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Abstract

The mass production and use of Li batteries have raised serious concerns about their impact on the environment. Superca-
pacitors are an alternative energy storage device. This paper addresses a new approach to fabricating supercapacitors using
the BioX6 Bioprinter from Cellink. A series of experiments were conducted to derive a conductive bioink capable of being
implemented as a viable material for energy storage devices. This bioink in conjunction with a gel electrolyte was utilized
for the fabrication of supercapacitors in a planar structure. This study utilizes the VersaStat 4 Potentiostat to measure each
capacitors’ response. Devices with capacitances as high as 53.52 pF were fabricated and tested. The results of this study
show the feasibility of using the bioprinting method for fabricating prototype storage devices.

Introduction

The fast growth in the wearable and medical electronics
industries encourages designing customized and flexible cir-
cuits for various applications. However, the bulky structure
of traditional batteries may limit the flexibility of the final
product. To address this challenge, printed energy storage
devices can be a solution for synthesizing thin and flexible
products. With Li batteries raising serious concerns about
their impact on the environment, printable supercapacitors
made with environmentally friendly and benign materials is
preferable. Advantages of supercapacitors are their ability
to be charged and discharged at high rates with high power
densities and a long cycling stability. However, due to the
high material cost and low specific energy characteristic,
supercapacitors are not capable of replacing batteries just
yet [1]. There are three different types of supercapacitors:
electric double-layer capacitors (EDLC) supercapacitors,
pseudo-supercapacitors, and hybrid-supercapacitors. These
categories are determined by their respective energy stor-
age principles. EDLCs use electrostatic interactions to hold
charges. Pseudo-supercapacitors utilize redox reactions
for charge storage and hybrid-supercapacitors utilize both
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methods. For the scope of this paper, however, only EDLCs
will be discussed.

Electric double-layer capacitors (EDLCs)

As an electrochemical device, EDLCs are made up of two
electrodes and an electrolyte that separates the two elec-
trodes. The principle behind EDLCs is the use of electro-
static interactions to form two layers of charge across the
electrode—electrolyte interface. On the electrolyte side, the
arrangement of the ions forms the Helmholtz and diffusion
layers. The Helmholtz layer form between the electrodes
surface and the electrolyte. The electrons from the electrode
and the ions from the electrolyte are separated by solvent
molecules that act as the dielectric of the capacitor. The
capacitance results from the charge accumulation within the
double layer. The capacitance is limited by the amount of
charge that can physically fit within the double layer.
Given that this type of supercapacitor relies heavily on
electrochemical interactions, the materials used to create
both the electrodes and electrolyte are incredibly important.
Activated carbon is a common material utilized for electrode
fabrication because of its larger surface area and electrolytes
that can be made up of a wide range of ionic liquids [2]. The
overall nature of an EDLC can be treated as an electrochemi-
cal cell which facilitates the use of electrochemical measure-
ments, most notably cyclic voltammetry, to study these cells.
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Fabricating EDLCs

Furthermore, traditional EDLC fabrication isn’t exactly
eco-friendly. With aprotic electrolytes that including vari-
ous metals and chemicals that contribute to electronic waste,
researchers are approaching new ways to reduce this by find-
ing more environmentally friendly ways to produce devices
such as EDLCs by synthesizing protic electrolytes for con-
ductive inks and hydrogels that are biodegradable and envi-
ronmentally safe because they are water based [2].

The idea of printing electrodes has been around for a few
years now. By converting over to liquid compounds, one can
avoid hard metals and plastics while also choosing biodegrada-
ble alternatives. The resulting printed components also provide
flexibility that traditional solid-state devices lack. Researchers
from Boise-State University are utilizing these advantages to
fabricate inkjet-printed flexible electrodes for repeatable elec-
trochemical responses. They used graphene-based ink to create
electrodes with viable electrochemical results [3]. In addition
to printing electrodes, a second group of researchers applied
these electrodes for pH sensing with accurate results and were
easily able to get repeatable results [4].

Moreover, while standard printing techniques can be
employed for printing electrodes another printing technique
has come to light that can print a capacitor in its entirety.
This unique technique is called bioprinting. While this fab-
rication process is most associated with medical device fab-
rication, bioprinting can bring about a truly new approach to
capacitor fabrication. Bioprinting provides versatility with
a wide range of available biodegradable and biocompatible
materials. Bioprinting also allows for unique geometries and
patterns to be printed. Several researchers have conducted
studies in conductive bioinks to advance the development
of biodegradable, biocompatible, and flexible electronics.
Many researchers are utilizing natural hydrogels such as
alginate or synthetic polymers, such as poly(ethylene gly-
col), as bioinks due to their ionic nature and low cost [5-7].

Materials and methods

Materials and equipment

Carbon nanofibers (CNFs), indium tin-oxide (ITO)-
coated polyethylene terephthalate (PET), and H;PO, were

purchased from Sigma Aldrich. Polyvinyl-alcohol (PVA)
from Alfa Aesar was used to make the gel electrolytes.
Polypropylene, PPO (a.k.a Cellink’s START bioink), was
purchased from Cellink. The BioX6 Bioprinter from Cellink
was used to fabricate the electrodes and print the electrolyte
in some samples. VersaStat 4.0 potentiostat and a Kiethley
2602 equipped with a custom-made 4-probe setup were used
for the electrochemical and conductivity measurements,
respectively.

Electrode bioink and gel electrolyte

As shown in Table 1, the bioink used for synthesizing the
electrodes for the EDLC was created by mixing different
amounts of CNFs (0, 0.06, and 0.1 g) with 3 ml polypropyl-
ene (PPO). The concentration of CNFs suspended within
the PPO was determined by trial and error. The bioink was
assembled by adding both ingredients to a beaker and manu-
ally mixing them together for 2-3 min. Then the mixture was
loaded into a bioprinter cartridge to be used immediately.
Samples with different amounts of CNFs at the thickness
of ~0.24 mm were printed on the electrodes designed for the
4-probe measurements.

The gel electrolyte was prepared by mixing
together 0.5 mL of H;PO,, 0.75 g of PVA, and 5 mL of DI
water. The electrolyte was assembled by placing all ingre-
dients into a beaker with a magnetic stirrer. The beaker was
then sealed with parafilm and left to heat at 90 °C and stir
at 450 rpm for 4 h. Then the beaker was removed from the
heat and left at room temperature for 48 h to reach the gel
consistency needed for the bioprinter.

Printing EDLC samples

Figure 1 shows the fabrication steps of the supercapacitors.
As shown, a rectangle piece (6 cm X2 cm) of ITO elec-
trode was taped on a glass slide with two pieces of copper
tape. Using the 0.1 g CNF-based ink, two square-shaped
(2 cm x 1.5 cm) patterns were printed on the ITO electrode
before cutting the ITO electrode to separate the two elec-
trodes. In some samples, 0.5 ml of the PVA electrolyte was
applied manually to cover both printed CNF electrodes. The
rest of the samples were made by printing the PVA gel on
top of the electrodes. Hot glue was used to seal the devices
with a blank glass slide covering the electrolyte. In total,

Table 1 Trial bioink

o . Bioink Ver- Composition Conductivity (mS) Pressure Printing Speed Nozzle Gauge
compositions with sion
corresponding average
conductivity & pritning 3 mL PPO 19 m$S 20 kPa 20 mm/s 22G
parameters 0.06g CNF+3 mLPPO 21 mS 85 kPa 5 mm/s 17G
3 0.1 gCNF+3mLPPO .39 mS 90 kPa 5 mm/s 17G
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Fig. 1 Bioprinting process schematic. (a) Sample substrate before
bioprinting electrodes. (b) Printing of electrodes. (¢) Cut substrate
between electrodes and load electrolyte bioink. (d) Print electrolyte

four different types of devices were fabricated and tested
that are referred to as samples 1—4 from now on. Sam-
ple 1 had the electrolyte manually applied over the top of
the electrodes. Sample 2 had the electrolyte bioprinted over
the top of the electrodes. Sample 3 had the electrolyte manu-
ally applied over the electrodes and then the sample was
sealed. Sample 4 had the electrolyte bioprinted over the top
of the electrodes and then sealed the same as sample 3. Each
electrode weighed approximately 0.20 g. Once each sample
was finished, it was put through a series of electrochemical
tests approximately 10 min after being printed/sealed. Opti-
cal images of the electrodes and devices were taken and are
presented in Fig. 1. It should be noted that due to the wet
nature of the printed electrodes, we could not use the scan-
ning electron microscopy (SEM) method to characterize the
electrodes.

Results

To study the capacitive behavior of the printed samples,
cyclic voltammetry (CV) experiments were conducted using
the two-probe configuration with a scan rate of 50 mV/s.
Since the electrolyte was an aqueous based gel, the voltage
range was limited to+ 1.0 V to avoid water electrolysis. The
results of these printed cells can be seen in Fig. 2 & Table 2
for reference. While in an ideal EDLC, a square-shaped
CV loop is expected, our previous study on PVA gels sug-
gests that the CV results may show oxidation and reduction
peaks due to the redox behavior of the gel [8]. Such peaks
appeared well in Sample 3 with manually applied electro-
lyte and sealing. The redox peaks were also observed in the
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over electrodes. (e) Seal newly printed sample with hot glue and
another glass slide. (f) Sample diagram (g) Freshly printed unsealed
sample (h) Unsealed sample after 7 days

other samples, but the amplitude of the peaks was relatively
small in Samples 1, 2, and 4. Additionally, the tilted loops in
those samples suggest that the resistive behavior of the elec-
trochemical cell is largely affecting the double-layer charge
storage. Furthermore, the non-symmetrical shape of the
loop with current tails (particularly in Fig. 2a and b) implies
direct charge transfer between the electrode and the electro-
lyte, likely due to the defects on the printed electrodes pro-
viding direct paths for the ions to reach the current collector
layer beneath the printed electrodes. Considering that one
electrode can have more defects than the other; as observed,
the CV loops can be non-symmetrical around 0.0 V. Since
the materials used in all the samples and their geometries
were the same, the difference between different samples can
be attributed to the difference in the structure of the films
due to different gel application methods and the effect of
sealing the devices after the fabrication. Nevertheless, the
loop-shaped results demonstrate the capacitive behavior of
the samples. Also, it is demonstrate in Fig. 2e that Sample 3
had the largest capacitance. As the optical images in Fig. 1
show, because of the viscous nature of the printed materials,
the electrodes could not keep their original printed shape
and started to spread. That may explain why the fabricated
devices did not show the ideal capacitive CV loop. More
importantly, we noticed that this spreading effect changes
the capacitance of the devices over time. Hence, we further
studied the samples by measuring their capacitances over
7 days. After conducting measurements on each cell and
reviewing the results, it became clear that day 2 results for
samples 1 and 2 were drastically out of character with the
overall results. Due to this anomaly, day 2 results have been
excluded from Table 2.
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Fig.2 (a) CV of Sample 1 (manually applied electrolyte and no seal), (b) CV of Sample 2 (bioprinted electrolyte and no seal), (¢) CV of Sample
3 (manually applied and sealed), (d) CV of Sample 4 (bioprinted electrolyte and sealed), (e) Comparison of the CV results of all samples

Table 2 Calculated capacitances

Capacitance (uF)

Day Sample 1 Sample 2 Sample 3 Sample 4
1 46.95 37.43 53.52 5.38
3 31.03 0.22 0.20 0.03
4 19.62 0.59 0.21 0.03
5 23.05 0.12 0.20 0.02
6 15.62 0.41 0.17 0.06
7 13.66 0.59 0.16 0.05

Furthermore, based on these results after the first day,
each cell experiences a significant drop in capacitance.
Another notable observation is that the sealed samples, sam-
ples 3 and 4, did not maintain the capacitance of day 1 as
might be expected. Considering that the electrolyte doesn’t
evaporate nearly as fast as the electrolyte with the unsealed
samples, this is an intriguing result.

Discussion

Moreover, each cell experienced a significant initial drop in
capacitance after the first day of measuring; however, only
the sealed samples continued to maintain relatively the same
capacitance as day 3 throughout the week. The unsealed
samples, however, fluctuated throughout the week as the
layers were deformed due to the viscus nature of the printed
materials. All the samples were left uncovered at room tem-
perature. Also, there is a likelihood of sample contamina-
tion or moisture absorption/loss over time for the unsealed
sample which could account for this fluctuation.

When comparing capacitances from Table 2, it is made
apparent that even though the electrolyte was bioprinted
on samples 3 and 4, it didn’t necessarily result in a higher
capacitance beyond first day measurements. Samples 1 and
3 both show a higher capacitance than samples 2 and 4 with
sample 4 being an outlier. This difference in sample capaci-
tances could have occurred due to damage to the electrodes
during the printing of the electrolyte. The force of extrusion
of the electrolyte could have resulted in compression of the
highly malleable electrodes decreasing the surface area of
the CNFs suspended in the bioink.

Another interesting development is that the sealed sam-
ples did not show higher capacitances. Given that the bio-
printed electrolyte provided a considerably more even appli-
cation of the electrolyte to be absorbed by the electrodes,
this didn’t result in a higher capacitance as might have been
expected. The first measurement of Sample 3 proved to be
the largest reading at 53.52 uF. However, the remaining
measurements were significantly less. This demonstrates that
sealing the cell doesn’t necessarily mean it will maintain the
same level of capacitance over time. The decreased capaci-
tance could be from the sealing process, specifically, the
pressure of applying the glass slide could have damaged the
electrodes’ internal structure. This, however, did protect the
sample over a 7-day period resulting in minor fluctuations
rather than larger fluctuations as seen in sample 1. Table 2
also demonstrates the aging effect of each cell over a 7-day
period. This helps put in perspective the significant drop
between day one and day 3 results. Overall, as it currently
stands further testing is required to truly know what is hap-
pening inside the cell from day 1 to day 3. From the optical
images of the printed layers, it is evident that for designing
areliable device, it is required to focus on printing materials
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that would not spread easily. This may need to change the
ink formula for the electrode and electrolyte and/or conduct
a treatment after printing each layer to produce a more solid
structure. While this device isn’t capable of real-world appli-
cations, it does provide proof of concept of the fabrication of
a prototype energy storage device using a bioprinter.

Conclusions

This research outlined and tested a novel fabrication
approach for creating EDLCs. The results were discussed at
length to explore the feasibility of an idea such as this. Both
fully printed and semiprinted cells were made. A technique
to seal a cell was implemented for preserving the water in the
gel electrolyte. While several different attempts were made
to achieve reliable capacitive storage, the results proved
inconclusive. Probable reasons for why the results were not
as intended were discussed to gain a better insight into how
bioprinting could be used to improve this prototype energy
storage device fabrication. Overall, this research proved the
relatively new and novel technique of bioprinting that can be
applied in a manner many would not consider for traditional
EDLC fabrication. This technique has the potential to bring
about a new era of biodegradable eco-friendly fabrication.
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