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ABSTRACT: Flexible electrode materials, particularly indium tin oxide (ITO)-
coated polyethylene terephthalate (PET), have attracted the attention of
researchers for a wide variety of applications. However, there has been limited
attention to the effects of electrode flexibility during electrochemical processes.
In this research article, we studied how bending commercially available ITO-PET
electrodes impacts the electrodeposition process of polyaniline (PANI). Thicker
ITO layers start cracking at a normalized strain of 0.10 (bending radius of 10
mm), and cracking becomes detrimental to full deposition at a normalized strain
of 0.16 or higher (bending radius of 6 mm or lower). Thinner ITO layers were
evaluated as electrodes in electrochemical applications; however, the higher
resistance of these electrodes prevented uniform electrodeposition of PANI In
order to overcome the issues of cracking, conductive thin films and copper tape were explored as low-cost methods for electrically
bridging cracks in the electrode. While conductive thin films reduced the resistance effect, copper tape was found to fully restore the
original electrochemical activity as measured by chronoamperometry and enable uniform electrodeposition at a bending radius as
low as 3 mm. This strategy was then demonstrated by performing electrochromic bleaching of PANI under high-strain conditions.
These studies illustrate some of the limitations of ITO-PET electrodes and strategies for overcoming these limitations for future
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applications that require a high degree of flexibility in a transparent electrode substrate.

B INTRODUCTION

Transparent conducting oxides, especially indium tin oxide
(ITO), have been extensively used as electrodes in applications
that require transparency in the visible region of the
electromagnetic spectrum. These applications range from
touch screen panels’ to solar cells” and have become integral
to many popular technologies used today. While ITO is
typically deposited onto rigid substrates such as glass, ITO-
coated plastics (such as polyethylene terephthalate (PET)) are
also commercially available. These ITO plastics are typically
less conductive than ITO on rigid surfaces (e.g, glass) but
provide alternative benefits including flexibility and reduced
weight and cost of the electrode, opening opportunities for
these electrodes to be used in new areas.” While these
electrodes are commonly employed in electrochemical studies,
their performance is rarely evaluated in conditions requiring
flexibility. The challenge of performing electrochemical
experiments under strained or bent conditions has contributed
to the limited understanding of the interplay between flexibility
and electrochemical performance.

The thickness and doping level of the ITO have a major
impact on the properties of transparent electrodes. It is well
established that there is a tradeoff in optical transparency and
conductivity, with thicker ITO layers and higher doping levels
increasing conductivity but decreasing transparency.” When
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ITO is deposited on a flexible substrate, such as PET, the
relationship between ITO thickness and flexibility also
becomes important as ITO is a ceramic material and therefore
brittle. Previous studies have demonstrated that bending ITO-
PET electrodes beyond a certain threshold strain results in
cracks in the ITO layer and dramatically increases the
resistance of the electrode.”® As expected, the strain that the
ITO electrode could withstand before significant changes in
resistance was related to the ITO layer thickness. Thinner ITO
layers can achieve a tighter bending radius before cracking
decreases the performance. More recently, the importance of
flexibility has led researchers to develop ITO layers with
thicknesses less than 25 nm.”® Such electrodes maintain their
electrical properties at bending radii as low as 2 mm, though
the sheet resistance of these electrodes is still in the hundreds
or thousands of /[]. While such high resistances are suitable
for many electrical applications (e.g,, touchscreens), electro-
chemical processes are likely to be hindered.
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Nevertheless, the advantages of using flexible ITO electrodes
in electrochemical applications have encouraged their develop-
ment over the past few decades. In one early example
published in 2003, Mitsubayashi et al fabricated an ITO-PET-
based glucose sensor.’” More recent examples include the
development of sensors for heavy metals,'® biofilms,"* pH,12
neurotransmitters,”> and DNA hybridization."* In addition to
sensors, flexible ITO electrodes have been used as substrates
for the electrodeposition of active materials including metal
oxides,'® nanomaterials,'® and conductive polymers'>'’~"
with ap})lications including piezoelectrics,” electrochromic
devices,”' and supercapacitorszz’23 to name just a few.
However, in these examples, the ITO layer thickness is
generally quite high (>100 nm), and the analysis of flexibility is
typically limited to a picture of the device performance in a
mild bending configuration, if included at all.

Understanding the flexibility limits of ITO-PET electrodes
for electrochemical applications is important for their practical
deployment. This was highlighted in a recent communication
from our research group that showed how the electrochemical
deposition of polyaniline (PANI) and subsequent electro-
chemical behavior significantly changed below a bending radius
of 7.5 mm.”* In the current study, we electrodeposited PANI
onto commercially available ITO-PET substrates to elucidate
the relationship between strain and electrochemical perform-
ance. 3D-printed electrochemical cells allow for the evaluation
of these electrodes under a wide range of bending radii. PANI
was chosen as a test material for evaluating the effects of
strained electrochemical conditions because it is easily
deposited and visualized on ITO. Additionally, the conductive
nature of PANI and its variety of applications make it an
interesting material to study on ITO substrates. Beyond simple
evaluation, this study also looked to overcome limitations
associated with the flexibility of these devices in electro-
chemical settings by using conductive polymers and conductive
tape to enable the use of this commercially available electrode
under high-strain conditions.

B RESULTS AND DISCUSSION

ITO-PET is commercially available at a wide range of surface
resistivity, which can be controlled by either changing the ITO
layer thickness or the dopant concentration of the ITO. In this
study, we employed ITO-PET commercially available from
Sigma Aldrich, which sells ITO with surface resistivity ranging
from 60 to 300 Q/[] (Supporting Information Table S1).
Typically, the additional thickness of the ITO required to
achieve higher electrical conductivity reduces the optical
transparency of the ITO film. Applications requiring higher
optical transparency may use an electrode with higher
resistivity. Additionally, previous studies have shown that the
thickness of the ITO layer can play a critical role in the
practical flexibility of the electrode, with flexibility moderately
improved in electrodes with thinner ITO layers.””® Because
these thinner electrodes have higher electrical resistance, it is
critical that the higher resistance does not limit the
electrochemical performance of the electrode.

To evaluate the electrochemical performance of these
electrodes, electrodeposition of PANI was performed on
ITO samples with different resistivity values using unstrained
(flat) conditions. PANI only successfully deposited on films
with 60 Q/[] or 100 Q/[] resistivity (Figure 1). Higher
resistivity ITO-PET electrodes prevented the deposition of
PANI (Supporting Information Figure S1). Interestingly, the
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Figure 1. Effect of ITO resistance on the uniformity of PANI
electrodeposition. (A) Gray value of PANI as a function of distance
from the top of the electrode for a sample deposited on 60 /O
(green) and 100 Q/01 (orange). (B) Optical photograph of the PANI
deposition on 60 Q/O ITO. (C) Optical photograph of the PANI
deposition on 100 /O ITO.

deposition of PANI did not occur uniformly across the 100 Q/
[ electrode exposed to the electrolyte (Figure 1C). Instead,
the deposition formed as a gradient, with a higher
concentration of the PANI closer to the point of electrical
connection. This is quantified using the “gray value plot
profile” shown in Figure 1A, with a lower gray value indicating
a darker portion of the film. At the bottom of the electrode,
farther away from the electrical connection, the PANI layer was
thin or incomplete. According to Ohm’s law, we should expect
an effective voltage drop along the length of the electrode. This
resistance effect on the current distribution is often referred to
as the “terminal effect” and has been studied in different
electrochemical systems including metal electrodepositions
and electrochromic windows.”® As the resistance of the
electrode increases, this voltage drop is expected to become
more pronounced. 60 €/[] films appear opaque throughout
the length of the film, but for the 100 €/[], the opacity of the
deposition decreases along the length of the electrode. For
higher resistivity films, the voltage drop prevents successful
deposition altogether. Unfortunately, an increase in the
deposition voltage did not significantly improve the deposition
of PANI on higher-resistivity ITO electrodes. The flexibility
benefit gained by use of these electrodes is therefore offset by
the decrease in electrochemical activity. As demonstrated by
the failure of deposition in this study, thin ITO films may be
unusable in certain electrochemical applications.
Electrodeposition was then performed on the most
conductive (60 Q/[], 130 nm thick) ITO-PET substrates in
3D-printed electrochemical cells designed to hold the
electrode at a specific bending radius from 12 to 3 mm. As
the bending radius decreases, the strain experienced by the
ITO increases. When the PET films are bent to a certain
radius, the strain on the film is determined by the distance
from the centerline of the film to the surface divided by the
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bending radius. All electrodes used in these strained experi-
ments have uniform thickness which is thin relative to the
range of bending radii, so normalized strain (1/bending radius
in mm) is used in this study. The custom electrochemical cells
are used to determine how flexible electrodes behave under
strained conditions and the designs are freely available on the
NIH print exchange (see Supporting Information). On the 60
Q/[] films, electrodepositions could be reproducibly gen-
erated down to a normalized strain of approximately 0.10
(bending radius of 10 mm) based on quantification of the film
coverage using Image] (Figure 2). At higher strain, the
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Figure 2. Deposition of PANI on ITO substrates held under different
levels of strain (1/bending radius). Current at 50 s (left axis, black)
and deposition area (right axis, red) of samples held at various levels
of strain. Error bars represent the standard deviation from at least 3
unique samples. Inset is a photograph of a deposition taking place at a
normalized strain of 0.33 (bending radius of 3 mm).

deposition became less consistent, and at a bending radius of §
mm or tighter, it was limited to the central portion of the
electrode, in good agreement with our previous findings.**
Interestingly, at these higher strained conditions, the electro-
deposition could be localized in different regions by changing
the location of the electrical connection (Supporting
Information Figure S2). When connected to the electrode at
the center point, analysis of the current during deposition and
the surface area of the deposited film as a function of the
normalized strain (Figure 2) demonstrates that the smaller
deposition area at a higher strain is due to lower current,
suggesting that only a portion of the electrode is active under
high-strain conditions. Importantly, the localized deposition
differs from the “terminal effect” observed in the 100 Q/[]
ITO electrodes seen in Figure 1 in two ways: localized
deposition occurs perpendicularly to the direction of terminal
effect deposition, and the localized deposition occurs in
discrete segments rather than as a gradient. These differences
indicate that the terminal effect deposition (Figure 1) and the
localized deposition (Figure 2) are caused by different
mechanisms.

We hypothesized that the isolated depositions occurred due
to cracking in the ITO layer because ITO is known to be a
brittle material. This cracking would electrically isolate
segments of the electrode and cause localized electro-
depositions. While cracking was not observed visibly or
under a light microscope, we performed SEM analysis on
ITO samples bent at various bending radii and found an
increasing amount of cracking as the strain increased
(Supporting Information Figure S3). As the electrode is bent
to smaller radii, the strain (change in length) on the ITO layer

increases as well. Because ITO is brittle, the ITO layer cannot
deform to accommodate the strain, but cracks instead. This is
related to the adhesion of the film as determined by the
effective interfacial shear strength.””** Importantly, the cracks
occur parallel to one another and parallel to the axis of bending
(Figure 3A), which explains the deposition of the PANI in a
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Figure 3. Effect of bending ITO electrodes. (A) SEM image of
cracking in 130 nm-thick ITO layer after the sample was bent at a 3
mm bending radius. Arrows were added to highlight crack location
and orientation. (B) Measured resistance of 130 nm-thick ITO layer
under different levels of strain (1/bending radius). Error bars
represent the standard deviation from at least 3 unique samples.

vertical direction in line with the electrode connection.
Additionally, while the electrodes themselves showed no
visible changes in appearance by the naked eye or under a
light microscope, the change in resistance across the horizontal
direction of the electrode could be easily observed using linear
sweep voltammetry (Figure 3B). The dramatic rise in
resistance at higher strain explains why the deposition became
even more isolated because segments of the electrode become
effectively separated. This correlation between change in
resistance and change in electrochemical performance can
therefore serve as a simple method for determining the limiting
strain for other flexible electrochemical systems.

Because thicker ITO electrodes (60 Q/[], 130 nm thick)
appear necessary for good electrochemical activity, a method
for electrically connecting the various ITO segments under
strained conditions is needed for applications requiring
flexibility. Two approaches were attempted in this effort to
connect the ITO segments: conductive tape was applied to the
point of contact of the electrode and an electrodeposited film
was used to bridge the cracks in the underlying ITO electrode
(Figure 4).

In the first approach, a thin strip of conductive copper tape
was applied along the top of the ITO electrode. When the
resistance of the electrode was measured under high-strain
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Figure 4. Illustration of the two approaches taken for bridging cracks in the ITO electrode that form when the electrode undergoes sufficient strain.

conditions, the copper tape prevented the increase in resistance
seen in the unmodified electrode (Figure SA). However, one
limitation of this approach is that the tape can only bridge
cracks caused by bending in one direction. If bending occurs
along more than one axis, cracking would cause the ITO

2

—
o o
N

Unmodified
A PEDOT:PSS

¥ Cu-tape [

.

Resistance (kQ)
O = N W Es N )
i
—
—_—

dyenid @
0 0.1 0.2 0.3
Normalized Strain (1/1)
B)]A [ Unstrained
1.2 4| ™ High Strain
~ 1
S
S08
0.6
Y04 A
0.2
0

ITO PEDOT:PSS  Cu-tape

Figure S. Effect of strain on modified ITO substrates. (A) Resistance
measurements for PEDOT:PSS-modified (blue), and copper-tape-
modified (orange) electrodes under different levels of strain (1/
bending radius). Unmodified electrodes (gray) are included as a point
of reference. Error bars represent the standard deviation from at least
3 unique samples. (B) Anodic current at 30 s during a
chronoamperometry experiment in a ferri/ferrocyanide electrolyte
under unstrained (black) and high-strain (red, 0.33 normalized strain)
conditions. (C) Photograph of the nonuniform electrodeposition of
PANI on an unmodified ITO electrode under high-strain conditions
and (D) photograph of the uniform electrodeposition of PANI on a
copper-tape-modified ITO electrode while under high-strain con-
ditions during electrodeposition.

segments to be isolated from all sides of the electrode. A
conductive bridge applied to the edge of the electrode would
not be able to connect the segments in the middle of the film.
To overcome this limitation, a conductive bridge needs to
connect the entirety of the ITO electrode.

In the second approach, the electrodeposited material serves
as the conductive bridge between isolated ITO segments.
Because this bridge covers the whole electrode, this method
could be used in the case of bending along multiple axes.
Initially, we attempted to use PANI as the conductive bridge
but found that the resistance was not improved (Supporting
Information Figure S4). PEDOT:PSS, another flexible
conductive polymer commonly used in photovoltaic devices,’
was electrochemically deposited onto ITO electrodes and
explored as a bridge material. We found that the PEDOT:PSS
film did provide an improved resistance at higher strain
compared with the unmodified ITO electrode (Figure SA).

The electrochemical performance of the modified electrodes
was then evaluated using chronoamperometry in a ferri/
ferrocyanide electrolyte (Figure SB). Under flat, unstrained
configurations, the anodic current at 30 s for modified and
unmodified ITO electrodes was similar, demonstrating that the
modifications have little to no impact on the electrochemical
performance using a typical electrolyte. Under high-strain
conditions, however, the current observed using an unmodified
ITO electrode is drastically reduced. The PEDOT:PSS-
modified electrodes unfortunately did not demonstrate
significant improvement of the electrochemical activity under
high-strain conditions relative to the unmodified ITO. This
could be caused by the PEDOT:PSS not having a high enough
conductivity to transfer electrons at a rate necessary for good
chronoamperometry performance. The copper-tape-modified
electrodes, however, demonstrated nearly identical perform-
ance in the high-strain and unstrained configurations.
Durability experiments using this copper-tape modification
found that the electrochemical activity of the electrode
remained well above that of unmodified ITO electrodes even
after S0 bending cycles (Figure SS). The ability for copper-tape
modification to maintain the electrochemical activity of the
ITO electrode was further exemplified through the electro-
deposition of PANI at a normalized strain of 0.33 (bending
radius of 3 mm). Without the copper tape as a bridge,
deposition is incomplete as previously mentioned, due to
cracks caused by bending (Figure SC). When the copper-tape
electrical bridge is applied, deposition occurs consistently
across the width of the electrode (Figure SD). Importantly, the
copper tape must be applied to the electrode when flat to
ensure good adhesion, and the copper must not contact the
electrolyte to avoid the introduction of copper contaminants in
the electrolyte solution. The application of copper tape
provides a simple and effective method for overcoming the
cracking in the ITO layer.
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To illustrate the utility of this method, we performed
electrochromic experiments on electrodeposited PANI films.
PANI has received a lot of attention for its electrochromic
abilities due to its low cost, environmental stability, and
obvious color contrast between its bleached (reduced) and
colored (oxidized) states.””™>® These applications include
electrochromic windows,”* electronic displays,” and antiglare
mirrors.”® In our experiments, we prepared PANI films on
unmodified and copper-tape-modified ITO electrodes under
flat conditions. The PANI films were then transferred toa 1 M
H,SO, electrolyte, and a —0.2V vs Ag/AgCl was applied for 30
s in order to reduce the PANI to its bleached state. When using
copper-tape-modified electrodes, the change in NIR-visible
absorbance of the PANI film under high-strain conditions (3
mm bending radius) was similar to that of unmodified ITO
under unstrained conditions (Figure 6). Importantly, bleaching
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Figure 6. Electrochromic behavior of PANI on Cu-tape-modified
ITO. (A) UV—vis spectra of as deposited oxidized PANI (black),
bleached PANI under unstrained conditions (green), and bleached
PANI under high-strain conditions (red, 3 mm bending radius). (B)
Photographs of the oxidized PANI and (C) bleached PANI under
high-strain conditions.

experiments of PANI on unmodified ITO at a 3 mm bending
radius did not show a significant change in absorption, and
only minimal reducing current was observed during these
experiments (see Supporting Information Figure S6). This
proof-of-concept experiment demonstrates how copper-tape
modification can enhance the performance of ITO-PET-based
electrodes under high-strain conditions.

B CONCLUSIONS

The electrochemical performance of commercially available
flexible ITO electrodes under strained conditions has been
evaluated using the electrodeposition of PANI as a test system.
Due to the brittle nature of ITO, bending to high-strain
conditions results in the formation of cracks that are

detrimental to uniform electrochemical performance. For
electrochemical applications, the use of thinner ITO layers to
gain increased flexibility does not appear to be a viable solution
due to the increased resistance of these thinner ITO films. The
issue of ITO cracking can be overcome by using conductive
materials to bridge the various segments of the ITO under
crack-inducing strains. This was demonstrated using copper
tape applied to the top of the electrode. The application of
copper tape enabled much improved electrochemical perform-
ance under high-strain conditions without affecting the
transparency of the electrochemically active region of the
ITO electrode. This was demonstrated using the electro-
chromic bleaching of PANI at a low bending radius. This
copper-tape modification strategy can be implemented to
maintain electrical conductivity under a single-direction strain
application such as flexible solar cells or electrochromic
windows. For applications requiring flexibility along multiple
axes, the isolated segments of the ITO would need to be
connected using a flexible conductive film across the entire
electrode. Our preliminary experiments using PEDOT:PSS
demonstrated promising results in regard to resistance change,
though other materials may need to be explored to enable
desired electrochemical performance. With these findings,
these inexpensive and versatile electrodes can be used in more
applied electrochemical devices and studies that require
flexibility and electrochemical functionality, such as wearable
sensors, > flexible photovoltaics,2 and roll-to-roll electro-
deposition.>”

B METHODS

Materials. All chemicals were used as received. Aniline was
purchased from TCI America. Potassium ferrocyanide
trihydrate and potassium ferricyanide were purchased from
Fisher Scientific. Potassium chloride was purchased from
VWR. 3,4-Ethylenedioxythiophene, 18 wt % in H,O Poly(4-
styrenesulfonic acid) solution (MW ~75,000), H,SO,, and
ITO-PET substrates were purchased from Sigma Aldrich. A
table listing the specific item numbers and characteristics of the
ITO-PET substrates can be found in the Supporting
Information (Table S1). ITO-PET samples were cut to size
using a portable paper trimmer (Fiskars) which was important
for avoiding the bending of the electrodes during the cutting
process. Aqueous solutions were prepared using high-purity
water (18 MQ). Electrochemical cells were prepared using a
3D printer (Prusa MK3S or Lulzbot mini) with natural ABS
filament from MatterHackers Inc. Additional information
about the 3D printing parameters and how to access the
digital designs for free can be found in the Supporting
Information.

Resistance Testing. Electrical resistance measurements
were performed using linear sweep voltammetry using a
Biologic SAS SP300 Potentiostat. An electrical connection was
made using microsteel or copper toothless alligator clips with a
jaw opening of 5.6 mm (Uniquers). The length between
electrical connections was 28 mm. The voltage was swept from
—0.1 to + 0.1 V at 10 mV/s. Resistance was calculated by
dividing the change in voltage by the change in current.
Resistance testing was performed in 3D-printed devices
designed to hold the electrodes at specific bending radii.
Reported measurements represent averages of at least 3 unique
samples at each bending radius.

Electron Microscopy. After ITO specimens were sub-
jected to bending, the specimens were examined for evidence
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of cracking with a scanning electron microscope (FEI Helios
NanoLab). Specimens were first sputter coated with a ~10 nm
layer of gold/palladium to reduce charging due to the differing
conductivities of PANI and ITO. The accelerating voltage used
during imaging was 15.0 kV. During imaging, specimens were
examined with a scanning pattern beginning in the center of
the film and proceeding to either side to cover an area of up to
1S mm X 15 mm. If crack images were captured, Image] was
used to measure the distances between cracks.

Electrochemical Experiments. All electrochemical ex-
periments were performed using a Biologic SAS SP300
Potentiostat. A Ag/AgCl electrode (CH Instruments) and a
platinum electrode were used as the reference and counter
electrodes, respectively. The ITO-PET electrode (30 mm X 40
mm) was used as the working electrode and held at specific
bending radii by the 3D-printed electrochemical cell and
toothless alligator clips. An electrical connection was made to
one of the toothless alligator clips. The electrolyte for PANI
deposition consisted of 100 mM aniline in 1 M H,SO,.
Electrodeposition of PANI was accomplished by applying 2.0
V vs Ag/AgCl until 0.2 mAh (0.72 C) had passed through the
system. The electrolyte for the PEDOT:PSS deposition
consisted of 10 mM 3,4-Ethylenedioxythiophene (EDOT)
and 1% PSS (Poly 4-styrenesulfonic acid). As an example,
0.500 L of this aqueous electrolyte was prepared by mixing 534
uL of EDOT and 25 mL of 18% PSS. Electrodeposition of the
PEDOT:PSS film was accomplished by applying 1.5 V vs Ag/
AgCl until 0.2 mAh (0.72 C) had passed through the system or
a maximum of 5 min had elapsed. Typical deposition curves for
both PANI and PEDOT:PSS can be seen in the Supporting
Information (Figure S7). Using a constant charge resulted in a
more reproducible film thickness than using a specific
deposition time. Under ideal conditions (uniform deposition)
the 0.2 mAh deposition took 50—80 s for PANI films and
110—-160 s for PEDOT:PSS films. Following deposition, the
films were dipped in high-purity water before further analysis.
Chronoamperometry analysis was performed using a ferri/
ferro-cycanide electrolyte consisting of 10 mM ferricyanide, 10
mM ferrocyanide, and 100 mM KCI. The anodic current at 30
s was used to evaluate the effects of strain on the electrodes.
Average values were determined from at least 3 unique
samples. Electrochromic analysis was performed by first
electrodepositing PANI on unmodified or Cu-tape-modified
ITO substrates under unstrained conditions. Films were then
dipped in high-purity water before transferring to a 1 M H,SO,
electrolyte. A voltage of —0.2 V vs Ag/AgCl was applied to
bleach the PANI films.

Photoanalysis of Film Deposition. The deposition area
of the electrodeposited films was quantified using Image]J, a
public-domain Java image processing program. To determine
the uniformity of the films (Figure 1), the “Plot Profile” tool
was used on a line drawn from the top of the electrodeposited
PANI film to the bottom of the electrode. The gray value was
used to evaluate the darkness of the film, with a lower gray
value representing a darker (thicker) film. To determine the
area of each electrode that was coated in PANI (Figure 2), we
employed a “Color Threshold” feature in Image] using a color
intensity value of 75 to isolate the regions with significant film
deposition.

UV—Vis Analysis. UV—vis spectra were performed using a
Shimadzu UV-1800 spectrometer with a modification of the
3D-printed adapter described in previous work.*®
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