

At present, excessive consumption of fossil fuels and conse-
quential environmental pollution compel countries to search
for the sustainable development of new energy and advanced
technologies associated with energy storage." Supercapacitors,
as one of the most important energy storage devices, can not
only store energy like traditional batteries, but also have the
advantages of ultra-high capacitance, high power density, rapid
charging, long lifetimes, and excellent low-temperature perfor-
mance and safety, and have been widely applied in electronics
products, electric vehicles, military applications, and other
industrial fields.” Due to the popularity of electronic wearables,
flexible supercapacitors (FSCs) are designed to operate without
performance degradation under various strain conditions, such
as bending, folding, and even twisting, which are particularly
suitable for wearable electronics.’ In general, the performance
of FSCs mainly depends on electrodes, and multifarious
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electrode materials have been used to construct FSCs, includ-
ing graphene,™® carbon nanotube (CNT),® reduced graphene
oxide,*” conductive polymers,” MnO,,® and other materials.’
Among them, natural renewable materials, such as cellulosic
materials, have drawn much attention as flexible electrode
matrixes due to their biodegradability and environment friend-
liness. Cellulosic materials'® (e.g., cellulose nanofiber, bacterial
cellulose, cellulose nanocrystal, wood, and paper) have been
combined with conducting polymers,® carbon nanomaterials,®
and metal oxides'! to form electrode materials for FSCs,
resulting in high performance for energy storage and outstand-
ing flexibility. However, FSCs prepared with cellulosic materials
cannot take full advantage of the unique, naturally endowed
structure of lignocellulosic biomass and cannot achieve high
energy/power density, long cycle lives, and high mass loading
simultaneously.’®"® Wood is a widely used material with
unique porous hierarchical cellular structures originating from
its natural growth.' It is a promising concept to use wood as a
template to produce electrode materials due to the naturally
complex meshstructures of wood, which can provide a series of
microreactors for other polymers or functional materials to
form directional and functional composites.'>'® Recently, we
prepared a highly conductive cellulose network/polyaniline
composite as a promising electrode material by removing
hemicellulose and lignin from wood while retaining the cellu-
losic skeleton structure of the wood.” However, cellulose
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network-based conductive composites have poor flexibility due
to the stiffness of the original wood. Therefore, further inves-
tigations are needed to realize the high energy/power density,
long life cycles, and flexibility of naturally sourced, environ-
mentally friendly cellulose network-based FSCs.

In addition to electrode materials, the electrolyte is an
essential component that plays a crucial role in the perfor-
mance of FSCs; it usually involves the liquid, gel phase, or all-
solid-state forms."® Due to the advantages of low cost, high
reliability, and high ionic conductivity (about 10™* to
107" S em™"), gel electrolytes are commonly used in FSCs."
Unfortunately, most FSCs using gel electrolytes (e.g., the poly-
vinyl alcohol (PVA)-acid system) exhibit poor structural integ-
rity and low mechanical strength due to the nature of liquid
gels.”® However, PVA-based gel electrolytes can be converted
into robust, self-standing hydrogels through freezing-thawing
cycles.” This may allow us to enhance the flexibility and
mechanical strength of FSCs with the introduction of PVA-
based gel electrolytes.

The structure design of FSCs is also of great importance in
making full use of active electrode materials and facilitating ion
and electron transport, which is particularly true when a thick
electrode is utilized. Traditional FSCs have a multilayered
structure that consists of two solid electrodes, a separator in
between, and the electrolytes.>> However, the laminated
configuration results in a large interface contact resistance
because of the multiple interfaces among the layers, which
hinders the fast charge and ion transport from the cathode to
the anode.>® Furthermore, during the continuous bending or
stretching cycles, the relative displacement between the differ-
ent layers may lead to the electrode delamination of FSCs,
which will undoubtedly reduce the performance of the device.>?
In this case, decreasing the layer component number of FSCs
and introducing an all-in-one structure into the FSCs may be
beneficial to the stability of the FSCs and reduce the interface
contact resistance, thus resulting in high performance for
energy storage. As discussed above, the freezing-thawing treat-
ment of PVA-based gel electrolytes can not only enhance the
flexibility and mechanical properties of FSCs, but also allow for
the assembly of all the components (electrodes, separator, and
collectors) of FSCs without adhesive. Additionally, if the separa-
tor is substituted with an intermediate structure between
electrodes constructed with gel electrolytes and a cellulose
network, a novel all-in-one configuration of FSCs can be rea-
lized by fine-tuning the preparation process of the electrode
materials, and the purpose of improving the energy storage
performance and stability of FSCs would be expected to achieve
by introducing the unique configuration and structure.

To verify this hypothesis, a novel type of all-in-one FSCs was
developed based on a single-piece cellulose network originating
from solid wood. In the structure of the FSCs, a piece of
cellulose network/polyaniline/multiwalled carbon nanotube
(CPM) composite acts as both the electrodes and separator,
where the two surface parts containing polyaniline (PANI) and
multiwalled carbon nanotube (MWCNT) act as the two electro-
des, and the intermediate part of the composites between the
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two electrodes can be directly used as the separator. The PVA-
based gel electrolytes can fix all components of the FSCs as well
as act as an adhesive to fix the carbon cloth collectors. The
cellulose network/polyaniline/multiwalled carbon nanotube
(CPM) composites were synthesized by combining the chemical
fractionation of solid wood, the immersion of MWCNT, in situ
partial growth of PANI, and the coating of MWCNT onto the
surface of the composites. The FSCs were assembled by the
impregnation of the PVA-based gel electrolytes followed by
freezing-thawing cycles. The FSCs exhibited high specific areal
capacitance (up to 0.71 F cm ™), ultrahigh cyclic stability (about
106.68% retention after 50000 loops at 3 A g~ '), promising
ionic conductivity (up to 1.92 x 107> S em™'), and stable
performance retention under various folding statuses. More-
over, the fabrication strategy of the all-in-one FSCs shows wide
applicability, and different cellulosic materials, such as cotton
cloth and cellulose paper, can be employed to construct FSCs
with this method. The design strategy of all-in-one FSCs with a
cellulose network provides a new direction for the preparation
of integrated-structure, high-performance, safe, and reliable
naturally sourced energy storage devices and may promote
the sustainable and innovative development of wearable
devices.

2. Experimental
2.1 Materials

Carboxylated multiwalled carbon nanotube with diameters of
10-20 nm was obtained from Jiangsu Xianfeng Nanomaterial
Technology Co., Ltd (China). Phosphoric acid (H3PO,, 98%) was
purchased from Lianjiang Ailian Chemical Reagent Co., Ltd
(China). Polyvinyl alcohol (=97%) was obtained from Tianjin
Damao Chemical Reagent Factory (China). Potassium hydro-
xide (KOH, >85%) was purchased from Chengdu Jinshan
Chemical Reagent Co., Ltd (China). Acetic acid (CH;COOH,
>99.5%) was purchased from Chengdu Cologne Chemical Co.,
Ltd (China). Anhydrous ethanol (>99.7%) was obtained from
Tianjin Fuyu Fine Chemical Co., Ltd (China). Phytic acid (PA,
70%), sodium chlorite (NaClO,, 98%), ammonium persulfate
(>98%), and aniline (>99.5%) were provided by Shanghai
Aladdin Bio-Chem Technology Co., Ltd (China). Balsa wood
(Ochroma lagopus Swartz) was purchased from Zhuhai Dechi
Technology Co., Ltd (China). All reagents were used as received.

2.2 Fractionation, impregnation and
polymerization processes

Balsa Wood samples (2 g) with dimensions of 15 x 15 x 1 mm
were immersed in aqueous KOH solution (2.5 M, 50 mL) at
room temperature for 12 h. Then, the mixture was refluxed for
3 h at 90 °C with magnetic stirring to remove most of the
hemicellulose and part of lignin. Next, the sample was rinsed
repeatedly with deionized water until the pH was equal to 7.
The treated samples were put into a 150 mL conical flask, and
65 mL deionized water, 0.5 mL glacial acetic acid, and sodium
chlorite (0.7 g) were successively added to the flask. The
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mixture was heated at 75 °C for 1 h, and more glacial acetic acid
(0.5 mL) and sodium chlorite (0.7 g) were subsequently added.
The above process was repeated three times to obtain white,
purified wood samples. The as-prepared samples were rinsed
repeatedly with deionized water until the pH equaled 7 and was
stored in anhydrous ethanol to obtain a white cellulose
network block.

The weight percent gain (WPG) of the cellulose network
sample during the in situ polymerization process was calculated
with the following eqn (1):

WPG = ((M; — M)/M) x 100% (1)

where M is the weight of cellulose network, and M; is the weight
of cellulose network/polyaniline/multiwalled carbon nanotube
(CPM) composites.

Then, MWCNT solution (0.15 mg mL™", 10 mL) was infil-
trated into a cellulose network sample by vacuum filtration,
and the sample was subsequently immersed in a solution
containing aniline (4.58 mL), phytic acid (6.59 mL), and deio-
nized water (20 mL) under vacuum for 0.3 h. Subsequently, the
ammonium persulfate solution, which was prepared by dissol-
ving ammonium persulfate (1.82 g) in 10 mL deionized water,
was slowly dropped into the above system containing the
cellulose network sample at 5 °C. The mixture was kept at
0 °C for 6 h to allow the in situ polymerization of the aniline
monomer by diffusing APS into the cellulose network sample.
After the in situ polymerization process, the sample was repeat-
edly rinsed with deionized water and anhydrous ethanol until
the pH reached 7, and then dried in a freeze-dryer for 24 h.
Narrow strips with widths of about 2.5 mm were cut off from
four edges of the dried block to obtain the CPM composite
sample with dimensions of 10 x 10 x 1 mm (L X W x H). To
analyze the effect of MWCNT on the electrochemical perfor-
mance of the composites, CP composites were also prepared
using the same method without the infiltration of MWCNT.

2.3 Fabrication of the supercapacitor prototype based on CPM
block

The PVA-based electrolyte was prepared by mixing H;PO, (1 g),
deionized water (10 mL), and polyvinyl alcohol (PVA) powder
(1 g) and then heating the mixture at 85 °C with magnetic
stirring until it became clear; the solution was then kept at
85 °C for another 1 h without stirring. Then the electrolyte was
fully immersed into the CPM blocks by vacuum impregnation.
Subsequently, MWCNT was coated on the surface of the CPM
blocks and adhered to the composites with the electrolyte.
Different MWCNT loadings of 0.6, 2.8, 5, and 7.2 mg cm >
resulted in corresponding electrode samples called CPM,,
CPM;, CPM,, and CPMj3;, respectively. Two carbon cloth collec-
tors were adhered to the surfaces of the CPMy (i.e. CPM,, CPM;,
CPM,, and CPM;) samples with the electrolyte to assemble
various CPMy supercapacitors. The FSCs based on CPMy com-
posites were obtained after three cycles of freezing-thawing
treatment with 12 h of freezing at —20 °C and 3 h of thawing at
room temperature in each cycle.
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2.4 Characterizations

Scanning electron microscope (SEM). The wood, cellulose
network, and CPM samples were characterized using SEM
(Hitachi S-3400N, Tokyo, Japan), and the secondary electron
images of the samples were collected with an acceleration
voltage of 5 kV.

Field emission scanning electron microscope (FE-SEM). The
wood, cellulose network, and CPM samples were also charac-
terized using FESEM (Hitachi SU8220, Tokyo, Japan). And the
secondary electron images of the samples were collected with
an acceleration voltage ranging from 5 kV to 15 kV.

Transmission electron microscopy (TEM). TEM images of
MWCNT was collected using a FEI Tecnai G2 F30 TEM instru-
ment (Thermo Fisher Scientific Corp., Hillsboro, OR, USA).

Brunauer-Emmett-Teller (BET) measurement. The porous
structures of the wood, cellulose network and CPM samples
were analyzed by a JW-BK300C three-station parallel automatic
mesoporous microporous analyzer (Beijing Jingwei Gaobo
Science and Technology CO., Ltd, Beijing, China).

Fourier transform infrared (FTIR) spectrum. FTIR spectra of
the wood, cellulose network, PANI, and CPM samples were
measured with a Nicolet iS 50 FT-IR instrument (Thermo Fisher
Scientific Corp., Waltham, USA). All the samples were ground
into 100 mesh, mixed with potassium bromide, and com-
pressed into tablets. The spectra of each sample were recorded
from 400 to 4000 cm ™" with 32 scans at a resolution of 4 cm™".

Raman spectrum. Raman spectra of the cellulose network
and CPM samples were measured with a inVia Reflex Reflex
laser Raman spectrometer (Renishaw, Gloucestershire, UK).
The laser wavelength was 633 nm, and the test range was
200-3000 cm ™.

X-ray diffraction (XRD). The cellulose network, PANI, and
CPM samples were ground into 100 mesh and characterized by
a Smart Lab 3 kW X-ray diffractometer (Rigaku Corporation,
Tokyo, Japan) equipped with Ni-filtered CuK radiation
(k = 1.5406 A) at 40 kv and 30 mA. In this test, scattered
radiation is recorded in the 260 ranging from 5° to 50° at a scan
rate of 5° min~'. The d-spacing of the lattice was calculated
according to the Bragg equation (eqn (2)):

d = nA/2sin 0 (2)

where d is the lattice spacing of the sample, 6 is the incident ray
angle between the reflected line and the reflective crystal plane,
and 4 is the wavelength. The relative crystallinity index (Crl) of
cellulose was calculated with the Segal method (eqn (3)):

Crl = ((1002 - Iam)/l()oz) x 100% (3)

where I, is the maximum intensity of the diffraction peak for
the (002) crystal plane and I, is the intensity of the amorphous
background diffraction at 26 = 18°.

Electrochemical measurement. A three-electrode system at
room temperature was employed to investigate the electroche-
mical properties of the samples electrodes in 1 M H,SO,
electrolyte. A silver-silver chloride (Ag/AgCl) electrode and Pt
electrode were used as the reference and counter electrodes,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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respectively. The electrochemical properties of electrodes were
analyzed with cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD) and electrochemical impedance spectroscopy
(EIS) measurements using a CS 310H electrochemical work-
station (Wuhan Corrtest Instruments Corp., Ltd, Wuhan,
China). For three-electrode system, the voltage range for CV
and GCD measurements were set to 0-0.8 V. CV measurement
was conducted at scan rates of 2, 5, 10, 20, 50, and 100 mV s .
GCD measurement was conducted at scan rates of 0.3, 0.4, 0.5,
1, and 2 A g~ . EIS analysis was performed with a perturbation
of 10 mV in the frequency range from 100 kHz to 0.01 Hz.

For the three-electrode tests, the area specific capacitance
C (F cm™?) was calculated with eqn (4):

C = (JIdv)/(2vSU) (4)

where I (A), v (Vs™"), S (cm?), and U (V) stand for the current,
voltage sweep rate, working area of the electrode, and voltage
window, respectively.

The electrochemical properties of the as-prepared super-
capacitors were also characterized with CV and GCD methods.
CV and GCD measurements were conducted with a potential
window from —0.6 V to 0.6 V. The scan rates for CV and GCD
measurement were same as those for the three-electrode tests.
EIS analysis was also performed with the same settings as those
for the three-electrode tests. The area specific capacitance Cg
(F em™?), the gravimetric specific capacitance Cy (F g '), and
the bulk ionic conductivity ¢; (S cm™') were calculated with
eqn (5) and (6):

Cs = ([1dU)/(vSU) (5)
Cq = 4 (IA)/(mU) (6)

where I (A), v (Vs ™), § (cm?), U (V), At (s), and m (g) stand for
the current, voltage sweep rate, working area of the electrode,
voltage window, discharge time, and total electrode sample
weight, respectively. The ionic conductivity ¢; (S ecm™"') was
calculated with eqn (7):

a; = d/(RS) (7)

where d (cm), S (em?), and R (Q) are the thickness, the area,
and the bulk resistance, respectively. The energy density E
(W h em™?) and power density P (W cm™?) of the supercapaci-
tors were calculated with eqn (8) and (9):

E=(1/2) x Cy x U? (8)
P=Et (9)

where C; (F ecm™?), U (V), and ¢ (h) are the areal specific
capacitance, voltage window, and discharge time, respectively.

3. Results and discussion

The construction of all-in-one FSCs was realized in this study
with the help of the straightforward cellular structure of the
cellulose network, the controllable partial deposition of PANI,
and the integrated assembly with PVA-based gel electrolytes. As

© 2022 The Author(s). Published by the Royal Society of Chemistry
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graphically presented in Fig. 1a, a free-standing cellulose net-
work retaining the structure and porosity of the original wood
was produced by the chemical fractionation of solid wood. The
three-layer structure of CPM composites was subsequently
constructed through the immersion of MWCNT and in situ
partial growth of PANI followed by cutting the four edges of the
composites. The electrolyte was fully injected into the CPM
composites by vacuum impregnation, and then MWCNT was
coated on the surface to obtain CPMx (X = 0, 1, 2, 3) composites.
The CPMy-based FSCs were finally formed after introducing
carbon cloth collectors and conducting three freezing-thawing
cycles (Fig. 1a). The CPMy composites endowed the FSCs with
an integrated all-in-one structure containing both electrodes
and a separator (Fig. 1b). The two surface parts contained active
materials (i.e., MWCNT and PANI) that can act as the electrodes
as well as an intermediate part of the composites between the
two electrodes, where there is no distribution of active materi-
als; thus, it can be directly used as the separator. The as-
prepared FSCs exhibited excellent flexibility, which allowed
them to be wound around a finger and serve as a power source
for wearable devices (Fig. 1c). Due to the extensive availability of
wood, the CPMx-based FSCs possess scalable characteristics,
and a scale-up sample of CPM composites with dimensions of
10 x 12 x 2 cm is presented in Fig. 1d. The CPM electrode
materials that featured super flexibility can endure various
forms of deformation such as bending, curling, twisting, and
folding (Fig. 1e). Tensile tests were performed on the all-in-one
FSCs to verify the adhesion strength between the current
collector, MWCNT layer and CPM composites. The results
showed that the all-in-one supercapacitor exhibited a promis-
ing tensile strength of 169.70 KPa (Fig. S1, ESIT). Moreover, the
present preparation strategies of the CPMy electrodes as well as
the corresponding FSCs showed excellent applicability on other
cellulose materials commonly used in daily life, such as cotton
cloth and cellulose paper. The CPM composites based on
cotton cloth and cellulose paper can also produce a three-
layer structure by the in situ partial growth of PANI (Fig. 1f),
which can be utilized as an electrode material for the all-in-
one FSCs.

Fig. 2 demonstrates the morphologies and characterizations
of products in various stages of the preparation process of the
CPM composites. A white cellulose network block with high
porosity (Fig. 2a) was firstly produced by the chemical fractio-
nation of the solid wood with alkali and sodium chlorite, which
can dissolve hemicellulose and decompose lignin into water-
soluble compositions through the reactions of phenolic and
alcoholic hydroxyls.”* The fractionation process can enhance
the nanostructure of the cellulose network by removing most of
the hemicellulose and lignin distributed between the cellulose
microfibrils, which was confirmed by the disappearance of the
characteristic peaks of hemicellulose and lignin in the Fourier-
transform infrared spectra (Fig. S2, ESIt). Cellulose microfibril
bundles were observed on the cross-section of the cellulose
network (Fig. 2b). The process can also deconstruct the struc-
tures of pit pairs on the wood cell wall to produce micron-scale
holes connecting the adjacent wood cells (Fig. S2, ESIf).

Mater. Adv, 2022, 3, 2026-2036 | 2029
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Fig. 1 Construction procedures and characteristics of the CPMy composites and the corresponding FSCs: (a) schematic diagram of the preparation
process of the all-in-one FSCs, (b) the structure of the all-in-one FSCs, (c) flexibility of the CPMx-based FSC, (d) scalable CPM composites, (e) various
deformation forms of CPMy composites, and (f) CPM composites based on different cellulose materials.
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Fig. 2 The morphologies and characterizations of various products during the preparation process of the CPM composites: (a) schematic diagrams of
the wood cell lumen during the preparation process of CPM composites and the photographs of the corresponding samples, (b) SEM images for the
cellulose network, (c) TEM images for MWCNT, (d) FESEM images for PANI, (e) SEM images for the longitudinal section of the cellulose network/MWCNT
sample, (f) SEM images for the cross section (surface) of CPM composites, (g) SEM and TEM images for the MWCNT/PANI complex in CPM composites,
(h) nitrogen adsorption—desorption curve and the pore size distribution of wood, cellulose network, and CPM composites, (i) FTIR spectra of the MWCNT,
cellulose network, PANI, and CPM composites, (j) Raman spectra of MWCNT, PANI, and CPM composites, and (k) X-ray diffraction patterns of the
MWCNT, cellulose network, PANI, and CPM samples.
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The enhanced hierarchical porous structure makes the cellu-
lose network an excellent matrix for further compounding and
modification, in order to produce electrode materials and
energy storage devices.'” It is reported that the introduction
of MWCNT can reduce the ion diffusion impedance of PANI by
forming a continuous phase for charge transfer, thereby
improving the capacity, stability, and functional characteristics
of the PANI-based electrode.”® In this study, MWCNT was firstly
infiltrated into the cellulose network before the in situ poly-
merization of PANI to construct a cross network with PANI in
the next step. SEM results showed a gradient distribution of
MWCNT on the inner wall of the wood cell lumen, and the
MWCNT distribution gradually decreased from the surface to
the center (Fig. 2e and Fig. S3a-c, ESIt). TEM images illustrate
the multiple-wall structure of MWCNT (Fig. 2c). It should be
noted that a low mass loading of MWCNT (0.6 mg cm™ %) was
employed to avoid a possible short circuit when the composites
were used as the integrated electrodes for the FSCs (Fig. S2,
ESIT). The as-prepared cellulose network/MWCNT complex was
then impregnated with aniline monomers, and the in situ
deposition of PANI was realized through the chemical oxidative
polymerization of aniline.”® Extremely dense distribution of
PANI was observed on the cross-section of the CPM composites
(Fig. 2f). Additionally, inside the cell lumen, PANI was found to
be intensively deposited on the MWCNT surface to form a
cross-network and anchor the MWCNT to the inner cell wall
(Fig. 2g). Interestingly, the PANI deposition on the inner cell
wall presented a gradual change from the surface to the interior
that can be seen from the longitudinal section of the sample
(Fig. 2a), and the mass loading and distribution of PANI in the
CPM composites can be tuned by varying the reaction time and
PA concentration (Fig. S2, ESIT). Thus, a three-layer structure of
the CPM composites can be formed through regulating the
mass loading of PANI (Fig. S2, ESIt); the corresponding weight
percent gain for PANI ranged from 41.0% to 80.4%. The layered
structure enabled the subsequent preparation of integrated
electrode materials and the construction of all-in-one FSCs.
The influence of the fractionation and in situ polymerization
process on the porosity of the wood matrix was investigated by
comparing the BET surface area and pore volume of the wood,
cellulose network, and CPM samples (Fig. 2h). The BET surface
area of the cellulose network was 3.382 m”> g~ ', which was
slightly higher than 1.817 m”> g~ " of wood, indicating that the
fractionation process can remove most of the hemicelluloses
and lignin fractions of wood and enhance its porosity and
microstructure.?” By comparison, the CPM composite exhibited
a much higher BET surface area (8.773 m? g~ ) than that of the
cellulose network and wood samples. Moreover, the compar-
ison of pore size distribution curves (Fig. 2h) illustrated that the
CPM composite possessed a much higher pore volume
(0.065 cm® g ') relative to that of the cellulose network
(0.017 em® g ') and wood (0.006 cm® g~ '). Compared with
cellulose network and wood, the pore size in the CPM compo-
site showed a wider distribution within the range of micropore
and mesoporous structures (Fig. 2h). These results suggest
that the cellulose network had abundant nanoscale pore

© 2022 The Author(s). Published by the Royal Society of Chemistry
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distribution despite its specific surface area being small. The
introduction of PANI and MWCNT enriched the pore structure
of the CPM composites, especially the micropores and
mesopores.

The interactions of cellulose, PANI, and MWCNT in the CPM
composites were analyzed by FTIR, Raman spectra, and XRD
analyses. Most of the characteristic peaks for cellulose, PANI,
and MWCNT were present in the FTIR spectra of the CPM
composites (Fig. 2i). Compared with three respective spectra,
red shift and a decreased intensity of the O-H stretching
absorption peak can be observed in the spectrum of the CPM
(Fig. 2i), which indicated that the incorporation of PANI and
MWCNT partly weakened the native hydrogen bonding of the
cellulose, and that these three components formed a new
hydrogen bonding network in the CPM composites.*® Consis-
tent with the above deduction, XRD patterns confirmed the
decrease of cellulose crystallinity with the introduction of PANI
and MWCNT; the relative crystallinity of the cellulose decreased
from 60.23% for the cellulose network to 54.97% for the CPM
composites (Fig. 2k). The decrease in crystallinity may be
mainly attributed to the infiltration of aniline monomers into
the cellulose microstructure and the subsequent in situ for-
mation of PANL>® The Raman spectra of the CPM composites
revealed high similarity with those of PANI and MWCNT,
indicating the successful in situ polymerization of PANI around
MWCNT (Fig. 2j). The Raman spectra also confirmed that the
incorporation of PANI had no obvious influence on the multi-
wall structure of MWCNT.

During the preparation process of the CPM composites,
MWCNT was infiltrated into the cellulose network to form an
ionic conductive complex with PANI, and an improvement on
the electrochemical performance was expected to be achieved.
To test this hypothesis, two kinds of composites were prepared
based on the cellulose network and PANI for comparison: CPM
composites with MWCNT and cellulose network/PANI (CP)
composites without MWCNT. The effects of the incorporation
of MWCNT on the electrochemical performance of the electro-
des were evaluated by three-electrode tests with CV, GCD, and
electrochemical impedance spectroscopy methods (Fig. 3). The
cyclic voltammetry curves (Fig. 3a-c) at different scan rates
confirmed the evident capacitive nature of the CP and CPM
composite electrodes. Two pairs of redox peaks for PANI can be
observed in the CV curves at a scanning rate of 2 mV s '
(Fig. 3c), which should be attributed to the embedding and
stripping of H' from H,SO, electrolytes in PANI, which was also
the main source of capacitance.?*® The cellular structures in
the cellulose network can act as microreactors for the in situ
preparation of PANI along the inner wall of the wood cell
lumen. Considering the fact that the H" doping degree of PANI
mainly determined its conductivity,*" the ion may primarily
transmit along the cell lumen in this case. Thus, the micro-
porous structure formed by the cellulose network and PANI can
provide ion channels for electrolyte penetration and ion trans-
mission when the composites are used as electrode materials.
Compared to the CP electrode, a more visible curvature of the
CV curve for the CMP electrode implied its stronger
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Fig. 3 Electrochemical performance of the wood-derived electrode materials in a three-electrode test. CV curves for (a) CP and (b) CPM electrodes
under various sweep rates. (c) CV curves of the CP and CPM electrodes at a sweep rate of 2 mV s~*. (d) Nyquist diagrams for CP and CPM. GCD curves for

(e) CP and (f) CPM electrodes under various current densities.

pseudocapacitive feature, and the comparison of the integral
areas demonstrated the much higher capacitance of the CPM
electrode. The CPM electrode provided a promising areal
specific capacitance of 0.27 F cm™2 at a scan rate of 2 mV s~ "
in the three-electrode test, while the CP electrode resulted in an
areal specific capacitance of 0.14 F cm ™ at the same scan rate;
this was mainly attributed to the incorporation of MWCNT in
the CPM electrode, which increases the specific surface area of
the sample and causes the chain of PANI molecules linked
together to have no contact with each other as well as the
corresponding enhanced electron transfer and electrochemical
reactivity.>® The Nyquist diagram (Fig. 3d) of the CPM electrode
showed a lower interface resistance than that of the CP elec-
trode (2.66 Ohm vs. 3.00 Ohm), indicating the higher electro-
nic/ion transmission rate for the CPM electrode.*® The bulk
ionic conductivities of the CP and CPM electrodes were also
determined with the EIS method (Fig. 3d). The CPM electrode
showed a slightly higher ionic conductivity of 3.76 X
107> S cm ' than that of the CP electrode (3.33 x
1072 S em™ "), which was consistent with the above interfacial
resistance results. The galvanostatic charge—discharge curves
for the CP and CPM electrodes at different current densities
(Fig. 3e and f) exhibited approximately symmetrical triangular
shapes, which reflected their promising conductivity proper-
ties. The CPM electrode exhibited much better gravimetric
specific capacitances (186.58 F g~ ' vs. 110.52 F ¢~ ') than that
of the CP electrode. In addition, the Coulombic efficiency for
the CPM electrode reached 93.9%, which confirmed its high
electronic/ion transmission rate.*® The promising conductivity
and specific capacitance of the as-prepared CPM composite
makes it an important candidate for electrode materials. How-
ever, it is also suitable to act as the integrated electrode
material for all-in-one supercapacitors when considering its
outstanding advantage of possessing an integrated structure.

2032 | Mater. Adv., 2022, 3, 2026-2036

Given the integrated structure of the CPM composites, we
proposed that an integrated all-in-one FSC device can be
obtained based on a single CPM block. Corresponding to the
electrode-separator-electrode structure of the traditional
supercapacitor, two surface parts of the CPM block acted as
the electrodes in the integrated all-in-one FSC, and the middle
part acted as the separator (Fig. 1b). Additionally, the CPM
composites showed uneven and porous surfaces on the cross
sections (Fig. 2f). In order to obtain flat surfaces of the CPM
composite electrodes and improve their electrochemical energy
storage performance, different loadings of MWCNT were
coated on the surfaces of the CPM composites and adhered
to the surface with electrolytes to form the CPMy (X = 0, 1, 2,
and 3) integrated electrode materials. The integrated FSC was
then assembled by the coverage of carbon clothes on a single
CPMy block as the collectors and the subsequent freezing-
thawing cycles of PVA-based gel electrolytes. The freezing-
thawing treatment improved the physical cross-linking degree
of the PVA-based gel electrolytes,?” and the gel electrolytes were
thus converted into ultraflexible solid materials, resulting in an
excellent flexibility of the as-prepared FSCs (Fig. 1b).

Fig. 4 presents the electrochemical properties of the inte-
grated all-in-one FSCs based on the CPMy composites. The CV
curves of all the FSCs exhibited a rectangular shape (Fig. 4a),
indicating their promising capacitive behavior. The character-
istic redox peaks of PANI can also be observed on the CV
diagrams of all the FSCs at a scan rate 2 mV s~ '.*” The specific
areal capacitance of the FSC based on CPM, (i.e. without the
coating of MWCNT) was 0.12 F cm > at a sweep rate of
2 mV s~ . The FSCs based on the CPMy composites with the
coating of MWCNT (CPM,, CPM,, and CPMj;) showed much
higher specific areal capacitance of up to 0.71 F cm™> (CPM,);
the capacitance increased first and then decreased as the mass
loading of MWCNT increased from 0 mg cm™ > to 7.2 mg cm >

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Electrochemical performance of the integrated FSCs based on single CPM blocks with MWCNT of various weights: (a) CV curves of the CPMy-
based FSCs at 2 mV s7%, (b) areal specific capacitance at different sweep rates, (c) specific areal capacitance of the FSCs with various mass loadings of
MWCNT, (d) GCD curves of the FSCs at 0.3 A g~2, (e) gravimetric specific capacitance under different current densities, (f) CV curves for FSCs folded at
different angles at 2 mV s, (g) GCD curves for FSCs bent in different angles under 0.3 A g~%, (h) capacitance retention and Coulombic efficiency of the
CPM,-based FSC in the cyclic charge and discharge test under 3 A g~ (inlet: LED lighting with the FSCs), and (i) comparison of Ragone plots of the
present and reported supercapacitor devices (GF/3D-G,® Pen ink,*>* PANI-SS,** PANI-PCH,*> and MWCNT-OMC>®).

(Fig. 4c). During the assembly process of the FSCs, MWCNT was
coated on the surface after the complete infiltration of the electro-
lyte. It was adhered by the gel electrolyte and fixed on the composite
surfaces through the solid conversion of the electrolyte with the
freezing-thawing treatment to ensure full contact between the
coated MWCNT and the CPM electrode. Appropriate loading of
the MWCNT can be stably stacked in the holes on the CPM surfaces,
while a further increase of the MWCNT loading may lead to a loose
structure of the electrode materials (Fig. S3d-f, ESI{) and thus
insufficient contact in the electrode material and electrolyte.*®
Consequently, the MWCNT loading of 7.2 mg cm ™ (CPM;) resulted
in a lower specific areal capacitance of 0.65 F cm™ > than that for the
loading of 5.0 mg cm ™2 (CPM,). Additionally, the CV curves of the
FSCs at various scan rates indicated their ideal capacitive behaviors
(Fig. S4, ESIt). The GCD curves of the FSCs with different MWCNT
loadings (CPM,,,;) were also recorded under various current
densities to evaluate their charge-discharge performance (Fig. S4,
ESIt). The GCD curves for FSCs under the current density of
0.3 A g ' exhibited typical symmetrical triangle-shape charge-dis-
charge profiles, indicating the fast charge/discharge properties of
the as-prepared FSCs (Fig. 4d). Similar to the CV results, the GCD
curves confirmed that MWCNT loading played a crucial role on the
capacitance performance of the FSCs. A maximum gravimetric
specific capacitance of 384.69 F g~ was obtained with the sample

© 2022 The Author(s). Published by the Royal Society of Chemistry

based on CPM, composites under a current density of 0.3 A g~ "
These results also demonstrated that an appropriate MWCNT
loading was beneficial to the capacitance performance of the FSCs.
However, the optimal MWCNT loading as determined by the GCD
results was different from that determined by thee CV results, and
thus the appropriate MWCNT loading can be selected according to
different specific capacitance requirements (areal, gravimetric, or
volumetric). The capacitance performance of FSCs showed a certain
degree of stability under various current densities. For example, the
gravimetric specific capacitance for CPM, remained at 240.56 F g *
under a current density of 2 A g~ ' (Fig. 4e). Notably, GCD curves
under various current densities showed no obvious IR drop, and the
Coulombic efficiency remained at approximately 100% during the
charge-discharge cycles (Fig. S4, ESIT). A comparative study con-
firmed that the electrodes prepared by soaking the electrolyte and
subsequently applying MWCNT and PANI showed much lower area
and weight specific capacitances than that of the above-mentioned
sample (Fig. S5, ESIt). Therefore, it is necessary to coat the wooden
substrate with MWCNT and PANI before electrolyte immersion.
Fig. 4f and g illustrates the capacitance performance of the
FSCs device under various folding states. The CV curves of the
FSCs with different folding angles showed limited changes at a
scanning rate of 2 mV s~ ". The specific areal capacitance of the
FSCs based on CPM; composites were 0.42, 0.39, and

Mater. Adv., 2022, 3, 2026-2036 | 2033
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0.34 F cm™ > for the folding angles of 0°, 90°, and 180°,
respectively. The CV curves show a rectangular shape and
notable redox peaks, and the capacitance retention was up to
80.95% for the folding angle of 180°. The GCD curves of the
FSCs in various folding states under a current density of
0.3 A g~ ' exhibited similar triangular shapes, indicating that
the FSCs showed fast charging and discharging performance
under the folding states (Fig. 4g). Excellent flexibility and high
capacitance retention under folding states provide great possi-
bilities for the application of CPMy-based FSCs in wearable
devices.

The consecutive charge-discharge cycles (Fig. 4h) showed the
ultrastable cycle performance of the CPM,-based FSCs, and the
specific capacitance retention reached 106.68% after 50 000 cycles
under a current density of 3 A g~ . Moreover, even at an elevated
current density (5 A g~ '), the specific capacitance retention reached
96.41% (Fig. S4g, ESIt), although there was a decay of capacitance at
the early cycling stage, which may result from the partial pulveriza-
tion of the thin, top PANI layer and uneven CNT coating.> The
slight increase of capacitance at the final stage may result from the
effect of a mesoporous structure in the MWCNT and cellulose
network on the charge transmission and storage in the FSCs,*® as
the dominant mesoporous distribution in CPM composites was
confirmed by the BET results (Fig. 2h). In addition, the activation of
the FSCs via electrochemical cycles could increase the contact area
between the electrode material and electrolyte, which could also
contribute to the improvement of the specific capacitance.”® In
addition, the series connection circuit of several FSC devices showed
realistic applications, such as lighting up a light-emitting diode
(LED) light (Fig. 4h). Although the charging time was slightly
extended, the charging voltage of the CPM,based FSCs after
50000 cycles reached approximately 2.7 V at a current density of
5 A g, thereby lighting up a LED successfully (Fig. S4g, ESIT).

‘— 2mvs’
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The FSC device based on CPM; and CPM, showed a promis-
ing energy density of 2.01/0.83 mW h cm ™ at a power density of
18.77/15.67 mW cm > (at a scan rate of 2 mV s '). The
comparison on Ragone plots of the present and reported FSC
prototypes confirmed the extremely high energy density and
power density of the as-prepared FSCs (Fig. 4i). This may be
attributed to the abundant porous structure of the cellulose
network, which can provide a large place for the deposition of
the active substances. The effective deposition of the active
substances thus greatly increased the capacitance and energy
density per unit area.*' Furthermore, the integrated structure
was conducive to charge transfer in the supercapacitors and
contributed to the improvement of energy storage performance
in the present study.>?

Fig. 5 summarizes the different structures of the conven-
tional supercapacitors and the present integrated all-in-one
FSC, the proposed working mechanism of the present FSCs,
and the electrochemical performance of the FSCs with various
structural prototypes. Generally, two electrodes and a separator
between them are needed to assemble a conventional super-
capacitor, while only an integrated electrode material was
necessary to construct the integrated FSCs in this study
(Fig. 5a). The present strategy eliminated the complicated
assembly steps of the conventional supercapacitors and
reduced the contact resistance between interfaces. Additionally,
the working mechanism of the integrated all-in-one FSC was
proposed as a hybrid supercapacitor combined electrical
double-layer capacitor with faradaic pseudocapacitor according
to the literature, as shown in Fig. 5b.”> During the charging
process, the external circuit resulted in the directional move-
ment of electrons and produced a potential difference between
the electrodes. In order to maintain the overall electrical
neutrality, the anions and cations in the electrolyte moved to
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the anode and cathode, respectively, and thus a dense double
electric layer was formed in the interface between the MWCNT
and electrolyte.*®*> Meanwhile, a redox reaction of PANI
occurred by losing or gaining electrons, and the resulting
directional movement of the anions and cations in the electro-
lyte produced faradaic pseudocapacitance.*>** The superposi-
tion of these two capacitances increased the charge storage
capacity of the FSC device. In the discharge process, electrons
flowed from the external circuit to the anode, which made the
potential difference between the anode and cathode disappear,
and the anions and cations on the surface of the electrode
material broke away from the attraction of their respective
electrodes and migrated back to the electrolyte, thus returning
to the previous state of irregular distribution.**™** Additionally,
the ion transport capacity of the pure PVA gel electrolyte, PVA
gel electrolyte/cellulose network, and PVA gel electrolyte/cellu-
lose paper separator was evaluated by comparing their ionic
conductivities with an EIS method in a three-electrode system.
The sample of PVA gel electrolyte/cellulose network showed a
much higher ionic conductivity (1.85 x 10> S ecm ™ %) than the
pure PVA gel electrolyte (6.33 x 107> S em™ ') and the PVA gel
electrolyte/cellulose paper separator (3.45 x 10> S cm™ )
(Fig. S6, ESIf). This may be due to the directional porous
structure of the cellulose network. The PVA gel electrolyte
possessed a relatively compact structure, and the existence of
a cellulose network in the PVA gel electrolyte promoted ion
transport by providing directional channels for the ion
transport.*’ These results confirmed the above inference on
the promotion effect of the cellulose network on the ion
transport in the FSCs.

Various structural prototypes of FSCs were also studied to
investigate the applicability of the present preparation strategy
of FSCs. Manganese dioxide (MnO,), as an alternative to
MWCNT, and was coated on one side of the CPM composites
to assemble asymmetric FSCs. The CV curve at a scan rate of
2 mV s ' resulted in a higher specific areal capacitance of
0.76 F cm™? than that of the corresponding symmetric FSC
based on CPM, composites (Fig. 5¢). The introduction of MnO,
and the asymmetric structure enabled the excellent electroche-
mical performance of the FSCs, which provides a new idea for
designing novel biomass-based supercapacitors with excellent
electrochemical performance.*> Moreover, we also prepared a
conventional-structure FSC device with two CPM; electrodes
and a commercial cellulose separator (Fig. 5d), and, compared
with that of the all-in-one CPM; FSC, a much higher specific
areal capacitance of 1.32 F cm ™2 was achieved through the CV
test at a scan rate of 2 mV s~ '; this was mainly attributed to the
much higher mass loading (up to 19.18 mg cm ?) of active
substances (MWCNT and PANI) within unit area due to the
utilization of two CPM electrodes. Additionally, the maximum
volumetric capacitance of the FSCs based on two pieces of
CPM, was calculated based on the thickness of the whole device
(2.2 mm, including the collectors), which was much less than
the all-in-one FSC (3.45 F cm > vs. 5.92 F cm ™) based on one
piece of CPM, (1.2 mm) in this study. The results indicated the
integrated structure had the advantages of improving the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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energy storage performance of FSCs when compared with the
conventional structure. An ultra-thick FSC device assembled
with a 1.2 cm-thick CPM; block also showed excellent electro-
chemical performance (Fig. 5¢). The CV curve of the ultra-thick
FSC at the scan rate of 2 mV s~ exhibited an ultrahigh specific
areal capacitance of 1.36 F cm 2. The ultrahigh mass loading of
active substances for the ultra-thick FSC led to the excellent
electrochemical performance, and the porous structure of the
cellulose network endowed the as-prepared FSCs with an out-
standing tunability on the mass loading of active substances. In
addition to the wooden cellulose network, the commonly used
cellulose paper was used as an electrode supporting material to
prepare the all-in-one FSCs (Fig. 5f). The paper-based FSC gave
a promising specific areal capacitance of 0.34 F cm ™2, which
was slightly lower than that of the FSC based on CPM,. This
may be attributed to the relatively compact structure and the
lack of directional channels in the cellulose paper. Based on the
above analyses, it can be found that the present strategy for
the assembly of FSCs showed great extensibility on the elec-
trode material and supercapacitor structure.

The present results demonstrated that the CPM composite
can be used as an important electrode material for high-
efficiency and ultrastable energy storage applications. Addition-
ally, it should be noted that the hierarchical porous structure of
the cellulose network provided an extremely wide space for its
performance improvement, which can be used as a platform for
the development of green and sustainable high-performance
electrode materials.

4. Conclusion

This paper presents a new type of integrated FSC with an
integrated CPMy composite block acting as both the electrodes
and separator. The combination of the straightforward
hierarchical structure of the wood cellulose network with high-
electrochemical-active PANI and MWCNT in the CPMy composites
endowed the FSC with a unique structure for ion/electron transmis-
sion and an ideal electrochemical energy storage performance; the
specific areal capacitance of the as-prepared FSCs based on CPM,
reached up to 0.71 F em 2. The as-prepared FSCs also demonstrated
ultrastable cycle performance, and a specific capacitance retention
of 106.68% was achieved after 50 000 cycles at a current density of
3 A g~ ', which showed a significant advantage over reported FSCs.
The present study provides a new strategy for the design and
construction of high-performance and ultrastable FSCs using renew-
able natural resources for wearable electronics applications.
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