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ABSTRACT: Nature employs supramolecular self-assembly to organize many molecularly complex structures. Based on this,
we now report for the first time the supramolecular self-assembly of 3D lightweight nanocellulose aerogels using carboxylated
ginger cellulose nanofibers and polyaniline (PANI) in a green aqueous medium. A possible supramolecular self-assembly of the
3D conductive supramolecular aerogel (SA) was provided, which also possessed mechanical flexibility, shape recovery
capabilities, and a porous networked microstructure to support the conductive PANI chains. The lightweight conductive SA
with hierarchically porous 3D structures (porosity of 96.90%) exhibited a high conductivity of 0.372 mS/cm and a larger area-
normalized capacitance (Cs) of 59.26 mF/cm2, which is 20 times higher than other 3D chemically cross-linked nanocellulose
aerogels, fast charge−discharge performance, and excellent capacitance retention. Combining the flexible SA solid electrolyte
with low-cost nonwoven polypropylene and PVA/H2SO4 yielded a high normalized capacitance (Cm) of 291.01 F/g without the
use of adhesive that was typically required for flexible energy storage devices. Furthermore, the supramolecular conductive
aerogel could be used as a universal sensitive sensor for toxic gas, field sobriety tests, and health monitoring devices by utilizing
the electrode material in lightweight supercapacitor and wearable flexible devices.
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1. INTRODUCTION

Cellulose is the most abundant and renewable material on
earth. Nanocellulose extracted from various cellulose materials
possesses high mechanical strength, surface hydroxyl groups
for chemical modification, low density, and biocompatibility.1,2

It can be further combined with functional nanoparticles or
conductive polymers for sustainable energy storage and sensor
devices.3 The flexible three-dimensional (3D) nanocellulose
aerogels with a highly porous network structure are promising
systems for use in supercapacitors, energy storage devices,
sensors, lithium−sulfur batteries, and flexible personal care
devices.4−6 However, pure nanocellulose aerogels with more

hydrophilic groups will lead to the poor structural stability in a
green aqueous medium and further restrict their combination
with electrode materials for the above related applications.6,7

To solve the above problems, Yang et al.7 used chemical
modification techniques to prepare two types of cellulose
nanocrystals (CNCs) containing aldehyde and hydrazide
groups, which were then chemically cross-linked to form 3D
lightweight CNC aerogels with a stable structure. These shape-
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recoverable substrates were blended with polypyrrole (PPy),
PPy-carbon nanotubes (PPy-CNT), and manganese dioxide
(MnO2) and used as electrode materials for supercapacitors.
3D CNC hybrid aerogels displayed excellent capacitance
retention at high charge−discharge rates due to the abundance
of a multiple channel structure for electronic and ionic
diffusion of charges. However, these hybrid aerogels displayed
unfavorable area-normalized specific capacitance values of
2.14−3.32 mF/cm2, which were caused by poor dispersion of
capacitive materials on the low-aspect-ratio CNC with a
reduced active electrochemical surface area.7,8 Indeed,
aldehyde- and hydrazide-based modifications with toxic
monomers consume more hydroxy groups on the CNC, thus
reducing the hydrogen bonds between the CNC and capacitive
materials. The assembly of conductive polymers on nano-
cellulose with a high aspect ratio to form 3D lightweight
nanocellulose aerogels in a green aqueous medium with a
porous network structure, high specific capacitance, and sensor
sensitivity is still a challenge.
Nature employs supramolecular self-assembly to organize

many molecularly complex structures,9,10 such as human
tissues, molecular membranes, and gels.11,12 Based on this,
we now report for the facile and rapid hydrogen bond-induced
supramolecular rapid self-assembly of 3D lightweight cellulose
aerogels using carboxylated ginger cellulose nanofibers (CNFs)

and polyaniline (PANI, as a model conductive polymer). The
delocalized π-electrons along the backbone of conjugated
conductive polymers (PANI) induce phase separation/
aggregation and mechanical brittleness of a noncontinuous
conductive polymer network within the gel matrix. In this
study, high-aspect-ratio CNF and PANI combine to initiate
supramolecular self-cross-linking into flexible aerogels with
good structural stability and exhibit excellent synergy,
imparting flexibility and toughness to the brittle PANI, as
well as independent electrochemical and sensing perform-
ance.13−15 In this strategy, the H atom of O−H on CNF forms
hydrogen bonds with the N atom on PANI, and the H atom of
N−H on PANI also forms hydrogen bonds with the O atom
on CNF. The chemical structure of PANI and CNF ensured
more enough hydrogen bonds, so they can quickly self-
assemble into supramolecules (Figure 1, similar to DNA base
pair structures15). PANI covers the overall structure of the SAs,
and there is no problem of shedding. An added advantage of
the one-step supramolecular assembly method is that binders,
surface functionalization or chemical cross-linking, and
carbon/metal supports5,16 are not needed, which reduces the
weight and improves the performance of the device.
The 3D conductive SA possesses mechanical flexibility,

shape recovery capabilities, and a porous networked micro-
structure to support the conductive PANI chains, thus

Figure 1. (A) Schematic synthesis of 2D supramolecular fibers and (B) supramolecular assembly process and their 2D structural arrangement to
form 3D aerogels.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b06527
ACS Appl. Mater. Interfaces 2019, 11, 24435−24446

24436

http://dx.doi.org/10.1021/acsami.9b06527


addressing the poor electrolyte diffusion encountered by the
deposition and slurry impregnation methods for 2D carbon-
based or conductive polymer supercapacitor devices.17 In our
previous study,18 high-aspect-ratio carboxylated CNF extracted
from biomass can be easily physically cross-linked into a bulk
aerogel of the desired shape. They have a high porosity, large
specific surface area, adjustable density, and rich hydrogen
bond content. These properties lay the foundation for the
above properties of 3D conductive SA. Therefore, the
lightweight conductive SA possesses hierarchically porous 3D
structures (porosity of 96.90%), high PANI content (increase
of 66.67%), a larger area-normalized capacitance (Cs) of 59.26
mF/cm2 (20 times higher than other 3D nanocellulose
aerogels7), fast charge−discharge performance, and excellent
capacitance retention. Combining the flexible SA solid
electrolyte with low-cost nonwoven polypropylene (PP) and
PVA/H2SO4 yielded a high normalized capacitance (Cm) of
291.01 F/g without the use of adhesive that is typically
required for flexible energy storage devices. Furthermore, the
highly sensitive SA gas sensors can detect low concentrations
of chloroform, ethanol, formaldehyde, and toluene down to 10
ppm (typical test requirements for alcohol content for drivers
in China). In addition, real-time monitoring of human vital
signals, such as body movements and pulse, can be achieved.
This flexible, nontoxic, and recyclable SA can be combined
with textiles in smart wearable devices.

2. EXPERIMENTAL SECTION
2.1. Materials. Ginger fiber is isolated from natural ginger (length,

3−15 cm; diameter, 500−1000 μm); aniline (99%), citric acid
(C6H8O7, 99.8%), hydrochloric acid (HCl, 99.5%), ammonium
persulfate (APS, 99.9%), sulfuric acid (H2SO4, 98%), and poly(vinyl
alcohol) (PVA,Mw = 67,000) were purchased from Aladdin Industrial
Corporation (Shanghai, China). Polypropylene (PP) nonwoven fabric
was purchased from Zhigao Textile Factory (Yiwu, China).
2.2. Preparation of Carboxylated CNF. The preparation of

CNF used the methods reported in our previous report.1 Briefly, using
the mixed acid method, C6H8O7/HCl (3 M/6 M, 7:3, v/v) was added
to Fischer esterified ginger fiber to obtain high-aspect-ratio
carboxylated CNF; the CNF has a length of 3690 ± 550 nm,
diameter of 25.6 ± 10.2 nm, carboxyl content of 1.18 ± 0.10 mmol/g,
and zeta potential of −30.0 ± 3.0 mV.
2.3. Synthesis of Supramolecular CNF/PANI Fibers. First, 0.5

g of aniline was added to 50 mL of 1 M HCl, and then 0.5 g of APS
was dissolved in 50 mL of 1 M HCl and slowly added to the aniline
solution. Thereafter, the reaction was carried out at 0 ° C for 4 h in a
freezing shaker, and finally, acetone was added to stop the reaction.
PANI suspension was obtained by suction filtration. The CNF
suspension was mixed with the PANI suspension for supramolecular
assembly. The mass ratio of CNF/PANI is 1:1, 2:1, and 1:2, and the
samples are named SupCP1/1, SupCP2/1, and SupCP1/2 according
to the ratio of CNF/PANI, respectively.
2.4. Fabrication of Supramolecular CNF/PANI Aerogels for

Flexible Electrode and Universal Sensor. The CNF/PANI
nanocomposite fiber suspension (10%) was poured into a Teflon
plate, frozen in liquid nitrogen, and placed in a freezer at −30 °C
overnight. After being taken out, it was quickly placed in a freeze dryer
and freeze-dried to obtain an SA. These porous aerogels can be used
directly as sensors and electrodes for supercapacitors after
compression under 1 MPa pressure using a press.
2.5. Fabrication of All-Solid Flexible Supercapacitors. Firstly,

6 g of H2SO4 was mixed with 60 mL of deionized water, followed by 6
g of PVA powder. The mixture was heated to 85 °C with stirring until
the solution was clear. Second, the PP nonwoven fabric intermediate
portion was immersed in the above hot mixed solution and taken out
after 10 min. Immediately, after removal of the flexible electrolyte
from mixed solution, two flexible SA electrodes were attached to both

sides. Finally, the flexible supercapacitor was obtained under 0.1 MPa
pressure using a press for 10 min and then ventilated at room
temperature for 4 h to evaporate excess water. Two flexible all-solid
supercapacitors were connected together using foamed nickel,
charged at 3.0 V, and then connected to a 3.0 V blue LED using
copper wires. The electrochemical performance of flexible all-solid
supercapacitors was tested under normal and bent conditions.

2.6. Fabrication of Flexible Supramolecular Aerogel Gas
Sensor and Supramolecular Aerogel Vital Sign Sensor. The
supramolecular aerogel gas sensor (SAGS) directly used SA as a gas-
sensitive material and connects two double-sided conductive copper
tapes on the upper and lower sides for transmitting electrical signals.
The supramolecular aerogel vital sign sensor (SAVS)/SA was attached
to the PVA/PP nonwoven fabric and then compressed at 0.1 MPa to
connect double-sided conductive copper tape at both ends of the SA.

2.7. Characterizations. 2.7.1. FE-SEM and TEM Character-
ization. The morphology of supramolecular CNF/PANI fibers was
observed by FE-SEM (JSM-5610, JEOL, Japan) at an accelerated
voltage of 1.0 kV at room temperature. About 0.01 wt % cellulose
nanofiber/polyaniline supramolecular fibers were dispersed in water,
and the suspension was sonicated in an ice bath (S7500, Branson,
USA) for 15 min, then deposited on a silicon wafer, and dried in an
oven at 60 °C. Further, a well-dispersed CNF/PANI composite
conductive fiber was observed by TEM (JEM-2100, JEOL, Japan).
Approximately 0.001 wt % sediment of the aqueous suspension of
CNF/PANI conductive fiber was deposited onto a copper grid.

2.7.2. UV Spectroscopy. The optical properties of the supra-
molecular CNF/PANI fibers were characterized in the wavelength
interval between 200 and 800 nm by using an ultraviolet
spectrophotometer (U-3900, HITACHI, Japan).

2.7.3. FTIR Spectroscopy. FTIR spectroscopy was recorded on a
Nicolet IS50 (Thermo Fisher Scientific, USA). All samples were
mixed with KBr particles into a sheet-like shape; the spectrometer was
used for the absorption mode, and the wavelength range was 4000 to
400 cm−1. For each spectrum, 2 cm−1 resolution and 32 spectra were
taken. A separate background spectrum was collected and subtracted
from the original spectrum of each sample.

2.7.4. Thermogravimetric Analysis (TGA). Thermal stability of
CNF and supramolecular CNF/PANI fibers was studied using a
thermogravimetric analyzer (TG209 F1, Netzsch, Germany). The
samples (3−8 mg) were heated from 30 to 800 °C at a rate of 10 °C/
min while using a dynamic nitrogen atmosphere to protect samples.
The main thermal parameters, such as initial decomposition
temperature (T0) and maximum decomposition temperature (Tmax),
are recorded from the TGA curve.

2.7.5. Compression Performance Test. Supramolecular CNF/
PANI aerogel compression performance was measured using a
universal material testing machine (5943, Instron, U.K.).

2.7.6. Porosity. The porosities of the supramolecular CNF/PANI
aerogel were calculated from the densities of the aerogel (ρaerogel),
CNF (ρCNF), and PANI (ρPANI)
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where x
6
is the weight ratio of CNF in an aerogel, and y

6
is the weight

ratio of PANI in an aerogel. Among them, x + y = 6.
2.7.7. Electrochemical Measurements. CV and EIS studies were

performed using a CHI660E electrochemical analyzer (CH Instru-
ments, Inc., USA). The CV scan data was obtained in a 1.0 V voltage
window using Na2SO4 as the electrolyte at a scan rate of 10−600 mV/
s and H2SO4 as the electrolyte at a scan rate of 5−200 mV/s. The
total capacitance C = Q/ΔV was calculated using half of the integrated
area of the CV curve to obtain the charge Q, and then the charge Q
was divided by ΔV. The mass-normalized capacitance and area-
normalized capacitance of the supramolecular fibers were calculated
by equations Cm = C/2m and Cs = C/S, where m is the mass of the
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electrode, and S is the geometric area of the electrode. The EIS
measurement was performed in the frequency range of 0.1 Hz to 100
kHz. The constant current charge−discharge behavior and cycle
stability of the supercapacitor battery were investigated between 0.5
and 4 A/g.
2.7.8. Gas Sensing, Finger Bending, and Pulse Sensing Tests. The

SA was exposed to various sample gases (chloroform (CHCl3),
ethanol (C2H6O), etc.) to evaluate gas sensing performance. The
difference in electrical resistance (ΔR; ΔR = Rgas − Rbase) between the
supramolecular aerogel contact and off-gas atmosphere was recorded
using an electrometer (34460A, Agilent, USA). SAVS was used to
attach to the index finger joint to record the voltage change (ΔV; ΔV
= Vsense − Vbase) of the finger bending. The SAVS was attached to the
skin of the wrist artery to record the ΔV caused by the pulse.

3. RESULTS AND DISCUSSION
The structural formation of SAs had undergone three stages:
(i) 1D supramolecular CNF/PANI (SupCP) fibers assembled

via hydrogen bonds19,20 that are formed into shell-like
structures (Figure 1A) for electron transport. (ii) Supra-
molecular fibers were prepared from the stacking of 2D sheet
structures, like slabs in a construction process. As the “core” of
the composite fiber, the CNF functions as a support to align
the PANI chains to yield a supramolecular structure for the
conduction of electrons. After nanoscale fibers were self-
assembled, they were aligned and stacked into 2D layers,
similar to the slabs in the construction process. (iii) The ice
between the sheet structures sublimes in vacuum, and these
supramolecular fibers assemble, entangle, and connect together
to form a supramolecular 3D aerogel with superior electrical
conductivity (Figure 1B).
The effect of different ratios of CNF and PANI on the

microstructure of supramolecular fibers was observed by FE-
SEM (Figure S1). Overall, the brightness of the sample

Figure 2. TEM images of (A, A′) SupCP1/1, (B, B′) SupCP1/2, and (C, C′) SupCP2/1. Scale bars: 200 nm.

Figure 3. (A) FTIR spectra and characteristic peak labeling. (B) UV−vis spectra, n→ π* energy level transition, and π→ π* energy level transition
diagram. (C, D) TG/DTG curves of pure CNF, PANI, and SupCP aerogels; the black dashed line in the figure indicates the best synergy between
PANI and CNF in SupCP1/2. (E) Schematic diagram of the simulated supramolecular spatial 3D structure of CNF and PANI bonded to
supramolecular fibers by hydrogen bonds.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.9b06527
ACS Appl. Mater. Interfaces 2019, 11, 24435−24446

24438

http://pubs.acs.org/doi/suppl/10.1021/acsami.9b06527/suppl_file/am9b06527_si_001.pdf
http://dx.doi.org/10.1021/acsami.9b06527


suggested uniform and well-dispersed CNF/PANI supra-
molecular fibers. The brighter areas represented the PANI
chains, while the blurred regions corresponded to the
nonconducting CNF. The resulting microstructure bonded

with the electrolyte, enhancing the electron transport
efficiency.21 With increasing CNF content, the conductivity
of the supramolecular fibers deteriorated, resulting in larger
blurry regions. SupCP1/1 and SupCP1/2 seemed to possess

Figure 4. (A−D) FE-SEM images of SupCP1/2 pristine uncompressed aerogel (stepwise zoom microstructures). (E) Fabrication process and (F−
H) FE-SEM images of compressed SupCP1/2 electrode (stepwise zoom microstructures). (I) Process of compressing SupCP1/2 aerogel into an
electrode. (J) Mechanical recovery curve of aerogel at different compression ratios.

Figure 5. (A−C) CV data measured in 1 M Na2SO4 electrolyte at scan rates of 10−600 mV/s. (D−F) Nyquist plots of SupCP1/1 (D), SupCP1/2
(E), and SupCP2/1 (F). Inset: Magnified view of high-frequency region; the dotted line is the slope of the line in the low-frequency region, and the
intersections with the Z′ axis represent the internal resistance.
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good conductivity (Figure S1A,A′,B,B′), while SupCP2/1 only
had a few small areas with high brightness (Figure S1C,C′).
High CNF contents would lead to uneven distribution of
PANI, resulting in a lower coverage of the CNF by PANI.
Compared with pure CNF and PANI (Figure S2), supra-
molecular fibers possessed 3D pore structures forming long-
range continuous CNF structures resulting from the high
aspect ratio of CNF. The self-assembly of supramolecular
conductive fiber composites via hydrogen bonding not only
improved the dispersion of PANI but also contributed to the
formation of long-range structures by PANI. We noted that the
supramolecular assembly processes were very efficient, as
shown in Video S1 in the Supporting Information.
The microstructure of SupCP was further observed by TEM.

The SupCP suspension was dispersed onto the ultrathin
carbon film, and all samples had network or bundle structures,
as shown by the difference in grayscale between CNF and
PANI fibers. The diameter of the individual fibers was uniform
at about 50 nm, confirming the FE-SEM results. As shown in
the bundle structure, PANI and CNF tend to bind together in
parallel. Compared with SupCP1/1 (Figure 2B,B′) and
SupCP2/1 (Figure 2C,C′), SupCP1/2 (Figure 2A,A′) supra-
molecular fibers had a better morphology and higher PANI

fiber ratio, which were beneficial to electronic transmission.
TEM images of pure CNF and PANI are shown in Figure S3,
which were similar as previous studies.22,23

In the FTIR spectra (Figure 3A), we observed the
absorption peaks of the PANI aromatic ring at 1569 and
1120 cm−1 and the absorption peak of benzene aromatic
carbon at 801 cm−1.24 The characteristic peaks of CNF (Figure
3A) at 3435, 2930, and 1735−1720 cm−1 corresponded to the
stretching vibration of O−H, tensile vibration of C−H, and
carboxyl groups (−COOH), respectively.25 Interestingly, the
carboxyl characteristic peak of CNF was red-shifted. With
increasing PANI ratio, the carboxyl characteristic peaks of
CNF shifted from 1735 cm−1 (SupCP2/1) to 1720 cm−1

(SupCP1/2) caused by an increase in the number of hydrogen
bonds, and the increase in the electron cloud density reduced
the frequency of CO stretching vibration. When the PANI
content was twice that of CNF, the CO bond frequency
reduced to 1720 cm−1 for SupCP1/2 since more PANI formed
hydrogen bonds with the CNF carboxyl group. In general,
intramolecular hydrogen bonds are not affected by concen-
tration of various components, while intermolecular hydrogen
bonds are concentration-dependent.26,27 The above results
indicated that CNF and PANI were connected with the

Figure 6. (A) Capacities at different scan rates. (B) Capacitance retention of SupCP1/2 after 2000 charge−discharge cycles (the inset is the
charge−discharge curve). (C) CV curve of SupCP1/2 electrode in H2SO4 electrolyte.

Figure 7. (A) Digital photo and structural diagram of flexible supercapacitor. (B, C) FE-SEM images of CNF/PANI aerogels and PP nonwoven
fabric composite H2SO4/PVA solid electrolyte. (D) Cross section of the electrode and flexible solid electrolyte. (E, F) Digital photos of a flexible
supercapacitor that illuminates a blue LED light in tiled and bent states; the outer casing enlarges the brightness of the LED light.
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supramolecular fibers via intramolecular hydrogen bonds, and
the corresponding functional groups and structures are
identified in Figure 3A. Figure 3B shows that the three
samples possessed similar UV absorption peaks, and the peak
intensity increased with increasing PANI content. Compared
to pristine CNF (Figure 3B), all samples displayed the
characteristic absorption peak of PANI at around 225 and 315
nm for the π → π* transition in the benzenoid segment and at
600 nm for the n → π* transition within the quinoid
structure.28,29 The TG/DTG curves in Figure 3C,D show that
the T0 and Tmax of SupCP aerogels were 143−192 °C and
295−339 °C, respectively (Table S1). At a higher CNF
content, the thermodynamic properties of SupCP1/1 and
SupCP2/1 were more similar to the pure CNF.18 When the
PANI content was higher than the CNF, the two large thermal
degradation peaks of SupCP1/2 merged into one peak due to
the supramolecular assembly of PANI on the CNF to form
integrated fibers. Since CNF comprised the skeleton of
supramolecular fibers, it played a crucial role in enhancing

the thermal stability of PANI. A simulation of the molecular
3D networked structures of supramolecular fibers is shown in
Figure 3E, where there were enough hydrogen, nitrogen, and
oxygen atoms on the outside of the molecule to form hydrogen
bonds. This could be the reason that induced the self-assembly
of CNF and PANI into supramolecular fibers (Video S1, and
the simulation of the respective 3D space structures of CNF/
PANI in Figure S4).
To elucidate the effect of the complexation, we performed

studies on the composite suspension after it was thoroughly
mixed for 30 min. In Figure S5A−C, after 2 h of standing, the
SupCP samples displayed layering, with the upper layer
identified as light green and the lower layer as dark green.
After 24 h, the upper layer became transparent, the lower layer
was still dark green, and the layer was thinner and resembled
flower-like quicksand under gentle agitation. This phenomen-
on was not observed for pure PANI and CNF suspensions. We
postulated that PANI and CNF formed a large number of
hydrogen bonds along their molecular side chains, thus

Figure 8. (A) Schematic diagram of a flexible SA gas sensor (SAGS) and flexible supramolecular aerogel vital sign sensor (SAVS), (B) resistance
response signal of SAGS to 10−200 ppm C2H5OH gas, (C) resistance response signal of SAGS to CHCl3 gas, and (D) resistance response signal of
SAGS to C7H8 gas. (E) Schematic diagram of chloroform/ethanol-induced conformational changes in PANI and positrons of toluene electrons
neutralizing PANI.
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reducing the electrostatic repulsion. As a result, the supra-
molecular fibers sedimented to the bottom, while the weak
electrostatic repulsion maintained the flower-like quicksand
character. After freeze-drying (Figure S5D), PANI could not
form an aerogel,30 where dried powder adhered to the Teflon
mold, while the other samples formed aerogels with
hierarchical porous 3D structures. Figure S5E shows the zeta
potential as a function of time after mixing, and the initial zeta
potential of the CNF was negative. After mixing with the
positively charged PANI, the zeta potential became positive.
After a process of rapid integration into supramolecules, the
zeta potential value reaches about zero. Thus, the CNF
functioned as an aerogel skeleton to construct 3D supra-
molecular architectures for the supramolecular assembly of
PANI dispersion. The CNF/PANI supramolecular aerogels
possessed a smaller volume than a pure CNF aerogel due to
the strong interaction between amino groups on PANI and the
anionic functional groups on CNF that yielded a smaller and
robust aerogel with excellent shape recovery even under 80%
compression (Figure 4I,J). A higher ratio of PANI resulted in a
smaller volume of aerogels, as shown in Figure S5D. In Table
S1, the SupCP aerogel possessed a low density of 37.16−51.45
mg/cm3 and high porosity of 94.65−96.90%. SupCP1/2
displayed the highest conductivity and relatively smaller
density and porosity due to the large volume shrinkage. In
summary, the high porosity and conductivity of 3D SupCP
aerogels with excellent electrochemical performance and low
density have advantages in lightweight supercapacitors and
sensors.
Figure 4A−D shows the FE-SEM images at different

magnifications of a SupCP1/2 pristine uncompressed aerogel:
sheet-like structures inside the aerogel, supramolecular fibers
organized on the sheet, and supramolecular fibers with
nanoscale pores (20−150 nm) formed within the 3D structure.

Most notably, the supramolecular conductive fibers were
uniformly distributed and intertwined to form the pore
structures. At a lower magnification (Figure 4C), the
supramolecular conductive fibers were evenly distributed
within the 3D aerogel structure, which was difficult to achieve
previously.7 There was no reported study on the preparation of
well-distributed PANI dispersion in a 3D aerogel struc-
ture.31−35 When compressed under moderate pressure (Figure
4E), the SA maintained good integrity without collapse (Figure
4I). Moreover, from the mechanical curve, the SA had a certain
recovery performance (Figure 4J), which was beneficial to
protect the composite structure of the supramolecular fiber
from being destroyed. The SupCP electrode loosens its
macroporous structure, maintaining its nanoscale pores, and
the supramolecular conductive fibers were still regularly
arranged like cute fluff (Figure 4F−H). These nanoscale
pores facilitated the connection and ion conduction between
the electrode and solid electrolyte (PP nonwoven fabric/
H2SO4/PVA). The deformability of the aerogel function
created structures that promoted the electrolyte contact and
ion conduction necessary for their use as flexible sensors and
capacitor electrodes.
The unique supramolecular structures of the SupCP

aerogels, high electroactive material loading (66.67 wt %
SupCP1/2 total electrode mass), and high porosity could
synergistically enhance the supercapacitor performance. The
CV curves in Figure 5A−C show that all three samples
possessed a boxed or box-like CV shape, suggesting good
capacitive behavior. The characteristic redox peak of PANI was
evident on the CV curve, indicating the transition between the
different redox states of PANI on the SupCP fiber surface.36

Among them, SupCP1/2 displayed a CV curve closest to the
box shape with the best symmetry, which was in agreement
with SupCP1/2 possessing the best capacitive behavior. The

Figure 9. (A) Digital photos of flexible SAVS operation and voltage response signal of finger movement. (B) Digital photo of flexible SAVS-
monitored wrist pulse and voltage response signal. Related tests shown in Videos S2 and S3 in the Supporting Information.
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current response profiles of SupCP1/1 and SupCP1/2 were
linearly related to the scan rates, but the SupCP2/1 exhibited
fluctuating current responses when the scan rate was increased
from 100 to 200 mV/s. More importantly, both SupCP1/1 and
SupCP1/2 could maintain the capacitive behavior at scan rates
up to 600 mV/s, which was higher than the highest scan rates
of other cellulose-based supercapacitors or polyaniline super-
capacitors, most of which were significantly lower than 500
mV/s.37−40 The excellent capacitance behavior at high scan
rates was attributed to the rapid diffusion and good transport
of electrolyte ions through the highly porous networks. The
ion transport performance and internal impedance of the
SupCP aerogels were examined by EIS and Nyquist plots
(Figure 5D−F). In the low-frequency region, the Nyquist plots
of SupCP1/1 and SupCP1/2 were nearly perpendicular to the
Z′ axis, confirming the ideal capacitive behavior caused by the
finite diffusion length.41 The excellent capacitive performance
was due to the hierarchical porous aerogel structure of the
supramolecular fibers, and the internal pores or paths of
supramolecular aerogels could promote the transport of ions
(Table S1 and Figure 4). In the high-frequency region, the
intercepts of the Nyquist plot on the Z′ axis corresponded to
the equivalent series resistance (ESR) of the materials,42 and
the ESR values of SupCP aerogels were 10.2 to 26.9 Ω, with
low electrical conductivity (Table S1), confirming the good
contact with the electrolyte that provided the 3D pathways for
electron transport.43 Therefore, we assembled the SupCP
aerogels into supercapacitor electrodes and ultrasensitive
sensors to verify their excellent performance.
The area-normalized capacitance (Cs) was calculated from

the CV curves. In Figure 6A, SupCP1/2 possessed the largest
Cs, while smaller Cs values of SupCP1/1 and SupCP2/1 were
observed. At a scan rate of 10 mV/s, the Cs values of SupCP1/
2, SupCP1/1, and SupCP2/1 were 59.26, 24.24, and 13.49
mF/cm2, respectively. The Cs value of SupCP1/2 was 3.32
mF/cm2 higher than the chemically modified CNC aerogel
electrode,7 45 mF/cm2 larger than that of the CNF aerogel
with Ag/PANI,44 and 11.8 times greater than the carbon
aerogel prepared after carbonization of bacterial cellulose (4.5
mF/cm2).45 Figure 6B shows that, after 2000 charge−
discharge cycles, the capacitor retention rate of SupCP1/2
remained at 75.6% with good symmetry. The IR drop was only
about 0.1 V, confirming that the SupCP1/2 electrode
possessed good cycle stability, small equivalent series
resistance, and fast charge−discharge performance. The
excellent Cs values were due to negligible chemical interference
(catalyst, chemical modifier) and uniform hierarchical pores
inside the supramolecular aerogels. The addition of a catalyst
or chemical modifier will contaminate the chemical environ-
ment/contact on the surface or inside the electrode, disrupting
the electrolyte and electron transport, which reduced the
electrochemical performance of the electrode.46,47 The physi-
cally cross-linked carboxylated CNF aerogels described in this
study did not display the above shortcomings since good PANI
dispersion and self-assembly were achieved, yielding an
improved electrochemical performance.
To manufacture a flexible supercapacitor, we chose a PP

nonwoven composite PVA/H2SO4 solid electrolyte, and the
performance of the SupCP electrode in the H2SO4 electrolyte
was evaluated first. The CV curve in Figure 6C shows three
pairs of redox peaks in the SupCP1/2 electrode. These nearly
symmetrical redox peaks suggested a rapid electron transfer
and enhanced reversible redox reaction.48 An outstanding

normalized capacitance (Cm) of 291.01 F/g was achieved,
exceeding most cellulose-based or carbonized cellulose-based
supercapacitor electrode materials.49−52 The SupCP series
showed that the increase in the redox current with scan rates
(Figure S6) confirmed their excellent rate capability and cycle
performance related to rapid ion motion and redox reaction.53

We designed a sandwich-type flexible supercapacitor by
compressing a SupCP1/2 aerogel on both sides of the ultrathin
PP/H2SO4/PVA flexible electrolyte (Figure 7A). This novel
structure not only ensured the flexibility of the supercapacitor
but also imparted a high degree of stability and mechanical
strength. In Figure 7B,C, H2SO4/PVA was filled into the pores
of the PP nonwoven fabric, and then the three components
were integrated into one flexible electrolyte interlayer with a
fiber diameter of 1 to 5 μm. This configuration facilitated the
diffusion of ions and electrons. Figure 7D shows that the
ultrathin flexible electrolyte was closely attached to the
SupCP1/2 electrode, and this significantly reduced the
electrical resistance between the interfaces and improved the
electrochemical performance of the flexible supercapacitor.54

To verify the performance of the flexible supercapacitor, we
connected two flexible all-solid supercapacitors to a blue LED
light (Figure 7E,F), where the flexible supercapacitors were
capable of activating the LED in a normal or bent state.
Moreover, the brightness of the LED did not change,
demonstrating that the bending state did not affect the
electrochemical performance of the flexible all-solid super-
capacitor. This means that this flexible supercapacitor could be
used as a stand-alone or portable micropower supply. More
promisingly, this flexible supercapacitor could work without
the use of adhesive, current collectors, or other auxiliary
materials.
We designed the original SA for the use as a gas sensor and a

moderately compressed supramolecular aerogel for flexible
sensors (Figure 8A). The sensors in this study are mainly
aimed at detecting living environment gases, and volatile
organic compounds (VOCs), which are easily passively
contacted in life such as chloroform, ethanol, toluene, and
formaldehyde, are selected. Drinking water (China still uses
sodium hypochlorite to disinfect tap water) and automobile
exhaust contain chloroform, formaldehyde and toluene are
present in decorative coatings and new furniture, and drunk
drivers will exhale ethanol. The resistance response of the
SAGS was responsive to C2H5OH, CHCl3, C7H8 (Figure 8B−
D), and CH2O (Figure S7), but the response curves were
different. In monitoring 200 ppm CHCl3, the SAGS displayed
very sharp response peaks, while the resistance response signal
for 10−200 ppm C2H5OH was triangular in shape. With
increasing C2H5OH concentration, the resistance of the SAGS
increased, and the SAGS possessed a significant resistance
response signal in response to 10 ppm C2H5OH, which was
close to the metal nanowire/nanobelt sensor,55 satisfying the
test requirements of a commercial sensor using for field
sobriety tests (FSTs).56 SAGS also has a resistance response to
toluene and formaldehyde gases but is not sensitive to changes
in concentration. Chloroform and ethanol molecules attack the
N−H site on PANI, causing the two polymer chains of PANI
to swell. The conformational change and swelling of the
polymer chains cause the transport of carriers to be hindered,
resulting in an increase in electrical resistance. When the SAGS
is taken out of the VOC gas, the conductive path begins to
recover, and the resistance value returns to the initial state or
near the initial state.57−59 On the other hand, the toluene
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polymer chain entering PANI will generate electrons,
neutralize positrons, and reduce the concentration of positive
charge carriers in PANI, resulting in increased resistance.60

This had different peak shape changes for different gases, but
unfortunately, SAGS cannot distinguish which component of a
multicomponent gas. Compared with fuel cell-type (electro-
chemical type) and semiconductor-type commercial ethanol
sensors, the SAGS of this study has the advantages of
convenient use and low cost, but the detection concentration
lower limit is inferior to the commercial ethanol sensor. In
general, SAGS can be made into a wearable sensor or
embedded in the interior of a car, which has great potential for
detecting drunk driving.
SAVS was prepared by pressing a supramolecular aerogel

with PVA/PP nonwoven fabric, and the electrical signals were
transmitted using a double-sided conductive copper tape
(Figure 8A). The bending dynamic tests simulating the motion
of the finger were performed by attaching the sensor to the
finger joint (Figure 9A and Video S2). During the finger
movement, the voltage yielded a distinct elevated voltage
signal. In repeated tests, SAVS exhibited a regular and effective
voltage response signal. Figure 9B and Video S3 show the
heartbeat sensing test at the wrist of human body, and the
digital multimeter recorded the real-time voltage signal of the
human pulse, even though the pulse at the wrist was extremely
weak. The SAVS developed in the study was capable of
measuring pulse signals, indicating a very sensitive surface
contact behavior.

4. CONCLUSIONS
In summary, this study was inspired by natural life to develop
an unconventional method for the preparation of conductive
cellulose-based aerogels in aqueous medium. The capacitive
active material was no longer simply loaded in the cellulose
aerogel but was linked into a supramolecular fiber with
nanocellulose by bidirectional hydrogen bonding and con-
structed into an aerogel structure. We have observed that rapid
supramolecular self-assembly of self-cross-linking conductive
aerogels exhibited unprecedented uniformity at microscopic
scales. In this case, PANI participated in the skeleton of the
aerogel and provided a continuous fast path for electron
conduction. Moreover, CNF/PANI SA had excellent syner-
gistic and electrochemical properties, which exhibited great
application potential in flexible supercapacitor electrodes. In
the test of sensing performance, SA can not only monitor
different gas concentration changes in the external environ-
ment but can also monitor human motion signals and pulse
beat signals in different ways. This research provides a low-cost
and rapid production solution for the development of wearable
devices, especially flexible supercapacitors and sensors.
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