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Compared to conventional rigid electronics, polymer-based soft electronics conformal to organisms of
irregular shapes have emerged as the next-generation devices, especially benefiting long-term bio-
interface interactions that avoid mechanical mismatch and consequent adverse immune responses.
Highly conductive poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) has become
a promising candidate for building soft conductors/electrodes due to its good conductance, tunable
mechanical stiffness, good biocompatibility and facile fabrication into various structures. However,
their high instability towards alkaline, reductants and applied voltage has not yet been fully addressed,
which inevitably leads to deteriorated performance in complex physiological environments or weather
conditions (e.g., humidity). Such intolerances are rooted in unstable electronic/molecular structures of
PEDOT caused by de-doping. Besides the low electrical stability, PEDOT:PSS films also exhibit an
impaired overall conductance due to its phase separation into PSS-rich and PEDOT-rich domains.
Herein, a general and effective coating strategy is proposed, based on a mechanism of simultaneous
molecular rejection and electron conjugation, to improve the stability and boost the conductance.
Specifically, a reduced-graphene-oxide (rGO) thin layer can not only protect PEDOT: PSS from being
de-doped by alkali, bio-reductants and applied voltage through molecular rejection, to maintain its
conductivity and ensure stable functions, but also further boost the overall conductance through a
bridging effect with its large conjugated domain. This strategy is compatible with various material
fabrication techniques, including blade-coating, dip-coating and extrusion-based printing techniques,
enabling the fabrication of conductors/electrodes with different structures. Finally, the advantages of
excellent stability and high conformability of the composite films as soft conductors have been
demonstrated through practical applications in tissue stimulation, electrophysiological recording and
proprioceptive hydrogel skins, exhibiting great promise in bio/iono-electronics and human-machine
interactions.
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Introduction

Wearable or implantable soft systems have been advancing
quickly for medical diagnosis, surgical implementation and
human-machine interactions, and attracted broad interest of
neuroscience, biomedical and soft electronic communities
[1,2]. Compared to conventional rigid metallic materials which
tend to induce adverse immune responses at the implantation
sites, non-metallic materials, including ionically conductive
polymer and electronic conductive carbon materials (e.g., carbon
nanotube and graphene), conducting polymers (CPs) (e.g., poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:
PSS)), have been widely reported as the soft conductors or elec-
trodes for bio- or iono-electronics, owing to their merits of high
flexibility, lightweightness, and tunable electrical properties
through molecular design [3-5]. Polymer-based ionic conductors
have been prepared based on several strategies including molec-
ular design of the polymer matrix [6,7], the introduction of pas-
sive/active ceramics [8,9] and infiltration with a solvent [10].
Though widely explored for the applications of dye-sensitized
solar cells [11,12], batteries [13] and electrocatalysis [8], they still
suffer from low conductivities (below 1S cm™?!), which makes
them unsuitable as electrodes for bio/iono-electronics. Electronic
conductive graphene films exhibit high electronic conductivities
(e.g., up to 8000 S cm™!) and excellent mechanical strength (e.g.,
800 MPa fracture strength), but usually require a harsh post-
treatment process and careful optimization of the fabrication
procedure for such a high performance. For example, for the
preparation of chemically derived graphene with a high conduc-
tivity above 1000 S cm ™!, thermal annealing (>900 °C) is usually
adopted, thus compromising the processability and limiting its
applications [14-19].

Compared to carbon materials, PEDOT:PSS and its derivatives
possess good water-solubility, facile processability, and tunable
mechanical properties, primarily attributed to the unique proper-
ties of the PSS chains that act as both dopant and surfactant for
PEDOT, and they can be plasticized by additives such as ionic lig-
uids and glycerol [20,21]. Additionally, PEDOT:PSS has relatively
high conductivities (200-7000 S cm™") and higher electrical sta-
bility, compared with other CPs such as polyaniline and polypyr-
role prepared with solution-derived methods [22-24]. Owing to
these merits, PEDOT:PSS has become a promising material for
constructing soft bio-electronics and wearable devices [1,25].
Examples include PEDOT-based multi-channel electrodes fabri-
cated through extrusion-based 3D printing or conventional pho-
tolithography for neural-signal recording, muscle stimulation
and electrophysiological mapping of atrial fibrillation at cellular
resolution [26-29] as well as PEDOT:PSS fibers (380 S cm ™!, frac-
ture strength: ~400 MPa) fabricated by wet-spinning as conduc-
tive sutures for biomedical applications [14].

Despite the great progress of PEDOT:PSS for bio/iono-
electronics, its electrical stability is still not satisfactory, seriously
limiting its practical applications for long-termed usages. For
example, PEDOT:PSS-based neural recording electrodes became
gradually more insulating over time after implantation, leading
to an increased cut-off frequency, below which biological signals

could not be presented authentically [30]. When serving as stim-
ulation electrodes, PEDOT:PSS would experience deteriorated
charge injection and delamination from the substrate, due to
its degradation and swelling upon repetitive stimulation [31].
Such a high instability is mainly rooted in the changes of elec-
tronic and/or molecular structures through the doping/de-
doping process of PEDOT:PSS upon exposure to stimuli, such
as reductants, pH and even the applied potential when exposed
to electrolytes (Fig. 1a) [32-35]. For example, when exposed to
organic amines that contain two or more primary or secondary
amines groups (e.g., N,N,N',N'-tetramethyl-1,2-ethanediamine,
TeMEDA), PEDOT:PSS would undergo a sequential electron
transfer and deprotonation process, thus resulting in a signifi-
cant increase in electrical resistance of 550% [33]. Upon treat-
ment with an alkaline solution, PEDOT:PSS films displayed a
~50% decrease in the conductivity from 2156Scm™! to
~1100S cm™, due to the localized and fewer charge carrier of
the de-doped PEDOT chains in alkaline environments [34].
Moreover, due to the high hygroscopicity of PSS, PEDOT:PSS
was even susceptible to water [36]. Such a low tolerance towards
chemicals and voltage, and taking into consideration variable
weather conditions and the complexity of physiological environ-
ments in living organisms, greatly restricts the working condi-
tions and stability of PEDOT:PSS as wearable and implantable
conductors. For instance, human colons exhibit a weak alkaline
environment (pH 7.9-8.5) [37]; neurons release dopamine as a
neurotransmitter to send signals to other neurons [38]; and ani-
mal cells utilize glutathione as efficient bio-reductants to deacti-
vate free radicals and reactive oxidants [39]. Additionally, highly
conductive PEDOT:PSS films are usually prepared through post-
treatment with polar solvents, where the coiled-like PEDOT:PSS
seperates into conductive PEDOT-rich domains and PSS-rich
domains [40,41]. The insulating PSS-rich domains separate the
conductive PEDOT-rich domains, posing an increase in the
square resistance of the electrodes which hinders electron trans-
portation. Therefore, stabilizing PEDOT:PSS without sacrificing
their conductance at the electrode-tissue interface is a critical pre-
requisite of its real-life applications as conductors and/or elec-
trodes with high stability in complex physiological
environments or in contact with electrolytes in ionoelectronic
devices.

Meanwhile, different from the 1D conductive polymer chains,
graphene provides a large conjugated plane for electron conduc-
tance, which has been reported to improve the conductivity of
PEDOT:PSS as flexible electrodes for solar cells, strain sensors,
supercapacitors and tissue engineering [23,42-46]. One particu-
lar example is that even the semi-conductive graphene oxide
(GO) could improve the conductivity of PEDOT:PSS (from
0.049 to 0.4 S cm™?) by altering the PEDOT:PSS chain conforma-
tion and morphology [47]. Despite the great progress, the gra-
phene/PEDOT:PSS composites still suffers from the stability
issue derived from the de-doping of PEDOT:PSS in complex
chemical and electrical environments. Furthermore, high com-
patibility with various solution-based fabrication techniques is
also highly desirable to construct PEDOT:PSS electrodes with
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(@) Molecular structures of PEDOT at the bipolaron and neutral states. (b) Fabrication process and a digital photograph of the rGO/PEDOT:PSS film where
PEDOT:PSS was coated onto a polyester substrate and chemically treated to get a highly conductive PEDOT:PSS film. Then, this film was coated with rGO
through blade-coating a thin layer of GO followed by chemical reduction. (c) lllustrative schematics of rGO/PEDOT:PSS electrodes at the tissue-electronics
interface: the rGO coating could simutaneously transduce electrical signal while rejecting the penetration od bio-molecules through it, in addition to also
bridging the highly-conductive PEDOT-rich domains to improve the conductance of PEDOT:PSS electrodes meantime.

arbitrary structures. Herein, a simple strategy was proposed to
simultaneously enhance the stability and conductance by taking
the PEDOT:PSS films and coating them with a thin layer of
reduced graphene oxide (GO, e.g., 0.5 um) (Fig. 1b, ¢). The
rGO coating has three functions here: (i) acting as a rejection
membrane to protect PEDOT:PSS from being de-doped by alkali
or bio-reductants; (ii) providing a large m-conjugated area to
bridge the highly conductive PEDOT-rich domains surrounded
by lowly conductive PSS-rich domains to boost the conductance
of the electrodes; (iii) acting as a stable biological interface to
transduce ionic/electronic signals. In detail, graphene has been
considered to be the “ultimate reverse osmosis membrane” able
to reject most hydrated ions and organic molecules to purify
water, because of its two-dimensional (2D) carbon backbone,
tunable inter lattice spacing, high mechanical strength and
excellent tolerance towards various chemicals [48]. Attributed
to the shielding of alkali/bio-molecules by the tGO membrane
composed of tightly stacked 2D graphene sheets, the rGO-
coated PEDOT:PSS (rGO/CP) films showed highly stable conduc-
tances, nearly unaffected by alkali, bio-reductive agents (e.g., glu-
tathione) and water, while all the wuncoated PEDOT:PSS
electrodes exhibited significant increases in resistances upon

exposure to these stimuli (e.g., 30% increment in resistance after
immersion in glutathione solution). Meanwhile, different from
insulating materials such as polyimide for encapsulation, rGO
allowed the ionic/electronic signal transduction at the tissue-
electrode interface, which is essential to physiological signal
sensing and electrical stimulation for human-machine interac-
tions [49]. The bridging effect of tGO was also confirmed, as
revealed by a 10%-25% decrease in the areal resistance compared
to the resistance calculated based on a parallel model without the
bridging effect, despite the sheet resistances of rGO being ~6
times higher than that of the PEDOT:PSS films. Additionally,
the strategy was also compatible with various fabrication tech-
niques, including blade-coating, dip-coating and extrusion-
based printing techniques, showing great convenience in the
design and construction of conductors or electrodes with high
environmental stability and excellent conductance.

Finally, to demonstrate excellent properties, the composite
films developed here were successfully employed as soft epider-
mal electrodes for tissue stimulation (electron-to-ion transduc-
tion), including porcine ventricular pacing and Venus flytrap
modulating, and for electromyography recording (ion-to-
electron transduction) as an excellent soft replacement for rigid
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Ag/AgCl electrodes. Furthermore, to demonstrate good voltage
tolerance, the rGO/CP film was also employed as a current collec-
tor to successfully deposit an interpenetrating porous graphene
network on the film under a negative potential of —1.2 V (v.s. sat-
urated calomel electrode (SCE)). This was done in an effort to fab-
ricate low-impedance electrodes with high charge injection
capability (CIC) for bioelectronics and hydrogel-based ionic
devices. Such an electro-deposition, by contrast, is unachievable
on pure PEDOT:PSS electrodes because of the significant decrease
in conductivity upon such a negative potential. Using the elec-
trodes with a much lower impedance and good stability, a
stretchable surface-capacitive touch panel operatable upon an
alternating current (AC) of a wide range of frequencies was fabri-
cated. Compared with resistive strain sensors and triboelectricity-
based touching sensors, the capacitive touch panel has a simpler
structure requiring fewer electrodes (two or four electrodes for 1D
or 2D sensing), promising to be especially useful in multifunc-
tional artificial skins and soft robotics with proprioceptive sens-
ing abilities.

Results and discussion

Preparations and characterizations

To fabricate the CP electrodes, a PEDOT:PSS suspension was first
gelated by a 0.06 mol L~! (M) H,SO, solution and blade-casted
on to a flexible polyester substrate, followed by a post-
treatment and dialysis to remove any excessive additives. Then,
the as-prepared PEDOT:PSS films were coated with a thin layer
of rGO (0.5 um in thickness) through blade-casting and chemical
reduction (Fig. 1b).

In detail, at first, the addition of 0.06 molL™' (M) H,SO,4
could gelate the PEDOT:PSS suspension due to the enhanced
interactions among the polymer chains. This led to an increased
viscosity with a shear-thinning behavior, beneficial for the fabri-
cation of PEDOT:PSS electrodes with different structures through
convenient solution processing methods, such as blade-coating,
wet-spinning and 3D printing [14]. Such a gelation process could
also be achieved in a relatively less acidic environment by replac-
ing the H,SO, gelator with metal ions, such as Fe** and Cu®* or
ionic liquids, for more convenience based on a similar mecha-
nism [2,50]. Then, the pristine PEDOT:PSS, with a low conductiv-
ity (<1Scm™'), was chemically treated with polar additives
H,SO4, HI or DMSO (denoted as CPs,s, CPyy; or CPp, respectively)
to increase its conductivity [40,41,51]. Upon the chemical treat-
ments, all the PEDOT:PSS films underwent molecular configura-
tion changes from a coiled structure to an extended-coiled
structure as well as a phase separation between the PSS-rich (light
domains) and the PEDOT-rich domains (dark domains) as shown
by transmission electron microscopy (TEM) (Fig. 2a and S1) and
atomic force microscopy (AFM) (Fig. S2) images, where the dense
and highly-conductive PEDOT-rich domains were separated by
the less-conductive PSS-rich domains, similar to the phe-
nomenon reported in previous literature [40,41,51]. For compar-
ison, the CPy; showed a more extended structure and a more
significant phase separation, while the CPp showed the least.
The CPss had the highest conductivity of ~1530 S cm™!, while
the CPy; and CPp showed relatively low conductivities of
~630Scm ™! and ~400S cm™! (Fig. 2b). The high conductivity

of the CPs, could be attributed to (i) the high crystallization
degree of the PEDOT chains and (ii) the partial removal of PSS
chains from the PEDOT:PSS according to Raman spectra
(Fig. 2c¢) [40,52]. First, after the H,SO, treatment, the peak
assigned to the C, = Cy stretching vibration of PEDOT chains at
1430 cm ! showed a slightly negative shift to 1425 cm ™! with
a significant decrease in full width at half maximum (FWHM)
from ~ 63.1 to~22.1cm™!, revealing the expansion of n-
conjugated domain and crystallization of PEDOT chains [41].

For comparison, both the peak intensity and FWHM of CPyy;
and CPp showed no obvious change. Second, the PSS chains in
the CP were partially removed after the H,SO, treatment, as indi-
cated by the obvious decrease of PSS-related peak at 989.6 cm™!
for CPgu, while the CPyp and CPp did not exhibit obvious decre-
ment in the peak intensities. Additionally, the conductivities of
CPsa, CPp and CPyy; prepared here were 1-3 times lower than
those of semi-transparent CP thin films (e.g., 1233 Scm™! for
DMSO-treated counterparts and ~4200S cm™ ! for H,SO4-
treated counterparts with a thickness of <200 nm reported previ-
ously) [40,41]. This is potentially a result of insufficient sec-
ondary doping of PEDOT:PSS chains, as the films used here
were significantly thicker (1-10 um in thickness), and this could
be further improved through future optimization. Finally, the
mechanical properties were also studied. The CP films showed
Young’'s moduli of 0.7-1.4 GPa and fracture stress of ~60 MPa
(Fig. S3), similar to other semi-crystalline polymers such as Nylon
(~0.2-4 GPa) [53] and much lower than those of most metals
such as Ag (83 GPa) [54] and Au (76 GPa) [55]. The merits of good
softness and high fractural strength were therefore expected to
provide the conductor with both conformability and mechanical
robustness to cater to bioelectronics and hydrogel-based ionic
soft devices [22].

Then, the prepared PEDOT:PSS films were coated with a thin
layer of tGO (0.5 pm in thickness), where GO was first coated
onto the surface of the CP electrodes via blade-casting, followed
by reduction with a 1.5M HI solution (denoted as tGO/CPs,,
rGO/CPy; and rGO/CPp, for the CPsu, CPy; and CPp counterparts,
respectively) [18,56]. The HI treatment could efficiently remove
most of the oxygen-containing groups from the GO, as shown
by infrared spectra (IR) and X-ray photoelectron spectroscopy
(XPS). In IR spectra, the bands associated with the C-O
(~1095 cm™') and C-O-C (1260 cm™") vibrations significantly
decreased after chemical reduction (Fig. S4) [57]. In XPS, the
epoxy-, carbonyl-, and carboxyl-related peaks (at 286.6, 287.9
and 289.1 eV, respectively) decreased significantly relative to
the peak of the conjugated C-C/C=C bonds (at 284.6 eV), indi-
cating the partial recovery of the graphitic conjugated domain
of rGO (Fig. 2d and S4) [56]. This phenomenon was also con-
firmed by the Raman spectra, as shown by the significant incre-
ment of the intensity ratio of D-band (at ~ 1331 cm ') to G-band
(at 1595 cm™?) from ~1.0 to ~2.25 after the reduction (Fig. S4).
The micro-morphologies were also studied. All the rGO/CP films
showed a uniform coating of rGO layer on to the surface of the
CP film, as revealed by the cross-sectional SEM images (Fig. 2e
and S4) and spatial distribution of the sulfur elemental (derived
from the thiophene unit of the PEDOT chain) in the energy dis-
persive spectroscopy (EDS) (Fig. 2f and S5), and exhibited similar
surface morphologies with wrinkles in the lateral size of
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FIGURE 2

(a) TEM images of conducting polymer (CP) film prepared by HI treatments, showing the phase separation of PEDOT: PSS. The dark regions marked by the red
dashed circles indicate the PEDOT-rich domains. (b) Conductivities of CPand rGO electrodes: CPp, CPy;, and CPsa represent the CP electrodes prepared from
chemical treatment with DMSO, HI and H,SO,, respectively; CPp_; and CPsa ) represent the obtained CPp and CPs, electrodes that were further treated with
HI solution. (c) Raman spectra of CP films. (d) C1s X-ray photoelectron spectroscopy of GO and rGO film. (e, f) Cross-sectional SEM images of the rGO/CPy, film
(e) and the corresponding elemental sulfur distribution by EDS (f). (g—i) Demonstrations of the good processability of the GO and PEDOT:PSS inks: (g) GO (left)
and PEDOT (right) inks in glass bottles placed upside down, indicating their high viscosity; (h) GO (left) and PEDOT:PSS (right) inks dip-coated on polyethylene
terephthalate (PET) substrates; (i) dried GO and PEDOT:PSS lines fabricated by the extrusion-printing technique. (j-m) Digital photographs of rGO/CP
conductor with different structures: (j) a flexible rGO/CP coil on a PET substrate, prepared by the extrusion-printing technique; (k, I) rGO/CP electrode array
with selective patterning prepared by the extrusion-printing techniques on polyester substrate: panel (I) is the microscopic image of the probe head which
was covered with a layer of rGO film; (m) rGO/CP fiber prepared by the wet spinning technique.

10-100 pm (Fig. S6), with an average roughness (Ra) of 300-
400 nm according to surface profiles (Fig. S6). Furthermore, the
interfacial interactions between rGO and CP films were strong
enough and could withstand a high shear strength of at least
60 kPa, where no delamination between rGO and PEDOT:PSS
occurred before the pure PEDOT:PSS film component fractured

upon strain, providing the composite conductor with an excel-
lent mechanical robustness and structural integrality (Fig. S7).
Additionally, considering the 1.5 M HI solution was employed
here to reduce GO, the effect of HI treatment on the conductiv-
ities of the CPp and CPs, films was also studied. After this extra
treatment, an opposite trend was observed (Fig. 2b), where CPp
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showed an increase of 50% in conductivity (~700 S cm ™), while
the CPss had a slight decrease of ~15% (~1300 Scm™Y). This
could be explained by the competition between acid-induced
phase separation and slight de-doping or secondary doping of
PEDOT:PSS in the presence of iodide, where the former usually
improves the conductivity while the latter possibly leads to a
decrease.

The GO and PEDOT:PSS suspensions had excellent process-
abilities with both high viscosities and shear-thinning behaviors
[1,2,58], thus making them compatible with various materials
fabrication methods, including blade-coating, dip-coating and
extrusion-based printing techniques (Fig. 2g-i, S8-11 and Video
S1). For example, a flexible rGO/CP coil could be prepared by
extrusion-printing the PEDOT:PSS and GO successively followed
by a HI treatment (Fig. 2j and S9-10). Furthermore, more com-
plex structures, such as the localized encapsulation of PEDOT:
PSS electrodes, could also be realized, promising to protect the
PEDOT:PSS at the probe head from de-doping without compro-
mising the excellent tunability of the mechanical performance
for a seamless interfacial contact with biological tissues of differ-
ent shapes (Fig. 2k, 21). Additionally, the conductive, flexible and
strong rGO/CP fibers were also obtained by the traditional wet-
spinning technique followed by chemical reduction, demon-
strating the excellent processabilities of these two inks for the
fabrication of knittable conformal conductors (Fig. 2m and S11).

Chemical stabilities, potential tolerances and electrochemical
window

To demonstrate the excellent electrical stability of tGO/CP films
in reductive, alkaline or moist environments, the electrode resis-
tances were measured before and after treatment with bio-
reductants, phosphate buffer solutions (PBS) of different pHs or
during direct immersion in water. First, these CP electrodes with-
out rGO coating displayed increased resistances when exposed to
respectively three different bio-reductants commonly existing in
the biological systems, specifically dopamine, glutathione and
sodium ascorbate solutions, where sodium ascorbate induced
the largest increase in resistance while dopamine the least
(Fig. 3a). For example, the CPss film had a ~90% and ~40%
increment in resistance after the sodium ascorbate and dopa-
mine treatment, respectively. By contrast, all the rGO/CP films
(rGO/CPp, rGO/CPyy, and rGO/CPs,) showed nearly unchanged
resistances after the treatment with the same bio-reductant solu-
tions, proving that the rGO films on the surface can efficiently
hinder the diffusion of these bio-reductants into the inner
PEDOT:PSS films. Second, after being treated with PBS of differ-
ent pHs (8.0 to 12.0) for 24 h at room temperature, all the pure
CP counterparts without rGO protection exhibited a similar
trend with resistance increases of ~50% to ~100%, while all
the rGO/CP films showed a stable conductance with almost no
change, indicating the effective protection of PEDOT and its
greatly improved stability in an alkaline environment (Fig. 3b,
¢). The rGO/CP films also showed excellent long-term stabilities
without decreases in conductance after being immersed in a PBS
saline (pH =7.4) for 12 day, while all the pure CP conductors
exhibited significant increases of ~100% in resistances
(Fig. S14). Third, due to the high hydrophilicity of the PSS
chains, the electrical conductances of the CP electrodes were also

unstable even when immersed in purified water (Fig. 3d, 3e and
$12-13). The resistances of CP electrodes showed an abrupt
decrease by 5-10% within the first 2 min, probably caused by
the evolved ions via the hydrolysis of PSS chain in the water.
With the immersion time prolonged, all the pure CP films exhib-
ited steadily increased resistances. For example, the relative resis-
tance ratio of CPs, immersed in water, relative to the dried CPs,,
increased from ~0.85 to ~1.25 when the immersion time
increased to 200 min, and the resistance ratio increased from
~0.95 to ~1.0 for CPy; electrodes. By contrast, attributed to the
2D carbon backbone of rGO, the rGO/CP electrodes showed
time-independent and nearly constant resistance, revealing the
rGO could significantly slow down the diffusion of water, bene-
ficial for improving the stability of PEDOT:PSS electrodes in
broad operation conditions.

Then, the effect of rGO thickness on the conductor stability
was also studied. All the PEDOT:PSS/rGO films with rGO thick-
nesses as low as 210 nm showed excellently stable conductance
after being immersed in PBS solution of pH = 12 for 24 h. Further
decreasing the thickness to ~120 nm resulted in poor tolerance
of the rGO/CP conductor towards the alkaline solution as shown
by an increase of ~40% in resistance. This is a results of the inho-
mogeneous coating of rtGO on PEDOT:PSS film, limited by the
blade coating technique we used here (Fig. S15). Besides the
rGO/CP prepared by the blade-coating method, the conductors
fabricated through dip-coating, extrusion printing and wet-
spinning methods also showed excellent stabilities in conduc-
tances after immersion in alkaline or sodium ascorbate solution
overnight (Fig. S8 and S11). This showed the outstanding com-
patibility of the strategy proposed here with different solution-
based fabrication methods.

Besides chemical tolerance, the stability of CP and rGO/CP
films towards applied potentials were also studied by cy clic
voltammogram (CV) and electrochemical impedance spec-
troscopy (EIS) in a three-electrode system. In the CV curves, a
couple of redox peaks corresponding to the de-doping and dop-
ing of PEDOT chains evolved at the potential of ~—0.5V (vs.
SEC) for the pure CPp, CPy; and CPs, electrodes, along with sig-
nificant decreases in current density at potentials below —0.8 V,
implying the significant decrease of conductance as the result of
the de-doping of PEDOT chains (Fig. 3f and S16). Moreover,
according to the EIS, all the pure CP electrodes showed
potential-dependent interfacial impedances. Upon a high or
mild potential (e.g.,, 0.8 and 0V), all the pure CP electrodes
showed electrical-double-layer capacitance behaviors (the areal
capacitances were estimated to be 25-30 mFcm™2) with low
interfacial impedances, and the experimental data could be fitted
well with the theoretical model (Fig. 3g, S17 and Table S1). How-
ever, upon the application of low potential of —0.8 V, the elec-
trodes exhibited an obvious faradic process (redox reaction) as
confirmed by high charge transfer resistances (~300 Q cm?), cor-
responding to the doping/de-doping kinetics (Fig. S17). Further-
more, the experimental data upon —0.8 V, especially in the terms
of the real impedance, could not be fitted well with several com-
mon equivalent circuits (such as Randle cells with Warburg ele-
ment) (Fig. S17). The probable reason was the frequency-
dependent electronic conductivity of pure PEDOT:PSS film, as
the results of two factors: (i) more efficient de-doping of
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FIGURE 3

(a) Resistance changes of the CP, rGO and rGO/CP films after treatment with a 0.1 M dopamine, glutathione or sodium ascorbate solution for 24 h. (b)
Resistance changes of the CP films after treated with phosphate buffer solution (PBS) solutions of different pHs for 48 h. (c) Resistance changes of the CP, rGO
and rGO/CP electrodes after being treated with a PBS solution of pH = 12 for 48 h. (d, e) Resistance changes in real-time of the CP and rGO/CP films when
immersed in a purified water. (f) CVs of CP and rGO/CPy films as electrodes at a scan rate of 50 mV s in a Dulbecco’s phosphate buffer saline. (g, h) EIS and
corresponding fitting line of the CPy, and rGO/CPy electrodes at a potential of 0, 0.8 or — 0.8 V (v.s. SCE) with an amplitude of 5 mV and a frequency range of

0.1-10° Hz in a Dulbecco’s phosphate buffer saline.

PEDOT:PSS under low frequency (upon high-frequency, the de-
doping was not sufficient as it was limited by ion diffusion);
(ii) higher voltage drop across the electrode based on Ohm's
law, which led to the further de-doping of the PEDOT:PSS. This
assumption could be partially confirmed by the abnormal EIS
with the imaginary impedance almost not increasing upon the
frequency decreasing from 10° to 10* Hz (Fig. S17). Though the
fitting upon the application of the negative potential was unsat-
isfactory, the voltage-dependent impedance has already indi-
cated the high dependency of electrochemical reaction and de-
doping of the CP electrodes on the applied potential, which is
unbeneficial for both the electrical and chemical stability. For
comparison, all the rtGO/CP electrodes showed stable impe-
dances, almost independent of the applied potential (—0.8 to
0.8 V). Large charge-transfer resistances (200-500 Q cm?) and
ion diffusion impedances evolved upon low-frequency, as the
inevitable but negligible electrochemical side reactions occurred
in the Dulbecco's phosphate-buffered saline, corresponding to
the low reaction kinetics of minimal redox-active species
(Fig. 3h, S17-20 and Table S1).

The high stability of the tGO/CP electrode could be attributed
to the excellent ion rejection ability of tGO with a large =-
conjugated carbon backbone which significantly hindered the
ion diffusion through the coated layer to de-dope the PEDOT:
PSS. To prove the excellent ion rejection ability of the rGO, the
salt rejection (R.) ability was measured by permeation tests with
a 0.5 M NacCl and purified water as the feed and permeate solu-
tions in an H-type cell (Fig. S21). The feed and permeate solu-
tions showed initial ionic conductivities of 41.8 mS cm™' and
1.48 uS cm™'. When the pure PEDOT:PSS film with a thickness
of ~10 pm was used as the separator, the conductivity of the per-
meate solution increased quickly during the first 1 h and gradu-
ally increased to ~20 mS cm ™! after 24 h, while that of the feed
solution decreased to ~21.9 mS cm ™! at the end, corresponding
to a NaCl rejection of nearly 0%. For comparison, with the
rGO film with a thickness of only ~0.35 um as the separator,
the permeate showed a negligible increase in ionic conductivity
after 48 h (2.86 uS cm ™), indicating the excellent rejection abil-
ity of rGO towards NaCl (~100%). Therefore, by taking the
advantage of closely stacked graphene sheets, the rGO-coating
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strategy could effectively stabilize the PEDOT:PSS electrodes by
significantly enhancing its chemical tolerance towards alkaline,
bio-reductants and even water, as well as expanding the electro-
chemical window of the CP conductor in aqueous solutions.

Conductance improvement

Moreover, compared to insulative polymers and inorganic mate-
rials (such as parylene, polyimide and SiO,) as the coating layers,
graphene would also provide a large electron-conjugated plane,
enabling the electrical connection of the conductive PEDOT-
rich domains surrounded by PSS-rich domains for a higher electri-
cal conductance (Fig. 1c and S22). The sheet resistance rather
than the conductivity was used to describe the conductance
improvement of rtGO/CP films to exclude the effect of thickness
change considering the relatively lower thickness of the rGO layer
(~1.6 pm) compared to the pure CP films (~8.0 pm for CPp,
~9.0 um for CPy; and ~4.8 um for CPs,). In detail, compared to
the pure rGO, which has a high sheet resistance of ~12.8 Q/
square, the pure CP films have a relatively low sheet resistance
of ~1.9 to ~2.9 Q/square depending on the chemical treatment
methods (Table 1). If no bridging effect would have existed, the
sheet resistances of the tGO/CP should be equal to the parallel
resistance of its two units, which were calculated to be 2.36,
1.33, and 1.64 Q/square (Q/sq’l) for CPp, CPyj, and CPs,, respec-
tively. Interestingly, the measured sheet resistances of the rGO/
CP films were 10-25% lower than the calculated values without
the bridging effect. The bridging effect was further confirmed
by two phenomena: (i) the CPsa has the lowest thickness among
all the three CP electrodes and the rGO/CPs, has the highest
improvement ratio; (ii) decreasing the thickness of the rGO layer
led to an increase in sheet resistance of pure rGO layer from 12.8
to 105 Q/square, but the improvement ratio of the overall resis-
tance relative to parallel resistance remained almost unchanged.
This could be well explained by the interface effect which gradu-
ally dominates with the increase of specific surface as the thick-
ness decreased. Additionally, the higher sheet resistance of rGO
compared to those of pure CP also indicated the high electrical
conductance is mainly contributed from PEDOT:PSS rather than
rGO, and the high stability towards various stimuli as discussed
above was indeed derived from the protection of rGO.

Demonstrations of electrical stimulation, bio-sensing, and ionic
devices

Attributed to the merits of the rGO/CP films as high-
performance bioelectrodes at the tissue-electronics interface,
such as the high softness, conformability and expected good
bio-compatibility according to previous literature [25,54], several
demonstrations have been conducted, including both (1) electric

TABLE 1

stimulations (electron-to-ion transduction) in heart pacing and
plant modulation and (2) electrophysiological sensing on
human skin (ion-to-electron transduction). In principle, electric
stimulation usually relies on excitable cells such as cardiac mus-
cle cells. In the quiescent state, these cells have a resting electrical
gradient across the cell membrane (that is, in a polarized state),
which separates the extracellular positive charge and intracellu-
lar negative charges. Upon stimulation such as a small current
delivered by electrodes through electron-to-ion transduction,
the cell membrane will be depolarized and cause the opening
of ion channels in the cell membrane, allowing positive ions to
flow into the cell. An action potential is therefore produced,
which will propagate within the cells and may cause contraction
of the cells and tissues. Therefore, electrical stimulation could be
used for the therapy of diseases such as muscle spasms, heart fail-
ure and neurological dysfunction [59]. The reverse process of
electrical stimulation is electrophysiological signal sensing,
where the ion flow (in particular, action potential) was measured
by electrode through ion-to-electron transductions. One typical
example is electroencephalogram recording which provides valu-
able information for medical diagnosis, health monitoring and
human-machine interaction [60].

First, a pair of rGO/CPy; electrodes with an exposed area of
~5 mm?, coated with a thin layer of ionically-conductive adhe-
sive poly(acrylic acid) hydrogel to facilitate easy and conformal
attachment on bio-tissues, were employed for bio-electrical stim-
ulations: in the demonstration of porcine heart pacing, this soft
electrode exhibited a pacing voltage threshold of ~3.0V as the
epicardial electrode, comparable with the commonly used rigid
gold electrodes (~2.0 V) (Fig. 4a and Video S2). In the demonstra-
tion of plant modulation, attributed to its lightweight (only
0.21 mgcm™?), flexibility and conformability, the electrode
could be easily attached to the lobes of a Venus flytrap, and thus
could promptly switch the Venus flytrap lobes from an open
“on” state to a closed “off” state within 2 s upon the application
of a threshold voltage of only 1 V (square wave, 2 Hz), lower than
that needed by porous Au electrodes (1.5 V) reported in previous
literature (Fig. 4b, ¢ and Video S3) [61]. These demonstrations
showed the rGO/CP films had the excellent ability to inject elec-
trons into bio-tissues with curved surfaces as well as the advan-
tages of its conformability and softness in avoiding the
invasions required by conventional rigid intra- and extra-
cellular methods. Second, the same conformal electrodes with
conductive adhesive hydrogels were also attached onto an arm
surface and were able to record the electromyography signal with
a similar or even higher signal strength than commercial rigid
Ag/AgCl electrodes. This showed their potential as an attractive
alternative with high performance and desirable conformability,

Sheet resistances of the rGO, CP and rGO/CP films and the improvement ratios.
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Samples Sheet resistance (Q sq ') Improvement ratio (%)

rGO CcP Experimental value Parallel resistance
rGO/CPp 129 2.89 1.85 2.36 21.6
rGO/CPsp 129 1.48 0.99 133 255
rGO/CPy, 129 1.88 132 1.64 19.5
rGOw/CPy, 335 1.88 1.36 1.78 236
rGO1/CPy, 105 1.88 141 1.84 233
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FIGURE 4

(a) Electrical stimulation of porcine heart by a pair of adhesive-hydrogel-coated rGO/CPy, (on a polyester substrate) and Au electrodes attached on the
epicardium of the right ventricles and epidermis of the lobes. (b) A free-standing rGO/CP/rGO film stand on the cilia of a Venus flytrap, indicating the
lightweight of the conductor. (c) Low-voltage modulation of the Venus flytrap from an ‘open’ to a ‘closed’ state by a pair of adhesive-hydrogel-coated free-
standing rGO/CPy,/rGO electrodes attached on the lobes of the Venus flytrap. (d, e) Electromyography recording by a pair of commercially available Ag/AgCl
electrodes or rGO/CPy, electrodes (on a polyester substrate) coated with conductive gel attached on the upper arms, with a common ground electrode (Ag/
AgCl electrode) on the wrist. (f-h) Demonstration of free-standing rGO/CP fibers for EMG recording: (f, g), digital photograph of rGO/CP fibers, indicating it
could be woven into a bandage; (h) the EMG signals recorded at different times. (i-k) Demonstration of rGO/CPy, for ECG recording: (i, j) Digital photographs
of rGO/CPy, electrode on fingers, wrapped by a transparent dressing; The electrodes on the index fingers of the left-hand and right-hand as well as middle
fingers were negative (NE), positive (PE) and ground electrodes (GE), respectively; (k) Representative ECG signal recorded by the electrodes.

as well as great promise in medical diagnosis and human-ma-
chine interaction applications (Fig. 4d, e). Additionally, to
demonstrate the benefits of the processibility and structure vari-
eties, flexible tGO/CP fiber electrodes were prepared and were
woven into a bandage for an electromyography (EMG) testing
with the assistance of a conductive hydrogel paste as an adhesive
layer. With a higher wearing comfort compared with rigid Ag/
AgCl electrodes, the fiber electrodes could record EMG signals
continuously and stably (Fig. 4f-h), uninfluenced by the daily
activities including running, cooking, driving and normal rub-
bing during sleeping, showing great promise in replacing con-
ventional Ag/AgCl electrodes for human-machine-interaction-

related applications. Additionally, the rGO/PEDOT:PSS film
could also be directly attached to fingers by wrapping them with
a transparent dressing for electrocardiogram (ECG) recording. As
they exhibited good flexibility and conformability, the dry elec-
trodes could successfully get the ECG signal without the need of
either skin pre-treatment (such as mechanical abrasion) or
employment of wet conductive hydrogel as an interfacial layer
(Fig. 4i-k and S23).

Besides the conformability and softness, the rGO/CPyy elec-
trodes also demonstrated excellent environmental and electrical
stability as discussed above. Attributed to the high electrical sta-
bility and relatively inert electrocatalytic activities, the electrodes
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were still operable under a higher negative potential (—1.2'V vs.
SCE) far below that of water electrocatalysis window (around
—0.6 to 0.8 V v.s. SCE) and were thus successfully employed as
current collectors to deposit a porous graphene (PG) matrix from
graphene oxide on the rGO surface as revealed by a significant
decrease in impedance, as an exemplary demonstration
(Fig. 5a-d and S$24-25). For comparison, the graphene matrix
could not be deposited onto the pure CPy; electrode, probably

@)

resulting from the drastic decrease of conductance upon de-
doping at the negative potential (Fig. 5d and S25). Charge storage
capacity (CSCs) and charge injection capacity (CICs) have been
widely employed to evaluate the ion—electron transduction abil-
ity of electrodes. Noteworthy, the CSC usually overestimates the
performance due to the additional contribution of internal
capacitance and pseudocapacitance which are not involved in
biological electrical stimulations where a high-frequency alter-
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FIGURE 5

(a—c) Side-sectional (a, ¢) and top-sectional (b) SEM images of freeze-dried PG/rGO/CPy, electrode prepared through electrical deposition for 60 s. Scale bar in
panels a, b and c are 50, 20 and 2 pm, respectively. The inset in the panel a is the digital photograph of as-prepared PG/rGO/CPy, electrode (scale bar is 1 cm)
(d) EIS of freeze-dried PG/rGO/CPy; and CPy electrodes in Dulbecco’s phosphate buffer saline, prepared through electrical deposition of porous graphene on
rGO/CPy, or pure CPy, electrodes for different times. (e-i) Demonstration of hydrogel-based 1D touch strip: (e) the equivalent circuit of the 1D touch strip; (f)
Data processing and transmittance process of the hydrogel-based touch panel coupled with a digital LED; (g) the plots of current ratio (I, = Iz/(I_ + Ig)) vs. the
touching location (L/D) by using PR/rGO/CPy or rGO/CPy, as electrodes; Overall, the currents flowing through the two electrodes were read by current meters
(9) and the values were transmitted to a computer and thus the touching state and touching location could be obtained (h) through the analysis of the
current values, which were then sent to a microcontroller (Arduino) to control the digital LED depending on the touching state and touching position (i).
Scale bar in panel i is 1.5 cm. (j, k) Demonstration of hydrogel-based 2D touch panel: (j) the digital photograph and equivalent circuit of the 2D touch panel
made of polyacrylate-based hydrogel and four PG/rGO/CPy, electrodes; (k) Normalized current through the four CP electrodes when the points shown in the
panels j were touched by a grounded finger as a conductor. Scale bar in panel jis 1 cm.
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nating current is applied. Interestingly, though with a low CSC
(11.6 mC cm 2, only 30% of CP CSC), the resultant PG/rGO/
CP electrode showed a much higher CIC of 1.63 mC cm 2 than
pure CP electrode (1.0 mC cm?) (Figs. S25 and S26). The high
performance could be attributed to the open porous structure
of the graphene interpenetrating networks on the surface of
the PG/rGO/CP electrode, while the charge injection process
was heavily limited by the slow ionic diffusion within the rela-
tive dense pure CP electrodes upon high frequency, as confirmed
by the more significant CSC deterioration and deviation of CV
curve from the rectangular shape for CP electrodes with the
increase of scan rate. Therefore, the PG/rGO/CP electrode pro-
mise as a stable electrode together with rGO/CP as the conductor
for specific neural modulation requiring a much high charge
injection.

Additionally, taking the advantage of such PG/rGO/CPy; elec-
trodes, a hydrogel-based touch panel was fabricated. In mecha-
nism, the equivalent circuit of the ionic device is shown in
Fig. Se, where R; and Ry represent the ionic resistance of the
hydrogel, linearly relating with the proximity of the touchpoint
to the left and right electrodes (L and R). However, the current
ratio (I; = Iz/(IL + Ir)) was determined not only by the ionic resis-
tance ratio but the interfacial impedance at the hydrogel/elec-
trode interface, thus showing a deviation from the proximity of
touchpoint to the two electrodes especially upon low-
frequency alternating voltages (<1000 Hz). Compared with
rGO/CPyy; electrode-based touch panel, the ratios of the currents
flowing through the electrodes at the two edges were more con-
sistent with the proximity ratio of the touch-point to the two
electrodes for the PG/rGO/CPy; electrode-based touch panel as
it exhibits ultralow interfacial impedance within a wide fre-
quency (10-10° Hz), thus leading to an improved positioning
accuracy (Fig. 5d and g). Then, a proof-of-concept hydrogel skin
with touch sensing and displaying ability was demonstrated by
integrating the hydrogel panel with a digital LED, where the
hydrogel skin could show different colors depending on the
touching position through a digital LED, with LabVIEW and
Arduino as the controllers (Fig. 5f-I and Video S4). Furthermore,
a two-dimensional (2D) touch panel could also be fabricated
with four electrodes based on a similar mechanism, which could
sense the 2D spatial location of the touchpoint. This shows great
promise as smart artificial skins of soft robotics for emerging
technologies of ‘Internet of Things’ and various human-machine
interactions.

Conclusion

This work tackled the critical and general instability and conduc-
tance issues suffered by CP-based conductors upon exposure to
alkali, bio-reductants and applied voltage, which are common
physiological environments when in contact with living organ-
isms or with ionic conductors in ionotronic devices, by a general
and effective coating strategy. While improving the stability of
soft conductors, this strategy can further boost its electrical con-
ductance and maintained its merits of conformality and flexibil-
ity which are highly desirable for bio-interfaces. This paradigm
has shown great versatility and generalizability in terms of both
fabrication and material choices, being compatible with various

common electrode fabrication techniques (wet-spinning,
extrusion-based printing, efc.), while being expected to poten-
tially protect soft conductors/electrodes made of other conduct-
ing polymers (polypyrrole, polyaniline, efc.) potentially from
chemical, electrochemical, and biological stimuli based on a sim-
ilar mechanism. Fundamentally, this work provides a better
understanding of the cause of instability with a clear material
degradation mechanism and important insight on the design
principle of high-stability soft conductors and electrodes with a
wide electrochemical window and long-term functionality espe-
cially in water-containing electrolytes, which is a common oper-
ational condition for bioelectronics and ionic devices.
Practically, beyond the demonstrated high-performance electri-
cal stimulation, electrophysiological signal recording and soft
ionic touch panels, this paradigm may be anticipated to advance
the emerging technologies of human-machine interactions and
‘Internet of Thing’ and open up the awaiting market for robotic,

surgical and diagnostic implements.

Methods and characterizations

Electrode preparations

Preparation of the CPy, films

PEDOT:PSS suspensions (~13 mg mL™!, Celvios PH1000, Her-
aeus) were first partially gelated by a 0.06 M H,SO, solution
according to previous literature [14], which were then blade-
casted onto a flexible polyester substrate (the typical casting
thickness is 1.0 mm if not particularly mentioned), and dried at
room temperature to get a uniform PEDOT:PSS film. Finally,
the resultant films were chemically treated by a HI solution
(4.4 M) overnight, dialyzed sufficiently by ethanol to remove
the iodine and water sequentially, and then was dried at room
temperature to get CPyy; films.

Preparation of the CPs, films

Following a similar procedure to that in the preparation of CPyy,
uniform PEDOT:PSS films were obtained after blade-casting and
drying. Then, they were chemically treated with concentrated
H,SO4 (18 M) and dialyzed in water, similar to the procedure
described in previous literature [41].

Preparation of the CPp films

Pristine PEDOT:PSS suspensions (~13 mg mL™!) were first trea-
ted by DMSO solution by adding 5 wt% DMSO (relative to the
mass of suspension) into the suspension, followed by agitation
overnight according to previous literature [40]. Then, following
a similar procedure to that in the preparation of CPy;, dried
PEDOT:PSS films were obtained by blade-casting. Finally, the
CPp, films were obtained after dialysis in ethanol to remove the
residual DMSO, and thermally annealed at a low temperature
of 50 °C for 30 min.

Preparation of the rGO/CP films

The low-defective GO suspension (6 mg mL™') was prepared by a
modified Hummers’ method and thermally annealed at 65 °C for
12 h to get a viscous suspension with a shear-thinning behavior
[56]. Then, the resultant suspension was blade-coated onto the
CPp, CPy; and CPs, films (typically, the casting thickness is
0.5 mm if not particularly mentioned), dried at room tempera-
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ture, reduced with a 1.5 M HI water solution, dialyzed in ethanol,
and finally dried to obtain the corresponding rGO/CP films.

Preparation of the adhesive electrodes

In detail, phosphate-buffered saline (PBS, 1X) solutions contain-
ing acrylic acid (10 wt%, relative to solution), N,N'-methylenebis
(acrylamide) (Bis) (0.5 wt%, relative to monomer) and 2-
hydroxy-2-methylpropiophenone (2.5 x 107° wt%, relative to
monomer) as photoinitiator were dropped onto the surface of
the rGO/CPy; electrodes and gelated under ultraviolet light
(Bluewave 200, Dymax) for 30 s.

Preparation of the PG/rGO/CPy, electrodes

rGO/CPy; films with a size of 5 mm x 7 mm were used as current
collectors to deposit porous graphene under — 1.2 V (v.s. SCE) for
10-60 s in GO suspension (3 mg mL~") containing 0.1 M LiClOy,
followed by electrical reduction at —1.2 V for 600 s in 1 M LiClOy4
solution based on the previous literature [62]. For comparison,
pure CPy; were also used as current collectors, followed by the
same procedure mentioned above.

Preparation of the rGO/CP fibers

CP fibers were prepared by a wet-spinning technique based on
the previous literature [63]. In detail, the pristine CP suspensions
(~13 mgmL~") were constantly injected into the coagulation
bath (15M H,SO,) at a rate of 0.5 mL min~! from a spinning
nozzle with an inner diameter of 0.26 mm (25G). The CP fibers
were then transferred into a water bath for dialysis (2 h) and then
removed to dry at room temperature GO was then coated onto
the CP fibers by drawing the CP fibers through the viscose GO
solutions (7 mg mL~!) that were thermally annealed at 65 °C
for 12 h beforehand. This process was repeated ten times to a
get relative thick coating of GO. Finally, after chemical reduction
with a 1.5 M HI water solution, dialysis in ethanol and drying,
rGO/CP fibers were obtained.

Extrusion-printing of the rGO/CP electrodes

The rGO/CP micro-electrode was fabricated by an extrusion prin-
ter with an extrusion nozzle of 190 um or 80 pm inner diameter
(BIO X™, Cellink). Overall, under the control of g-code com-
mand, the PEDOT:PSS was first printed as the first layeron the
PET substrate, followed by the printing of GO as the second
layer. A high resolution line (e.g., ~150 pm) could be obtained
by using an extrusion nozzle with a small inner diameter
(80 pm) and optimizing printing speed upon a threshold pres-
sure for continuous extrusion. For PEDOT:PSS, the applied extru-
sion pressure was 140kPa, and the printing speed was
10 mm s~ %; For GO, the pressure was 35 kPa and the printing
speed was 5 mm s~ '. Finally, the GO/CP electrodes were treated
with a 1.5 M HI solution, followed by dialysis in ethanol and dry-
ing at room temperature.

Characterizations of chemical strcutures and micro-
morphologies

SEM micrographs were obtained by a field emission scanning
electron microscope (Supra 40VP, ZEISS). XPS was tested on a
X-ray photoelectron spectrometer (Axis Ultra, Kratos) with an
exciting line of Al Ko. Raman spectra were got by a confocal
Raman microscope upon a laser of 633 nm (inVia Inspect,

Renishaw). The surface roughnesses of different rGO/CP electro-
des were measured by a surface profiler (NT9300 Optical Profiler,
Bruker) in a vertical-scanning interferometry mode. For AFM
characterizations: the thin CPsx and CPy; films were prepared
by spin-coating the pristine CP solution on silicon wafers (500
rpm for 60 s), followed by the treatment with a concentrated
H,SO4 or HI solution (4.4 M) for 20 min and dialysis in ethanol;
the thin CPp film was prepared by spin-coating the pristine CP
solution containing 5 wt% DMSO (500 rpm for 60 s), followed
by dialysis in ethanol and thermal annealing at 50 °C for 30
min. The AFM images were then taken by atomic force micro-
scope (Dimension FastScan, Bruker) in a tapping mode. For
TEM tests: the CPsy and CPyy films were prepared by drop-
coating the pristine CP solution on bare Cu grids (2480C, SPI),
followed by the treatment with a concentrated H,SO,4 or HI solu-
tion (4.4 M) for 20 min and dialysis in ethanol; the thin CPp, film
was prepared by drop-coating the pristine CP solution contain-
ing 5 wt% DMSO on a bare Cu grid (2480C, SPI), followed by dia-
lysis in ethanol and thermal annealing at 50 °C for 30 min. The
TEM images were then taken by transmission electron micro-
scope (T12 Quick CryoEM, FEI).

Resistance measurements

The resistances of films (width: 0.9 cm, length: 3 cm) were mea-
sured by the four-point probe method with a source meter (2450
digital multimeters, Keithley) [64]. Four copper strip electrodes
(width, 0.2 cm) as electrodes were attached to the surface of the
CP or rGO/CP films for the tests (the spacing of the inner two
electrodes was 1.6 cm). The resistances (R), sheet resistances
(Rs) and conductivity (o) were calculated based on eq (1)-(3).
For real-time measurements in the water, the four electrodes were
replaced by Pt/Au foil electrodes and were encapsulated by trans-
parent tape (Magic tape, 3 M) in avoiding electrochemical side-
reactions occurred on the interface of the probes. These elec-
trodes were connected to an electrochemical working station in
a four-electrodes mode (CHI660E, CH Instrument). The resis-
tances were obrained by EIS measurment with an initial potential
of OV (vs. SCE) and 5 mV amplitude in the frequency range of
10°%-1 Hz, or in a fixed frequency of 1 Hz for the kinetic tests.

R=7 1)
vV W

RSZTXT (2)

6=RyxT 3)

where I, V, and T are the applied current, the measured voltage,
and thickness of the CP films, respectively. W and L are the
widths of samples for the test (herein, the width is 0.9 cm) and
the spacing of the inner two electrodes (herein, the spacing is
1.6 cm).

Salt rejection of rGO or PEDOT:PSS films

Permeation tests were conducted with a 0.5 M NaCl and purified
water as the feed and permeate solution in a H-type cell
(Fig. S20), where the ionic conductivities were measured with
time. The salt rejections were therefore calculated based on the
equation Eq. (4).
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Characterization of interfacial interaction

Interfacial interactions between tGO and CP film were character-
ized by the shear test. In detail, viscous PEDOT:PSS suspensions
(~13mg mL~!, Celvios PH1000, Heraeus) containing 0.06 M
H,SO, were blade-casted onto a polyimide substrate (the casting
thickness is 1.0 mm, casting area: wide x length =5 cm x
2.5 cm), and then dried at room temperature. Then, the GO sus-
pension (6 mg mL~") was also blade-casted onto the polyimide
substrate (the overlapping area with CP is 5 cm x 6 mm). The
rGO-CP composite film was obtained by treating it with a
1.5M HI solution followed by dialysis in deionized water. The
obtained film was then cut into a strip with a width of 5 mm
for the shear test by the dynamic mechanical analyzer
(DMAS850, TA instrument) at a constant loading rate of
0.5mms~! (Fig. S7).

Electrochemical characterizations in a three-electrodes system
A three-electrodes system was employed to study the electro-
chemical properties of the CP, tGO/CP or PG/GO/CP electrodes
through an electrochemical working station (CHI660E, CH
Instrument). The CP or rGO/CP electrodes (0.9 x 0.9 cm?), Pd/
Au plate (3 x 1 cm?) and SCE were employed as working, counter
and reference electrodes, respectively. A Dulbecco's phosphate-
buffered saline (DPBS) was employed as an electrolyte. CV curves
were recorded at a scan rate of 50 mV s™! with an electrochemical
window of —1.2-1.0 V (vs. Hg/Hg,Cl,). EIS spectra were obtained
at an initial potential of O V (vs. SCE) with 5 mV amplitude in the
frequency range of 10°-0.1 Hz. Charge injection capacities of dif-
ferent electrodes were measured by the galvanostatic method,
where cathodic-lead symmetric square-wave pulses (pulse width:
2 ms) were applied with an interval of 1 ms between cathodic
and anodic currents. The cathodic and anodic voltages applied
to the electrodes (subtracting the voltage drop across the elec-
trolyte from the total voltage applied) were read at the end of
each cathodic and anodic current pulse. The electrochemical
window was set to be —0.6-0.8 V (vs. SCE) according to previous
literature [65,66].

Ex vivo ventricular pacing

rGO/CPy; electrodes (exposed areal of ~5mm?) coated with a
thin layer of poly(acrylic acid) (PAAc) hydrogel were employed
as pacing electrodes. A postmortem study was performed in male
Yucatan miniature pigs (S & S Farms, Ranchita, California). All
animal studies were approved by the UCLA Office of Animal
Research in compliance with the UCLA IACUC protocols. The
porcine epicardium was exposed through a thoracotomy, and
the epicardium of the right ventricles was attached with rGO/
CPy; electrodes. External pacing was conducted after euthanasia,
with an amplitude of 2-3 V, a pulse width of 1 ms and a pacing
rate of 60 beats per min.

Electrical stimulation of the flytrap

A pair of rGO/CPyj electrodes (exposed areal of ~5 mm?) coated
with a thin layer of PAAc hydrogel was attached to the lower epi-
dermis of the flytrap lobe, which was applied by a square-wave

alternating voltage (1.0 V, frequency: 2 Hz) continuously. The
reason of choosing alternating voltage is that the voltage thresh-
old for Venus flytrap modulation is lower than that by direct
voltage [61].

Electromyograph recording

A pair of commercially available Ag/AgCl electrodes [31] or tGO/
CPyy; electrodes coated with conductive gel (Abralyt HiCl, Easy-
cap) were employed as recording electrodes attached on the
upper arms, with a common ground electrode (Ag/AgCl elec-
trode) on the wrist. The electromyograph signals were recorded
by an amplifier (AvatarEEG, Avatar EEG Solutions Inc.) with a
60 Hz notch filter and a 5 Hz high-pass filter.

Electrocardiogram recording

Free-standing rGO/CPy; films were directly attached on the
index fingers of the right and left hands and right-hand middle
fingers as negative, positive electrodes and ground electrodes,
which were then wrapped around with a transparent dressing
(Dukal Corp.) for a good electrode/skin contact (impedance
~40 kQ at 30 Hz)). Neither skin pretreatment nor conductive
hydrogel were employed here. The signals were recorded by an
amplifier (AvatarEEG, Avatar EEG Solutions Inc.) with a 60 Hz
notch filter and a 5 Hz high-pass filter.

Fabrication and testing of touch panel

A strip of PAAc hydrogel containing 1 M NaCl with a size of
~150 mm x 13 mm x 1 mm (length x width x height) was used
as the ionic conductor. Either a pair of rGO/CPy; or PG/rGO/
CPy; electrodes were attached to the two ends of the hydrogels,
and then connected to two current meters (2400 and 2450 digital
multimeters, Keithley). The currents flowing through the two
electrodes were therefore recorded when a same phase AC volt-
age (amplitude:1 V) was applied to the two electrodes simultane-
ously. Meantime, the current values were transmitted to a
computer through serial communication and were analyzed by
software (LabVIEW) to locate the touching point as represented
by a coordinate value (0-100) in real-time. The coordinate values
were then sent back and visualized in the term of gradient colors
(red to blue, corresponding to the coordinate values of 0-100) by
a digital LED (ws2812b) controlled by a microcontroller (Ardu-
ino). For 2D touch panel, the fabrication process was similar with
that of 1D touch strip, but with a hydrogel with a different size of
9 x 9cm? as ionic conductor and four PG/rGO/CP films as
electrodes
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