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We introduce an innovative solution to reduce plastic dependence in flexible electronics: a biodegradable,
water-resistant, and flexible cellulose-based substrate for crafting electrochemical printed platforms. This
sustainable material based on ethyl cellulose (EC) serves as an eco-friendly alternative to PET in screen
printing, boasting superior water resistance compared to other biodegradable options. Our study
evaluates the performance of carbon-based screen-printed electrodes (SPEs) fabricated on conventional
PET, recycled PET (r-PET), and (EC)-based materials. Electrochemical characterization reveals that EC-
SPEs exhibit comparable analytical performance to both P-SPEs and rP-SPEs, as evidenced by similar
limits of detection (LOD), limits of quantification (LOQ), and reproducibility values for all the analytes
tested (ferro-ferricyanide, hexaammineruthenium chloride, uric acid, and hydroquinone). This finding

underscores the potential of our cellulose-based substrate to match the performance of conventional
Received 22nd April 2024 PET-based electrodes. M the scalability and low- irements of our fabricati
Accepted 30th May 2024 ased electrodes. Moreover, the scalability and low-energy requirements of our fabrication process
highlight the potential of this material to revolutionize eco-conscious manufacturing. By offering

DOI: 10.1039/d4ra02993c a sustainable alternative without compromising performance, our cellulose-based substrate paves the
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Introduction

Screen printing has emerged as a prominent method for
producing flexible electronics, owing to its versatility across
various substrates, cost-effectiveness, and scalability for large-
scale manufacturing. Notably, it facilitates rapid prototyping
and customisation, although it faces challenges such as lower
resolution compared to photolithography, and variations in
layer thickness affecting device performance.'” Despite these
limitations, screen printing remains significant in flexible
electronics, balancing accessibility, and feasibility, especially in
applications like wearable technology and sensors.

Several polymeric substrates are used in flexible electronics
due to their compatibility with screen printing. Examples®™**
include polyethene terephthalate (PET), polyethene naphthalate
(PEN), and polyimide (PI). The quest for alternative materials in
screen printing aims to replace these conventional substrates
since they come from non-renewable sources. Biodegradable
polymers like polylactic acid (PLA)**'* and cellulose-based
materials offer eco-friendly alternatives*™” to used-to-date
polymeric substrates. PLA, sourced from renewable materials
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way for greener practices in flexible electronics production.

such as maise starch, demonstrates excellent printability and
biodegradability. Meanwhile, paper-based screen-printed elec-
trodes have seen extensive application in recent decades.
Indeed, paper-based electrodes have demonstrated perfor-
mance comparable to that of PET electrodes in sensing diverse
analytes."® Nevertheless, challenges persist in their utilisation.
For instance, paper requires a wax coating to facilitate the
printing process' and to delimit the electrode and the reaction
zones, potentially impacting electrode recyclability. Occasion-
ally, the employment of non-environmentally friendly chem-
icals or procedures becomes necessary to enhance the
processability of the substrate.”® Moreover, its sensitivity to
water poses limitations on certain applications*+** and raises
concerns regarding electrode storage in uncontrolled environ-
ments. Despite these hurdles, the versatility and sustainability
of paper-based electrodes offer promising avenues for future
development in flexible*® electronics, although PET is still the
most commonly used substrate. In this regard, to address the
growing environmental concerns associated with disposable
plastic-based devices, a recent proposal has been to utilise
recycled PET for manufacturing screen-printed electrodes
(SPEs). This initiative aligns with the objectives outlined in the
European Union's “European Strategy for Plastics in a Circular
Economy,” which aims to ensure that by 2030, all plastic
packaging introduced to the EU market will be either easily
reusable or recyclable at minimal cost.**
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In this quest for greener solutions, we introduce ethyl
cellulose (EC),>?¢ a bio-friendly option, as a game-changer for
creating transparent, flexible and water-resistant substrates for
electrochemical printed platforms. This material is suitable for
eco-conscious manufacturing methods like roll-to-roll
processes and printing. Plus, it can be exploited for the fabri-
cation of devices using advanced techniques like photolithog-
raphy,*?® paving the way for its industrial use. Moreover, the
one-step room temperature process makes EC a good candidate
as a flexible electronic substrate material since it reduces
further the energy needed to fabricate bendable devices, and the
substrates can withstand up to 2500 bending cycles.>® The
reduction of the environmental impact associated with tradi-
tional substrates would contribute to a more sustainable
approach to the use of disposable devices. Therefore, we
exploited this novel material for the fabrication of screen-
printed electrodes, and we compared the performances of
SPEs fabricated on EC (EC-SPE), commercial PET (P-SPE), and
recycled PET (rP-SPE).

Experimental

Materials and methods

Ethyl cellulose (EC) with 48-49.5% ethoxy content was
purchased from Sigma. All the solvents used were purchased
from Sigma. Sodium nitrite, hydroquinone, r-ascorbic acid, uric
acid, and potassium chloride were supplied by Sigma-Aldrich
(Steinheim, Germany). Ferrocyanide and potassium ferricya-
nide were supplied from Fluka Chemie, Sigma-Aldrich (Buchs,
Switzerland). The buffer solutions were 0.05 M phosphate-
buffered saline (PBS) + 0.1 M KCl with a pH of 7.4 and 0.05 M
carbonate buffer (CB) with a pH of 9.0.

EC dispersion was prepared by dissolving it in ethanol and
stirring at 45 °C until dissolution. The EC substrate is prepared
at room temperature via solvent casting method from a 10% w
ethanol-based dispersion. The full procedure and character-
isation of the film are reported in a previous work* and sum-
marised in Fig. 1.

The in-house production of SPEs was conducted using a 245
DEK high-performance, multi-purpose, precision screen-
printing machine. The working electrode (WE) with
a geometric area of approximately 0.07 cm® and the counter
electrodes (CEs) were printed using graphite-based ink (Elet-
trodag 421 cured at 80 °C), while the reference electrode (RE)
was printed using silver ink (cured at 80 °C).

S|
N 5

— / —
002?

%

|
EC solution EC solution EC substrate Screen printing
stirring @45°C solvent casting peeling and
drying

Fig. 1 Outline of the main steps of the fabrication of the EC-SPEs.
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UV-vis spectroscopy was conducted utilizing a PerkinElmer
Lambda 35 UV/vis spectrometer, capturing spectra ranging
from 1100 to 200 nm with a resolution of 4 nm.

FTIR-ATR characterization was carried out using a Thermo-
Scientific Nicolet Summit spectrometer in absorbance mode.
Samples were analyzed in attenuated total reflectance mode
(ATR), utilizing a diamond crystal as a reflection accessory. The
spectra were recorded from 3700 to 500 cm ™' with a resolution
of 2 em™".

Optical images and profilometry characterization were con-
ducted in collaboration with SIMITECNO SRL using the Inter-
ferometer TopMap Micro.View+ Polytec.

Results and discussion
Characterisation of the material

The chemical stability of the novel EC-based material and its
mechanical performances were extensively examined in a prior
study,*® and we gained insights into its limitations and advan-
tages compared to other biomaterials and conventional
petroleum-based materials. The clear benefit of EC over typical
PET substrates lies in its biodegradability. What sets EC apart
from other biodegradable cellulose-based options like paper is
its exceptional water resistance, allowing for prolonged analyte
measurements in aqueous environments without compro-
mising electrode functionality, even when stored or subjected to
uncontrolled environmental conditions. Remarkably, the
material retains its integrity when immersed in water or
exposed to sunlight, even after a few years, despite being
biodegradable. To validate that the EC films we obtained exhibit
properties consistent with those reported in the literature,>*®
EC samples were submerged in distilled water and placed on
a windowsill, subjecting them to natural environmental condi-
tions, in order to simulate and highlight uncontrolled storage
conditions. Periodically, the EC samples were taken out of the
water, dried with compressed air, and then monitored for
weight changes. Additionally, they underwent FTIR-ATR and
UV-vis characterization to assess any potential degradation.
Regarding weight monitoring, no fluctuations in weight were
observed, while FTIR-ATR and UV-vis spectra of the substrate
before and after being immersed in water for one year are re-
ported respectively in Fig. 2a and b. The FTIR-ATR spectra re-
ported in Fig. 2a revealed the features reassumed in Table 1.2

Notably, there were no significant differences observed
between the spectra before and after treatment with water. No
signs of cellulose degradation or oxidation were detected.
Furthermore, there was no alteration observed in the band at
1650 cm™ ', indicative of ~OH bending from absorbed water
molecules, in the water-treated sample, and no variation
occurred to the band at around 3500 cm ™' of the hydroxyl
groups. UV-vis transmission analysis showed that no significant
variation in the transmittance of the EC substrate was observed
after water treatment (Fig. 2b). Otherwise, if the cellulose is
susceptible to water, swelling phenomena and changes in
transparency and colour could happen.®* Despite its stability in
water, it is biodegradable. Its biodegradability was monitored via
periodical weight measurements of EC samples placed in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 EC water stability: (a) FTIR-ATR spectra and (b) UV-vis spectra of
pristine EC and after one year in water. (c) EC-SPE biodegradability:
pictures of SPEs on EC at various degradation states and a graph
showing the biodegradability rate.

Table 1 FTIR spectra features

Wavenumber (cm™") Attribution

1050 C-O-C vibration of pyranose ring

2900 and 137 —CH stretching and deformation vibrations
1200-1500 -CH bending

500-800 —-OH out-of-plane bending

1650 —-OH bending of absorbed water molecules
3400 —-OH groups stretching

common soil and compost. It required more than a year to
degrade in soil (Fig. 2c), while shorter time if properly composted
(3 to 10 months, depending on the compositing conditions).

From this perspective, this cellulose-based material exhibits
comparable behaviour to PLA, one of the most prevalent bio-
plastics utilized in various industries such as biomedical,
textile, and packaging.’***

The morphology of the substrates used for the fabrication of
the SPEs, i.e. PET, r-PET and EC, underwent characterisation
through electronic and optical microscopy. Optical images and
profilometry characterization are reported in Fig. 3. While the
morphologies of the three substrates exhibit similarities, some
distinctions are noticeable. The electrode border is notably
sharper for the PET substrate. Conversely, both EC and r-PET
display borders with minor defects and less distinct margins,
probably due to the different substrate wettability.

Additionally, r-PET exhibits evident signs of surface irregu-
larities due to its recycled packaging nature, whereas the
morphologies of the other two substrates remain uniform.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Furthermore, the roughness of the different materials was
examined through profilometry analysis. The Sq (root mean
square height) values, obtained from mapping a 0.2 cm” area of
each substrate, are 0.26 um for r-PET, 0.13 um for PET, and 0.1
pum for EC, while the Sa (arithmetical mean height) values are
0.17 pm for r-PET, 0.09 pum for PET, and 0.07 um for EC. This
demonstrates that our cellulose-based substrate possesses
a roughness level comparable to commercial PET.

Electrochemical characterisation of the electrodes

An extensive electrochemical characterisation was performed to
verify the performance of the developed electrodes. To that end,
the background current of P-SPEs, rP-SPE and EC-SPE was
measured through chronoamperometry (0.4 V the oxidation
peak of the Fe**, 180 s) in 50 mM KCI solution. The recorded
currents were 30 + 4 nA for P-SPEs, 35 + 5 nA for rP-SPEs, and
36 + 4 nA for EC-SPEs (n = 6 electrodes for each electrode type),
respectively.

After that, the signal-to-noise ratios (S/N) corresponding to
the current measured in the presence (10 mM Fe(CN)g>~*7) and
the absence (50 mM KCl, the one previously measured) of
a redox probe were evaluated. S/N of 228 + 19, 225 + 20, and
230 + 20 was obtained for P-SPEs, rP-SPEs, and EC-SPEs,
respectively. With these first outcomes acquired, it is feasible
to highlight significant comparability for all the platforms
investigated. The electron transport and diffusivity processes at
the electrode interface of EC-SPEs were studied using Electro-
chemical Impedance spectroscopy (EIS) and Cyclic Voltammetry
(CV) with a 10 mM solution of Fe(CN)s>~*~ as an electroactive
probe. Fig. 4a and b display the relative CVs and Nyquist plot.

Initial visual inspection revealed that both the voltammetry
and impedimetric analysis produced comparable results in
terms of peak current (I,), peak-to-peak separation (AE) and
charge transfer resistance (R.). The numerical values of each
electroanalytical parameter are provided in Table 2.

Initially, the diffusional process at the electrode/electrolyte
interface was investigated. As previously detailed in our prior
research, the diffusion coefficient (D,) may be estimated by
utilising the Randless Sevcik equation and the current peak (7;,)
measured at a constant concentration of a redox probe (10 mM
Fe(CN)s>/#7).3* D, is the mean value of the diffusion coefficient
for the oxidation process (D) of Fe** and the redox process of
Fe®" (Dyeq), determined from the cathodic current peak (I,). The
D, values shown in Table 2 indicate that P-SPE, rP-SPE, and EC-
SPE exhibited comparable diffusional behaviours. Moreover,
comparing these results with the D, value reported in the
literature by Konopka and McDuffy reveals a similar planar
diffusion-controlled mechanism (about 10~ ® magnitude) in the
oxidation/reduction processes of Fe(CN),> "4~ .>* This behaviour
is supported by the impedimetric results indicated by the W
values obtained, which are the same for P-SPEs, rP-SPEs, and
EC-SPEs. Afterwards, the electron transfer process was studied
by comparing the current peak ratio (Ipa/Ipc), AE, and R.. For
a reversible couple such as Fe(CN)> %, the L./, is equal to
one. The I,,/I,. ratios in Table 2 exhibit a strictly comparable
behaviour for all the platforms evaluated. This is confirmed by

RSC Adv, 2024, 14,18103-18108 | 18105
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Fig. 3 Optical images, picture and 3D mapping of SPE printed on commercial PET (P-SPE), recycled PET (rP-SPE) and EC (EC-SPE).
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Fig. 4 Electrochemical characterisation of EC-SPE. In (a) and (b)
similar conductivity of EC-SPEs compared to rP-SPE and P-SPE was
determined using voltammetric and impedimetric characterization.
Comparable AE and R, were obtained. The error bars reported are the
standard deviation calculated on six independent electrodes for each
tested platform.

AE values, which are always higher than 59 mV, thus suggesting
a sluggish electron exchange.* This criterion is crucial for rec-
ognising Nernstian behaviour and calculating the number of

18106 | RSC Adv, 2024, 14, 18103-18108

Table 2 Comparison of the electrochemical parameters of P-SPE, rP-
SPE and EC-SPE

Fe(CN),> ™+~ P-SPE rP-SPE EC-SPE
Ipallpe 0.9 £ 0.1 12401 1.2 £0.1
AE (V) 0.24 + 0.02 0.27 + 0.02 0.26 %+ 0.02
Dy x 107° (em® s™) 1.9+0.3 1.5+0.3 1.6 £0.3
R (Q) 2.2 4+0.2 2.4 £0.2 2.4 402
W (Ko) 0.5+ 0.1 0.5+ 0.1 0.5+ 0.1

electrons transferred. All platforms in this instance can be
classified as a “quasi-reversible” system.*® This phenomenon is
characteristic of graphite-based screen-printed platforms. Many
studies in the past decade have suggested modifying these
platforms with nanomaterials. Our group achieved important
results in this regard, by proposing multiwall nanotubes
(MWNTs), graphene and biochar-modified SPEs for (bio)
sensing purposes.®*’

After that, an in-depth investigation of the analytical
performances of EC-SPE was conducted. Parameters such as
limit of detection (LOD), limit of quantification (LOQ), sensi-
tivity and reproducibility (RSD%) were evaluated by analysing
electrochemical reversible and non-reversible redox probes.
Ferro-ferricyanide, hexaammineruthenium chloride Ru(NH;)e-
Cl, uric acid (UA), and hydroquinone (HQ) were utilised as
probes, with square wave voltammetry (SWV) employed as the
analytical method. The comparative outcomes are presented in
Table 3.

These results demonstrate that EC-SPEs have identical
analytical performance to P-SPEs and rP-SPEs, as evidenced by
the comparable LOD, LOQ, and reproducibility values observed.
Reproducibility was assessed by analysing six distinct

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Comparison of the analytical performances of P-SPE, rP-SPE
and EC-SPE

P-SPE rP-SPE EC-SPE
Fe(CN)e> /*~
LOD (uM) 9.4 10.7 10.3
LOQ (uM) 28.4 35.2 34.3
Sensitivity (mA/M cm?) 40 42.4 41.3
Reproducibility (RSD%) 9 10 10
Ru(NH;)sCl
LOD (uM) 15.5 13.6 16.3
LOQ (uM) 51.4 47.4 53.8
Sensitivity (mA/M cm?) 61.7 53.3 66.4
Reproducibility (RSD%) 10 10 11
UA
LOD (uM) 7.1 6.8 7.0
LOQ (uM) 22.6 21.2 21.7
Sensitivity (mA/M cm?) 44.3 37.4 42.1
Reproducibility (RSD%) 9 10 9
HQ
LOD (uM) 8.8 9.5 10.1
LOQ (uM) 27.4 29.6 33.4
Sensitivity (mA/M cm?) 40.6 41.8 46.3
Reproducibility (RSD%) 10 10 10

electrodes from each substrate, with similar relative standard
deviations (RSD%): 10% for P-SPEs, 11% for rP-SPEs, and 10%
for EC-SPEs.

Conclusions

Based on the data presented, it can be inferred that the newly
developed biodegradable material utilizing ethyl cellulose (EC)
is well-suited as a substrate for fabricating screen-printed
electrodes (SPEs). The observed sensing performance is on
par with that of SPEs printed on PET and recycled PET
substrates. Additionally, the production process for EC-based
substrates occurs at low temperatures and allows for stan-
dardization and scalability to produce, for instance, A4-sized
sheets. These sheets could be a viable alternative to the
commercially used sheets for fabricating PET electrodes. This
flexible, transparent material maintains stability over a year but
can biodegrade when composted correctly. This finding offers
hope for substantially reducing the environmental impact of
disposable devices, extending beyond screen-printed electrodes
to encompass all devices produced through screen printing on
flexible PET-like substrates. We reached results comparable to
those on PET in terms of LOD, LOQ, sensitivity and reproduc-
ibility for all the analytes tested (ferro-ferricyanide, hex-
aammineruthenium chloride, uric acid, and hydroquinone). By
guaranteeing consistent performance, it sets the stage for the
development of greener and more effective electronic devices.
This innovation addresses the pressing need for environmen-
tally friendly materials and demonstrates the feasibility of
transitioning towards more sustainable manufacturing
processes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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