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ABSTRACT

The development of high-performance, bespoke conductive filament is a challenge to overcome to increase the
uptake of additive manufacturing electrochemistry. In this work we report the first conductive filament
embedded with gold nanoparticles (AuNPs). This is achieved through the synthesis of AuNPs within castor oil
(AuNP-CO), a recognised plasticiser used to fabricate bespoke conductive filaments. The presence of AuNPs in
castor oil is first confirmed through UV-Vis and TEM measurements and after the AuNP-CO is utilised as a
substitute for CO within a filament composition comprising of 25 wt% carbon black, 65 wt% recycled PLA and 10
wt% AuNP-CO. The inclusion of AuNP-CO provided both enhanced electrical properties, as well as low-
temperature flexibility, without compromising on the thermal stability. This filament was shown to have
excellent printability, with the presence of AuNPs confirmed on the surface of the additively manufactured
electrodes. The electrodes containing AuNP-CO were benchmarked against only CO containing ones and a
commercial alternative, whereby the AuNP-CO electrodes provided enhanced electrochemical performance to-
ward both outer and inner sphere redox probes. Additionally, the AuNP-CO electrodes were shown to have
significantly enhanced electroanalytical properties toward the detection of dopamine, showing double the
sensitivity. We expect this first report of precious metal nanoparticle embedded conductive filament will broaden
the scope of additive manufacturing in electrochemistry and significantly increase the potential for commercially
viable products to emerge from this field.

1. Introduction

additive manufacturing offers globally connected production, allowing
designs and files to be sent and printed anywhere in the world. Due to

The production of novel, bespoke and highly conductive filament for
additive manufacturing is of great interest across many industrial and
academic sectors [1]. There are many techniques that fall under the
umbrella of additive manufacturing, however one of the lowest cost of
entries (and therefore attractive) is for Fused Filament Fabrication
(FFF), also known as Fused Deposition Modelling (FDM). This method-
ology operates by extruding and depositing thermoplastic material in
consecutive, thin-layered cross-sections, culminating in the production a
final 3-dimensional structure. FFF enables the rapid creation of bespoke
parts with complex geometries, offering high customisability, low pro-
duction costs and significantly reduced waste compared to traditional
formative or subtractive manufacturing techniques. Additionally,

these various reasons, the uptake of FFF has been high.

One emerging area within FFF is the application of additive
manufacturing in electrochemistry. The combination of commercially
available conductive filament and the current low-cost of good quality
printers, in addition to the advantages mentioned above, have increas-
ingly encouraged electrochemists to explore this area. However,
although conductive, the electrochemical performance of the commer-
cial filament is poor, and researchers have spent significant amounts of
time attempting to improve this whether optimising the design/printing
parameters [2] or activating the electrodes [3] with relative success.
Even so, the performance is still substantially substandard for additively
manufactured electrodes to compete with classical electrodes such as
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glassy carbon, boron-doped diamond, or even screen-printed electrodes.
As such, researchers have recently began producing their own bespoke
filament, allowing them to precisely control the conductive filler content
[4]. This started with the inclusion of carbon black (CB) in higher
loadings than reported in the commercial filament, providing signifi-
cantly enhanced electrochemical performance for energy storage [5]
and electroanalysis [6]. More recently, research has expanded into using
combinations of carbon allotropes in order to synergise their properties,
such as combining multi-walled carbon nanotubes (MWCNT) and CB for
enhanced conductivity [7] or through utilising graphite and CB to
maintain performance but lower the material cost [8].

These last reports are also examples of a great effort from researchers
to consider the environmental aspects of the filament by moving away
from petrochemical based carbon sources. Moreover, the sustainability
of conductive filaments has been an important area of research [9],
whereby reports aiming toward a circular economy electrochemistry
showed that conductive filament could be produced from coffee-pod
waste for the detection of caffeine [10]. This concept was taken
further to show that already used electroanalytical sensors could be
recycled into a new device, even if mixed material prints were used [11].
In addition to the carbon source and transition to recycled plastics [12],
researchers have looked to improve the sustainability of the plasticiser
within the bespoke filaments. The International Union of Pure and
Applied Chemistry (IUPAC) defines a plasticiser as “a substance incor-
porated into a material to increase its flexibility, workability, or distensibility”
[13]. Initial reports of bespoke conductive filaments used poly(ethylene
glycol) (PEG) [5,14] or poly(ethylene succinate) [10] as plasticisers, but
these compounds commonly require the use of organometallic catalysts
within their production. Alternatively, researchers have postulated the
use of a bio-based compound, namely castor oil [15]. This was shown to
offer excellent low-temperature flexibility to the filament, whilst offer-
ing low capacitance resolving the issue when filaments containing PEG
were applied for electroanalysis.

The drive for improved electrochemical performance whilst not
impacting the sustainability or biocompatibility of the filament has led
to an interest in gold nanoparticles (AuNPs). Although there have been
reports of AuNPs on additively manufactured electrodes, these examples
predominantly involved the post-print modification of the surface
through electrodeposition or electroplating [16], as established in the
literature for solid [17] or screen-printed [18] electrodes. However, to
maximise the manufacturing process and performance of 3D printed
electrodes, the metallic nanoparticles should be embedded within the
filament. In this regard, the synthesis of AuNPs within castor oil as re-
ported by da Silva et al. [19] is an intriguing proposition. In this work,
the authors synthesise colloidal nanoparticles which are directly
dispersed within castor oil using different methodologies. In this work,
we selected the reaction performed in alkaline media where a solution
with aqueous components for the AuNPs synthesis was mixed with
castor oil, and ethanol to help facilitate the transfer of the AuNPs from
the aqueous phase to the oil phase [20]. This intriguing approach could
allow for the castor oil to contribute dual-functionality within the fila-
ment, both improving the electrochemical performance and
low-temperature flexibility.

In this work, we propose the synthesis of AuNPs within castor oil,
followed by the production of highly conductive additive manufacturing
filament from recycled poly(lactic acid) (PLA). The combination of both
conductive carbon nanofiller and AuNPs will enhance the performance
of the filament, whilst also not requiring post-print modification to
incorporate the nanoparticles. We believe this work introduces a step-
change in the way conductive additive manufacturing filament can be
produced and opens a wide variety of new fields of exploration for the
area of additive manufacturing electrochemistry.
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2. Experimental section
2.1. Chemicals

All chemicals used throughout this work were used as received
without any further purification. All aqueous solutions were prepared
with deionised water of a measured resistivity not less than 18.2 MQ cm,
sourced from a Milli-Q Integral 3 system from Millipore UK (Watford,
UK). Hexaammineruthenium (III) chloride (98 %), castor oil (98 %),
potassium ferricyanide (99 %), potassium ferrocyanide (98.5-102 %),
sodium hydroxide (>98 %), potassium chloride (99.0-100.5 %), gold
(II) chloride trihydrate (>99.9 %), dopamine hydrochloride (98 %),
potassium hydroxide (99.99 %), ethanol absolute (Pure, 200 proof) and
phosphate-buffered saline (PBS) tablets were purchased from Merck
(Gillingham, UK). Carbon black was purchased from PI-KEM
(Tamworth, UK). Recycled poly(lactic acid) (rPLA) was purchased
from Gianeco (Turin, Italy). Commercial conductive PLA/carbon black
filament (1.75 mm, ProtoPasta, Vancouver, Canada) was purchased
from Farnell (Leeds, UK).

2.2. Synthesis of AuNPs in CO

To synthesise the AuNPs, CO (10 mL), ethanol (10 mL), gold (III)
chloride trihydrate (2 mL, 30 mM aqueous solution), and potassium
hydroxide (KOH) (1 mL, 0.1 M aqueous) were added to a 100 mL round
bottom flask. The solution was stirred vigorously at room temperature
until a greyish/black suspension was observed (~15 min). After this, the
solution was set to reflux at 80 °C for 24 h, whereby the solution changes
to a red colour. The oil phase was then decanted from the biphasic
mixture, washed further with water (10 mL), and separated again.
Finally, the separated oil phase was centrifuged, and remaining water
drops separated using a pipette. The AuNP-CO is then ready to use.

2.3. Recycled filament production

All rPLA was dried in an oven at 60 °C for a minimum of 2.5 h before
use to remove any residual water in the polymer. The polymer compo-
sitions were prepared through the addition of appropriate amounts of
rPLA (65 wt%), CB (25 wt%), and either CO or AuNP-CO (10 wt%) in a
chamber of 63 cm®. The compounds were mixed using a Thermo Haake
Polydrive dynameter fitted with a Thermo Haake Rheomix 600
(Thermo-Haake, Germany) at 190 °C with Banbury rotors at 70 rpm for
5 min. The resulting polymer composites were allowed to cool to room
temperature before being granulated to create a finer particle size using
a Rapid Granulator 1528 (Rapid, Sweden). The polymer composites
were collected and processed through the hopper of a EX2 extrusion line
(Filabot, VA, United States). The EX2 was set up with a single screw with
a heat zone of 195 °C. The molten polymer was extruded from a 1.75 mm
die head, pulled along an Airpath cooling line (Filabot, VA, United
States) and collected on a spool. After which the filament was then ready
to use for Additive Manufacturing (AM).

2.4. Additive manufacturing of the electrodes

All computer designs and 3MF files in this manuscript were produced
using Fusion 360® (Autodesk®, CA, United States). These files were
sliced and converted to GCODE files in PrusaSlicer (Prusa Research,
Prague, Czech Republic). The additive manufactured electrodes were
produced using fused filament fabrication (FFF) technology on a Prusa
i3 MK3S+ (Prusa Research, Prague, Czech Republic). All additive
manufactured electrodes were printed using identical printing parame-
ters, namely a 0.6 mm nozzle with a nozzle temperature of 215 °C, 100
% rectilinear infill [2a], 0.15 mm layer height, and print speed of 35 mm
s1. Electrodes were printed on smooth PEI steel sheet heated up at 50
°C, without additional conditioning.
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2.5. Physicochemical characterisation

Scanning Electron Microscopy (SEM) micrographs were obtained
using a Crossbeam 350 Focussed Ion Beam — Scanning Electron Micro-
scope (FIB-SEM) (Carl Zeiss Ltd., Cambridge, UK) fitted with a field
emission electron gun. Secondary electron imaging was completed using
a Secondary Electron Secondary Ion (SESI) detector. Samples were
mounted on the aluminium SEM pin stubs (12 mm diameter, Agar Sci-
entific, Essex, UK) using adhesive carbon tabs (12 mm diameter, Agar
Scientific, Essex, UK) and coated with a 5 nm layer of Au/Pd metal using
a Leica EM ACE200 coating system before imaging.

Transmission Electron Microscopy (TEM) was performed at Univer-
sity of Nottingham (UK). The sample was deposited onto a Cu 300 mesh
graphene oxide support grid (EMResolutions) and washed with hexane
to remove the castor oil. After drying overnight under vacuum, the
sample was imaged on a JEOL 2100F TEM, operating at 200 kV equip-
ped with a Gatan K3 direct electron camera. An objective aperture and
nominal under focus conditions were applied. Images were collected in
three separate regions of the TEM grid.

Thermogravimetric analysis (TGA) was performed using a Discovery
Series SDT 650 controlled by Trios Software (TA Instruments, DA, USA).
Samples made of pieces of filament were mounted in alumina pans (90
uL) and tested using a ramp profile (10 °C min~!) from 0 — 800 °C under
N3 (100 mL min’l).

X-ray diffraction (XRD) measurements were performed on the 3D
printed electrodes using only castor oil and AuNPs in castor oil as
plasticiser, respectively, to obtain the structural information using
PANalytical X’Pert Powder X-ray diffractometer with Cu (A = 1.54 f\) as
the source with 45 kV voltage and 40 mA current settings. The data were
collected in a continuous mode over the 20 scan range of 5° — 90°, with a
step size of 0.01° for 108 s per step at room temperature under ambient
conditions. The samples were spinning at 16 rpm during the measure-
ments for uniform data collection. PreFIX module on the incident beam
side with the automatic divergence and fixed anti-scatter slit of 4° along
with PreFIX module on the diffracted side with PIXcel 1D detector in
scanning line mode with programmable anti-scatter slit were used to
collect the diffraction patterns from a constant irradiated length of 0.5
mm.

2.6. Electrochemical experiments

All electrochemical experiments were performed on an Autolab 100
N potentiostat controlled by NOVA 2.1.7 (Utrecht, The Netherlands).
Identical additive manufactured electrodes were used throughout this
work for all filaments, printed in a lollipop shape (@ 5 mm disc with a
connection stem of 8 mm connection length, 2 mm width and 1 mm
thickness [2b]) (Figure S1A) alongside an external commercial Ag|
AgCl/KCl (3M) reference electrode with a nichrome wire counter elec-
trode. All solutions of [Ru(NH3)s]> were purged of Oy thoroughly using
Ny prior to any electrochemical experiments. Solutions of [Fe(CN)6]4'/ 3-
were prepared in the same way without the need of further degassing.

Electrochemical impedance spectroscopy (EIS) was recorded in the
frequency range 0.1 Hz to 100 kHz applying 10 mV of signal amplitude
to perturb the system under quiescent conditions. NOVA 2.1.7 software
was used to fit Nyquist plots obtained to adequate equivalent circuit.

Activation of the additive manufactured electrodes was performed,
where applicable, electrochemically in NaOH (0.5 M), as described in
the literature [21]. Briefly, the additive manufactured electrodes were
connected as the working electrode in conjunction with a nichrome wire
coil counter and Ag|AgCl/KCl (3 M) reference electrode and placed in a
solution of 0.5 M NaOH. Chronoamperometry was used to activate the
additive manufactured electrodes by applying a set voltage of + 1.4 V for
200 s, followed by applying — 1.0 V for 200 s. The additive manufac-
tured electrodes were then thoroughly rinsed with deionised water and
dried under compressed air before further use.
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3. Results and discussion

3.1. Synthesis of gold nanoparticles (AuNPs) in castor oil and
incorporation into filament

To enhance the electrochemical performance of electrically
conductive additive manufacturing filament, we propose embedding
AuNPs within the filament in addition to the conductive carbon allo-
tropes. We look to achieve this through the combination of synthesis of
AuNPs within castor oil to create AuNPs modified CO (AuNP-CO), fol-
lowed by the use of this as the plasticiser within conductive recycled PLA
filament, as described previously with unmodified CO [15].

To synthesise the AuNPs, a known technique using KOH and high
temperatures to reduce Au(IIl) salts was applied. The nucleation of the
highly charged AuNPs starts in the aqueous phase, the a priori not fav-
oured transfer to the organic (oil) phase occurs in the first 2 h of the
reaction, leading to stable colloids of AuNPs in castor oil [19]. The
unique physicochemical properties of CO and its role as green source of
capping agent in nanoparticles’ syntheses is attributed to its main con-
stituent, ricinoleic acid [20,22] — an 18-carbon fatty acid that contains
a hydroxyl group at the carbon 12 (Figure S2). According to the litera-
ture, due to the presence of hydrogen bonds between such hydroxyl
groups present in the molecular structure of the castor oil and the
oxygenated negatively charged groups that surround the AuNPs syn-
thesised in KOH, the colloidal stabilisation of the AuNPs in castor oil
occurs [19]. Thus, the colour change accompanying the synthesis of the
AuNPs in CO from pale yellow/colourless to a reddish solution is illus-
trated in Fig. 1A and 1B, where a comparison between the pure castor oil
and the modified CO is presented.

The UV-Vis absorption spectra obtained for the AuNP-CO solution is
presented in Fig. 1C, where a clear peak is observed that is centred at
535 nm, showing good agreement with previous reports for AuNPs in
this environment [19,20].To confirm the presence of AuNPs TEM
analysis was performed, Fig. 2, where it can be seen that spherical
colloidal AuNPs were present in the system at ~30 nm in size.

Once the presence of AuNPs was confirmed within the CO, this
AuNP-CO was utilised for the production of conductive additive
manufacturing filament. Previously, CO has been used as a plasticiser
with 25 wt% of CB within recycled PLA, and as such we use this as a
benchmark (alongside a commercially available conductive PLA fila-
ment) for our modified AuNP-CO. The new filament was produced in the
same way, using the thermal mixing methodology [4] described in the
Section 2.3. There was no discernible difference in the low-temperature
flexibilities between the CO filament and the AuNP-CO filament, indi-
cating that both would have good printability (Figure S1B and S1C).
Thermogravimetric analysis was performed on the filaments, Fig. 3A,
where there is no significant change in the onset of degradation tem-
perature. The CO filament produced an onset temperature of 283 + 4 °C,
while the AuNP-CO filament had a value of 281 + 3 °C, which indicated
that the inclusion of AuNPs did not have a negative effect on the tem-
perature resistance of the filament. It can be seen that both the modified
filaments have a higher onset temperature than pure castor oil, indi-
cating that once mixed into the polymer composite some stabilisation is
observed. Using TGA, the actual filler content of the filaments was also
confirmed, which corresponded to 23 + 2 wt% and 25 + 2 wt% for the
CO and AuNP-CO filaments, respectively. As with previous work, the
bulk resistance across 10 cm of filament was measured as this allows
benchmarking to other bespoke filaments, as well as the commercial
conductive PLA. The AuNP-CO filament produced a resistance across 10
cm of 644 + 25 Q, which shows an improvement, presumably due to the
presence of highly conductive AuNPs, compared to the only CO filament
of 864 + 54 Q [15], and the commercial conductive PLA of 2-3 kQ.
Following this, the filaments were used to print additively manufactured
electrodes to benchmark their electrochemical responses.

Within Fig. 3B is an SEM micrograph showing the surface of the
additively manufactured electrode, where a large concentration of
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Fig. 1. Photographs of the A) unmodified castor oil, and B) AuNPs modified castor oil. C) UV-Vis spectra obtained for the AuNPs modified castor oil.

Fig. 2. TEM images for the synthesised AuNPs.

spherical CB particles can be observed, with areas of polymer in be-
tween. The availability of the CB indicates that the electrode would
perform well for electrochemical reactions; however, due to the particle
size and shape of CB it is difficult to confirm the presence of AuNPs
through this method. As such, EDX was applied, Fig. 3C-E, where sample
mapping indicated the presence of Au on the surface of the additively
manufactured electrode. It is noted that the concentration of AuNPs is
expected to be low as the AuNP-CO only makes up 10 wt% of the fila-
ment, and the AuNPs are only a fraction of this 10 wt%. Finally, X-ray
diffraction analysis on the additively manufactured electrode fabricated
using AuNP-CO were carried out (Figure S3). It can be observed that the
material displays a broad peak between 26 angles of 10 to 25°, which is
due to the scattering of the poorly crystalline matrix of rPLA [23].
Additionally, the expected small diffraction peaks that could be detected
on the AuNP-CO electrode appeared at 38.3°, 44.4°, and 77.7°, corre-
sponding to (111), (200) and (311) planes of Au, respectively (JCPDS
No. 04-0784) [24]. After confirming the successful production of fila-
ment and additively manufactured electrodes from the AuNP-CO, we
now look to electrochemically characterise the electrodes.

3.2. Electrochemical characterisation of the additive manufactured
electrodes

Once physicochemically characterised, the electrochemical perfor-
mance of the electrodes printed from AuNP-CO filament was explored
and benchmarked against a bespoke CO filament prepared in the same
way as reported previously [15], and the commercial conductive fila-
ment. The electrodes printed from these filaments were tested against
both the near-ideal outer-sphere redox probe [RU(NH3)6]3+ (1 mM in
0.1 M KCD), and the commonly used inner-sphere probe [Fe(CN)el* (1
mM in 0.1 M KCl). Scan rate studies against [Ru(NH3)6]3Jr (1mMinO.1
M KCl) are performed first, as they allow for the best determination of
heterogeneous electron (charge) transfer rate constant (k% and the real
electrochemical surface area (A.) [25]. The cyclic voltammograms ob-
tained from the scan rate study (5-500 mV s™1) for the AuNP-CO elec-
trode are presented in Fig. 4A, with an example for the CO filament and
commercial filament shown in Figure S4. In all three cases the expected
redox peaks are obtained for the one electron reduction and oxidation of
[Ru(NH3)6]3" at ~ —0.2 V and ~ —0.1 V respectively. Within all graphs
the inset shows the appropriate Randles-Sevéik plot, where the linearity
in all cases confirms the diffusion-controlled nature of the redox process.
Fig. 4B presents a comparison of the cyclic voltammograms obtained at
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Fig. 4. A) Cyclic voltammograms (5 — 500 mV s of [Ru(NH3)e13*(1 mM in 0.1 M KCl), using an additively manufactured electrode printed from the AuNP-CO
filament. B) Cyclic voltammograms (25 mV s~ 1) of [Ru(NH3)e]>"(1 mM in 0.1 M KCI) performed using additively manufactured electrodes printed from the AuNP-CO

(red), CO (blue), and commercial (black) filaments.

25 mV s ! for the AuNP-CO, CO, and commercial electrodes. It can be
seen clearly that both bespoke filaments offer significant improvements
over the commercial, in terms of peak current (I,) and peak-to-peak
separation (AEp). The AE, improved from 250 mV for the commercial
filament to 110 mV for both bespoke filaments, which highlights the
significant improvement in electrochemical performance that can be
obtained through bespoke filaments. Although there is no observed

improvement in the AEj, for the AuNP-CO filament over the CO filament,
there is a large increase in the measured peak current. This increased
from 75 pA for the CO electrode to 95 pA for the AuNP-CO electrode,
which shows a significant improvement attributed to the increased
surface area provided by the AuNPs despite the overall low loading.
From the scan rate studies within [Ru(NH3)6]3Jr the k° for each
electrode was calculated as 1.48 x 107> + 2,50 x 10™* cm s~! for the
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AuNP-CO, 1.94 x 1072 £ 8.01 x 10™* em s™* for the CO, and 5.77 x
107* £ 7.63 x 107° em s ! for the commercial. Clearly there is a large
increase in the k? when moving from commercial filament to bespoke.
For the A, there is a large increase from the commercial filament at 0.34
+ 0.06 cm? to 0.46 + 0.23 cm? for the CO bespoke, with a further in-
crease to 0.61 + 0.03 cm? for the AuNP-CO electrode. This increase in
the electrochemical surface area is once more attributed to the presence
of the AuNPs on the electrode.

Following analysis against [Ru(NH3)s]”", the electrodes were tested
against the commonly used inner-sphere probe [Fe(CN)g] (1 mMino0.1
M KCl). The scan rate studies (5-500 mV s~!) obtained for each elec-
trode is provided in Figure S5. It is worth noting that the two peaks
observed for the AuNP-CO responses in [Fe(CN)6]4' (Figure S5C) evi-
dences the presence of a mixed material with differences in their ki-
netics. Fig. 5A shows two sets of comparisons for the AuNP-CO (red), CO
(blue) and commercial (black) electrodes. On the bottom is a compari-
son of as-printed electrodes toward [Fe(CN)g] 4 for each of these fila-
ments, where it can be seen that essentially no redox process is seen for
the commercial electrode. This response to inner sphere probes is ex-
pected for the commercial filament, which explains so much research
that has been reported into improving the performance through either
optimising the printing/design parameters [2a,2b,2d-f] or through
activation of the electrode [3].

In contrast, both of the bespoke filaments show clear redox peaks for
the [Fe(CN)6]4' redox couple, although the AE,, values are significantly
larger than ideal. It can be seen that the AuNP-CO electrode gives the
best performance out of the as-printed electrodes in terms of both AE,
and I, indicating that these electrodes have an improved electro-
chemical performance. This agrees with the intrinsic properties of this
filament, where AuNPs infused in the CO plasticiser helps coat the CB
particles in the structure of the filament, providing more natural reac-
tivity towards the inner-sphere redox probe without the need of the
electrode activation. When considering the activated electrodes,
whereby the activation was electrochemically performed within NaOH
(0.5 M) as described in the literature [21], there is a clear improvement
in the electrochemical performance of all electrodes. The commercial
electrode now produces a pair of redox peaks with a AE;, of ~500 mV,
which is an improvement but still significantly worse than the bespoke
electrodes that both produce values of ~350 mV. Additionally, both
bespoke filaments provide a significant enhancement in the I, compared
to the commercial. It is interesting to note that the activation appears to
have a more significant impact on the CO electrode than the AuNP-CO

]3+
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electrode. The activated electrodes were then tested through electro-
chemical impedance spectroscopy, within [Fe(CN)6]4'/ 3= (1 mM in 0.1
M KCl), with the associated Nyquist plot shown in Fig. 5B. From the
Nyquist plot, both the solution resistance (Rg) and charge-transfer
resistance (R¢y) can be established, which helps us understand the
resistance introduced to the system by the additively manufactured
electrode themselves and the resistance toward the electrochemical
process occurring respectively. It can be seen that the expected
semi-circular response is obtained for all three electrodes, however the
magnitude of this is significantly reduced for the bespoke electrodes,
hence a magnified inset is provided. Through appropriate fitting of the
Nyquist plots, the Rg for each electrode was obtained as 156 + 1 Q for
the AuNP-CO, 199 =+ 1 Q for the CO, and 1121 =+ 8 Q for the commercial.
The slight improvement obtained for the Rg of the AuNP-CO bespoke
filament compared to the CO filament and significant increase from the
commercial filament is expected when considering the resistance values
obtained from the raw filaments. When considering the Rcr of the
electrodes we observed that the AuNP-CO electrode performed the best,
with a resistance of 274 + 6 Q, compared to 323 £ 5 Q for the CO and
8914 + 192 Q. All this electrochemical data confirms that the inclusion
of AuNPs within the castor oil plasticiser improves the electrochemical
performance of the additively manufactured electrodes. We now look
toward the response of the electrodes within an electroanalytical
application.

3.3. Electroanalytical determination of dopamine

To observe how the electrochemical performance of additively
manufactured electrodes printed from the AuNP-CO filament translates
into the electroanalytical performance, tests were run against dopamine.
Fig. 6A shows the first exploratory cyclic voltammograms (50 mV s~ 1)
performed for dopamine (1 mM in 0.01 M PBS, pH = 7.4), where the
impressive performance of the AuNP-CO filament can be seen once
again. There is an increase in the I, as well as a significant reduction in
the oxidation peak potential, which shows agreement with the excellent
electrochemical kinetics seen earlier. It should be noted how the inclu-
sion of such a low loading of AuNPs within the small volume of plasti-
ciser compound improves the bespoke composition significantly.

These electrodes were then applied to the electroanalytical deter-
mination of dopamine, with the obtained calibration plots shown in
Fig. 6B. It can clearly be seen that the AuNP-CO electrode produces the
best results. Together with an impressive linearity displayed when
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Fig. 5. A) Two plots (top = activated, bottom = as-print) of cyclic voltammograms (25 mV s™1) of [Fe(CN)e]* (1 mM in 0.1 M KCI) performed using additively
manufactured electrodes printed from the AuNP-CO (red), CO (blue), and commercial (black) filaments. B) Nyquist plots obtained through electrochemical
impedance spectroscopy in [Fe(CN)¢]*/>~ (1 mM in 0.1 M KCI) performed using additively manufactured electrodes printed from the AuNP-CO (red), CO (blue), and
commercial (black) filaments. Inset is a magnification of the two bespoke filaments.



E. Bernalte et al.

Applied Materials Today 42 (2025) 102578

A A
2501 —— Commercial CB/PLA + Commercial CB/PLA
—— CB/ Castor Oil/PLA 304 * CBiCastor OillPLA
2004 —— CB/ AuNPs Castor Oil/PLA * CB/AUNPs Castor Oi/PLA
25
— 1501 y =0.268x + 1.233
3 <20 R2 = 0.992
- 100 =
8 €
£ S 15 y = 0.140x + 0.743
35 50 = 2
o 3 R? =0.983
© 10
04
50 5 y = 0.095x + 0.262
R? = 0.994
-100 04
T T T T T T T T T R T T T T T >
06 -04 -02 00 02 04 06 08 10 12 14 0 20 40 60 80 100
Potential vs. Ag/AgCI Concentration (uM)

Fig. 6. A) Cyclic voltammogram (50 mV s~ ) for dopamine (1 mM in 0.01 M PBS, pH = 7.4) performed using an additively manufactured working electrode printed
from the AuNP-CO (red), CO (blue) and commercial (black) filaments. B) Calibration plots for the detection of dopamine (5 — 100 pM) using differential pulse
voltammetry and additively manufactured working electrodes printed from the AuNP-CO (red), CO (blue) and commercial (black) filaments.

increasing the concentration of dopamine, the AuNP-CO electrode pro-
duced a sensitivity for the detection of 0.268 pA pM~! and a limit of
detection (LOD) of 7.1 pM, compared to 0.14 pA pM ! and LOD of 11.6
HM for the CO electrode, and 0.095 pA pM ! and LOD of 17.2 pM for the
commercial electrode. These significant improvements clearly show the
effect of embedding AuNPs within a conductive filament. Importantly,
this work shows a novel method for the development of conductive
additive manufacturing filament containing metal nanoparticles
through the synthesis within the bio-based oil employed as plasticiser,
meaning that this chemical serves an electrochemical purpose as well as
improving the low-temperature flexibility. We believe this filament has
a chance to revolutionise the field of additive manufacturing electro-
chemistry, as the inclusion of metallic nanoparticles such as gold within
the filament paves the way for alternative methods offering significant
scope for further modification post print, whilst removing a costly and
timely step from the manufacturing process.

4. Conclusions

Within this work we report the first production of a AuNP embedded
conductive additive manufacturing filament. Through simple low-cost
formation of AuNPs within castor oil, we show that this can be used
not only as a plasticiser to improve low-temperature flexibility, but also
as a key contributor to the electrochemical performance. The presence of
AuNPs within the castor oil was confirmed through the colour change of
the oil, UV-Vis spectroscopy, and TEM imaging of the nanoparticles. The
AuNP modified castor oil was included withing a polymer composite at
10 wt%, alongside 25 wt% carbon black and 65 wt% recycled PLA. The
inclusion of AuNPs within the castor oil did not negatively affect the
low-temperature flexibility of the filament or the thermal stability as
confirmed by TGA. The presence of AuNPs within the additively man-
ufactured electrode was confirmed through EDX analysis. The electrodes
were electrochemically tested against both outer and inner sphere
probes and benchmarked against a CO only bespoke filament and a
commercial alternative. It was seen that the AuNP-CO electrodes pro-
duced the best performance in all cases due to the excellent conductive
properties and high surface area of the AuNPs, as they displayed the
highest current values, lowest peak-to-peak separation in CVs and
lowest Rct within EIS measurements. This translated into the electro-
analytical response for dopamine where the AuNP-CO electrode pro-
duced a sensitivity of 0.268 pA pM %, compared to 0.14 pA pM " for the
CO electrode and 0.095 pA pM~! for the commercial electrode

highlighting the excellent performance of this filament. We foresee this
report of the first precious metal nanoparticle embedded filament to
open up various avenues of future research for the field of additive
manufacturing electrochemistry.
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