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Additive manufacturing electrochemistry offers transformative potential for developing bespoke, low-cost
electrodes for electroanalytical applications. However, ensuring sustainability in this rapidly expanding field
is essential, requiring alignment with green chemistry principles, the circular economy, and the United Nations

lsgi(;::iirabili Sustainable Development Goals (SDGs). This study addresses this challenge by developing the first biochar-based
Electrochemtiystry conductive additive manufacturing feedstock, combining recycled PLA, bio-based castor oil, carbon black, and

Circular economy softwood-based biochar (SWP10). Filaments with varying SWP10 content (1-40 %) were produced, with up to

PLA 20 wt% SWP10 (SWP10-20) maintaining good printability. Electrochemical characterisation identified
SWP10-2.5 (2.5 wt%) as the optimal composition, achieving improved electrochemical performance while
enhancing sustainability. Both SWP10-2.5 and SWP10-20 were tested for electroanalytical applications,
demonstrating their effectiveness in detecting carbendazim, an important environmental contaminant. The
electrodes exhibited low limits of detection (57 nM for SWP10-2.5 and 78 nM for SWP10-20) and wide linear
ranges (0.2-40 puM), outperforming several previously reported sensors. Furthermore, both electrodes were
successfully applied for the detection of carbendazim in spiked real river and lake water samples, achieving
recoveries between 92.5 % and 107.2 %. These results demonstrate that by optimising biochar and carbon black
ratios, it is possible to enhance the sustainability of conductive additive manufacturing materials without
compromising electrochemical or electroanalytical performance. This work highlights a pathway toward more
environmentally friendly electroanalytical platforms, supporting the SDGs while addressing real-world chal-
lenges in environmental monitoring and sensor development.

1. Introduction to foster global cooperation, and encouraging innovation to produce

balanced and integrated approaches to sustainable development. Many

The Sustainable Development Goals (SDGs) published by the United
Nations (UN) are a crucial, comprehensive framework designed to be the
blueprint for peace and prosperity for people and the planet [1]. They
take a holistic approach to tackling the world’s most pressing chal-
lenges, including poverty, inequality, climate change, environmental
degradation, peace, and justice. The SDGs apply to all countries, aiming
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of the SDGs primarily aim to protect the planet by focussing on sus-
tainable practices and conserving natural resources. This includes Goal
12 entitled “Responsible Consumption and Production”, which aims to
achieve the sustainable management and efficient use of natural re-
sources by 2030 by reducing the amount used and minimising waste
throughout production processes [2].

2352-4928/© 2025 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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One manufacturing methodology that has received significant
attention due to its strong synergy with Goal 12 of the SDGs is additive
manufacturing (AM) [3,4] due to its significant material and energy
efficiency, on-demand production, recycling capabilities, and localised
production. AM encompasses 7 unique manufacturing processes that all
create 3-dimensional objects in a layer-by-layer pattern. Of the available
techniques, Fused Filament Fabrication (FFF, also known as Fused
Deposition Modelling or FDM) is one of the most utilised globally due to
its low-cost of entry, small machine size, and commercially available
low-cost materials, making it popular with industry, academia, and
home enthusiasts alike. FFF functions through the deposition of thin,
micrometre lines of thermoplastic material, using these to build up the
final 3-dimensional object. Improvements in the sustainability of FFF
have come through various avenues such as enhancing the energy effi-
ciency of machines, optimising print parameters to increase material
efficiency, transitioning toward recycled materials [5,6], and devel-
oping printable bio-based materials [7,8].

One area of research that has seen a rapid increase in the number of
publications utilising FFF is additive manufacturing electrochemistry,
due to the excellent sensing capabilities and low cost of electrochemistry
[9-11], where it has been used to make electrochemical cells, acces-
sories [12], equipment [13], and electrodes [14]. For the last purpose,
commercially available conductive filament was initially explored, with
researchers concentrating efforts in optimising the printing parameters
[15-18], post-print treatment [19-21], and electrode designs [22]. Even
so, the electrochemical performance of these systems was hindered by
the poor conductivity of the material. As such, researchers have begun
producing their own bespoke filament with enhanced electrochemical
properties [23], improved chemical resistances and stabilities [24-27],
as well as improved sustainability [28,29]. In this regard, Sigley et al.
[30] were the first to report the use of recycled plastic in their
conductive filament production. They utilised recycled poly(lactic acid)
(rPLA) derived from disposable coffee pods to produce filament, finally
using this to detect caffeine within tea and coffee samples and coining
the term circular economy electrochemistry. Further work has been
developed by research team who have reporting the first additive
manufacturing filament embedded with gold nanoparticles using rPLA
[31] and also the first production of the a conductive filament comprise
of poly(propylene and carbon black. [32] Various avenues have been
explored to improve the sustainability of the conductive filament re-
searchers are producing, such as changing from synthetic plasticisers to
natural bio-based alternatives [33-35], and replacing parts of the
petrochemical derived carbon sources with naturally occurring ones
[36,37]. In this regard, biochar becomes an intriguing possibility.

Biochar is a carbon-rich material produced through the pyrolysis of
biomass in an oxygen-limited environment. This process involves heat-
ing organic materials, such as agricultural waste, at high temperatures,
resulting in a stable, porous structure with a high surface area [38].
Biochar’s unique properties, including its excellent electrical conduc-
tivity, chemical stability, and tuneable surface functional groups, make
it an attractive material for electrochemical applications [39]. In elec-
trochemistry, biochar is used as an electrode material in supercapacitors
[40,41], batteries [42-44], and hydrogen storage devices [45,46]. As
such, the replacement of petrochemically derived carbon sources with
biochar has the potential to greatly improve the sustainability of
conductive additive manufacturing feedstock [47].

In this work, we therefore look to produce the first biochar-based
conductive additive manufacturing feedstock by combining recycled
PLA, bio-based castor oil, and softwood-based biochar [48]. Through
optimising the ratio of carbon black and biochar we can elucidate ways
to further improve the sustainability of conductive additive
manufacturing feedstock, without compromising the electrochemical
performance. Once developed, this first biochar-based conductive fila-
ment was applied to the detection of carbendazim, a broad-spectrum
fungicide that is regulated in many countries [49]. Carbendazim is
regulated in many countries to ensure that the potential health risks of
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high doses are not realised such as kidney and liver damage and endo-
crine disruption [50,51]. This highlights how high-performance additive
manufacturing filament can be produced to meet real electroanalytical
challenges, whilst improving the sustainability of the field.

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 <18.2 MQ cm,
sourced from a Milli-Q Integral 3 system from Millipore UK (Watford,
UK). Hexaammineruthenium (III) chloride (RuHex, 98 %), castor oil,
potassium ferricyanide (99 %), potassium ferrocyanide (98.5-102 %),
sodium hydroxide (>98 %), potassium chloride (99.0-100.5 %), acetic
acid (>99 %), boric acid (99 + %), and phosphoric acid (extra pure,
85 %) were purchased from Merck (Gillingham, UK). Carbendazim
(>98 %) was purchased from Tokyo Chemical Industries (Zwijndrecht,
Belgium). Carbon black was purchased from PI-KEM (Tamworth, UK).
Recycled poly(lactic acid) (rPLA) was purchased from Gianeco (Turin,
Italy). River water samples were obtained in accordance with EPA
guidelines from the River Irwell, Greater Manchester, UK (approx.
location: 53.517464, —2.302739). Lake water samples were collected
from Llyn Llydaw, Wales, UK (approx. location: 53.073056,
—4.040694).

2.2. Production of biochar SWP and SWP10

Production of the biochars is described in detail in Wurzer & Masek
(2021) [48]. Briefly, commercial softwood pellets (SWP) were used as a
biomass precursor for both biochars, while 10 % (wt. d.b.) of ochre, a
Fe-rich mining waste material, was added to the biomass before pyrol-
ysis for SWP10. The precursors were then heated to 550 °C in N at-
mosphere, held for 45 min, before cooling down to room temperature. A
subsequent activation step at 800 °C under CO, atmosphere was con-
ducted to increase the surface area of the biochar samples.

2.3. Recycled filament production

Recycled poly(lactic acid) (rPLA) has been dried according to our
previous work. [31] The polymer compositions were prepared through
the addition of appropriate amounts of rPLA (60 wt%), castor oil (10 wt
%), and carbon filler (30 wt%) in a chamber of 63 cm?®. The overall 30 wt
% of carbon filler was comprised of different amounts of carbon black
and biochar (SWP and SWP10). All filaments made throughout this work
utilised 10 wt% castor oil as a plasticiser [33]. This is processed as re-
ported to our previous work [31] where the compounds are mixed using
a Thermo Haake Polydrive dynameter equipped with a Thermo Haake
Rheomix 600 mixer (Thermo-Haake, Germany), operating at 190 °C
with Banbury rotors at 70 rpm for 5 min. After mixing, the resulting
polymer composites were cooled to room temperature and subsequently
granulated using a Rapid Granulator 1528 (Rapid, Sweden) to reduce
the particle size. The granulated composites were then fed into the
hopper of a Filabot EX2 extrusion line (Filabot, VA, United States),
which was configured with a single screw and a heat zone set to 190 °C.
The molten polymer was extruded through a 1.75 mm die head, passed
along an Airpath cooling line (Filabot, VA, United States), and wound
onto a spool. The resulting filament was then ready for use in additive
manufacturing.

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,
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Prague, Czech Republic). The additive manufactured electrodes were
produced using FFF technology on a Prusa i3 MK3S+ (Prusa Research,
Prague, Czech Republic). All additive manufactured electrodes were
printed using identical printer components and printing parameters,
namely a 0.6 mm nozzle with a nozzle temperature of 215 °C, 100 %
rectilinear infill [15], 0.15 mm layer height, and print speed of
35 mm s~ . Electrodes were printed on a smoothed PEI steel sheet
heated to 50 °C without the need of supportive tape or glue.

2.5. Physicochemical characterisation

X-ray Photoelectron Spectroscopy (XPS) data were acquired using an
AXIS Supra (Kratos, UK), equipped with a monochromatic Al X-ray
source (1486.6 eV) operating at 225 W and a hemispherical sector
analyser. It was operated in fixed transmission mode with a pass energy
of 160 eV for survey scans and 20 eV for region scans with the collimator
operating in slot mode for an analysis area of approximately 700 x 300
pm, the FWHM of the Ag 3d5/2 peak using a pass energy of 20 eV was
0.613 eV. The binding energy scale was calibrated by setting the
graphitic sp? C 1 s peak to 284.5 eV; this calibration is acknowledged to
be flawed [52] but was nonetheless used in the absence of reasonable
alternatives, and because only limited information was to be inferred
from absolute peak positions.

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.

Raman spectroscopy was performed on a DXR Raman Microscope
(Thermo Scientific Inc., Waltham, MA, USA) configured with a 532 nm
laser and operates using OMNIC 9 software.

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 [22]) alongside an external commercial Ag|
AgCl/KCl (3 M) reference electrode with a nichrome wire counter
electrode. All solutions of [Ru(NHg;)ﬁ]3+ were purged of Oy thoroughly
using Ny prior to any electrochemical experiments. Solutions of [Fe
(CN)5]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 [53]. 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 + 1.4V 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.

Spiked real water samples were analysed through the standard
addition method, where the river or lake water was spiked with 25 pM of
carbendazim and diluted in BR buffer (pH = 4, 1:10). Analysis was
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performed using differential pulse voltammetry with the following pa-
rameters: start potential = +0.6 V; stop potential = +1.2 V; step po-
tential = 0.05 V; modulation amplitude = 0.08 V; modulation time
= 0.07 s; interval time = 0.2 s. Recovery values were calculated using
the standard addition method, whereby the obtained intercept value
was divided by the slope of the curve, taking into account the dilution of
the sample.

All electrochemical measurements in this work were performed in
triplicate with three separate electrodes.

3. Results and discussion

The replacement of petrochemically derived carbon sources within
conductive additive manufacturing feedstock has the potential to further
improve the sustainability of filament production and additive
manufacturing electrochemistry as a field. Biochar, a carbon source
derived from the pyrolysis of biomass, has been identified as a potential
contributor to this end and as such we explore its incorporation into
conductive filament for the first time using recycled PLA as the base
polymer and castor oil as a bio-based plasticiser [33].

3.1. Production and characterisation of biochar integrated filament

To investigate the effect of biochar incorporation on the performance
of conductive additive manufacturing filament, well characterised bio-
char found within the literature made from softwood pellets (SWP) and
SWP with 10 % ochre (SWP10) was used [48,54]. A schematic of fila-
ment production is shown in Fig. 1A, whereby the materials were all
added into the chamber of a heated rheomixer and mixed for 5 min with
Banbury rotors at 190 °C. Utilisation of thermal mixing over other
methods such as solvent mixing is preferential due to the reduced pro-
duction time, removal of toxic solvents, and ability to power the ma-
chinery through only green energy [23].

For the production of all filaments, the amount of recycled PLA
(60 wt%) and castor oil (10 wt%) was kept constant, along with the total
amount of carbon filler (30 wt%). All filaments were compared to a
benchmark, where the whole 30 wt% of filler was commercially pur-
chased carbon black (CB). The amount of both forms of biochar, SWP
and SWP10, that could replace CB was investigated by progressively
increasing the amount of CB replaced with biochar. For SWP 10 % of the
overall CB content was able to be replaced, whereas for the SWP10 up to
40 % of the CB content was able to be replaced whilst still producing a
filament. This was attributed primarily to the smaller particle
morphology of SWP-10, which allowed for easier incorporation. The
filaments investigated are referred to by the amount of CB replaced with
biochar, with SWP10-2.5 indicating 2.5 % of CB has been replaced. Due
to the larger incorporation of SWP10 possible, this was chosen for
further studies. Fig. 1B shows photographs of filaments produced
replacing 0 % of the CB, 20 % of the CB, and 40 % of the CB, with fil-
aments produced replacing 1, 2.5, 5 and 10 % shown in Figure S1. It can
be seen how the low-temperature flexibility of the filaments overall
deteriorates upon the inclusion of increased amounts of biochar. This
had a significant impact on the printability of the filaments, with no
reliable printing achievable with filaments replacing more that 20 % of
the CB with biochar. The bulk resistance of the biochar doped filaments
was next investigated, where SWP10-2.5 was found to produce a value
of 28 & 2 Q cm ™!, which was an improvement when compared to the 34
+4 Q cm™! for SWP10-0. When increasing the biochar content up to
SWP10-20, there was no significant increase in the bulk resistance
compared to SWP10-0, with a value of 35 &+ 2 Q cm™! measured. For
SWP10-40 there was a large increase in the bulk resistance up to 84 + 6
Q em™?, so combined with the poor printability, it was decided to no
longer explore this filament.

Fig. 1 C shows photographs of the electrodes printed from SWP10-0,
SWP10-2.5, and SWP10-20, with the electrodes printed from SWP10-1,
SWP10-5, and SWP10-10 shown in Figure S2, where in all cases



E. Bernalte et al.

Materials Today Communications 47 (2025) 113287

A $)

No Solvents
S min mixing

Recycled pp 5

\. Carbon By

er‘ lfi...;:;.\A-(l
Castor 0
\
Rheomixer

SWP10-0

Single Screw Extruder

SWP 10 -20

u(adu'irk,
™

3D Printed-Electrode

SWP 10 -40 |

4

SWP10-0

SWP10-2.5

SWP 10 - 20

Fig. 1. A) Filament production scheme, B) Photographs highlighting the low temperature flexibility of the 0, 20 and 40 wt% CB/PLA/SWP10 filaments, and C)

Photographs of electrodes with varying percentages of biochar.

excellent quality electrodes were produced. As the SWP10-2.5 filament
showed the best conductivity, and the SWP10-20 showed the largest
replacement of CB with biochar, these two filaments were chosen to
study further, along with SWP10-0 as a benchmark.

3.2. Physicochemical characterisation of biochar integrated filament

The successfully printed electrodes were then physicochemically
characterised to elucidate the nature of their surfaces prior to electro-
chemical studies. It is commonplace within the literature to perform a
post-print activation step on the electrodes to improve their electro-
chemical performance. It is important to note that this step is not
necessary to get the electrodes to work, it simply improves their per-
formance. Bespoke as-printed electrodes can already outperform com-
mercial activated ones, as reported previously [30]. In this work, the
electrodes were activated using chronoamperometry in 0.5 M NaOH,
which is the most commonly utilised method in the literature [20,53,
55]. The electrodes before and after activation were then studied using
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and
scanning electron microscopy (SEM).

Fig. 2A-C shows the XPS wide survey scan, C 1 s scan, and O 1 s scan

for the activated SWP10-20 electrode, with the equivalent plots for
SWP10-20 before activation, and SWP10-0 before and after activation
included in Figure S3 and S4, respectively. In all cases, in the survey
scans, there are large intensity peaks found at ~285 eV, corresponding
to the C 1 sregion, and at ~535 eV, corresponding to the O 1 sregion. In
some cases, small intensity peaks can be observed for Si, N, and Na,
which are known to be common contaminants within the plastic or
carbon sources or used within the activation procedure. Interestingly,
there was no peak observed for Fe, even though the ochre added to the
biochar is known to be Fe rich [48]. This is attributed to the low amount
of Fe within the biochar and in turn, low amount of biochar when
considering the composition of the whole filament. When fitting the C
1 sregions, in all cases four symmetric peaks were used corresponding to
the sp3 hybridised carbon environments, C-C/C-H, C-O, C=0, and
O-C=0O0. For only PLA, three peaks of similar intensity for the C-C/C-H,
C=0, and O-C=0 would be expected, indicating the additional pres-
ence of the bio-based plasticiser castor oil or carbon black on the surface
of the electrodes. In addition to these symmetric peaks, one asymmetric
peak was required at ~284.5 eV, attributed to the X-ray photoelectron
emission of sp? graphitic carbon [56,57]. For both SWP10-0 and
SWP10-20, a similar trend is observed whereby a large increase in the
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Fig. 2. XPS data of the SPW10-20 electrodes after electrochemical activation: A) Survey scan B) C 1 s scan and C) O 1 s scan. D) Raman spectra for the SPW10-20
electrodes. SEM images of the SPW10-20 electrodes E) before and F) after electrochemical activation.

atomic concentration of the sp® graphitic carbon is seen after electro-
chemical activation. For SWP-0 this increases from 10 % before acti-
vation to 35 % after activation, with it increasing from 18 % in
SWP-20-31 % after activation. This indicates the removal of
non-conductive surface material, revealing increased amounts of the
graphitic carbon beneath, either within the biochar or carbon black.
Interestingly, the C-O atomic concentration is significantly higher in the
SWP10-20 (31 %) than in the SWP10-0 sample (8 %) which can be
attributed to the surface functionalities of the SWP10 biochar, and its
increased size which can lead to increased amounts of protrusion from
the printed surface.

The printed electrodes were then examined through Raman spec-
troscopy, with the SWP10-20 shown in Fig. 2D and the SWP10-0 shown
in Figure S5. In both samples, there are three clearly defined peaks
present at 1338, 1572, and 2680 cm™ !, which are attributed to the
characteristic D-, G-, and 2D bands for graphitic-like structures. Through
calculating the Ip/Ig ratio for the samples of 0.93 for SWP10-20 and
0.92 for SWP10-0 we can see that in both cases the value falls around
approximately 1, indicating disorder in the graphitic structures, which is
expected with carbon black and confirms its presence on the surface.
These findings were further investigated with SEM, presented for
SWP10-20 before activation in Fig. 2E and after activation in Fig. 2F.
Increased magnification images can be seen in Figure S6. The corre-
sponding images for SWP10-0 can be seen in Figure S7. In both cases,
before activation, there is the clear presence of a thin layer of polymeric
material under which are the morphologies expected for the CB struc-
tures. In the SWP10-20, larger morphologies can also be seen attributed
to the biochar. Once activated, in both cases the polymeric layer is
removed from the surface leaving clear images of the CB particles and in
the case of SWP10-20 the larger flake structures of the biochar. This
shows agreement with the XPS data above indicating the revealing of
increased amounts of sp? hybridised carbon.

3.3. Electrochemical characterisation of biochar filament

After physicochemical characterisation, the electrodes were tested
electrochemically against both outer and inner sphere redox probes.
Initially, scan rate studies were performed for all electrodes against the

near-ideal outer sphere redox probe hexaamineruthenium (III) chloride
([Ru(NH3)6]3+) as this allowed for the best determination of the het-
erogeneous electron (charge) transfer rate constant (k% and real elec-
trochemical area (A.) [58,59]. Importantly, the kinetics of this outer
sphere probe are minimally affected by the electrode surface chemistry
[60,61]. Figs. 3A and 3B show the cyclic voltammograms (CVs, v =15 —
500 mV s~ 1) obtained for SWP10-0 and SWP10-20, respectively, with
the results for SWP10-1, SWP10-2.5, SWP10-5 and SWP10-10 shown
in Figure S8.

It can be seen that in each case, the expected one electron process
was observed, with the associated inset Randles-Sevéik plots confirming
the diffusion-controlled nature of the redox processes [60]. The key
electrochemical parameters of reduction peak current (If,ed),
peak-to-peak separation (AEy), kY and A, are presented in Table 1.
Through this, alongside Fig. 3C, which provides a comparison of the CVs
(v =50 mV s’l) for each electrode we can see there is no significant
variation between the samples, with SWP10-20 showing no under-
performance when compared to SWP10-0.

As the majority of analytes are not near-ideal outer sphere probes,
the electrodes were tested against the commonly used inner sphere
probe [Fe(CN)e]*/% (1 mM in 0.1 M KCl). This probe is used regularly
throughout the literature on additive manufacturing electrodes, and
importantly can give information about the surface accessibility of the
conductive components of the electrode, without being affected by ox-
ides or requiring adsorption [61]. Fig. 3D shows the cyclic voltammo-
grams (v = 50 mV s™1) in this case. It can now be seen that upon
increasing the amount of biochar embedded within the filament that
there is significant decrease in the electrochemical performance of the
electrodes once the biochar content is increased above SWP10-2.5. This
is also seen when using electrochemical impedance spectroscopy (EIS),
Figs. 3E and 3F, where the Nyquist plots show an increasing
charge-transfer resistance (Rcr), and an increasing solution resistance
(Rg), confirmed within Table 1. This data provides additional evidence
toward the reduced conductivity of the biochar compared to carbon
black, which correlates with the increase in filament resistance seen
above. Inclusion of this particular biochar within the filament has a
detrimental effect on the conductivity and electrochemical performance
of the electrodes but improves the sustainability of it. A compromise
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Fig. 3. Scan rate study (5 — 500 mV sH against [Ru(NHg)(,]3+ (1 mM in 0.1 M KCl) performed with the A) SWP10-0 electrode and B) SWP10-20 electrode. Inset: the
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for better analysis of the 1 and 2.5 % SWP10 electrodes. Insets: the proposed equivalent circuit.

between these two vital parameters is pursued. We propose that the
most sustainable route should be sought whilst meeting the required
electrochemical performance for an application.

3.4. Application toward the detection of carbendazim

The objective of this study is not necessarily to develop the highest-
performing filament for additive manufacturing electrochemistry but
rather to achieve an optimal balance between electrochemical perfor-
mance and environmental sustainability. From the electrochemical
characterisation outlined in the Section 3.3, SWP10-2.5 was clearly the
maximum biochar loading available without significantly compromising
the voltammetry of inner sphere probes, whereas previously we have
established that SWP10-20 is the maximum biochar compatible with a
printable filament. As such, for the performance of the electroanalytical

application we choose to consider both cases by applying SWP10-2.5
and SWP10-20 toward the detection of carbendazim (BCM). BCM is a
broad-spectrum fungicide that is used within agriculture, horticulture,
forestry, and post-harvest food storage and transportation; however, it is
regulated in many countries to ensure that the potential health risks of
high doses are not realised [49]. Electrodes printed from SWP10-2.5 and
SWP10-20 were applied to the detection of BCM within 0.12 M
Britton-Robinson (BR) buffer at pH 4 in the concentration range of
0.2-40 pM. The differential pulse voltammograms (DPV) obtained are
presented in Figs. 4A and 4B.

In both cases, voltammograms were obtained with a well-defined
peak at + 0.9V, corresponding to the oxidation of BCM [49]. The
associated calibration plots for these are shown within Fig. 4C and D,
respectively, where in both cases good linearity is obtained across the
whole range. From observing the equations from the lines of best fit,
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Table 1
Summary of the electrochemical characteristics calculated through the scan rate studies and electrochemical impedance spectroscopy.
0% 1% 2.5% 5% 10 % 20 %
[Ru(NH3)e] 3+ I;ed (pA)? -71+1 77 £5 7317 -74+7 —72+2 77 £ 4
AEP“ 86 + 4 93 +2 80+1 88 +4 89 +5 91+6
A, (em?)° 0.56 + 0.02 0.61 + 0.05 0.58 + 0.05 0.58 + 0.05 0.56 + 0.01 0.61 + 0.02
K (x 10 3em s71)° 2.47 +£0.17 2.13 +0.07 2.46 +0.15 2.89 +1.18 2.27 +1.46 2.21 +£0.26
[Fe(CN)sl 4-/3- Apr 137+ 2 151 +12 152+ 6 231 £ 37 400 + 63 541 £ 77
A, (cm?)* 0.88 + 0.07 0.75 + 0.03 0.84 + 0.03 0.47 £ 0.14 0.27 + 0.04 0.18 + 0.04
K (x10~% em s~ )¢ 9.92 + 0.32 8.34 +1.46 8.04 +0.84 3.22 +1.12 0.71 + 0.32 0.22 +0.14
Rs (Q)° 111 +1 89 +1 113+ 1 99 +1 127 +1 131 +1
Rcr (kQ)° 443 + 3 325+ 3 408 + 2 1181 + 2 2900 + 2 6340 + 2

All measurements were performed with a nichrome wire CE and Ag|AgCl (3 M KCI) RE.
2 Extracted from 25 mV s ! cyclic voltammogram of [Ru(NHs3)613* (1 mM in 0.1 M KCl).
b Extracted from 25 mV s~ ! cyclic voltammogram of [Fe(CN)e]* 3~ (1 mM in 0.1 M KCI).

¢ Calculated using [Ru(NH3)s]®* cyclic voltammetric scan rate study performed between 5 and 500 mV s~ .
4 Calculated using [Fe(CN)s]*~"* cyclic voltammetric scan rate study performed between 5 and 500 mV s~*.

1
1

¢ Extracted from Nyquist plots of EIS experiments in [Fe(CN)(,]“’/ 3~ (1 mM in 0.1 M KCI).
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namely y =-0.223 + 1.638 [BCM] for SWP10-2.5 and
y = 0.956 + 0.676 [BCM] for SWP10-20, it can be seen that a signifi-
cant improvement in sensitivity is achieved when using the SWP10-2.5
electrodes. Also, lower values of the standard deviation of each con-
centration within the calibration curve are observed for the SWP10-2.5.
This supports the findings from the previous section where the electro-
chemical performance against molecules that use an inner sphere
mechanism was reduced with increased amounts of biochar. For these
electrodes, the detection limit (LOD) and quantification limit (LOQ)
were estimated from the equations LOD = 3sdp/S and LOQ = 10sdg/S,
where S is the slope of the analytical curve and sdp is the standard de-
viation of the blank response estimated from the average deviation of
three blank measurements (sdg = 31.04 nA, for the SWP10-2.5; sdg =
17.74 nA, for the SWP10-20). The values obtained for the SWP10-2.5

were 0.057 pmol L™ and 0.19 pumol L for the LOD and LOQ, respec-
tively, while for the SWP10-20, the values were 0.078 ymol L! and 0.26
umol L for the LOD and LOQ, respectively. The results obtained with
the proposed electrodes were compared with other studies in the liter-
ature on BCM detection in water samples using different electrodes, as
presented in Table S1 [62-65]. It was observed that, among the analysed
works, the method presented here demonstrated better detectability, as
evidenced by a lower LOD and wide linear range when compared to the
results reported in the consulted studies.

Finally, both SWP10-2.5 and SWP10-20 electrodes were applied to
detect the presence of carbendazim within real spiked river and lake
water samples, with the results summarised in Table 2.

From inspection of Table 2, it can be seen that both electrodes ach-
ieved excellent recovery values, indicating their applicability for
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Table 2

Summary of the recoveries obtained for the detection of BCM in spiked river and
lake water using both the SWP10-2.5 and SWP10-20 additive manufactured
electrodes.

Sample Electrode Spiked Amount (pM) Recovery (%)

River Water SWP10-2.5 25 107.2
SWP10-20 25 92.5

Lake Water SWP10-2.5 25 103.9
SWP10-20 25 100.7

environmental analysis. It is important to note further improvements in
sustainability can be made in the future through the use of alternative
base polymers, as ingress into PLA hinders the re-use of these electrodes
without contamination risk [66]. This work shows as proof-of-concept
that biochar can be used to reduce the amount of petrochemically
derived conductive carbon within conductive additive manufacturing
filament without leading to a detrimental performance. Even when
replacing larger amounts of carbon black, the performance can still be
more than sufficient to achieve the electroanalytical response required
for specific applications. This work shows how, by evaluating the spe-
cific needs of the end product, the sustainability of the materials used to
produce sensors can be improved. Thinking in this way will allow syn-
ergy between the rapid development of electroanalytical platforms and
the UN’s sustainable development goals.

4. Conclusions

In this work, we report the development of the first conductive ad-
ditive manufacturing filament using biochar as a conductive filler. The
biochar, produced from pyrolysis of softwood pellets, was incorporated
into a filament comprised of recycled PLA as the base polymer, carbon
black as a supplementary conductive filler and castor oil as a bio-based
plasticiser. Two softwood pellet biochars were investigated, SWP and
SWP with 10 % ochre added (SWP10). It was found that larger amounts
of SWP10 were able to be incorporated into the filament compared with
SWP and with SWP10 capable of replacing 20 % of the carbon black
whilst still offering good printability. This filament SWP10-20 was
physicochemically characterised against SWP10-0 as a benchmark to
establish the electrode properties before being electrochemically char-
acterised. Through electrochemical studies of a range of filaments, it was
found that SWP10-2.5 produced the best electrochemical performance,
whilst SWP10-20 exhibited the least favourable performance toward
inner sphere probes. Even so, both these filaments were tested toward
the electroanalytical detection of carbendazim, with both electrodes
producing excellent result with real-word relevance. The SWP10-2.5
produced a higher sensitivity and lower LOD and LOQ compared to the
SWP10-20; however this still performed well when compared to other
reported electrodes in the literature. Both biochar-based electrodes were
successfully applied to the detection of carbendazim in spiked real river
and lake water samples, achieving recoveries between 92.5 — 107.2 %.
Through replacing increased amounts of petrochemically derived car-
bon black with biochar and observing the impact this had on the con-
ductivity, printability, and electrochemical performance of the
filaments, we were able to produce filaments with the best compromise
between sustainability and performance. This work shows how thinking
about the desired end product can allow synergy between the rapid
development of electroanalytical platforms and the UN’s sustainable
development goals.
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