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ABSTRACT: The significance of developing implantable, biocompatible, mini- . rry

ature power sources operated in a low current range has become manifest in recent
years to meet the demands of the fast-growing market for biomedical microdevices.
In this work, we focus on developing high-performance cathode material for
biocompatible zinc/polymer batteries utilizing biofluids as electrolyte. Conductive
polymers and graphene are generally considered to be biocompatible and suitable
for bioengineering applications. To harness the high electrical conductivity of

graphene and the redox capability of polypyrrole (PPy), a polypyrrole fiber/

° : dopants

g g : Polypyrrole
N

rbiO-battery,

graphene composite has been synthesized via a simple one-step route. This =

composite is highly conductive (141 S cm™) and has a large specific surface area

(561 m* g™*). It performs more effectively as the cathode material than pure polypyrrole fibers. The battery constructed with PPy
fiber/reduced graphene oxide cathode and Zn anode delivered an energy density of 264 mWh ¢! in 0.1 M phosphate-buffer

saline.
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1. INTRODUCTION

Implantable medical devices (IMDs), such as cardiac pace-
makers,' > defibrillators,* implantable monitors and imaging
devices,*® and cochlear implants,” are applied universally in
modern clinical diagnosis and treatment. Generally, the IMDs
are powered by battery systems providing stable and
continuous electrical energy output.® The current batteries for
IMDs mainly include various types of lithium batteries,
including Li/I,—PVP, where PVP is poly(2-vinylpyridine);
Li/V,0s; Li/MnO,; Li/SVO, where SVO is silver vanadium
oxide; Li/SO»;*”' and zinc—air batteries for hearing-aid
devices.”'" These batteries are generally designed to power
therapeutic devices for chronic diseases (e.g, cardiac pace-
makers) because of their high discharge voltage and high energy
density.

More recently, enormous research work has been carried out
to develop microscale implantable medical devices (mIMDs),
including implantable diagnosis/monitoring capsules,12 micro-
scale drug pumps,"® and implantable microsensing devices.'*'®
These devices usually require flexible, microsized, and even
nontoxic, implantable power sources that can be easily
integrated into the microdevices without inducing a significant
size/weight increment. Traditional implantable power all
require encapsulation with stiff metal shells to prevent the
leakage of toxic substances. This inevitably confines their
shapes and produces extra weight. Therefore, it is necessary to
explore new types of implantable power sources that can be
specified for powering those advanced mIMDs.

Miniature or flexible aqueous metal—air batteries are
currently considered to be one of the most promising
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candidates for powering mIMDs, which mainly include the
zinc—air battery system and the magnesium—air battery
system.""'®'7 The volume of these batteries can be easily
reduced by re-forming the battery into one monolithic flexible
structure with a nontoxic and ductile metal anode.'®'
Meanwhile, body fluids, such as blood plasma, gastric fluid, or
urine, are all ionic conductive that can be applied as
electrolyte.”°~** Therefore, it is possible for the battery to be
dry-implanted into the human body when sealed by water-
permeable films.

Compared to the Mg—air battery, the Zn—air battery has
predominant advantages, since the interface reaction of Zn
anode is more controllable in aqueous electrolyte.”® The
aqueous zinc—air battery is powered by the redox reaction
between the zinc anode and oxygen, while its cathode material
usually works as the oxygen reduction catalyst, which provides
oxygen ions for zinc oxidation throughout the discharge process
(as illustrated in Figure 1).>**° The electrocatalytic activi?r of
the cathode material is critical to the battery performance.”® To
find the ideal cathode material is a top priority in designing
such a battery.

Conductive polymers (CPs) are considered to be ideal
cathode materials for a biocompatible zinc—air battery, since
they are nontoxic, electrically conductive, and redox-
active.”>*”*® Recently, it was found that graphene is a metal-
free catalyst for the oxygen reduction reaction (ORR).”™** A
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Figure 1. Working principle scheme of an implantable zinc—air battery.

superior performance may be expected from a conducting
polymer—graphene composite in the Zn—air battery. In this
work, nanostructured polypyrrole is designed to be incorpo-
rated into a composite with graphene nanosheets. This
composite is obtained via a simple one-step synthesis route
and applied as a cathode material coupled with zinc anode in
simulated body fluid and 0.2 M phosphate-buffered saline. The
discharge performance of this type of battery suggests its
prospects as a promising power source for mIMDs.

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. Chemicals used for materials
synthesis were all purchased from Sigma-Aldrich Australia Pty Ltd.
The polypyrrole fiber is synthesized via a chemical polymerization
method using cetrimonium bromide (CTAB) as a soft template.
Pyrrole was freshly distilled prior to use. A 0.109 g (0.3 mM) portion
of CTAB was added into 200 mL of N,-saturated 0.1 M hydrochloride
acid solution to form spherical micelles for wrapping the pyrrole
monomers,> followed by the addition of 0.27 mL (20 mM) of pyrrole.
The pyrrole/ CTAB suspension was stirred and placed in an ice—water
bath to keep the reaction temperature at 0 °C. A 0.91 g (20 mM)
portion of ammonium persulfate was dissolved in 10 mL of water and
added dropwise into the suspension. The mixture was stirred for 24 h
for complete polymerization. The as-prepared polypyrrole fiber was
washed with deionized water and ethanol to remove the surfactant
residuals and then vacuum-dried at 60 °C for 12 h.

The polypyrrole fiber/graphene composite was synthesized via a
one-step polymerization method using pyrrole monomers and
graphene oxide (GO) aqueous solution as precursors. Graphene
oxide was obtained from natural graphite powder by a modified
Hummers method through the exfoliation process developed by Xu et
al** The concentration of the as-prepared graphene oxide solution was
quantified as 9.6 mg mL™". Two milliliters of GO solution was diluted
by 20 mL (0.1 M) of hydrochloric acid solution and then mixed with
pyrrole (20 mM) and CTAB (1.5 mM). The same polymerization
procedure was followed as for polypyrrole fibers. The resulting powder
was filtered and washed with ethanol and deionized water and then
stirred with 100 mL (2 M) of ascorbic acid solution at 60 °C for 5 h to
reduce the GO component. The reduced composite was washed with
deionized water and ethanol to remove the residuals and then vacuum-
dried at 60 °C for 12 h.
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2.2. Battery Construction. A smooth slurry containing 80% (wt
%) active material, 10% polyvinylidene fluoride (PVDF), and 10%
carbon black was prepared in a KK-250S planetary mixer
(Mazerustar). The cathode electrodes were fabricated by pasting the
composite slurry onto a square piece of stainless steel mesh with an
area of 1 cm? Pieces of zinc foil were polished, ultrasonically cleaned
with ethanol, and cut into 1 X 2 cm” pieces. The battery was tested in
homemade glass cells with a fixed width of 0.5 cm (Figure 2). Both the

Figure 2. A digital photograph of a fully constructed battery.

cathode and the anode were attached tightly to the cell wall, and
simulated body fluid was injected just before testing. The electrolyte,
namely, the revised simulated body fluid (r-SBF), which has a similar
ionic composition to human blood plasma (Table 1), was prepared by
the procedure introduced by Kokubo and co-workers™.

2.3. Characterizations. The chemical properties of polypyrrole
(PPy) fibers and PPy fiber/reduced graphene oxide (RGO) composite
were investigated by both Raman spectroscopy (JOBIN YVON
HRS800 confocal Raman system) and X-ray photoelectron spectros-
copy on a system equipped with a SPECS PHOIBOS 100 analyzer and
an Al Ka radiator as the X-ray excitation source. Their morphologies
were investigated by field emission scanning electron microscopy
(FESEM; JEOL 7500) and transmission electron microscopy (TEM;
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Table 1. Comparison of Ion Concentrations (mM) between the Revised Simulated Body Fluid (r-SBF) and Blood Plasma

Na* K* Mg** Ca*
r-SBF 142.0 S.0 LS 2.5
blood plasma 142.0 5.0 1S 2.5

cr HCO* HPO,* SO~ buffer
103.0 27.0 1.0 0.5 11.928
103.0 27.0 1.0 0.5

Figure 3. Field emission electron scanning microscope (FESEM) image of (a) pure polypyrrole fiber and (b) polypyrrole fiber/RGO composite.
Transmission electron microscope (TEM) images of (c) pure RGO and (d) polypyrrole fiber/RGO composite.

JEOL JEM-2011). The surface areas of materials were determined with
a Nova 1000 Brunauer—Emmett—Teller (BET) surface area analyzer,
and their conductivities were measured with a JANDEL RM3 four-
point-probe instrument. Cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) were performed on a CHI 660
electrochemistry workstation. The battery discharge performances
were measured with a Land battery testing system.

3. RESULTS AND DISCUSSION

3.1. Characterizations of Cathode Materials. The
concentration of CTAB was strictly controlled at 4 times its
critical micelle concentration (cmc) in the polypyrrole
synthesis. Under this condition, the formed micelles are
wirelike. It was expected that pyrrole monomers would be
encapsulated in the hydrophobic cores of the surfactant
micelles during the polymerization process and that the formed
polypyrrole would keep the same morphology as that of the
micelles. The polypyrrole obtained in this work is in fiber form,
and these fibers are long and uniform, with an average thickness
of 100 nm (Figure 3a). The BET specific surface area of the
PPy fibers was determined to be 345 m? g_l, and its electric

conductivity was measured as 76.4 S cm™.

After being incorporated with the RGO nanosheets, these
polypyrrole fibers are interwoven between graphene layers with
a relatively smaller average diameter, which is approximately 70
nm (Figure 3b). Such a structure is much clearer under TEM
(Figure 3d). The long and tangled polypyrrole fibers are evenly
distributed on the RGO nanosheets, and the RGO sheets are
coated with a sheer layer of the amorphous polypyrrole. The
large-scale two-dimensional coated graphene sheets decorated
with fine polypyrrole fibers possess a larger specific surfaces
area than that of the polypyrrole fibers. Not surprisingly, both
the specific surface area and the conductivity of the composite
are significantly increased to 561 m g™' and 141 S cm™},
respectively. Both the large surface area and high electrical
conductivity are crucial for a cathode material to achieve high
electrochemical catalytic activity.

To characterize the chemical structure of the composites
after reduction and the interactions between the polypyrrole
fibers and the graphene nanosheets, Raman spectroscopy was
performed (Figure 4a—c). All of the samples display character-
istic peaks that are assigned to the doped polypyrrole
structures.®® The peak representing the C—H in-plane
deformation appears at 934 cm™" for pure polypyrrole fibers,
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Figure 4. Raman spectra of (a) PPy fiber, (b) PPy fiber/RGO composite and PPy fiber/GO composite, and (c) RGO and GO (for comparison).

but it is shifted to 934 cm™ for PPy/GO and 927 cm™" for
PPy/RGO. Meanwhile, small shoulder peaks adjacent to 930
cm™" band are observed in the spectra of both PPy/RGO (985
cm™) and PPy/GO (981 cm™). These peaks are related to the
reduced state of the PPy chain,> suggesting that the PPy
contained in these composites, which is composed of cation
doped and dication doped states, is not fully oxidized. The
Raman spectra also reveal that the functional groups on the
graphene basal plane are associated with the nitrogenous
functional groups of PPy backbone via the same doping
mechanism as that of CI7, although with slightly less doping
efficiency.®® The graphene basal structure has two well-
documented characteristic peaks, including the D-band at
1340 cm™ and a broad G-band at 1580 cm™ (Figure 4c).
These two peaks correspond to the first-order scattering of the
E); mode of the graphite lattice and the in-plane bond
stretching motion of the carbon sp?® atoms, respectively.*” The
2D peaks are also notable in both the RGO and GO spectra,
indicating that the thickness of the exfoliated graphene oxide is
acceptable. The D-band and G-band regions are broadened for
both the PPy/GO and PPy/RGO composites, as they overlap
with the ring stretching (1325 cm™') and C—C backbone
(1600 cm™) stretching band regions of polypyrrole. This also
provides evidence for the strong chemical interactions between
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graphene and polypyrrole. The intensity ratio of the G-band to
the D-band is significantly higher for PPy/RGO composite
(IgiIp = 1.1) compared to that of the PPy/GO composite
(Ig:Ip = 0.83). This is mainly due to the emergence of
structural defects after the removal of large amounts of oxygen
functional groups.***' It is notable that ascorbic acid also
slightly reduces the polypyrrole, causing the splitting of the
band in the 1580 cm™' region. The reduction of polypyrrole,
however, has almost no negative effects on the electrical
conductivity of the PPy/RGO composite, since the high
electrical conductivity of this composite is mainly contributed
by the fast electron transfer rate of the reduced graphene oxide.

The reduction effect of ascorbic acid on PPy/RGO
composite was further investigated by X-ray photoelectron
spectroscopy (XPS), as shown in Figure S. The peak
deconvolution and fittings were carried out using Gaussian—
Lorentzian-shaped peaks based on the Shirley background
correction. The peak at 284.5 eV for the C 1s spectra represents
nonoxygenated C—C bonding, which is intensified after
reduction. The broad peak at 288.4 eV can be assigned to
carbon—oxygen bonding, including C—O and C=0." This
peak is significantly weakened upon reduction. The trans-
formations of these two peaks reveal that the reduction process
is efficient. The deconvoluted N 1s spectra of these composites
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Figure S. Deconvoluted C 1s and N 1s X-ray photoelectron

spectroscopy (XPS) spectra of PPy fiber/GO composite (a, c¢) and
PPy fiber/RGO composite (b, d).

exhibit two distinct peaks. The dominant peak at 399.0 eV
represents the neutral amine nitrogen structure (—NH-), and
the tail peak at 401.0 eV can be assigned to the positively
charged nitrogen.**** The intensity of the high binding energy
(BE) tail peak is weakened upon reduction, indicating that the
ascorbic acid has also slightly reduced the doped polypyrrole,
which agrees with the analysis of the Raman spectra.

3.2. Electrochemical Testing. The discharge perform-
ances of the batteries with PPy and PPy/RGO cathodes in two
types of electrolyte, phosphate-buffered saline (PBS) and
simulated body fluid (SBF), were tested at different discharge
current rates, and the results are shown in Figure 6. The current
densities applied for battery with PPy/RGO electrodes were
based on the total mass of the PPy and RGO components. Each
discharge step at a certain discharge current density was set at
300 min. It is obvious that the batteries with PPy/RGO
cathodes reveal significantly better discharge performance in

both electrolytes. Generally, they display higher and more
stable discharge plateaus and lower potential decline. On the
contrary, the batteries with PPy fiber cathodes suffer from
almost linear potential drops.

Figure 7 presents the dependence of the energy density upon
the discharge current rate, which also confirms the superiority
of PPy/RGO cathode. The energy density is calculated on the
basis of the equation

E = 1/21tV?

where I is the discharge current density, t is the discharge time,
and V is the plateau voltage. The batteries with PPy/RGO
cathode display the highest energy density of up to 264 mWh
g_1 in PBS buffer solution and 210 mWh g_1 in SBF, while it is
only 139 and 129 mWh g™' for batteries with PPy fiber
cathodes. These results also suggest that the batteries with 1 g
PPy/RGO cathode in SBF electrolyte are capable of powering a
neural stimulator continuously for at least 9 h.®

The effect of electrolyte on battery discharge performance is
relatively less distinctive but notable. The open circuit
potentials and discharge plateaus of batteries with these two
cathode materials are slightly higher in PBS. The discharge
potential drops at higher current densities in the batteries with
PBS electrolyte are more severe than those with SBF
electrolyte. This can be mainly ascribed to the less stable
interface reaction on the zinc anode in PBS solution.*®

The role of the cathode material can generally be explained
as an oxygen reduction catalyst. Molecular oxygen can be
absorbed by the carbon atoms on the reduced polymer chain to
form an “oxygen-conductive polymer” bridging complex, which
is subsequently reduced to release oxygen intermediates, which
eventually form hydroxyl groups.*”** This process is associated
with the redox reaction of polypyrrole. The redox reaction of
polypyrrole is highly reversible, and the polypyrrole can
catalyze the ORR continuously until it loses its redox
activity®****® (egs 1 and 2).

PPy" + e~ < PPy’ (1)

)
Therefore, the reversibility and capability of polypyrrole in the

redox process are critical to maintain the ORR catalytic activity
of the cathode. To investigate the redox activities of the
cathode materials, cyclic voltammetry was conducted on both
the pure PPy fiber and PPy/RGO composite in PBS solution
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Figure 6. The discharge curves of batteries composed of both pure PPy fiber and PPy/RGO electrodes being tested in (a) the 0.2 M PBS solution

and (b) SBF solution.
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(inset, equivalent circuits).

and SBF, as shown in Figure 8a,b. It is obvious that the redox

capacitance of the PPy/RGO composite is significantly higher
than that of the pure PPy fiber, as indicated by its higher
current response. This phenomenon can be ascribed to the
synergic effect between the graphene plane and polypyrrole
fiber. The graphene plane provides fast electron transportation

channels, which accelerate the ion exchange process in the

polypyrrole by providing more free electrons.”’

In PBS

electrolyte, the PPy fiber displays two broad oxidation peaks
at —0.43 and —0.08 V and two reduction peaks at —0.58 and
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—0.14 V. These peaks are all shifted slightly to the negative
potential for PPy/RGO composite, as labeled in Figure 8a. This

redox pair can be assigned to the cation expulsion and insertion

processes of the polypyrrole matrix, which can be demonstrated

by the equations below:

(PPY)nOAL_CS+ —e - (PPY)n+AL_ + CS+

(PPy),"A,"Cs™ + ¢~ = (PPy),°A; ™ + C¢*

©)

4)
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where A;” represents large-sized anions (e.g, sulfonic acid
groups in the buffer) and Cs~ means small-sized cations (Na*,
K, etc.). The voltage difference between the second reduction/
oxidation peak pair becomes smaller for PPy/RGO composite,
suggesting its better redox reversibility.* Therefore, the
batteries with PPy/RGO cathodes displayed a higher and
more stable discharge plateau, which is mainly attributed to its
higher ORR catalytic efficiency originated from better redox
reversibility and higher redox capacitance.

The nature of the electrolyte can affect the redox capability of
the cathode material and consequently determine its catalytic
efficiency. In PBS solution, the shapes of CV curves are nearly
rectangular, representing the high capacitance. The CV curves
in SBF, however, display spindlelike shapes with a significant
reduction in capacitance. This is mainly due to the presence of
large molecules such as HEPES [4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid], which can block the charge transfer
channels along the PPy matrix.* Due to this effect, the open
circuit potentials of batteries with SBF electrolyte are
significantly lower, and the charge potential drops are much
more severe.

To further investigate the interfacial electrochemical behavior
of the cathodes in these two types of electrolyte, electro-
chemical impedance spectroscopy (EIS) was conducted after 3
h of discharge. The Nyquist plots reflecting the relationship of
the imaginary impedance —Z” versus the real impedance Z’ are
shown in Figure 9ab. The Nyquist plots mainly include a
semicircular region lying on the real axis, which is followed by a
straight line. The semicircle observed at high frequencies
usually corresponds to the Faradaic charge carrier transfer
process, and its radius can reflect the charge transfer resistance
of the redox processes, whereas the linear part in the low-
frequency range represents the diffusion-controlled electrode
process.”® The EIS spectra were simulated by the equivalent
circuit, as shown in Figure 4 (inset). This equivalent circuit is
composed of four major components, bulk solution resistance
(R1), internal resistance (R2), electron double layer
capacitance (CPE1), and Warburg diffusion element (W1).
The values of each element were calculated and are listed in
Table 2. It is clear that the PPy/RGO electrodes present lower

Table 2. Fitting Values of the Equivalent Circuit Elements

R1 R2 CPE1 Wi
Ppy fiber/PBS 9.63 8.64 0.76 154
Ppy RGO/PBS 9.48 395 0.69 4.86
Ppy fiber/SBF 24.52 20.6 0.77 40.1
Ppy RGO/SBF 24.41 8.59 0.68 43

charge transfer resistance in these two electrolytes, which
provides an explanation for its superior discharge performance.
Meanwhile, the nature of the electrolyte can affect the
electrochemical processes by affecting the diffusion process
and Faradaic charge carrier transfer process. The Warburg
diffusion elements of both electrodes are generally lower in PBS
solution for both types of electrode, indicating that the ion
diffusion process is faster in the PBS solution. The bulk
solution resistance is about 9.5 Q for PBS solution and 24.5 Q
for SBE.>" The lower solution resistance in PBS can also be
ascribed to higher ion mobility in the electrolyte. Low ion
mobility can decrease the ion exchange rate at the interfaces of
both the anode and the cathode, which consequently degrades
the catalytic efficiency of the cathode and, simultaneously, the

ion release rate at the zinc anode. This can explain that the
batteries with SBF electrolyte display lower open circuit
potential and lower capacities.

4. CONCLUSION

Polypyrrole fiber/RGO composite was successfully synthesized
via a simple one-step chemical polymerization method. A
microstructure of fine and uniform polypyrrole fibers decorated
on 2D RGO sheets was obtained. The 2D graphene planes
provide faster electron transfer channels. Hence, the PPy/RGO
composite as cathode displayed better redox capability and
reversibility than pure PPy fiber cathode. This composite also
has high electric conductivity and large specific surface area.
Due to these structural and electrochemical property
advantages, this composite exhibited higher electrocatalytic
activity toward the oxygen reduction reaction than pure
polypyrrole nanofibers. Thus, the batteries constructed with
this composite material have stable energy outputs at both low
and high current densities. The nature of the electrolyte also
affects the battery performance. SBF contains large organic
molecules, which can cause the solution resistance to increase
retarding the interface reactions at both the anode and cathode.
The battery with PPy/RGO cathode achieved an energy
density of 264 mWh ¢! in PBS and 210 mWh g™' in SBF,
which suggests that it is feasible for powering a broad range of
implantable medical microdevices.
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