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Recent advances in wearable and implantable electronics have
increased the demand for biocompatible integrated energy storage
systems. Conducting polymers, such as polyaniline (PANi), have
been suggested as promising electrode materials for flexible bio-
compatible energy storage systems, based on their intrinsic struc-
tural flexibility and potential polymer chain compatibility with
biological interfaces. However, due to structural disorder triggering
insufficient electronic conductivity and moderate electrochemical
stability, PAN:i still cannot fully satisfy the requirements for flexible
and biocompatible energy storage systems. Herein, we report a
biocompatible physiological electrolyte activated flexible super-
capacitor encompassing crystalline tetra-aniline (c-TANi) as the
active electrode material, which significantly enhances the specific
capacitance and electrochemical cycling stability with chloride
electrochemical interactions. The crystallization of TANi endows it
with sufficient electronic conductivity (8.37 S cm™!) and a unique
Cl™ dominated redox charge storage mechanism. Notably, a fully
self-healable and biocompatible supercapacitor has been
assembled by incorporating polyethylene glycol (PEG) with
c-TANi as a self-healable electrode and a ferric-ion cross-linked
sodium polyacrylate (Fe>*-PANa)/0.9 wt% NaCl as a gel electrolyte.
The as-prepared device exhibits a remarkable capacitance retention
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New concepts

Conductive polymers have gained extensive attention in the field of
wearable energy storage devices due to their tunable molecular structure,
accessible solution synthesis, low-cost and biocompatibility. However,
synthesizing polyaniline (PANi) with sufficient crystallinity to achieve
good electronic conductivity and molecular structural stability is a
formidable challenge. Additionally, based on the proton dominated
redox active charge storage mechanism of PANi, the acidic electrolyte
ruins its inherent biocompatibility. As the smallest structural repeat unit
of PANi, tetra-aniline (TANi) can be assembled into ordered
nanostructures. Herein, we synthesize highly crystalline TANi (c-TANi)
nanosheets as observed via low electron dose spherical aberration
corrected high-resolution transmission electron microscopy (TEM).
Biocompatibility is achieved using an NaCl neutral electrolyte. This
creates a unique ClI~ dominated redox charge storage mechanism for c-
TANi. The c-TANi electrode exhibits outstanding charge storage capability
in a series of physiological electrolytes, including normal saline,
phosphate buffered saline (PBS) solution and artificial sweat. A fully
self-healable supercapacitor with a c¢-TANi-PEG electrode and a Fe’*-
PANa/0.9 wt% NaCl gel electrolyte has been created for use in
biocompatible energy storage applications.

even after multiple cut/healing cycles. With these attractive
features, the c-TANi electrode presents a promising approach to
meeting the power requirements for wearable or implantable
electronics.

Introduction

Wearable and biocompatible electronics offer a creative plat-
form to bridge artificial intelligent devices with biological
tissue for potential applications in health monitoring, remote
therapies and clinical disease state evaluation.'” Simulta-
neously, a boom in wearable and biocompatible electronics
has stimulated an ever-growing demand for portable energy
storage devices.! To satisfy the skin-close or biological applica-
tion environment, portable energy storage devices should meet
a series of extra requirements encompassing safety, flexibility,
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light-weight and biocompatibility, in addition to appropriate
electrochemical performance.” Unfortunately, current commer-
cial rechargeable Li-ion batteries or supercapacitors cannot
fulfill all these criteria, because of their rigid configurations
and hazardous electrolytes including strong acids, bases and
flammable organics, thus preventing their incorporation into
skin-close or implantable electronics.®® Safety must always be
a priority especially for close-fitting or implanted devices. In
regard to physiological electrolytes, such as normal saline,
sweat, phosphate buffered saline (PBS), and chloride contain-
ing compounds (NaCl, KCl) comprise the essential components
to sustain living functionality. In this regard, a chloride domi-
nant neutral physiological electrolyte provides a solution to
electrolyte safety concerns, while retaining adequate electro-
chemical performance.’

In terms of the electrode material, several pivotal factors,
including flexibility and biocompatibility, are still far from
satisfactory for most wearable energy storage devices.’® Con-
jugated (conducting) polymers, have been broadly demon-
strated to be promising candidates for serving as flexible
electrodes for biocompatible energy storage devices, according
to their intrinsic structural flexibility and polymer chain com-
patibility with biological tissue."' Among the conducting
polymers, PANi has been considered a very promising candi-
date for flexible electronics and wearable energy storage devices
because of its ultrahigh theoretical specific capacitance
(2000 F g™ 1)," facile wet chemical synthesis, confirmed bio-
compatibility and unique electrochemical activity between its
multiple redox states, namely leucoemeraldine-emeraldine
and/or emeraldine-pernigraniline.’* Nevertheless, the long-
range disorder inherent in the long polymer chains further
hinders efficient charge transport. The limited electronic con-
ductivity and inevitable mechanical degradation tend to trigger
severe deterioration of its electrochemical performance and
cycling stability."*°

Assembling crystalline structures with conducting polymeric
molecules is a promising strategy to tackle these long-standing
challenges."”'® The structural stability and electronic
conductivity can be enhanced by virtue of the compact and
ordered polymeric molecular alignment.'>* Nevertheless, the
complete crystallization of PANi in its long-chain form is
immensely challenging due to the unavoidable random coiled
conformations triggered by both free energy and kinetic
barriers.""'®?** As the smallest repeat unit of long-chain PANi,
tetra-aniline (TANi) can form into precisely ordered crystalline
domains, while preserving most advantages of PANi.*>™”

Herein, a biocompatible supercapacitor is developed via an
innovative chloride electrochemical interaction between an
elaborate crystalline TANi (c-TANi) electrode and a NaCl domi-
nant physiological electrolyte. The thus-derived c-TANi
nanosheets exhibit distinct crystalline domains with highly
aligned oligoaniline molecules, which endows it with good
electronic conductivity (8.37 S ecm™') and favorable specific
capacitance (601 F g~') via chloride dominant redox interac-
tions in an NaCl neutral electrolyte. As such, it far surpasses the
corresponding properties of a comparable PANi electrode
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(1.78 Sem ™' and 345 F g~ '). A symmetric supercapacitor based
on c-TANi electrodes also exhibits an enhanced areal capaci-
tance (414 mF cm ™ ?) with 94.5% capacitance retention even
after 4000 cycles in a standard saline solution (0.9 wt% NaCl),
which outperforms all previously reported organic electrodes in
a physiological electrolyte.®®'%'>?372¢ Notably, chloride redox
interaction chemistry and the rigid crystalline structure of
¢-TANi help reinforcing the faradaic charge storage and elec-
trochemical cycling stability, respectively. As a consequence, a
fully self-healable and biocompatible quasi-solid-state super-
capacitor has been created by incorporating c-TANi-PEG elec-
trodes and ferric ion cross-linked sodium polyacrylate (Fe*'-
PANa)/0.9 wt% NaCl gel electrolyte. Such a skillful configura-
tional design enables an areal capacitance of 81.5 mF cm ™2 and
a favorable capacitance preservation of 77.8% even after multi-
ple cut/healing cycles. The c-TANi-PEG//Fe*"-PANa/0.9 wt%
NaCl system can successfully power a light-emitting-diode
(LED) indicator even after a cut/healing cycle, thus holding
great promise for next generation wearable or implantable
energy storage devices.

Results and discussion

Fig. 1A schematically illustrates the configuration of the bio-
compatible supercapacitor, encompassing c-TANi electrodes
and an NaCl dominant physiological electrolyte. Note that the
c-TANi electrode demonstrates chloride participated redox
active interactions, implying appreciable charge storage
capability. More encouragingly, the majority of physiological
electrolytes, including sweat, urine, blood and normal
saline, contain chloride compounds, indicative of directly
serving as electrolytes for c-TANi supercapacitors. In this
regard, benefiting from the organic features of the electrode
materials and physiological electrolyte, the thus-devised c-TANi
supercapacitor holds promise for biocompatible energy
storage devices for wearable, epidermic or even implantable
applications.

The c¢-TANi nanosheets were prepared via a reported
solution self-assembly strategy.'>?” A scanning electron micro-
scopy (SEM) image shown in Fig. S1A (ESIt) reveals the thus-
prepared c-TANi with a uniform nanosheet morphology with
diameters of ~1.5 um and thicknesses of ~40 nm. The sharp
spots in the selected area electron diffraction (SAED) pattern
(Fig. S1B, ESI¥) provide evidence for the prominent crystallinity
with a dominant crystalline peak centered at 20 ~19.3°. The
peak manifests a d-spacing of 0.46 nm corresponding to the
peak of 19.3° in the X-ray diffraction pattern (XRD) (Fig. 1B).
The predominant n—n stacking d-spacing of ~0.347 nm at 25.6°
is perpendicular to the aromatic ring stacking, which corre-
sponds to the TANi molecular assembly.’>*® We also synthe-
sized PANi as a control sample by means of classical
ammonium peroxydisulfate induced polymerization. As dis-
played in the SEM image (Fig. S1C, ESIf) and XRD (Fig. 1B)
profiles, PANi manifests a typical nanofiber morphology and
amorphous structure. Matrix-assisted laser desorption/

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 Schematic illustration of the biocompatible supercapacitor and characterization of c-TANi nanosheets. (A) Configuration of the biocompatible
supercapacitor and proof-of-concept demonstration of potential applications. (B) XRD comparison of the c-TANi nanosheets and PANi. (C) MALDI-TOF
pattern of the raw dimer material and c-TANi in its emeraldine salt oxidation state. (D) /-V curves for evaluating the electronic conductivity of c-TANi and

regular PANi. (E) The structural illustration of the single unit cell for c-TANi

spacings and chain stacking along the a- and c-axis analyzed from the AC-

the a-axis and (F) n—n stacking of the c-TANi along the c-axis (G).

ionization-time-of-flight (MALDI-TOF) mass spectroscopy
(Fig. 1C) was employed to characterize the molecular weight
of the as-prepared TANi as 366.207 Daltons, completely con-
sistent with the previously reported amine/phenyl-capped
TANi.15’27

Ultraviolet-visible (UV-vis) spectra (Fig. S1D, ESI{) were used
to characterize the doping level and molecular characteristics
of doped c-TANi, de-doped TANi and doped PANi. Both doped
c-TANi and de-doped TANi display a typical n-n* transition
peak at 310 nm."® Doped PANi presents a similar peak with a
conspicuous red shift, which can be resolved to weaker inter-
molecular interactions and more distorted n-n stacking that
induce lower energy excitonic transitions.'®*® The broad
absorption peak centered at 430 nm suggests a divergence
between the doped and de-doped c-TANi, which indicates the
polaron to n* band transition.'® This is the typical indicator for
the conductive form of doped c-TANi.

Spherical aberration corrected high-resolution TEM (AC-
HRTEM) was used to further characterize the crystalline

This journal is © The Royal Society of Chemistry 2022

and the packing model of c-TANi chains showing the corresponding lattice
HRTEM results in (F) and (G). AC-HRTEM images of the c-TANi chains along

structure at the sub-nanometer level resolution with an extre-
mely low electron dose rate down to 2 e~ pixel ' s™" to avoid
electron beam damage to c¢-TANi. In comparison to its long-
range disordered PANi counterpart, the c-TANi exhibits a highly
aligned packing structure with an ordered molecular arrange-
ment, which may be assigned to an orthorhombic lattice,
according to the high-resolution TEM images and SAED pat-
terns presented in Fig. 1F and G, Fig. S1B and S2 (ESI}). The
typical lattice spacings of 2.7 A correspond to the opposite
(i.e. para) position carbon on the aligned aromatic ring along
the b-axis, while 3.4 A represents the spacing of the m-m
stacking between aromatic planes along the c-axis (Fig. 1E).*®
The eight continuous spots with lengths of ~13.5 A in both
Fig. 1F and G represent the stacked aromatic atoms of a single
c¢-TANi molecule along the axial direction of the chain seg-
ments. Simultaneously, both the observed 3.4 A n—n stacking
spacing and the single molecular length of 13.5 A are consistent
with the marked peaks in the XRD pattern at 20 of ~25.6° and
6.4°, which correspond to the lattice spacings of 3.47 A and 13.7 A.

Mater. Horiz., 2022, 9, 383-392 | 385
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Additionally, the lattice spacing of 4.6 A in Fig. S2G and H (ESIT)
matches the peak at 20 of ~19.3° in the XRD pattern (Fig. 1B).
Consistent with the highly crystalline features, a pressed
c-TANi film displays a typical electronic conductivity of
8.37 S cm ™! (Fig. 1D), which is approximately four times higher
than that of amorphous PANi (1.78 S cm™'). The enhanced
conductivity of ¢-TANi is related to the compact and long-range
ordered TANi molecules aligned along the in-plane direction.
The thus-derived c-TANi electrode was subjected to exhaus-
tive electrochemical characterization in a neutral aqueous
electrolyte of 2.0 M NaCl via a three-electrode cell configu-
ration. Fig. 2A displays the cyclic voltammetry (CV) curve
comparison between c-TANi and PANi electrodes performed
at a sweep rate of 5 mV s ' within a potential range from
—0.2 to 0.6 V vs. Ag/AgCl. Generally, the main contribution to
the charge storage of PANi is the proton doping/de-doping in an
acidic electrolyte, associated with PANi oxidation state
variations.**" In this respect, the PANi electrode only displays
a moderate electrochemical charge storage capacity with a
gravimetric capacitance of 399 F g, restricted by the scarcity
of protons in the neutral electrolyte. In contrast, benefiting
from the redox interactions, the c-TANi electrode achieves a
superior specific capacitance of 600.7 F g~' with a consistent
discharge rate. The dominant redox reaction around 0.37 V
indicates the good redox active charge storage capacity of
c-TANi. This trend can also be evidenced by the prolonged
diagonal discharge profile of c-TANi at the coincident redox
potential range in a galvanostatic charge/discharge (GCD) plot
(Fig. S4A, ESIt). The enhanced crystallinity and highly aligned
molecular structure imbue c-TANi with ordered ion transport
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channels for charge storage in comparison to its amorphous
PANi counterpart.

Fig. 2B summarizes the specific capacitances of c-TANi and
PANi obtained from the CV profiles at varied scan rates. The
c-TANi electrode presents a favorable rate performance with
64% capacitance retention when increasing the scan rate from
2 mV s~' to 100 mV s, in contrast to a 42% capacitance
retention for PANi. Apart from the electronic conductivity, ion
dynamics is another vital factor accounting for the differences
in electrochemical performance. To unravel the chloride diffu-
sion properties, the b-value was calculated on the basis of
the equation i = @’ by extracting the current from the CV
curves performed under different sweep rates (Fig. 2C). The
¢-TANi and PANi electrodes exhibited b-values of 0.89 and
0.81, respectively, indicating a capacitive behavior dominated
charge storage process for the c-TANi electrode. Based on
Trasatti’s theory, the voltametric capacity can be extracted into
“outer” capacitive charge and “inner” diffusion controlled
redox active behavior dominated charge.*> We can distinguish
these two charge contributions according to the following
equation, i(V) = kyw + k,w'?, where k,v and k,/*'? denote
the capacitive controlled and diffusion-tailored current contri-
butions, respectively. Fig. 2D summarizes the histogram of the
capacitive contributions that originate from the CV curves
(Fig. S5A, ESI¥) at scan rates from 2 to 20 mV s~ . Accordingly,
the capacitive charge contribution ratio of the c-TANi
electrode increased from 85.6% to 95.5% as the scan rate
increased. The capacitive behavior dominated charge storage
mechanism of the c-TANi electrode enables the remarkable rate
performance.
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Electrochemical impedance spectroscopy (EIS) measure-
ments were further implemented to gain insight into the
electrochemical dynamics of the electrodes. As depicted in
Fig. S5C (ESIt), we quantitatively evaluated the electronic
conductivity and ionic transport properties of ¢-TANi and PANi
electrodes. Clearly, the c-TANi electrode exhibits a lower inter-
nal resistance (Rs) of 0.078 Q compared to the 0.256 Q observed
for PANi. Additionally, the vertical curve displayed in the low
frequency region of the Nyquist plot further indicates a favor-
able ion diffusion efficiency for the c-TANi electrode. The
unsatisfactory structural stability leading to moderate electro-
chemical cycling stability for PANi is one of its crucial weak-
nesses hindering practical applications. Fig. 2E reveals that the
c-TANi electrode delivers a good cycling lifespan of 84.4% after
2000 cycles, while a PANi electrode only retains 69.9% under
the same conditions. Overall, these impressive electrochemical
performances in an NaCl aqueous electrolyte suggest that
c-TANi is a promising electrode in the field of biocompatible
electrochemical charge storage devices using physiological
electrolytes.

To intuitively elucidate the origins of the outstanding elec-
trochemical performance of ¢-TANi in a neutral NaCl aqueous
electrolyte, the chemical structural evolution during the elec-
trochemical charge/discharge process was systematically inves-
tigated using a series of ex situ characterization techniques. As
depicted in Fig. 3A, Fig. S6A and B (ESIT), ex situ X-ray photo-
electron spectroscopy (XPS) was first utilized to track the

>
w
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elemental component evolution of the c-TANi electrode. The
peaks centered at 199.4 eV and 197.7 eV are referred to as Cl
2p1/, and Cl 2p;j,. Fig. 3B and Table S1 (ESI) summarize the
ratio variations of Cl and Na derived from the high-resolution
XPS (Fig. 3A and Fig. S6B, ESIt). The atomic content of Cl
gradually increased from 0.4% to 1.15% during the charging
process and reversibly fell back upon discharging, while the
sodium content remained nearly constant. Based on the extre-
mely low proton concentration, the proton doping/de-doping
process is unlikely to contribute any capacity. This is also
corroborated by the MALDI-TOF spectrum in which essentially
no molecular weight change was observed for each of the
selected samples as depicted in Fig. S6C (ESIT). More specifi-
cally, the -NH- in the leucoemeraldine state was oxidized to
=NH"- in the emeraldine salt upon charging,*® accompanied by
interactions with Cl~ to preserve electroneutrality. Therefore,
we believe that the anion (Cl™) mediated redox reaction is the
essential step contributing to the electrochemical charge sto-
rage of c-TANi.

Ex situ XRD in Fig. 3C was also utilized to unravel the
crystalline structural variation. From the expanded 20 range
of 15° to 30°, it is evident that the intensity of the peak at 20.8°
gradually diminished and then was enhanced from steps Ito V.
The peak at 25.4° (corresponding to the n-= stacking) strength-
ened significantly during the charging process, thus illuminat-
ing the ordering enhancement of the conjugated structure. To
substantiate the molecular structure of c¢-TANi in the
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(E) Schematic illustration of the charge storage mechanism of c-TANi with

redox interactions and Cl™ intercalation, accompanied by c-TANi oxidation state variation between the emeraldine salt and leucoemeraldine oxidation

states.
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electrochemical process, we deliberately synthesized the leu-
coemeraldine oxidation state of TANi and the emeraldine base
form of TANi, i.e., the de-doped emeraldine oxidation state of
TANi. Fig. S6D (ESIt) summarizes the XRD patterns of the
leucoemeraldine and the emeraldine base forms of TANi in
comparison with its as-prepared c-TANi counterpart, ie., the
proton doped emeraldine salt form. From the XRD profiles of
the varied states of TANi (Fig. S6D, ESIT) and ex situ XRD curves
(Fig. 3C), two hump shaped peaks centered at ~20.0° and 20.8°
of the fully discharged samples indicate the leucoemeraldine
state of ¢-TANi, while the charged sample shows a sharp peak
located at 19.7° representing the emeraldine salt form of
c-TANi. Simultaneously, the peaks centered at 20.0° and 25.6°
manifest a conspicuous shift towards lower angles during
charging and reversible contraction during discharging, indi-
cative of Cl™ intercalation/de-intercalation accompanied by
redox state variations between the emeraldine salt and leucoe-
meraldine states, as schematically illustrated in Fig. 3E.

Ex situ UV-vis (Fig. 3D) and FT-IR (Fig. S6E, ESI}) results
derived from the charged/discharged c-TANi electrodes provide
information on the molecular characteristics, redox level and
conjugation length. UV-vis absorption peaks located at 311 nm,
425 nm and 800 nm indicate the band structure transitions
from © — ©*, polaron — 7* and © — polaron, respectively.'>*°
Upon charging, the broad peak centered at 800 nm increases
remarkably, revealing polaron formation of =NH'- in the
emeraldine salt form. Additionally, the enhanced ratio between
the 420 nm peak and the 290 nm peak implies a decrease in the
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T — m* transition energy, in the presence of a gradual enhance-
ment of the TANi molecular n-n stacking. These enhanced
peaks are gradually reduced or even disappear during the
discharging process implying their reversibility. Overall, the
series of UV-vis spectra further confirm the structural transition
between the emeraldine salt form and the leucoemeraldine
state. As demonstrated in the ex situ FT-IR spectra in Fig. S6E
(ESI), the peaks centered at 1589 cm™ ', 1504 cm ' and
1145 cm ' can be assigned to the stretching vibrations of
quinoid (C—=Q=—C), benzenoid (C=B—C) and benzenoid-NH-
quinoid.** Upon charging, the ratio enhancement between the
C—Q—C and C—B—C indicates an enhancement in the
benzenoid-NH-quinoid transition, which also represents an
increase in the degree of conjugation.

The uniqueness of the chloride dominated redox reaction
and the robust crystalline structure of ¢c-TANi in turn bring
about excellent electrochemical performance in an NaCl aqu-
eous electrolyte. As schematically depicted in Fig. 4A, the
charge storage mechanism of the c-TANi electrode was investi-
gated in a series of physiological electrolytes with NaCl as the
major component, including normal saline (0.9 wt%, ie.
150 mM NaCl), phosphate buffered saline (PBS) solution
(1.76 mM KH,PO,, 10.1 mM Na,HPO,, 136.8 mM NaCl and
2.68 mM KCl) and artificial sweat (85.5 mM NacCl, 16.7 mM urea
and 12.7 mM lactic acid). Both ¢-TANi and PANi electrodes were
first investigated with a three-electrode configuration to inspect
their intrinsic electrochemical performance. Fig. 4B sum-
marizes the specific capacitance of the c-TANi and PANi
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Fig. 4 Electrochemical characterization of c-TANi in physiological electrolytes. (A) A schematical illustration of the c-TANi electrode tested in
physiological electrolytes for potential wearable energy storage devices. (B) Summeary of specific capacitances of c-TANi and PANi electrodes in normal
saline (0.9 wt% NaCl), phosphate buffered saline (PBS) solution and artificial sweat to observe their rate performance in these physiological electrolytes.
(C and D) The cycling stability and electrochemical impedance spectroscopy (EIS) comparison between c-TANi and PANi electrodes in saline electrolyte.
The inset figure in (D) summarizes the fit of the resistance values of different components in the equivalent circuit. (E) A Ragone plot compares a
c-TAN:I||0.9 wt% NaCl||c-TANi symmetrical supercapacitor reported in this work with other recently published electrochemical charge storage devices in
physiological electrolytes, including PEDOT:PSS//artificial sweat,® Mg/AgCl//0.35M NaCl' PPy/PEDOT/Mg//0.25 M Mg(NOs),,*> PEDOT:PSS/ferritin/
MWCNTs//PBS,%* MoO,//sodium alginate,> PANI/CNT//1.0 M NaCl,%® and MoQ3//0.35 M NaCl.
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electrodes in all three types of physiological electrolytes with
varied sweep rates according to the CV curves presented in Fig.
S7 (ESIt). Overall, the c-TANi electrode exhibited a superior
specific capacitance compared to the PANi electrode in all three
types of physiological electrolytes. In normal saline with a
0.9 wt% NaCl, the c-TANi electrode exhibited a superior specific
capacitance of 254.6 F g~ at a scan rate of 5 mV s, in
comparison to 203.8 F g ' for the PANi electrode at the
coincident scan rate. As can be seen in Fig. S8A (ESIY),
the c-TANi electrode exhibited similar CV profile shapes to
the corresponding results acquired in a 2.0 M NaCl aqueous
electrolyte. This is indicative of the analogous redox active C1™
intercalation charge storage mechanism for c-TANi even at
such a low NaCl concentration (0.15 M). Additionally, the
c-TANi electrode also exhibited acceptable specific capacitances
of 240.9 and 174.2 F g~ ' in artificial sweat and PBS electrolytes,
respectively, which both exceed the specific capacitances of
199.2 Fg~ ' and 124.9 F g~ obtained with a PANi electrode. The
slight specific capacitance decline for the c-TANi electrode in
artificial sweat and the PBS electrolytes, is likely due to the
lower ion concentration (0.085 M in artificial sweat, 0.14 M in
PBS), complex composition of artificial sweat (85.5 mM NaCl,
16.7 mM urea and 12.7 mM lactic acid) and PBS (1.76 mM
KH,PO,, 10.1 mM Na,HPO,, 137 mM NaCl and 2.68 mM KClI).
Note that the c-TANi electrode also exhibits good rate stability
of 44.3% (in normal saline), 43.3% (in artificial sweat) and
55.2% (in PBS) capacitance retention even as the scan rate was
increased to 100 mV s~ '. Meanwhile, excellent rate capacitance
retention can also be observed in GCD curves (Fig. S9, ESI{). As
seen in Fig. 4C, the c-TANi electrode also provided significantly
better cycling stability of 95.9% compared to 69.9% for PANi
after 2000 cycles under consistent measurement conditions in a
normal saline electrolyte. Such a significant increase in capa-
citance retention can be further demonstrated in artificial
sweat (94.1%) and PBS (82.5%) electrolytes, which is far super-
ior to that of 20.2% and 12.2%, respectively, obtained with PANi
electrode (Fig. S10A, ESIT). To gain full insight into the ionic
dynamics of the enhanced electrochemical performance of the
c-TANi electrode, the EIS spectrum was further used to char-
acterize the charge transfer and ion diffusion resistance.
Fig. 4D and Fig. S8B (ESI{) in 0.9 wt% NaCl electrolyte display
the Nyquist plots for the c-TANi and PANi electrodes, respec-
tively, while a summary of the resistance values derived from
the equivalent circuit simulation is presented in Table S2
(ESIf). The c-TANi electrode exhibits an intrinsic resistance
(Rs) of 0.16 Q and a charge transfer resistance (R.) of 4.0 Q,
which is superior to the 0.82 Q and 12.1 Q observed with the
PANi electrode. Furthermore, the c-TANi electrode in 0.9 wt%
NacCl presents a higher R, than that in artificial sweat and PBS
electrolytes. Such a result can be attributed to the higher CI™
concentration and the alkaline nature of PBS (pH = 7.4), which
may trigger the de-doping of c-TANi, thus decreasing the
conductivity. To further elucidate the cycling stability of the
c-TANi electrode in a saline electrolyte, structural characteriza-
tion, including SEM, UV-vis and FT-IR, for the cycled c-TANi
and PANi electrodes were performed. Fig. S11 (ESIt) presents
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the SEM images of the c-TANi and PANi electrodes after long-
term (2000) cycles. The c-TANi electrode presents homogeneous
integrity in its morphology, in comparison to observable frac-
tures and electrochemical corrosion of its PANi electrode
counterpart. The FT-IR spectra of the PANi electrode
(Fig. S12A, ESI¥) exhibits a noticeable peak at 1624 cm ™' that
can be assigned to the stretching vibration of the imide group
of oligoaniline, which is indicative of serious structural degra-
dation of PANi after long-term electrochemical cycling.** In
contrast, the FT-IR spectrum of c-TANi remained essentially
unchanged even after 2000 electrochemical cycles (Fig. S12B,
ESIt). UV-vis spectra (Fig. S12C and S12D, ESI¥) further sub-
stantiated the chemical structural evolution of the c-TANi and
PANi electrodes after long-term cycling. Intrinsic PANi is almost
insoluble in acetonitrile, consistent with its weak absorption
signal in the UV-vis spectra.>® However, PANi extracted from the
electrode after long-term cycling exhibits a sharp peak at
230 nm and broad peaks centered at 270 nm and 487 nm,
indicating the formation of heterogeneous oligoanilines due to
electrochemical degradation.

To demonstrate the advantages of c-TANi in a physiological
electrolyte towards creating a biocompatible energy storage
device, a symmetric supercapacitor with c-TANi electrodes in
a saline electrolyte was investigated. Fig. S13A (ESI{) shows the
CV curves at scan rates ranging from 5 mv s ' to 100 mV s,
Note the remarkable redox active peaks at slow scan rates that
shrink into spindle shapes upon accelerating the sweep rate.
The supercapacitor displayed an areal capacitance of
413.7 mF cm 2 at a sweep rate of 5 mV s * and preserved
44% of its capacitance when the sweep rate was increased to
100 mV s~ ' (Fig. S13B, ESIf). A supercapacitor with a saline
electrolyte maintained 94.5% capacitance even after 4000 long-
term cycles with a current density of 10 A g~ " (Fig. S13E, ESIf).
This transcends all previously reported electrochemical charge
storage devices with physiological electrolytes,®8012:23726 A
Ragone plot (Fig. 4E) provides an energy density and power
density comparison between the biocompatible c-TANi//saline
electrolyte symmetric supercapacitor and other previously
reported biocompatible energy storage devices with physiolo-
gical electrolytes. The c-TANi//saline electrolyte symmetric
supercapacitor exhibits an areal energy density of 80.3 pyW h cm >
with a power density of 0.82 mW cm ™%, which surpasses current
state-of-the-art systems such as 0.82 pyW h cm™> for a PED-
OT:PSS/ferritin//MWNT (PBS) cell,>* 15.64 uW h cm™? for a
MoO,//MoO, (sodium alginate) cell,”® 0.14 uW h cm 2 for
a MoO;//Mo0O; (0.35 M NaCl) cell,*® 1.63 pW h cm >
for a PEDOT:PSS//PEDOT:PSS (artificial sweat) cell® and
26 uW h cm™? for a PANi/CNT//PANi/CNT (1.0 M NacCl) cell.”®
To guarantee the full biocompatibility of the supercapacitor, we
also tested the cytotoxicity of c-TANi by recording the viability of
L929 cells via culturing on the surface of ¢-TANi in Dulbecco’s
modified Eagle’s medium (DMEM) after 72 h. As depicted in
Fig. S14 and S15 (ESIY), the cell viability test verifies the good
biocompatibility of the c-TANi electrode. The long cycling life-
span, high energy density and superior rate performance of the
c-TANi//saline electrolyte supercapacitor make it a promising
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Fig. 5 Fabrication of c-TANi based biocompatible and self-healable quasi-solid-state supercapacitor and its self-healing capability. (A) Illustration of a
biocompatible and self-healable c-TANi based supercapacitor and the schematic illustration of the self-healing process for the full device including
electrode and gel electrolyte. (B) Healing cycling stability of the c-TANi-PEG electrode over 10 cycles. The healing efficiency calculated by the
capacitance retention from both CV and GCD measurements. (C) lonic conductivity of the Fe>*-PANa gel electrolyte cut and healed over 5 cycles.
(D) Areal capacitance retention and healing efficiency of the full c-TANi based biocompatible and self-healable supercapacitor. (E) Capacitance retention
of the self-healing supercapacitor at different bending angles. (F) Optical images showing the cut and healing process for three supercapacitors
connected in series to power an LED.

candidate for use as a real biocompatible electrochemical PEG chains contribute ample hydroxy groups within the c¢-TANi-
charge storage device. PEG electrode, which can functionalize with the amino or imino
Due to repeated configurational deformations accompanied groups on the c-TANi to form acceptors and donors for rever-
by the electrochemical cycling process, wearable energy storage sible hydrogen-bond self-healing. The PEG chains can also serve
devices unavoidably suffer from structural damage between as a soft matrix for the flexible and healable electrode, which
different functional layers, such as cracks, crazing and delami- favors diffusion towards the malfunctioning area. Fig. S16A (I)
nation, which may result in serious performance degradation and Fig. S16B (ESIt) indicate the great flexibility and softness of
and even safety issues.” Inspired by biological tissue, self- ¢-TANi-PEG film with an elongation at break of ~10% upon
healing features have been found to be a useful strategy to application of a stress of ~630 kPa. Additionally, the Fe**-PANa
address these issues by restoring the original electrode or full electrolyte consists of a physical cross-linked network with ferric
device. Thus, here we integrate the c-TANi electrode with self- ion-enhanced ionic interactions between the polymer chains.
healing capabilities by incorporating c-TANi with polyethylene The polarized lone electron pairs on the oxygen atoms of the
glycol 2000 (PEG-2000) to build a reversible hydrogen bonding carboxyl groups in the PANa chains trigger the ionic cross-
enabled self-healing electrode. Additionally, we also construct a  linking interactions with the electropositive ferric ions (Fig. 5A
ferric-ion cross-linking sodium polyacrylate (Fe**-PANa)/0.9 wt% (V). When the crosslinking interactions are damaged, they can
NaCl gel electrolyte to establish a synchronous self-healing be re-established with the incorporation of Fe** ions. In this
functionality for both electrode and gel electrolyte. Fig. 5A regard, c-TANi-PEG combined with the Fe*'-PANa electrolyte
illustrates the configuration, composition and self-healing endows the supercapacitor with an all-self-healing capability.
mechanism of a c¢TANi-PEG electrode with a Fe’'-PANa/ The self-healing capabilities of the electrode and gel electro-
0.9 wt% NaCl gel electrolyte. As depicted in Fig. 5A (IV), the lyte were first characterized separately. The c¢-TANi-PEG
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electrode was cut into two pieces which were then put closely
together and exposed to infrared radiation for 60 min to
achieve full healing (Fig. S16 A(IIl), ESIt). As depicted in the
inset SEM images to Fig. 5B, there are no discernible interstices
between the two sides after healing. FT-IR spectroscopy
(Fig. S16C, ESIT) has been implemented to characterize the
chemical structure variation after infusing c-TANi with PEG.
The appreciable peak enhancement centered at 2880 cm™* for
¢-TANi-PEG corresponds to the C-H stretching of PEG, signify-
ing the successful linking of PEG to the ¢-TANi nanosheets.*®
The distinct broad peak at 3433 c¢cm ' is ascribed to the
symmetrical stretching vibration of the -OH groups, which is
sensitive to hydrogen bonding.>*”*® In contrast to the pure
c¢-TANi and PEG, the -OH stretching peak of c-TANi-PEG is
increased, indicating the presence of hydrogen bonding inter-
actions between the hydroxyl groups on the PEG and c-TANi
molecular chains.>” The hydrogen bonded functional groups
offer reversible hydrogen bonding to achieve a favorable self-
healing electrode. Upon damage to the c-TANi-PEG film, the
reversible hydrogen bonds broke. After exposure to infrared
radiation (IR), the movement of PEG chains facilitates the chain
mobility on the damaged interface, thus the hydrogen bonds
can be reconstructed and self-healing occurs.

The healing efficiency of the c-TANiI-PEG electrode was
evaluated using both specific capacitance and electronic con-
ductivity preservation after 10 repeated cutting and healing
cycles. As presented in Fig. S16D and E (ESIt), the c-TANi-PEG
electrode displayed an initial electronic conductivity of
0.66 mS cm ™ and maintained 40.9% of its conductivity after
10 cut/healing cycles. Fig. S17B (ESIt) displays the specific
capacitance of the c-TANi-PEG electrode as calculated from
the GCD profile (Fig. S17A, ESIt) after every cut/healing cycle.
The c-TANi-PEG electrode delivers a 75.0% capacitance reten-
tion (Fig. 5B), i.e., healing efficiency, after 10 cycles compared to
its original areal capacitance of 131.9 mF cm 2 (Fig. S17B, ESI¥).

Meanwhile, the as-prepared Fe**-PANa gel electrolyte exhib-
ited an excellent ionic conductivity of 46.1 mS cm ™' even in a
saline electrolyte (Fig. 5C). A remarkable stretchability up to
162% with a tensile stress of 76.8 kPa (Fig. S18B, ESI{) was
measured. The inset image in Fig. 5C and the optical image in
Fig. S18A (ESIf) demonstrates that the self-healing Fe**-PANa
gel electrolyte can restore its structural integrity and even carry
a 50 g weight. As depicted in Fig. S18C (ESIt), the healing
stability has also been characterized by 5 repeated cut/healing
cycles, with a 70.9% ionic conductivity preservation. The final
healed electrode still maintained a reversible elongation of
150% and a tensile stress of 73.3 kPa.

Finally, a flexible supercapacitor with all-self-healing cap-
ability has been assembled by utilizing c-TANi-PEG as the
electrodes and Fe’'-PANa/normal saline as the gel electrolyte.
The thus-manufactured supercapacitor delivered an areal capa-
citance of 81.5 mF cm™ > and a self-healing efficiency of 77.8%
after three cutting/healing cycles (Fig. 5D). The interfacial
structural robustness between the electrode and gel electrolyte
is another vital factor determining the performance of the full
self-healing supercapacitor. Therefore, EIS spectroscopy was
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used to investigate the electrochemical interfacial evolution
(Fig. S19B, ESIt) after each cutting/healing cycle. As summar-
ized in Table S4 (ESIT), the intrinsic resistance (Rg) increased
from 5.0 Q to 11.1 Q, while the charge transfer resistance (R
only went up from 38.2 Q to 49.2 Q after 3 cutting/healing
cycles, indicative of an acceptable electronic and ionic resis-
tance variation even after multi-healing cycles. More encoura-
gingly, the manufactured c-TANi based biocompatible
supercapacitor exhibited considerable flexibility even after
multiple cutting/healing cycles. Fig. 5E and Fig. S20A (ESIY)
show 82.4% capacitance preservation with bending angle var-
iations from 0 to 180° at a radius of curvature ~5 mm.
Furthermore, the stable electrochemical behavior is indicated
by the constant brightness over 8 min of a light-emitting diode
(LED) powered by the biocompatible supercapacitor as can be
seen in Fig. S21 (ESIY). In addition, a light-emitting diode (LED)
also can be powered by the healed biocompatible supercapa-
citor even after the 1st cutting/healing cycle (Fig. 5F). The
remarkable self-healing capability of the full supercapacitor
mainly lies in the synchronously self-healing effect for both the
c-TANi-PEG electrode and the Fe**-PANa gel electrolyte.

Conclusions

In summary, we have demonstrated a new strategy to construct
a biocompatible and flexible supercapacitor by utilizing c-TANi
as the electrodes and physiological liquids as electrolytes. By
virtue of the intrinsic crystallinity and improved conductivity,
c-TANi electrodes exhibit remarkably enhanced specific capa-
citance and cycling stability even in a normal saline physiolo-
gical electrolyte, compared with a PANi electrode. The Cl™
anion dominant intercalation redox charge storage mechanism
mainly contributes to the promoted capacitance, which has
been systematically studied with a series of ex situ characteriza-
tion techniques. After grafting with a PEG polymer matrix, the
¢-TANi electrode is endowed with great self-healing capability
thanks to abundant hydrogen bonding from amino groups on
the ¢-TANi and hydroxyl groups on the PEG. An all-polymer self-
healing and biocompatible supercapacitor was assembled by
taking advantage of the self-healing c-TANi-PEG electrode and
an Fe*"-PANa/0.9 wt% NaCl gel electrolyte, which exhibited a
77.8% capacitance retention even after three cut/healing cycles.
Such self-healing biocompatible supercapacitors offer novel
insights into envisioning high-energy, long-life and safe energy
storage devices that can power wearable or even implantable
medical devices.
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