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ABSTRACT: Wireless electronic devices require small,
rechargeable batteries that can be rapidly designed and
fabricated in customized form factors for shape conform-
able integration. Here, we demonstrate an integrated design
and manufacturing method for aqueous zinc-ion batteries
composed of polyaniline (PANI)-coated carbon fiber
(PANI/CF) cathodes, laser micromachined zinc (Zn)
anodes, and porous separators that are packaged within
three-dimensional printed geometries, including rectangu-
lar, cylindrical, H-, and ring-shapes. The PANI/CF cathode
possesses high surface area and conductivity giving rise to
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high rate (~600 C) performance. Due to outstanding stability of Zn-PANI batteries against oxygen and moisture, they
exhibit long cycling stability in an aqueous electrolyte solution. As exemplar, we demonstrated rechargeable battery packs
with tunable voltage and capacity using stacked electrodes that are integrated with electronic components in customized

wearable devices.
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echargeable batteries with arbitrary form factors may
Rflnd broad application in customized electronics, soft
obotics, smart sensors, and wearable devices.'™"
Typically, these devices must be designed around the power
source, which poses significant design constraints since
commercial batteries are only available in a limited number
of simple shapes, that is, coin, prismatic, cylindrical, and pouch
cells. However, if one could create batteries in any desired
shape or size, the design space would be nearly unlimited.'*~>’
Toward this objective, Kwon et al. recently created cable-
type lithium-ion batteries (LIBs) by packaging cell compo-
nents in a plastic tube.'® This approach enables the production
of cells in small diameters (~3 mm) with bendable and
configurable motifs, but their shapes remain intrinsically
limited to one-dimensional (1D) cables. Xu et al. produced
stretchable LIBs in planar geometries packaged and sealed in a
thin elastomeric substrate coupled with self-similar serpentine
interconnects.'” Lee and co-workers packaged LIBs in thin
plastic substrates using a solid-state composite electrolyte
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(SCE)*° and demonstrated their integration into an eyeglass
frame along with other simple shapes. However, these cells are
occupied by several millimeters of sealant (>6 mm), making it
difficult to produce small batteries with high energy density.
Finally, using origami folding, Song et al. reported that LIBs
packaged in aluminized polypropylene films and sealed by hot
pressing could be transformed from planar to three-dimen-
sional (3D) architectures.'” However, it is difficult to generate
compact 3D batteries in arbitrary motifs by folding alone.
Here, we report an integrated design and fabrication method
for creating high-power aqueous Zn-ion batteries (ZIBs) in
customized geometries by combining electrospinning, laser
micromachining, and 3D printing techniques.”””>* Aqueous
ZIBs offer several advantages including high-rate performance

Received: April 12, 2018
Accepted: November 5, 2018
Published: November 5, 2018

DOI: 10.1021/acsnano.8b02744
ACS Nano XXXX, XXX, XXX—-XXX


www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.8b02744
http://dx.doi.org/10.1021/acsnano.8b02744

ACS Nano

Cathode

Electrospun
PAN fibers

Aqueous Current

Anode (Zn) ZnCl,  collector
Charging
S OO
Q) =— G
N ., Discharging CIHI,

d

Porous
A/polyaniline

(PANI)
Carbon fiber |

(CF)

fiber (CF)

|

Carbon f

Nozzle
(i.d. 510 pm)

Pore volume (cm3g™")

0 20 40 60 80 100 120
Pore size (nm)

Figure 1. ZIB and PANI/CF cathodes. (a) Schematic illustration of ZIB configuration and electrochemical reaction of PANI as cathode
material. (b) Optical image captured during electrospinning of a PAN (12.5 wt %) solution at 15 kV. (c) Cross-sectional SEM image and
optical image (inset) of a flexible 3D CF conductive mat produced by carbonization of the electrospun PAN fiber mat. (d) Schematic
diagram illustrating the PANI/CF cathode synthesized by in situ polymerization in an aqueous aniline solution. (e) SEM images of the CF
mat before PANI coating. The inset shows a high-magnification image. (f) Low- and (g) high-magnification SEM images of the CF mat after
PANI coating. (h) Elemental maps of a representative PANI/CF cathode measured by high-angle, annular dark-field scanning TEM image

(HAADF-STEM). (i) Pore size distribution of the PANI/CF cathode.

comparable to supercapacitors, superior stability against
oxygen and moisture, and glovebox-free fabrication.”” Specif-
ically, our aqueous ZIBs are composed of a polyaniline
(PANI)-coated carbon fiber (CF) cathode, a porous separator,
and a zinc (Zn) anode (Figure la). We utilize a stereo-
lithography (SLA) to create custom packages, for example,
simple can and lid or more complex 3D geometries, as needed.
Notably, although the SLA technique has been widely used in
many fields for prototyping custom-shaped complex plastic
structures with ~100 pum resolution, its potential to produce
customized battery packages has yet to be explored. Cathode
materials with high surface area and good conductivity are
essential for producing high-rate ZIBs; thus, we first
synthesized a freestanding CF mat as a 3D current collector
via electrospinning route (Figure 1b,c).”® Next, conductive
polymer, PANI, an effective cathode material for Zn-PANI
batteries, was conformally coated on a CF mat to yield the
desired PANI-coated CF cathode (Figure 1d).”” We used laser
micromachining to produce cell components (electrodes,
separator, and terminals) in the requisite shapes for infilling
the SLA-printed packages. The electrochemical performances

of aqueous PANI/CF cathodes, Zn-PANI cells, and battery
packs were characterized. We fabricated custom ZIBs in
different form factors, including square, circular H-, and ring
shapes. We then demonstrated a wearable photosensor by
conformally integrating a ring-shaped battery pack with
electronic components to highlight the design flexibility
afforded by our method. Finally, we explored other cell
chemistries, including graphene (GP) supercapacitors and Zn-
MnO, batteries in both small and scalable form factors to
demonstrate its broad applicability.

RESULTS AND DISCUSSION

Synthesis of PANI-Coated CF Cathodes. The fabrica-
tion process used to produce the PANI/CF cathodes is
highlighted in Figure S1 along with their microstructural
evolution. First, we create a nonwoven mat of polyacrylonitrile
(PAN) fibers (ca. 1 to 1.5 ym in diameter, Figure S1b) by
electrospinning of a PAN solution (Figure 1b). These PAN
mats are stabilized at 270 °C for 1 h in air to avoid
deformation (or melting) during their subsequent carbon-
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Figure 2. Electrochemical properties of Zn-PANI cells. (a) Schematic diagram illustrating a Zn-PANI cell configuration. (b) Optical images
of cell components (cathode, anode, separator, and terminal) prepared by laser micromachining and an assembled Zn-PANI cell. (c) Cross-
sectional SEM image showing the individual layers within a Zn-PANI cell. (d) Cyclic voltammograms of the Zn-PANI cell measured at a scan
rate of 20 mV s™'. (e) Charge—discharge curves of the Zn-PANI cell of varying C rates. (f) Cyclability for the Zn-PANI cells with different
PANI loading cycled between 0.7 and 1.7 V at various C rates. (g) Ragone plot of these Zn-PANI cells of different cathode thickness (130

and 320 pym) shown alongside other high-performance ZIBs and supercapacitors reported previously.

24,32,33,38

ization at 900 °C for 2 h in argon. Dehydrogenation and
cyclization of PAN mats occur during the initial heating step,
resulting in the stabilized PAN fibers with diameters ranging
from approximately S00—800 nm (Figure Slc). Upon
carbonization at 900 °C for 2 h in argon, CF mats with an
average diameter of 370 nm and thickness of 130 ym are
produced (Figure lce). Their measured sheet resistance is
approximately 20 Q sq~'. These CF mats serve as flexible,
conductive current collectors in 3D architectures.”’

We conformally coated these 3D CF architectures with
highly porous conductive polymer (Figure 1d), PANI, which is
known to be an effective cathode material for ZIBs and
supercapacitors.’* > Before PANI coating, the surface of
carbon fiber (CF) mats was activated by HNO; treatment.
Previously, we have observed an increase of several functional
groups such as carbonyl (C=0), ether (C—0O), and carboxyl
(O—C=0) groups on the surface of CF mat after HNO,
treatment.”” These functional groups facilitate subsequent in
situ polymerization of aniline monomers by interacting with
the nitrogen atoms in the —NH~— group of PANI backbone
through hydrogen bonds.*>*® Specifically, a thin and highly
porous PANI layer (Figure 1f,g) with a thickness of ~150 nm
is deposited onto the CFs by carrying out an in situ
polymerization process in an aqueous aniline solution held at
—20 °C in the presence of hydrochloric acid, an oxidant,
ammonium persulfate, and lithium chloride as an inhibitor,
which lowers the freezing point (Figure S2). By optimizing the
reaction time and number of coated layers (Figures S3 and
S4), we produced PANI/CF cathodes that contained a PANI
loading of 30—80 wt %, whose sheet resistance is roughly 400
Q sq”'. The TEM image (Figure Slg) and corresponding
elemental maps (Figure 1h) reveal that the nitrogen atoms are
uniformly distributed, suggesting that a homogeneous PANI

overlayer is formed on the entire surface of the flexible CF mat.
The X-ray diffraction (XRD) and Fourier-transform infrared
spectroscopy (FTIR) analyses confirmed the crystalline nature
and composition of our PANI/CF cathodes (Figure SS). The
average pore size in the PAN/CF cathode is 40 nm (Figure 1i).

Electrochemical Performance of PANI/CF Cathodes.
To investigate electrochemical performance of the PANI/CF
cathodes, we created a simple aqueous Zn-PANI cell stacked
and packaged between two glass substrates sealed with epoxy
(Figure 2a,b). The cell consists of a PANI/CF cathode (~320
um thick), Zn foil anode (125 ym thick), glass fiber separator
(250 pm thick), and carbon (17 um thick)-laminated
polyimide (PL, 60 um thick) terminals as current collectors
(Figure 2c). Note, we cannot use coin cell (stainless steel)
packaging for this ZIB cell, because CI™ present in the aqueous
electrolyte (1 M ZnCl,) accelerates their anodic dissolution.
By contrast, carbon-laminated PI (hereafter, C-PI) terminals
are stable with respect to both the cathode and anode materials
in these cells. Cyclic voltammetry (CV) of this Zn-PANI cell is
measured in an aqueous ZnCl, (1 M) solution at a scan rate of
20 mV s! (Figure 2d). The cathodic and anodic peaks near
0.5 and 1.6 V (vs Zn/Zn?") are associated with the deposition
and dissolution of Zn>" ions onto and from the Zn anode. The
CV curves exhibit no significant changes after 10 cycles,
indicating the reversible redox behavior of the PANIL. Zn** ions
are deposited onto the metallic Zn anode from the electrolyte
solution, and simultaneously, the surface of PANI is oxidized
by doping of ClI™ ions during charge (Figure 1a). The opposite
reaction occurs during discharge.”’

We measured the charge/discharge curves of the aqueous
Zn-PANI cell between 0.7 and 1.7 V at different C rates
(Figure 2e). The battery exhibits a discharge capacity of 165
mAh ¢g' at 1 C and is even capable of operating at 600 C.
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Figure 3. Fabrication of Zn-PANI cell in arbitrary geometries. (a) Optical image of printed can and lid structures in different packaging
shapes and sizes. (b) Schematic diagrams illustrating the integrated assembly process for a representative H-shaped Zn-PANI battery. (c)
Optical images of assembled Zn-PANI batteries in ring-, H-, and cylindrical shapes. (d) Optical image of the spherical Zn-PANI battery
showing the cell voltage. (e) Optical image of a LED operated by two H-shaped Zn-PANI batteries connected in serial. (f) Rate capability
and (g) cycling performance of a cylindrical Zn-PANI battery measured within a voltage window of 0.7—1.7 V at different C rates.

Capacity retention characteristics of more than 50% at 34 C
and 19% at 600 C are observed, corresponding to charge and
discharge times of 106 and 6 s, respectively. This ultrafast rate
capability stems from the rational design of the PANI/CF
cathode, that is, the highly conductive and 3D structured CF
mat facilitates fast electron transfer even for relatively thick
PANI-CF mats (~320 um). Furthermore, the porous PANI/
CF architecture enables fast ion diffusion within cathode
layers. We also measured the cyclic stability of the Zn-PANI
cells with PANI loadings of 39 and 61 wt % at different C rates
(Figure 2f). Both cells regained nearly their initial capacities at
1 C after cycling ~100 times with only a modest capacity fade
(~20%). Notably, the ZIB cell with thicker PANI/CF cathodes
(61 wt % PANTI, 320 um thick) exhibited a lower capacity (120
mAh g7') at 1 C and a higher capacity fade at higher C rates
(Figure 2f). The accompanying Ragone plot reveals that the
Zn-PANI batteries possess comparable energy and power
densities to other high-performance ZIBs and supercapacitors
reported in the literature (Figure 2g).”"*****% A cell with a
130 um-thick PANI/CF cathode delivered a maximum energy
density and power density of 159 Wh kg™' and 16.7 kW kg™,
respectively. Although higher energy density of 389 Wh kg™ is
observed for cells with a thicker (320 yum) PANI/CF cathode,
this value decreases sharply with increasing power density. We
also compared our Zn-PANI cells with other cell chemistries,
including supercapacitor, alkaline, lead acid, nickel zinc
(NiZn), silver zinc (AgZn), and LIBs in Figure S6, which
further highlights superior electrochemical performance of our
Zn-PANI cells at high C rates.

Fabrication of Aqueous Zn-PANI Cells in Arbitrary
Form Factors. To demonstrate facile assembly of aqueous
Zn-PANI cells in arbitrary geometries, we created polymer
packaging structures (can and lid) by SLA (Figure 3a),
including those in ring (i.d. 14 mm, o.d. 21 mm, 1.7 mm
thick), H- (10 X 10 X 1.7 mm®), and cylindrical (7 mm

diameter, 1.7 mm thick) shapes. Note, these cell thicknesses
correspond to fully packaged ZIBs. While a minimum wall
thickness of ~100 ym can be produced, we created slightly
thicker structures (>300 ym) to provide sufficient mechanical
strength. Other cell components, including the PANI/CF
cathode, Zn foil anode, paper separator (100 um thick), and C-
PI terminals are laser micromachined into the desired forms
with a resolution of ~20 um (Figure S7). Figure 3b shows
schematic illustrations of the assembly process for a
representative H-shaped cell. First, a C-PI terminal and
PANI/CF cathode are inserted into the printed lid structure,
while the laser-cut C-PI terminal, Zn foil anode, and paper
separator are separately inserted into the can structure. The H-
shaped cell is produced by combining the lid and can
structures, followed by electrolyte filling by applying vacuum
in ZnCl, (1 M) solution. The vacuum process is required in
electrolyte filling to remove bubbles in the cell. The final
assembled H-shaped cell is then sealed with an epoxy resin,
which fills the groove and wells formed at the interface
between the can and lid structures (Figure S8).

Figure 3c shows optical images of the aqueous Zn-PANI
cells in ring, H, and cylindrical shapes. The cylindrical cell has
a potential of 1.69 V after charging (Figure 3d). Two H-shaped
cells connected in series can turn on a red LED (Figure 3e).
The rate performance and cyclic behavior of a fully assembled
cylindrical cell are measured in a voltage window of 0.7—1.7 V
at different C rates. The cell exhibits a discharge capacity of
162 mAh g™" at 1 C, while maintaining a capacity retention of
56% at 18 C and 18% at 234 C, respectively (Figure 3f). The
cell capacity decreases with increasing discharge rate, but
recovers nearly its initial capacity when cycled at 1 C (Figure
3g), that is, only ~15% capacity fade is observed after 100
cycles. While it is difficult to package LIBs in plastics with
organic electrolytes due to oxygen and moisture permeation,
this method is suitable for aqueous-based ZIBs.
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Figure 4. Fabrication of Zn-PANI battery packs for shape conformable integration. Schematic diagrams and corresponding images of Zn-
PANI battery packs with stacked electrodes housed within 3D printed packages that are connected in (a) serial and (b) parallel. (c) Charge—
discharge curves of the Zn-PANI battery packs measured as a function of discharge time. (d) Schematic and (e) circuit diagrams of a
wearable photosensor with a ring-shape Zn-PANI battery and a 3D printed circuit board. (f) Schematic diagram of the 3D printed circuit
board before placing electronic components. (g) Optical image taken during direct writing of a conductive Ag/CNT ink within the
interconnect trenches on the 3D printed circuit board. (h) Optical image of the 3D printed circuit board after electrical interconnection. (i)
Schematic diagram illustrating a ring-shape Zn-PANI battery configuration that is shape conformably wearable on a pinky finger. (j) Optical
images of the wearable photosensor on a pinky finger in bright (left) and dark (right) conditions.

Aqueous Zn-PANI Battery Packs for Integration with
Wearable Electronics. The ability to create customized
battery packs with specified voltage and capacity is crucial for
numerous applications. We assembled an aqueous Zn-PANI
battery pack (~0.3 cm®) with vertically stacked electrodes that
can be interconnected, as needed (Figure 4a—c). As an
exemplar, we printed packaging structures in rectangular
shapes (7.7 mm wide, 6.6 mm long, and ~6.4 mm thick)
with partitioned slots, in which we inserted laser-cut PANI/CF
cathodes (400 pm thick), paper separators (200 pm thick), Zn
foil anodes (250 pm thick), and graphite terminals (500 ym
thick). Next, we filled the assembled battery pack with an
aqueous electrolyte (1 M ZnCl,), attached the printed lid,
sealed it with epoxy, and connected it in series (Figure 4a) or
parallel (Figure 4b). When three cells are interconnected in
series, their voltage is enhanced by a factor of 3 over the
individual cell voltage, yet they possess a similar discharge time
at a given current (Figure 4c). When two battery packs are
interconnected in parallel, their cell capacity and discharge
time are doubled for a given current (Figure 4c). We
investigated the rate performance, cyclability, and Coulombic
efficiency of these interconnected cells in parallel and serial.
Similar to performance of single cell Zn-PANI batteries, the
interconnected battery packs exhibit high rate performance and
cyclability (Figure S9). Columbic efficiencies of the battery
packs with parallel and serial interconnection were measured as
high as 98% and only decrease to ~92% after cycling 50 times
with different C rates (Figure S9).

As a final demonstration, we created an integrated wearable
photosensor that consists of electronic components, including
a ring-shaped battery, a photocell, a resistor (47 Q), a

transistor (MMBT3904L), and a red LED (Figure 4d). The
circuit diagram of the sensor device is shown in Figure 4e.
First, we printed a circuit board (8.2 X 9.8 X 3.7 mm®) with
cavities and trenches (0.3 mm wide and deep) to house the
surface-mount electronic components and conductive inter-
connects, respectively (Figure 4f). The components were
manually inserted into the cavities, and then conductive
interconnects were printed by direct writing of a Ag/CNT ink
into the trenches using a 300 um nozzle (Figure 4gh).*”*
The printed Ag/CNT interconnects exhibit an electrical
conductivity of ~2 X 10* S cm™" after annealing at 80 °C
for 1 h. Next, we created a shape conformable and wearable
aqueous Zn-PANI battery pack in the form of a ring-shaped
(i.d. 16 mm, o.d. 22 mm, 4.1 mm thick) (Figure 4i), which
consists of two Zn-PANTI cells that are interconnected in serial
to operate the circuit at 3 V. This wearable device turns on the
red LED when the photocell detects a certain level of darkness
(Figure 4j).

Our integrated design and fabrication strategy can be readily
extended to other cell chemistries (Figure S). We fabricated a
thin square-shaped (10 X 10 X 2 mm®) GP-based super-
capacitor using electrodes synthesized by GP ink coating on PI
substrate, followed by xenon flash lamp-assisted optical
sintering (Figure 5a,b).*" The cell fabrication process is
illustrated in Figure S10. The galvanostatic charge and
discharge curves confirmed the capacitive behavior of GP-
based supercapacitor (Figure Sc). Notably, the device
performance can be further improved by optimizing electrode
thickness, surface area, and conductivity. To demonstrate other
ZIB chemistries, we synthesized MnO,-coated CF cathodes by
co-precipitation of manganese acetate and potassium perman-
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composed of SLA-printed packaging, GP electrodes, a paper separator, and an aqueous H;PO, (1 M) electrolyte. (c) Galvanostatic charge—
discharge curves of the GP supercapacitor at different current densities. (d) SEM image of a MnO,-coated CF cathode synthesized by
coprecipitation of manganese acetate and potassium permanganate solutions. (e) Optical images of a Zn-MnO, battery (9 X 9 X 6.3 mm?)
composed of SLA-printed packaging, interdigitated electrodes (MnO,/CF cathode, Zn foil anode), and an aqueous ZnSO,, (1 M) electrolyte.
The inset shows the Zn-MnO, battery after sealing. (f) Rate performance of the Zn-MnO, battery at different C rates. (g) SEM images of a
GP/CF electrode synthesized by GP ink coating on CF sheet, followed by annealing at 100 °C. (h) Schematic diagram illustrating an E-size
(17.5 X 26.5 X 48.5 mm?®) prismatic supercapacitor composed of SLA-printed packaging, 54 GP/CF electrodes coated with solid electrolyte
(H;PO,/PVA) on one side, and stainless steel terminals. (i) Optical images of the prismatic supercapacitor after assembly. The inset shows
cell voltage (40 V).

ganate solutions (Figure Sd). A high-rate performance square-
shaped (9 X 9 X 6.3 mm®) Zn-MnO, battery was successfully
produced by stacking interdigitated electrodes using Zn foil
anodes, MnO,/CF cathodes, and an aqueous Zn SO, (1 M)
electrolyte (Figure Se,f and Figure S11). The cycling
performance of this battery at different C rates is reported in
Figure S12. To demonstrate scalability, we created an E-size
(17.5 X 26.5 X 48.5 mm?®) prismatic supercapacitor composed
of SLA-printed packaging, 54 GP/CF electrodes coated with
solid electrolyte (H;PO,/PVA) on one side, and stainless steel
terminals (Figure Sgh). A stable operation of high voltage (40
V) prismatic cell was observed (Figure 5i).

CONCLUSIONS

We developed high-power and shape conformal aqueous ZIB
packs by exploiting an integrated design and fabrication
method. Specifically, we have successfully demonstrated high-
rate aqueous ZIBs in various form factors, including ring, H-,
cylindrical, and other polygonal geometries. As further
exemplars, we produced small (~8 mm) ZIB packs with
adjustable voltage and capacity in customized geometries that
could be connected in series or parallel as well as wearable
devices, in which customized ZIBs are readily integrated along
with surface mount electronic components and printed
conductive interconnects. We have focused on ZIBs and
supercapacitors with aqueous electrolytes due to their
outstanding electrochemical stability against oxygen and
moisture. Further advances are needed to enable high-
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throughput production of customized ZIBs, which we envision
being made in digital microfactories equipped with additive
and subtractive patterning tools along with automated pick-
and-place capabilities.

EXPERIMENTAL SECTION

Synthesis of PANI/CF Cathodes. The cathodes are prepared by
electrospinning, followed by stabilization, carbonization, and sub-
sequent polyaniline (PANI) coating. First, an electrospinning solution
composed of polyacrylonitrile (PAN, 12.5 wt %, M, = 150,000 g
mol™!, Aldrich) in N,N-dimethylformamide (DMF, Aldrich) is
prepared by stirring on a hot plate at 60 °C for 12 h. This solution
is then loaded into a plastic syringe, placed at a distance of 20 cm
from a stainless foil collector wrapped on a cylinder of 8 cm in
diameter. During electrospinning, a voltage of 15.5 kV is applied using
a high-voltage DC power supply through the tip of a stainless steel
needle (21 gauge) connected to the syringe. The flow rate is adjusted
to 1.2 mL h™', and the rotating speed of the cylindrical collector is
100 rpm. Electrospinning is carried out at room temperature at 30%
RH. The as-spun fiber mat (~320 ym thick) is detached from the
collector, heated to 270 °C at a ramp of § °C min~" in air and held for
1 h, and then heated at 900 °C at a ramping rate of 3 °C min™' in
argon and held for 2 h. The resulting carbon fiber (CF) mat is
hydrophobic. To increase its wettability to water, the CF mat is
immersed in a nitric acid solution (70 wt % HNO3, Kanto Chem.) for
30 min at 50 °C. Finally, a PANI coating layer is deposited onto the
activated CF mat by an in situ chemical polymerization process.
Specifically, two solutions are used for this process. First, an aqueous
aniline solution is prepared by mixing 0.19 g aniline monomer, 5 g
hydrochloric acid (HCI, 35% in water), and 8 g lithium chloride in S0
mL water. Separately, an oxidant solution is prepared by mixing 0.02 g
ammonium persulfate ((NH,),S,0;, Kanto Chem.) and 1.6 g lithium
chloride in 10 mL water. Those two solutions are cooled to —20 °C.
The PANI coating is carried out by immersing the CF mats within the
mixed solutions and holding it for ~48 h at —20 °C. PANI-coated CF
(PANI/CF) cathodes with 29—80 wt % PANI content are produced
by repeating the coating process, as needed.

Fabrication of Zn-PANI Batteries. ZIB batteries are produced in
simple and customized geometries. The cathodes (PANI/CF mats
~320 pm thick), separators (glass fiber in 250 ym or paper in 100—
250 um thick), anodes (Zn foil, 125—250 um thick), and carbon (17
pum)-laminated polyimide (PI, 60 ym thick) terminals are prepared in
desired shapes and sizes by laser micromachining (HurryScan, 355
nm, spot size 10—26 ym). Simple ZIBs are made by sandwiching the
cell components in two glass substrates, followed by epoxy sealing.
The customized ZIBs are assembled within 3D printed polymer cans,
and lids fabricated by stereolithography (SLA) (EnvisionTech,
Aureus). Specifically, a C-PI terminal and PANI/CF cathode are
inserted in the lid structure, while a C-PI terminal, Zn foil anode, and
paper separator are inserted in the can structure. Next, the cell is then
assembled by jointing the can and lid structures together, followed by
electrolyte filling by applying vacuum in an aqueous ZnCl, (1 M)
solution, and then sealing with an epoxy resin, which cures in 30 min
at room temperature.

Physical, Chemical, and Electrical Characterization. The
sheet resistance of the PANI/CF cathodes is measured using a four-
point probe apparatus (MS-Tech8000). The microstructure and
morphology of PAN, CF, and PANI/CF fibers are characterized using
field emission SEM (Nova 230, FEI) operating at 10 kV. The
crystalline structures of CF and PANI/CF are analyzed using an X-ray
powder diffractometer (XRD, D/MAX-2500, Rigaku) with Cu Ka
radiation (A= 1.54056 A) between 10° and 90° at a scan rate of 3°
min~!. FTIR spectra of CF and PANI/CF are obtained using a FT-IR
spectrometer (Nicolet iSSO, Thermo Fisher Scientific Instrument).
Finally, the morphology of PANI/CEF fibers are observed using a Cs-
corrected scanning TEM (JEM-ARM200F, JEOL) at an accelerating
voltage of 300 kV.

Electrochemical Measurements. A multimeter (Fluke 179) is
used to measure cell voltage. All electrochemical measurements are

carried out for the fully assembled batteries and battery packs in
ambient air using the potentiostat (VMP-3, Biologic Co.). Cyclic
voltammetry (CV) is measured in an aqueous ZnCl, (1 M) solution
at a scan rate of 20 mV s™'. To investigate rate capability and
cyclability, charge/discharge tests are performed at a voltage window
of 0.7—1.7 V of varying C rates using the aqueous ZnCl, (1 M)
solution. The electrochemical impedance spectroscopy (ZIVE SPI,
WonATech) are measured in a frequency ranging from 1 to 10 MHz
with AC voltage amplitude of S mV.
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