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The COVID-19 pandemic highlighted the inaccessibility of quick and affordable clinical diagnostics. This led
to increased interest in creating low-cost portable electrochemical (EC) devices for environmental
monitoring and clinical diagnostics. One important perspective is to develop new fabrication methods
for functional and low-cost electrode chips. Techniques, such as electron beam and photolithography,
allow precise and high-resolution electrode fabrication; however, they are costly and can be time-
consuming. More recently, fused deposition modeling three-dimensional (3-D) printing is being used as
an alternative fabrication technique due to the low-cost of the printer and rapid prototyping capability. In
this study, we explore enhancing the conductivity of 3-D printed working electrodes with EC gold
deposition. Two commercial conductive filament brands were used and investigated to fabricate
electrode chips. Furthermore, strategies to apply epoxy glue and conductive silver paint were
investigated to control the electrode surface area and ensure good electrical connection. This device
enables detection at drinking water concentration thresholds. The practical application of the fabricated
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Introduction

Quick and affordable diagnostic tests have recently gained
interest due to their overwhelming need and inaccessibility at
the onset of the COVID-19 pandemic." Portable electrochemical
(EC) devices, such as glucose meters and lead drinking water
analysers, have been widely used for household and industrial
on-site monitoring.>* Electrode fabrication is one of the key
components for building EC devices. Techniques, such as
electron beam and photolithography, have been used to design
features on chips with ultra-high resolution.*® The downside is
that lithographic methods are costly, may require the use of
a nanofabrication facility which limits accessibility, requires
trained personnel, and are not as amenable to rapid prototyp-
ing.*” To reduce fabrication costs, Jeong et al. produced a low-
cost microelectrode array (MEA) which used a laser-patterned
indium tin oxide (ITO) substrate and SU-8 photoresist as insu-
lation using photolithography.® However, this method required
the ITO to be deposited via sputtering by UID KOREA, limiting
accessibility.? Previously, our group fabricated an electrode chip

“Department of Chemistry, Queen's University, Chernoff Hall, Kingston, ON, K7L 3N6,
Canada. E-mail: zhe.she@queensu.ca

*Department of Civil Engineering, Queen's University, Ellis Hall, Kingston, ON, K7L
3N6, Canada

+ Electronic  supplementary  information
https://doi.org/10.1039/d2ra05455h

(ESI) available. See DOI:

33440 | RSC Adv, 2022, 12, 33440-33448

electrodes is demonstrated by detecting Cu?* using anodic stripping voltammetry.

using a combination of 3-dimensional (3-D) printing to create
shadow masks with physical vapour deposition (PVD) to deposit
gold onto glass slides.® Even though 3-D printed shadow masks
avoided photolithography, the PVD process still requires access
to a clean room, and results in considerable gold waste.
Improving previous methods would make electrode fabrication
simpler, cheaper and more accessible.

Screen printing technologies are favoured by the current
chip fabrication industry, due to their ease of miniaturization,
robustness, low-cost, reproducibility and their applicability for
chemical and biological applications.'” For example, Alberti
et al. and Kuralay et al. successfully used gold screen-printed
electrodes (SPE) with a thiol self-assembled monolayer (SAM)
to detect Fe** content in tap water and detect nucleic acid
hybridization in biological samples.*>** Even though SPEs are
small and capable sensing elements, they still face the hurdles
of limited 2-dimensional (2-D) ink printing designs. Therefore,
it is useful to develop new low-cost methods that are custom-
izable and tailored to biological and chemical sensing.

The incorporation of Fused Deposition Modelling (FDM) 3-D
printing technology for chip fabrication is promising since it is
cost-effective, fast enabling rapid prototyping and easy cus-
tomization for 2-D and 3-D designs.** Contreras-Naranjo et al.
demonstrated a way to fabricate miniaturized 3-D printed
hybrid-carbon based electrodes using an FDM 3-D printer for
electroanalytical sensing purposes.** However, the chip needed
to first be pre-treated with dimethylformamide/phosphate-
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buffered saline to do electron transfer studies, since poor signal
was obtained otherwise."* Moreover, Martins et al. demon-
strated an immunosensor for Hantavirus detection.*® They used
a conductive 3-D carbon black polylactic acid (PLA) filament;
however, it needed sodium hydroxide pre-treatment for surface
activation. Overall, their electrodes showed proper EC potas-
sium ferricyanide redox activity with good conductivity and an
approximate current value of 25 pA with a surface area of about
102 mm?. We are looking at methods that can reduce electrode
size using 3-D printing while maintaining good conductivity.

Numerous applications use gold electrodes as they are well-
known in EC sensors because they provide high chemical
stability, large surface area, exhibit good biocompatibility, and
facilitate electron transfer between biomolecules and elec-
trodes.'®"” Utilization of a gold electrode also allows for further
modification of the EC sensor, such as forming SAMs for bio-
sensing, to further expand potential applications of the
sensor.">° Peng et al. fabricated a successful EC sensor based
on gold nanoparticles modified with rhodamine B hydrazine for
highly selective and sensitive detection of Cu®".** German et al.
showed successful electrochemical deposition of gold nano-
particles on graphite rod for glucose biosensing.”* Therefore, it
is advantageous to investigate depositing gold onto 3-D printed
materials to help improve the conductivity, electron transfer,
sensitivity, and stability of the electrode sensors.>*>*

In this study, we investigated an alternative electrode fabri-
cation method that combines 3-D printing with EC gold depo-
sition to produce electrode chips shown in Fig. 1. Selecting
suitable filaments, electrode designs, and controlling the gold
deposition process to enhance the conductivity and gold surface
coverage is challenging. This is because the current of the 3-D
printing filaments lack sufficient conductivity for EC redox
activity, however, gold deposition has potential to greatly
increase the conductivity.”® This study demonstrates that
fabricating a 3-D printed electrode chip using conductive
carbon/PLA filament with electrochemical gold deposition, has
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Fig. 1 Schematic illustration of both the fabrication procedure and
analysis. (@) Computer-aided design (CAD) WE to be 3-D printed; (b) 3-
D printed WE on glass slide; (c) application of epoxy glue onto the
connector part followed by conductive silver paint around the Cu wire
connected to the printed part; (d) cyclic voltammogram (CV)
measurements prior to gold deposition; (e) gold deposition via chro-
noamperometry; (f) CV measurements after gold deposition. Elec-
trochemical cell (d—f): 5 mM K4Fe(CN)> /5 mM KsFe(CN)g*~ and 1 M
NaClOy; CE (Pt electrode), RE (Ag/AgCl in 3 M KCl). Gold deposition
cell (e): 0.1% HAuCl, in 0.1 M KCL; CE (1.00 mm diameter Au wire), RE
(0.25 mm diameter Au wire in capillary tube).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the potential to be used in chemical and biological sensing
platforms and applications.

Experimental
Reagents

Potassium nitrate (99%), agar (Fisher BioReagents™), potas-
sium ferrocyanide trihydrate (98.5%, certified ACS), sulfuric
acid (93-98%, trace metal grade) and potassium ferricyanide
(99%, certified ACS) were purchased from Fisher Scientific
(Ottawa, Ontario). Isopropyl alcohol (99%), sodium perchlorate
monohydrate (98%), chloroauric acid (99.995%) and copper(u)
sulfate (99.999%, trace metal basis) were purchased from
Sigma-Aldrich (Oakville, Ontario). Potassium chloride (99%)
was sourced from Millipore Sigma (Burlington, Massachusetts).
Protopasta PLA Conductive filament was obtained from
HatchBox (Pomona, California). Multi3D Electrifi Conductive
filament was purchased from Multi3D (Middlesex, North Car-
olina). Gorilla Epoxy™ was purchased from Gorilla Glue
Company (Cincinnati, Ohio). Mill-Q (MQ) water (>18.2 MQ) was
used to prepare aqueous solutions. PELCO® conductive silver
paint was obtained from TED Pella Inc. (Redding, California).

CAD design and 3-dimensional printing

The computer-aided electrode chips designs (CAD) were
completed using Fusion 360 software by Autodesk, Inc. (San
Rafael, California). Prior to 3-D printing, designs were exported
as .stl files. Electrodes were printed in conductive PLA and
Electrifi with an original Prusa i3 MK3S 3D printer by Prusa
Research (Prague, Czech Republic).

Electrode fabrication

Electrode fabrication is achieved by 3-D printing an electrode on
a glass slide and electrochemically depositing gold onto the elec-
trode surface. The glass slides were cleaned prior to 3-D printing by
rinsing them for 30 seconds with isopropyl alcohol followed by 30
seconds with MQ water and then drying under a flow of N,. To
fabricate the 3-D printed electrode chip as shown in Fig. 2, the .stl
file was first loaded in the printer settings and the printer was
heated to 210 °C and 60 °C for the nozzle and printer bed
respectively based upon recommended manufacturer settings/
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Fig. 2 Detailed schematic illustration of 3-D printing WE with Cu wire
embedded into it. (a) 3-D print ledge part of design to further insert
glass slide; (b) pause printer and insert glass slide; (c) continue printing
on top of glass slide; (d) pause printer and insert Cu wire halfway
through; (e) continue printing and finish the print, remove from printer
bed; (f) apply epoxy glue to connector and conductive silver paint
around Cu wire; (g) after gold deposition.
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ranges. The electrode was designed with a spacer, that was not part
of the final design, to allow the glass slide to be placed onto the
printed bed and be flush with the spacer. This would allow the
electrode to be printed directly onto the glass slide. The printer
would start by printing the spacer and was manually paused to
place the glass slide on the printer bed shown in Fig. 2a. The glass
slide was secured onto the heating bed with double-sided tape
(Fig. 2b). The printer would be resumed allowing the electrode to
be printed directly on top of the glass slide as shown in Fig. 2c. For
the design without an embedded copper wire, shown in Fig. Sla
and b, the printer would not be stopped. For the last design,
Fig. Sic and d, where a copper wire is embedded into the elec-
trode as shown, the printer would be stopped about halfway
through the print to allow the wire to be inserted into the prede-
signed cut-out shown in Fig. 2d, and .stl file (Fig. S21). The printer
would then finish printing the remaining part of the electrode over
the copper wire shown in Fig. 2e. The electrode chip design hasa 5
x 5 mm connecting pad (Fig. S21) with a total length of 34 mm,
a height of 2 mm and the WE diameter is 4 mm shown in Fig. S3
and Table S1.1 The glass slide was 1.00 mm high, 25 mm wide, and
37.5 mm long shown in Fig. S4.7 Electrode chips were then covered
with Gorilla Epoxy™ glue (Fig. 2f) on the connector portion of the
electrodes to control the surface area and increase reproducibility.
PELCO® conductive silver paint was applied around the copper
wire connected to the filament to secure the connection between
both materials as shown in Fig. 2f. The chips were left for
a minimum of 15 minutes at room temperature to allow the epoxy
glue to cure and the conductive silver paint to dry. This left an
approximate surface area of 50 mm? for gold deposition.

Gold deposition

Gold was deposited onto the surface of the 3-D printed working
electrode (WE) using chronoamperometry (CA) resulting in the
completed and fabrication electrode chip shown in Fig. 2g. The
EC cell consists of a 3-D printed WE on a glass chip, and both an
external gold counter electrode (CE) (1.00 mm diameter) and
gold reference electrode (RE) (0.25 mm diameter) in a capillary
tube shown in Fig. S4.1 Solution was 0.1% HAuCl, in 0.1 M KCl.
Once gold deposition CA measurements were optimized, they
were carried out for 15 min at a constant voltage of —0.4 V.

Scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (EDS)

Scanning electron microscopy (SEM) images were collected for
both types of filaments to compare the topography before and
after gold deposition on the 3-D printed electrodes. Energy-
dispersive X-ray spectroscopy (EDS) was performed for chem-
ical analyses on both types of filaments before and after 3D
printing. SEM images and EDS spectra were collected on
a Thermo Fisher Scientific Quanta 250 eSEM. The instrument
was operated in low vacuum mode at a chamber pressure of 0.9
torr and an accelerating voltage of 20 kV.

Cu** detection using 3-D printed electrode chips

The Cu®* samples were prepared in 10 mL centrifuge tubes by
serial dilution. Each Cu®** sample contained 0.05 M H,SO, as
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supporting electrolyte. For the interference study, equal
portions of 3 ppm of both Cu** to the interfering ion in 0.05 M
H,SO, were prepared in 10 mL centrifuge tubes. Statistical
analysis was conducted using IBM SPSS software (Armonk, NY).
Results are reported as significant using the 95% confidence
interval. The electrode was electrochemically cleaned by
running cyclic voltammograms (CVs) in 0.5 M H,SO,. The CVs
were carried out using potential windows from 0.000 to 1.200 V
with scan rate of 0.5 V s~'. After cleaning, the chip was thor-
oughly rinsed by Milli-Q water and then blown dry with
Nitrogen. The electrodes were set up in a 50 mL beaker with 3-D
printed cap as an electrode holder. Approximately 10 mL Cu**
samples were added into the beaker for analysis. The analysis
used the 3-D printed electrode as the working electrode, a plat-
inum wire as counter electrode, and an Ag/AgCl (3 M KCl) as
reference electrode. The reference electrode was in a separate
container connected to the system by an in-house built 1 M
KNOj; in 30% agar salt bridge. The Cu®>* analysis used anodic
stripping voltammetry (ASV) as the detection technique where
—0.6 V was applied for 5 minutes, followed by a linear sweep
from —0.6 to 0.25 V at a scan rate of 0.01 Vs~ .

Results and discussion

Optimization of electrode design and gold deposition
parameters

Conductive 3-D printing filaments have recently become avail-
able for FDM printers. Here, two different filaments were
investigated, a Protopasta 1.75 mm Conductive PLA filament
and a Multi3D 1.75 mm Electrifi Conductive Filament with
resistivities of 115 Q cm and 0.006 Q cm respectively. For each of
the filaments, two different chip designs were investigated with
consistent measurements to ensure the surface area were
consistent between different designs. EC optimization was
performed concurrently with the chip design optimization.
Overall, the conductivity of all four chip designs increased after
gold deposition, as shown by an increase in current signal (red
line). In Fig. 3a, where Multi3D filament was used, the current
signal measured from the WE increased from 0.07 mA (black) to
=4 mA (red) after gold deposition. This increase demonstrated
that depositing gold on the surface of the electrode improves
the conductivity of the electrode, although, proper ferri/
ferrocyanide redox activity was not observed.*® Following, a Cu
wire was embedded into the Multi3D filament, shown in Fig. 3b.
This was done to determine if a better electrical connection
between the electrode and potentiostat improves conductivity
and/or improves the redox activity (not observed with this fila-
ment). Therefore, it was necessary to investigate a different
conductive filament using Protopasta conductive PLA as shown
in Fig. 3c. It is seen that the current increases from 0.02 mA
(black) to 0.3 mA (red) after gold deposition which again
confirms that gold increases the conductivity of the electrode
surface, but limited redox activity was observed, as no typical
ferri/ferrocyanide redox peak was observed.”® This limiting
factor is likely due to insufficient electron flow from the WE to
the electrical contacts connected to the potentiostat, resulting
in poor electron flow and reduced conductivity in the CV plots.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Optimizing 3-D printed materials using two different conductive filaments (Protopasta and Multi3D) with and without an embedded
copper (Cu) wire and comparing before (solid black line) and after (dashed red line) gold deposition. Gold deposition was done using CA with
—1.4 V potential for 15 min (a) Multi3D without Cu wire; (b) Multi3D with Cu wire; (c) Protopasta without Cu wire; (d) Protopasta with Cu wire.

Therefore, a Cu wire was then embedded into this filament,
shown in Fig. 3d, producing an increase in current from 0.005
mA (black) to 0.55 mA (red) after gold deposition. This resulted
in a conductive WE for which typical EC redox activity of ferri/
ferrocyanide redox was observed. Even though the Multi3D
filament produced larger current values and higher conduc-
tivity, likely due to a variety of different elements that can
increase conductivity as shown in Table S2, when compared to
the Protopasta filament. In addition, when using Multi3D fila-
ment, proper redox activity was not observed. Also, SEM and
EDS results, shown in Fig. S5 and Table S2f respectively,
showed that the Cu blend Multi3D filament absorbs the elec-
trolyte thereby further altering the surface properties, and due
to the Cu in the filament, could cause metal ion contamination.
Therefore, it was determined that the most optimal chip design
was when conductive Protopasta filament was used with an
embedded copper wire as shown in Fig. 3d. With this design, it
was necessary to optimize gold deposition parameters using
chronoamperometry (CA).

To obtain an optimal sensor with a stable gold layer on the
electrode surface, CAwas used on the optimal chip design using
Protopasta conductive PLA filament with an embedded copper
wire. Different potentials and deposition times applied to the
WE result in different nucleation and growth mechanisms of
gold deposited thereby further altering the conductivity of the
electrode.”” Therefore, it was necessary to optimize the gold
deposition potential and time to obtain a conductive chip.

Optimization of deposition potential

Studies have shown, the current from gold deposition increases
negatively as potential becomes more negative, resulting in
a more conductive electrode.”” To explore this further, CA was
used and different potentials were investigated ranging from

© 2022 The Author(s). Published by the Royal Society of Chemistry

—0.2 Vto —1.8 V while keeping gold deposition time constant at
15 minutes (Fig. 4a). As the potential became more negative, the
deposition signal is nosier, a result which could be due to
hydrogen evolution.?® CV's were then tested on each electrode to
monitor the conductivity of the electrode by examining the
current values (Fig. 4b). This figure shows that a CA deposition
with a less negative potential of —0.2 V results in a smaller CV
current but as the potential increases negatively towards —1.4 V,
the current starts to increase indicating a more conductive
electrode. Overall, the following deposition potentials of —1.4 V,
—1.5Vand —1.6 V all resulted in a current value close to 0.6 mA,
which appeared to be the largest current value. A deposition
potential of —1.8 V did not increase the CV peak current value
nor conductivity. The less conductive gold surface is likely due
to hydrogen evolution and bubbling occurring on the WE,
which results in the limiting diffusion of gold ions to the elec-
trode surfaces.” Since —1.4 V, —1.5 V, and —1.6 V potentials all
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Fig. 4 Optimizing CA gold deposition potential over 15 minutes using
Protopasta filament with copper wire embedded. (a) CA from depos-
iting gold on WE surface; (b) CVs from WE after gold deposition.
Deposition potentials of —0.2 V (black), —0.6 V (maroon), —1.0 V (navy
blue), —1.2 V (olive green), —1.4 V (red), —1.5V (blue), —1.6 V (magenta),
and —1.8 V (cyan).
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resulted in similar current values shown on the CV in Fig. 4b, all
three potentials were investigated to optimize gold deposition
time.

Optimization of deposition time

Using the three potentials that produced the highest current
values in the CVs, different gold deposition times (Fig. 5) were
investigated to obtain the optimal potential and time for gold
deposition. Current increases were identified after depositing
gold for 2 minutes shown in Fig. 5. Comparing 2 minutes
deposition to 15 minutes, the current increased only slightly
and a similar trend was observed for 30 minutes of gold depo-
sition at potentials of —1.4 V and —1.6 V shown in Fig. 5a-c
respectively. Observations of hydrogen evolution were made at
different times over the three applied potentials. When
a potential of —1.4 V was applied (Fig. 5a), hydrogen evolution
did not occur after 2 or 15 minutes, but was apparent after 30
minutes. For —1.5 V (Fig. 5b), hydrogen evolution was observed
after 15 minutes and for —1.6 V (Fig. 5¢) it was noticed after 2
minutes. To look more closely at the differences, the oxidation
peak current values (Table S3}) were all plotted with their
respective error bars shown in Fig. 5d that were obtained from
the oxidation peak values multiplied by relative percent stan-
dard deviation. Since it is important to avoid hydrogen evolu-
tion as it could potentially damage the electrode altering the
performance and reproducibility of the electrodes,**> a gold
deposition time of 15 minutes at a potential of —1.4 V was
determined to be the most optimal for making sensor chips. In
addition, a shorter gold deposition time while maintaining
a quality deposition is important to move towards faster testing.
Therefore, 15 minutes was chosen to be the preferred deposi-
tion time, although, a longer deposition time could give slightly
more gold coating on the surface of the electrode. To ensure the
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Fig. 5 CVs obtained when optimizing CA gold deposition time using
Protopasta filament with copper wire embedded with three potentials
of (a) =14 V; (b) —=1.5V; and (c) —1.6 V that all produced the highest
current values. (d) Bar plot that compares current oxidation peak
values of three potentials over different gold deposition times. Total
gold deposition time intervals of O min (A, black), 2 min (B, navy blue),
15 min (C, olive green), and 30 min (D, magenta).
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gold deposition parameters were preferred, the reproducibility
of the electrodes and gold stability were investigated.

Reproducibility and stability of 3-D printed electrodes

Multiple electrodes have been made to test out the reproduc-
ibility after controlling the surface area with epoxy glue as
shown in Fig. S6 and Table S4.1 The EC redox signal shows they
are very similar but not identical. In addition, we tested the
stability of gold deposition on the electrode surface. The most
optimal gold deposition condition of —1.4 V for 15 minutes was
used and then electrochemical cycling test with 100 CV cycles
was carried out to ensure the current did not decrease as shown
in Fig. 6a and b. Overall, comparison of cycle 3 to cycle 100
demonstrates a 1.8% and 9.2% decrease in the oxidation and
reduction peak signal, respectively, calculated by relative
percent change. This indicates the conductivity of the electrode
remains relatively the same. These results represent that the 3-D
printed electrode chips have stable gold surfaces. This is
important if they are used in further applications such as
chemical and biological sensing to ensure they maintain
consistent performance.*

Scanning electron microscopy and energy dispersive
spectroscopy

To study the surface morphology and chemical composition of
gold deposition, SEM and EDS was used. The topography of the
PLA Protopasta 3-D printed electrode was imaged by SEM,
shown in Fig. 7 with enlarged images in Fig. S7,1 before and
after gold deposition using a potential of —1.4 V over different
total gold deposition times of 0, 2, 15, and 30 minutes (Fig. 7a,
b, ¢ and d respectively). Due to the 3-D printing process, the
electrode surface was not perfectly smooth, but these rougher
surfaces would enlarge the surface area and provide for more
interactions of molecules when used in chemical and biosens-
ing applications.” When observing the surface over different
deposition times, after 2 minutes clusters of gold could be
observed on the surface of the electrode (inset Fig. 7b), but it
had lower conductivity to be used in EC sensing. After a depo-
sition of 15 minutes, the gold film becomes more prevalent and
the clusters grow further increasing the conductivity, as shown
in Fig. 7c. At 30 minutes of total gold deposition, the gold layer
looked similar to that of the 15 minutes deposition time

a) ——Cycle 3
0.6{ = =Cycle 15

b) 06

== « «Cycle 30
= = = Cycle 50
0.3{ 222 ¢kes0
= = Cycle 100
E 0.0 E .
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Fig. 6 (a) CV of stability of gold on one Protopasta Cu wire embedded
electrode after 100 CV cycles using optimal gold deposition param-
eters. Relative percent change calculated by (cycle 3 — cycle 100 peak
value)/cycle 3. (b) Bar plot of both oxidation (maroon) and reduction
(blue) values obtained from (a).
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Fig. 7 SEM images of Protopasta electrode with Cu wire embedded
after gold deposition at —1.4 V potential over deposition times of (a)
0 minutes; (b) 2 minutes; (c) 15 minutes; (d) 30 minutes.

(Fig. 7d). The SEM images were analysed using Gwyddion soft-
ware with threshold masking tool to quantify the percentage of
gold cluster growth over different deposition times. The gold
coverage ratio on the images was increased from 0% at 0 minute
up to 30%, 64% and 81% after 2 minutes, 15 minutes, and 30
minutes of gold deposition respectively.

EDS measurements, on the same electrode, were collected to
observe the amount of gold deposited at the different time
intervals (Table 1). There is an overall trend of increasing the
amount of gold on the electrode with increasing deposition
time. However, beyond 15 minutes the rate of deposition slows
similar to the resulting CV current measurements (Table S31).

SEM images were also taken on electrodes that had gold
deposited over 15 minutes while varying the potentials (—0.6 V,
—1.0V, —1.4 V, and —1.8 V) as shown in Fig. S8.1 SEM images
showed gold grain size and density change with varying elec-
trodeposition potentials. Gold grains look to be smaller with
increasing potentials from —0.6 V to —1.8 V. Gold deposition at
the optimized potential of —1.4 V gives a good combination of
coverage, size and growth of the gold layer.

X-ray photoelectron spectroscopy (XPS)

To further study the electrodes surface chemistry, including the
chemical state of the atoms and what oxidation state gold is

Table 1 Atomic% of carbon, oxygen, gold present before and after
gold deposition at —1.4 V potential over varying deposition time of O, 2,
15, and 30 minutes

Carbon Oxygen
(%) (%) Gold (%)
0 min 76.8 23.2 0.00
2 min 70.4 28.6 1.03
15 min 73.2 20.5 6.33
30 min 73.9 19.4 6.72

© 2022 The Author(s). Published by the Royal Society of Chemistry
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being electrodeposited at, XPS measurements were conducted
on the Protopasta electrode after gold deposition with the
experimental details in SI. Overall, strong peaks were observed
for Carbon, Oxygen and Gold as shown in Fig. S9f with its
corresponding data in Table S5.1 In the high resolution spec-
trum of Au 4f, only the presence of Au-0 (Au 4f;,, at 83.87 eV and
Au 4f5, at 87.54 eV) was detected. Au™ and Au™ was not
observed as this would occur with a shift to higher binding
energies by 1.1 and 3.2 eV from 83.87 eV respectively.**** This
analysis demonstrated that the gold that is electrodeposited
onto the surfaces of the electrodes is indeed Au(0).

Extension to practical sensing of Cu®"

To demonstrate the applicability of the 3-D printed electrode to
practical applications the fabricated sensors and ASV technique
was used to measure Cu®* with ppm (ug mL ") limit of detection
(LOD). Although Cu is an essential element to humans and
plants, excess amounts of Cu is toxic to biological systems.**>°
The detection and quantification of Cu in the environment are
important, especially due to the wide industrial usage of Cu.?”?®
Although there are several established conventional methods
(e.g. inductively coupled plasma mass spectrometry; colouri-
metric methods) that detect Cu at levels practical for environ-
mental regulations, there has been significant interest in
developing electroanalytical methods for the rapid and online
detection of Cu.*** Cu in drinking water presents in various
forms. The EC analysis of Cu>" was explored, due to its soluble,
bioavailable nature and relevance to toxicological standpoint.®®
Prior to detecting Cu®", the electrodes were electrochemically
cleaned by CV in 0.5 M H,SO,. The electrochemical cleaning did
not largely affect the surface of the electrode. SEM and EDS
analysis shows a small 2% increase was observed for gold
composition as shown in Fig. S10 and Table S6.f The Cu>*
oxidation peak collected by ASV demonstrated an increased
current at higher Cu concentrations (Fig. 8a and b). The back-
ground has been subtracted from Fig. 8a to remove the contri-
bution of oxygen evolution that may occur and to accurately
measure the pure faradaic current that is obtained in Fig. 8b.*
The peak current values (n = 3) of Cu®" after background
subtraction were used to generate a linear calibration curve
between 2 to 6 ppm, as shown in Fig. 8c, matching the

y=5.06x-9.77
151 R2=0.995

0.4
06 -04 -02 00 02
E (V)

OCoLcezntra?’tior?(pgm)6

Fig. 8 Anodic stripping voltammogram of Cu?* in 0.05 M H,50,. (a)
Voltammogram of Cu?* with background. (b) Background subtracted
voltammogram of Cu?*. The copper concentrations from bottom to
top are 0 (black solid), 1 (navy dash), 2 (maroon dash dot), 3 (orange
dash dot dot), 4 (red short dash), 5 (bright blue short dash dot), 6
(magenta dot) ppm. (c) Linear calibration curve of Cu®* detection.
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concentration level of regulation guidelines. A LOD of 1.6 ppm
was obtained from 7 replicated measurements of the blank
using 3o/slope, where ¢ is standard deviation. When detection
was carried out at LOD level and lower, the faradaic current
from the detection is at a very similar level to the background
non-faradaic current, therefore is difficult to be recognized.
Ziba et al. used a carbon ionic liquid electrode to detect trace
Cu”" with a LOD of 5.97 x 10~* ppm.*> While their detection
showed very high sensitivity, the work shown is to illustrate
a new possible way of making the electrode cheaply and locally.
Future studies in electrode modification materials have poten-
tial to further improve the performance of these 3-D printed
electrodes. The LOD calculated is close to the Canadian
drinking water guideline value of copper (maximum acceptable
concentration of 2 ppm and aesthetic objective of 1 ppm),*® the
USEPA has a maximum contaminant level of 1.3 ppm,* and the
World Health Organization has a guideline value of 2 ppm,*
which suggests that the 3-D printed electrode may readily detect
Cu”" at threshold concentrations. The 3-D printed electrodes
were also tested against other interfering ions, shown in
Fig. S11,1 and it was determined that the interfering ions had
no significant impact on the detection of Cu®" according to the
statistical ¢-test.

Conclusions

We have illustrated the use of electrochemically depositing gold
on the surface of 3-D printed electrodes to improve conductivity
and EC sensing of Cu®". To ensure good conductivity and proper
redox activity, Protopasta conductive PLA filament with an
embedded Cu wire was found to provide the best performance
for the fabricated chip design. This design ensures no possi-
bility of metal contamination in the filament and a good, stable
connection between the electrode and potentiometer. Chro-
noamperometry proved successful for EC gold deposition, with
an increase in CV current with increasing deposition time. The
current method results in quick, accessible, and low-cost
fabricated chips since no nanofabrication facility is required
for gold deposition and it results in less gold waste when
compared to methods that involve vaporizing gold onto the
substrate. Cyclic voltammetry demonstrated that the electrodes
are conductive, especially after gold deposition affording the
opportunity to use the electrodes for chemical and biological
sensing applications. The geometry of the chips is easily cus-
tomizable with CAD software to tailor any sensor design.
Detection of Cu®" at ppm concentrations was successfully
demonstrated proving the fabricated electrode can function as
a sensor and be further improved for future applications.
Furthermore, this electrode fabrication method has the poten-
tial to be implemented in other applications, such as elec-
tronics, electrochemistry, and biosensors.*>™*
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