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ABSTRACT

Displays and indicators are an integral component of everyday electronics. However, the short-
lifecycle of most applications is currently contributing to the unsustainable growth of electronic
waste. In this work, we utilize ecofriendly materials in combination with sustainable processing
techniques to fabricate inkjet-printed, ecofriendly dual-mode displays (DMD). These displays can
be used in a reflective mode or in an emissive mode by changing between DC and AC operation
due to the combination of an electrochromic (EC) and electrochemiluminescent (ECL) layer in a
single device. The EC polymer PEDOT:PSS serves as the reflective layer, while a ECL gel made
of  dimethylsulfoxide @ (DMSO), poly(lactic-co-glycolic acid) (PLGA), 1-butyl-3-
methylimidazoliumbis(oxalato)borate (BMIMBOB) and tris(bipyridine)ruthenium(II) chloride
(Ru?*(bpy)s;Cl2) enables the emissive mode. The final dual-mode devices exhibit their maximum
optical power output of 52mcd-m™ at 4V and 40Hz, and achieved an EC contrast of 45% and a
coloration efficiency of 244cm?-C™! at a wavelength of 690nm. The fabricated devices showed
clear readability in dark and light conditions when operated in reflective or emissive modes. This
work demonstrates the applicability of ecofriendly and potentially biodegradable materials to

reduce the amount of hazardous components in versatile display technologies.

1. Introduction
An increase in the daily use of electronic devices together with missing recycling strategies is

currently aggravating the impact of environmentally harmful components contained in electronic



waste.!?* Increasing the utilization of biodegradable, sustainable or ecofriendly materials* in the
fabrication of electronic devices offers the possibility to lower the number of components with
energy intensive, complex or hazardous end-of-life pathways (e.g. nanoparticles>® or fluorinated
molecules’). In recent years, electronic devices incorporating ecofriendly materials such as paper,
[-carotene, indigo, poly(glycerol sebacate), magnesium, the poly(lactide-co-glycolide) (PLGA)
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into sensors,% batteries, or transistors'? have been reported. These examples demonstrate the

manifold of possibilities available to create more sustainable technology.

Nowadays most electronic devices utilize displays or optical means to convey information to the
user. However, there are only few reports on the use of ecofriendly materials within optoelectronic
elements such as light-emitting electrochemical cells (LEC), organic light-emitting diodes
(OLED), or electrochromic (EC) devices to fabricate displays or indicators.!*!® Commonly used
display technologies typically work either in a reflective mode, or in an emissive mode. An optimal
display would combine both modes in form of a dual-mode display (DMD) to ensure readability,
contrast and energy-efficiency in dark, as well as in light conditions. There are few examples of

9

DMDs in literature, such as combinations of a LEC with an EC device,'® of the electrochromic

and electrofluorochromic effects of materials,?

of fluorescent and reflective electrophoretic
particles,?! or of a liquid crystal layer with a electrochemiluminescent (ECL) devices.?> Another
promising approach realizing DMDs is to combine an ECL for light-emission and a EC device for
reflective readability in one.?* Unfortunately, none of the examples above makes use of ecofriendly
materials which would be an added-value to increase the sustainability of this promising
technology. In addition, the ecological footprint of displays could further be reduced by utilizing
sustainable fabrication methods such as inkjet-printing, which allow low processing temperatures,

low material waste and easy customizability. Due to its industrial maturity, inkjet-printing is
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becoming a significant fabrication method for the cost-efficient fabrication of electronic devices
and complex integrated circuits.?*>° Recently, we have shown inkjet-printed DMDs based on the
EC and electrofluorochromic properties of polyindenofluoren-8-tryarylamine, as well as an inkjet-
printed electrochromic display comprised of 33 individually addressable pixels, whose
biodegradability was confirmed according to international standards.'*?° This highlights the
advantages of DMDs and the sustainable benefits of ecofriendly materials when combined with

the freedom of design offered by inkjet printing.

In this work, we present a novel architecture for DMDs combining electrochromic and
electrochemiluminescent layers in one device and utilizing ecofriendly electrolyte and non-
fluorinated light-emitting materials. The emissive and reflective modes can be enabled by
switching between AC and DC operation. Incorporated between indium-tin oxide (ITO)
electrodes, the presented devices comprise of the Poly-3,4-ethylendioxythiophene:polystyrene
sulfonate (PEDOT:PSS) electrochromic layer and an ECL gel incorporating the non-fluorinated
emitter tris(bipyridine)ruthenium(Il) chloride (Ru?(bpy);Cl2)*!, mixed into a biodegradable
electrolyte system made of a non-fluorinated ionic liquid, 1-butyl-3-methylimidazolium
bis(oxalato)borate (BMIMBOB), and a biodegradable polymer PLGA. The performance of the
devices utilizing ecofriendly materials was investigated in terms of EC contrast, luminance, and
operating conditions and compared commonly used material systems. Finally, the applicability of
ecofriendly materials and fabrication methods for displays is highlighted by an inkjet-printed

DMD prototype.

2. Experimental Section



2.1 Materials: Ru*"(bpy)sPFs (97%), Ru*(bpy);Cla (99.95%), BMIMTFSI (>97%), PLGA
(85:15, 50k-75k) and DMSO (>99.9%) were purchased from Sigma Aldrich. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, FHC Solar) was obtained from
Heraeus. The materials were used as received. The ITO substrates were purchased from Kintec

Inc. BMIMBOB was synthesized according to Xu et al.*?

2.2 Fabrication of the electrolyte: The ionic liquid was stirred in DMSO until it completely
dissolved. Afterwards 100pl of the solution was mixed with 100mg PLGA and left on the hotplate

at 50°C over night until a polymer electrolyte gel formed.

2.3 Fabrication of the electrochromic devices: The ITO coated glass substrates were cleaned
for 10 minutes in acetone and isopropanol in an ultrasonication bath for. Subsequently, the
substrates were treated for 5 minutes with argon plasma in a Tetra 30, Diener electronics. The
substrates were coated with PEDOT:PSS by spincoating at 1600rpm for 60s with an initial
acceleration of 1000 rpms™ to get a layer thickness of 150nm=+18nm. The electrolyte gel was
applied on top of the spincoated layer, before the device was finished by a second ITO coated glass

slide.

2.4 Fabrication of the electrochemiluminescent devices: The electrochemiluminescent gel
is based on the electrolyte gels described above. The Ru**(bpy)s was dissolved in the DMSO
solution before being added to the PLGA. The ITO coated glass electrodes were cleaned as

mentioned above. The electrochemiluminescent gel was sandwiched between two ITO electrodes.

2.5 Fabrication of the dual mode devices: The dual-mode devices were fabricated similar to
the electrochromic devices. It only differs in using the electrochemiluminescent gel instead of the

pristine electrolyte gel. For the inkjet-printed prototype, the ITO electrodes were structured by
5



printing negatives of the active area with PLGA as biodegradable dielectric on a Fujifilm Dimatix
2850 printer. Therefore, a 20g/1 ink in anisole was used together with a customized waveform. The

PEDOT:PSS layer was inkjet-printed as reported in previous work.?°

2.6 Characterization Methods: A PGSTATI128N (AutoLab) was used to measure the I-V
characteristics of the EC devices and to perform impedance spectroscopy on the electrolytes. For
the UV-vis measurements an AvaSpec-ULS3648 (Avantes) and a light source ranging from 300
nm to 1100 nm were used. The measurements of the contact angles were conducted with a Kriiss
DSA-100 measurement setup. Layer thicknesses were measured with a profilometer from Dektak.
The luminance of the ECL devices was measured in a customized integrating sphere setup with a
818-UV/DB photodiode and a OD3 attenuator connected to a 2936-R Benchtop Optical Power

Meter from Newport.

3. Results and Discussion

A schematic representation of the device architecture of the dual-mode devices is presented in
Figure 1a. It consists of two functional layers responsible for the reflective and emissive modes
of the DMD sandwiched between ITO-electrodes. The emissive layer is an ECL gel, made of
Ru?*(bpy);Clz, PLGA, and BMIMBOB dissolved in dimethylsulfoxide (DMSO). In recent years,
the ECL effect has become a powerful method in biosensing assays for sensing of metal ions,
biomolecules and cells.** 3> Furthermore, it has been utilized for light-emitting devices
incorporating polymers or transition metal complexes emitters and an electrolyte in a single active
layer.>° The electrochemical nature of the ECL single-layer device makes it ideal to complement
an ECD in a DMD. Thus we chose the electrochromic polymer PEDOT:PSS for the reflective

layer of our device.
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Figure 1: Schematic representation of a) the device architecture, b) the light emission process in
electrochemiluminescent part of the DMD and c) the electrochromic part of the DMD. Operative modes

of the DMD by switching between d) AC and e) DC.

Figure 1b shows a schematic representation of the processes inside the emissive ECL layer under
operation. Herein, only one electrode of the device and the Ruthenium emitter is shown for better
visualization (i). By applying an alternating voltage, some of the Ru?>* complexes get oxidized to
Ru?*, while others get reduced to Ru* (ii). By chance the excess electron of the reduced species
will be transferred to the oxidized species, where it can occupy an excited state (iii). This excited
state will decay into the ground state while emitting the excess energy in form of light (iv). The
ions of the electrolyte surrounding the emitter will maintain the electrical equilibrium during the
oxidation and reduction processes. PLGA provides the mechanical properties of the gel and an

increased ionic conductivity.*!*? In a single layer device, the described processes happen at both
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electrodes. In our device, the ECL gel also serves as the electrolyte for the electrochromic layer.
A schematic representation of the electrochromic process is depicted in Figure 1c. Again, for
better visualization only one electrode is depicted (I). PEDOT is in its initial oxidized state. By
applying a DC potential, the polymer gets reduced and starts changing its color due to the
development of new absorption bands (II). At the same time the ions inside the ECL gel, including
the emitter molecules, start moving to counterbalance the space charge of the reduced PEDOT
layer and the coloring gets further enhanced (III). Thus the reflective mode can be enabled by
applying DC voltage which leads to a color change of the electrochromic material (Figure 1d).
Applying an AC voltage will lead to light emission in the ECL layer to enable the emissive mode
(Figure 1e).The two modes of the dual-mode device can be switched on by changing from an AC
to a DC voltage (or vice versa). A sufficiently high frequency of the AC voltage will prevent the

coloration change in the DC mode.

The most crucial part of the active layer of our dual-mode device is the electrolyte system. In
literature, it is common to utilize non-degradable, fluorinated polymers and/or ionic liquids, which
show good performance, but some pose a potential hazard to the environment.**** In this work,
we opted to fabricate the electrolyte gel based on PLGA dissolved in dimethylsulfoxide (DMSO),
both of which are biodegradable, non-hazardous and used in medical applications.**>! As ionic
species we investigated the performance of the ecofriendly salt BMIMBOB as a substitution for
conventional fluorinated ionic liquids. Figure 2a presents the ionic conductivity of the electrolyte
gel as a function of BMIMBOB concentration and its comparison to the widely used fluorinated

compound 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (BMIMTFSI) as a
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Figure 2: a) Ionic conductivity of PLGA:BMIMBOB and PLGA:BMIMTFSI electrolytes
calculated from impedance measurements. b) Transmittance of PLGA:BMIMBOB and
PLGA:BMIMTFSI films measured by UV-vis spectroscopy, absorbance spectrum of PEDOT:PSS
and emission spectrum of Ru?"(bpy)s. The inset shows a photograph of the PLGA:BMIMBOB gel
sandwiched between ITO coated glass slides. ¢) Change in absorbance of PEDOT:PSS based ECDs
utilizing a PLGA:BMIMTEFSI and d) a PLGA:BMIMBOB celectrolyte under operation. e)

Photograph of an ECD under operation utilizing the PLGA:BMIMBOB electrolyte.

reference. The PLGA-gel without any ionic liquid serves as reference. Its ionic conductivity might
originate from ionic impurities. By adding 5wt% BMIMBOB the ionic conductivity of the
electrolyte gel increases by more than three times compared to the PLGA-gel without the ionic
liquid until reaching a maximum of 5.1£1.1-107 S/cm at 20wt%. PLGA:BMIMTFSI shows a
similar increase in ionic conductivity and a similar order of magnitude for the investigated range

of concentrations. The reported ionic conductivity values are in line with literature reports of



PLGA based systems*! but are of moderate magnitude compared to state-of-the-art biodegradable
electrolytes.>? In the following experiments we used the electrolyte gel with 20wt% of salt for both

systems unless otherwise noted.

Another crucial characteristic of electrolyte systems used for optoelectronic devices is its optical
transparency. In particular, this should match the optical properties of the materials used in the
devices. Figure 2b shows that both PLGA:BMIMBOB and the gel utilizing the reference
fluorinated compound exhibit a transmittance >83% over the whole visible spectrum extending
over the absorbance of PEDOT:PSS in its colorized state and the emission spectra of
Ru?*(bpy)sClo. The inset shows a photograph of the PLGA:BMIMBOB electrolyte gel between
ITO coated glass slides to highlight its transparency. This gel exhibits a transmittance of 95%+1%
at the emission peak (618nm) of Ru?(bpy);Cl, and a transmittance of 94%=1% at the maximum
absorbance of PEDOT:PSS (653nm). The exhibited ionic conductivity together with the
outstanding transparency make the ecofriendly PLGA:BMIMBOB celectrolyte ideal for

optoelectronic devices.

To characterize the performance of the PLGA:BMIMBOB gel in an electrochromic device, we
fabricated bi-layer devices sandwiched between ITO-electrodes with PEDOT:PSS as the
electrochromic layer. Devices utilizing PLGA:BMIMTFSI as electrolyte served as reference
samples. The change in absorbance while applying a direct voltage of up to -2.4V for EC devices
containing the PLGA: BMIMTFSI and the PLGA:BMIMBOB electrolytes are depicted in Figure
2c¢ and Figure 2d, respectively. For both electrolytes the electrochromic devices show the main
change in absorbance after exceeding 1.6 V and a reversible color switch by inverting the
polarization of the direct voltage. Photographs of an electrochromic device under operation

containing the ecofriendly PLGA:BMIMBOB electrolyte are presented in Figure 2e. The figures
10



of merit averaged over 3 ECDs for both electrolytes are listed in Table 1. The devices with the
PLGA:BMIMBOB electrolyte show an electrochromic contrast of 45%+6% and a coloration
efficiency of 237+£89 cm?/C while the reference with BMIMTFSI exhibits an electrochromic
contrast of 47%+2% and a coloration efficiency of 217+81 cm?/C at a wavelength of 690nm. The
coloring switching times of both device types are below 1s. Thus we observed no drawbacks in
the performance of the ECD when using the ecofriendly electrolyte compared to the fluorinated
reference. More advanced EC device architectures include ion storage layers or optimized
electrodes.>® However we opted for a simplified architecture for the DMDs as the ECL devices are

based on ITO electrodes

Table 1: Figures of merit of an ECD with an electrolyte gel containing BMIMTEFSI versus
BMIMBOB in a sandwich-type device architecture with ITO electrodes and the electrochromic

part of the dual mode devices.

Electrochromic | Col. Efficiency | Switch. Switch.

Contrast in [%] | in [cm?/C] timecor in [s] | timepleach in [S]
PLGA:BMIMTFSI | 47 £2 217481 0.92+0.05 3.78£1.79
PLGA:BMIMBOB 45+6 237+89 0.98+0.03 2.31+0.09
DMD, EC mode 45+8 244429 0.74+0.05 2.0£0.2

We furthermore investigated the performance of the ecofriendly PLGA:BMIMBOB electrolyte
gel in single layer ECL devices. For this, we blended the non-fluorinated Ruthenium-based emitter,
Ru?*(bpy)sCl; at ratios between 1wt% - 50wt% to form an ECL gel. As a reference we fabricated

and characterized ECL devices utilizing PLGA:BMIMTFSI and the commonly used fluorinated
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emitter  tris(bipyridine)ruthenium(II) hexafluorophosphate (Ru**(bpy)3PF).>* The
electrochemically driven light emission was characterized in a customized integrating sphere setup
with a connected power meter to measure the overall emission output. Figure 3 presents the
characterization of the ECL emission at different salt:emitter weight ratios between 1wt% and
50wt%. The devices were characterized in terms of luminance as a function of applied alternating
voltage at a constant frequency (40 Hz) and emitted optical power normalized over all emitter

ratios as a function of frequency at an alternating voltage of 4V.
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Figure 3: ECL device performance under operation by varying voltage and frequency. a)
Luminance and b) mean normalized optical power of Ru?’(bpy);Cl/PLGA/BMIMBOB in
dependence of the applied alternating voltage and frequency respectively. c¢) Picture of the ECL
device with Ru**(bpy);Cl./BMIMBOB under operation at 4V and 40Hz. d) Luminance and e)
mean normalized optical power Ru**(bpy);PFs/PLGA/BMIMTEFSI in dependence of the applied

alternating voltage and frequency respectively.

The emission properties of ECL devices with PLGA:BMIMBOB:Ru?*(bpy);Cl, are presented in
Figure 3a. The devices show light emission at emitter concentrations of 10wt% and beyond. The
peak luminance of 108 mcd/m? was measured at an alternating voltage of 5V (40Hz) with a
concentration of 10wt%. The 10wt% concentration was therefore used in the dual-mode devices.
The frequency dependence of the normalized optical power averaged over all five ECL devices
with BMIMBOB:Ru**(bpy)3Cl. is depicted in Figure 3b. Some of them showed a rapid decrease
in performance when increasing frequency above 50Hz, which caused a large spread in standard

deviation. The peak optical power output is increasing alongside with the frequency up to a
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maximum at 40Hz. At higher frequencies the optical power output is decreasing, therefore, we did
not considered necessary to go beyond 100 Hz neither for this sample nor for the fluorinated
reference compound. A picture of the PLGA:BMIMBOB:Ru?*(bpy);Cl, device under operation at
4V and 40Hz is depicted in Figure 3c. The pictures show the on and off state of the device. Despite

the low luminance values, the contrast between the on and the off state is clearly visible.

To further evaluate the optical performance of the PLGA:BMIMBOB:Ru?**(bpy);Cl. devices we
used a material system with the well-known emitter Ru?*(bpy);PFs and BMIMTFSI inside the
PLGA-gel as reference. The luminance in dependence of the applied alternating voltage of the
reference device is depicted in Figure 3d. In contrast to the devices with
PLGA:BMIMBOB:Ru?"(bpy)s;Clo, we observed that emitter concentrations up to 10wt% work
best. A maximum luminance of 28.1 mcd/m? was measured for the concentration of Swt% at an
alternating voltage of 5V. Its maximum luminance is more than three times lower than for the
ecofriendly PLGA:BMIMBOB:Ru?**(bpy);Clo. As shown in Figure 3e, the maximum optical
power output in dependence of the frequency is located between 40Hz and 80Hz. In summary, we
were able to successfully substitute all components of an ECL device with non-fluorinated,
ecofriendly and biodegradable materials, while additionally enhancing its optical performance in
comparison to well-known material systems. For completeness, a device with the combination of
the ecofriendly ionic liquid BMIMBOB and the well-known emitter Ru**(bpy);PFs, was also
characterized in terms of luminance and frequency dependence. The results are presented in Figure

S1 in the SI. This combination of materials exhibits the highest luminance of 49 mcd/m? at an
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alternating voltage of 4.5V at a concentration of Swt% and a similar frequency dependence as the

other devices.

In the next successive step, we demonstrate the combination of the EC and the ECL layer in one
single dual-mode device which operational modes can be changed by switching between
alternating and direct voltage. Figure 4a presents the luminance of the dual-mode device averaged
over three samples as a function of AC voltage operated at 40Hz. The maximum luminance of
52+19med/m? was measured at 4V, while the overall luminance follows the same trend as in the

single device. Also the frequency response shown in Figure 4b follows the same trend as in the

a) 80 )
g 100¢
5 60 = I
g X 80
= 40 g 60}
2 L 4ot
g 20t 1 = \_{
£ o 20t
£ g =
3 O - o T PR Ry 4 0 |
1 2 3 4 5 6 7 8 9 10 0 20 40 60 80 100
Voltage [V] Frequency [Hz]
c) , d) reflective emissive
— 04
=
S, 0.3} off
(0]
2 ool
< 0.
2
S 0.1
O
< 0.0} on
500 600 700 800

Wavelength [nm]
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change in emission of the DMD by varying the frequency in the emissive mode. c) Change in
absorbance under operation in the reflective mode. d) Photographs of the DMD under operation

in its emissive and reflective mode.
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Figure 5: a) Schematic representation of the device architecture of the inkjet-printed DMD. b)

Photographs of the inkjet-printing steps to structure the ITO-electrodes and the electrochromic

PEDOT:PSS layer. ¢) Photographs of the DMD in its different operative modes.

single device (Figure 3e) with a maximum optical power output at 40Hz. Even though the
luminance is not comparable to optimized displays, it is clearly visible. Future investigation of
biodegradable material systems with better ionic mobility, the morphological optimization of the
material blends to avoid luminescence quenching as well as the implementation of advanced
device architectures could help enhancing the overall emission output of the DMD.*!3%¢ The
change in absorbance of the EC layer in the dual-mode device is depicted in Figure 4c. In
comparison to the single device (Figure 2d) there is a broader absorption in the colorized state and
less distinguishable single peaks at -2.4V. The increase in absorbance below 500nm originates
from the contribution of Ru**(bpy);Cl.. The EC mode of the device shows a contrast of 45+8%
and a coloration efficiency of 244+29cm?/C which are similar to the single layer device (Table 1).
The dual mode device exhibited improved switching times for coloring (0.74+0.05s) and bleaching
(2.0£0.2s). This improvement in operational speed might originate from the ionic nature of the

emitter in the electrolyte, since it acts as additional ions.
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Finally, we fabricated structured DMDs by inkjet-printing PEDOT:PSS and pre-structuring both
ITO substrates before the deposition of the EC and ECL materials with an insulating PLGA layer.
Figure 5a shows a schematic representation of the device architecture of the inkjet-printed DMD.
The ITO electrodes were covered with an insulating layer of biodegradable PLGA to prevent the
contact between these ITO areas to the ECL layer. Therefore, these areas will not emit light when
an alternating voltage is applied and a structured light-emission can be achieved. The inkjet-
printing steps are shown in Figure Sb. In a first step the insulating PLGA layer was printed on top
of the ITO electrodes, which exhibits a layer thickness of 120+£20nm (I). Thereafter, the
electrochromic PEDOT:PSS layer was printed on the uncovered areas of one of the ITO electrodes
(II). The utilized digital printing layouts and the contact angles of the inks are depicted in Figure
S2 in the SI. The measured contact angles indicate a beneficial wetting behavior of the inks. The
DMD was completed by sandwiching the ecofriendly ECL gel between the structured ITO-
electrodes. Figure 5¢ shows the final inkjet-printed DMD under operation in its emissive (4V, 40
Hz) and reflective mode (-2.4V). In reflective mode the printed pattern in from of a flower is easily
distinguishable under direct light due to the high contrast between the blue hue of PEDOT:PSS on
the orange background of the emissive layer. In the off-state the printed structure is barely visible.
In the on-state of the emissive mode the flower pattern is clearly visible in dark conditions and
exhibits the characteristic red emission of Ru**(bpy)sCl.. The operational DMD are a proof-of-
concept for the proposed device architecture and the incorporation of biodegradable and
ecofriendly materials. Nevertheless, the investigation of the lifetime of the devices, as well as the
optimization of the utilized materials and layers to improve the device performance is part of future

research. Additionally, ruthenium is a scarce metal and some of its complexes are toxic.’’” Even if
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it only accounts for 2 % of the mass of the active layer, the investigation of biofriendly emitters or

Cu-based complexes in future work would benefit the overall sustainability of the DMDs.’%%

4. Conclusion
In summary, we presented a novel device architecture for fabricating ecofriendly dual mode

devices combining EC and ECL layers. The emissive and reflective mode can be switched by
changing between direct and alternate voltage operation. Furthermore, we demonstrated and
inkjet-printed DMD capable of displaying static images. The device was comprised an electrolyte
was based on the ecofriendly materials PLGA:BMIMBOB, the electrochromic biocompatible
material PEDOT:PSS and the non-fluorinated light-emitting compound Ru?*(bpy);Cl,. The
devices exhibited a luminance of 52+19mcd/m? at 4V and 40Hz, a contrast of 45+8% and a
coloration efficiency of 244+29cm?/C, which did not represent any loss of performance compared
to the single EC or ECL reference devices. Furthermore, the switching times for coloring and
bleaching of the electrochromic mode were improved down to 2.0+0.2s and 0.74+0.05s,
respectively. These results highlight the utilization of biodegradable and ecofriendly materials for
the fabrication of cost-efficient displays suitable for high-throughput production and a large variety
of short-lifecycle applications. Further work should focus on the investigation of high-performance
material systems that enable fully biodegradable DMDs contributing to the reduction of electronic

waste.
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electrochromic; ITO, indium-tin oxide; LEC, light-emitting electrochemical cell; OLED, organic

light-emitting diode; PEDOT:PSS, poly-3,4-ethylendioxythiophene:polystyrene sulfonate; PLGA,
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poly(lactide-co-glycolide); Ru?"(bpy);Cla, tris(bipyridine)ruthenium(II) chloride ; Ru**(bpy)s;PFs,

tris(bipyridine)ruthenium(II) hexafluorophosphate;
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