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Sustainable Conductive Ink for Printed Greener Supercapacitors
Leire Sanchez-Duenas,*ac Chirag Mevada, *b Timo Punkari, b Estibaliz Gómez,a Estibaliz 
Aranzabe,a Matti Mantysalob and J. L. Vilas-Vilelac

The growth on the electronic demand and the increase of electronic waste highlights the need of developing sustainable, 
biobased, and recyclable electronic systems. Printed electronics offer a promising route to reduce material consumption, 
though the inks used often contain environmentally harmful components. Conductive inks typically comprise functional 
materials, binders, solvents, and additives, which are not always as sustainable as desired. To address these issues, 
sustainable ink development has to be focused on using biobased, biodegradable, and non-toxic materials. While metals like 
silver and gold offer high conductivity, they are costly and not sustainable. Alternatives such as carbon materials or 
conductive polymers are being explored. Biodegradable polymers like cellulose, chitosan, PLA, and PVA are viable binders, 
and greener solvents such as Cyrene and ethyl lactate could be proposed as replacements for harmful ones. Energy storage 
applications manufactured by printed electronics could benefit from these sustainable innovations. Particularly, the 
development of greener supercapacitors (SCs) (which offer high power density) by using green inks in both current collectors 
(CCs) and electrodes, is being studied. In this work, the formulation of sustainable conductive inks for SC current collector is 
studied. The proposed inks use natural graphite flakes as functional materials. Two different binder-matrix were proposed. 
The first one, using cellulose nanocrystals solved on PEDOT:PSS, and the second one using PLA solved on Cyrene. Electrical 
performance and suitability for CC of printed SC were evaluated, selecting PLA binder-matrix as the best option to develop 
SCs. This ink also provided better electrochemical performance than the commonly used commercial ink. A fully printed SC 
has been manufactured on this work, using the developed PLA ink printed onto a PET substrate. The electrodes were printed 
using YP-80F activated carbon, a cellulose paper was used as separator and the electrolyte was a biodegradable reline-based 
system. The printed SC was compared to the ones manufactured with commercial inks, showing the advantages of using the 
new formulation.

Introduction
Nowadays, due to the increase in electronic demand and the 
programmed obsolescence, there has been a growth in 
electronic waste 1. At this juncture, the development of new 
sustainable, biobased and/or recyclable electronic systems 
becomes a need. To ensure sustainability of electronic systems 
different strategies could be followed, such as reducing the 
quantity of the materials used on fabrication by selecting a 
proper manufacturing method or substituting the materials for 
more biobased or biodegradable ones avoiding those 
considered harmful for the environment. Printed electronics 
represent a good manufacturing way to reduce material 
consumption. This manufacturing method involves the use of 
inks or pastes, which are not always sustainable, due to the use 
of harmful or not recyclable materials. 
Developed inks for printed electronics are compose of four 
main material groups: (1) functional material, which ensures the 

needed behaviour of the ink; (2) Binder or polymeric resin, were 
the functional material is carried; (3) Solvent, to improve the 
functional material dispersion and (4) additives, which 
contribute to improve certain properties of the inks, such as 
adhesion or stability 2,3. Focusing on electrically conductive inks, 
the commonly used functional materials are metallic materials 
such as gold or silver, which entail a high use of precious 
materials 4. These metals are used due to their electrical 
conductivity, obtaining up to 107 S/m. Other electrically 
conductive materials are also used, such as carbon or Poly(2,3-
dihydrothieno-1,4-dioxin)-poly(styrene sulfonate) (PEDOT:PSS), 
achieving conductivity values up to 105 S/m 5. Functional 
materials are carried on a binder, usually a polymeric resin (such 
an epoxy resin), which provides the mechanical properties of 
the ink. The solvent used to formulate an ink depends on 
various factors, such as compatibility with the functional 
material or the binder. Different types of solvents could be 
used, such as water, ethanol, acetone, N-methyl-2-pyrrolidone 
(NMP), N,N-dimethylformamide (DMF) or dimethyl sulfoxide 
(DMSO) among others. However, a lot of these solvents, for 
example DMF or NMP, are not an environmentally friendly 
solution, being harmful and presenting a high boiling point 6. 
On this context, the development of sustainable inks to produce 
green electronics is currently a challenge. To ensure 
sustainability of inks, the final composition of the ink must be 
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considered. Depending on the deposition method, the 
composition of the ink may vary. Table 1 collects the percentage 
of each of the components of an ink, for screen printed and 
piezo-jet printing technologies. 
An ink should be considered sustainable if its compounds are 
biobased, if they are considered not harmful for the 
environment, and/or if it is biodegradable 2. Biobased 
compounds are those coming from a renewable or natural 
source, such as carbon particles produced from plants. 
However, as is it happening with biobased plastics, there is not 
a standard to measure the sustainability of an ink considering 
its biobased components 7. Biodegradability is measured by the 
UNE-EN ISO 14855 rule8 for plastics in ambient compost or by 
the UNE-EN ISO 14852 9 in aqueous media, which could be 
extended for inks. There exist some biodegradable polymers, 
which can be found on nature or synthesized. Examples of 
natural biodegradable polymers are chitosan 10 or cellulose 11, 
and of synthetic ones are polylactic acid (PLA) 12 or polyvinyl 
alcohol (PVA) 13 among others. These polymers need to be 
considered while developing a sustainable ink for printed 
electronics. Considering the solvents, greener solutions are 
available to develop conductive inks. For example, 
dihydrolevoclucosenone (commercial name: Cyrene) 14 is a 
biodegradable and biobased solvent developed to substitute of 
DMF or NMP. Another example is naturally obtained ethyl 
lactate could be used as a substitute of toluene, xylene or 
acetone. 
Different sustainable inks with carbon as functional material 
have been reported. Pan et al. developed an ink for screen 
printing using graphene and Cyrene as solvent 15. Najafi et al. 
formulated a screen-printed ink with graphene nanoplates in 
PLA binder 16. Brooke et al. synthesized a carbon black ink for 
screen printing, using nanocellulose as binder 17. Zappi et al 
developed a screen-printing ink using carbon obtained from 
lignin and cellulose acetate as binder 18. Rocha et al 
manufactured a water-based graphite ink for biosensing 
applications 19. 
Printed electronics could be used to develop multiple electronic 
systems or applications. One of the fields where printed 
electronics can be applied is the energy storage field developing 
supercapacitors (SCs). SCs are an alternative to batteries to 
store energy, which can be made of non-toxic materials 20. 
A SC is an electrochemical component which can provide higher 
specific power than batteries (which exhibit lower specific 
energy) 21. SCs can be manufactured by printing methods.

Table 1. Ink composition for screen printed and piezo-jet printing technologies 5

Material Screen Printing Piezo-jet Printing Ref.
Functional material 5-70% 10-30% 22,23

Polymeric resin/Binder 20-50% 5-30% 22,23

Solvent 15-65% 60-90% 22,23

Additives <5-10% <5-10% 22,23

Printed SCs consist of the following structure: (1) two current 
collectors (CC) printed on a substrate; (2) two porous electrodes 
printed on the top of the CC; (3) an ionically conductive 
electrolyte which is absorbed by the electrodes; (4) a permeable 

separator, to separate both electrodes, and (5) a sealant, to 
maintain the electrolyte on the electrodes. A scheme of printed 
SC architecture is shown on Figure 1.
CCs have a strong impact on the overall performance of SCs. 
Most commercial SCs still rely on aluminium CCs 24,25. They offer 
good conductivity and strength but often struggle with weak 
adhesion, corrosion, and surface degradation. Researchers have 
tried many ways to improve them, including electrochemical 
etching, chemical vapor deposition, and laser texturing, which 
create porous features that help the electrolyte interact better 
with the metal 26. Carbon materials then opened a new chapter. 
Carbon nanotubes, graphene, and carbon fibres brought high 
conductivity, flexibility, and stability, making it easier to support 
fast electron and ion movement 27. Surface tuning methods 
such as vapor deposition, electrochemical etching, and plasma 
treatment further improved the contact between the carbon 
collector and the active layer 28–30. Polymers and fibre-based 
papers added even more options, offering impressive 
mechanical flexibility and very low weight, although they still 
fall short in charge storage and long-term cycling 31. Each class 
has helped the field grow, yet each brings its own limitations in 
performance, stability, or environmental impact.
As SC research moves toward cleaner and more scalable 
technologies, the need for a different kind of CC becomes clear. 
Modern fabrication methods such as roll to roll printing and 
additive manufacturing already point toward printed 
electronics as the most practical direction. Recent reviews on 
printed flexible SCs have highlighted that ink formulation, 
rheological control, and the development of printable electrode 
and CC materials are key factors enabling scalable fabrication of 
high-performance devices.32 These studies emphasize the 
importance of designing conductive inks that balance 
printability, electrical performance, and mechanical flexibility, 
which directly aligns with the motivation of the present work. 
At the same time, the field of flexible energy storage is shifting 
toward safer and more environmentally compatible systems. 
Emerging research on aqueous and proton-based SCs 
demonstrates the potential of low-toxicity, high-ionic-
conductivity electrolytes for sustainable devices.33

Figure 1. SC architecture

Within this context, sustainable conductive inks represent a 
natural progression, enabling printed CCs that can be processed 
at low temperature, applied on compostable substrates, and 
disposed of with reduced environmental burden compared to 
metal foils or synthetic polymer composites. Sustainable CCs 
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can be synthesized from the earth abundant, non-toxic 
materials while still providing the conductivity and mechanical 
integrity required for device operation. Integrating 
performance, sustainability, and manufacturability makes such 
materials strong candidates for next-generation environment 
friendly SCs. Recent literature also highlights that successful 
wearable and printed SCs depend not only on materials but also 
on compatible device architectures that ensure flexibility, 
lightweight design, and scalable processing.34 Our approach 
contributes to this direction by combining a printable, bio-
based CC with conventional carbon electrodes in a device 
configuration compatible with flexible energy storage.
Our group has been using commercially available conductive 
carbon inks as CCs for SCs research for the past five years. We 
use these inks because they print reliably, offer good sheet 
resistance of about 14 Ω per square at a 20 µm thickness when 
cured at 120 °C, and fit our goal of working with materials that 
have low environmental impact and reasonable 
biodegradability 35–44. For comparison, recent state-of-the-art 
fully biodegradable printed SCs report sheet resistance values 
of about 23 Ω per square at a much thicker 170 µm CC. 
Commercial graphite sheets, such as the T68 grade from T-
Global Technology, provide excellent conductivity, but they are 
very fragile and easily crack, which makes them unsuitable for 
scalable and reliable electrode fabrication 45. Although these 
commercial carbon inks have been useful, they are expensive, 
and their sheet resistance is still higher than what is ideal for 
high-performance SCs. In addition, their exact compositions are 
proprietary, which makes it difficult to carry out a proper life-
cycle assessment or evaluate their biodegradation behaviour. 
This limits our ability to fully understand their environmental 
impact and restricts further optimization. This motivated us to 
develop our own formulation that is more affordable, offers 
lower resistance, and aligns with our focus on sustainable 
materials. 
In this work, we introduce bio-based, PLA binder-based ink 
formulations that not only lower material costs but also provide 
good electrochemical performance than the commercial CC inks 
commonly used in SCs. In this study, we demonstrate a nontoxic 
SC built with materials chosen to support biodegradability and 
low environmental impact. The device uses our PLA binder ink 
printed on a PET substrate, which serves as a reference platform 
and can be replaced by cellulose diacetate or PLA-based films in 
future work. The electrodes are made with YP-80F activated 
carbon, the separator is cellulose paper, and the electrolyte is a 
biodegradable reline-based system. To benchmark the 
performance, we compared the devices fabricated with our ink 
to those made using a commercial high-conductivity carbon ink 
(LOCTITE EDAG PF 407C E and C) under identical testing 
conditions. For clarity, this commercial high-conductivity 
carbon ink is referred to as commercial highly conductive 
carbon ink (HCC ink) throughout the manuscript. This 
comparison allows us to show the advantages of the new 

formulation and highlight its potential for sustainable, printed 
energy storage.

Experimental section

Materials

Natural graphite flakes (99% Carbon), Cyrene, PEDOT:PSS water 
dispersion, Chitosan derived from shrimp shells (product 
50494), Acetic Acid, Choline Chloride and Urea were purchased 
from Sigma Aldrich. Porous Carbon Nanopowder (95% purity, 
55-75 nm), produced from plants, was obtained from 
Nanographi. PLA pellets were purchased from UltiMaker. 
Activated carbon (YP-80F) derived from coconut shell was 
sourced from Kuraray Chemical Co. Japan. Cellulose 
Nanocrystals (CNC) were purchased from Cellulose Lab, Canada. 
Milli-Q quality deionized water (Millipore, Merck) has been 
used for experimental procedures. All chemicals were used 
directly without additional purification. A 125 μm PET film 
(Melinex ST506, DuPont Teijin Films) used as the substrate. A 
Dynacap GT 0.45/40 cellulose membrane from Glatfelter was 
used as the separator, and the SCs were sealed with 3M 468 MP 
adhesive.

Synthesis of carbon conductive ink for CC

Two main composition inks have been developed as carbon 
conductive inks. On Table 2 there are collected the materials 
used for each of the inks, the CNC and the PLA inks, which use 
Cellulose Nanocrystals and PLA as binder respectively. 
Each of the compositions were prepared following its own 
method, as is described below. 
CNC ink preparation
To prepare the CNC ink, the Natural Graphite Flakes (NGF) and 
Porous Carbon Nanopowder (PCN) were added to the solvent 
(PEDOT:PSS water dispersion). Once the particles were added, 
the mixing was stirred using a homogenizer (10 basic ULTRA-
TURRAX® of IKA brand). The stirring was performed during 5 
minutes at maximum speed (30,000 rpm). After stirring, the 
CNC were added to the obtained mix, and it was stirred on the 
same conditions, for 15 more minutes, obtaining the final 
composition of the CNC ink. On Figure 2 a scheme of the 
preparation of the CNC ink is shown. Three formulations were 
prepared using the described method.

Table 2. Material composition of the developed inks

Material CNC ink PLA ink

Functional
 material

Natural Graphite Flakes
Porous Carbon 
Nanopowder

Natural Graphite Flakes 
Porous Carbon 
Nanopowder 

Binder Cellulose Nanocrystals PLA

Solvent
PEDOT:PSS water 

dispersion
Cyrene
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Figure 2. CNC ink preparation process

The formulations are collected on Table 3. Composition of each 
ink is described showing the weight relationship between each 
of the functional materials and the binder, and the weight 
relationship between the binder and the solvent. 
PLA ink preparation
The PLA ink contains the same functional materials as the CNC 
ink (NGF and PCN). These materials were mixed with the PLA 
binder, which must be initially prepared. To prepare the PLA 
binder, PLA pellets were dissolved on Cyrene, obtaining a 10 
wt.% solution. The solution was stirred magnetically overnight 
at 80 °C. Once the PLA binder was prepared, NGF and PCN were 
added to the PLA dispersion. If needed, to obtain the proper 
concentration of each material, a specific quantity of Cyrene 
was added to the mix. Once all the compounds were added, the 
dispersion was stirred using the homogenizer at 30,000 rpm for 
20 minutes, obtaining the final ink. A scheme of the 
development of the PLA inks is shown on Figure 3. PLA based 
formulations are collected on Table 4.

Table 3. Formulations of the CNC based inks.

Functional Material: Binder (% wt.)
Name

PCN:CNC NGF:CNC
Binder: Solvent (% wt.)

CNC_1
40% PCN : 
40% CNC

20% NGF : 
40% CNC

5% CNC : 
95% PEDOT:PSS

CNC_2
60% PCN : 

5% CNC
35% NGF : 

5% CNC
1% CNC : 

99% PEDOT:PSS

CNC_3
35% PCN : 

5% CNC
60% NGF : 

5% CNC
2% CNC : 

98% PEDOT:PSS

Preparation of electrode ink

Electrode ink (AC ink from now on) was prepared following a 
method reported in earlier studies 46.
The chitosan water-based binder was prepared by mixing 1.7 g 
of chitosan with 67.6 g of water and 0.7 g of acetic acid. The mix 
was magnetically stirred overnight. After having the chitosan 
binder prepared, electrode ink was prepared by mixing 
mechanically 6.89 g of chitosan binder with 3.09 g of Activated 
Carbon and 2 g of water.

Synthesis of Reline electrolyte

Reline was prepared by combining choline chloride and urea in 
a 1:2 molar ratio and warming the mixture to 80 °C under 
continuous stirring (VMS C7 Advanced, VWR) until it turned into 
a clear, uniform liquid 35–37. After cooling to room temperature, 
the resulting mixture was used as the electrolyte for SCs.

Table 4. Formulations of the PLA based inks.

Functional Material: Binder (% wt.)
Name

PCN:CNC NGF:CNC
Binder: Solvent 

(% wt.)

PLA_1
35% PCN : 
50% PLA

15% NGF : 
50% PLA

10% PLA:
90% Cyrene 

PLA_2
20% PCN : 
25% PLA

55% NGF : 
25% PLA

10% PLA:
90% Cyrene 

PLA_3
25% PCN : 
20% PLA

55% NGF : 
20% PLA

5% PLA:
95% Cyrene 

Figure 3. Ink synthesis process

PEDOT:PSS
water

dispersion

NGF + PCN

Homogenizer Functional
material +

solvent

CNC

Homogenizer
CARBON

CONDUCTIVE
INK

Magnetic stirring

80°C

Cyrene

PLA
pellets

Homogenizer

NGF +
PCN

PLA binder

Cyrene

CARBON
CONDUCTIVE

INK
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Material characterization

Sheet Resistance Measurements
A critical parameter to use these inks as CC of a capacitor is the 
measured sheet resistance ink of an applied layer of 30 μm. 
Sheet resistance measurements were performed using the 
Four-Point Probe equipment from Ozzila. Previously to the 
measurements, samples were prepared on a rectangle 
geometry depositing the ink on a PET film using Doctor Blade 
equipment (Figure 4) and drying the samples on an oven at 
60°C. CNC based ink samples were dried for 30 minutes, while 
PLA based ink samples were dried for 150 minutes to ensure 
solvent evaporation (Figure S1). As a mask, a 50 µm thick 
polyimide film was used. The thickness of the prepared samples 
was measured using a digital micrometre from Mitutoyo. The 
obtained sheet resistance value of the used HCC ink is 13.8 ± 0.1 
Ω/sq. Table 5 collects the measured sheet resistances of the 
prepared inks. As it is shown in the table, and analysing the 
relationship between particle and binder provided on Table 3 
and Table 4, the higher the particle content respectively to the 
binder is, the lower sheet resistance is obtained. 

Figure 4. Doctor Blade deposition scheme

Table 5. Sheet resistances of different composition inks

CNC inks PLA inks
Name Sheet resistance (Ω/sq) Name Sheet resistance (Ω/sq)
CNC_1 844 ± 8 PLA_1 19,000 ± 200
CNC_2 17.3 ± 0.1 PLA_2 43.3 ± 0.4
CNC_3 6.2 ± 0.1 PLA_3 11.4 ± 0.1

This behaviour is explained by the space remaining between the 
particles when the solvent is evaporated. While more particle 
concentration is, less space is between particles and less binder 
between them. This led into higher contact area, improving the 
electrical conductivity of the samples and reducing the sheet 
resistance.
The obtained sheet resistance values could be compared with 
previous studies on the development of sustainable inks based 
on different materials. For example, Najafi et al.16 reported the 
development of PLA based inks with a conductivity of about 55 
S/m for a 0.3 mm printed layer. Brooke et al.17 studies a 
cellulose carbon ink obtaining conductivities of 400 S/m. This 
work prepared inks presents a conductivity of 5.3·103 S/m and 
2.9·103 S/m for CNC_3 and PLA_3 ink respectively for a 30 
microns ink applied layer, which are higher conductivity values.
With the obtained results, one ink of each group was selected 
to be used as CC for the SC. The selected inks were the CNC_3 
and the PLA_3. Nevertheless, when measuring the sheet 
resistance, the CNC_3 ink started to get cracked, becoming bad 
option to be used as the CC of SCs (Figure S2). On this way, only 
the PLA_3 ink was selected to perform following analysis and 
trials. On Table 6 the final composition of the selected ink is 
collected. Composition is shown on wt.%. 
Viscosity measurements
The rheological measurements were performed using the 
hybrid rheometer Discovery 2 DHR-2 of TA Instruments. The 
rheological assessment of HCC and PLA inks reveals several 
details regarding their printability and structural integrity 
during processing. As depicted in Figure 5a, the apparent 
viscosity of both PLA and HCC inks demonstrates a pronounced 
decrease with increasing shear rate, indicative of typical shear-
thinning behaviour 47. 

Table 6. Final composition of selected ink

% Functional 
MaterialName

% PCN % NGF

% 
Binder 
(CNC)

% 
Solvent 
(Cyrene)

Sheet 
resistance

(Ω/sq)
PLA_3 9% 19.5% 7.5% 64.0% 11.4 ± 0.1

Figure 5. (a) Variation in the apparent viscosity of both inks with respect to shear rate and (b) Storage modulus (G′) and loss modulus (G′′) of the inks plotted as functions of angular 
frequency.
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This feature is vital for printed electronics, as it ensures that the 
inks can be smoothly extruded or deposited at high shear rates 
while maintaining sufficient viscosity for uniform pattern 
formation at rest 48. Additionally, Figure 5b provides insights 
into the viscoelastic characteristics of these formulations by 
plotting the storage modulus (G′) and loss modulus (G″) over a 
range of angular frequencies. For both PLA and HCC inks, 
storage modulus remains higher than loss modulus, which 
implies the ink behaves more like an elastic solid than a viscous 
liquid in these conditions 37,47. This result suggests the inks have 
the internal strength to keep their shape once printed, resisting 
deformation over time. It also hints at a stable microstructure 
formed during formulation, likely supported by interactions 
between components such as polymers, fillers, or binders.
SEM analysis
SEM analysis was performed to the samples. As described on 
Figure 1, the SCs are composed of two printed layers (the CC 
and the electrode), where the electrode is printed on the top of 
the CC layer. For these reasons, two different samples were 
prepared by doctor blade. The used inks and the drying 
conditions are collected on Table 7. SEM analysis was 
performed on the top of each layer, and a cross-section image 
was also taken. The obtained images are shown on Figure 6. 
Blade coater layer of PLA_3 ink has rough surface compared to 
the HCC ink. This can be appreciated on images a and e of Figure 
6, which exhibit higher rugosity at lower magnification.

Table 7. Inks and drying conditions of the samples prepared for SEM analysis.

SAMPLE HCC ink PLA ink
CC ink HCC ink PLA_3

Drying conditions 30 min at 90 °C 2h 30 min at 60 °C
Electrode ink AC ink AC ink

Drying conditions 30 min at 60 °C 30 min at 60 °C

The rugosity is also appreciated on optical microscope images 
of Figure S2. Nevertheless, the cross-section image showed 
good interconnection between CC layers and electrode layers. 

Fabrication of SCs

Symmetrical SCs were manufactured following consecutive 
steps as described below and shown on Figure 7. 

1. Print and dry the CC ink onto the substrate. 
2. Print and dry the electrode ink on top of the CC. 
3. Add the electrolyte to the electrode and let it soak for 

1 hour. 
4. Place the separator on its position.
5. Place the sealant on the position.
6. Assembly the SC.

The devices were fabricated using two types of CCs: the 
conductive ink developed in PLA ink and HCC ink. Each ink 
required its own curing conditions. The HCC ink was cured at 90 
°C for 30 minutes, while the PLA-based ink needed a longer and 
gentler curing step of 2 hours 30 minutes at 60 °C to ensure 
proper film formation without damaging the polymer. The 
electrodes were prepared using an activated carbon ink made 
from chitosan binder, activated carbon and water as per our 
previously work 35–37,42. This ink was designed to maintain good 
adhesion on the CC while keeping the formulation nontoxic. The 
coated electrodes were cured at 60 °C for 30 minutes. Reline 
was used as the electrolyte, and the electrodes were allowed to 
soak in it for one hour before assembly to support ion 
infiltration and improve the initial performance of the device. A 
cellulose paper sheet used as the separator, and PET film was 
chosen as the substrate. All coatings were applied with a blade 
coater using a Kapton mask. The CCs were coated using a 150 
µm blade gap to achieve a uniform conductive layer, while a 50 
µm gap was used for the electrode layer to ensure good contact 
and controlled thickness.

Figure 6. SEM Analysis: (a) HCC ink Top view (magnifications: 100x), (b) HCC ink Top view (magnifications: 1000x), (c) electrode ink top view printed on HCC Ink, (d) Cross-section of 
HCC ink and electrode ink, (e) PLA ink top view (magnifications: 100x), (f) PLA ink top view (magnifications: 1000x), (g) electrode ink top view printed on PLA ink and (h) Cross-section 
of PLA ink and electrode ink

CURRENT COLLECTOR INK ELECTRODE INK CROSS-SECTION

HC
C 

IN
K

PL
A 

IN
K

(b) (c) (d)

(f) (g) (h)

(a)

(e)

78.71 µm

25.38 µm

79.55 µm

29.31 µm
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Figure 7. SC manufacturing: (1) CC printing, (29 Electrode printing, (3) Electrolyte addition, (4) Separator placement, (5) Sealant placement and (6) SC attachment

SC characterization

After fabrication, the SC were tested up to 1.8 V at current 
densities of 0.5 A/g, 1 A/g, and 5 A/g using a Maccor 4300 
system. Two samples were selected for extended cycling to 
study long-term behaviour. For these, electrochemical 
impedance spectroscopy (EIS) was performed before and after 
cycling to monitor changes in resistance. EIS measurements 
were carried out on a Zahner potentiostat across a frequency 
range of 1 MHz to 100 mHz, using a 5 mV AC signal at open-
circuit potential. The cycling protocol on the Maccor system was 
designed to accelerate ageing. Every 1000th cycle was recorded 
at 0.5 A/g to track performance in detail, while the remaining 
cycles were run at 5 A/g to speed up the test. This combination 
provided a good balance between realistic cycling behaviour 
and time-efficient evaluation. The specific capacitance and 
equivalent series resistance (ESR) were determined from the 
galvanostatic charge-discharge (GCD) data using following 
equations 49.

Cdevice =
Idt
dV                    (1)

ESR =  
Vdrop

I                   (2)

Results and discussion

Ink development

Two different ink compositions have been developed, achieving 
HCC ink sheet resistance, as shown on Table 8. Nevertheless, 
CNC inks were not a good option for developing SCs onto PET 
substrate due to bad adhesion and cracking (Figure S2). 
Compatibilities using other substrates may be studied. 

Table 8. Sheet resistance of the graphite and developed inks.

Name HCC ink CNC_3 PLA_3
Sheet resistance (Ω/sq) 13.8 ± 0.1 6.2 ± 0.1 11.4 ± 0.1

The PLA based composition had good adhesion to PET 
substrate, becoming a good option to use it as CC to develop 
SCs. 

Electrochemical performance of PLA ink as CC for SC

To assess the feasibility of the synthesized PLA ink as a CC 
material, a set of SCs were fabricated and compared their 
performance with devices prepared using HCC under identical 
conditions.
The electrochemical performance data presented in Figure 8 
summarizes the direct comparison. Figure 8a presents the CV 
curves measured at a scan rate of 5 mV/s for devices made with 
HCC ink and PLA ink. Both devices show well defined, box 
shaped curves with good symmetry across the 0 to 1.8 V 
window. This indicates that each device can operate reliably 
within this potential range. A closer examination of the CV 
profiles shows a clear electrochemical performance gap 
between the two CC inks.
The device fabricated with the PLA ink based CC exhibits a 
distinctly higher current density throughout the voltage window 
compared with the one using the HCC ink. This stronger current 
response indicates that the PLA ink formulation forms a more 
efficient current collecting network, allowing charges to move 
more freely at the electrode-electrolyte interface. The 
improved conductivity pathways and better interfacial contact 
provided by the PLA ink translate directly into enhanced charge 
storage behaviour. Figure 8b shows the GCD curves of the HCC 
device and the PLA based ink device recorded at a current 
density of 0.5 A/g. 

Electrolyte

3 ELECTROLYTE ADDITION

Electrode Ink

2 ELECTRODE
PRINTING

6 SUPERCAPACITOR
ATTACHMENT

4 SEPARATOR PLACEMENT

Separator

5 SEALANT
PLACEMENT

Sealant

1 CURRENT COLLECTOR
PRINTING

CC Ink

Substrate
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Figure 8. illustrates differences in CC electrochemical performance through (a) CV curves, (b) GCD profiles, (c) capacitance retention during cycling and (d) Nyquist plots recorded 
before and after 10,000 cycles (inset shows equivalent circuit used for fitting and the solid lines are the fitting results).

The PLA ink-based device exhibits a noticeably longer discharge 
period than the HCC device, clearly indicating its superior 
capacitive performance. Significantly, the PLA ink-based device 
reaches a higher capacitance of 125 mF at the same current 
density, than that of the HCC ink device (60 mF). On SEM 
analysis observed rougher surface on PLA ink based CC 
increases the electrode mass loading which explains the 
increased capacitance compared to samples based on HCC. 
Despite the clear comparison of the electrode loading, the 
results demonstrate that the PLA ink based CC lowers resistance 
of SC. In addition, both the PLA ink-based device and the HCC 
device exhibit comparable rate capability, maintaining more 
than 65% of their initial capacitance as the current density 
increases from 5 A/g. This consistency indicates that each 
device can operate reliably under higher charge and discharge 
rates.
Moreover, the PLA ink-based device demonstrates strong 
cycling stability, showing only a 10% decrease in capacitance 
after 10,000 cycles, as shown in Figure 8c. In comparison, the 
HCC device retains about 84% of its initial capacitance over the 
same cycling period. This highlights the improved long-term 
durability of the PLA ink based CC. Coulombic efficiency 
describes how effectively stored charge can be recovered from 
an energy storage device or electrode. It is calculated as the 
ratio of the charge released during discharge to the charge 

initially stored during the charging process.50 The high 
coulombic efficiency observed throughout cycling indicates 
excellent charge reversibility and stable electrochemical 
behaviour of the device (Figure S3). Electrochemical impedance 
spectroscopy (EIS) was employed to gain a deeper 
understanding of the resistive and capacitive processes 
governing device operation. 
The Nyquist plots displayed as Figure 8d and corresponding 
fitting parameters presented in 
Table 9 reveal the characteristic features of porous electrode 
systems, consisting of a high-frequency intercept representing 
the series resistance (Rs), a depressed semicircle associated 
with charge-transfer kinetics modelled via a constant-phase 
element (CPE), and a low-frequency tail attributable to diffusive 
ion transport (Warburg impedance).

Table 9. Fitting parameters from equivalent circuit analysis of NaCl based RAC and PAC 
devices

CPE
Device

RS 

(Ω)
Y0 

(µSsα)
α 

RCT 

(Ω)
W

(DW)
C 

(mF)

PLA ink precycling 5.59 551 0.71 13.4 13.3 136
PLA ink post cycling 6.04 1080 0.63 13.3 11.5 134
HCC ink precycling 10.7 24.1 0.79 16.5 21.3 73

HCC ink post cycling 11.5 33.6 0.76 15.8 23 85
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Rs accounts for the combined resistance of the electrolyte, 
electrode conduction pathways, CC sheet resistance, and 
interfacial contact resistance50. The Rs values extracted before 
cycling are 5.59 Ω for the PLA ink device and 10.7 Ω for the HCC 
ink device. The significantly lower Rs of the PLA ink-based device 
is consistent with higher intrinsic conductivity of the PLA 
ink‑based printed CC, superior adhesion between the printed 
electrode and CC that reduces interfacial losses, and lower 
effective ionic resistance due to improved microstructural 
porosity and electrolyte accessibility, although these effects are 
not uniquely proven by EIS alone. After 10,000 cycles, Rs 
increases only slightly for the PLA ink-based device (5.59 → 6.04 
Ω) but more prominently for the HCC ink-based device (10.7 → 
11.5 Ω), indicating that the HCC ink CC undergoes larger 
structural or interfacial degradation. In printed SCs, such 
increases in Rs are typically associated with microcrack 
formation and delamination. The depressed semicircle in the 
Nyquist plot represents charge-transfer resistance at the 
electrode-electrolyte interface. At the precycling, RCT is 13.4 Ω 
for PLA ink and 16.5 Ω for HCC ink. A lower RCT indicates good 
electron exchange at the interface, better electrochemical 
accessibility of the active material and a more uniform and 
stable CC surface. Such associations are consistent with the 
data, but impedance analysis alone does not prove specific 
microstructural causes. The PLA ink-based device consistently 
shows lower RCT due to its more homogeneous printed 
microstructure and smoother interface that promotes charge-
transfer kinetics. After cycling, RCT remains nearly unchanged for 
the PLA ink-based device (13.4 →13.3 Ω), whereas the HCC ink-
based device shows a slightly decreased but less stable RCT (16.5 
→15.8 Ω). It is well established that ESR values obtained from 
GCD measurements are higher than those derived from EIS25,49, 
as GCD depicts the total device resistance. In our case, the 
combined Rs and RCT values from EIS are ~19 Ω for the PLA ink-
based device and ~27 Ω for the HCC ink-based device, while the 
ESR from GCD is ~28 Ω and ~36 Ω, respectively.
The CPE describes non‑ideal capacitive behaviour and is defined 
by two parameters: Y0, the pseudo-capacitance expressed in 
µS·sα, and α, a dimensionless phase exponent ranging from 0 to 
1. An ideal capacitor exhibits α = 1, and any deviation from this 
value reflects increasingly distributed interfacial processes and 
time constants; lower α does not uniquely indicate surface 
roughness, because different types of heterogeneity can give 
similar CPE behavior50. At the precycling, the PLA ink‑based 
device shows a substantially higher Y0 of 551 µS·sα with an α 
value of 0.7, consistent with a larger effective electrochemically 
active area and more heterogeneous interfacial response. In 
contrast, the HCC ink‑based device displays a much lower Y0 of 
24.1 µS·sα and a slightly higher α of 0.79, suggesting a more 
homogeneous interfacial response but a significantly smaller 
effective electrochemical area contributing to charge storage. 
After 10,000 cycles, the PLA ink‑based device retains strong 
capacitive behaviour, with Y0 nearly doubling, an effect typically 
associated with improved electrolyte penetration and 
utilization of the porous structure during cycling. The moderate 
decrease in α is commonly observed during long‑term cycling as 
the interface undergoes minor restructuring but remains overall 

stable. In contrast, the HCC ink‑based device shows only a 
modest increase in Y0. The Warburg diffusion element (W) 
provides insight into ion transport within the porous electrode, 
with lower values indicating faster and less hindered diffusion. 
At the precycling, the PLA ink-based device exhibits a lower W 
of 13.3 DW compared with 21.3 DW for the HCC ink-based 
device, and after 10,000 cycles the PLA value decreases slightly 
to 11.5 DW. In contrast, the HCC device shows an increase in W 
from 21.3 to 23 DW over the same period. Moreover, the PLA 
ink-based device shows a very small decrease from 136 to 134 
mF, corresponding to only ~1.5% loss, which is consistent with 
its robust structural integrity and stable ion-storage behaviour. 
The HCC device exhibits an apparent increase in capacitance 
from 73.8 to 85 mF after cycling, but this should not be 
interpreted as a real improvement in charge-storage 
performance. These capacitance values are obtained from 
equivalent circuit modelling of the Nyquist plots, and the 
reliability of the modelled parameters depend strongly on how 
well the circuit fits the experimental data. Although the selected 
model fits Rs, RCT, and the main CPE elements with good 
accuracy, the fitting accuracy for the Warburg diffusion 
component and the modelled capacitance in the HCC device 
deteriorated significantly after cycling, with errors exceeding 
30%. This level of uncertainty indicates that the diffusion-
dominant region of the HCC impedance spectrum is poorly 
represented, which artificially inflates the modelled capacitance 
and creates the false appearance of improvement. In contrast, 
the PLA ink-based device maintained fitting errors below 10% 
for the same parameters, but even these values are not fully 
reliable, and therefore capacitance obtained directly from GCD 
measurements should be considered the true representation of 
the device behaviour. The deviation in the EIS fit is also clearly 
visible in Figure 8d, where the simulated curve diverges from 
the experimental data at the tail region of the Nyquist plot. This 
further confirms that the modelled capacitance for the HCC 
device is influenced by fitting limitations rather than real 
electrochemical enhancement. 
For comparison, the biodegradable CC ink reported by Aeby et 
al. 2021 showed electrical conductivities of 260.8 ± 20.1 S/m, 
219.8 ± 21.3 S/m, and 228.1 ± 22.6 S/m for measurements taken 
parallel, perpendicular, and at 45 degrees to the printed lines 51. 
Given the 27 Ω per square. Another useful reference is the 
edible SC reported by Durukan et al. 2024, where the carbon-
based HGC (Hydroxyethyl-cellulose/Glycerol/Carbon) electrode 
acted as both the electrode and the CC, yielding a sheet 
resistance of around 40 Ω per square at 10 µm 52. Although this 
design is appropriate for ingestible applications, it has clear 
drawbacks: the conductivity remains modest, the architecture 
depends on relatively thick and carbon-rich films, and the lack 
of a dedicated CC limits device engineering and restricts 
optimization of individual layers. In contrast, the PLA-based ink 
developed in this work achieves a sheet resistance of 16 Ω per 
square at a thickness of only 30 µm, demonstrating a clear 
improvement in conductivity while using a substantially thinner 
printed layer. The PLA ink based SCs exhibited a specific energy 
of 22 W h kg-1 along with a specific power of 0.4 kW kg-1 based 
on total mass loading of electrode materials. These values are 
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comparatively higher than those of HCC devices, which deliver 
13 W h kg-1 at the same specific power of 0.4 kW kg-1. For 
comparison, we selected studies that reported printed SCs 
fabrication using activated carbon electrodes in symmetric 
configurations; the corresponding electrochemical data are 
summarized in Table S1. Also, we performed a simple light-
emitting diode (LED) demonstration using the SC fabricated 
with PLA ink, and the results are included in the Supplementary 
Information. Figure S4 illustrates the connection setup for the 
LED. Once the circuit was closed, the LED emitted a dim red 
light. SC was first charged using a current source up to 1.8 V, 
after which the voltage was maintained for several minutes to 
reduce leakage current. The fully charged SC was then 
connected to the red LED. This demonstration confirms the 
effective energy storage and discharge capability of the SC. This 
improvement highlights the potential of our formulation to 
enable thinner, more conductive and more sustainable CCs for 
future printed energy storage devices. In future work, we will 
focus on further reducing the sheet resistance toward values 
below 10 Ω per square to strengthen the performance and 
broaden the applicability of these inks.

Sustainability discussion

In this work, the development of two sustainable inks for CC has 
been studied: one water-based and another solvent-based. For 
both inks, natural carbon particles were used as functional 
materials. As binder materials, biodegradable polymers have 
been used: cellulose and PLA. Cellulose has been demonstrated 
biodegradable when processing it with fungal enzymes or 
microbes53. PLA degrades through hydrolysis in moist 
environments. Moreover, degradation can be accelerated by 
adding certain enzymes (i.e.  proteinase K or bromelain)54. Used 
solvents, were PEDOT:PSS aqueous dispersion and Cyrene, 
which are classified by the supplier as a greener alternative 
products55,56. Moreover, Cyrene is a biomass coming solvent, 
has not known toxicity issues57 and European Union research 
has classified it as a safe bio-solvent58. Considering the hole 
materials, the developed inks can be considered sustainable for 
two main reasons: their materials are bio-based or 
biodegradable. 
Considering the electrode ink, the used binder is chitosan, 
which is a natural and biodegradable polymer under various 
conditions (enzymatic pathways, hydrolytic, thermal, oxidative 
degradation, etc.)59. The solvent is an aqueous dissolution of 
acetic acid, which has been demonstrated anaerobic 
degradation60. 
Reline electrolyte was prepared by combining choline chloride, 
which is a safe, non-toxic and biodegradable, and urea, which 
combination has been demonstrated biodegradable 61.The 
separator used in the SC, was a cellulose paper, which, as with 
the cellulose used to develop CC ink, is degraded under with 
fungal enzymes or microbes53. 
Although PET substrate and barrier are not degradable, the 
developed SC is a more sustainable option and a way to develop 
greener electronics. The substitution of these materials will be 
explored in further studies. 

Considering material recovery, some strategies should be 
followed at end-of-life of the devices. The first step should be 
the detachment of the SC structure. Afterwards, as both, the 
electrolyte and the electrode materials were aqueous solutions, 
strategies such as recovering materials by dissolving them on 
water could be followed to reprocess the materials. Considering 
PLA ink, similar strategy using Cyrene as solvent could be 
implemented to recover the materials present on the ink as 
shown in the Supplementary information (Figure S4). Other 
strategies such as solvothermal recovery should be analysed in 
other to be able to reprocess the used materials62. Like this, less 
material consumption and e-waste will be ensured. 

Conclusions
In this work, the synthesis of new sustainable conductive inks 
has been studied. Two different formulations have been 
achieved, using carbon particles as functional material. The 
obtained inks exhibit sheet resistances comparable to HCC ink 
(13.8 ± 0.1 Ω/sq). Formulation and sheet resistance values are 
collected on Table 10. Nevertheless, as the CNC based inks get 
cracked after applying on the substrate and drying, the CNC 
formulation is discarded for SC applications (Figure S2).
The inks formulated in this work represent an advance in the 
development of conductive sustainable inks. Previous research, 
such as the one made by Najafi et al.16 reported also the 
development of PLA based and green solvent inks with a 
maximum conductivity of about 55 S/m for a 0.3 mm printed 
layer. Brooke et al.17 reported a cellulose carbon ink achieving 
conductivities of 400 S/m. Comparing the conductivity obtained 
in this work, CNC_3 and PLA_3 ink presents a conductivity of 
5.3·103 S/m and 2.9·103 S/m respectively for a 30 microns ink 
applied layer. 
SCs were fabricated using the PLA ink-based CC ink together 
with a biobased activated carbon electrode ink. The EIS results 
show that the PLA ink delivers lower ESR than the HCC ink. 
Although the PLA ink layers have a rougher surface than the HCC 
coating, this texture increases the effective contact area 
between the printed layers, which in turn enhances the overall 
capacitance of the device.
We acknowledge that a fully decoupled analysis of mass 
loading, surface morphology, and CC properties would require 
a more systematic study with independently controlled 
variables. Such an investigation is beyond the scope of the 
present work but represents an important direction for future 
research.

Table 10. Composition of the sustainable developed inks and obtained sheet resistance.

% Functional 
MaterialName

% PCN % NGF

% 
Binder 

% Solvent 
Sheet 

resistance
(Ω/sq)

CNC_3 10% 17.5%
CNC: 
1.5%

PEDOT:PSS: 
71%

6.2 ± 0.1

PLA_3 9% 19.5%
PLA: 
7.5%

CYRENE: 
64.0%

11.4 ± 0.1
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In this study, our primary objective was to demonstrate the 
feasibility of the developed PLA-based ink as a multifunctional 
material for printed energy storage devices, using SCs as a 
representative application. A greener printed SC has been 
developed, by using sustainable materials on its printed layers. 
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