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l paper-based supercapacitor with
excellent temperature adaptability, plasticity,
tensile strength, self-healing, and high
thermoelectric effects†

Chuanyin Xiong, *a Qi Yang,a Weihua Dang,a Qiusheng Zhou,a Xue Jiang,a

Xuhui Sun,b Zequn Wang,b Meng An*b and Yonghao Nic

In recent years, the development of multi-functional supercapacitors with high flexibility and strong

environmental adaptability has gradually become a focus of attention. In this work, a multi-functional

paper-based supercapacitor with excellent temperature adaptability, plasticity, tensile strength, strong

adhesion, and self-healing properties is obtained by introducing PVA and ZnCl2 into carbonized paper-

based materials (APC-PVA@ZnCl2). The as-obtained APC-PVA@ZnCl2 supercapacitor has excellent

adaptability to the environment, even in a low-temperature environment below zero, still maintaining

a high volumetric specific capacitance of 3438.45 mF cm−3 and high volumetric specific energy density

of 44 mW h cm−3. Moreover, the APC-PVA@ZnCl2 supercapacitor can be stretched beyond 2400–

2500% strain, indicating good tensile properties. In addition, the APC-PVA@ZnCl2 composite can also be

used as a sensing material to detect current signals with different characteristics generated by the

movement of different parts of the human body, showing excellent sensing performance. Besides, the

APC-PVA@ZnCl2 composite also displays outstanding thermoelectric properties. It is hoped that this

work can provide a reference for the development of green multi-functional supercapacitors.
1. Introduction

Energy and environmental issues have always been two key core
issues that cannot be avoided in the development of human
society.1–5 Especially with the continuous reduction of petro-
chemical resources and outstanding environmental problems
caused by them, researchers have been focussing on the
research and development of new and sustainable green elec-
trochemical energy sources.6–10 Among them, supercapacitors,
as electrochemical energy storage devices with high power
density, long cycle life, good safety, and other advantages, have
attracted extensive attention from researchers.11–16 Although the
comprehensive electrochemical storage performance of super-
capacitors has made great progress aer decades of develop-
ment, there are still some key problems to be studied further as
follows: (1) as we all know, electrode materials, as one of the key
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factors affecting energy storage devices, have always been an
important aspect of researchers' attention and improvement
and various types of electrode materials are also available.
However, electrode materials that can truly give green,
sustainable, and high performance are still limited. (2)
Recently, with the rapid development of exible wearable
devices, people have been increasingly having high require-
ments for a comprehensive performance of energy storage
devices, such as good environmental adaptability, excellent
exibility, good mechanical properties, plasticity, and self-
healing ability, not just limited to energy storage characteris-
tics. Incorporating these excellent performances into integrated
energy storage devices still has certain challenges.

In recent years, as a green, sustainable, widely sourced, and
naturally rich porous structural material, biomass materials are
increasingly favored by researchers in the eld of electro-
chemical energy storage,17–22 providing a further feasible idea to
solve the above-mentioned key problems. Among them, paper-
based materials, as a derivative product derived from biomass
materials, not only have some advantages of biomass materials
but also have good exibility and integrity with potential as
excellent energy storage materials.23–26 Many researchers have
used paper-based materials for energy storage research and
have also achieved a series of good research results. Currently,
paper-based materials are used as exible substrates in the eld
J. Mater. Chem. A, 2023, 11, 4769–4779 | 4769
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of energy storage.27–29 However, paper-based materials are
derived from biomass materials and poor conductivity is still an
unavoidable disadvantage. Therefore, the carbonization treat-
ment of biomass materials is an effective strategy to improve its
conductivity and has been widely adopted by researchers. It is
true that carbonization treatment can effectively improve the
conductivity of biomass materials, but the exibility, mechan-
ical strength, and environmental adaptability of carbonized
materials are seriously affected.

Based on these challenges mentioned above, in this
research, for the rst time, by introducing PVA and ZnCl2 into
carbonized paper-based materials (APC-PVA@ZnCl2), using the
cross-linked network structure formed by PVA, ZnCl2, and
paper-based materials and the interaction between Zn2+, PVA,
and paper-based bers, a multi-functional paper-based super-
capacitor with excellent temperature adaptability, plasticity,
super-tensile, strong adhesion and self-healing properties is
obtained. Furthermore, the interaction between PVA, ZnCl2,
and paper bers was simulated by molecular dynamics, which
conrmed the experimental results. Finally, for the as-obtained
APC-PVA@ZnCl2 supercapacitor, high specic capacitances of
3438.45 and 8176.94 mF cm−3 were still obtained at a scan rate
of 50 mV s−1 at −5 °C and 80 °C at a scan rate of 50 mV s−1,
respectively. The volumetric energy density is up to 44 mW h
cm−3. These electrochemical properties prove its strong adapt-
ability in different environments. Moreover, the APC-
PVA@ZnCl2 supercapacitor can be stretched beyond 2400–
2500% strain, proving they have good tensile properties.
Besides, the APC-PVA@ZnCl2 multi-functional composite can
also be used as a sensing material to detect current signals with
different characteristics generated by the movement of different
parts of the human body, showing excellent sensing perfor-
mance. In addition, the APC-PVA@ZnCl2 multi-functional
Fig. 1 (a) Configuration mechanism of PVA@ZnCl2 solution. (b) The prep
linking mechanism between PVA and Zn2+.

4770 | J. Mater. Chem. A, 2023, 11, 4769–4779
composite also shows a sparkling thermoelectric effect.
Finally, molecular dynamics simulation and density functional
theory are used to study the effect of material structures and
functional groups on the diffusion of Zn2+. In a word, this
research work provides new ideas and feasible references for the
above-mentioned challenging problems in the eld of energy
storage.
2. Experiments section

Fig. 1 shows the schematic diagram of fabricating versatile
integrated paper-based functional materials with good plas-
ticity based on carbonized paper-based materials. The specic
preparation details and relevant test methods are displayed in
the ESI.† Here, TP represents tissue paper, and APC is carbon-
ized activated paper carbon.
3. Results and discussion
3.1. Structure and morphology

For the carbonized paper-based materials, Fig. 2a–c show the
SEM images of activated paper carbon (APC) under different
magnications. At higher magnication, it can be seen that the
morphology of crude bers still exists aer the carbonization of
paper-based material (Fig. 2a and b), at a lower magnication, it
can be seen that the carbonized paper still retains the hierar-
chical network structure of the original paper (Fig. 2c). This not
only increases the effective loading and stability of the active
material but also improves the effective penetration depth of
electrolyte into the paper-based active layer, thus signicantly
increasing the energy density of APC. Fig. 2d–f are SEM images
of carbonized paper soaked in PVA solution (APC@PVA) under
different magnications. It can be seen that the PVA solution is
aration process of APC-PVA@ZnCl2 with good plasticity. (c) The cross-

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The SEM images of (a–c) APC, (d–f) APC@PVA, (g–i) APC-PVA@ZnCl2 under different magnifications.
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tightly coated on the surface of the carbon ber (Fig. 2d and e).
Moreover, the layered porous structure of the paper base can
provide more channels for electrolyte ions to transport, and the
PVA solution can be well immersed into the layered porous
structure of APC. Fig. 2g–i show the SEM images of carbonized
paper soaked in PVA@ZnCl2 solution (APC-PVA@ZnCl2) under
different magnications. Compared with the SEM images of the
APC@PVA composite, it can be found that the pore size of APC-
PVA@ZnCl2 is smaller, and the cross-linking structure is
complete, indicating that the PVA@ZnCl2 solution almost
covers every carbon ber.

Furthermore, the composition of the paper-based material is
further determined by infrared spectra, as shown in the Fig. S1
of the ESI.† Fig. S1† displays the infrared patterns of APC,
APC@PVA, and APC-PVA@ZnCl2 samples. For the APC@PVA
sample, the characteristic bands of 3388 cm−1 and 2928 cm−1

belong to the stretching vibration of the O–H and C–H groups,
respectively. The peaks at 1636, 1380, 1075, 830, and 522 cm−1

are attributed to O–H bending vibration, symmetric –CH2–

bending vibration, C–O tensile vibration, and C–C tensile
vibration, respectively.30,31 For APC-PVA@ZnCl2 samples, there
are similar bar graphs, but the positions are slightly different.
Compared with APC@PVA, the vibration peak caused by O–H
stretching and bending is signicantly increased. Moreover,
C–O and C–C group stretching vibrations not only increase the
peak value but also have a more obvious red shi.26,32 This is
because the coordination of Zn2+ and the reduction of water
content promote the interaction between PVA chains in the
amorphous region.33
This journal is © The Royal Society of Chemistry 2023
3.2. Electrochemical performance

3.2.1 APC-PVA@ZnCl2 integrated paper-based super-
capacitor. The tolerance of APC-PVA@ZnCl2 supercapacitor to
different ambient temperatures, especially the adaptability to
high and low-temperature environments, is investigated.
Herein, high temperature (80 °C), low temperature (−5 °C), and
room temperature (25 °C) conditions are selected to study and
compare the electrochemical performance of APC-PVA@ZnCl2
supercapacitor under different potential windows (0–0.8 V, 0–
1 V, and 0–1.6 V) and various scan rates (10–100 mV s−1), as
shown in Fig. 3 and S2.† Through the above CV electrochemical
test results, the following conclusions are obtained: (1) for all
CV curves, irrespective of the temperature, potential window, or
scan rates, all CV curves of APC-PVA@ZnCl2 supercapacitor
show obvious redox peak, and the potential window is signi-
cantly increased up to 1.6 V due to the presence of Zn2+ gel
electrolyte. Moreover, we also checked the GCD curves of the
sample under different current densities and different
temperatures under the 0–1.6 V potential window (Fig. S3†).
Obviously, the GCD curves under these conditions show the
characteristics of nonlinear change, suggesting the existence of
pseudocapacitance, which is consistent with the results of the
above CV curves. (2) Under different temperatures and scan
rates, all CV curves show an approximately rectangular shape,
suggesting good capacitive characteristics and electrochemical
stability. Furthermore, at a scan rate of 50 mV s−1, the APC-
PVA@ZnCl2 supercapacitor shows approximately consistent
trends of change under different ambient temperatures and
various potential windows, further implying that the APC-
J. Mater. Chem. A, 2023, 11, 4769–4779 | 4771
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Fig. 3 (a, d and g) Typical CV curves of APC-PVA@ZnCl2 at different temperatures between the potential range of 0 and 1 V and at different
scanning rates, (b, e and h) Typical CV curves of APC-PVA@ZnCl2 with different scanning rates between the potential range of 0 and 1.6 V at
different temperatures, (c, f and i) CV contrast diagram under various potential windows at different temperatures at a scan rate of 50 mV s−1.
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PVA@ZnCl2 supercapacitor has good electrochemical stability
at different ambient temperatures. In addition, through calcu-
lations, it is found that at room temperature (25 °C), higher
volumetric specic capacitances of 5764.48 mF cm−3 and
5277.58 mF cm−3 are obtained at 0–1 V and 0–1.6 V potential
windows, respectively (Fig. 3c). More excitedly, when the outside
temperature rises to 80 °C, the volumetric specic capacitances
of the APC-PVA@ZnCl2 supercapacitor are even higher up to
7550.96 mF cm−3 and 8176.94 mF cm−3, respectively, at the
same condition (Fig. 3f). This is because the rise in temperature
accelerates the ow of electrolyte ions in the APC-PVA@ZnCl2
supercapacitor, which enables more electrolyte ions to reach
the interior of the electrode material bulk phase, thus effectively
improving the specic capacitance of the supercapacitor. On
the whole, these volumetric specic capacitance values can be
compared to some previous literature works,34–37 as displayed in
Fig. 4c. More importantly, when the temperature drops to −5 °
C, APC-PVA@ZnCl2 supercapacitor can still maintain high
volumetric specic capacitances of 562.70 mF cm−3 and
3438.45mF cm−3, respectively, as shown in Fig. 3i, which is 68%
of the specic capacitance at room temperature, showing the
applicability of the supercapacitor in cold regions. This is due to
the coordination effect of Zn2+ and the weakening of hydrogen
bonding force at a low temperature, which makes the APC-
PVA@ZnCl2 supercapacitor still have a high specic capacity.
4772 | J. Mater. Chem. A, 2023, 11, 4769–4779
Moreover, the volumetric energy density is as high as 44 mW h
cm−3. These electrochemical values above are comparable with
that of some outstanding works in recent years,38–42 as shown in
Fig. 4d. Furthermore, the corresponding Nyquist diagram of the
APC-PVA@ZnCl2 supercapacitor is investigated, as shown in
Fig. S2f of the ESI.† The inclined line in the low-frequency
region corresponds to the diffusion of electrolyte ions on the
surface and inside. It can be seen that the APC-PVA@ZnCl2
supercapacitor shows a lower charge transfer resistance (RCT) of
approximately 25 U. In the cyclic test, RCT can be ignored, the
slope can also be ignored, and the angle becomes larger at low
frequency, indicating that the electrochemical kinetic cycle is
longer, which is conducive to charge transfer and storage. In
addition, the CV curves of the APC-PVA@ZnCl2 supercapacitor
under different temperature conditions with a scan rate of
50 mV s−1 and typical GCD curves under different temperature
conditions and various current densities are exhibited in Fig. S4
of the ESI.† The results further support the above conclusions.
It is found that the absolute area of CV curves of the APC-
PVA@ZnCl2 supercapacitor increases signicantly with the
increase in temperature, implying the increase in specic
capacitance. Also, at a low temperature, the APC-PVA@ZnCl2
supercapacitor still shows a larger absolute area of CV curve,
indicating that a higher specic capacitance is still maintained.
All of these results are consistent with the above
This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Capacitance retention of APC-PVA@ZnCl2 (a) at different temperatures and scan rates. (b) After experiencing 5000 cycles. (c and d)
Comparison maps of volumetric specific capacitance and energy density of APC-PVA@ZnCl2 with reported work.
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electrochemical analysis results. In addition, rate performance
is also an important parameter. Fig. 4a shows the change in
capacitance retention of APC-PVA@ZnCl2 samples under
various temperatures at different scan rates. Obviously, at
different scan rates, even in a higher scan rate, all the APC-
PVA@ZnCl2 samples under various temperatures display
a capacitance retention of more than 88%, which demonstrates
that APC-PVA@ZnCl2 samples have excellent rate performance
at different ambient temperatures. Furthermore, Fig. 4b
displays the change of capacitance retention of APC-
PVA@ZnCl2 samples under various temperatures aer experi-
encing 5000 cycles. It can be seen that the capacitance retention
rate of samples at different temperatures is maintained above
80%, suggesting that the samples have good stability in
different environments. In addition, Fig. 4c and d) displays
comparison maps of volumetric specic capacitance and energy
density of APC-PVA@ZnCl2 with reported works.34–42 It is
obvious that our work can be compared with those excellent
works in recent years. All in all, these results demonstrate that
the APC-PVA@ZnCl2 supercapacitor has excellent environ-
mental adaptability, showing its potential application value in
different environments.

3.3. Integrated APC-PVA@ZnCl2 paper-based supercapacitor
applied in sensor

3.3.1 Monitoring human motion. APC-PVA@ZnCl2 mate-
rials exhibit strong mechanical compliance on irregularly
This journal is © The Royal Society of Chemistry 2023
curved skin surfaces, such as the human elbow and interpha-
langeal joints (Fig. 5a and b), without any retraction or delam-
ination during testing, demonstrating their strong interface
adhesion. Based on this, APC-PVA@ZnCl2 materials can be xed
at different joint positions of the human body to detect changes
in human physiological motion signals. Fig. 5a displays the
human motion signal detected by the APC-PVA@ZnCl2
composite strain sensor attached to the nger joint, which is
used to detect the bending motion of the nger. Its signal
sensitivity is about 300 ms as shown in Fig. S5b in the ESI.† As
can be seen, the nger joint has a unique peak structure at the
bend. Moreover, at the straightening point, the current signal
returns to the peak bottom, and this process can be repeated.
The results show that the sensor can detect repetitive signals in
the process of ngertip bending and stretching. Furthermore,
when the ngertips are bent to the same extent, the same
electrical signals are generated. Fig. 5b shows an electrical
signal caused by elbow bending, and the electrical signal
sensitivity is about 520 ms (Fig. S5c in the ESI†). The peak
structure is similar to that caused by ngertip bending. More-
over, no residue or allergy on the skin was observed aer the
APC-PVA@ZnCl2 composite was attached for 12 h. Furthermore,
the dynamic signal change of the APC-PVA@ZnCl2 composite
during the stretching process under different states was detec-
ted, as shown in Fig. 5c. It is found that the signal increases
gradually with the increase in stretching length. Finally, when
the APC-PVA@ZnCl2 composite material broke,
J. Mater. Chem. A, 2023, 11, 4769–4779 | 4773
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Fig. 5 Monitoring the changes of electrical signals during (a) finger and (b) elbow movements and (c–c3) material stretching under different
tensile conditions based on the APC-PVA@ZnCl2 sensor.
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instantaneously, the current signal was 0 (Fig. 5c2). Interest-
ingly, the two parts of the APC-PVA@ZnCl2 composite fracture
adhered together again, and the current signal immediately
recovered (Fig. 5c3). Moreover, it is worth noting that the APC-
PVA@ZnCl2 composite material has a high sensitivity in the
fracture tensile sensing test. During the bonding process with
a small force, the signal recovery takes only 200 ms, and the
fracture signal loss takes only 400 ms (Fig. S5a in the ESI†).
More importantly, the fractured APC-PVA@ZnCl2 composite
can be healed under the action of a small amount of external
force and still has tensile sensing properties.

3.3.2 Tensile strength, adhesion test, and self-healing
property. In addition, the APC-PVA@ZnCl2 composite exhibits
molding tensile ability and adhesion properties due to the
coordination effect of Zn2+, as shown in Fig. 6a. Obviously,
materials with different shapes can be obtained by simple mold
manufacturing (Fig. 6a). Moreover, the APC-PVA@ZnCl2
composite material still has good electrical conductivity when it
is shaped into different shapes. By connecting with the battery
in series, the small bulb can be lit in any shape (Fig. 6b). More
interestingly, as shown in Fig. 6c and e, the APC-PVA@ZnCl2
composite material can be stretched to a strain of more than
2400–2500%, even at extremely low temperatures of −30 °C (see
the relevant stretching videos in Fig. S6V1 in the ESI†), which
proves that the APC-PVA@ZnCl2 composite material has good
tensile properties, high energy dissipation capacity, and strong
damage resistance. In addition, the APC-PVA@ZnCl2 material
also has strong adhesive properties and can adhere to different
materials, such as glass, metal, plastic, etc. (Fig. 6d). It is
believed that the strong and stable adhesion and excellent
healing performance of the APC-PVA@ZnCl2 composite mate-
rials could be attributed to various synergistic effects between
4774 | J. Mater. Chem. A, 2023, 11, 4769–4779
Zn2+ and hydroxyl groups, including hydrogen bonding, elec-
trostatic attraction, and metal coordination interaction. In
general, the APC-PVA@ZnCl2 composite materials have strong
and stable adhesion and excellent healing performance, which
makes it possible to integrate the shape preservation, stability,
and electrical function between the electrode and electrolyte
interface, thus meeting the requirements of large deformation
wearable exible electronic materials.

In addition, the APC-PVA@ZnCl2 composite material also
has good self-healing characteristics, which is benecial to
realize the reuse of the material. To prove this, a deep incision
was made to a piece of APC-PVA@ZnCl2 composite material was
cut, and it was found that with the passage of time, the incision
would heal slowly. Nearly half of the incision healed aer 5 h,
and aer 12 h, the cut APC-PVA@ZnCl2 material was restored to
its original state (Fig. 7a). Furthermore, the APC-PVA@ZnCl2
composite material was cut in the same incision again at the
same position. Aer the same 12 h, the new incision healed
again perfectly (Fig. 7b). The above phenomenon is mainly
attributed to the fact that Zn2+ can hybridize with hydroxyl
groups on PVA through sp3 to form coordination bonds through
coordination, thus forming intermolecular forces. At the same
time, PVA contains a large number of hydroxyl groups, with
intramolecular forces increasing the mechanical properties of
the material and making the prepared APC-PVA@ZnCl2
composites have excellent self-healing properties. To further
verify the self-healing performance of APC-PVA@ZnCl2
composites, some bulb experiments under a closed loop were
carried out. First, two strips of APC-PVA@ZnCl2 ribbon
composite, 5 mm thick and 70 mm long, were used as part of
the closed loop. It is obvious that the small bulb can be nor-
mally lit aer the power is on, and then a knife is used to cut
This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Digital photograph of the plasticity of APC-PVA@ZnCl2 materials; (b) electrical conductivity; (c) stretchability; (d) adhesion; (e) tensile
length.
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a part of the belt in the closed circuit. It is found that as long as
the belt structure is not completely cut off, the closed circuit can
supply small bulbs with normal power. When the belt is
completely cut off, the closed circuit cannot work normally, and
the small bulb goes out. However, due to the self-healing
function of the APC-PVA@ZnCl2 composite, it was found that
the incision began to heal aer about 0.5 h. The result shows
that once the incision began to contact, the small bulb would
light again (Fig. 7b), which further proved that the APC-
Fig. 7 (a) Self-healing experiment, (b) repeatable self-healing experimen
based on the APC-PVA@ZnCl2 material.

This journal is © The Royal Society of Chemistry 2023
PVA@ZnCl2 composite has excellent self-healing property. To
sum up, it is rmly believed that these outstanding character-
istics of the APC-PVA@ZnCl2 composite material will further
expand its application range.

3.3.3 Thermoelectric properties. In recent years, the See-
beck effect, which uses ions as carriers, has opened up a new
way to develop high-performance thermoelectric devices.43–46

However, the currently reported ionic thermoelectric materials
are still limited by various factors, and there are some
t, (c) experiment of self-healing effect on a small bulb, with on and off

J. Mater. Chem. A, 2023, 11, 4769–4779 | 4775
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bottlenecks that are difficult to overcome: most of the ionic
thermoelectric materials are gel-containing water-soluble solu-
tions, and the liquids are prone to evaporation or leakage,
resulting in poor stability, and the ionic thermoelectric mate-
rials are mainly p-type. The choice of n-type materials with high
mechanical stability and exibility is very limited.47 The as-
obtained APC-PVA@ZnCl2 material in this work shows excel-
lent thermoelectric properties. In this work, the device in Fig. 8a
is used to test the thermoelectric effect of the above materials.
Fig. 8b shows the principle of thermoelectric materials, namely
the Soret effect: ions move from the hot end to the cold end
under the temperature gradient. The charge accumulation at
the cold end caused by the diffusion difference of anion and
cation is different, which will generate potential, namely
thermal potential. Furthermore, it can be clearly seen from the
thermoelectric test results of the material in Fig. 8c that aer
applying the temperature gradient, the voltage changes rapidly
in the negative direction rst, which is caused by the movement
of free cations in the material. Aer a period of time, the voltage
starts to change in the positive direction, and the changing
trend is very slow compared with the initial stage. This is
because the anion radius is larger, and the movement is slower
Fig. 8 Schematic diagram of (a) device and (b) principle for testing the the
the change in potential of the APC-PVA@ZnCl2 material with the chang

4776 | J. Mater. Chem. A, 2023, 11, 4769–4779
than the cation, which is also why the cation movement appears
rst when the temperature eld is applied. In addition, it can be
seen from Fig. 8c that the number of free anions far exceeds that
of cations, that is, most cations have coordinated with the
chain, which is consistent with the results in the schematic
diagram in Fig. 1c and also indicates that the paper-based
material belongs to n-type thermoelectric material. Moreover,
it is worth noting that aer applying a 5 K temperature eld for
4 h, 31.6 mV potential can be generated, and the Seebeck
coefficient is 6.32 mV K−1, which is still a high value in n-type
ion thermoelectric materials.47 More importantly, it is
precisely because of this thermoelectric effect that the specic
capacitance of the paper-based supercapacitor will increase to
a certain extent when the temperature rises, which also
conrms the test results in Fig. 4b. In general, it provides
a reference for further improving and enhancing the storage
capacity of energy storage devices by using the synergistic effect
of the thermoelectric effect of materials and their own energy
storage characteristics. To further explicitly present the
measurement devices, more details can be seen in Fig. S7 of the
ESI.†
rmoelectric effect of APC-PVA@ZnCl2 materials. (c) The relationship of
e in temperature and time.

This journal is © The Royal Society of Chemistry 2023
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3.4. Molecular dynamics simulation

Molecular dynamics simulations were performed to gain
insights into the interactions between coordinated ion and
skeleton materials at the molecular level.47,48 Three structures
were built: APC-APC@ZnCl2, APC-PVA@ZnCl2, and PVA-
PVA@ZnCl2 system, respectively (Fig. 9g–i). Molecular simula-
tion details are shown in ESI.† The mean square displacements
(MSD) of Zn2+ in different systems are shown in Fig. 9a. It is
found that the diffusion of Zn2+ in the APC-APC@ZnCl2 system
is much larger than that in the PVA-PVA@ZnCl2 system. The
diffusion of Zn2+ is enhanced when PVA is introduced and
forms the APC-PVA@ZnCl2 system. The coordination strength
of different systems to Zn2+ is quantied to exhibit the binding
of Zn2+ through radial distribution functions (RDFs), dened as
the probability of nding a Zn2+ at distance r around Ochain

(Fig. 9b). The signicant differences in the coordination
number between APC-APC@ZnCl2 and PVA-PVA@ZnCl2 are
shown in Fig. 9b. For PVA-PVA@ZnCl2, there is no obvious peak
in RDFs. Correspondingly, the distinct peak of the APC-
APC@ZnCl2 system indicates its stronger binding to Zn2+,
which is favorable for the movement of Cl−. Moreover, the
binding energies of Zn2+ in different systems are shown in
Fig. 9c. With the mixing of APC chains and PVA chains, the
Fig. 9 Zn2+ conductivity and transport mechanism in carbonized pape
systems. (b) Calculated radial distribution function of Zn–Ochain in diffe
different systems. (d) Diagram showing the environment of Zn2+ in the AP
atoms are denotedwith gray, white, red, yellow, and green spheres, respe
chain, where blue area represents electron loss and red area represe
dynamics simulations of (g) APC-APC@ZnCl2, (h) APC-PVA@ZnCl2, and (i
blue and purple, respectively.

This journal is © The Royal Society of Chemistry 2023
binding energy of Zn2+ to its coordination environment is
19.54 eV, which is larger than the binding energy of Zn2+ in the
PVA-PVA@ZnCl2 system, with a binding energy of 17.22 eV. It is
true that for the APC-PVA@ZnCl2 system, the strong Zn–Ochain

coordinated bonding results in higher coordination numbers of
Zn2+ around the oxygen-containing functional groups of the
chain. In the APC-PVA@ZnCl2 system, the Zn2+ can form
multiple coordinations with rich oxygen functional groups
(Fig. 9d), including hydroxyl (ROH), alkoxide (RO−), and
hydroxyl of water molecules. The binding of Zn2+ by the oxygen
functional group is a crucial factor for Zn2+ conductivity and
transport. To clarify the effect of oxygen functional group on the
binding of Zn2+, the charge density distribution of APC chain
and PVA chain were calculated and plotted (Fig. 9e and f), and
the presence of oxygen-containing functional groups makes the
surface negatively charged (blue area). In other words, the blue
area has strong electrostatically attractive interactions with Zn2+

while the red area shows a strong electrostatic rejection of Zn2+.
It can be clearly observed that there are more and darker blue
areas on the APC chain, which indicates its stronger binding
effect on Zn2+. Now the theoretical calculations highlighted that
the mix of APC chains and PVA chains not only enhances the
toughness of the material through the strong coordination of
r-based materials. (a) Mean square displacement of Zn2+ in different
rent systems. (c) Binding energy of Zn2+ to its coordination chains in
C-PVA@ZnCl2 system with different oxygen atoms. C, H, O, Zn, and Cl
ctively. (e and f) Charge density distribution for (e) APC chain and (f) PVA
nts electron enrichment. (g–i) Structural snapshots from molecular
) PVA-PVA@ZnCl2 systems. APC chain and PVA chain are denoted with
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Zn2+ in the APC-PVA@ZnCl2 system but also makes the
conduction more stable by restricting the diffusion of Zn2+.

4. Conclusion

In conclusion, a simple and effective method has been
successfully designed to construct a kind of carbonized paper-
based integrated multi-functional composites. Due to the light
and porous properties of paper-based materials and the inter-
action between nano-ber, PVA, and ZnCl2, the as-fabricated
integrated paper-based supercapacitor exhibits the following
merits: (1) due to the formation of coordination bonds and
hydrogen bonds between PVA/ZnCl2 and nano-ber, the inte-
grated paper-based supercapacitor shows excellent compre-
hensive mechanical properties. (2) PVA/ZnCl2 acts as a gel
electrolyte, endowing the integrated paper-based energy storage
device with ultra-high specic capacitance, specic energy, and
specic power density. (3) Due to the introduction of PVA/ZnCl2,
the integrated paper-based supercapacitor shows excellent
electrochemical energy storage characteristics at different
ambient temperatures, such as high, normal, and low temper-
atures. (4) The constructed integrated paper-based super-
capacitor shows excellent plasticity, tensile strength (elongation
can reach 2400–2500%), adhesion, and self-healing. (5) The
integrated paper-based supercapacitor can also act as a sensor,
showing good stability and high sensitivity in monitoring
human movements. (6) The constructed integrated paper-based
supercapacitor shows a superior thermoelectric effect. More-
over, the results of molecular dynamics simulation further
support the above results. In summary, this research work
provides a new idea for the multi-functional and integrated
high-efficiency development, application, and recycling of green
biomass materials from the perspective of experiment and
theory.
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