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ABSTRACT

Additive manufacturing is emerging as a technology utilised within the field of electrochemistry, where researchers need to under-
stand the electrochemical capabilities of the electrodes produced. One aspect yet to be fully explored is the effect of using different
carbon morphologies and how these differences affect the electrochemical performance. It is understood that edge plane defects are
the site of electrochemical activity, therefore, quantifying these defect sites will allow for determination of which morphology is most
advantageous. Various filaments containing different morphologies were produced in combination with carbon black (CB) using
multiwalled carbon nanotubes (MWCNTSs), carbon nanotube clusters, and graphite. All electrodes were subject to physicochemical
characterisation using scanning electron microscopy, Raman, and X-ray photoelectron spectroscopy. MWCNTSs in combination with
CB produced a high performing electrically conductive filament, which showed improved electrochemical performance compared
to other bespoke filaments with a heterogenous electron transfer of k’y,s of 3.22 (£0.16) x 10~ cm s™*. The filament containing
MWCNTSs was also found to show the largest density of edge plane sites of 0.81% and was closest to that of a glassy carbon electrode.
All electrodes were successfully tested for the detection of carbendazim producing linear ranges between 5 and 40 pM. The MWCNT
filament also exhibited the best electroanalytical performance, showing a limit of detection of 0.26 pM and limit of quantification of
0.88 pM, as well as achieving a recovery of 114% in a river water sample. This work proves that the edge plane defect sites are the site
of electrochemical activity within additive manufactured electrodes and should be considered when designing new materials.

1 | Introduction [3, 4]. Additive manufacturing electrochemistry has progressed

whereby researchers are making their own bespoke filaments

Additive manufacturing, often referred to as 3D printing, is the
approach to which a product is made via the sequential addition
of thin layers [1]. AM has emerged as a promising technology
with a wide range of uses across a multitude of sectors [2].
With an extensive amount of advantages, such as the ability
to produce and modify prototypes rapidly, on demand and on-site
production, low cost, and low waste, it is apparent why AM has
gained an increasing amount of popularity over recent years

from various carbon morphologies [5-10-11], it is therefore
important to understand their electrochemical properties. Edge
plane sites, also referred to as defect sites, are known to be
the site where electrochemical activity occurs [12]. Edge plane
theory suggests that different carbon morphologies contain dif-
ferent densities of edge planes and that those which contain more
edge planes will exhibit an enhanced electrochemical perfor-
mance [13].
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Carbon nanotubes (CNTs) are nanomaterials which have gained an
immense amount of attention due to their structural, electronic,
and chemical properties [14, 15]. There are two distinct types of
nanotubes: single-walled CNTs (SWCNT) and multiwall CNTs
(MWCNT). SWCNT are made up of a single sheet of graphite rolled
up into a tube with a diameter of 1-2 nm compared to that of the
structure of MWCNTSs which are composed of concentric and closed
graphite tubules, having diameters varying from 2 to 50 nm [16, 17].
It is understood that the ends of the tubes are compared to the edge
planes of highly orientated pyrolytic graphite (HOPG), opposed to
the walls which are similar in properties to those of the basal planes
of HOPG electrodes [18]. The edge plane has been noted to display
different electrochemical properties to that of the basal plane. For
example, the electrode kinetics at edge plane is significantly faster. A
large edge plane/basal plane ratio and rapid electrode kinetics
allows for a higher sensitivity and lower limits of detection to be
achieved, when incorporated within sensors [19]. Recent work
has shown that these electrochemical properties are dependent
on the amount of edge plane sites as the edge plane-like sites
are the origin for electron transfer [20]. The constant development
of nanotubes has led to the increase of novel application, such as
batteries [21] and sensors [22]. Furthermore, nanotubes are ideal for
nano templates and easily modifiable allowing for further applica-
tion, such as catalysts, and for hydrogen storage and sensing [23].

Carbon black (CB) is commonly utilised as it possesses a range
of properties making it favourable for researchers to employ
towards electrochemical applications [24]. Properties include
high surface area, electrical conductivity, and electrochemical
stability. The structure of CB is made up of particles usually rang-
ing from 10 to 100 nm, which are arranged within a network of
interconnected graphene sheets [25]. The complex structure of
carbon leads to defect sites, usually towards the edge of the gra-
phene sheets where the structure is seen as less stable and more
reactive. These defect sites are often referred to as edge plane sites
[26], which show higher surface energy and allows for them to
act as active sites for a range of chemical reactions.

Graphite has a layered structure composed of carbon atoms
arranged in hexagonal rings. These layers are made up of 2D
sheets called graphene which are then stacked on top of each other
[27]. The layers can slide past each other easily, giving graphite its
lubricating properties. Additionally, the delocalised electrons
within the layers contribute to graphite’s high electrical conduc-
tivity [28]. Graphite plays a crucial role in additive manufacturing
electrochemistry due to its ease of integration with various poly-
mers while maintaining desirable properties of both the polymer
and graphite which is why it’s often used as an electrode material
in various electrochemical processes, such as batteries, fuel cells,
and electrolysis [29]. Graphite’s high electrical conductivity, chem-
ical stability, and large surface area make it an ideal material for
facilitating electron transfer reactions at the electrode surface. This
makes it valuable in both research and industrial applications
within the field of electrochemistry. Edge planes refer to the sur-
faces of graphite crystals that expose the edges of graphene layers.
These edge planes are significantly more reactive than the basal
planes due to the presence of unsaturated carbon atoms, which
can form bonds more readily [30].

Although, MWCNT, CB, and graphite show plenty of positives,
each have their own distinct properties and cost profiles which

must be considered when deciding which is suitable for a specific
application. For example, graphite is commonly used due to its low
cost, however, it is limited in its surface area and energy density
when compared to others [31]. CB has a moderate cost but pro-
vides a higher level of conductivity and surface area to that of
graphite [32]. MWCNT possesses the superior electrochemical
properties and has the best conductivity but comes at a signifi-
cantly higher price due to the complex production processes
[33]. Furthermore, these carbons have shown to exhibit different
edge plane percentages in work using carbon paste electrodes,
however, these electrodes are not commonly used within electro-
chemical applications. One area that has seen rapid increase in
popularity, within electrochemistry, is additive manufacturing.

Within electrochemistry, additive manufacturing has commonly
been utilised to produce a working electrode. Initially, research-
ers looked to available commercially conductive filaments and
used them towards various applications such as for sensing plat-
forms [34], and drug screening [35]. There are various options for
commercial filament, though the most used within literature is
ProtoPasta. The composition of the filament is known to be pri-
marily poly (lactic acid) (PLA, >65 wt%), as well as also including
an unidentified polymer (<12.7 wt%), and the conductive filler of
CB (CB, <21.43 wt%) [36]. However, studies have shown that the
performance of commercial filaments is not reliable and is very
limited due to its low wt% of conductive filler, hence, the devel-
opment of bespoke filaments acquires high importance. The
production of bespoke filament has led to the expansion of
how additive-manufactured electrodes can be a viable option,
as these filaments are more comparable to traditional electrodes
used, like glassy carbon electrodes [5-36-7, 37]. Researchers are
becoming aware of the benefits when different carbon morphol-
ogies, such as C, graphite, and CB, which have been incorporated
within additive-manufactured electrodes. Recently researchers
have moved into using mixed carbon allotropes to utilise their
specific characteristics, such as MWCNT filament, for improved
electrochemical abilities [38], or graphite for a low-cost filament
and improved sustainability [5, 6]. As such, understanding of
how these nanomaterials work within additive-manufactured
electrodes is crucial for the field to mature [5].

In this work, we look to apply edge plane theory previously
applied to carbon paste electrodes and translate the methodology
to additive-manufactured electrodes to quantify the density of
edge plane sites. We will produce four filaments containing dif-
ferent carbon allotropes: MWCNTSs, nanotube clusters, graphite,
and CB. These filaments will be 3D printed into working electro-
des and electrochemically and physiochemically characterised.
Moreover, an experiment utilising MoO, nanowires to block
the edge plane sites will be conducted to show the effect that
these defect sites have towards the electrochemical activity of
the additive manufactured electrodes.

2 | Experimental
2.1 | Chemicals

All chemicals used were of analytical grade and used as received
without any further purification. All solutions were prepared
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with deionised water of resistivity not less than 18.2 MQ cm from
a Milli-Q Integral 3 system from Millipore UK. Hexaamine ruthe-
nium (III) chloride (98%), potassium ferricyanide (99%), potas-
sium ferrocyanide (98.5%), potassium chloride (99%), castor
oil, graphite powder (>20pm), sodium molybdate dihydrate
(99%), sodium chloride (99.5%), ammonium chloride (99.5%),
boric acid (99%), acetic acid (>99%), sulphuric acid (99%), and
sodium hydroxide pellets (97%) were purchased from Sigma
(Gillingham, UK). MWCNT (10-30 pm length, 10-20 nm outer
diameter) were purchased from Cheap Tubes (Vermont, USA),
carbon nanotube clusters (electrochemical grade 1 pm clusters)
which have been previously characterised [39] were purchased
from Phoenix NanoSystems (Kettering, OH), CB was purchased
from PI-KEM (Tamworth, UK), and recycled poly(lactic acid)
(rPLA) was purchased from Gianeco (Turin, Italy).

Inland water samples were used as real samples in this study.
Inland waters is a term that defines any area of water not cate-
gorised as ‘sea’ (e.g., canals, tidal and non-tidal rivers, lakes, and
some estuarial waters). The river water utilised was obtained in a
plastic container from the River Irwell at Burrs Country Park
(Bury, UK). The sample was filtered with a 0.45 pm filter from
Millipore and then stored at room temperature and used within
a day of sampling.

2.2 | Filament Production

Prior to any mixing or filament production, all rPLA was dried in
an oven at 60°C for a minimum of 2.5 h, which removed any
residual water in the polymer. The polymer composition was
prepared using 55wt% rPLA, 10wt% castor oil, and 35wt%
CB, which was reduced to 21wt% when 14wt% MWCNT/
Graphite/ carbon nanotube clusters were incorporated. The
compounds were mixed at 190°C with Banbury rotors for
5min using a Thermo Haake Polydrive dynameter fitted with
a Thermo Haake Rheomix 600 (Thermo-Haake, Germany).
The resulting polymer composite was allowed to cool to room
temperature before being granulated to create a finer granule size
using a Rapid Granulator 1528 (Rapid, Sweden). The granulated
samples were collected and processed through the hopper of a
EX6 extrusion line (Filabot, VA, USA). The molten polymer
was extruded from a 1.75mm die head, pulled along an
Airpath cooling line (Filabot, VA, USA). The filaments were then
ready to use for AM.

2.3 | Additive Manufacturing of Electrodes

All computer designs and .3MF files in this manuscript were pro-
duced using Fusion 360 (Autodesk, CA, USA). These files were
sliced and converted to .GCODE files and were taken to for print-
ing by the open-source software, PrusaSlicer (Prusa Research,
Prague, Czech Republic). The additive manufactured electrodes
were 3D-printed using fused filament fabrication technology on a
Prusa i3 MK3S+ (Prusa Research, Prague, Czech Republic).
All additive-manufactured electrodes were printed onto polyi-
mide tape using a 0.6 mm nozzle with a nozzle temperature of
215°C and bed temperature of 60°C, 100% rectilinear infill

[40], 0.15 mm layer height, and print speed of 35 mms™".

2.4 | Physiochemical Characterisation

Scanning electron microscopy (SEM) micrographs were obtained
using a Crossbeam 350 Focussed Ion Beam-SEM (Carl Zeiss Ltd.,
Cambridge, UK) fitted with a field emission electron gun.
Imaging was completed using a secondary electron secondary
ion detector. Samples were mounted on the aluminium SEM
pin stubs (12mm diameter, Agar Scientific, Essex, UK) using
adhesive carbon tabs (12 mm diameter, Agar Scientific, Essex,
UK) and coated with a 3nm layer of Au/Pd metal using a
Leica EM ACE200 coating system before imaging. Sputter coat-
ing was necessary as although the electrode is conductive, the
polymer, which is an insulator, is in a 55 wt% and without sputter
coating charging issues on the polymer occur.

Raman spectroscopy was performed on a Renishaw PLC in Via
Raman Microscope controlled by WiRE 2 software at a laser
wavelength of 514 nm.

X-ray photoelectron spectroscopy (XPS) data were acquired using
an AXIS Supra (Kratos, UK), equipped with a monochromated 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 160eV 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 full width at half maxi-
mum (FWHM) of the Ag 3d5/2 peak using a pass energy of 20 eV
was 0.613 eV. Before analysis, each sample was ultrasonicated for
15 min in propan-2-ol and then dried for 2.5h at 65°C as shown
in our unpublished data to remove excess contamination and
minimise the risk of misleading data. The binding energy scale
was calibrated by setting the graphitic sp*> C 1s peak to 284.5 €V.
This calibration is acknowledged to be flawed but was nonethe-
less used in the absence of reasonable alternatives, and because
only limited information was to be inferred from absolute peak
positions.

2.5 | Electrochemical Experiments

All electrochemical measurements were performed on an Autolab
100N potentiostat controlled by NOVA 2.1.6 (Utrecht, the
Netherlands). The electrochemical characterisation of the bespoke
filament and comparison to the benchmarks were performed
using a lollipop design (@ 5 mm disc with 8 mm connection length
and 2x1mm thickness [41]) electrodes alongside an external
commercial AglAgCl (3 M KCl) reference electrode with a
nichrome wire counter electrode.

Activation of the additive-manufactured electrodes were per-
formed before the electrochemical experiments. This was
achieved electrochemically in NaOH. Then, the additive manu-
factured electrodes were used as a working electrode alongside
a nichrome wire coil as a counter electrode and a AglAgCl
(3 M KCl) as a reference electrode and place into a 0.5 M
NaOH solution. Chronoamperometry was used to activate the
additive-manufactured electrodes by applying a set voltage
of +1.4V for 200, followed by applying —1.0 V for 200s. The
additive-manufactured electrodes were then thoroughly rinsed
with deionised water and dried under compressed air before
further use.
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A solution containing 1 mM sodium molybdate (NaMoQ,), in
supporting electrolyte 1 M sodium chloride (NaCl) and 1M
ammonium chloride (NH4Cl), was prepared, and adjusted to a
pH of 8.5 with sodium hydroxide (NaOH). A potential of
1.4V was held during chronoamperometry for 600 s to achieve
successful deposition of MoO, nanowires upon the additive man-
ufactured electrodes. Following chronoamperometry, the electro-
des were rinsed gently with deionised water (as above) to remove
excess salt residues [42].

Spiked real water samples were analysed through the external
calibration method, where the river water was spiked with
10 uM of carbendazim and diluted in BR buffer (pH =4, 1:50).
Analysis was performed using DPV with the following parame-
ters: start potential = +0.6 V; stop potential = +1.2 V; step
potential = 0.05 V; modulation amplitude =0.08 V; modulation
time =0.05s; and interval time=0.5s. Parameters previously
optimised by L.R.G Silva et al. [43].

3 | Results and Discussion
3.1 | Production and Characterisation of Filament

Thermal mixing techniques were used to produce the filaments
as outlined in Section 2.2. A 35 wt% of conductive filler mix of CB
and nanomaterial was used with a ratio of 21:14 wt%, this ratio
has been previously optimised as seen in literature [44-49].
Multiple batches were produced through thermal mixing, which
were then extruded into one filament, and characterisation was
completed across a large portion of this filament to provide accu-
rate representation. The flexibility of the bespoke filaments was
excellent as they would allow for significant bending without
breaking. Figure S1IA shows the MWCNT filament which was
the least flexible of the filaments and would contain parts which
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were more brittle. Images for other filaments can be seen in
Figure S1B-D. Castor oil was used as a biobased plasticiser in
a 10 wt% amount which further contributed towards the sustain-
ability and flexibility of the filaments [50]. The role of the plas-
ticiser is to reduce brittleness, improve processability, and
enhance the surface finish of the print, without castor oil in
the filament, the ability to produce high quality additive-
manufactured electrodes wouldn’t be possible [50]. The resis-
tance of the filaments was measured across 10 cm of filament.
MWCNT had the lowest resistance of 188 +17 Q, followed by
CB 281+19Q, graphite 363+21(Q, and clusters 535+ 71 Q.
This is a significant improvement from the commercial filament,
which has a resistance of around 2-3 kQ. The various filaments
were then 3D printed to be used as working electrodes before
being characterised by SEM, Raman, and XPS.

First, additive-manufactured electrodes were analysed by XPS.
The C 1s region for the MWCNT electrodes can be seen in
Figure 1A. A peak at 284.5 eV can clearly be seen, which is asso-
ciated with the X-ray photoelectron emission by graphitic carbon
[51, 52]. The atomic concentration for the graphitic carbon peak
of the MWCNT electrodes was found to be the greatest at 9.11%.
Graphite had the next largest graphitic peak of 8.21%, followed by
CB which had 5.34%, and then, carbon nanotube clusters with a
graphitic peak of 4.04%. C 1s data for carbon nanotube clusters,
graphite, and CB can be found in Figure S2A-C. SEM surface
images without any activation are shown in Figure 1B-E giving
insight into the structures of the various carbon morphologies
used within the additive-manufactured electrodes and provide
detailed images of their specific arrangements. The SEM images
also confirmed the presence of these nanomaterials as can clearly
be seen, for example in Figure 1B, there is a significant amount of
MWCNT protruding from the polymer matrix. These MWCNT
range from 10 to 20 nm in length, allowing for them to easily
be arrange within the mix. Figure 1C shows the clusters which

N
=]

0 500 1000 1500 2000 2500 3000 3500
Raman Shift (cm)

FIGURE1 | (A) XPS Cls region for the MWCNT activated electrode. SEM surface images for the as-printed (B) MWCNT electrode, (C) carbon
nanotube clusters electrode, (D) Graphite electrode, and (E) CB electrode. (F) Raman spectroscopy data for MWCNT electrode.
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are approximately 20 pm. The mix incorporating graphite is
depicted in Figure 1D, where the graphite is >20 pm, as is evident
in the image. Raman analysis was next performed on all bespoke
filaments in their additive-manufactured electrode forms. Raman
spectroscopy data for MWCNT can be found in Figure 1F, which
shows the characteristic peaks for graphitic-like structures, with
intense peaks at 1338, 1572, and 2680 cm™! assigned to the D-, G-,
and 2D bands, respectively. Figure S3A-C presents Raman spec-
troscopy data for CB, CNT clusters, and graphite. The D-, and G-
bands were seen across all additive-manufactured electrodes,
however, the 2D bands were only seen in the MWCNT, carbon
nanotube clusters, and CB electrodes, as depicted in Figures 1F,
S3A, and S3C . The I/I; ratio for these peaks was calculated to
be 0.88 for MWCNT, 0.61 for carbon nanotube clusters, 0.08 for
graphite, and 0.87 for CB. Lower ratios indicate fewer defects and
avery ordered structure, which indicates the presence of graphite
on the surface of the electrode. A higher number indicates
towards a less ordered structure and more defects, as seen by
MWCNT, carbon nanotube clusters, and CB.

Finally, a contact angle experiment was conducted to determine
the hydrophobicity of the electrodes before and after the elec-
trochemical activation procedure. As shown within Figure 2A,
when CB electrodes are nonactivated, they are less hydrophilic
when compared to Figure 2B where activated CB electrodes are
more hydrophilic, causing for the water droplet to no longer sit
on the electrode surface. It was observed that the MWCNT elec-
trode was the least hydrophilic with an average contact angle of
99°, whereas graphite was the most hydrophilic with an average
contact angle of 87°. The carbon nanotube clusters, and CB elec-
trodes produced contact angles of 91° and 87°, respectively.

3.2 | Electrochemical Characterisation of Additive
Manufactured Electrodes

Once physicochemically characterised, the electrochemical prop-
erties of the additive-manufactured electrodes were studied.
Throughout this study additive manufactured electrodes were
only used once, this is due to PLA allowing for significant ingress
of water, essentially compromising the electrode after being
used [53]. First, the capacitance of an electrode surface can be
determined via cyclic voltammetry within a potential window
where no faradaic reactions occur. This non-Faradaic region
was found to be from 0.2 to 0.4V for all electrodes. The
MWCNT electrode was found to have the highest average

capacitance of 0.32+0.06 pF, whereas, the CB electrode has
the lowest average capacitance of 0.15 = 0.05 puF, with the carbon
nanotube clusters and graphite producing values of 0.23 +0.04
and 0.25 £ 0.09 pF, respectively.

Second, electrochemical characterisation of the additive-
manufactured electrodes was performed against common outer
and inner-sphere redox probes 1 mM [Ru (NH;)s]** (in 1 M KCI)
and 1 mM [Fe (CN)q]*~ (1M KCl), as shown in Figures 3 and S4.
Outer-sphere and inner-sphere probes are crucial for gaining an
understanding of redox reaction and the factors influencing elec-
tron transfer processes in electrochemical systems. Outer-sphere
provides information on how electron transfer occurs through
the solvent or electrolyte, whereas inner-sphere allows for under-
standing of direct interaction between the electrode and redox
species. Results of the data were compared to a glassy carbon
electrode, edge-plane pyrolytic graphite (EPPG) electrode and
commercially available conductive PLA. The heterogenous elec-
tron transfer rate constants, k’.ps, Were calculated as an average
of 3 sets of 10 different scan rates experiments recorded from 5 to
500 mVs™!, where each set used a new additive-manufactured
electrode. These values were determined using a widely utilised
Nicholson method [54] for quasi-reversible electrochemical reac-
tions through (Equation 1) [55]

W =0 (zDnvF /RT) ~1/2 @

where ¥ is a kinetic parameter, D is the diffusion coefficient
([Ru (NH)s]**=9.10 x 10"%cm?s™! [56], [Fe (CN)s]*"*~ =
7.26 x 107¢ cm? s7! [57]), n is the number of electrons that

NA
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[} 200 ——EPPG
(] Commercial CB/PLA
e ~———MWCNT
g -400 4 Clusters
S Graphite
5 —cB
-600 >
o 0.

02 00 02 04 06
Potential (V) vs Ag|AgCI

FIGURE 3 | Cyclic voltammogram (50 mV s ') comparing the glassy
carbon, EPPG, commercial CB/PLA, MWCNT, carbon nanotube clusters,
graphite, and CB electrodes. Solution: [Ru (NH;)6]** (1 mM in 1 M KCI).

8

FIGURE 2 | Images of contact angle measurements of CB additive-manufactured electrodes (A) nonactivated and (B) activated.
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are taking part in the process (1), F is the faraday constant
(96485.3329 C mol™), v is the scan rate (5-500mV s~ %), R is
the gas constant (8.314 Jmol™ K™%), and T is the temperature
in Kelvin (298 K). In order to calculate the heterogeneous elec-
tron transfer (HET) rate constant, we use the peak-to-peak sepa-
ration (AE;) to deduce ¥, where AE, is obtained at various
voltammetric scan rates. The heterogenous electron transfer
(k°,ps) can be calculated via the gradient when plotting ¥ against
[zDnv F/RT]~ 2. In cases where AE,, is bigger than 212 mV, the
following (Equation 2) should be implemented

k®ops = [2.18(aDnvF /RT) =2 exp (—anvF/RT)AE,| (2)

where a is assumed to be 0.5 [58]. The data obtained from
these experiments is summarised within Table 1, where it can
be seen that the MWCNT has the highest kg, of 3.22 (0.16) x
1073 cm s™%, which is significantly greater than that of the com-
mercially available conductive PLA which had a k°,ps of 4.50
(£1.58) x 10~ cm s~ It is also clear that the MWCNT additive
manufactured electrodes are nearly as good as a glassy carbon
electrode, 4.37 (£0.02) x 103 cm s7!, and EPPG electrode,
4.35 (£0.02) x 10> cm s~

3.3 | Calculation of % Edge Plane Sites
To establish why the MWCNT electrode performs the best, we look

to characterise this in terms of edge planes using a method outlined
in work published by Hallam et al. [13], which provides a simple

methodology showing the relationship between heterogeneous rate
constant and density of defect sites. We can calculate the % of edge
plane sites for the additive-manufactured electrodes when used
across different redox probes while comparing them to readily
available electrodes, through use of (Equation 3). Methodology
for (Equation 3) can be found in supplementary information.

koobs = koedge (eedge) (3)

where koedge is the electron transfer rate for edge-plane, Gcqg. is the
coverage of edge plane defects, and ks is the observed electron
transfer rate. koedge has been rigorously determined with a com-
mercial simulation package providing a value of 0.4 cm s™* [59].

As seen within Tables 1 and 2, it is apparent that the electrodes
containing the MWCNT have the highest amount of edge plane
defect sites compared to the other additive-manufactured electro-
des (0.81% in [Ru (NH;)s]*>"). These values can be compared to
those of the glassy carbon (1.09% in [Ru (NH;)]**) and EPPG
electrodes (1.09% in [Ru (NH;)]*"). Furthermore, it can be
noted that the MWCNT electrodes have significantly more
defect sites than that of the commercially available PLA
(0.11% in [Ru (NH;)6]*"). MWCNT exhibits the best electrochem-
ical performance of the additive-manufactured electrodes, this
can be explained through the edge plane calculations done which
further justifies the importance of the edge plane defect sites.
We now look to confirming the edge planes by blocking the
sites with use of MoO, nanowires and benchmark k% against
bare electrodes.

TABLE1 | Compilation of data derived from scan rates studies in [Ru (NH3)]** highlighting the heterogenous electron transfer rate k%, % edge

plane density, and electrochemical surface area. (n = 3).

% Edge (Ocqge) % Electrochemical surface area

Electrode Kps /cm s (107%)
Glassy carbon 4.37 (£0.02)
EPPG 4.35 (£0.02)
Commercial CB/PLA 0.45 (£0.16)
MWCNT 3.22 (+0.16)
Carbon nanotube clusters 1.45 (£0.04)
Graphite 2.90 (£0.01)
CB 2.40 (£0.06)

1.09 74 (£1)
1.09 66 (£2)
0.11 51 (9)
0.81 100 (£10)
0.36 77 (£8)
0.72 105 (+1)
0.60 75 (£3)

Abbreviations: CB = carbon black; EPPG = edge-plane pyrolytic graphite; MWCNT = multiwalled carbon nanotubes; PLA = poly (lactic acid).

TABLE 2 | Compilation of data derived from scan rates studies in [Fe (CN)4]4—/3—, highlighting the heterogenous electron transfer rate Kb

% edge plane density, and electrochemical surface area (n = 3).

% Edge (Ocqge) % Electrochemical surface area

Electrode k%ps /cm st (1073)
Glassy carbon 3.32 (£0.15)
EPPG 3.01 (£0.05)
Commercial CB/PLA 0.20 (%0.57)
MWCNT 2.12 (£0.14)
Carbon nanotube clusters 1.59 (£0.15)
Graphite 1.92 (£0.13)
CB 1.56 (+0.67)

0.83 156 (+21)
0.75 117 (£22)
0.05 27 (£7)

0.53 211 (+19)
0.34 172 (£14)
0.48 222 (+23)
0.39 186 (+49)

Abbreviations: CB = carbon black; EPPG = edge-plane pyrolytic graphite; MWCNT = multiwalled carbon nanotubes; PLA = poly (lactic acid).
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Further testing of the electrochemical performance of the
additive-manufactured electrodes was done through cyclic
voltammetry against a common inner-sphere probe in [Fe
(CN)]* as shown within Figure S4. In this instance, all electro-
des were activated according to the procedure mentioned in
Section 2.5. Unlike outer sphere probes, inner-sphere probes
require direct contact with the electrode and the reactant
directly coordinates to the electrode surface. Through activation,
the surface layer of the polymer is stripped away which in
turn creates pores allowing for a direct pathway to the carbon
allotropes allowing for an interaction to occur, facilitating
electron transfer. Furthermore, the emergence of these pores
increases the surface area of the electrode leading to further
enhancement in electrochemical response. Again, the MWCNT
electrodes outperformed the other additive-manufactured
electrodes, as shown by the data presented within Table 2,
with a k% of 2.12 (0.14) x 10> cm s~'. This is once again
much greater than the k°.ps seen with the commercially available
conductive PLA, which had a k°, of 2.02 (£0.57)x 10™* cm s™%.
MWCNT showed performance at similar levels to the glassy
carbon electrode and the EPPG electrode, which had a k%,
of 3.32 (£0.14)x 1073 cm s and 3.01 (£0.05)x 107> cm s7},
respectively. This data indicates that the MWCNT additive-
manufactured electrode can achieve performance levels
comparable to traditional electrodes, but at a significantly
lower cost.

3.4 | Edge Plane Blocking via Surface
Modification with MoO, Nanowires

The additive-manufactured electrodes were fabricated with
MoO, using the method outlined in Section 2.5 [42]. This was

done as it is understood that the MoO, nanowires would
inhibit the edge plane sites. Due to the blockage of these edge
plane sites, a subdued electrochemical response is displayed.
Visual representation of these surface modifications is shown
in Figure S5A-D, which shows SEM images of each electrode
type, post modification. In these images, it is clear that fabrica-
tion was successful on all electrodes and the surface had been
modified. As shown in Figure 4A,C, there is a significant
change in peak current when the MoO, modified electrodes were
tested in [Ru (NHs)g]** compared to the bare electrodes. Analysis
of the peak current shows that for the MWCNT electrode the
peak current is around six times smaller for the modified
electrode, dropping from a peak current of 90.79 pA prior, to
15.32 pA after. Similar can be seen for the graphite electrode
where the peak current drops by are 3 times, going from
106.10 to 32.28 pA following modification. In both these instan-
ces, peak current is significantly affected following the modifica-
tion of the surface with the MoO, nanowires, showcasing
the importance of the edge planes. However, looking at
Figure 4B,D, it is noted that there was no significant change
between modified and bare electrodes due to the lack of
edge plane sites within the carbon nanotube clusters and CB
electrodes as previously demonstrated. For the electrodes con-
taining the cluster we can see that the peak heigh goes from
50.52 pA before fabrication to 52.51 pA after fabrication, and
for the CB electrode the peak current is 62.61 pA before and
59.36 pA following fabrication, these differences can be deemed
as insignificant as they are minimal. The k% values reported
in Table 3 further confirms the effect of the MoO, nanowires,
as a smaller value can be seen for the nanotubes and graphite
electrodes compared to nonfabricated values, whereas there
was little to no changed in k°,s for the carbon nanotube clusters
and CB electrodes.
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FIGURE4 | Cyclic voltammogram (50 mV s™") in [Ru (NH3)s]** (1 mM in 1 M KCI) comparing modified and bare electrodes. (A) MWCNT, (B) CNT

clusters, (C) graphite, and (D) CB.
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TABLE 3 | Highlights data for heterogenous electron transfer rate
in [Ru (NH3)6]3+ for bare and modified electrodes (n = 3).

K’ps/cm st

Electrode K°s/cm st (1073) (Mo0,) (107%)
MWCNT 3.22 (£0.16) 2.52 (£0.29)
CNT clusters 1.45 (£0.04) 1.88 (£0.55)
Graphite 2.90 (£0.12) 1.93 (£0.19)
CB 2.40 (+0.06) 220 (£0.17)

Abbreviations: CB = carbon black; MWCNT = multiwalled carbon nanotubes.

3.5 | Detection of Carbendazim

After electrochemically characterising the electrodes, electro-
chemical analysis was carried out. This was done by using the
additive-manufactured electrodes for the detection of carbenda-
zim, which would provide a quantitative answer for the sensing
capabilities of the electrodes. Carbendazim is a fungicide which
is used to prevent the growth and spread of fungi as it inhibits
fungal cell division, it is often used on crops as it can stop the
spread of fungal diseases. However, there are concerns associated
with carbendazim, such as reproductive toxicity, potential to
contaminate water sources, and its effect on aquatic life. For this
reason, the European Union decided to prohibit the use of car-
bendazim since 2012 [43].

Initially, activated and nonactivated electrodes were tested, and
their electroanalytical performance evaluated. In all cases, as
shown in Figure 5A-D, the activated electrodes showed greater
electrochemical performance compared to the nonactivated elec-
trodes. The activation of the electrode allows for an increase in

surface area, and an increase in adsorption of the active species.
The improvement in electrochemical performance can be further
supported by looking at improvements of the peak current. For
example, in Figure 5B, the peak current improves from 42.97 pA
in the nonactivated electrode to 80.44 pA in the activated elec-
trode. The increase in peak current is due to the heightened
amount of analyte which is now able to interact with the elec-
trode due to the activation process increasing the surface area.

The electrochemical behaviour of carbendazim was investigated
using DPV in 0.04 M BR bulffer solution across a pH range from
2.0 to 8.0, as shown in Figure 6A using CB electrodes, and can be
seen that peak potentials shifted to more negative values as the
pH increased. The relationship of E,, versus pH and I,, versus pH
is shown in Figure 6B, the value from the slope of 0.063 V/pH is
close to the theoretical value of 0.059 V/pH, indicating to an
equal number of protons and electrons being involved in the oxi-
dation process. It is suggested that the electrochemical oxidation
of carbendazim is due to the proposed mechanism of a two-
proton and two-electron transfer process, this results in methyl
carbamate and an unstable benzimidazole radical being formed,
both of which react to form a dimer [60].

Differential pulse voltammetry (DPV) was utilised for the detec-
tion of carbendazim at a concentration range between 5 and
40 pM, shown in Figure 7A for MWCNT. Figure S6A-C shows
DPV for carbon nanotube clusters, graphite, and CB. This was the
chosen method as DPV provides an enhanced sensitivity and
sharper, more well-defined peaks than CV as the differential
nature reduces background current and noise, making it a more
favourable option for electrochemical analysis. As shown in
Table 4, MWCNT was confirmed to be the best electrode as it
achieved the lowest limit of detection (LOD) of 0.22 uM, which

H
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FIGURES5 | Cyclic voltammograms (50 mV/s™") for the nonactivated and activated additive manufactured (A) MWCNT, (B) carbon nanotube clus-
ters, (C) graphite, and (D) CB electrodes for the determination of carbendazim (1 mM in 0.04 M Britton-Robinson (BR) buffer pH 4).
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FIGURE 7 | (A) Differential pulse voltammogram for activated MWCNT electrode for the detection of carbendazim in a concentration range of

5-40 pM. (B) Calibration curve for carbendazim using an activated MWCNT electrode.

TABLE 4 | Key data collected from using MWCNT, clusters,
graphite, and CB electrodes with differential pulse voltammetry for
the detection of carbendazim such as limit of detection, limit of
quantification, and sensitivity (n = 3).

LOD LOQ Sensitivity
Electrode (»M) (»M) (A pM™h)
MWCNT 0.26 0.88 0.45
Carbon nanotube 4.63 15.40 0.96
clusters
Graphite 4.10 13.70 1.39
CB 7.11 23.69 1.34

Abbreviations: CB = carbon black; MWCNT = multiwalled carbon nanotubes.

is significantly better than the worst electrode, CB, with a LOD
of 7.11 uM. LOD was calculated as three times the standard
deviation of the blank divided by the slope of the calibration
curve. Calibration curve is shown in Figure 7B for MWCNT.
Figure S6D-F shows calibration curve for carbon nanotube clus-
ters, graphite, and CB. MWCNT also achieved the lowest limit of
quantification (LOQ), 0.88 uM, as well as the highest sensitivity
of 0.45 (A pM ™). LOQ was calculated as ten times the standard
deviation of the blank divided by the slope of the calibration
curve. This further confirms that overall, the MWCNT is the best
of the bespoke electrodes which falls in line with the theory as
having more edge planes would lead to better electrochemical
properties. The results obtained from this study were compared

to the analytical characteristic from works seen throughout
literature, this is shown in Table S1.

Finally, the MWCNT electrodes were applied to detect the pres-
ence of carbendazim within real spiked river water samples,
which resulted in a recovery value of 114%, indicating their appli-
cability for environmental analysis. The successful recovery of
carbendazim in river water with additive-manufactured electro-
des enables the rapid detection of an illegal, harmful contami-
nant, as well as ensuring water quality and protecting aquatic
life. This work shows the change in response that is seen
when different carbon morphologies are used in an electrode.
Furthermore, it is highlighted that additive-manufactured elec-
trodes can be used to a high standard comparable to traditional
carbon electrodes and are suitable to be used as environmental
sensors, providing an alternative approach.

4 | Conclusions

This work reported the fabrication of bespoke conductive fila-
ments using different carbon morphologies in combination with
CB to produce additive-manufactured electrodes that were phys-
iochemically and electrochemically characterised for their edge
planes defect sites. It was concluded that of the different fila-
ments produced that the MWCNT filament outperformed the
other bespoke filaments produced in all aspects. The MWCNT elec-
trodes showed the highest k%, and density of edge plane defect
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sites in both redox probes tested, [Ru (NH;)s]** and [Fe (CN)s]*",
compared to carbon nanotube clusters, graphite, and CB.

All bespoke filaments demonstrated enhanced electrochemical
performance relative to the commercially available conductive
filament obtained from Protopasta, indicating that the tailored
material properties and manufacturing processes of the bespoke
filaments may be better suited for applications in advanced
electrochemical systems, such as sensors. Furthermore, MWCNT
exhibited the LOD and LOQ at 0.26 and 0.88 pM, respectively,
as well as achieving a carbendazim recovery of 114% in river
water samples. This enhanced sensitivity can be attributed to
the high density of edge plane defect sites present in MWCNT,
which significantly contribute to its enhanced electrochemical per-
formance by facilitating more efficient charge transfer and increas-
ing the active surface area available for electrochemical reactions.
Overall, this study successfully demonstrated a method for quan-
tifying the density of edge plane defect sites in 3D-printed electro-
des, underscoring the critical role these sites play in influencing
the electrochemical behaviour of the materials. By providing a sys-
tematic approach to assess these features, the findings enable
researchers to further characterise and optimise their electrode
materials, ultimately advancing the development of more efficient
and effective electrochemical devices for various applications, such
as sensors, energy storage, and conversion technologies.
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