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Abstract: The aim of this paper is the development of an innovative method for the recycling of carbon-based ashes waste
derived from the production plant CMD ECO 20, designed by the company Costruzioni Motori Diesel (C.M.D.) for the
combined production of electricity and heat.

In this work we propose, for the first time, an original way for a technological/industrial valorisation of the carbon ashes
waste, produced from biomass pyro-gasification plant, by using them as fillers of electrically conductive inks suitable for
the fabrication of supercapacitors. A water-based dispersion containing nanometric waste carbon ashes (nCA), of around
300 nm, was obtained from carbon waste ashes of wooden biomass through an eco-friendly process.

The developed inks based on PEDOT:PSS and nCA showed good capacity performance, explored by cyclic voltammetry
(CV) measurements, with CV characterised by approximately rectangular shape and long-term stability in the time.
Indeed the best specific capacitance of 26.80+0.21 F/g, achieved for the nCA0.5PEDOT:PSS film was retained at 96.8% of
the initial capacitance after 1000 cycles. The PEDOT:PSS/ nCA based suspensions were then characterised by rheological
and surface tension analysis, as a function of the nCA concentration ahead of printing deposition with the aim to
investigate the printability of the developed inks.Finally, the printability of the inks was investigated and demonstrated
by means of Aerosol Jet Printing (AJ®P) setup with the aim to identify a production technology suitable for their use in
printed electrical applications.

Keywords: Carbon based ashes/PEDOT nanocomposite, Aerosol Jet® printing, supercapacitors, circular economy,
recycling

1. Introduction

The increase in the amount of waste and greenhouse gases emissions, as well as the scarcity of resources,
caused by the current economic development model (i.e. Linear Economy), are heavily threatening the stability
of the economies and integrity of the natural ecosystems. Hence, in order to decrease the consumption of
primary energy and raw materials and the production of waste, a transition from the Linear to Circular
Economy has become necessary.
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In this context, several companies have put in place the so-called Zero Emissions Strategy which aims at
reducing primary energy consumption as well as greenhouse gas emissions, by employing renewable energy
sources. The Italian company Costruzioni Motori Diesel S.p.A. (CMD) has put in place this strategy by
developing a pyro-gasification plant, CMD ECO 20, which produces electric and thermal power via thermo-
chemical decomposition or molecular dissociation of lignocellulosic biomass, even waste biomass (e.g.,
agricultural residues) at high temperature (from 600 to 1000 °C), and in complete absence or minimum
quantities of oxygen (pyro-gasification). This emerging technology improves the efficient use of energy and
reduces the environmental impact, by mitigating the consumption of primary energy and emission of the
associated greenhouse gas. However, this system also produces waste, in the form of carbon-based ashes (CA),
which, according to the European List of Wastes (Commission Decision 2000/532/EC)[1,2], are classified as a
solid product to be disposed of in landfills or ash ponds. The CA disposal in landfill constitutes a considerable
economic burden for the company as well as it can cause long-term negative effects on the environment and
human health.

The CA are introduced especially into the environment through the transport from the plant site to the landfill
or ash pond [3], contributing to the formation of particulate matter (PM) [4]. The PM absorbs many pollutants,
such as nitrogen dioxide (NOz), from the air, causing several diseases, including asthma, chronic obstructive
pulmonary disease, and cardiac arrhythmias, as well as a higher rate of infant mortality [5]. In addition, the
PM toxicity increases when polycyclic aromatic hydrocarbons (PAHs) are released during the fuel combustion,
and it is known that the inhalation of PAHs causes negative effects on the neurological development of the
children [6]. The PAHs also produce reactive electrophilic species which react with the nucleobases of the
DNA causing genetic mutations, cancer, and different cardiovascular diseases [7]. Therefore, the goal of this
paper is to propose innovative solutions for recycling CA produced by the (pyro-) gasification process of
biomass of the company CMD (and by combustion in general), with consequent increase of the efficiency of
company waste management and reduction of its negative effects on environment and human health. The
possibility to produce valorised materials, obtained starting from waste materials, recently attracted the
attention of both academic and industrial researchers. The circular economy has, in fact, grown in importance
in academic study over the previous decade, with a significant increase in the number of publications and
journals dedicated to the subject. A key development goal of the circular economy is the reuse of different
kinds of wastes, particularly wastes from industrial operations. The passage from Linear to Circular Economy,
in fact, presupposes a change of collective mentality, which includes governments, companies and individuals,
about the way we produce and consume, in order to extend the life cycle of the products and, as a consequence,
decrease the consumption of primary energy and resources, and the production of waste. Several researchers
have been studying the potential and valorisation of the ashes in a circular economy scenario. Currently, the
potential re-uses of carbon-based waste ashes mostly include soil amendment and fertilisation methods,
followed by the production of construction materials and sorbents, and the synthesis and production of
ceramics and other materials [8-13]. In previous works, the authors have also explored different way to recycle
these waste ashes: i) as catalysts for the crosslinking (cure) reaction of diglycidyl ether of bisphenol A (DGEBA)
with a diamine, observing a reduction in the curing time along with an increase of the flexural properties and
the glass transition temperature of the epoxy resin [14]; ii) as reinforcing fillers in thermoplastic starch (TPS)
films for agricultural applications, observing improved thermal and durability performances of the TPS films
in outdoor conditions. In addition, the waste carbon ashes/maize starch films can release plant nutrients
contained in the ashes into the soil, after degradation, with respect to the neat starch [15,16]. Moreover, an
original procedure to reduce the dimensions of the waste ashes in an aqueous solution for the development of
printed electronics (PE) inks was put in place by the authors in a previous work [17]. Printability via Aerosol
Jet® Printing (AJ®P) was also verified preliminary. AJ®P is a direct-writing additive manufacturing technique
which has been introduced by Optomec Inc. (USA) in the early 90s especially for printing of electronics. Since
then, its abilities have been exploited for the production of passive and active elements. In recent years, the
technology has been also exploited for surface structuring and biological interfaces, including bioelectronic
constructs. Its use is crucial here since nCA are in a diluted water-based dispersion with a final composite inks
low viscosity in the range of 0.004 to 6 Pas. Therefore, this technology is preferred over more conventional and
higher throughput methods, such as screen printing, which requires the use of thicker paste-like dispersions.
Moreover, contrary to ink-jet printing techniques, AJ®P has the advantage to achieve high resolutions (down



to 20 microns in width and 100 nm in thickness) on free-form substrates (rigid, flexible, 2D and 3D shapes)
due to a variable stand-off distance (i.e. the distance between the tip of the nozzle and the substrate) from 1 to
5 mm. Eventually, the technique in its ultrasonic configuration, gives the opportunity to print a wide range of
water-based inks, from 0.001 to 1 Pas in viscosity, with a particle size < 0.5 micron.

The use of recycled carbon based materials for electrical application is of large interest in the literature: such
as for i) Pet coke, transformed into Pet graphene, to develop renewable energy storage devices like
supercapacitors [18]; ii) porous graphitic carbon synthesised from an invasive plant ‘Eichhornia crassipes’ to
fabricate hole transport material/counter electrode for perovskite based solar cells[19]; iii) smoking ash as
energy storage material [20]; and iv) biochar, produced through the carbonization of infested ash tree residues,
as a potential active material for supercapacitor electrodes[21,22].

Encouraging by these works and considering the promising authors” preliminary results mentioned above,
the recycling of the carbon waste ashes as fillers in poly(3,4-ethylenedioxythiophene) polystyrene sulfonic acid
(PEDOT:PSS) based conductive inks for Aerosol Jet® is, here, further explored. In particular, PEDOT:PSS is a
conjugated polymer characterised by an electrical conductivity ranging from 10 to 1 S/cm, based on the
PEDOT/PSS ratio [23], and widely used in the electronic field. Sometimes, a secondary doping of PEDOT:PSS
is necessary to increase its electrical conductivity properties.

In the last few years, nanosized carbon-based fillers, such as graphene and carbon nanotubes (CNTs), have
been successfully explored to develop PEDOT:PSS based composites, with enhanced electrical
conductivity[24]. As an example, in one of our previous paper [25], glucose (G), a-cyclodextrin (a-CD) and
sodium salt of carboxymethyl cellulose (CMCNa) were used as dispersing agents for graphene oxide (GO),
exploring the influence of both saccharide units and geometric/steric hindrance on the rheological, thermal,
wettability and electrochemical properties of a GO/PEDOT:PSS nanocomposite. The electrochemical
properties of the GO/ PEDOT composites with different dispersing agents for supercapacitors were
investigated using cyclic voltammetry (CV). The CV results revealed that GO/PEDOT with glucose exhibited
the highest specific capacitance among the systems investigated. The capacitive performance of PEDOT:PSS
and of GGO-PEDOT was also investigated by means of cyclic voltammetry (CV) under UV ageing,
demonstrating a good conductive behaviour, with a specific capacitance of 16 F/g, and stability of the films
under UV treatment of 4 hours[26]. Motivated by these interesting results, in this paper the possibility to
substitute the GO fillers with the nanometric carbon-based wastes is explored, for the first time. Moreover, the
feasibility to obtain innovative PEDOT:PSS/nCA based nanocomposite supercapacitors to fabricate by Aerosol
Jet printing is investigated.

2. Materials and Methods

Carbon-based ashes (CA), provided by the company Costruzioni Motori Diesel S.p.A. (CMD), are the by-
product of the biomass pyro-gasification plant CMD ECO20.

PEDOT:PSS aqueous solution (Orgacon® IJ 1005), composed by PEDOT:PSS concentration of 0.8% by weight
and 10-20 wt.% of diethylene glycol, was purchased from AGFA NV, BE.

2.1 nCA production

A water solution of nanometric CA, with a concentration of 0.4 wt.%, was obtained following the method
previously developed [17]. In detail, the reduction of the carbon-based ashes size towards the nanometre scale
in an aqueous solution was demanded by the AJP technique constraints (working with nanometric solutions
only), and carried out by means of a multistep reduction size process, that consisted of ball milling and
sonication techniques. The distribution of the treated CA ashes was monitored by multi-angle laser scattering
(MALS) (CILAS1190 particles size analyser) (CPS Us, Inc., Madison, WI, USA) and by dynamic light scattering
(DLS Zetasizer-Malvern) (Malvern Panalytical Ltd, Malvern, UK). The optimised method has resulted in stable
and homogeneous aqueous dispersions with 98.4% of distribution of nCA particles characterised by diameter
equal to 331.3+ 188.7nm, as reported in Scheme I. This method presents several advantages, such as the
possibility to obtain stable and reproducible water dispersed nanometric CA-based inks in a short time. A
further advantage is the production of carbon-based nanoparticles dispersed in a green solvent (water). In



addition, this procedure allows the production of large amounts (about 5 L) of nanometric water-based
dispersions. However, the yield of this process is still too low, and this aspect requires further studies.
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Scheme I. Method for nanometric carbon ashes production

2.2 PEDOT:PSS + nCA nanocomposite solution preparation

The dispersion of nCA solutions into the PEDOT:PSS was obtained by the solvent swelling method, developed
in the previous works[25,26]. The nCA solutions (0.4 wt.%/water) were added into PEDOT:PSS with a final
nCA concentration of 0.1%, 0.2% and 0.5% wt/Veeporrss and the solutions were stirred for 90 minutes and
sonicated for 15 min at room temperature. The prepared solutions, with the respective ID, are reported in
Table 1.

Table 1. nCA/PEDOT:PSS inks composition

Sample nCA %wt/Vreporrss
PEDOT:PSS 0
nCAO0.1 PEDOT:PSS 0.1
nCAO0.2 PEDOT:PSS 0.2
nCA0.5 PEDOT:PSS 0.5

2.3 nCA morphological characterization



Morphological analysis of the nCA was recorded via SEM. Samples were made by dropping the nCA water
solutions on an ITO substrate and dried in ambient air to remove the water and exposed the dried powders.
SEM images were acquired by using a ZEISS Sigma 300 VP (Field Emission Scanning Electron Microscope)
instrument in high vacuum and high-resolution mode, equipped with a Gemini column and an integrated
high efficiency in-lens detector. The applied acceleration voltage was 5 kV.

2.4 PEDOT:PSS + nCA nanocomposite film electrochemical characterization

Electrochemical measurements were carried out with a PARSTAT 2273 potentiostat/galvanostat. A three-
electrode electrochemical cell was employed. As working electrodes we investigated four films of PEDOT:PSS,
nCAO0.1PEDOT:PSS, nCA0.2PEDOT:PSS and nCA0.5PEDOT:PSS, obtained by drop casting of the prepared
inks described above on a platinum disc (diameter 2 mm) embedded in a Teflon cylindrical holder, followed
by evaporation in air. A platinised titanium expanded mesh electrode was used as a counter electrode and a
Ag/AgCl (KCl 3 M) was employed as reference electrode; potential values were reported vs. Ag/AgCl. The
capacitive performance of PEDOT:PSS based films as materials for supercapacitors was investigated ina 1 M
H250s aqueous solution at room temperature by means of cyclic voltammetries (CVs), performed at different
scan rates between 5 and 100 mV/s, in the potential range from -0.2 V to 0.8 V. Each measurement was repeated
three times.

2.5 PEDOT:PSS + nCA nano-inks characterization

The viscosity of all the inks was carried out in a strain controlled rheometer (Malvern Kinexus Pro+) equipped
by parallel plate geometry (radius = 12.5 mm) in steady state mode with a shear rate ranging from 0.1-1000
s—1 at 20 °C. All measurements were made in triplicate. According to the Cross model (Eq. 1) [27] the plateau
values for the lower (1) and upper (1-) Newtonian viscosities, was predicted:

N= Nt Mo/ 1+(T yo)™] 1)

where T corresponds to the reciprocal of the shear rate at which the calculated value of 1 equals 1o, Yo is the
value of the shear rate equal to zero, while the parameter m is related to the power low index n (m=n-1) .

Surface tension. The surface tension of the inks was evaluated by using a drop shape analyser FTA1000. All
measurements were made in triplicate.

2.6 Aerosol Jet® Printing of PEDOT:PSS + nCA nano-inks

The industrial processability of the developed nano-inks was also verified via AJ®P. Prior printing, the nano-
inks (each one of ~1 mL) were sonicated in an ultrasonic bath (EMMI - 20 HC, Emag) at T = 25°C for 10 min.
Furthermore, the inks were ultrasonically atomized in an AJ®P setup (300s system, Optomec, USA) at a power
of 49.5 V. Based on previous expertise with the AJ®P of the same PEDOT:PSS ink without nCA composite[28],
the print parameters were investigated and eventually set at a carrier gas flow, CGF = 40 sccm, a sheath gas
flow, SGF = 80 sccm, a platen temperature, T =40 °C, a print speed, s = 15 mm/s, and at an offset (e.g. distance
from the nozzle exit to the substrate), z =3 mm. For each ink, 3 repetitive squares of 8 x 8 mm (interlayer
spacing of 0.08 mm) were printed at a print layer, n, equal to 20. Glass slides (Superfrost, VWR, BE) were used
as substrate, after being ultrasonically cleaned (T = 25°C, 10 mins) with distilled water (DI) and 2-propanol
(IPA, Sigma Aldrich, BE). Final AJ®P films were annealed in a thermal oven at 150 °C for 45 minutes (Heraeus,
DE) to allow co-solvents evaporation. The morphology of PEDOT:PSS + nCA nanocomposite film printed by
AJ®P on glass substrate was analysed by SEM.

3. Results and discussion

The morphological characterization of nCA confirms a large distribution of nanometric fragments, sometimes
characterised by shape close to sheets, with size lower than about 400 nm, compared to hundreds of



micrometres of the CA fragments before reduction process (Figure 1). It is also evident the presence of
micrometres size clusters with irregular shape randomly distributed in the sample, maybe due to the
deposition of the dispersion by drop casting.

Figure 1. Morphological characterization of carbon ashes fragment before reduction process (a) and nano
carbon ashes (b)

The capacitive performance of PEDOT:PSS/nCA based inks was explored by cyclic voltammetry (CV)
measurements. In fact, PEDOT:PSS has been reported in the many literature works (i.e. [29-33]) as efficient
material for supercapacitors. The capacitance of PEDOT:PSS/carbon-based composites can be improved
thanks to the increased surface area that magnifies the Faradaic interactions between composites and
electrolyte [33] and the challenge in fabricating these composites is also achieving the correct ratio of the
materials [29-32]. Figure 2(a) reports the specific current (i.e referred and normalised to 1 g of active material)
measured by CVs at a scan rate of 100 mV/s in a 1 M H2SOs solution for the four films prepared according to
the procedure described in Section 2.4.
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The CVs of the films present a broad, approximately rectangular shape, due to a large double-layer
capacitance. The best rectangular shape is observed in particular for the nCA0.5PEDOT:PSS film. As described
in the literature [26,34,35], the enclosed area of CV curves, which corresponds to the charge storage capacity
of the electrodes, depends strongly on the material properties.

For a quantitative assessment of the functional performance of the four films, their specific capacitance Csp was
estimated by means of Equation 2 [36]:

[iar
C,=———
P 2em-AV -5 @)

where I idy is the integrated area of the CV, m is the mass of the electrode material (g), s indicates the scan
rate (V s1) and AV is the range of applied potential (V). The Cs values calculated from CVs at a scan rate of
100 mV/s for the four investigated materials are plotted in Figure 2(b). For the PEDOT:PSS film prepared
without additives, Csp is 23.31+0.29 F/g and is consistent with literature data [26,33]. For the films containing
nCA, Cspis higher and increases with the amount of nCA, reaching the values of 26.35+0.30, 26.730.19, and
26.80+0.21 F/g for the PEDOT:PSS film with nCA0.1, nCA0.2 and nCAQ0.5, respectively. The error bands
reported in the figure correspond to the variation of the specific capacity measured values, obtained by
repeating three times the tests with three different films prepared independently for each investigated
composition.

The electrochemical stability of the films was evaluated by repeating in some representative conditions the CV
test for 1000 cycles [34, 37, 38]. Fig. 2c shows the relative change of the specific capacitance for PEDOT:PSS,
nCAO0.2PEDOT:PSS and nCAQ.5PEDOT:PSS films, as a function of the cycle number, measured from CVs
obtained at 100 mV/s. A slow gradual decrease was observed with a satisfactory cyclic stability, since after
1000 cycles 93.0%, 96.6% and 96.8% of the initial capacitances were retained for PEDOT:PSS films, without
nCA and with nCA0.2 and nCAQ.5, respectively. The addition of nCA is therefore attractive for improving the
long-term stability of PEDOT which, although satisfactory, could be limited because of shrinkage, breaking,
and cracks appearing often in conducting polymers in a sequence of many cycles [39, 40]. These problems are
connected with volumetric changes of the polymer during the intercalation and deintercalation of counter ions
[32]. From our results, the addition of a small quantity of n"CA was proved to reduce the slow degradation in
capacitance. This positive result could be due to a synergistic effect of PEDOT:PSS and nCA with a large
accessible specific surface area and increased electroactive binding sites for electrolyte ions during the charge-
discharge process, giving rise to superior cyclic performance [41].

In order to investigate more in detail and to confirm the observed effect of the addition of nCA, further
analyses were performed by assessing the specific capacitance of the films at different scan rates. The specific
current obtained by CVs at different scan rates between 5 and 100 mV/s, for PEDOT:PSS and
nCA0.5PEDOT:PSS films is reported in Figure 3(a) and (b).

The specific voltammetric charge Cv. was evaluated by means of Equation 3:
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Figure 3. Cyclic voltammograms at different scan rates for PEDOT:PSS (a) and nCAQ.5PEDOT:PSS films in 1
M H250s aqueous solution at room temperature (b);specific voltammetric charge as a function of scan rate for
PEDOT:PSS and nCA0.5PEDOT:PSS films (c). Dashed lines represent the linear fit whose slope is the specific
capacitance Csp.

In Figure 3(c), Cvc was reported as a function of the scan rate for PEDOT:PSS and nCA0.5PEDOT:PSS films.
Dashed lines represent the linear fit whose slope is the specific capacitance Csp [42]. Csp values of 22.53+0.56
and 26.20+0.19 F/g were obtained in the absence of nCA and with nCAO0.5, respectively.

These results reveal a good capacitive behaviour of the prepared films, indicating as these materials are
potentially suitable to be used as electrode material for supercapacitors and as the performance of PEDOT:PSS
film can be improved by the addition of the appropriate amount of nCA. In our study, nCA0.5PEDOT:PSS
film showed the best performance among the investigated films. The high capacitance of nanometric carbon
ashes/PEDOT:PSS nanocomposites can be related to the very large surface area of nCA which magnifies the
Faradaic interactions between composites and electrolyte [43, 44].

With the aim to investigate the printability of the inks by AJ®P, rheological and surface tension measurements
were carried out on the developed inks as reported in Figure 4. From the analysis of the steady state viscosity
measurements, reported in Figure 4(a), the PEDOT:PSS shows a reduction in viscosity as a function of the
shear rate, typical of pseudo-plastic behaviour, with viscosity values ranging from about 1.2 Pa s at 0.1 s to
0.01 Pa s at 1000 s'. After nCA addition, the rheological behaviour of the inks is still pseudo-plastic,
irrespective of the amount of nCA. The viscosity value remains the same at low shear rate, 0.1 s, instead
decreasing down to 0.005 Pa s with 0.1 wt.% and to 0.004 Pa s with 0.2 and 0.5 wt.% of nCA, at a shear rate of



1000 s showed a slight lubrificant effect filler-induced, maybe due to the shape of the nCA close to sheet, as
evidenced by morphological analysis.
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Figure 4. Rheological behaviour and Cross fitting of the nCA/PEDOT:PSS inks (a); surface tension of the
nCA/PEDOT:PSS inks (b).

Subsequently, the Cross theoretical model (Eq.1) was applied to fit the experimental data, reported in Figure
4(a), for each sample, to predict the plateau values for lower and upper Newtonian viscosities, I]o and 1]~
respectively. The values obtained by a nonlinear fitting through the Eq. 1 are reported in table 2, showing a
slight increase of the Io and decrease of I]- by increasing the nCA concentration. The parameter m is very
similar for all the samples, meanwhile the values of T slightly increase after adding the nCA, indicating that
the pseudo-plastic behaviour starts at lower shear rate values for the nanocomposite. However, the viscosity
values shown by all the samples are within the range of values (0.001-1 Pa s), as required by AJ®P.

Table 2. Parameters of Cross Fitting

Sample Io (Pa s) Il (Pa s) T (s) m R?2
PEDOT:PSS 4.5 0.012 25.50 1.13 0.998




nCAO0.1 PEDOT:PSS 5.46 0.0048 38.72 0.96 0.999

nCAO0.2 PEDOT:PSS 5.47 0.0035 33.66 1.15 0.998

nCAO0.5 PEDOT:PSS 6.58 0.0035 32.97 1.22 0.996

The influence of the presence of nCA on the surface tension of PEDOT:PSS was also evaluated and the obtained
data are reported in Figure 4(b). The surface tension of the PEDOT:PSS is 31.35+0.9 mN/m, as from values
shown in the datasheet. The addition of nCA in an amount of 0.1, 0.2 and 0.5 wt.% increases the surface tension
of PEDOT:PSS by about 30, 24 and 42%, respectively. Nevertheless, the surface tensions of each ink (Figure
4(b)) are still compatible with the range of values recommended by the AJ®P (30-40 mN/m). Hence, the
inclusion of nCA into the PEDOT:PSS should not change the printability of the pristine ink.

After a proper parameters optimization, the developed inks were successfully ultrasonically atomized in an
AJ®P setup, and printed in the form of square samples, as shown in Figure 5(a). The morphology of these
samples for different nCA content is also reported in Figure 5(b).
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(20 layers)

PEDOT:PPS | Aerosol Jet Printing | nCA_PEDOT:PSS
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(b)

1m
PEDOT:PSS+nCA %
| 0 0.1

Figure 5. AJ®P process evolution from ink selection to sample printing (a); morphological analyses of the
printed samples for different nCA content (b).

Morphological analyses carried out on the printed samples (Figure 5(b)), shows a good dispersion of the nCA
filler into the PEDOT:PSS, in particular in the film containing higher nCA content. Moreover, the printed
nCAOQ.2PEDOT:PSS film shows an increased uniformity, with nCA sheets of about 400 nm (in the inset)
homogeneously distributed. The lack of micrometres size clusters observed in the pristine n"CA may be due to
the good dispersion and possibly exfoliation of the ashes into PEDOT:PSS.

4. Conclusions

An innovative method for the recycling and valorisation of waste carbon-based ashes, as fillers in PEDOT:PSS
conductive inks, printable by Aerosol Jet technique, for the production of supercapacitors was proposed.
Starting from the results achieved in our previous study, carbon particles with nanometer size of lower than



about 400 nm were produced from carbon waste ashes in aqueous solution and dispersed in a conductive
polymer, i.e. poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), widely used in jet
printing of (bio)electronic devices, with the aim to improve its capacitive behaviour.

—The cyclic voltammetry characterization of the films has shown CVs with a broad approximately rectangular
shape, due to a large double-layer capacitance. The best rectangular shape is observed in particular for the
nCAO0.5PEDQOT:PSS film, achieving a specific capacitance of 26.80+0.21 F/g, compared to 23.31+0.29 F/g of
pristine PEDOT:PSS. In addition, after 1000 cycles, 96.8% of the initial capacitance was retained for
nCAO0.5PEDOT:PSS film, compared to 93.0% for PEDOT:PSS films. The good capacitive behaviour of the
prepared films demonstrated that the performance of PEDOT:PSS can be improved by the addition of the
appropriate amount of CA and their potentiality to be used as electrode material for supercapacitors. The
addition of nCA is also attractive for improving the long-term stability of PEDOT.

Finally, the prepared inks have been successfully ultrasonically atomized by using Aerosol Jet Printing
(AJ®P). The rheological behaviour of the inks (with viscosity values ranging from about 1 to 0.001 Pa s) as
well as the surface tension measurements (with viscosity values ranging from about 31 to 44) have shown
values within the range required by the AJ®P. A homogenous and stable atomization has been achieved and
no visual differences in the mist generated have been detected over the printing period, demonstrating the
stability of the inks. Printed films with nCA sheets of about 400 nm uniformly distributed into the
PEDOT:PSS matrix have been obtained, opening the path towards the possibility to fabricate printed devices
based on the developed nCA based inks. Since exiguous quantities of carbon-based waste ashes (0.1 to 0.5%
wt/Vreporess) have been used in the proposed applications, the findings obtained do not add value to the
carbon-based waste even from an industrial point of view, but still contribute to a change of mentality
towards the adoption of a development model of Circular Economy.
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