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The fabrication of electronics on the basis of biofriendly materials
aims to counterbalance the negative trends conveyed by the short
life-cycle of electronics. Furthermore, these materials open the
possibility to develop optoelectronic technologies which will be in
contact with the human body. In this work, we present an electro-
chromic display fabricated by resource- and energy-efficient digital
printing techniques. The biodegradation of the device is certified
under the ISO 14855 standard. The display comprises of a poly
(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
electrochromic layer, a gelatin-based electrolyte and Au electrodes
deposited on a cellulose di-acetate substrate. We investigate the
impact of various naturally sourced ionic species on the ionic
conductivity of the electrolyte and the figures of merit of the
display. The printed devices show an electrochromic contrast of
32 + 4% and switching times of 3.0 + 1.4 s, comparable to the
spincoated reference devices. The utilization of inkjet printing
enables the fabrication of different device designs with individually
addressable pixels. The display can be worn innocuously on the skin
without loss of performance thanks to the self-adhesion properties
of the gelatin hydrogel. The present work highlights the use of
industrial relevant technology for the fabrication of truly eco-
friendly optoelectronic systems.

An ecofriendly production and appropriate end-of-life of elec-
tronics are vital for a world which is currently being shaped by
anthropogenic waste and its influence on climate and quality of
life."” In the coming years, the increasing use of electronic
devices in commodity items as well as in upcoming internet of
things (IoT) related technologies threaten to increase the
already unsustainable production of electronic waste (e-waste).?
Among the new technologies currently being developed, wearable
electronics are a fast-growing branch of research that promises to
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open new fields of applications by combining light-weight,
conformability and mechanical robustness with sensing or
optoelectronic functionalities."> Some of these potential uses
can be found in the field of electronic skin,®” electrocardio- and
electromyography,®® on-skin diagnostics,'® energy harvesting"*~*?
and displays." These electronic devices will benefit from high
throughput fabrication methods like printing techniques, which
will enable its production in very large numbers. However, it is
foreseeable that such electronic devices will be considered dis-
posable as they might entail short-lifecycles due to the extenuating
mechanical requirements or their inherent one-way use in biosen-
sing or medical-related applications. In response to this proble-
matic prognosis several approaches have recently been utilized for
designing biodegradable and ecofriendly electronics.'”> Materials
such as silk, polycaprolactone, paper, and cellulose di-acetate
have been used as bio-derived substrate alternatives.'®™
Naturally or synthetically acquired biodegradable materials have
been used as passive and active components in various thin-film
devices.'®*> Herewith enabling transistors,”® capacitors,>*
sensors,”” batteries,>®*” or light-emitting devices*®*° with
potential biodegradable properties. These examples demon-
strate that there is a path and a will for the development of
electronics with reduced environmental footprints. However, it
is still necessary to develop economically viable fabrication
schemes and disposal processes to ensure, under international
standards, the sustainability of the devices as a whole.
Herein, we present a fully printed electrochromic (EC) dis-
play whose biodegradability was validated according to the
International Standard ISO 14855. The electrochromic devices
were fabricated on the basis of the biocompatible poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)
active layer and gold electrodes and a biodegradable gelatin-
based electrolyte on a cellulose di-acetate (CA) substrate. The
choice of inkjet printing provides an industrially established
low-material-waste fabrication process with low-energy con-
sumption which delivers the digital freedom of design and perso-
nalization necessary in wearable electronic applications.*"** The
composition of the biodegradable electrolyte was investigated and
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correlated to the figures of merit of the EC device. The finalized EC
displays observe a reversible change between a transparent and a
deep blue state with high contrast and fast switching time.
Furthermore, its mechanical properties and self-adhesion provided
by the combination of the CA substrate and the gelatin electrolyte
enable its use as a conformable wearable display with potential use
as a readout in smart electronics, health-monitoring and sensing
platforms.

Displays are an integral element to many electronic devices
as they provide a way to communicate the necessary informa-
tion to the user. The utilization of electrochromic (EC) devices
has demonstrated to be a feasible approach to fabricate
low-cost displays®*** exhibiting low operating voltages.*>>°
Furthermore, their simple device architecture®”*® have enabled
easy access to their fabrication by printing techniques.**™*" The
low number of layers and materials necessary to fabricate EC
devices also favor the replacement of hazardous components by
biodegradable alternatives.*>™** In our case, we focused on the
use of a gelatin-based electrolyte which has recently attracted
attention in various research fields for its use in hydrogel
configurations”>*® and as an ionic transport material.”’™*° As
an electrochromic layer, we utilized PEDOT:PSS, a material
known for its electrochromic properties®®>> and outstanding
biocompatibility.”*** Complementary, the CA substrate and Au
electrodes are established biodegradable and inert materials
respectively.

Fig. 1a shows the device architecture used in this work
consisting of individually addressable electrochromic PEDOT:PSS
pixels, which are connected to gold working electrodes and
surrounded by a gold counter electrode. The lateral structure is
covered by the gelatin based electrolyte to enable the ion
movement. Fig. 1b presents photographs of inkjet-printed
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electrochromic devices in the form of a battery indicator
and a squid-shape, highlighting the freedom of design offered
by digital printing. Furthermore, the circular features of the
squid-pattern accentuate the advantages of this additive
manufacturing technique over lithographic and mask-based
processes, which would require multiple processing steps to
produce this enclosed structure. As it can be seen in Fig. 1, the
gelatin electrolyte (~4 mm) is utilized to encapsulate the
complete CA substrate beyond its edges, rendering the device
self-adhesive. Thereby, we could realize an on-skin wearable
device that conforms to the body shape and movement. Fig. 1c
and Movie S1 of the ESI,f show the device under operation
while mounted on a hand performing different movements
without negatively affecting its functionality. Furthermore,
Fig. 1d highlights the possible range of motions that can be
performed while wearing the device without any detachment.
The corresponding Movie S2 can be found in the ESL¥

The electrolyte system is a crucial part of the EC device as
its properties determine parameters such as switching times
and device stability. In our case besides exhibiting high
performance it should also be environmentally innocuous.
Thus, we tested a variety of natural salts commonly found in
food such as NaCl, CaCl, and K,SO, or in nutritional supple-
ments such as choline salts. These salts were tested at different
ratios in a hydrogel electrolyte based on glycerol, water, and
gelatin (6:7.5:1). The ionic conductivity at room temperature
of the different electrolytes is shown in Fig. 2a. The corresponding
Nyquist plots can be found in Fig. Sla in the ESLf{ It can be
observed that the ionic conductivity rises about two orders of
magnitude in comparison to the as-received gelatin system. The
high amount of glycerol in the used electrolyte promotes ion
transport yielding ionic conductivities on the order of 10~7 S cm™ .

=,

Fig. 1

(a) Scheme of the used device architecture. (b) Pictures of multiple other printed devices, as well as the squid-shaped device under operation.

(c) Printed battery indicator under operation while attached to a hand. (d) Conformability of the device while moving the hand.
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(a) lonic conductivity of different salts in the gelatin electrolyte. (b) Electrochromic contrast at a wavelength of 685 nm by applied voltage with

different electrolytes. (c) Change in absorbance of the PEDOT:PSS film under varying electrical potentials with NaCl in the electrolyte. (d) Electrochromic
contrast (685 nm) at different thicknesses of the PEDOT:PSS layer with NaCl in the electrolyte. The inset shows the used device architecture.

A reduction of up to two orders of magnitude in the ionic
conductivity as well as a trend depending on the ion size was
observed when utilizing only a tenth of the amount of glycerol
(ESL¥ Fig. Sib). Furthermore, the high glycerol content
improves the ultimate tensile strength of the electrolyte against
strain from 100% to 150%, as it can be seen in the destructive
tensile test shown in Fig. Slc (ESIt). The results correspond
well to previous reported studies, which identified the glycerol
content as a crucial parameter for improving the ionic con-
ductivity of gelatin electrolytes via better ion solvation,> as well
as for enhancing the mechanical properties of the gel by acting
as a plasticizer.>®

The concentration of the different biodegradable salt species
was fixed at 0.15 mol L™, to further investigate their influence on
the change in transmittance. Fig. 2b shows the electrochromic
contrast of the devices as a function of salt type and voltage.
The EC is defined as the change in transmittance and was
derived from the measurements shown in Fig. S2 in the ESIf at
a wavelength of 685 nm. It can be observed that, larger ions like
the choline salts need higher voltages to reach the same contrast
as smaller sized salts, such as NaCl. This can be attributed to the
ionic transport properties of the electrochromic layer depending
on the ionic species.”” We chose NaCl as the salt in the hydrogel
electrolyte for the printed devices, since it revealed the highest
change in contrast at low voltages and did not greatly differ from
the other salts in terms of ionic conductivity. Additionally, NaCl is
one of the most common salts used in our daily life and is also

16718 | J. Mater. Chem. C, 2020, 8,16716-16724

available in large quantities which would be advantageous for a
future upscaling. The cyclic voltammetry measurement of this
electrolyte is shown in Fig. S1d in the ESL{ The redox potentials
vs. an Ag/AgCl reference electrode are —1.9 V and 1.9 V respec-
tively. Therefore, we assume sufficient stability of the electrolyte
under operation, even though the potentials are not directly
transferrable to the two-electrode system in the presented devices.

Fig. 2c displays the electrochromic behavior with the best
contrast of the biocompatible PEDOT:PSS film utilizing the
gelatin based electrolyte with 0.15 mol L™ NaCl. In its initial
state, the doping of PEDOT by the PSS typically results in the
observed optical transmittance of ~80% between 400 nm and
700 nm and an absorption band in the near-infrared region.
Increasing the negative voltage at the attached electrode leads
to a drift of cations into the electrochromic layer and the
consequent reduction of PEDOT to its neutral state. At —2 V
the absorbance peak in the near-infrared is minimized and two
new peaks in the visible region rise, resulting in a blue colora-
tion of the film. The absorbance peaks of the neutral PEDOT
have their maximum at 695 + 4 nm with a fullwidth half
maximum (FWHM) of 32 + 9 nm, as well as at 640 &+ 2 nm with
a FWHM of 140 + 8 nm. The change in absorbance is reversible
by changing the polarity of the applied voltage.

An important figure of merit for electrochromic display
applications is the contrast between the colorized and the
bleached state which exhibits a maximum at a specific layer
thickness.?® Fig. 2d shows the obtained EC contrast when

This journal is © The Royal Society of Chemistry 2020
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varying layer thicknesses through different spincoating rotation
speed. The difference of two exponential decreases, which
corresponds to the absorption of the polymer in its bleached
and colored state, was fitted to the values to obtain the layer
thickness at which the contrast is maximal. The maximum
electrochromic contrast was obtained for a layer thickness of
150 + 6 nm. The initial values of the fitting parameters were
taken from the exponential decrease of the transmittance with
increasing thickness as shown in Fig. S3 in the ESLf

In order to define the most suitable device architecture for
the printed devices, we characterized the contact angles of the
PEDOT:PSS dispersion and the gold nanoparticle ink on top of
the as-received CA substrate and on top of each other (Fig. 3a
and c). Both PEDOT:PSS and the Au ink are based on water and
therefore exhibit low contact angles ~7° on top of CA. However,
when depositing the Au ink on top of PEDOT:PSS the contact
angle increases to 35.4°. This difference of the contact angles
corresponds to a gradient in surface free energies which causes
a material-flow towards the higher SFE surface and therefore a
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dewetting of the Au ink on the edge of the PEDOT:PSS patterns.
This results in a discontinuous Au film on the edge of PEDOT
and CA indicated in the red circles in Fig. 3b. In contrast, the
contact angles of the PEDOT:PSS dispersion on top of the
printed and sintered Au layer yield 15.0° & 0.5° (Fig. 3c), which
do not produce an appreciable dewetting effect resulting in
homogenous and smooth pattern formation (Fig. 3d). We,
therefore, chose to first print the Au electrode structures
and subsequently deposit the PEDOT:PSS for all printed devices
to ensure a reliable process route and high yield. The
layer thickness of the printed PEDOT:PSS is 150 + 20 nm and
90 £ 10 nm for the printed gold.

The figures of merit of the printed devices and spincoated
references are shown in Table 1. The EC contrast of 32 & 4% at
685 nm, as well as the contrast ratio of 1.7 £ 0.3 of the printed
devices, are comparable to the reference (Fig. 2d), and literature
However, the coloration efficiency of 99 + 6 cm> C™*
is about 2.3 times lower than the coloration efficiency of the
reference device. We assume, that this can be attributed to the

values.”®
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Fig. 3

(a) Wetting behavior of the gold ink on CA (left) and on PEDOT:PSS film (right). (b) Photograph of the dewetting of the gold ink on the edge of the

PEDOT:PSS layer indicated by the red circles. (c) Wetting behavior of PEDOT:PSS dispersion on CA (left) and on printed gold (right). (d) Homogenous layer
formation on the edge of the PEDOT layer indicated by the circles when the gold electrode was printed first. () Coloration efficiency and sheet resistance
of the electrodes of differently produced devices. (f) Microscope image of the printed gold electrode.
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Table 1 Figures of merit of a reference device on glass with ITO electro-
des and spincoated EC layer versus a printed device on CA with printed
gold electrodes and printed EC layer

Coloration  Switching  Switching
EC con- Contrast efficiency  timecojored tiMepjeached
trast [%)] ratio [em*C™']  [s] [s]
Reference 38 + 2 1.6 £ 0.2 230 + 13 2.5+ 0.2 0.9 £ 0.1
Printed 32+ 4 1.7+ 03 99+6 3.0+ 14 1.6 +£ 0.2

different geometry and conductivity of the electrodes. Note,
that the ITO electrode of the reference devices extends under-
neath the entire area of the EC pixel, whereas the printed gold
electrode only connects to the pixels in a small area.

The coloration efficiencies, as well as the electrodes sheet
resistance of a series of reference devices on glass and CA, are
shown in Fig. 3e. In the case of evaporated gold electrodes on
glass, the coloration efficiency of the devices with spincoated and
printed PEDOT:PSS does not differ from the reference device on
ITO. The same holds for the reference device with evaporated gold
electrodes on CA. Only for the fully printed device with printed
gold electrodes the coloration efficiency drops. At the same time,
the sheet resistance of the electrode rises from 1.9 + 0.2 Q O0*
about two orders of magnitude to 112 & 5 Q [~ Therefore, we

View Article Online
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conclude that the conductivity of the electrode has a greater
influence on the coloration efficiency than the different geome-
tries. As the microscope pictures of the printed gold layer in Fig. 3f
indicate a fully closed layer, we relate the increase of sheet
resistance to the low drying temperature of 60°, which is necessary
to not melt the CA substrate. The higher sheet resistance of the
printed Au electrode did affect the coloring and bleaching switch-
ing times as both were increased by more than 0.5 s for the
printed device. The time at which the absorbance reached 90%,
respectively 10% of its maximum was taken into account for this
calculation.”®

Fig. 4 presents a wearable display prototype incorporating
the battery indicator beside a weather application, a watch, and
a Wi-Fi indicator, to demonstrate the scalability of the devices
and the control of the fabrication process. The encapsulation
by the gelatin electrolyte beyond the CA substrate enables its
wearability. Even though it is not stretchable, the display can be
worn on an arm in an everyday-life situation due to the
flexibility of the substrate in combination with the conformability
and adhesion of the gelatin hydrogel, as depicted in Fig. 4a.
The long term effects of the display on the skin, including
breathability, water vapor transmission and irritations are still
to be tested in collaboration with dermatological specialists.
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(a) Photograph of the display attached directly onto the skin in an everyday-life situation demonstrating its wearability and transparency.

(b) Photograph of the inkjet-printed displays highlighting the scalability and control of the process to produce a multisegment display. (c) The final display
under operation showing the time, the battery status and sunny weather. (d) Electrochromic contrast (average of 3 devices) normalized to the starting
value after bending the device several times by a bend radius of 8.5 mm. The inset shows a photograph of the bended device. (e) Biodegradation of the

EC display and microcellulose (particle size 20 pm) as a reference.
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Printed gold electrodes address each of the 33 individual
segments of the flexible display for separate on/off switching
(Fig. 4b). To demonstrate the control of the production
processes and the potential for up-scaling, we printed up to
four displays on one single A4-size substrate (ESI,T Fig. S4).
Under operation, the bleached (OFF) PEDOT:PSS pixels, as well
as their gold electrodes act as counter electrodes for the colored
(ON) segments. As there will always be a combination of ON
and OFF pixels, there is no necessity for individual counter
electrodes for each pixel. An additional gold electrode in the
form of the battery shape acts as the counter electrode for all
other electrochromic segments to turn all pixels OFF. In Fig. 4c
the display is depicted under operation. The segments which
are OFF, appear transparent with a slight blueish hue since the
printed PEDOT layers show transmission of around 80% in the
visible region and the segments which are ON show a bright
blue color.

Additionally, the display should withstand stress caused by
body movement to be useful as a wearable device. The stress
was simulated by bending the device with a bend radius of
~8.5 mm. The devices were bent up to 10000 times while
measuring the electrochromic contrast after certain steps.
Fig. 4d shows the average value over three devices normalized
to the initial EC contrast (43%). The contrast only decreased
about 15.9% from its initial value after 10000 cycles of
continuous bending. The inset shows a photograph of the
bent device. Since there’s no distinct linear, elastic regime
the destructive tensile test data of the gelatin electrolyte in
Fig. Sic (ESIt), we assume mainly plastic deformation of the
electrolyte. This could be a possible explanation for the
decrease in contrast after 10000 cycles of bending. Besides
mechanical stretching, mechanical compression could occur
for some wearable applications (e.g. around the wrist). The
combination of both effects on the performance of the pre-
sented material system would need to be investigated in future
work. Additionally, a degradation of the conductivity of PED-
OT:PSS, which is about a few percent at these bending
rations,®® could be partially responsible for the decrease in
contrast. Alongside its mechanical stability, the lifetime of the
devices was tested by applying a square wave between —2.4 V
and 0.2 V with a switching period of 20 s. The electrochromic
contrast over time is shown in Fig. S5 in the ESLT It can be
observed that after 30 min of stable operation, the contrast
starts decreasing to around 12% at 60 min. It levels around 10%
for the next 3 hours until it rises again. After 6 hours of
continuous switching, the device contrast stabilizes to ~16%
from its initial value (34%). These behaviour is probably caused
by the combination of several mechanisms under operation.
This includes the degradation of the electrochromic material,
the trapping of ions and the influence of the water inside the
electrolyte.®’®® Furthermore, the drying-out of the electrolyte
gel (i.e. loss of water content) under normal environmental
conditions could affect the performance and adhesiveness of
the device. Determining if the timescale of this effect is relevant
to the device life-cycle would need to be investigated for the
specific application.

This journal is © The Royal Society of Chemistry 2020
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The mechanical robustness of the displays and their perfor-
mance under continuous operation demonstrate their suitability
for short-lifecycle electronics applications in the fields of
wearables. However, an ecofriendly end-of-life scenario of such
devices is highly desirable to counteract the negative influence
of their disposal on the environment. In particular, we consider
this is a necessary feature for electronic technologies which
could be fabricated in large numbers through up-scalable
industrial methods such as printing technology. Therefore,
we subjected the display to an independently-conducted bio-
degradability test according to the international standard ISO
14855 performed in a compost milieu at 25 °C (see report in the
ESIt). This international standard is the closest to industrial
relevant biodegradation methods for solid waste. Herein,
the display and a microcellulose reference are inserted into
bioreactors containing the equal amount of compost inoculum.
The reference serves the purpose of validating the test. The
carbon dioxide (CO,) produced by microorganisms metaboliz-
ing the organic material is measured over time. Additionally,
bioreactors with sole inoculum serve to determine the CO,
production baseline originating from the compost itself. The
absolute biodegradation is given by the ratio between the
theoretically expected and the cumulated net CO, production.
The theoretical amount is calculated from the total amount of
organic carbon of the sample. Fig. 4e shows the percentage of
biodegradation as a function of time for the electrochromic
display and the microcellulose (20 pm particle size) reference.
The results clearly prove that the EC display exhibits a higher
degradation rate than the reference finally reaching a plateau at
79.1% after about 9 weeks. The reference overcomes the thresh-
old of 70% for a valid verification under the ISO 14855 standard
after two additional weeks. Consequently, the biodegradability
of the presented electrochromic display is confirmed under this
international standard by showing higher biodegradation than
the reference. This is to the best of our knowledge the first
demonstration of an electronic display that has been certified
as biodegradable by an independently made standardized test.
Additional information can be found in the Experimental and
the full official report is presented in the ESL ¥

The remaining 20% of the display which has not degraded
can be attributed to various materials. Even though PEDOT:PSS
is presented as biocompatible in many literature reports, it
failed a biodegradability test according to the ISO 14852. This
test needs smaller amounts of material and is done in an
aqueous environment, further details can be found in Fig. S6
in the ESI.f{ Nevertheless, the PEDOT:PSS only accounts for
about 10 %% of the carbon in the entire device. Another
material, whose degradation process is quite complex, is cellu-
lose di-acetate. It is commonly stated to be a biodegradable
material, however the acetyl side groups hinder the direct
degradation by cellulase. Therefore, the biodegradation of CA
often requires an additional deacetylation in advance.®* It is
reasonable, that limited deacetylation happened in the com-
post environment at the set temperature of 25 °C and some
part of the CA substrate did not degrade. The substrate
itself contained around 10% of the total carbon in the display.

J. Mater. Chem. C, 2020, 8,16716-16724 | 16721
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The remaining 10% may be attributed to not yet degraded
amounts of glycerol and gelatin by the time the experiment was
stopped.

Conclusions

In summary, we present the successful fabrication of a digitally
printed electrochromic display with an ISO-certified biodegrad-
ability demonstrating the usage of ecofriendly materials in
electronics for short-lifecycle electronics. Furthermore, its flexi-
bility, conformability and mechanical robustness render it
ideal for its use in wearable applications. The electrochromic
characteristics are consistent with literature values for PED-
OT:PSS devices, in our case a contrast of 32 + 4% at 685 nm and
switching times of 3.0 & 1.4 s by changing from a transparent
state to a deep blue colored state. However, the device perfor-
mance could still be enhanced in future work by optimizing the
electrodes and increasing the color gamut by adding other
biodegradable EC materials. Most importantly, the utilization
of an industrial relevant fabrication such as inkjet printing
underlines the potential and opportunities of biomaterials in
disposable electronics and the potential of reducing the
amount of electronic waste. Besides the obvious advantages
that this digital printing technique offers for the personaliza-
tion of wearable electronics, it also conveys a limited waste of
resources as it only deposits materials locally on demand. This
resource-efficiency adds up to the overall sustainability of the
presented biodegradable display.

To the best of our knowledge, this is the first demonstration
of a biodegradable display which undergoes and successfully
passed a standardized, independently performed degradation
test. We believe that the exhibited innocuous degradability of this
device could be extended to other electronic elements, which in
combination with recyclability and reusability schemes, could
help to reverse or to prevent some of the environmental impacts
of e-waste paving the way towards greener electronics.

Experimental section

Materials

Choline chloride (99%), choline bitartrate (99%), potassium
sulfate (K,SO,, 98%), calcium chloride (CaCl,, anhydrous 99%),
sodium chloride (NaCl, 99%), gelatin (from porcine skin) and
glycerol (99%) were purchased from Sigma Aldrich. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS,
FHC Solar) was purchased from Heraeus. The gold ink (Dry-
Cure Au-], 1010B) was obtained from C-Ink. The materials were
used as received. The ITO coated glass substrates were pur-
chased from Kintec Inc., the cellulose di-acetate foil (CA, 150 pm,
clear) from Rachow-Kunststofffolien GmbH.

Fabrication of the reference devices

The pre-patterned ITO coated glass substrates were cleaned
in acetone and isopropanol in an ultrasonication bath for
10 minutes each. Subsequently, the substrates were treated

16722 | J. Mater. Chem. C, 2020, 8,16716-16724

View Article Online

Communication

for 5 minutes with argon plasma (Tetra 30, Diener electronics).
PEDOT:PSS was deposited on the ITO coated substrates by
spincoating at different rotation speeds (500-4000 rpm) for
60 s with an initial acceleration of 1000 rpm s ' to obtain
electrochromic layers of different thickness. The gelatin elec-
trolyte was deposited while hot on the spincoated layer by drop-
casting and cooled to room temperatures afterward. The device
architecture is shown schematically in Fig. S7a in the ESLT
Devices with the same geometry as the printed ones were
prepared by evaporating 80 nm of gold on previously cleaned
glass substrates. PEDOT:PSS was spincoated with 2200 rpm and
structured afterward or deposited by inkjet-printing. The device
architecture is shown schematically in Fig. S7b (ESIt). The EC
devices were characterized by UV-vis spectroscopy alongside
with its corresponding I-V characteristics.

Fabrication of the gelatin electrolyte

Gelatin was dissolved in deionized water at a concentration of
133 g L " together with the corresponding amount of salt at
50 °C on a hotplate. When the gelatin was fully dissolved,
glycerol was added to achieve a 6:1 weight ratio of glycerol to
gelatin (798 g L™" glycerol). The solution was stirred for 30 min
on a hotplate at 50 °C to achieve a homogeneous mixture. For
the characterization of the ionic conductivity, the electrolyte is
sandwiched between ITO covered glass substrates (ESL Fig. S7c).

Inkjet-printed devices

The CA was cleaned with isopropanol and treated with argon
plasma for 5 minutes. The inkjet printing was performed at
ambient cleanroom conditions with a Pixdro LP50 (Meyer-
Burger). PEDOT:PSS was used for the electrochromic layer as
received and was printed with a Fujifilm Dimatix 10pl cartridge
with a printhead temperature of 27 °C and a custom-designed
waveform. The substrate temperature was kept at room tem-
perature. The gold ink was printed as received on the same
printer with a Fujifilm Dimatix 10pl cartridge at a printhead
temperature of 27 °C. The substrate was heated to 45 °C while
printing the gold ink. The printed gold layer was sintered at
60 °C for 24 h in vacuum. The printed layers were additionally
characterized by microscopy.

Characterization methods

A PGSTAT128N (AutoLab) was used for the measurements of
ionic conductivity by impedance spectroscopy and for the I-V
characteristics of the EC devices in a two-electrode setup. The
impedance measurement was conducted at a voltage of 500 mV
in a frequency range from 100 kHz to 4 mHz. The used
equivalent circuit is shown in the inset of Fig. Sla (ESIY).
Furthermore, this equipment was used for the cyclic voltam-
metry measurement in a three-electrode setup with an Ag/AgCl
reference electrode. For the UV-vis measurements an AvaSpec-
ULS3648 (Avantes), a LR-2 spectrometer (LaserTack) and a light
source ranging from 300 nm to 1100 nm were used in trans-
missive mode. The measurements of the contact angles were
conducted with a DSA-100 measurement setup (Kriiss). The
layers were investigated by microscopy with a Nikon Eclipse 80i.

This journal is © The Royal Society of Chemistry 2020
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The layer thickness was measured with a profilometer
(Veeco Dektak 150). Tensile and bending tests were conducted
with a force-displacement tester (FMT-317) from Alluris. The
biodegradability test was done according to the international
standard ISO 14855 at 25 °C by ISEGA Forschungs- und
Untersuchungsgesellschaft mbh. In the official report the dis-
play is referred as “sample 1: Polymer- und Gold-beschichtete
Cellulose-Di-Acetat Folie (eingegossen in Gelatine)”. The bio-
degradability test of PEDOT:PSS according to the international
standard ISO 14851 was conducted by Frauenhofer UMSICHT.
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