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Supercapacitors

Self-Healing All-in-One Energy Storage for Flexible Self-

Powering Ammonia Smartsensors

Hongting Ma, Fengjuan Lv, Liuxue Shen, Kaizhou Yang, Yu Jiang Junlin Ma, Xiaodong Geng,
Tongrui Sun, Yuzhen Pan, Zhuang Xie, Miangi Xue, and Nan Zhu*

Self-healable and flexible all-in-one self-powering smartsensing devices have
recently attracted great attention. Herein, a flexible all-in-one solid-state
electronic system of polyvinyl alcohol (PVA) hydrogel-based supercapacitors
for self-powering ammonia smartsensors has been fabricated. Self-healing
supercapacitors are prepared by integrating polypyrrole (PPy) and boron cross-
linked PVA/KCI hydrogel as a sandwich configuration, exhibiting large specific
capacitance of 244.81 mF cm™? at 0.47 mA cm 2, and good charging/
discharging stability of 2000 cycles, while ammonia sensors are realized by a
SnO,/PPy-modified conductive PVA hydrogel film, demonstrating an excellent
sensing behavior toward NH; vapor under 50 ppb—500 ppm. As a result, self-
healing supercapacitors could well store energy and then self-power sensing
unit for remotely real-time detection via a smartphone, acquiring high
flexibility of energy-sensing system. With attractive biocompatibility and self-

after mechanical deformations.”)  Krish-
namoorthy et al.l'% fabricated a self-charging
supercapacitor with siloxene sheets as elec-
trodes and siloxene-based polymeric piezofiber
separator immobilized with an gel electrolyte,
resulting in a perfect ability to self-charge up
to a maximum of 207 mV under various
levels of compressive forces. Kim et al. pre-
pared a MoS, quantum sheet-based flexible
symmetric supercapacitor with a high device
capacitance (162 F g~").1""J Yin et al. demon-
strated concept and design principles of e-tex-
tile microgrids which relied solely on human
activity to work synergistically, harvesting bio-
chemical and biomechanical energy using
sweat-based biofuel cells and triboelectric gen-

healing performance toward various environment, this all-in-one flexible
energy-smartsensor system would pave the way to novel fabrication process in

realization of wearable self-healing smart devices.

1. Introduction

In recent years, there has been a growing interest in wearable elec-
tronic devices, with various practical application for healthcare moni-
toring,[l] motion detection,[z] or environmental analysis in high
hazard surroundings.”***! Generally, electronic device system is com-
posed of energy harvesting (e.g., solar energy®)), energy storage
(e.g., supercapacitors'®)), and functional utilization (e.g., fitness mon-
itoring sensors!’1). In order to make electronic devices more biocom-
patible with human body,'®! researchers currently pay more attention
to develop wearable and integrated electronics with stable properties
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erators, and regulating harvested energy via
supercapacitors for high-power output.[lz]
These multifunctional supercapacitors with
novel mechanical, surface/interfacial, thermal,
electronic, photodetection, and energy har-
vesting/conversion functions offer attractive
prospects for the design and operation of efficient, sustainable, and
autonomous wearable systems.!'*! However, these supercapacitors
suffer from poor stretchability due to limitation of carbon cloth or
textile substrates.

Owning to good performance of self-healing and high flexibility,
wearable electronic devices based on hydrogels have been paid spe-
cial attention. Hydrogels are tissue-like three-dimensional structures
with viscoelastic, flexible, and cross-linked networks of hydrophilic
polymer chain.['*'*1 Electrolytic ions could be efficiently attracted
and localized within hydrogel network, making solid-like hydrogels
show desired liquid-like ionic Conductivity.[ls] Besides, moisture of
quasi-solid hydrogel materials can help avoid volatilization or leak-
age over time.l'® Compared with original self-supporting carbon
films of carbon nanotube,[”] graphene,[ls] conducting polymer-
based carbon ﬁlms,[lg] or metal oxide-based carbon ﬁlms,[zo] jonic
conducting hydrogel exhibits higher thin-film formation ability and
flexibility suffering from consecutive bending and stretching. More-
over, based on dynamic covalent bond™'?*! and noncovalent
bond,**2¢1 hydrogels (e.g., polyvinyl alcohol (PVA)) could build
an intrinsic dynamic equilibrium of bond generation and dissocia-
tion in hydrogel networks, endowing self-healing performance.
Owning to unique integration of advantageous characteristics of
organic conducting materials and conventional polymers, such as
hierarchically porous microstructure, inherent ionic conductivity,
high mechanical flexibility, toughness, and adhesion ability,
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hydrogel is considered as a promising material for next-generation
electronic devices.[*”+**]

Ionic conductivity hydrogels have been widely used in wearable
electronic devices over years. Xu et al. designed a self-healable superca-
pacitor based on a polyvinyl alcohol-borax (PVAB) hydrogel and car-
bon nanotube cellulose nanofiber (CNT-CNF) nanohybrids,[** and
this compact sandwich configuration (electrode-electrolyte-electrode)
results into high-performance flexibility, reliability, and freedom in case
of liquid leakage during measurement. Wu et al.*® fabricated a chemi-
cally derived ionic conductive polyacrylamide/carrageenan double-net-
work NO, and NHj sensors, withstanding various rigorous mechanical
deformations (up to 1200% strain, large range flexion, and twist), and
it performed high sensitivity and low theoretical limit of detection in
NO,. The previous report demonstrates that conductive hydrogels can
act both as energy storage and sensor components. However, currently
only a single functional application of electronic devices appears, limit-
ing the whole flexibility and functionalization for further wearable plat-
forms. Thus, an effective strategy is required to implement the all-in-
one system for specific wearable application integrating energy storage
devices with functional sensors.

Herein, a flexible all-in-one electronic system of PVA hydrogel-
based supercapacitors for self-powering NH; sensors has been fabri-
cated. The supercapacitor was prepared by integrating polypyrrole
(PPy) and boron cross-linked PVA/KCI hydrogel as sandwich config-
uration (electrode-electrolyte-electrode), while NH; sensor was real-
ized by a SnO,/PPy-modified conductivity PVA hydrogel film. It is
worth mentioning that supercapacitor and NH; sensor are designed
into one system with physical cross-linking PVA hydrogel as the
binder. As a result, this all-in-one device has high flexibility, good
biocompatibility, and self-healing properties toward various environ-
ments. Moreover, supercapacitor stored energy from sunshine and
then self-powered sensing unit for detection of analytes. Besides,
wearable electronic system could be easily controlled by a cell
phone for real-time monitoring. Therefore, this all-in-one self-pow-
ered integrating device has a broad prospective in practical applica-
tion toward realization of advanced wearable electronics and smart
energy systems.

2. Results and Discussion

2.1. Electrochemical Behaviors of Hydrogel-Based
Supercapacitors

A flexible all-in-one PVA hydrogel-based system has been acquired
(Figure 1), with supercapacitor and NH3 sensor easily integrating into
one device. Supercapacitor could store energy and then directly self-
power integrated sensor without external power supply. Both superca-
pacitor and sensor were based on free-standing B-PVA/KCl hydrogel
film. PPy was chemical oxidative polymerization on B-PVA/KCI hydro-
gel film for supercapacitor, while SnO,/FeCl; solution was first
dropped on film, and then PPy was coated by vapor phase polymeriza-
tion for NH; gas sensor.

The free-standing B-PVA/KCI film was highly flexible due to physi-
cal and chemical cross-linking structure in the hydrogel (Figure 2a). It
was reported that crystallization and phase separation of PVA during
freeze-thaw physical cross-linking process could lead to gelatiniza-
tion.*"? Moreover, dehydration occurred between boric acid (B(OH)5)
and hydroxyl groups (~OH) of PVA chains during chemical boron
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cross-linked process, and further improve mechanical properties of
hydrogel.[Sl] FTIR was used to study cross-linking structure of B-PVA/
KCl (Figure 2b). There appeared a peak at 650.85 cm™ in B-PVA/KCl
film, ascribing to O-B—O bending, which was not observed in PVA/
KCl film.B? Furthermore, the peak at 3429 cm™! of —-OH stretching
vibration became weak after cross-linked with boric acid, indicating
that boron cross-linking structure was successfully introduced into PVA
molecular chains (Figure 2c).

PPy was widely used in supercapacitors because of its thermal sta-
bility, high conductivity, easy synthesis, and nontoxicity.”** Here,
PPy/B-PVA/KCl and B-PVA/KCI hydrogel films were freeze-dried for
surface morphologies examined by SEM (Figure 3a,b), and B-PVA/
KCl hydrogel film showed an interconnected porous structure, effi-
ciently improving transmission and diffusion of molecules, ions, and
electrons for obtaining high conductivity.””! In contrast, PPy/B-PVA/
KCl hydrogel film was relatively smooth with rough and orderly
wavy-wrinkled structure, owning to uniform incorporation of PPy
displaying on the surface of B-PVA/KCl film. It indicated that PPy
could be perfectly integrated onto B-PVA/KCI film by an in situ poly-
merization growth method. There was a broad peak at 20.128° of
XRD, revealing characteristic reflection of crystalline atactic PVA in B-
PVA/KCI film (Figure 3¢).°*} But this peak became sharper in PPy/
B-PVA/KCI film, due to typical broad and weak reflecion in the
range of 15-30° of amorphous PPy.**] Besides, other peaks in PPy/
B-PVA/KCl film were obviously weak compared with B-PVA/KCl
film, confirming that PPy was successfully attached into B-PVA/KCl
film. The prepared flexible supercapacitor appeared to have a sand-
wich structure of all-in-one configuration (inset of Figure 3d) with
PPy/B-PVA/KCI film as electrodes and B-PVA/KCI film as electrolyte.
Due to high robust of hydrogel film, integrated supercapacitor
showed excellent toughness and strength when undergoing enlarged
stretching even up to 100% (Figure 3d). The excellent mechanical
properties of this supercapacitor would pave great potential promising
for practical application.

Capacitance performance was influenced by the concentration of pyr-
role solution (0.2, 0.4, 0.6, 0.8 M) and immersion time (4, 6, 8, 10 h)
(discussed in the Supporting Information). After comparison, 8-h
immersion in 0.6 M pyrrole solution was chosen as optimal condition.
Cydlic voltammetry (CV) and galvanostatic charge/discharge (GCD)
were carried out to assess electrochemical performance of PVA hydro-
gel-based supercapacitors. The rectangular shapes of CV curve indicated
fast charging/discharging properties of the device with high power
density and predicted similar capacitive behavior with double-layer-
based supercapacitors (Figure 36).[36] In addition, areal capacitance
(Cay) of the supercapacitor was calculated from CV curves by using
Equation (S1) as 67.6, 46.7, 37.9, 32.4, 25.8, and 21.8 mF cm™? for
scan rate as 25, 50, 75, 100, 150, and 200 mV s~'. A substantal
decrease in Cs with increase in scan rate was observed, due to decreas-
ing number of active sites participating in the reaction during high scan
rate. It is reported that, ions (K* and C17) only reached outer surface of
electrode instead of diffusing into pores of hydrogel-based electrode
during high scan rate. Meanwhile, symmetrical shapes of GCD curves
(Figure 3f) indicated a high reversibility of as-fabricated supercapacitor
during charging/discharging processes. Areal capacitance of the super-
capacitor of 244.81, 207.24, 170.82, 134, 104.52, 84.33 and
69.6 mF cm ™ at 0.47, 0.60, 0.73,1.00, 1.33, 1.67 and 2 mA cm ™7,
respectively, was obtained from GCD curves by Equation (S2) (Fig-
ure 3g). The specific energy density (E) and specific power density (P)
of prepared supercapacitor were calculated from GCD curves by
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Figure 1. Schematic diagram. Preparation process for all-in-one electronic system.
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Figure 2. Characterization of in situ analysis. B-PVA/KCl hydrogel film formation mechanism. a) Schematic of cross-linking change during preparation
process of B-PVA/KCI hydrogel film. b) FTIR spectra of PVA/KCI film and B-PVA/KCI film. c) The cross-linking mechanism between PVA chains and boric

acid.

Equations (S3) and (S4), exhibiting a large energy density of
34.00 pWh cm™> at power density of 466.67 pW cm > (Fig-
ure 3h).7***2] When power density increased to 2000 uW cm ™2,
energy density still maintained a high value of 9.67 uWh em™ 2. More-
over, coulombic efficiency of prepared hydrogel-based was also calcu-
lated from GCD curves as 60%, 75.21%, 75%, 77.8%, 79.12%,
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80.13%, and 79.82% at current density of 0.47, 0.60, 0.73,1.00, 1.33,
1.67, and 2 mA cm™?, respectively (Figure S3). The fabricated superca-
pacitor possessed excellent electrochemical behaviors compared with
previous flexible hydrogel-based devices (Figure 3h and Table S1),
attributed to effectively improving loading amount of in situ growth
PPy, which was used as active material for supercapacitor.
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Figure 3. Characterization and electrochemical behaviors. SEM image of a) B-PVA/KCI hydrogel film and b) PPy/B-PVA/KCI hydrogel film. c) XRD patterns of B-
PVA/KCI film and PPy/B-PVA/KCI film. d) Integrated supercapacitor with all-in-one configuration under 100% stretching, inset was without stretching. e) CV and
f) GCD curves of supercapacitor. g) Areal capacitances of as-fabricated supercapacitor with variation of current density. h) Ragone plot. i) Nyquist impedance
plots of the supercapacitor, and the inset showed an equivalent circuit fitting to Nyquist spectra.

Moreover, Nyquist impedance plots of the supercapacitor were also
used to further study equivalent circuit of energy storage system. There
was a small semicircle in high-frequency region and vertical line in
low-frequency region in EIS spectra (Figure 3i), indicating low charge
transfer resistance and good capacitive behavior with small diffusion
resistance of integrated supercapacitor, respectjvely.[“] The electrical
equivalent circuit of supercapacitor is also shown in the inset of Fig-
ure 3i, with a low series resistance (R;) and a small interfacial charge
transfer resistance (R).'**! The suitable resistive performance of super-
capacitor could be atributed to small interface contact resistance
between electrode and electrolyte, as well as effective transportation of
electron and ion within device.[**!

This highly flexible supercapacitor could easily power a LED,
remaining bright after intense mechanical deformation of stretching
and bending (Figure 4a). There also illustrated no obvious change
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from CV and GCD curves at various stretching ratios (0-50%) and
bending angles (0-180°) (Figure 4b,c,e,f). Most flexible supercapaci-
tors with multilayer laminated configuration suffered from inevitable
relative displacement and even delamination between multlayers dur-
ing repeated bending or stretching deformations, leading to degrada-
tion of supercapacitor perfonnance.[34] Compared with conventional
liquid electrolyte/separator configuration, this single hydrogel-based
supercapacitor could overcome poor interfacial adhesion between elec-
trode and electrolyte. As a result, capacitance retained over 90% of its
initial value even after 1000 cycles of stretching/bending testing (Fig-
ure 4d,g).

Moreover, supercapacitor exhibited a superb capacitance maintaining
after 2000 charge—discharge cycles (Figure 4h). It was probably attrib-
uted to slow solvent evaporation of hydrogel-based electrolyte, acquir-
ing desired retention of ionic conductivity.[45]
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Figure 4. Bending, stretching and cycling of supercapacitor. a) Supercapacitor for powering a LED under bending or stretching condition. Electrochemical
performance of supercapacitor under different stretching ratios b) CV curves (100 mV s™") and c¢) GCD curves (133 mA cm™2). d) Capacitance retention
during 1000 bending—releasing cycles, and the inset showed CV curves of 0, 500, and 1000 cycles. Electrochemical performance of supercapacitor under
different bending angles e) CV curves (100 mV s™') and f) GCD curves (1.33 mA cm™2). g) Capacitance retention during 1000 bending—releasing cycles, and

the inset showed CV curves of 0, 500, 1000, and 1500 cycles. h) Cycling performance of supercapacitor at 100 mV s~ .

2.2. Self-Healing Performance of Hydrogel-Based
Supercapacitors

Interestingly, this flexible supercapacitor also exhibited self-healing
behavior (Figure 5b). Firstly, LED was powered by three series-con-
nected supercapacitors. Secondly, LED closed after one supercapacitor
was cut off. After that, two broken pieces were tightly aligned and
heated to 85 °C for 20 s, surfaces could tightly adhere to each other
and then light turned bright again. More importantly, there was negli-
gible change in the brightness of self-healed device under stretching or
bending deformation, suggesting outstanding self-healable property of
physical and chemical cross-linking B-PVA/KCl hydrogel film. More
specific self-healing performance was demonstrated in Figure 5c,d.
Capacitance recovered as regular after self-healing process, and even
stable during bending of various angles (30°, 60°, 90")‘[46] Thus, the
supercapacitor could maintain its original mechanical strength and
charge transport capability after self-healing process. Such self-healing
capability could greatly prolong lifetime of supercapacitors, providing a
novel platform for designing a new-generation flexible electronic
device.

Self-healable mechanism results from physical and chemical boron
cross-linking process in B-PVA/KCl hydrogel film. Firstly, tetrahedron-
shaped [B(OH),4]~ dissociated from boric acid could reversibly coordi-
nate with free ~OH groups,™*’! contributing to rapid self-healing
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capability of hydrogels without healing agents or external stimuli (Fig-
ure 5a).[**) Secondly, reformation of cross-linked network was accom-
plished by diffusion of PVA chains across surface of disconnection with
physical entanglements of polymer chains, and their subsequent inter-
chain hydrogen bond interactions.**] Heating process promoted ion
dissociation of intra- or intermolecular in PVA hydrogel and dynamical
cross-links created by reversible hydrogen bonds, which was a crucial
role in quick and efficient self-healing performance of hydrogel film.
Physical and chemical cross-linking endowed hydrogel film with good
mechanical performance, avoiding delamination or dislocation of inter-
faces between electrolyte and electrode, and remaining original struc-
ture for electrochemical performance after self-healing (details in the
Supporting Information).

2.3. Sensing Performance of NH; Sensors

Additionally, this all-in-one supercapacitor of SnO,/PPy-B-PVA/KCl
hydrogel could be used as a sensing device for gas detection (Fig-
ure 6). The morphologies and microstructures of prepared SnO, and
SnO,/PPy hybrid were studied by SEM (Figure S5a,b), XRD (Fig-
ure S5¢), and FTIR (Figure S5d) and discussed in the Supporting Infor-
mation. An excellent sensing behavior was observed toward NH; gas
under 50 ppb-500 ppm of 50% RH (Figure 6a), where response
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(AR/Ry) increased upon ammonia, and the fitting curves of sensor to
different concentrations of NH; are shown in Figure $6a,b.°9°21 10w
detection limit of ammonia (1.573% at 50 ppb) would result from
good combination between PPy and SnO, nanoparticles on B-PVA/KCl
film, leaving abundant amount of reaction sites on sensing surface.””)
Furthermore, good repeatable characteristic was also illustrated toward
same concentration of 50 ppb NH; (Figure 6a inset). Response and
recovery time of ammonia (50 ppb) were 124 and 68 s, respectively
(Figure 6a inset), indicating a fast-sensing reaction for analytes. As a
result, this hydrogel sensor demonstrated better sensing performance
compared with existing reports (Table S2).

Sensing mechanism of NH; came from synergic effect of p-n junc-
tion with p-type PPy and n-type $n0O,.1**! The reaction process of NH;
sensor for p-type PPy is shown in Equation (1). When the sensor was
exposed to NHj gas, electron/proton transfer occurs, leading to charge
compensatjon.[54'58]

For n-type SnO,, the reaction process can be simplified as given in
the following Equations (2)—(4). Oxygen would firstly react with metal
oxide and then form oxygen ions (0*~, 07, 0;) (Equation 2).[52€01

{ L)y \@T
NH, off 1 L NH; on (D)

cr NHa

TZ
=
~
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Owning to greater electronegativity of oxygen molecules, elec-
trons would escape from conduction band of SnO,, leading to
decrease in the concentration of free charge carriers. As a result, a
depletion layer (LD) at grain boundaries would be received. Once
NHj; gas was introduced into the surface of sensor, oxygen species
interact with NHj, resulting in the formation of NOx (Equations 3
and 4). Meanwhile, free electrons will return to conduction band
of SnO,, greatly compressing LD and increasing the resistance of
metal oxides.

_ SnO, OZ_
O;+2e —> 2
z (oo @
4NH;3 + 50, — 4NO + 6H,O + 5¢~ 3)
2NH3+307 —>N2+3H20+367 (4)

When p-type semiconductors PPy contact with n-type SnO,, holes
near p-n junction in p-type PPy will diffuse into n-type SnO,, neutraliz-
ing free electrons and forming a new region C (Figure 6b). Meanwhile,
free electrons in SnO, will also diffuse into PPy, neutralizing the holes
and forming another new region B. Thus, a p-n junction of space charge
region (LD) will form between p-type PPy and n-type SnO, (details in
the Supporting Information) ! and the whole $nO,/ PPy nanostructure
could be divided into 4 regions (region A, B, C and D) (Figure 6b).

Additionally, I-V curves toward different vapor polymerization times
of 10-180 min were measured to further prove the formation of p-n
junction (Figure S8a). The resistance of this device increased with poly-
merization time increasing within 30 min, but decreased over 30 min,
which was consistent with the report.[éz] Briefly, the overall resistance
(R) could be represented as Equation (5),
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Figure 6. Electrochemical performance of the NH; sensor. a) Dynamical response to various concentrations (0.05, 0.1, 0.25, 0.5, 5, 10, 50, 100, 200, 300, 400,
500 ppm) of NH; at room temperature, and inset showed reversibility of sensor under 50 ppb NH; condition. b,cd) Schematic diagram of SnO,/PPy-B-PVA/

KCI hydrogel film sensing mechanism for NH; sensor.

S S B T
—=— e+ — (5)

R Ry, Ry Rc Rp

where Ry, Rp, Re, and Ry are the resistance of four regions A, B, C
and D, respectively. Considering the value of Rc or Rp for SnO, to
be much larger than R, or Ry for PPy, the overall resistance (R)
can be simplified as Equation (6),
1 1 1

R R Ry (6)

When polymerization time was less than 30 min, the thickness of
region A was thinner than that of region B. PPy layer will increase with
polymerization time, and more holes from PPy will enter into SnO, for
neutralizing free electrons, resulting in improved resistance. While
polymerization time was over 30 min, region A was much thicker than
region B, and hole transfer could be negligible compared with high
conductivity of PPy layer. So the resistance will decrease toward increas-
ing polymerized PPy layer under this circumstance.

Moreover, dynamical response to 50 ppb NH; at room temperature
with different vapor polymerization times (5, 10, 15, 20, 25, 30, 60,
120, and 180 min) has been detected (Figure S8b), and the sensor
showed maximum response with polymerization of 60 min. When the
sensor was exposed to NHj, holes from region A and B will both react
with NHj3, leading to the decrease in holes for enlarging R, and
Rp.[* 17242 At the same time, holes from region C will move to region B
in equilibrium, making thickness of region C to reduce and region B to
increase (Figure 6b,c). The thickness of region A and B was also critical
keys to response signals. When the thickness of region A was thinner or
equal to that of region B (polymerization time of 5-30 min), R was
dependent on Rp. The variation of residual holes from region B will
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increase with increase in polymerized PPy layer, resulting in a larger
response. While region A was thicker than region B (polymerization
time over 30 min), Ry and Ry both contributed to R, and the response to
NH; mainly depend on the thickness of region A. As a result, the
response would decrease with increase in the thickness of region A, due
to low diffusion rate toward NH; within inner sensing body.[5 1

Besides, several volatile of solvents (VOCs), which commonly exist
with ammonia in the environment of laboratory, workshop, chemical
plant, or experimental samples, were chosen to study the selectivity
properties of this sensor (Figure S9). At first, the resistance of sensor
increased obviously after introduction of 50 ppb NH; gas, while negli-
gibly changed when other six types of VOCs (50 ppb) were introduced.
Besides, the resistance increased with further addition of 50 ppb NHj3,
indicating high selective behavior of PPy/SnO,-modified B-PVA/KCl-
based sensor for ammonia detection with compared to other analytes.
The selective performance of this sensor may be explained on basis of
sensing mechanism. During sensing process, total conduction mostly
relied on intra-chain’s contribution rather than interchain.!**! More-
over, it is reported that polypyrrole was de-doped under the ammonia
presence, affecting intra-chain conduction in polypyrrole.l*! Therefore,
the response of SnO,/PPy-based sensor was expected to be substantially
higher for ammonia detection compared with other analytes, achieving
accurate detection of ammonia vapor among these VOCs without inter-
ference.

2.4. Integrated Electronic Supercapacitors for Self-Powering NH;
Sensing

To further evaluate practical application of this all-in-one hydrogel self-
powered sensor system, supercapacitor and NH; sensor were integrated

© 2021 Zhengzhou University

85U8017 SUOLIIOD BAE8.D 3|t jdde au Aq peusenob afe saoile O @SN JO S9N 10} AeiqiT 8UljUO /8|1 UO (SUONIPUOD-PUB-SWIsH W00 A8 | IMAtelq 1 Ul |Uo//SdNy) SUORIPUOD Pue SWe 1 8y} 89S *[£202/0/70] U Akeid)T8uluo A8|IM BuIyDBURIYI0D A £222T 2Wes/Z00T OT/I0p/Lioo A3 (1M Aelq 1 |pul|uoy//sdny wolj pepeojumod ‘€ ‘220z ‘95E05.52



Energy &
Environmental Materials

©

(@ (b) 30

—Single supercapacitor
——3 Supercapacitors in series|

a
N
ES

w
—
®

o

By
Potential(V)

0.6 1

'
a

nontoxicity and potential of the device to be
used in wearable electronic field.

——Singer supercapacitor
3 Supercapacitors in series

3. Conclusion

In this work, a flexible hydrogel-based all-in-
one electronic system consisting of superca-

Current density (mA cm2)
=

T 0.0 T
24 3.0 0 20

.
s
=3

0.6 1.2 1.8
Potential (V)

()

=
e

pacitors and NHj sensors has been fabricated.
This all-in-one solid-state device has high

0 60 80 100
Time(s)

®
=3

orign

N
=

&
1.3

IS
S

NH; sensor

I
S

Current(mA)
=]

NH; off

Stretchable S-S

flexibility, good biocompatibility, stretchable
and self-healing properties toward various
environment. Supercapacitors were prepared
by integrating PPy and boron cross-linked
PVA/KCl hydrogel as sandwich configuration
(electrode-electrolyte-electrode), while NH;j
sensor was realized by a SnO,/PPy-modified
conductivity PVA hydrogel film. Supercapaci-

20% 50%
Stretching  Stretching

11
I "

Supercapacitor 0 116 232

Time(s)

tors and NH; sensors were integrated via
physical cross-linking PVA hydrogel as bin-
der. As a result, supercapacitor could store

348 464 580

Figure 7. Electrochemical performance of the integrated electronic system. a) CV and b) GCD curves for energy and then self-power NH; sensing

comparison of three supercapacitors connected in series (red plot) and single supercapacitors (black plot). c)
Equivalent circuit of integrated electronic system for wireless monitoring of NH;. d) Dynamical response of
sensor under 50 ppb NH; at room temperature during stretching process (0%, 20%, and 50%).

into one device with 20 wt.% PVA solution as binder and the equiva-
lent circuit diagram is shown in Figure 7c. NH; sensor could be pow-
ered by prepared supercapacitor. A dragon shape of integrated device
was designed to enhance stretchable performance. Briefly, supercapaci-
tor was first fully charged by a commercial solar cell, and then it pow-
ered ammonia sensor for remotely real-time detection via a cell phone.
Output voltage could increase to 3 V by connecting three supercapaci-
tors in series (Figure 7a,b) and provide a stable voltage after 900 s for
self-powered sensing measurement (Figure S10, black line). As a result,
during self-powered sensing process, it could be considered that cur-
rent only changed with ammonia vapor on/off (Figure 7d, red line).

Self-powered NH; sensor performance of AR/Ry & 1.4 was in
accordance with NH; concentration (50 ppb) during 0%, 20%, and
50% stretching process (Figure 7d), which was similar to the response
in direct sensing testing of AR/Ry &~ 1.5 (Figure 6a).

The stability of all-in-one electronic system was also studied and the
device could stay for one week by inter-day and intra-day testing in an
ideal range (Figure S11). Thus, this flexible all-in-one system would
offer a self-powered sensing behavior for further practical application.
As reported, PVA hydrogels have been widely used in tissue engineer-
ing,[®) drug delivery,[*®) energy storage devices,[*’1 etc., because of
their resemblance to biological tissues and nontoxicity. Meanwhile,
active materials of supercapacitor (PPy) were also reported to be used in
efficient biomimetic systems, such as artificial musclest®®! or drug deliv-
ery,!°”] with bio-conformability and capability to electronically control
a wide range of physical and chemical properties. Thanks to biocompat-
ible properties of our system, skin allergy test of all-in-one electric sys-
tem in the hands of volunteer during NH; sensing process has been
further studied. As shown in Figure S12, electronic device was simply
taped to t tester’s wrist, and NH; vapor was brought out by a constant
nitrogen flow from aqueous solution, containing certain concentration
of ammonia. It is obviously that there were no allergies observed during
hours of charging/discharging and sensing process, indicating safety
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unit. Besides, wearable electronic system
could also wirelessly control real-time moni-
tor NH; gas sensor by a cellphone. This all-
in-one system demonstrates a novel fabri-

cated process and practical application of highly flexible supercapacitors
to self-power integrated sensors in advanced wearable electronics and
smart energy devices. In future study, additional functional devices,
such as voltage stabilizer, will be integrated into all-in-one system, to
acquire a stable output voltage for wearable practical applications.

4. Experimental Section

Preparation of boron cross-linked PVA/KCI hydrogel film (B-PVA/KCI): The
free-standing B-PVA/KCI film consisted both physical and chemical cross-link,
with mechanism shown in Figure 2.1 10 mL 10wt. % transparent PVA gel solu-
tion was under stirring at 85 °C for 2 h. Then, 3 mL KCl solution (3 m) was
added into the above solution with 30-min constant stirring. After that, the mix-
ture was poured into plastic mold (1 X 15 x 0.1 cm?), frozen at —15 °C for
24 h, and thawed at room temperature for 12 h. After three freeze-thaw cycles,
free-standing PVA/KCI hydrogel film was peeled off from the mold and immersed
in boric acid/ammonia solution (1 mg mL™", pH = 11) for 24 h, acquiring chemi-
cal cross-link between PVA chains and boric acid.

Preparation of PPy/B-PVA/KCl hydrogel film: The PPy/B-PVA/KCI hydrogel
film was prepared through chemical oxidative polymerization process. Firstly, as-
prepared B-PVA/KCI hydrogel film was immersed in pyrrole solution with dis-
solved APS (pyrrole/APS molar ratio = 1:2) at 4 °C for several hours to allow
complete polymerization of pyrrole. Then, hydrogel film was taken out and
washed several times with deionized water. The concentration of pyrrole solution
was 0.2, 04, 0.6, and 0.8 m and immersing time was 4, 6, 8, and 10 h, respectively,
for measuring the performance of supercapacitors.

Fabrication of all-in-one flexible supercapacitors: Firstly, a piece of B-PVA/
KCl electrolyte layer (12 x 1.8 X 0.3 cm®) was placed between two pieces of
free-standing PPy/B-PVA/KCI electrode layers (1 X 1.5 X 0.1 cm?). Secondly, two
identical carbon cloth strips were tightly affixed to both sides as the collector.
Finally, two pieces of nonconducting PVA films (detail process in the Supporting
Information) were used to encapsulate the device under a pressure of ~0.5 MPa,
with 20 wt.% PVA solution as the adhesion agent.

Fabrication of NH3 gas sensor: The SnO,/PPy-modified B-PVA/KCI layer was
prepared by vapor phase polymerization of pyrrole.m] Firstly, 0.1 g of anhydrous
FeCl; was dissolved in 5 mL deionized water. Then, SnO, samples (detail synthesis
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process in the Supporting Information) were dipped into the solution and stirred
for 30 min. Then yellow suspension was dropped on B-PVA/KCI hydrogel film
and left dried in open air for 1 h. Finally, prepared film was further exposed to
pyrrole (Py) monomers in a closed chamber for 1 h. During sensing process of
ammonia sensor, NH; vapor was brought out by a constant nitrogen flow from
its aqueous solution, which contains certain concentration ammonia. The vapor
was drained from rubber conduit to sensing electrode surface and maintained
1 min before each test to ensure test environment is stable. Meanwhile, gas flow
rate was controlled by gas flow meter.

Electrochemical measurements: Cyclic voltammetry (CV) and galvanostatic
charge/discharge (GCD) of the supercapacitor were measured by CHI 600E
(Shanghai Chenhua instrument Co., Ltd., China). CV was tested at different
scan rates of 25, 50, 100, 150, 200 and 250 mV s~'. GCD was measured at
047, 0.6, 0.73, 1, 133, 1.67 and 2 mA cm™2 current density. Calculations of
areal capacitance or specific power can be found in the Supporting Informa-
tion. The testing of NH; gas sensor was carried out in a gas chamber. Two
electrodes were applied a constant bias voltage of 0.5 V by amperometric (i-
t). Detailed measurements can be found in Supporting Information. The sen-
sor was powered by three series-connected supercapacitors with a stable out-
put voltage of about 0.5 V.
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