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The first report of conductive recycled polyethylene terephthalate glycol (rPETg) for additive manufacturing

and electrochemical applications is reported herein. Graphene nanoplatelets (GNP), multi-walled carbon

nanotubes (MWCNT) and carbon black (CB) were embedded within a recycled feedstock to produce

a filament with lower resistance than commercially available conductive polylactic acid (PLA). In addition

to electrical conductivity, the rPETg was able to hold >10 wt% more conductive filler without the use of

a plasticiser, showed enhanced temperature stability, had a higher modulus, improved chemical
resistance, lowered levels of solution ingress, and could be sterilised in ethanol. Using a mix of carbon
materials CB/MWCNT/GNP (25/2.5/2.5 wt%) the electrochemical performance of the rPETg filament was
significantly enhanced, providing a heterogenous electrochemical rate constant, K°, equating to 0.88
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(£0.01) x 1073 cm s compared to 0.46 (£0.02) x 10~ cm s™* for commercial conductive PLA. This

work presents a paradigm shift within the use of additive manufacturing and electrochemistry, allowing
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1. Introduction

Additive manufacturing, also commonly known as 3D-printing,
is compiled of various manufacturing processes that utilise
digital computer-aided design (CAD) files and processes them
into 3D physical objects through the application of consecutive,
layered cross-sections onto a build platform. It possesses
significant benefits over its more traditional formative and
subtractive manufacturing counterparts, such as: on-demand
manufacturing, lower (often zero) waste, rapid prototyping
capabilities, high degree of customisability, global reach as files
can be modified and sent anywhere in the world, and the ability
to create complex geometries such as nested and moving
structures or overhangs.' Fused Filament Fabrication (FFF) is
one type of additive manufacturing, which has seen widespread
adoption due to the relatively low-cost of FFF printers and the
simplicity of their use.” It involves the extrusion of a millimetre
scale thermoplastic polymer filament through a heated nozzle.
The movement of the print head draws the thin cross-section of
polymer onto the previous, where it cools and solidifies to make
the final 3D object. A wide range of commercial filaments are
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the production of electrodes with enhanced electrical, chemical and mechanical properties, whilst
improving the sustainability of the production through the use of recycled feedstock.

available for use on these printers, utilising different colours,
polymers, and composites to produce a final object with the
desired characteristics.

Polymer composite FFF filaments have become widely used
in the production of additive manufacturing electrochemistry
devices, primarily due to the low-cost of materials, ability to
create lab equipment in situ and flexibility to produce a range of
electrode geometries.®> Although the range of commercially
conductive FFF filaments is expanding,’ the most widely uti-
lised remains the carbon black/PLA composite, comprising of
<21.43 wt% carbon black, >65 wt% PLA and <12.7 wt%
unspecified polymer that acts as a plasticiser to improve the
low-temperature. To produce an adequate electrochemical
response the surface of the printed electrode is “activated”
(essentially stripped of excess polymeric material), which has
been achieved through various approaches with aqueous elec-
trochemical activation in basic conditions being the most
popular.®* Combining conductive PLA and electrochemistry has
been reported for a wide-range of applications, including
general sensors,® biosensing platforms,” fuel cells and electro-
lysers,® batteries,” and supercapacitors.*

Recently researchers have been reporting the production of
bespoke filaments, containing significantly higher loadings of
conductive filler, and providing enhanced electrochemical
performance.'* Additionally, there has been reports of using

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


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra08524d&domain=pdf&date_stamp=2024-03-08
http://orcid.org/0000-0002-8701-3933
http://orcid.org/0000-0002-0764-789X
http://orcid.org/0000-0002-0756-9764
https://doi.org/10.1039/d3ra08524d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08524d
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA014012

Open Access Article. Published on 08 March 2024. Downloaded on 12/4/2025 7:13:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

recycled feedstock and bio-based plasticisers to improve the
sustainability of additive manufacturing electrochemistry.”

The drive for improved sustainability stems from the
inherent problems with using PLA, such as the poor chemical
stability"® and ingress of solutions," effectively rendering
additively manufactured electrodes single-use items. Poor
chemical stability can be exacerbated though the use of additive
manufacturing due to surface and microstructural defects
produced by the printing process.*® Although PLA is insoluble
within the aqueous environments used in the electrochemistry
field, the inherent permeability of PLA is particularly poor when
compared to other common polymers. Solvent ingress like this
results in polymer swelling,"”® which can lead to structural
damage'® and changes in the bulk mechanical'” and electrical
properties of the polymer.**

An alternative way to combat the issues with using PLA is to
produce conductive filament from alternative thermoplastics,
that still produce excellent printability whilst introducing
enhanced chemical resistance. Polyethylene terephthalate
glycol (PETg) is an example of a thermoplastic that delivers
significant chemical resistance improvements when compared
to PLA."™*'® PETg offers resistance to water-miscible organic
solvents, including the low molecular weight alcohols, poten-
tially opening applications within the medical field as they can
be sterilised with ethanol.”® There has been reports in the
literature for the production of carbon filled PETg, with the
majority of this being carbon fibre filled for the purpose of
improved mechanical properties.*

Herein, we report the development of the first electrically
conductive PETg filament made from recycled feedstock
through embedding different conductive carbon materials into
the polymeric matrix. This work shows how additive
manufacturing filaments can be made with enhanced physical
and electrical properties, whilst being produced in a sustain-
able way.

2. Results and discussion

Recently researchers combining fused filament fabrication
(FFF) additive manufacturing with electrochemistry have been
reporting the production of bespoke filament that offers
improved electrochemical performance when compared to the
commonly used commercial conductive alternative,'*?*2124
Utilising PLA or recycled PLA as the base polymer for the fila-
ments allows for simple incorporation of conductive fillers, easy
activation of additively manufactured electrodes through
stripping of the surface PLA, and reproducible printing of parts
in various geometries.>**?» However, the use of PLA as a working
electrode has always been single-shot due to the ingress of
solution into the polymer matrix,** lack of simple surface
regeneration methods, and the instability of the polymer in
non-aqueous environments. To advance the field combining
both FFF and electrochemistry, new conductive materials are
required. In this work, we thoroughly report the fabrication and
electrochemical application of the first conductive PETg made
from recycled feedstocks.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.1. Production and characterisation of functional recycled
filament

All bespoke filaments in this work were produced through the
recycling of old additive manufacturing (3D-printed) parts of
polyethylene terephthalate glycol (PETE) filament. First, these
prints were shredded to create fine granules and dried in
a convection oven for a minimum of 2.5 h prior to use to remove
any residual water ingressed into the polymer. Non-conductive
recycled PETg (rPETg) filament was produced by simply passing
the shredded prints through an extruder and collecting the
filament. A scheme highlighting the production of conductive
additive manufacturing filament from the rPETg is shown in
Fig. 1A. Next, four different compositions of conductive rPETg
were made using 70 wt% rPETg and 30 wt% total carbon/
conductive filler. Specifically, the first composite used 30 wt%
only carbon black (CB), the second used 25 wt% carbon black
and 5 wt% multi-walled carbon nanotubes (MWCNT), the third
used 25 wt% carbon black and 5 wt% graphene nanoplatelets
(GNP), and the fourth used a combination of 25 wt% CB,
2.5 wt% MWCNT and 2.5 wt% GNP. In each case, the appro-
priate amounts of material were added to the chamber of
a rheomixer set to 230 °C and mixed using Banbury rotors for
5 min at 70 rpm. Once mixed, the material was extracted from
the machine and allowed to cool to room temperature before
being shredded. The composite was then passed through an
extruder to produce the electrically conductive filaments.
Interestingly, most reports of PLA with high conductive filler
loading require the addition of a plasticiser to ensure adequate
low-temperature flexibility for additive manufacturing (3D-
printing).’*»*2¢ In the case of PETg, all conductive filaments
produced showed high flexibility without any additional plas-
ticiser compound, as shown in Fig. 1B.

To initially investigate the suitability of our bespoke
conductive rPETg filaments compared to the commercially
available PLA, which has been utilised throughout the liter-
ature,?»3%42° we first measured the resistance across 10 cm of
filament. The commercial conductive PLA has a quoted resis-
tance from their manufacturer of between 2 and 3 kQ over
a 10 cm length of their 1.75 mm filament.** However, using
a standard digital multi-meter, the resistance measured across
the commercial filament was 1.31 £ 0.03 kQ over multiple
measurements (N = 6). On the other hand, following the same
procedure for our bespoke filaments, we observed that the
30 wt% CB rPETg filament did not produce a 10 cm resistance
reading, indicating no conductivity was present and this fila-
ment was therefore not tested further throughout this work. The
CB/MWCNT (25/5 wt%) filament produced a measurement of
3.45 + 0.27 kQ, the CB/GNP (25/5 wt%) filament produced
a reading of 1.50 & 0.13 kQ, and the CB/MWCNT/GNP (25/2.5/
2.5 wt%) filament produced a reading of 0.71 + 0.03 kQ. This
indicated that the mixed material filaments produced signifi-
cantly better conductivity throughout the polymer matrix, and
with all three carbon materials embedded in the rPETg filament
the conductivity is better than the commercially available PLA
filaments, alongside other benefits inherent from the plastic
physicochemical properties.

RSC Adv, 2024, 14, 8108-8115 | 8109


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra08524d

Open Access Article. Published on 08 March 2024. Downloaded on 12/4/2025 7:13:29 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Multi-walled Carbon Nanotubes
o

Shredded PETg
Prints

Thermal Mixing

Graphene Nanoplatelets

Filament Extrusion

Additive Manufacturing

100 4
804

60 4

Mass (wt%)

204

A
2,000 4

— PETg

— rPETg

= Conductive rPETg
— Conductive PLA

1,500 4

1,000 4

500 4

Modulus (MPa) E

> 0+

0 200

0
Temperature (°C)

Conductivo
Recycled
PETg

400 60 800
PLA

Conductive
PLA

PETg Ri‘gc:"

Fig. 1

(A) Schematic for the production of conductive recycled PETg additive manufacturing filament. (B) Photographs highlighting the flexibility

of the conductive rPETg filament. (C) Thermogravimetric analysis of the conductive rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt% MWCNT). (D) Plot of
the modulus obtained from tensile testing, with error calculated from three repeat samples.

Thermogravimetric analysis was performed on the CB/
MWCNT/GNP (25/2.5/2.5 wt%), Fig. 1C, to investigate the
temperature stability of the filament in comparison to the
original PETg filament used for previous prints, rPETg with no
fillers, and commercial conductive PLA filament. It is important
to analyse the original feedstocks to understand whether
historical processing or the subsequent thermal treatments
from producing the bespoke filament affect the stability of the
polymer. Additionally, through analysis of the final mass of the
filaments after the polymer degradation, accurate information
about the mass of conductive filler within the final filament can
be calculated. A summary of the data obtained from TGA
analysis can be found in Table 1, where it is clear that all PETg
based filaments have a higher onset of degradation temperature
than the PLA filaments, indicating enhanced thermal stability.
The bespoke CB/MWCNT/GNP (25/2.5/2.5 wt%) filament
recorded an onset temperature of 348 £ 1 °C compared to 304 +
2 °C for the commercially conductive PLA and 283 + 3 °C for
previously reported conductive recycled PLA."** Moreover, there

Table 1 Thermal and mechanical properties of the original PETg, r
conductive PLA. Summarising the degradation onset temperature, final
the standard deviations of three repeat measurements

is a reduction of ~20 °C in onset temperature between the non-
conductive PETg filaments and the CB/MWCNT/GNP (25/2.5/
2.5 wt%). As the rPETg did not show this large reduction in
onset temperature compared to the initial PETg, it is expected to
be due to the additional thermal mixing process required to
combine the carbon materials with the polymer. Both non-
conductive PETg filaments had final weights of ~7 wt%, this
was therefore subtracted from the final weight of the CB/
MWCNT/GNP (25/2.5/2.5 wt%) filament to obtain the mass
due solely to the conductive fillers, giving a value of 28 + 3 wt%.

Next, the mechanical properties of the CB/MWCNT/GNP (25/
2.5/2.5 wt%) were tested against the same filaments as above,
through the production of AM tensile testing specimen (Type IV,
ASTM D638). The modulus (N = 3) for each filament, Fig. 1D,
was calculated from their respective stress-strain plots, Fig. S1,f
and is summarised in Table 1. Interestingly the non-conductive
PETg used throughout this work gave lower modulus results
when compared to PLA, however when the carbon nano-
materials were added to the rPETg matrix a large increase was

ecycled PETg, conductive rPETg, commercial PLA and commercial
mass, conductive filler content and the modulus. The uncertainties are

Final mass Filler content
Filament Onset T (°C) (Wt%) (Wt%) Modulus (MPa)
PETg 371 £ 3 7+1 — 1008 + 97
rPETg 365 £ 5 7+£2 — 948 + 68
CB/MWCNT/GNP rPETg 348 + 1 35+ 1 28 + 3 1753 + 83
PLA 306 £ 4 — — 1574 + 75
CB PLA 304 + 2 20 + 4 20+ 4 1231 + 12
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observed. Without the conductive filler, the rPETg produced
a modulus of 948 + 68 MPa, compared to 1753 + 83 MPa with
the CB/MWCNT/GNP embedded. Such and improvement in the
modulus of plastic composites after adding these nano-
materials is attributed to their high intrinsic mechanical
properties.”> This value was also significantly higher than the
commercial CB PLA, indicating that the produced conductive
rPETg filament possessed an improved mechanical strength to
add to its improved thermal stability.

2.2. Physicochemical characterisation of additively
manufactured electrodes

As we demonstrated above, the CB/MWCNT/GNP rPETg fila-
ment produced the lowest resistance across the filament. This
filament was then utilised to print additive manufactured
electrodes, which could be used for electrochemical character-
isation. Throughout the literature, additively manufactured
electrodes have been “activated” to improve their electro-
chemical performance, by removing excess of non-conductive
polymeric material from the surface of the print, revealing
increased proportions of conductive filler.** Such electro-
chemical activation is typically carried out by applying chro-
noamperometry in NaOH (0.5 M). Activation profiles for the CB/
MWCNT/GNP rPETg and the commercial conductive PLA are
presented in Fig. 2A. Although similar profiles are observed in
both cases, an increase in current values is shown by the
conductive rPETg that indicates an improvement in the addi-
tively ~manufactured electrodes ability to perform

View Article Online
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electrochemical experiments. The activation profiles for the CB/
GNP (25/5 wt%) and CB/MWCNT (25/5 wt%) filaments can be
found in Fig. S2.1

To investigate the surface chemical composition of the
rPETg additively manufactured electrodes and confirm
successful activation, XPS analysis was performed. Fig. 2B and C
shows the C 1s and O 1s spectrum of the activated CB/MWCNT/
GNP (25/2.5/2.5 wt%) filament, whilst the non-activated spec-
trum can be found in Fig. S3.7 It can be seen that there are three
symmetric peaks fitted, identified as C-C/C-H bonding, C-O
bonding, and O-C=0 bonding, with the C-C/C-H bonding
peak of approximately 4 times the intensity of the other two.
Additionally, an asymmetric peak at 284.5 eV was required,
consistent with the X-ray photoelectron emission by graphitic
carbon, alongside a symmetric peak at ~291 eV assigned to the
m-* transitions seen within graphitic carbon.> Upon electro-
chemical activation of the rPETg AME, there is an increase in
the atomic concentration of the graphitic peak from 5.5% to
9.0%, indicating the successful activation of the AME. Inter-
estingly, for previous reports on bespoke conductive PLA fila-
ments, there is often a larger increase in the intensity of the
graphitic peaks upon electrochemical activation****?* than the
observed here for the bespoke rPETg, which indicates that this
activation procedure is less effective for PETg due to the
stronger chemical resistance of the polymer.*

Raman analysis was performed on the activated CB/
MWCNT/GNP (25/2.5/2.5 wt%) AME, Fig. 2D, showing the
characteristic intense peaks at 1338, 1572 and 2680 cm ™', which
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Fig. 2 (A) Electrochemical activation profiles for the rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt%s MWCNT) and commercial conductive PLA.

Activated using chronoamperometry in NaOH (0.5 M) at +1.4 V for 200 s and —1.0 V for 200 s. Performed using a nichrome wire counter
electrode and Ag|AgCl reference electrode (3 M KCl). (B) The XPS C 1s region for the rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt% MWCNT) after
electrochemical activation. (C) The XPS O 1s region for the rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt% MWCNT) after electrochemical activation. (D)
Raman spectra for rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt%s MWCNT) after electrochemical activation. (E) SEM image of the rPETg (25 wt% CB,
2.5 wt% GNP, 2.5 wt% MWCNT) electrode surface before electrochemical activation. (F) SEM image of the rPETg (25 wt% CB, 2.5 wt% GNP,

2.5 wt% MWCNT) after electrochemical activation.
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are assigned to the D-, G-, and 2D-bands of graphitic-like
structures, with an ID/IG ratio calculated to be 1.00.>* The
presence of these carbon materials on the surface of the addi-
tive manufactured electrodes is also confirmed through SEM
images before and after activation, Fig. 2E and F respectively.
The SEM images show the presence of the different conductive
fillers used, including the spheres of carbon black, sheets of
graphene and cylinders of MWCNTs, these morphologies
cannot be seen on the surface of non-filled PETg, Fig. S4.1 It can
be seen that even on the electrochemically activated sample
there is a large covering of polymeric material, providing more
evidence toward the improved chemical stability of the rPETg
filament in basic conditions when compared to previous reports
involving PLA.***?* In the micrograph of the activated AME,
Fig. 2F, there are also some clear perforations in the polymer
surface supporting the observations extracted from XPS analysis
indicating that there would be an enhanced amount of graphitic
carbon available and hence a better performance towards
electrochemical applications.

The physicochemical characterisation of the additively
manufactured electrodes printed from CB/MWCNT/GNP (25/
2.5/2.5 wt%) provides substantial evidence that the CB/
MWCNT/GNP  (25/2.5/2.5 wt%) rPETg filament offers
enhanced chemical stability toward alkaline conditions in the
same way non-conductive PETg offers improved chemical
stability over non-conductive PLA.™

2.3. Electrochemical characterisation

Electrochemical characterisation of the additively manufac-
tured electrodes printed from the three conductive rPETg fila-
ments was performed against common outer- and inner-sphere
redox probes hexaamineruthenium(m) chloride [Ru(NH;)e]**
and [Fe(CN)e]' ">~ and additionally benchmarked versus addi-
tive manufactured electrodes printed with commercially avail-
able conductive PLA filament. The use of scan rate studies in
[Ru(NH;)e]** allows for the best determination of the hetero-
geneous electrochemical rate constant (k°) and the real elec-
trochemical surface area (A.)** Fig. 3A presents an example of
the scan rate study obtained for the CB/MWCNT/GNP (25/2.5/
2.5 wt%) additive manufactured electrode against the near-ideal
outer sphere redox probe [Ru(NH;3)e]** (1 mM in 0.1 M KCI),
showing the classical redox peaks for the one-electron reduction
and oxidation. Fig. 3B shows a comparison between the three
bespoke conductive rPETg filaments using cyclic voltammetry
(25 mV s7") against [Ru(NH;)e]** (1 mM in 0.1 M KCl), where
a clear improvement in peak currents and peak-to-peak sepa-
ration (AE,) can be seen for the CB/MWCNT/GNP (25/2.5/
2.5 wt%) additively manufactured electrode. A summary of the
data obtained from the electrochemical studies in this work is
presented in Table 2. From inspection of Table 2 it can be seen
that the additive manufactured electrode printed from the CB/
MWCNT/GNP (25/2.5/2.5 wt%) rPETg filament produced the
best k° value of (0.88 + 0.01) x 10 cm s~ ', improving signif-
icantly compared to the other rPETg filaments tested and the
commercial conductive PLA, which produced a value of (0.46 +
0.02) x 10~° cm s~ *. This highlights the excellent performance

8112 | RSC Adv, 2024, 14, 8108-8115
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of the CB/MWCNT/GNP (25/2.5/2.5 wt%) rPETg filament toward
outer-sphere probes and is consistent with the resistance values
measured previously.

It is important to understand the electrochemical perfor-
mance of the CBIMWCNT/GNP (25/2.5/2.5 wt%) rPETg filament
against inner-sphere probes such as [Fe(CN)e]* 7, since it is
necessary to activate the electrodes beforehand. It was seen in
the XPS and SEM results that less surface polymer was removed
from the rPETg filament in comparison to the commercial
conductive PLA after activation, which could hinder the
performance against this type of probe. Fig. 3C presents the
Nyquist plots obtained through electrochemical impedance
spectroscopy (EIS) in [Fe(CN)s]* ">~ (0.1 M KCI) for both addi-
tively manufactured electrodes printed from the CB/MWCNT/
GNP (25/2.5/2.5 wt%) rPETg filament and the commercial
conductive PLA. It is demonstrated from Fig. 3C and Table 2
that both systems produced similar charge-transfer resistances
(Rcr) but interestingly, a significant improvement in solution
resistance (Rs) for the CB/MWCNT/GNP (25/2.5/2.5 wt%) rPETg
additively manufactured electrode. This indicates that the
resistance introduced into the system by the additively manu-
factured electrode is lower for the rPETg electrode at 0.35 £ 0.01
kQ compared to 0.78 £ 0.01 kQ for the commercial PLA. Even
so, the comparable Ry values indicates that the NaOH activa-
tion does not expose enough carbon due to excellent PETg
chemical stability in this media. Even greater performance
could be achieved for the rPETg through a different activation
procedure that revealed increased amounts of conductive filler
such as mechanical, plasma, or alternative chemical activation.
Similar indications are seen in Fig. 3D, showing the CV (50 mV
s') profile in [Fe(CN)s]**~ (0.1 M KCI) of the CB/MWCNT/
GNP (25/2.5/2.5 wt%) rPETg additively manufactured electrode
and commercial conductive PLA additively manufactured elec-
trode. It can be seen that there is a small improvement in peak
current and AE;, showing that the rPETg filament outperforms
the PLA electrochemically, even whilst not effectively activated
due to the intrinsic stability of the polymer.

As mentioned previously, a common issue with the use of
conductive PLA for the production of additively manufactured
electrodes is the ingress of solution into the polymeric matrix,
rendering the electrode ineffective after a single use."* Fig. 3E
shows cyclic voltammetric (50 mV s™') profiles for additively
manufactured electrodes in electrolyte only containing 0.1 M
KCl after they have been systematically cycled in [Ru(NH;)e]**
(1 mM in 0.1 M KCl) and washed with deionised water. It is
demonstrated that there is a significantly lower cyclic voltam-
metric response using the conductive rPETg, indicating that
these additively manufactured electrodes are more resistant to
experience ingressing of [Ru(NH;)s]>" into the electrode or
adsorbed onto the surface. This shows that the rPETg electrode
could be used multiple times with the right cleaning method-
ology developed, which would greatly reduce the environmental
impact of using single-shot additively manufactured electrodes.

One important application of additively manufactured and
electrochemistry is the development of point-of-care devi-
ces,**® where sterilisation of the sensing platforms is of vital
importance to reduce the risk of transmitting infections. Fig. 3F

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Scan rate study (5-150 mV s %) in [Ru(NHz)gl** (1 mM in 0.1 M KCl) performed with the rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt%
MWCNT) additive manufactured electrodes as the WE, nichrome coil CE, and Ag|AgCl as RE. (B) Cyclic voltammograms (25 mV s7) in
[RUNH3)el** (1 MM in 0.1 M KCl) performed with the rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt% MWCNT), (25 wt% CB, 5 wt% GNP), and (25 wt% CB,
5 wt% MWCNT) additive manufactured electrodes as the WE, nichrome coil CE, and Ag|AgClaas RE. (C) EIS Nyquist plots comparing rPETg (25 wt%
CB, 2.5 wt% GNP, 2.5 wt% MWCNT) with commercial PLA additive manufactured electrodes as the WE. Performed in [Fe(CN)gl*™*~ (1 mM in
0.1 M KCl) with a nichrome coil CE, and Ag|AgCl as RE. (D) Cyclic voltammograms (50 mV s™%) comparing rPETg (25 wt% CB, 2.5 wt% GNP,
2.5 wt% MWCNT) with commercial PLA additive manufactured electrodes as the WE. Performed in [Fe(CN)gl*™">~ (1L mM in 0.1 M KCl) with
a nichrome coil CE, and Ag|AgCl as RE. (E) Cyclic voltammograms (50 mV s ™) comparing rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt% MWCNT) with
commercial PLA additive manufactured electrodes as the WE after being previously used in [Ru(NHz)gl** (1 mM in 0.1 M KCl) and washed with
deionised water. Performed in 0.1 M KCl with a nichrome coil CE, and Ag|AgCl as RE. (F) Plot showing the change in peak current and peak-to-
peak separation for additive manufactured electrodes printed from rPETg (25 wt% CB, 2.5 wt% GNP, 2.5 wt% MWCNT) and commercial PLA after
being sonicated in ethanol (70%) for 10 min. Calculations based on cyclic voltammograms (50 mV s™) comparing rPETg (25 wt% CB, 2.5 wt%
GNP, 2.5 wt% MWCNT) with commercial PLA additive manufactured electrodes as the WE in [Ru(NHz)gl** (1 mMin 0.1 M KCl) with a nichrome coil
CE, and Ag|AgCl as RE.

represents the changes in cyclic voltammetric profile (50 mV
s ") for the [Ru(NH;)s]*" peak currents and AE,, before and after

only 17 £ 2 mV compared to 43 £ 2 mV for the commercial
conductive PLA, highlighting the improved chemical stability of

sonication of conductive rPETg additive manufactured elec-
trode for 10 min within a 70% ethanol solution as standard
sterilisation product. For the rPETg additive manufactured
electrode, it can be seen that there is only a small change in the
peak current after sonication, corresponding to an RSD = 6.0%,
which falls in line with natural variation between many addi-
tively manufactured electrode sensors.*” This is compared to the
conductive commercial PLA which exhibited an RSD = 21.3%.
For the change in AE,,, the rPETg electrode produced a shift of

the rPETg filament and the possibility of it to be sterilised prior
to use.

The improved electrochemical properties of the CB/
MWCNT/GNP (25/2.5/2.5 wt%) rPETg, alongside the improved
chemical, mechanical and thermal properties, highlights how
the use of filaments from this material could revolutionise the
combination of additive manufacturing electrodes
electrochemistry.

and

Table 2 Comparisons of the heterogeneous electron transfer (k°), electrochemically active area (Ao), EIS charge transfer resistance (R and
solution resistance (Rs) for the commercial conductive PLA and the three bespoke rPETg filaments. The uncertainties are the standard deviations

across three different additive manufactured electrode measurements

Filament K (x 107 ems™) A, (em?) Rs (kQ) Rer (kQ)
CB/MWCNT PETg 0.20 £ 0.04 0.32 £+ 0.03 0.89 + 0.02 21.4 £ 0.18
CB/GNP PETg 0.53 £+ 0.02 0.43 £+ 0.03 0.73 + 0.01 8.81 £+ 0.08
CB/MWCNT/GNP 0.88 + 0.01 0.48 + 0.02 0.35 + 0.01 5.11 + 0.04
rPETg

Commercial PLA 0.46 £ 0.02 0.54 &+ 0.02 0.78 £ 0.01 5.19 + 0.04

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

In this work we have presented the production of the first
electrically conductive PETg filament, made from recycled PETg
prints embedded with graphene nanoplatelets, multi-walled
carbon nanotubes and carbon black. The rPETg filament was
able to be fabricated without the addition of a plasticiser, whilst
still maintaining excellent low-temperature flexibility. The
rPETg filament had an improved temperature stability, chem-
ical resistance and modulus compared to that of the commer-
cially conductive PLA filament used regularly throughout the
literature. Electrochemical characterisation of additively man-
ufactured electrodes printed from the rPETg filament high-
lighted that a combination of all the carbon materials produced
a filament with improved conductivity. The CB/MWCNT/GNP
(25/2.5/2.5 wt%) rPETg filament showed a significantly
improved k° compared to the commercially conductive PLA,
emphasising the improved electrochemical performance in
addition to its other beneficial characteristics. The rPETg
additively manufactured electrodes showed significantly less
ingress of solution, indicating that it could be used more than
a single-shot electrode. Additionally, sterilisation in ethanol
translated in minimal changes in the electrochemical response,
opening the possibility for future use in healthcare settings.
This work presents a paradigm shift in how additive
manufacturing and electrochemistry can be combined to
produce high quality electrodes from different materials, whilst
still utilising recycled feedstock to further improve the
sustainability of the field.
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