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RESUMO

A impressao tridimensional (3D) € uma técnica de fabricagao por manufatura aditiva que
possibilita a obten¢do de uma grande variedade de estruturas com geometrias variadas e
com grande versatilidade. A possibilidade de se obter objetos complexos com relativo
baixo custo utilizando uma ampla gama de materiais proporcionou grande atratividade da
impressdao 3D em areas como a eletroandlise. Esta tecnologia vem possibilitando a
obtencdo de aparatos analiticos completos, tais como células e dispositivos
eletroquimicos, além de sensores a partir do uso de filamentos ndo-condutivos e
condutivos (compdsitos). Neste contexto, o objetivo neste trabalho foi explorar
filamentos condutivos comerciais a base de grafeno e acido polilatico (G/PLA) como
material base para a obteng@o de sensores para a detec¢do de glicose e H20». A detec¢ao
de glicose foi realizada a partir da incorporagdo do Ni(OH)z no filamento para impressao,
atribuindo propriedades eletrocataliticas ao sensor obtido. O novo material obtido foi
caracterizado por técnicas de microscopia e espectroscopia, além de técnicas
eletroquimicas. Posteriormente, o sensor produzido a partir deste filamento foi
empregado na detec¢do ndo enzimatica de glicose, apresentando um limite de detec¢do
de 2,4 pmol L', proporcionando a rapida (160 inje¢des h'!), precisa (RSD < 5%) e seletiva
detecgdo do analito na presenga de potenciais interferentes como acido ascorbico, ureia e
acido urico. Para a deteccdo de H2O», a exposicdo das impurezas de ferro presentes no
filamento (G/PLA) foi realizada a partir de um tratamento quimico com dimetilformamida
por 30 minutos. Os ions Fe** da superficie foram ento explorados para a eletrodeposi¢io
de azul da Prussia empregando a técnica de voltametria ciclica (200 ciclos) na presenca
de Kj3[Fe(CN)g], KCI e HCI. O eletrodo modificado foi entdo empregado na detecg¢ao
amperométrica de H»O; utilizando-se um sistema de andlise por inje¢cdo em batelada
(BIA). Um limite de detec¢do de 0,56 pmol L™! foi obtido, além de valores de recuperagio
adequados (94 a 101%) para H>O> em amostras reais de leite. Por fim, considerando a
importancia dos parametros de impressao no desempenho final de sensores obtidos por
impressao 3D, alguns parametros como a orientacdo da impressdo, espessura de camada,
numero de perimetros e velocidade de impressdo foram avaliados em sensores obtidos a
partir de filamentos contendo carbon black e 4cido polilatico (CB/PLA). Para avaliar o
efeito destes parametros, caracterizagdes por técnicas eletroquimicas (voltametria ciclica
e impedancia eletroquimica) foram realizadas usando uma solugdo de [Ru(NH3)6]*"** 10
mmol L' como sonda redox. Os resultados mostraram que eletrodos impressos na
orientagdo vertical, com menor espessura de camada (0,05 mm) e velocidade de
impressdo de perimetro (30 mm s’') usando dois perimetros forneceram o melhor
desempenho eletroquimico. Além disso, observou-se que a partir dos parametros
selecionados hd uma maior disponibilidade e distribui¢ao de sitios condutores, mostrando
que os parametros de impressao sdo recursos importantes para permitir a fabricacdo de
plataformas eletroquimicas melhoradas via impressdo 3D.

Palavras-chave: glicose; peroxido de hidrogénio; sensores eletroquimicos impressos em
3D; hidréxido de niquel; azul da Prussia; parametros de impressao.



ABSTRACT

Three-dimensional (3D) printing is an additive manufacturing technique, which makes it
possible to obtain a great variety of structures with varied geometries and great versatility.
The possibility of obtaining complex objects at a relatively low cost using a wide range
of materials provided great attractiveness to 3D printing in areas such as electroanalysis.
This technology makes it possible to obtain complete analytical apparatus, such as
electrochemical cells and devices, as well as sensors from the use of non-conductive and
conductive (composites) filaments. In this context, the objective in this work was to
explore commercial conductive filaments based on graphene and polylactic acid (G/PLA)
as a base material for obtaining improved sensors for the detection of glucose and H>O.
Glucose detection was performed by incorporating Ni(OH) into the printing filament,
attributing electrocatalytic properties to the obtained sensor. The new material was
characterized by microscopic and spectroscopic techniques, in addition to
electrochemical techniques. Subsequently, the sensor produced from this filament was
used for the non-enzymatic glucose detection, showing a detection limit of 2.4 pmol L™,
providing fast (160 injections h™), precise (RSD < 5%) and selective detection of the
analyte in the presence of potential interferents such as ascorbic acid, urea and uric acid.
For the detection of H>0», the exposure of iron impurities present in the filament (G/PLA)
was performed with a chemical treatment with dimethylformamide for 30 minutes. The
Fe’" ions on the electrode surface were then exploited for the electrodeposition of
Prussian blue, which was performed using the cyclic voltammetry technique (200 cycles)
in the presence of K3[Fe(CN)g], KCI and HCI. The modified electrode was then used in
the amperometric detection of H2O2 using a batch injection analysis (BIA) system. A
detection limit of 0.56 umol L' was obtained, in addition to adequate recovery values (94
to 101%) for H2O2 in milk samples. Finally, considering the importance of printing
parameters in the final performance of sensors obtained by 3D printing, some parameters
such as printing orientation, layer thickness, perimeter number and printing speed were
evaluated in sensors obtained from filaments containing carbon black and polylactic acid
(CB/PLA). To evaluate the effects of these parameters, characterizations by
electrochemical techniques were performed using a solution of 10 mmol L
[Ru(NH3)6]*"** as redox probe. Results showed that the electrodes printed in vertical
orientation, with lower layer thickness (0.05 mm) and print speed (30 mm s™!) using two
perimeter numbers provided the best electrochemical performance. In addition, it was
observed that from the selected parameters, there was a greater availability and
distribution of conducting sites, showing that the printing parameters are important
resources to allow the fabrication of improved electrochemical platforms.

Keywords: glucose; hydrogen peroxide; 3D printed electrochemical sensors; nickel
hydroxide; Prussian blue; printing parameters.
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1 GENERAL INTRODUCTION

In recent years, research groups have investigated the fabrication of analytical
sensors for real-time analysis of the quality of environmental, food, forensic, and
pharmaceutical samples. Electrochemical methods have several key properties that are
important for on-site measurements, including minimal sample manipulation, high
sensitivity, low cost, and easy miniaturization. These techniques are based on
measurements of changes in electrical properties (potential, current, conductivity, charge
transfer, etc.) at electrode/solution interfaces or between electrodes [1]. The detection of
changes in these electrical properties have been widely used for the determination of the
concentration of an increasing number of target species. Although the variety of
electrochemical sensing systems has increased, for example, the successful
commercialization of blood glucose sensors, there are still some challenges in producing
portable electrochemical sensing systems [2]. Conventional electrochemical sensing
systems comprise electrochemical cells, electrodes, and bulky electrochemical
workstations that require specialized personnel. In addition, conventional working
electrodes (glassy carbon, boron doped diamond, gold, platinum, etc.) are expensive and
not suitable for on-site analysis because they usually require greater volume of
samples/supporting electrolyte and moderately complex electrochemical cell setups. In
recent years, many small size, reliability, and simple cost-effective electrochemical
sensing systems suitable for on-site applications (“portable”) have been developed by
many research groups [3].

Screen-printed electrodes (SPEs) are an interesting alternative to produce portable
electrochemical sensors or platforms to overcome the limitations of conventional
electrochemical analysis systems. Generally, SPEs are manufactured using well-known
industrial printers by depositing conductive inks on a flat solid substrate (ceramic,
polymers, paper, etc) [4]. Although SPEs are a promising material to replace conventional
electrodes, they still have low inter- electrode reproducibility (RSD > 5%), requires high-
cost industrial printers (not available in most laboratories) and, in some cases, poor
electrochemical performance for some analytes, especially in strongly basic or acidic
solutions and when organic solvents need to be used. In this sense, additive
manufacturing, especially 3D-printing technology, is an interesting alternative to produce

electrochemical sensing systems. This technology has been widely used to produce mass-
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scale custom-made and cost-effective devices in many areas, including electrochemistry.
[5,6]. In this field, 3D printers are employed to produce batteries [7,8], electrochemical
cells [9], microfluidic devices [10,11], sensors [12,13] and capacitors [14,15]. In fact, in
brief research bibliometric on the Web of Science database, using the keywords 3D-print*
and sensors, showed a marked increase in research in this field in the last few years, as
shown in Figure 1. The increase in published papers on the development of sensors using
3D printing is notable. This trend is driven by the versatility of the 3D printing
technology, which enables easy construction, modification or repair various objects. This
technology has captivated the imaginations of do-it-yourself (DIY) hackers, engineers,
and scientists [16]. The DIY ethos promotes independence, creativity, and self-reliance
in addressing tasks traditionally handled by professionals, and advancements in 3D
printing have significantly empowered this approach. Furthermore, the widespread
adoption of 3D printers has democratized the possibility of production in homes,

workshops, and small businesses.
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Figure 1. Number of publications on sensor development using 3D printing technology

according to the Web of Science® database (keywords: 3D-print* and sensors).

Moreover, according to this research, 40% of the articles are related to areas of
analytical and electrochemistry, which demonstrates the growth of interest in 3D printing
technology in these areas. As can be seen in a recent review, some groups have been used
the 3D printing technology to construct electrochemical devices and/or sensors to detect

different analytes [17].
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1.1

Additive Manufacturing

Additive Manufacturing (AM) consists in the process of rapid prototyping in
which materials are used to build three-dimensional (3D) objects, in an opposite process
to that observed in subtractive manufacturing [18,19]. Through the AM process, it is
possible to construct objects with elaborate and complex geometries that are very difficult
to obtain using traditional methods [20]. Among the existing AM processes (Selective
Laser Sintering — SLS, Stereolithography — SLA, Selective Laser Melting — SLM, Fused
Deposition Modeling - FDM, Binder Jetting, and Material Extrusion, among others), the
best-known and low-cost AM method is FDM 3D printing, which has been widely
explored in many areas, such as aerospace, food, medical, and electronics [21]. This
technique enables the prototyping or production of desired objects from digital files,
which makes it possible to produce a wide variety of structures with different geometries.
Moreover, the 3D printing technology presents other benefits, including: (i) low-cost
fabrication with a good print quality; (ii) fast prototyping that enables in-situ production;
(iii) design freedom in which complex geometries can be produced; (iv) wide selection of
printable materials; and (v) lower waste production compared with classical subtractive
manufacturing methods [22,23].

The overall workflow for 3D printing, from conceptualization to the final printed
object, is the same, even for different 3D printers. Figure 2 presents a simplified

procedure of 3D printing steps of a workflow.

Conceptualization Download

v ,
e BN

Upload fileto  Printed object
printer

Desing (CAD) Slice the model

Figure 2. Steps of a 3D printing workflow to construct 3D-printed objects. Adapted
from Tully and Meloni [24].

Initially, the object to be produced is conceptualized by three-dimensional (3D)
models using digital information. In general, this data is produced in a computer-aided

design (CAD) vector format [25]. After generating the three-dimensional model, the data
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are converted to an appropriate format for the printer, usually with the .st/ file format.
This file presents the dimensions and the design of the desired object [26]. The most used
softwares for this function described in the literature are FreeCAD, SketchUp Suite,
Onshape and Blender [26,27]. Moreover, there are 3D model repositories such as
Thingiverse® and others that contain a variety of 3D object models in .s#/ format.

After the object is created by CAD, it is sent to a slicer software, which is
responsible for separating the .s#/ file into layers, converting a three-dimensional image
into several two-dimensional images that, when placed on top of each other, form the
final three-dimensional object [28]. In this step, the software separates the file into several
layers and shows how the printing and deposition routes will be per layer (x-y-z direction
of the 3D printer), estimates the amount of material needed to customize the object, and
defines the printing parameters. Thus, this information is grouped into a file with the G-
code extension to communicate with the 3D printer [29]. Finally, the file is sent to the
printer that starts the manufacture of the object. The printing time can vary between
minutes, hours, or even days, depending on the complexity and size of the printing object
[27].

The strategies proposed for additive manufacturing had no practical
applications in the industrial context, until 1981. After this year, Hideo Kodama proposed
arapid prototyping technique using a single laser beam and a photosensitive resin [30,31].
In 1984, Charles Hull invented and patented the stereolithography (STL) process in which
liquid photopolymer resins are cured and solidified using a ultraviolet (UV) light in a
layer by layer fashion [32]. In 1986, Hull founded the 3D System company, responsible
for producing and selling printing machines. After Charles Hull's invention, several
methods for 3D printing were invented and applied as patents. In the mid-1980s, Carl
Deckard [33] developed the concept of the selective laser sintering (SLS) process (high-
powered laser is used to sinter different powdered material, such as plastic, metal, or
ceramic), and founded the Desktop Manufacturing Corporation, which was subsequently
acquired by the 3D System company. In 1989, Scott and Lisa Crump [34] founded the
company Stratasys and were responsible for the invention of fused deposition modeling
(FDM), in which thermoplastic filaments are heated in a nozzle and extruded (deposited)
on a printing table.

The high manufacturing cost (the cost of a 3D-printer was around one million

dollars in the past) and the patents involved in printing methods made it difficult to
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1.2

implement this methodology in several sectors in the 90s. However, with the expiration
of the original FDM 3D printing patent in 2005, new open-source printers were developed
(RepRap Movement and Fab@home) and a drastic cost reduction of 3D printers started.
In addition, projects sharing for printer development has also started, making this
technology more accessible to users [31,35].

As described in the literature [12], there are several processes for printed objects
that use the layer by layer process and therefore depend on the material and machine
technology used. In this sense, the International Organization for Standardization and the
American Society for Additive Manufacturing for Testing and Materials (ISO/ASTM
52900:2021) developed a glossary with terms and standards that establish 3D printing
techniques in seven categories: Vat photopolymerization (VPP), material jetting (MJT),
material extrusion (MEX), material binder jetting (BJT), powder bed fusion (PBF),
directed energy deposition (DED), and sheet lamination (SHL) [6,36].

3D-Printing Techniques

As highlighted, 3D printing technologies are classified into seven groups that
differ in terms of the application process, part curing, and/or starting material. In the VPP
technique, a photopolymerized liquid is stored in a vat, and through visible or UV light
irradiation, this liquid is cured and/or hardened layer upon layer, providing the desired
object. The light source initiates the polymerization reaction, which generates the
formation of polymer chains or cross-links, thus forming a solid resin. In this physical-
chemical process, the generation of the chain (solid resin) is irreversible and can no longer
be changed to liquid form [37]. This technique can be classified according to the curing
method that may employ lasers and is called stereolithography (SLA); digital projection,
called digital light processing (DLP); diodes (LEDs) and oxygen known as continuous
digital light processing (CDLP) and liquid production at the interface (CLIP) [27].

For example, in SLA printing technology, the platform of object construction, also
called a bed, is immersed in a tank containing the light-curing liquid with its face facing
downwards. As the laser is focused using a set of mirrors [27,38], the resin solidifies
selectively, following the sliced image model (.s?/ file) provided to the printing software.
After a layer is formed, the platform moves a distance estimated by G-code, which can

vary from 12 to 150 um depending on the characteristics of the printer used, and the
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process is repeated until the part is completed, layer upon layer [27]. After printing,
objects generally require additional processing under UV light to ensure optimal
mechanical properties [39]. Some advantages, such as greater printing precision and
resolution, are observed through this technique, which allows the printing of parts with
more complex and detailed geometries with small layer heights (=20 um) [27].
Furthermore, SLA printers are typically smaller and quieter than other 3D printing
technologies. However, the SLA printing process has some disadvantages, such as high
cost of light-curing resins, difficulty in obtaining colored objects, as the color of the resin
can often complicate the polymerization process, requires more time for printing (10-20
mm h™') when compared to other techniques, and most printing parts requiring the use of
supports [27].

The MIJT technique involves the selective deposition of droplets of
photopolymerizing material deposited using UV lamps [36,40]. For this purpose, thanks
without the presence of air are used to store the photopolymer resins, which are deposited
as drops, forming very thin layers (~16 pm) on the build platform, after which UV light
cures the material [40]. In general, the MJT technique is similar to VPP because both
involve the use of photopolymerized liquids in the formation of parts; however, MJT
presents some advantages, such as low waste due to the directed jet (droplets) that allows
the entire material to be used. Furthermore, this technique has high precision and the
ability to form colorful objects. However, the photopolymerizing liquids used in the MJT
technique have weaker mechanical properties after the material has cured, making it
difficult to use in functional prototypes. In addition, printers that use this technique are
the most expensive compared with other 3D printing technologies [41].

The BJT method is a printing process in which an object is constructed by
applying a binding agent to a layer of powdered material [42,43]. In this technology, a
powdered material is spread on the printing platform through which compression roller
passes. The movement of the print head causes droplets of binder to be applied, which
binds the powder particles to produce the object layer by layer. After deposition, the
platform is exposed to a fixed amount of heat. This process is repeated until a complete
object is formed [43]. Among the main advantages of this technique is the possibility of
using different materials, including metals [44], ceramics [45], and polymers [42].
Furthermore, this technique has low material waste and high dimensional accuracy.
However, machines based on BJT method 1 have a high cost and often require a further
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procedure to finish the printed parts, as in the case of metallic and ceramic objects, which
generally require cleaning chambers and sintering furnaces to evaporate the binding
material [42].

In contrast, in the PBF technique, a thin layer of powder is deposited on the
printing bed and an energy source (laser or electron beam) is used to sinter the powder
particles, as previously specified in the .s#/ file. After this process, a new layer of powder
is applied, and the process is repeated until the object is formed [36]. This technique can
be subdivided into selective laser sintering (SLS), selective laser melting (SLM), direct
metal laser sintering (DMLS), direct metal laser melting (DMLM), and electron beam
melting (EBM) according to the powder fusion process [46,47]. In this type of printing,
there is generally a powder distribution system formed by a piston responsible for
supplying the powder and another responsible for holding the manufactured part, in
addition to the energy supply system (laser or electron beam)[38].

The DED technique is similar to PBF; however, in this case, the energy source is
focused (usually a laser or electron beam) to melt a metallic powder in a hermetically
sealed chamber containing an inert gas to avoid oxidation processes on the metallic
surface. Unlike PBF, in the DED process, the powder is not placed on a bed. In this case,
the focused energy source melts the material as it is deposited. The energy is used to heat
the substrate, melt it, and simultaneously deposit the material in the molten pool
substrates. The power source is moved according to the cross-section of the model defined
in the .s¢#/ file. The molten metal solidifies as the electron beam moves, and a new layer
1s deposited [38,48].

In SHL process, sheets of material containing adhesive are overlapped on one side
to make it possible to build the object layer-by-layer with the help of a laser source.
Generally, a material is wound on a coil that deposits its sheet on a platform where a
heated roller passes over its surface, activating the adhesive that makes it possible to join
its layers [36,49].

Finally, MEX printing is based on the extrusion of a material. In this technique,
the material is forced by a speed-controlled motor and extruded through a temperature-
controlled nozzle, being deposited layer-by-layer until the final piece is formed. This type
of technology is the most reported in the literature in the development of devices, sensors,
and other applications [6]. Its popularity is associated with the development of open-

source printers, which has encouraged the construction of numerous commercially
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available models. MEX is classified into two large groups: Direct ink laser-assisted
writing (DIW, or also known as Robocasting), which uses an ink in the liquid phase of
known viscosity through a small nozzle under controlled flow, and FDM, which employs
thermoplastic filaments [38,50]. Among these, the FDM technique stands out due to its
low cost, simplicity, and versatility of application [51,52], being the most reported
technique in the development of electrochemical sensors [6]. Table 1 summarizes some
characteristics of 3D printing technology, including resolution and materials used in each

technique.
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Table 1. Some characteristics of 3D-printing techniques.

Techniques Resolution Material

Advantages

Disadvantages

Polymer

SHL 100 pm
Metal Sheets

e Utilization of
inexpensive material;
Fast and accurate

e Prone to fire hazard;
e Not as good as materials used
with other rapid prototyping
techniques
e Low dimensional accuracy

Photopolymer
Photoresin

VPP 1 —150 um Resin (Acrylate or
epoxy based with
proprietary photo

initiator)

e High resolution;

Support structure is
not required;
Good for complex
built;

High strength and time
efficient.

e Expensive process
e The post-processing method is
mandatory due to its roughness
e Need of post processing under
UV light to ensure optimal
mechanical properties;
¢ Difficulty in obtaining colored
objects.

DED 50-200 um Metals

Possibility of printing
metal alloys

e More expensive than other 3D-
printing technique
e Require laser that compromise
part resolution;
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Techniques

Resolution

Material

Advantages Disadvantages
* Rapldsgerrgf:ssmg e Low resolution;
. o e Requires support;
MEX 100-250 pm Polymer, composite : Iizf;eg r(?(()::ts‘flllr;i 2?;:; e The binder fabricated porous
3D-printing Stht.u 1655 )
technology e Feeble mechanical properties.
e can incorporate .
Ceramics. metals and functionally-graded e mechanical pr.operty (and even
BIT 10-100 um ’ . eometric accuracy)
polymers materials g . ) y
e Creation of large requirements are limited
objects
e No support material * The post-processing is mandatory due
Metallic powder needed; to its roughness;
PBF 10-100 pm . e Hich lution:
polymer, ceramic ~Highresofution, e High-cost material;
* High strengt.h and time e Poor control over surface
efficient topography.
e Low waste than other
3D-printing e High cost;
MJT 20 um Photopolymers

techniques;
e Possibility to produce
color objects.

e Post treatment is required;
e Poor mechanical properties
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1.3 Fused Deposition Modeling (FDM)

As mentioned previously, the FDM technique has been the most explored in the
development of sensors and electrochemical devices. This became more pronounced after
the manufacture and commercialization of composite filaments, attributing electrical
conductivity to filaments composed of a mix of thermoplastic polymers (nonconductive)
and conductive materials. In the FDM technique, the printing process requires the use of
thermoplastic filaments, which are heated until the melting point is achieved when
passing through an extrusion nozzle heated to the appropriate temperature. When expelled
through the extrusion nozzle, the filament is deposited on a platform (or table) in layer-
by layer process [22]. In general, the nozzle moves in different directions of the plane (X,
y and z); however, there are printers in which the nozzle moved in the x and y directions
of the plane, while the table moves along the z-axis, thus forming printing layers of
thermoplastic polymer when constant pressure is applied. Soon after the deposition of the
polymer, its cooling and consequent hardening occur, resulting in the desired 3D object
[6,53]. This process occurs in a completely automated manner, which minimizes possible
errors in the manufacturing process.

Among the polymers most used in the manufacture of objects by FDM are
acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA); however, several others
materials can be used, such as polycarbonate, nylon, polyethylene terephthalate (PET),
and polyvinyl acetate (PVA), among others [6]. ABS is widely used because of its good
mechanical resistance and adequate extrusion temperature (between 200 and 250 °C),
allowing its easy use in FDM-type printers [21]. However, it produces toxic styrene
vapors, making its use difficult in closed or unventilated places [6]. PLA is a
biodegradable and relatively low-cost polymer with an extrusion temperature close to 230
°C, and it has been widely used due to its attractive characteristics and is the basis for the
synthesis of composite filaments [21].

The use of FDM technique for the production of 3D objects allows the extrusion
of composite (conductive) filaments, which are capable of providing, for example,
electrical conductivity to the printed material through the use of composite polymers for

printing [54]. As a result, there has been an expansion in the applicability of 3D printing
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in chemistry, enabling the printing of conductive substrates that can serve as electrodes
in electrochemical analyses [6,55].

In this context, the use of metallic nanoparticles is an excellent option to provide
electrical conductivity to these materials; however, in general, these materials tend to be
more expensive compared to carbon-based materials [54]. Carbonaceous materials such
as graphene , graphite, carbon black (CB), and carbon nanotubes (CNTs) have been
widely used in the manufacture of composite filaments due to attractive features such as
high electrical conductivity, and relatively low cost [54]. CB is a material of great interest
for use in the manufacture of conductive filaments due to its extremely low cost, since it
can be obtained as a by-product of the combustion of petroleum products, and can provide
excellent electrical properties, ideal for the construction of electrochemical sensors [56].
Graphene consists of a 2D material with unique electrical, optical, and physicochemical
properties, which has been widely explored in the printing of various conductive devices,
with applications ranging from obtaining electrical circuits [57] and devices for storing
energy [58], in addition to their use as electrochemical sensors and biosensors [6,59]. In
fact, graphene and CB are the materials most used in the construction of 3D-printed
electrodes using the FDM technique [21]. These conductive materials were largely used
due to the availability of affordable commercial filaments containing graphene in a PLA
matrix (G/PLA), called Black Magic®, and CB in a PLA matrix (CB/PLA), called
Protopasta® [59]. Currently, Black Magic® is no longer commercially available; however,

its use has been highly explored in the printing of electrochemical sensors.

1.4 Synthesis of Conductive Filaments Applied to Electroanalysis

In the field of electrochemistry and FDM, the emerging challenge lies in the
production of bespoke filaments tailored for particular uses and understanding the
behavior of the base materials. The development of conductive filaments for FDM has
captured significant attention in recent times. These tailor-made conductive filaments are
at the heart of thorough research, involving trials with various materials and combinations
for additive manufacturing, with a keen focus on manufacture of electronic components
[6]. Following the introduction of the pioneering custom-made conductive filament,
scientists have proposed new methods to navigate past certain constraints and customize

them for distinct laboratory environments. Two main techniques have emerged: one that
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produces conductive composites via solvent-based processes, and another that employs
thermal-based methods. Importantly, an extrusion step is generally essential after the
initial method to shape the filaments into a form suitable for additive manufacturing [60].

In solvent-based methods, the thermoplastic polymer is dissolved, and the
conductive carbon material can be easily dispersed in the matrix. The solvent is then
removed by evaporation and drying, forming a solid composite material. In general, this
method provides a homogeneous mixture and reduce agglomeration of the conductive
particles; however, this route requires the use hazardous solvents to produce conductive
filaments.

On the other hand, in thermal procedures, the polymer and the conductive filler
are heated, melted and mixed in a sealed chamber. This method is faster than the solvent
procedure. Moreover, it does not need the use of toxic organic solvents (environmentally
friendly). However, it is necessary to use costly equipment and infrastructure, which may
difficult its application in common research laboratories.

Recent studies have highlighted the creation of innovative carbon-based
conductive filaments, which are more cost-effective than their commercial counterparts
[5]. These custom-made filaments are produced using a variety of thermoplastic
polymers, such as PLA, ABS, polystyrene, polypropylene, and modified polyethylene
terephthalate glycol, combined with conductive agents like graphite, graphene, carbon
black, carbon nanofibers, carbon nanotubes, and various metals. The proposed process
involves mixing and melt extruding of these materials. Utilizing an extruder, similar to
those used in 3D printer, the filament is heated and formed, ensuring a uniform
distribution of all components within the polymer matrix. It is crucial to balance the ratio
of components to preserve constant-electrical conductivity and print quality. An
appropriate amount of conductive material is necessary (higher conductivity), but an
overabundance can adversely affect the mechanical properties of conductive
thermoplastic filaments, including stiffness, viscoelasticity, tensile strength, and yield
strength. Moreover, the production of these new filaments offers notable benefits, such
as customizable conductivity levels which can overcoming the main limitation of
commercial conductive filaments (high surface resistance for sensors) and the integration
of electrocatalysts to enhance electrochemical properties. Table 2 summarizes some lab-

made filaments for FDM printing reported in the literature.
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Table 2. Some works reported in the literature for filament production applied in FDM
printer.

Polymer  Conductive filler / Method Application Ref.
wt.
PCL CB (15%) - [61]
PLA CB (28.5%) Catechol, hydroquinone and [62]
H20: sensor
PLA Graphene (20%) Anodes in Lithium iron
Solvent batteries
[63]
PLA Graphene (20%) Supercapacitors [64]
PLA Graphite (40%) SARS-Cov-2 detection [65]
PLA Graphite or Electrodes [66]
graphene (15-25%)
ABS rGO (0.4-5.6%) - [67]
PLA and GNP (10-25%) Circuits [68]
PCL
PI-PLA CB (29.6%) Caffeine sensor [69]
rPLA CB (15%) and Thermal Oxalate sensor [70]
graphite (10%) Mixing
rPLA CB (15%) MWNCT Yellow fever virus [71]
(10%)
rPLA CB (25%) Bisphenol A sensor  [72]

Polymer: PLA: Poly(lactic acid); rPLA: recycled PLA; ABS: Acrylonitrile Butadiene Styrene; PCL:
Polycaprolactone; PI-PLA: recycling of post-industrial waste poly (lactic acid). Conductive material: CB:
Carbon black; GNP: graphite nanoparticles; MWNCT: Multiwall nanotube carbon.

1.5 Post-treatment of 3D-printed Electrodes

A key factor contributing to the high performance of unmodified 3D-printed
sensors is the ability to perform treatment or activation processes directly on the electrode
surface before use [6,73]. Generally, this procedure enhances the electrochemical
characteristics of these electrodes significantly. The idea of “treatment” or “activating”
of the surface of the obtained 3D-printed electrodes was of great importance for the
growth in the use of this kind of sensors in electroanalysis. The process basically involves
the elimination/removal of excessive polymeric material present on surfaces of native 3D-
printed electrodes and consequent greater availability of the conductive material of the
composite. The literature documents various treatment methods in order to improve the
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performance of native 3D-printed electrodes. These procedures include chemical and/or
electrochemical processes, treatments without use of reagents (environmentally-friendly),
and methods integrating different treatments types. Each approach has its unique aspects,
and in the quest to enhance electrochemical performance, several studies have adopted a
mix of these preliminary treatments. A prevalent method involves mechanical polishing
before treatment or activating of the surface through other procedures. This polishing step
aims to achieve a smoother electrode surface, and/or partial removal of the insulating
layer of PLA. Each pretreatment method offers distinct advantages and disadvantages,
and selecting the most suitable one should be based on user objectives, which include
considerations of time-consuming, use or non-use of chemicals and/or equipment’s,
manual or automatic procedure, and the interaction between the analyte and the 3D-

printed electrode surface [74].

1.5.1 Chemical and/or electrochemical treatments on surface of 3D-printed
electrodes.

Pumera and co-workers proposed an immersion in different organic solvents to
partially remove of PLA on the 3D-printed electrode surface [75]. For this purpose, the
3D-printed composite (graphene and PLA) electrodes were immersed solvents such as
acetone, dimethylformamide (DMF), methanol and/or ethanol for 7 min. After that, the
electrodes were washed with deionized water, dried (~24 h), and evaluated using a
[Fe(CN)s]>* as redox probe. According to the authors, no signals were observed when
protic solvents were assessed. On the other hand, the voltammetric profile (peak-to-peak
separation) was slightly better when aprotic solvents were used (AEp (acetone) =296 mV
and AEp (DMF) =416 mV). Although the authors showed a significant enhancement in
the electrochemical response, the use of hazardous organic solvents were required (non-
eco-friendly). Moreover, it is also time-consuming since that the 3D-printed electrode
may be dried for 24 h.

Another strategy to improve the electrochemical activity of 3D-printed
electrodes is the use of electrochemical activation. Dos Santos et al. showed that applying
+1.8 V vs. Ag|AgClKClsat) for 900 s followed by -1.8 V/50 s vs. Ag|AgCI|KClsat.) in 0.1
mol L' phosphate buffer (pH = 7.2), remove partially PLA (exposition of nanostructured
graphene fibers). Moreover, there was an insertion of oxygenated groups on the electrode

surface, achieving a AEp of 185 mV for the [Fe(CN)s]*"* probe [76,77]. Electrochemical
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procedures in alkaline medium were also assessed due to PLA is susceptible to
saponification reaction in which hydroxide ions react with electrophilic carbonyl
presented in the ester group of the PLA polymer. In this sense, Wirth and collaborators
[55] displayed the use of water electrolysis to generate OH™ for partial removal of PLA,
using 3D-printed electrodes produced from different composites (G/PLA and CB/PLA).
Although, this is an interesting approach to treat 3D-printed electrode surfaces, the AEp
values for [Fe(CN)s]>”* probe (300 and 1000 mV for G/PLA and CB/PLA, respectively)
were not satisfactory when compared to other works in the literature [73]. A simple
combination of pretreatments highly employed in the literature for CB/PLA types
electrodes is mechanical polishing followed by one-step chemical/electrochemical
activation, as detailed by Richter et al. [9]. The authors performed the one-step
chemical/electrochemical activation of the 3D-printed electrode surface using 0.5 mol L~
! NaOH solution (chemical) and the following sequence of potential values
(electrochemical) and application times (+1.4 V/200 s and —1.0 V/200 s). A considerable
improvement (current increase and better reversibility) in the electrochemical behavior of
the 3D-printed electrode was observed when model molecules such as dopamine, uric
acid, ascorbic acid, hexaamineruthenium (III) chloride and the ferri/ferrocyanide were
used as redox couples [9].

Another mode to activate 3D-printed electrode surfaces is the use of reducing
agents such as ascorbic acid and/or sodium borohydride. Redondo et al. [ 78] proposed an
activation protocol in two steps: (i) firstly, G/PLA electrodes were electrochemically
treated through application of constant potential (+2.5 V/1000 s vs. Ag|AgCl|KClsat)) in
0.1 mol L phosphate buffer (pH = 7.4); (ii) After that, 3D-printed electrodes were
immersed in ascorbic acid or sodium borohydride solutions (both 0.1 mol L) for 24 h.
Despite the use of eco-friendly reagents, the procedure is time consuming and the
improvement in the electrochemical response (AEp(ascorbic acid) = 680 mV and
AEp(sodium borohydride) = 620 mV for [Fe(CN)s]*"* redox couple) is not better than
other works in the literature [12]. Silva and collaborators [79] also explored the reducing
agent sodium borohydride for the treatment of G/PLA electrodes. Firstly, the 3D-printed
electrode was immersed in DMF solution (15 min) and washed with ethanol. After this,
the electrode was sequentially immersed in two solutions: 1 mol L™! nitric acid and 0.15
mol L sodium borohydride, both for 15 min. Interestingly, a notable voltammetric

profile (current intensity and AEp = 130 mV) was observed for ferrocene-methanol probe.
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Despite greater electrochemical response, the treatment still involves the use of toxic
organic solvents.

An elegant way to remove PLA on electrode surface is a biocatalytic treatment.
In this context, PLA was partially removed from the electrode surface through incubation
in proteinase K (wide-spectrum protease) during 28 h. The authors achieved cyclic
voltammograms with peak to peak separation of 350 mV for ferricyanide redox couple
[80]. However, a long time is required, and the use of enzymes can be difficulted since

they are affected by pH, temperature, humidity, etc.
1.5.2 Reagentless treatments

Mechanical polishing is usually favored treatment of working electrodes due to
its simplicity, which facilitates the regeneration and subsequent reuse of electrodes.
Cardoso and collaborators proposed a mechanical treatment of 3D-printed electrodes
using sandpaper (1200 grit) wetted with deionized water (30 s). After the procedure,
enhancement in the current response was achieved for catechol, dopamine and
[Ru(NH3)6]*"**. Thermal annealing procedure was developed by Pumera’s group [81]. In
this work, 3D-printed G/PLA was isotopically decomposed by heating, under vacuum at
350 °C (3 h). The authors displayed a peak-to-peak separation of 255 mV for ferricyanide
couple. This method is a green alternative activation process, but it is costly and time-
consuming.

Laser ablation is another route to enhance the electrochemical activity of 3D-
printed electrodes. According to Glowacki and co-workers [82], when a laser with
determined energy is irradiated at the 3D-printed electrode surface, the composite was
molten, breaking the polymer chains after the re-melting mechanism. In fact, some works
using CO» laser [83] or laser at 1064 nm [82], showed significative improvement in the
electrochemical response of 3D-printed CB/PLA electrodes. Furthermore, plasma
treatment was proposed by Silva, Rocha and co-workers [84]. In this context, the 3D-
printed CB/PLA was subjected to Oz plasma treatment for 2 min. A considerable
improvement in the electrochemical response was achieved since that it was observed a
peak-to-peak separation of 156 mV and a relation between anodic and cathodic currents
of 1.1. Table 3 summarizes a comparison between some activation/treatment reported in

the literature.
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Table 3. Comparison of some works regarding to 3D-printed surface treatments, using
[Fe(CN)s]** probe.

Treatment method Electrode AEp /mV Time Ref.
Electrochemical CB/PLA 150 400 s [9]
416 (DMF)
Immersion G/PLA 206 24 hours [75]
(acetone)
Oxygen plasma CB/PLA 156 2 min. [84]
Physical thermal G/PLA 255 4.3 hours 81]
annealing
Enzymatic digestion G/PLA 350 28 hours. [80]
Electrochemical G/PLA 180 30 min. [77]
Laser-scribing CB/PLA 130 <1 min. [83]
Laser-ablation CB/PLA 161 - [82]
680
(ascorbic
acid) [78]
Reducing agents G/PLA 620 < 24 hours
(sodium
borohydride

1.6 Application of 3D-Printed Electrochemical Sensors

3D printing technology, specially fused deposition modeling (FDM), has been
widely used in studies with the aim to mass-scale production of bespoke and cost-
effective devices in many areas, including the electrochemistry [5,6]. In this field, 3D
printers are employed to produce batteries [7], electrochemical cells [85,86], and sensors
[12]. The ease of production of complete electrochemical sensing with reduced cost,
enable the development of electrochemical sensors with comparable performance to
conventional carbon-based electrodes. In fact, researches indexed in Web of Science®
database with the keywords “3D-printing and electrochemical sensors” showed that
51.3% of the published works correspond to the development of methods to detect
different analytes in forensic, biological, environmental, fuels, and pharmaceutical

samples [12,53,87].
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In 2015, Ragones and co-workers [88] showed the possibility of the application
of the 3D printing technique in electroanalytical chemistry. For this purpose, they
developed a 3D-printed electrode composed by polydimethylsiloxane (PDMS) and
graphite powder composite for the detection of biomarker alkaline phosphatase from
colon cancer. In 2018, Palenzuela et al. produced disc shaped 3D-printed electrodes based
on graphene/polylactic acid. The authors treated the electrodes with immersion DMF and
evaluated the sensor's performance in detecting of ascorbic acid, ferricyanide and
Ru(NH3)s]*73*[89]. In the same year, our laboratory showed the fabrication of 3D-printed
BIA system combined with a 3D-printed G/PLA electrode and the detection of dopamine
has been demonstrated as proof of concept [90]. After that, many other works were
developed using the 3D-printing technology with applications in electroanalysis. Table 4

summarizes some works reported in the literature about this topic.
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Table 4. Some electrochemical sensors reported in the literature produced using 3D-
printing FDM technology.

Filament Treatment Analyte Sample Analy.t fcal LOD Ref.
technique
0.10
Mechanical Dopamine BIA-AMP  pmol L™
G/PLA polishing Catechol i SWV 0.04 [90]
pumol L-!
. Contaminated
G/PLA Mechanical INT surface with ~ SWV 040 o1
polishing pmol L
TNT
Thermal . . 0.10 nug
G/PLA Annealing Picric Acid - CcvV L [81]
G/PLA Chemical ~ Glucoseand - €V and - [92]
sucrose CA
Chemical and L- 1.39
G/PLA electrochemical ~ methionine Human Serum SWV umol L! 93]
Pharmaceutical 0.43 mg
Paracetamol effervescent L!
C/ABS No treatment Caffeine tablets and bPv 0.39 mg [94]
Urine L!
1.20
CNT/PLA |
No treatment H0; cv pmol L [93]
Bottled water 0.52 pg
2+
CB/PLA No treatment Hg and Fish oil DPASV L [96]
1.90 pug
2+
CB/PLA No treatment He” - SWASV L [97]
Caffeine DPV |
1.80gL
. . CV and 0.40
CB/PLA Laser ablation Caffeine - DPV ymol L [82]
Mechanical 0.10
CB/PLA polishing and Cu?* Bioethanol SWASV e 98]
electrochemical
0.2 umol
Gpt/PLA No treatment TNT Water Samples SWV L [99]
SARS- 0.38 ng
Gpt/PLA No treatment CoV-2 - (0)% Ll [65]
CB/Gpt/'PLA  Electrochemical  Oxalicacid ~ Syntheticurine gy 3.7 pmol o,
sample L
. . Gin and
CB/rPLA Electrochemical Atropine Whisky BIA-AMP [100]

Electrodes: CB/PLA: Carbon black and PLA; G/PLA: graphene and PLA; CNT/PLA: carbon nanotube
PLA; Gpt/PLA: graphite and PLA; CB/Gpt/rPLA: Carbon black, graphite and recycled PLA; CB/rPLA:
Carbon black recycled PLA; C/ABS: Carbon-loaded ABS electrodes; Techniques: CV: Cyclic
voltammetry; SWV: Square wave voltammetry; DPV: differential pulse voltammetry; BIA-AMP: Batch
injection with amperometric detection; DPASV: differential pulse anodic stripping voltammetry; SWASV:
square wave anodic stripping voltammetry.

2  OBJECTIVES

The general objectives in this thesis were to explore the 3D-printing FDM

technology to produce 3D-printed electrodes for electroanalytical applications.

37



In the first work, Ni(OH)> microparticles were incorporated into the matrix of a
commercial Black Magic® filament to produce of a non-enzymatic electrode for the
selective determination of glucose. The 3D-printed electrode was coupled to a batch
injection analysis system (BIA) with amperometric detection in order to improve the
detectability and analytical frequency. Characterizations by thermogravimetry, Raman
spectroscopy, scanning electron microscopy (SEM), and X-ray fluorescence were used to
evaluate the incorporation of microparticles into the polymeric conductive matrix.

In the second study, the objective was to synthesize a Prussian blue film using
iron ions present as impurities in in a commercial conductive filament (Black Magic®).
The material was characterized by Raman spectroscopy, cyclic voltammetry (CV), and
X-ray fluorescence. Furthermore, the Prussian-blue-modified 3D-printed electrode was
used for the amperometric detection of H2O2 in milk samples using the BIA system.

The third and last work to be presented in this thesis aimed to evaluate how
printing parameters (perimeter number, printing speed, printing orientation, and layer
thickness) affect the electrochemical response of the 3D-printed sensors. CV,
electrochemical impedance spectroscopy (EIS), and Raman spectroscopy were used to
evaluate the effect of the printing parameters on the performance of 3D-printed
electrodes. Furthermore, multivariate analysis using the Multivariate Curve Resolution
method with alternating least squares (MCR-ALS) was used to extract more information
from Raman spectra data in order to verify how printing parameters interfere with the

arrangement of conductive particles in the conductive polymer matrix.

3 RESULTS

The studies caried out during this thesis led to the publication of three scientific
articles. In this text, we chose to present the three scientific articles separately and in
chronological order of publication. The first paper reports the production of 3D-printed
electrochemical sensors produced from commercial conductive filaments modified with
nickel microparticles for glucose detection (Annex I). The second paper reports the
synthesis of Prussian blue from iron impurities present in a commercial conductive
filament. Then, the Prussian blue 3D-printed electrode was applied for amperometric

detection of hydrogen peroxide (Annex II). Finally, the third paper addresses the
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influence of printing parameters of a 3D-printer on the performance of 3D-printed
electrodes obtained using the FDM technique (Annex III).

The description of the experimental procedure steps, results, and discussions, in
addition to the conclusions of each work will be presented in the respective Annexes: I,

II and III.
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4 ANNEX 1. Production of 3D-printed disposable electrochemical
sensors for glucose detection using a conductive filament modified

with nickel microparticles.

4.1 Introduction

In recent years, 3D printing technology, also known as additive manufacturing, has
received great attention due to its ability for rapid and low-cost production of complex
three-dimensional prototypes and devices. This technology is emerging to provide
numerous applications in different areas, such as healthcare, biomedicine,
pharmaceutical, engineering, chemistry, and electrochemistry, among others [22,101].
The numerous applications in the field of electrochemistry allow technological advances
in the development of devices ranging from energy store [58], energy conversion (water
splitting) [102,103] to sensors [21,104].

Taking advantage of 3D printing technology in the fields of sensing and
electroanalysis, both conductive and non-conductive filaments have been used
successfully in the printing of electrodes (sensors) as well as electrochemical cells
(stationary state and flow systems), respectively. The most popular 3D printing mode is
via fused deposition modeling (FDM), which employs thermoplastic filaments to create
layer-by-layer three-dimensional structures. In this sense, polylactic acid (PLA),
acrylonitrile butadiene styrene (ABS), polybutylene and polystyrene containing carbon
conductive materials have been explored for the production of electrochemical sensors
[58,89,97,104,105]. Nonetheless, the electrochemical response of newly printed
electrodes was fairly poor if compared to other carbonaceous surfaces [58,105]. Given
this limitation, 3D printed electrochemical sensors require previous pre-treatments
(activations) [9,75,80,81,91,106,107] or surface modification to improve the conductivity
before use as electrode [77,103,108,109].

Several strategies have already been used to improve the electrochemical
properties of 3D-printing electrodes, such as mechanical polishing [16, 21],
electrochemical activation [76], immersion in solvents [75], physical methods of thermal
annealing [81], biological digestion using enzymes [80], water electrolysis generating
hydroxide [55] and chemical/electrochemical activations [9]. Basically, all strategies

were used to partially remove the non-conductive material from the surface and to expose
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the conductive nanomaterial. Moreover, procedures for the modification of 3D-printed
surfaces were also reported, such as the use of gold sputtering followed by polypyrrole
electropolymerization for detection of copper [105], electrodeposition of Prussian blue
nanoparticles for the detection of peroxide [77] and the electrodeposition of bimetallic
hydroxide films (Ni-Fe) for electrocatalytic oxygen evolution in alkaline medium [103].

The possibility of use of 3D printed electrodes for the production of biosensors
has also been reported [18, 24]. 3D-printed graphene/PLA electrodes modified with
glucose oxidase [108] or with horseradish peroxidase [110] were used for selective
amperometric detection of glucose in biologic samples after enzymatic conversion of
glucose to hydrogen peroxide. However, the use of biosensors can present robustness
problems once the activity of enzymes is easily affected by pH, temperature and/or
humidity [111,112]. Furthermore, laborious steps such as adsorption, cross-linking or
electropolymerization are required for the immobilization of enzymes on electrode
surfaces. For this reason, electrochemical sensors using non-enzymatic materials for
glucose detection has been promising due to some advantages, including stability,
reproducibility, low cost, and easier construction. As shown in the literature, many metals
(copper, gold, platinum, cobalt) have catalytic properties for the electrochemical
oxidation of glucose [113-115].

Nickel-based materials have shown promising electrocatalytic activity for the
electrochemical oxidation of alcohols [116,117] and carbohydrates [118-120]. In
comparison to other metals, nickel compounds are much more abundant and present high
stability in alkaline medium [121]. The electrocatalytic oxidation of glucose depends on
the formation of Ni(OH)2/N1OOH in alkaline medium [118,122]. In the literature, the use
of carbonaceous surfaces modified with Ni particles has been employed successfully for
the construction of sensors for the selective detection of glucose [113,123-125].
However, the development of electrodes modified with nickel often involves laborious
manual steps which increase the cost and time required in the construction of them. In
this sense, the production of conductive filaments based on Ni microparticles can be
advantageous for direct printing of modified electrodes (without laborious and time-
consuming modification steps). Some authors have been exploring the incorporation of
metals within conductive polymeric matrices in order to increase the electrocatalytic
properties of printed sensors. Hughes ef al.[102] fabricated two types of conductive PLA
filaments, through modification of the PLA matrix with 2D-MoSe> (10%)/ electro-
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conductive carbon (15%) and with Pt on carbon (20%) for use as the cathode and anode,
respectively. According to the authors, the 3D-printed material had an effective catalytic
effect in the electrochemical water splitting process. In another example described in the
literature, the authors reported the introduction of Cu-Ag core-shell nanowires in
polycaprolactone (PCL) matrix to fabricate composite polymer filaments with higher
conductivity [126]. The new proposed filament presented a resistivity of 0.002 Q cm (100
times more conductive than commercially available graphene-based 3D printing
filaments), thus considered a promising material for electronic and electroanalytical
applications.

In the present study, the development of a new conductive composite filament
based on the incorporation of Ni(OH), microparticles within the graphene/PLA (G-PLA)
matrix is presented. Both conductive composites (before and after modification with
Ni(OH)2) were characterized by thermal gravimetry, Raman spectroscopy, scanning
electron microscopy and electrochemical methods. The 3D-printed electrodes using the
new conductive filament were used for the development of a simple, low-cost, and non-

enzymatic sensor for the selective determination of glucose.

4.2 Materials and methods

4.2.1 Chemical and samples

Highly pure deionized water (R > 18 MQ cm) obtained from a Millipore Direct-
Q3 system (Bedford, MA, USA) was used to prepare all aqueous solutions. Glucose was
obtained from Henrifarma (Sdo Paulo, Brazil), sodium hydroxide from AppliChem
Panreac (Barcelona, Spain), ascorbic acid from Vetec (Duque de Caxias, Brazil),
potassium hydroxide from Synth (Diadema, Brazil), uric acid, Ni(NO3), 6H>O and urea
from Sigma Aldrich (Steinheim, Germany). All reagents were of analytical grade and
used without further purification. The commercial conductive filament was composed by
a mix of graphene and PLA (G-PLA) and was purchased from Black Magic 3D (volume
resistivity of 0.6 Q cm; New York, USA). Glucose, uric acid, ascorbic acid and urea
solutions were freshly prepared just before the experiment by dissolution in supporting

electrolyte (0.1 mol L' NaOH), as previously described in the literature [127—129].
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4.2.2 Synthesis of Ni(OH)2

The synthesis of Ni(OH), was carried out using the chemical precipitation
method [130,131]. Briefly, the procedure consisted of mixing (magnetic stirrer) of an
aqueous solution of 0.3 mol L' KOH with 0.07 mol L Ni(NOs), 6H>O during 3 h to
form a nickel hydroxide slurry. After that, the slurry was immediately separated from the
solution by centrifugation, washed with deionized water until the supernatant liquid had

pH around 6. Finally, the slurry was dried at 100 °C under vacuum for 12 h.

4.2.3 Production of the modified filament and the 3D printed electrode

Commercial conductive filament purchased from Black Magic® (G-PLA) was
used to incorporate Ni(OH)> microparticles previously synthetized. For this propose, a
mixture containing 30 g of G-PLA (cut into small pieces) and 3 g of Ni(OH), was
solubilized in 250 mL of a solution composed by acetone and chloroform (3:1; v/v). Then,
the material was dried at 100 °C in an oven for 12 h, cut into small pieces. Before the
experimental procedures here described, many attempts were made to add the maximum
amount of Ni catalyst while preserving the printability of the filaments. The relation 1:10
(catalyst/polymer; w/w), respectively, proved to be the best condition without severely
diminishing the mechanical properties of the final material.

Figure 3 shows a scheme of the filament production and 3D printing of the Ni-G-
PLA electrode. Firstly, the material containing PLA and Ni(OH), microparticles was
placed in a Filmaq 3D extruder (Curitiba, Brazil) at a temperature of 220 °C and the
modified filament was extruded a screw speed of 30 rpm through a nozzle with inner
diameter of 1.75 mm (Ni-G-PLA filament diameter) (Figure 3A). Then, the new filament
was used to 3D print hollow square boxes (4 cm x 4 cm x 1 cm) with wall thickness of
0.72 mm in a vertical orientation (Figure 3B), using an open-source Graber i3 RepRap
3D printer (220 °C of extrusion temperature, 70 °C of bed temperature, and 0.8 mm
nozzle) [90]. Square pieces were cut (1 cm x 1 cm) from the 3D printed hollow square
box (Figure 3B) and were used as the working electrode in cyclic voltammetric and
amperometric measurements. Figure 3C shows that the 3D printed electrode (square
piece) was positioned at the bottom of the batch injection analysis (BIA) cell (wall-jet
configuration).

Before use, the 3D electrodes were polished with abrasive paper (1200 Grit)

wetted with deionized water for 30 s. After that, the 3D printed electrode was submitted
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to an electrochemical pre-treatment (activation) adapted from the literature [9]. The
activation (pretreatment) consisted in the application of +1.4 V (vs Ag/AgCl) for 200 s
followed by -1.0 V (vs Ag/AgCl) for 200 s using 0.5 mol L' NaOH as the supporting

electrolyte.

..~ PLA+ Ni(OH):

—

Figure 3. Schematic diagrams: (A) Production of the Ni-G-PLA filament using the 3D
extruder; (B) 3D-printing of a hollow square box (4 cmx4 cm x 2 cm) with wall thickness
of 0.72 mm; (C) The 3D-printing electrode (1x1 cm) is positioned at the bottom of the
BIA cell on a metal plate (electrical contact); (a)illustration of Ni-G-PLA filament; (b)
printer nozzle; (c¢) Pt counter electrode; (d) micropipette tip; (e) reference electrode

(Ag|AgClKClsat); (f) 3D printed Ni-G-PLA working electrode(1x1 cm).

4.2.4 Characterization techniques

The elemental composition of the materials was determined using energy
dispersive X-Ray microfluorescence spectrometer (Shimadzu, microEDX 1300). The
measurements were performed in the 0—40 keV range with acquisition time of 150 s. The
surface morphology of the materials was analyzed by a FEI Quanta 250 field emission
Scanning Electron Microscope (FE-SEM). Raman measurement was performed on the
electrode surface using a confocal Horiba Jobin Yvon T64000 Raman confocal
spectrometer using a 532 nm laser at 15 mW power and x50 lens. The crystallinity phase
of the nickel hydroxide compound was investigated by XRD (X-ray diffractograms)

collected in a Shimadzu 7000 XRD diffractometer (40 kV, 30 mA) with Cu-Ka radiation
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(L =1.5418 A). The diffraction data were recorded at a scanning rate of 2.0° min! and 20
angles between 10° and 90°. The thermal degradation of nickel hydroxide, PLA/graphene
filament and modified filament with Ni(OH), was investigated by thermogravimetric
analysis (TGA) using an TG analyzer (Seiko Instruments TG/DTA 6200) from 25 to 1000
°C at a heating rate of 10 °C min™' under oxidant atmosphere. The mass loss of samples
was recorded and plotted as a function of temperature. The thermal properties were
analyzed by differential scanning calorimetry (DSC) measurements performed with a TA
Instruments (DSC 2910) equipment, heating from 25 to 250 °C at 10 °C min™' under
oxidant atmosphere. An empty aluminum pan served as a reference. The electrode
specimens (8 - 10 mg) were analyzed under argon atmosphere (flow rate 50 mL min™).
The melting temperature (Tm) was taken at the end of the melting peak, whereas
crystallization temperature (T.) was considered as the minimum of the exothermic peak.
The area under the curve was calculated as the enthalpy according to the instrument

software.

4.2.5 Electrochemical measurements

All electrochemical measurements were performed with a u-AUTOLAB type 111
potentiostat/galvanostat controlled by NOVA 1.11 software. A mini Ag|AgCl saturated
with KCI1[132] and a platinum wire were employed as reference and auxiliary electrodes,
respectively. The electrochemical measurements were performed at room temperature in
the presence of dissolved oxygen. Cyclic voltammetric experiments were carried out
using a 10 mL container and amperometric measurements were performed using batch
injection analysis (BIA) system developed in our laboratory, as previously described [90].
All injections were performed using Eppendorf® electronic micropipette (Multipette®
stream) with previous optimized injection volume and dispensing rate. The distance
between the micropipette tip (Multipette® Combitip) and the working electrode was
constant (2 mm). Reference and counter electrode were positioned at the top of the BIA
system and the working electrode at the bottom of cell using a rubber O-ring in order to
prevent leaks and define the geometric area of the electrode (ID = 0.54 cm; area = 0.22
cm?). The electrolyte solution (0.1 mol L' NaOH) into the BIA system was stirred using
a 12 V micro DC- motor [133]. All amperometric data were presented after baseline

correction using NOVA 1.11 software.
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4.3 Results and Discussion

4.3.1 Characterization

Initially, the Ni(OH). was prepared by the chemical precipitation method [130]
and was characterized by Raman spectroscopy, powder X ray diffraction (Figure 4) and
scanning electron microscope (Figure S). As can be seen in Figure 4A, Raman spectra
showed the characteristic bands for a-Ni(OH)2 at 990-1046, 1297, 3587 and 3664 cm™.
In addition, bands at 445 and 3587 cm™! are commonly found for 5-Ni(OH); particles,
which were also observed on Raman spectra [130,134]. The wavenumbers around 445
and 3587 cm™! are associated to stretching vibration of Ni-O(H) and O-H, respectively,
which can be present in the @ -Ni(OH), material [134,135]. On the other hand, bands at
990-1046 cm! are assigned to second-order lattice mode transitions found in a-Ni(OH)s.
The wavenumber at 3587 cm™! corresponds to the O-H stretching vibration in a and S
phase [130,134,135]. Moreover, the powder XRD pattern for the sample highlights the
phase mixture for nickel hydroxide a-Ni(OH)> and B-Ni(OH) [130,134], as can be seen
in Figure 4B. SEM image (Figure 5) shows that the morphology of Ni(OH): particles is

relatively uniform with sizes between 0.5 and 7.0 pm.
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Figure 4. (A) Raman spectra and (B) powder X ray diffraction pattern for the synthetized
nickel hydroxide (Ni(OH)y) particles.

In the next step, the thermal decomposition of all studied materials (PLA, G-PLA,
Ni-G-PLA and Ni(OH)2) was investigated by TGA in order to understand the thermal
stability and the printability of the designed filament (Figure 6A).
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Figure 5. SEM images of Ni(OH); particles.

A (B} « .
| ol |1 1
=, x_.__w_,_,-f“x_.___ _
0 4
%‘ i _F\I:_kd."f
5 F
: 4 2 iV
iE - 4 il
Mile 'R
IE T— pr -_\-"\. II.-'
[ S ————.- —— L b
o 50 %0 o IT T " @ T .
Temperature | “C Temperature | *C

Figure 6. Physicochemical characterization of PLA (black line), G-PLA filament (blue
line), Ni-G-PLA filament (red line) and Ni(OH): (green line). (A) TGA, and (B) DSC.

The weight loss for PLA started around 300 °C and corresponds to the
decomposition of the PLA. The main products generated are carbon dioxide, carbon
monoxide, and further cyclic oligomers up to nine monomer unit [136—-138]. Figure 6A
shows that the addition of conductive material presents a slight improvement of the
thermal stability, once the maximum degradation temperature shift to higher values.
According to the literature, the presence of conductive materials in polymeric matrix
improves heat conduction, and consequently its thermal stability [138]. The TGA data of
the Ni-G-PLA filament shows a thermal decomposition profile (around at 250 °C) similar
to the observed for G-PLA. The filament modified with Ni(OH), does not decompose
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before 250 °C, consequently, a printing temperature of 220 °C is adequate to print the
electrodes.

The DSC curves are shown in Figure 6B and reveal the thermal properties of the
studied materials such as melting and decomposition temperatures. Two endothermic
processes were observed in the DSC curve of PLA. These peaks represent the glass
transition (peak II, around at 66 °C) and melting (peak IV, 181°C) temperature process of
PLA matrix and they are characteristic for semi crystalline polymers [136]. As can be
seen in Figure 6B and Table 5, DSC analysis of these materials showed a decrease in the
melting temperature (Tm) when comparing the pure PLA (181 °C) with the filaments
obtained by processing the PLA mixture with graphene and nickel hydroxide (~166 °C).
This difference of the melting temperature values indicates that the PLA processing
causes a failure of the bonding energies between the polymer molecules. In addition, the
temperature of crystallization (III) of the PLA phase observed at 103 C disappears after
the addition of graphene, and this can be due to the high efficient nucleating effect of
these material for the PLA [136,139]. The nickel hydroxide probably does not have a
good interaction with the functional groups of PLA as graphene which difficult the
package of the polymer chains and, consequently, a significant reduction in crystallization

temperature is observed.

Table 5. DSC analysis of PLA and G-PLA and Ni-G-PLA filaments.

Sample Tc/°C Tc/°C Twm/P°C AHcd/Jg! AHm/ J g!
PLA 66 103 181 41.8 67.3
G-PLA 54 - 166 - 62.8
Ni-G-PLA 45 74 166 27.2 59.7

The Raman spectra of the G-PLA and Ni-G-PLA are presented in Figure 7. In
these spectra it is possible to observe the D (1349 cm™), G (1571 cm™) and 2D (2686 cm™
1) vibrational bands. The D and G vibrational bands indicate the presence of defects, such
as sp® hybridization, vacancies, edges sites and heteroatoms. The G band is associated to
the presence of sp? carbon and the 2D signal is related to two-dimensional order in the
graphene plane. The Raman analysis displayed no differences between G-PLA and Ni-
G-PLA filament spectra. This effect can be explained by the fact that nickel hydroxide,

being denser, remains occluded within the filament, while the surface will accommodate
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lighter materials such as graphite during the extrusion process, regardless of the mode of
filament modification with the catalyst load. However, the 2D band intensity for Ni-G-
PLA is lower than that obtained for G-PLA filament in the Raman spectrum, which can
be explained by the destruction of the regular layered structure of graphene, as observed
by other authors in the formation of composites containing nickel and graphene [140—

142].
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Figure 7. Raman spectra of G-PLA (blue line) and Ni-G-PLA (red line) filaments.

The G-PLA and Ni-G-PLA filaments were also analyzed by X-ray Fluorescence
(XRF) to verify the incorporation of Ni in the polymer matrix. As can be seen in Table
6, the relative values of the inorganic composition (Ti: 60.82%; Fe: 24.52%; Ag: 8.23%,
Cl: 3.92%, Ni: 1.01%; Cr: 1.59% and Mn: 0.93%) showed that Ti and Fe are the most
abundant elements found in the G-PLA filament while Ag, Cl, Ni, Cr and Mn were
detected in minor amounts. Those results are in agreement with the literature which also
reported the presence of metallic impurities in commercial G-PLA filaments [143]. On
the other hand, after the synthesis of the proposed filament, there is a significant increase
in the amount of Ni (Ti: 39.21%; Fe: 13.78%; Ag: 3.82%, Cl: 3.42%, Ni: 39.35% and Cr:
0.41%) indicating that there was the incorporation of Ni(OH)» particles within the PLA

matrix.
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Table 6. XRF analysis of G-PLA and Ni-G-PLA filaments.

Element G-PLA Ni-G-PLA
Composition / wt.%

Ti 60.82 39.21
Fe 24.52 13.78
Ag 8.23 3.82

Cl 3.92 3.42

Ni 1.01 39.35
Cr 1.59 0.41
Mn 0.93 -

The G-PLA (Figure 8A) and Ni-G-PLA (Figure 8B) filaments were also
examined by SEM. Both images show non-uniform surfaces as expected for
thermoplastic composites. However, a crystalline material embedded within the surface
is only visible in Figure 8B, which confirms the presence of Ni microparticles within this

composite.
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Figure 8. SEM images of (A) -PLA and (B) Ni-G-PLA filaments.

—— 100 pm—

50



4.3.2 Electrochemical measurements

The new filament (Ni-G-PLA) was created with the aim to develop of a non-
enzymatic sensor for the selective determination of glucose. First, the electrochemical
behavior of the 3D-printed sensor was studied in 0.1 mol L' NaOH using cyclic
voltammetry according to procedures previously reported for nickel electrodes
[111,119,127,129,144,145]. The redox peaks observed in Figure 9 are related to the
oxidation of Ni (II) to nickel oxyhydroxide (NiOOH) at around +0.55 V (vs
Ag|AgClKClsat)), followed by a reduction peak at +0.37 V (vs Ag|AgCl|KClsar,)), related
to the reduction of NiOOH to Ni(OH),, according to the following reaction [116,122]:

Ni(OH); + OH" = NiOOH + H,O + ¢

The electrochemical response of the 3D-printed Ni-G-PLA electrode was
relatively poor as can be seen in the inset of Figure 9 (black line) due to the high amount
of non-conductive PLA present in the composition of the 3D-printed electrodes.
Therefore, studies were carried out in order to improve the electrochemical performance
of the 3D-printed Ni-G-PLA electrode. Among the activation procedures proposed in the
literature [58,76,90,106], better results were obtained after simultaneous chemical (PLA
saponification) and electrochemical activation (+1.4 V vs Ag|/AgCIl|KClat) for 200 s
followed by -1.0 V vs Ag]AgCIlKClsat) for 200 s) in alkaline media (0.5 mol L' NaOH
solution) [9]. This treatment was performed on the Ni-G-PLA electrode surface and a
great improvement (36-fold increase in the anodic peak current) in the electrochemical
response of this sensor was observed, as can be seen in Figure 9 (red line). Hence, the
nickel catalyst was more exposed once the PLA protective layer material was partially

removed.
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Figure 9. Cyclic voltammograms obtained with the 3D-printed Ni-G-PLA electrode in
0.1 mol L™! NaOH solution before (black line) and after electrochemical treatment (red
line). The inset figure shows the amplification of the cyclic voltammogram obtained with
the 3D-printed Ni-G-PLA electrode without electrochemical treatment. Scan rate: 50 mV
s~1; step potential: 5 mV.

Glucose is electrochemically inactive on carbon-based electrodes, consequently,
no electrochemical response was observed with the 3D-printed electrode composed by a
mix of PLA and graphene, as shown in the inset of Figure 10 (blue line). Some alternative
platforms are available in the literature for the electrochemical detection of glucose, such
as the use of electrodes modified with the enzyme glucose oxidase [80,108,146],
electrodes based on the use of different metals such as platinum, gold, nickel, copper or
even alloys containing one or a mix of these metals [147]. The operation of enzyme-
modified electrodes is dependent on a number of factors, such as temperature, pH, and
humidity [111,112], as well as to the use of laborious steps for immobilization of the
enzyme on the electrode surface (adsorption, cross-linking, entrapment or
electropolymerization) [112,128,146]. In this context, the Ni-G-PLA electrode is a
promising material for non-enzymatic determination of glucose since nickel hydroxide
(IT) acts as a catalyst on the glucose oxidation to gluconolactone [118], as can be seen in
the following equation:

NiOOH + glucose = Ni(OH); + gluconolactone

Thus, cyclic voltammograms performed in presence of glucose (Figure 10; red

line) showed a considerable increase in anodic peak current, due to the electrochemical
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reaction mechanism described above. In addition, a small decrease in the cathodic current
peak was observed as a result of consumption of NiOOH by glucose as reported in

literature [148].
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Figure 10. Cyclic voltammograms obtained for a solution containing 1 mmol L' GLU at
G-PLA (blue line) and at Ni-G-PLA (red line) electrochemically treated electrode. The
dashed lines refer to the blank solutions scans for both electrodes. The Inset figure shows

the ampliation the lower y-axis. Scan rate: 50 mV s™'; step potential: 5 mV.

After that, the BIA system with amperometric detection was used to demonstrate
the applicability of the proposed Ni-G-PLA 3D-printed electrode for the rapid and
selective detection of glucose. Experimental parameters (applied potential, injection
volume and dispensing rate) were evaluated in order to obtain the best analytical
sensitivity, high analytical throughput and adequate reproducibility in the analysis
procedure. The use of a stirring system was required to avoid the enlargement of peaks
and to provide faster reestablishment of baseline current after injection of solutions
containing glucose or interfering species in the BIA system.

Figure 11 shows the amperometric responses obtained for triplicate injection of
100 umol L' glucose as a function of applied potentials (+0.3 to +0.7 V s
Ag|AgClKClsat)). According to Figure 11, the glucose oxidation occurred in potentials
higher than +0.4 V (vs Ag|AgCl|KClsat)) since NIOOH formation is required for glucose
detection. Based on this experiment, +0.6 V (vs Ag|AgCl|KClgsa)) was selected for
subsequent analysis due to obtaining satisfactory current values and lower standard
deviation. At+0.7 V (vs Ag|AgCIl|KClsat)), higher current values were detected, however,
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the long-term repeatability was affected. The effect of the other two BIA parameters is
shown in Figure 12A (injection volume) and Figure 12B (dispensing rate). No
significant improvement in peak current values was observed if injected volumes or
dispensing rates higher than 200 puL (Figure 12A) and 213 pL s (Figure 12B) were
used, respectively. Therefore, these values were selected in further amperometric

experiments.
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Figure 11. Hydrodynamic voltammograms obtained with the BIA system by plotting the
peak current values as function of the corresponding applied potential using the
electrochemically treated Ni-G-PLA material as the working electrode. GLU
concentration: 100 pmol L'!; supporting electrolyte: 0.1 mol L' NaOH; dispensing rate:
153 uLs'; injection volume: 150 uL.

Figure 13A shows the calibration curves for glucose using both non-treated (A)
and electrochemically treated (0) Ni-G-PLA electrodes. The amperometric responses
obtained at +0.6 V for injection of glucose concentrations (75 to 1000 umol L) in
ascending and descending order using the electrochemical treated 3D-printed Ni-G-PLA
electrode are shown in Figure 13B. The analytical characteristics (linear ranges, limits of
detection, correlation coefficients, slopes, and intercepts) calculated from data of Figure
13A are listed in Table 7. The limits of detection were calculated based on [TUPAC
definition (30/s), where o is the standard deviation of baseline noise and s is the analytical

sensitivity of the calibration curve (slope).
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Figure 12. Effect of injection volume (A) and dispensing rate (B) on the amperometric

response of the electrochemically treated Ni-G-PLA electrode for the injection of 100

umol L' GLU in the BIA system. Applied potential +0.6 V; supporting electrolyte: 0.1

mol L' NaOH; dispensing rate in (A): 153 pL s’'; injection volume in (B): 200 pL.

As can be seen in Table 7 and Figure 13A, a higher sensitivity (slope) is achieved
using the electrochemically treated 3D-printed Ni-G-PLA electrode (8-fold higher),
consequently, lower LOD values were obtained with this electrode. These results are in
agreement with SEM images and cyclic voltammograms which presented the higher
amount of the catalyst nickel hydroxide (II) exposed after the treatment providing higher
electrochemical response. The slopes of the curves indicated the absence of memory
effects, since the ascending and descending slope values were similar. According to the
literature, glucose can be found in a range of concentrations from 2.0 to 20.0 mmol L in
human blood serum [125] and from 0.02 to 0.20 mmol L! in saliva [124] for non-diabetic
people. Thus, the LOD (2.4 umol L) obtained for the new proposed non-enzymatic

sensor is useful for detection of glucose in these types of samples.
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Figure 13. (A) Comparison between calibration curves of glucose obtained with non-
treated (A; black line) and electrochemically treated (o; red line) 3D-printed Ni-G-PLA
electrodes. (B) Baseline corrected BIA amperograms for glucose injections (n = 4) in
concentrations of (a) 75; (b) 100; (c) 150; (d) 200; (e) 300; (f) 500; (g) 750 and (h) 1000
umol L1, using Ni-G-PLA electrochemically treated electrode. Supporting electrolyte:
0.1 mol L' NaOH; applied potential: +0.6 V; dispensing rate: 213 uL s!; injection
volume: 200 pL.

The precision was estimated based on the RSD value of the current peak for 500
umol L™ glucose (also in Table 7). The low RSD values (< 5%) indicated a high precision
for the 3D-printed Ni-G-PLA electrode surface. The interelectrode precision was also
calculated based on the RSD value of current peaks for 500 pmol L™ glucose obtained on
four different electrochemically treated electrodes. The RSD value obtained was 8.9%,

indicating a high reproducibility of the construction process of the 3D-printed electrode.
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Table 7. Comparison between analytical parameters obtained for both 3D-printed Ni-G-
PLA electrodes (without and with electrochemical treatment) for BIA amperometric

detection of glucose.

Analytical Non-treated Electrochemically treated
Parameters electrode electrode
Linear range/pmol L™! 200-1000 75-1000
r 0.987+/0.981** 0.999%/0.998**
Intercept/ pA —0.991%/-3.144* —4.317%/-7.589*
Slope/pmol ' L pA 0.012%/0.015** 0.095*/0.096**
LOD/pmol L! 36.4 2.4
RSD (n = 10; 500 pmol 3.7 2.2
LY/ %

Injection in *ascending and **descending order of concentration.

Usually, electroactive species such as ascorbic acid (AA), uric acid (UA) and urea
(UR) can be found with glucose in real samples (blood serum, urine, saliva) as interfering
species. According to the literature, the normal physiological level of glucose is several
times higher than the concentration of interfering species [111,120,129,149]. Figure 14A
shows BIA amperometric responses obtained for successive injections (n = 4) of the
following solutions: 1.0 mmol L™ glucose (GLU); 0.1 mmol L™ ascorbic acid (AA); 0.1
mmol L uric acid (UA); 0.1 mmol L urea (UR); and multicomponent solution (MS)
containing all previous compounds. As shown in Figure 14B, no significant influence
(<10%) was observed when the response obtained for the solution with only glucose was
compared to the multicomponent solution (with all compounds). These results indicated
that the proposed 3D-printed Ni-G-PLA electrode has adequate sensitivity for glucose

detection in biological samples.
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Figure 14. (A) Amperometric response obtained for 1 mmol L glucose (GLU), 0.1
mmol L ascorbic acid (AA), 0.1 mmol L! uric acid (UA) and 0.1 mmol L' urea (UR)
and a multicomponent solution (MS) containing all compounds (1 mmol L' GLU and 0.1
mmol L' of AA, UA, and UR; (B) Effect of the presence of concomitant interfering
species at the GLU peak current. Working electrode: electrochemically treated 3D-
printed Ni-G-PLA; supporting electrolyte: 0.1 mol L' NaOH; applied potential: +0.6 V;
dispensing rate: 213 pL s’'; injection volume: 200 pL.

4.4 Conclusions

The production, characterization (physicochemical, spectroscopic, and
electrochemical) and analytical application of a new conductive thermoplastic filament
composed by PLA, graphene, and Ni microparticles was firstly reported. We showed here
that disposable modified electrodes can be produced using a simple additive
manufacturing 3D printer. The new conductive filament was used for fast production of
3D-printed electrodes for non-enzymatic glucose detection using a portable
electrochemical system. The obtained results showed that Ni-G-PLA is a promising
material for fast production of disposable sensors for electrochemical detection of

glucose.
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S Annex 2. Electrochemical synthesis of Prussian blue from iron
impurities in 3D-printed graphene electrodes: Amperometric

sensing platform for hydrogen peroxide.

5.1 Introduction

Additive manufacturing (3D printing) technologies have been extensively applied
in chemistry with relevant applications in material science, electrochemistry and
analytical chemistry [97,150—152]. The fused deposition modelling (FDM) is the most
inexpensive 3D-printing technique and has become popular in the fabrication of
electrochemical sensors [21,97]. Commercially-available conductive filaments for FDM
3D-printers have contributed to the rapid development of this technique in the field of
electrochemistry and the most common material is the PLA-based filament containing
graphene [75,76,91,106,108].

Nevertheless, recent publications by Browne and coauthors have reported the
presence of metallic impurities (Fe, Ti and Al) in commercial filaments of graphene/PLA,
such as Black Magic®. These impurities affect the electrochemical properties of the 3D-
printed material, such as for water splitting [143,153]. Previous investigations have
demonstrated that residual metallic impurities in graphene and carbon nanotubes affect
the electrochemistry of several processes [154—158]. Iron impurities have been
commonly reported to affect the electrochemical oxidation and reduction of different
analytes [155,157,158].

In this context, taking the advantage of the presence of iron impurities in 3D-
printed graphene/PLA electrode obtained from commercially available filaments, we
propose the electrochemical synthesis of iron hexacyanoferrate (Prussian blue) films by
cyclic voltammetry in the presence of ferricyanide. It is well known that Prussian blue
(PB) films can be formed electrochemically in the presence of iron (III) cations and
ferricyanide [159]. In our approach, the iron (III) source is provided by the bulky 3D-
printed G/PLA electrode, after electrode immersion in a solvent to remove the excess of
PLA and expose iron sites. A PB-modified electrode is also known as an artificial
peroxidase due to its electrocatalytic properties towards the reduction of H>O», which is
relevant for biosensing, food and security analysis [159-163]. To demonstrate the
potential application of PB-3D printed modified electrode, the amperometric detection of
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hydrogen peroxide under flow conditions provided by batch-injection analysis (BIA) is
presented. BIA is a powerful technique, especially when allied to amperometric detection,

due to its precision, rapidness, and portability [164].

5.2 Experimental

5.2.1 Reagents and materials

All solutions were prepared with deionized water (Millipore Direct-Q3, Bedford
MA USA) with a resistivity no less than 18 Q cm. All reagents were of analytical grade
and-used without further purification. Potassium ferricyanide (K3[Fe(CN)g]) purchased
from Proquimios (Rio de Janeiro, Brazil). Chloride and phosphoric acids and potassium
chloride were obtained from Synth (Diadema, Brazil) and hydrogen peroxide aqueous
solution (30% wt.) from Dinamica (Sao Paulo, Brazil). Sodium hydroxide was obtained
from AppliChem Panreac (Barcelona, Spain) and dimethylformamide (DMF) from
Merck (Rio de Janeiro, Brazil). Conductive PLA filaments containing graphene (G/PLA)
was purchased from Black Magic 3D with volume resistivity of 0.6 Q cm (New York,
USA).

5.2.2 Instrumentation

All electrochemical measurements were performed using an p-Autolab type III
potentiostat/galvanostat controlled by NOVA 1.11 software, which was responsible for
the acquisition of data. A lab-made miniaturized Ag|AgCl|KCla [132], and a platinum
wire were used as reference and counter electrodes, respectively.

All electrochemical experiments were performed using a 10 mL container or a
100mL batch-injection cell manufactured by FDM 3D-printing using an ABS filament as
reported in the literature [90]. Along with the BIA cell, an electronic micropipette
Eppendorf (Multipette® stream) was also used to perform reproductive injections at
controlled dispensing rate and volume. A distance of 2 mm between the working electrode
and the micropipette was kept constant as the best condition defined in previous works

using BIA [165].

5.2.3 Manufacturing of the 3D-printed electrode

Hollow cubes (1 cm x 1 cm) with wall thickness of 0.72 mm were printed using

an open-source Graber i3 RepRap 3D printer and a graphene doped PLA filament
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(G/PLA). All printing was performed using a 0.5 mm hot end nozzle with an extrusion
temperature of 220 °C and heated bed temperature at 70 °C. Before electrochemical
deposition of PB films on electrode surface, the sides of the hollow cubes were polished
with abrasive paper (1200 Grit) wetted with an ultrapure water for 30 s. After that, a piece
of planar substrate was immersed in DMF for 30 min as proposed by Kalinke et al. [107].
The G/PLA electrode was then washed with ethanol and deionized water dried at room

temperature for 24h and finally was coupled to the 3D-printed BIA cell.

5.2.4 Preparation of PB films on the 3D-printed electrode

PB films were electrodeposited following a procedure adapted from the literature
[166]. Two hundred voltammetric cycles were carried out in presence of 1 mmol L!
potassium ferricyanide, using 0.1 mol L™! KCI acidified with 0.01 mol L' HCI over -0.3
to +1.2 V (vs. Ag|AgCl|KClsa.) at room temperature and scan rate of 50 mV s, In next
step, the modified electrode (PB/G/PLA) was washed with ultrapure water several times.

Thus, the electrode was used in the amperometric experiments.

5.2.5 Amperometric detection of H20:2 using a BIA cell

Amperometric detection of H>O» was performed in a BIA cell under the
application of a constant potential of 0.0 V (vs. Ag|AgCI|KClsat)) using a 0.1 mol L
phosphate buffer solution (pH 7.4) containing 0.1 mol L' KCI as supporting electrolyte
as previously described in literature [167].

In this system, successive injections of increasing concentrations of H,O, were
performed directly at the electrode surface (wall-jet configuration). A volume and
dispensing rate of 100 pL and 277 uL s was selected, respectively, as proposed the
literature [167]. The reference and counter electrodes were positioned at the top of the
BIA cell, and the 3D-printed working electrode was placed at the bottom of the BIA cell
using a rubber O-ring in order to prevent leaks and define the geometric area of the

electrode (ID = 0.54 cm; area = 0.22 cm?).
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5.3 Results and discussion

The presence of iron in commercial graphene/PLA filaments was reported
previously in the literature [143,153] and in this work we confirmed the presence of iron
impurities at the 3D-printed graphene/PLA electrode by XRF analysis (Table 6, Annex
I). Aiming to verify if these iron impurities are accessible to produce PB films, Figure 15
shows cyclic voltammetric experiments in the presence of ferricyanide using a 3D-printed
G/PLA electrode (A) before (as printed) and (B) after solvent immersion. The black line
in both plots shows the profile of the redox probe ferricyanide on the 3D-printed electrode
before and after solvent-treatment. As expected, the voltammetric profile improved as
verified by the reduction of the AEp value from 300 to 150 mV and the substantial
increase in current intensity. As long as the cyclic voltammetric scans were performed, it
is possible to observe the formation of PB films on the solvent-treated 3D-printed

electrode. The processes involved are described in Figure 16.
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Figure 15. Cyclic voltammograms obtained at G/PLA electrode before (A) and after (B)
DMF treatment to electrochemically synthetize PB films in the presence of 1 mmol L
ferricyanide in a 0.1 mol L' KCI + 0.01 mol L-1 HCI solution. 1% (black line), 50™ (pink
line), 100" (red line) and 200" (blue line) cycles are presented. Scan rate: 50 mV s™'; step
potential: 5 mV. The dotted line refers the blank of analysis (before PB films formation

on electrode).
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printed electrode.

The first process, occurring as a shoulder on the peak at +0.45 V (Figure 15B)
and the corresponding reduction peak at —0.20 V, corresponds to the Prussian
blue/Prussian white pair. The second pair (Berlin green/Prussian blue) occurs at around
+0.9 V (oxidation and reduction peaks of Figure 15B). The same process does not occur
so efficiently on the untreated electrode (Figure 15A), probably due to the lower amount
of Fe(Ill) available in the bulky 3D-printed electrode.

Figure 17 shows the cyclic voltammograms of the 3D-printed G/PLA electrodes
after modification with PB before and after surface treatment of the G/PLA electrode.
These experiments were performed in the presence of the same supporting electrolyte
used to grow the PB films. The black line shows the PB-modified surface using a 3D-
printed electrode not treated by immersion in DMF after 200 cycles in the presence of
ferricyanide. The typical profile of a PB-modified surface is not well defined (inset of
Figure 17) likely due to the low amount of Fe(III) available (confirmed in Figure 15A).
After solvent treatment, the expected profile of a PB-modified appears (pink, red, green
and blue lines corresponding to the PB formation after 50, 100, 150 and 200 cycles,
respectively). The increase in the number of scans from 50 to 200 cycles affects the

formation of PB as verified by the substantial current increase of the processes of PB. The
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peaks I and IV at +0.2 V correspond to the Prussian blue/Prussian white pair while the
peaks II and III at +0.9 V to the Berlin green/Prussian blue pair, as presented in Scheme

in Figure 16, and in agreement with data reported in the literature [159-162].
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Figure 17. Cyclic voltammograms in electrolyte of 3D-printed G/PLA electrodes after
modification with PB: Black line: untreated electrode and PB formation after 200 cycles;
DMF-treated and PB formation after 50 (pink line); 100 (red line); 150 (green line) and
(b blue line) 200 cycles. Scan rate: 50 mV s™'; Step potential: 5 mV; Electrolyte: 0.1 mol
L' KCI+0.01 mol L' HCL.

The Raman spectra of 3D-printed electrode before and after the modification with
PB are presented in Figure 18. The vibrational D (1356 cm™') and G (1585 cm™!) bands
are associated to the presence of defects, such as sp> hybridization, vacancies, edges and
heteroatoms. Moreover, the G band is assigned to the presence of sp? carbon and the 2D
signal is related to two-dimensional order in the graphene plane [167]. After the formation
of PB, a characteristic band at 2150 cm™ of iron hexacyanoferrate was observed,

attributed to v (CN) stretching vibration [77].
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Figure 18. Raman spectra of the 3D-printed electrode before (black line) and modified

with PB (blue line).

The inter-electrode reproducibility of PB modification was estimated based on the
RSD values of the Prussian blue/Prussian white pair (peaks I and IV identified in Figure
17) obtained from three different electrodes, as this redox pair is responsible for the
selective detection of H>Oz. The low RSD values (6.5 and 11.3% for the peaks [ and IV,
respectively) indicated an acceptable reproducibility of the complete protocol to the
formation of PB films on the 3D-printed G/PLA electrode surface using iron impurities.
The 3D-printed G/PLA surface treated by DMF and modified with PB films (200 cycles)
was evaluated for the amperometric determination of H>O2 using the BIA system taking
advantage of the electrocatalytic action of the Prussian blue/Prussian white pair towards
the electrochemical reduction of H>O;. Figure 19A shows the amperometric response of
the PB/G/PLA modified electrode obtained at +0.0 V for injections (100 puL each) of H>O>
(from 1 to 1000 pmol L™!) under a controlled injection rate of 277 uL s'. Figure 19B
shows the corresponding analytical curve obtained by plotting current response as
function of H>O, concentration. A linear range between 1 and 700 pmolL ™! was obtained
(equation of the curve in Figure 19B: i(nA) = —0.081 (£0.001) —0.0126 (£0.0009) x
[H202] ; r = 0.999) and the limit of detection (LOD) was 0.56 umol L' (LOD = 3 x
SDplank/slope). This result shows that the PB/G/PLA electrode presents a low LOD value
comparable to previous PB-modified electrodes, in which the PB modification was

performed by electrochemical synthesis from a mixture of iron(IIl) and ferricyanide in
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KCI or where PB microparticles were incorporated into graphite composite electrodes
[77,162]. The combination of the sensor with BIA enables precise and fast determinations
(around 180 injection per hour), which is relevant for routine analysis. The modified
electrode was stable during the continuous monitoring of H>O» under flow conditions
which indicates stability of the PB film synthetized through iron impurities in 3D-printed
G/PLA electrodes. It is also important to mention that the electrode worked at 0.0 V for
the H20» sensing which is a detection condition free from interference of several species

found at biological, food, environmental samples.
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Figure 19. (A) Amperometric responses and (B) respective analytical curve for triplicate
injections of H>O» in increasing concentrations: 1 (a), 5 (b), 10 (c), 20 (d), 40 (e), 60 (¥),
100 (g), 200 (h), 400 (i), 600 (j), 700 (k) and 1000 pmol L (1) using a BIA cell containing
0.1 mol L' PBS (pH 7.4) + 0.1 mol L™! KCl as supporting electrolyte. Working electrode:
3D-printed G/PLA DMF-treated and PB-modified after 200 cycles. Working potential:
0.0 V; Injected volume: 100 uL; Injection rate: 277 uL s7!.

To demonstrate the applicability of the proposed 3D-printed PB/G/PLA
electrode in the BIA cell, milk samples were analyzed. Figure 20 shows the
amperometric recording for triplicate injections of a milk sample just 10-fold diluted in
the supporting electrolyte. To evaluate possible sample matrix, a recovery test was
performed by the analysis of spiked milk sample with two known concentrations of

H,0> (50 and 100 pmol L™!). Recovery values were between 94 and 101% (
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Table 8), which indicates the absence of sample matrix in the electrochemical

Sample Found/pmol Spiked/pmol L-1 Recovery/pmol L- Recovery/ %

L-1 -1
50 53.9+0.2 93+0.3
Milk 7.6+£0.2
100 108.5+£2.3 101+£2

detection of H>O». Certainly, the low-potential detection (0.0 V vs. Ag|AgCI|KClsat,)) of
H>0O> only possible due to the electrocatalytic action of the PB films enabled the
selective determination of the analyte free from the interference of sample matrix, even

after a 10-fold dilution of a sample containing a complex matrix.

Table 9 lists several PB-based electrochemical sensors developed for H>O>
determination [77,159,175-178,166,168—174], highlighting the supporting electrolyte
and pH solution, applied potential for its selective detection and detection limits. The
proposed 3D-printed PB/G/PLA electrode easily obtained from iron impurities of
G/PLA filaments shows one of the lowest values of limit of detection ever reported,
with a wide linear concentration range. Most of the previous reported electrodes were
designed using carbon nanotubes or graphene, as they provide increase in surface area
and conductivity, combined to PB due to its electrocatalytic properties towards H>O»
detection. However, most of the procedures used for electrode modification involves
many laborious steps and thus are time-consuming, which is not the case of the
proposed 3D-printed PB/G/PLA electrode. Moreover, the high sample throughput (180
injection per hour) is an important advantage provided by the BIA system not

highlighted in

Table 9 for routine analyses.
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Figure 20. BIA amperograms obtained from injections of milk pure samples (S) and
respective additions of 50 pmol L™ (Ss1) and 100 pmol L (Sx2) of H20x. Injections of

standard solutions of H,O: (a-g) in a range of 1-150 umol L. The same conditions of
Figure 19.

Table 8. Concentrations of H>O» obtained by the BIA system and recovery values for the
milk spiked samples (n = 3).

Sample Found/pmol L'  Spiked/ umol L' Recovery/pmol L' Recovery/ %

50 53.9+0.2 93+0.3
Milk 7.6£0.2

100 108.5+2.3 101£2
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Table 9. Comparison of the proposed 3D-printed PB/G/PLA electrode with other
previous electrochemical sensors developed for H,O> detection.
Ref.
Electrode Linear Range / pmol L! LOD / pmol L! pH Potential
PBS/KC1
GCE/PB 0.1 -100 0.10 6.0 -0.05 V* [159]
PBS/KC1
SPE/PB 0.4-100 0.4 4 0.0 v* [177]
PBS
Au-CDlectrode/PB 1-1200 0.4 53 -0.1 v* [176]
PBS/KC1
CPE/FeCNT/PB 0.5-30 0.02 73 +0.15 V* [166]
PBS/KC1
GCE/PB/rGO 0.05-120 0.004 0 +0.20 V* [175]
PBS/KC1
GCE/PB-G 10-1440 3 6.0 0.0 v* [174]
PBS/KC1
GCE/GO/PB 5-1200 0.12 6.0 +0.10 V** [173]
FTO/PB 90-350 36.0 HCI/KCI -0.10 V * [172]
PBS/KC1
3D-G/PB 2-112 0.44 4 -0.15V [77]
PB-GNPs/BG/GC 9.16-143000 32 HCI/KCI -0.05V* [171]
PBS
NPS-PB/ BDD 0.1-1000 NR oo 0.0 V* [170]
Basic
ITO/Fe-Ni-PB 200-5000000 NR aqueous NR [169]
solution
8.0
BR/KCI
RGO/MWCNT/PB 50-1000 8.7 40 -0.05 V* [168]
PBS/KC1 This
PB/G/PLA 1-700 0.56 0.0 v*
7.4 work

Electrodes: GCE — Glassy carbon electrodes; SPE - Screen Printed electrode based on
carbon paste; Au-CDlectrode — Gold CD electrode; CPE/FeCNT — Carbon paste electrode
containing carbon nanotubes and Fe; rGO — Reduced graphene oxide; PB-G — Graphene
containing nanoparticles of PB; GO — graphene oxide; FTO- F-doped tin oxide; 3D-G —
3D-printed graphene electrode; GNPs/BG/GC — Gold nanoparticles in glassy carbon
electrodes modified with a bucky gel; NPS-PB/ BDD — Nanoparticles of Prussian blue in
boron doped diamond electrode; ITO/ Fe-Ni-PB — Indium tin oxide modified with Ni, Fe
and Prussian Blue. RGO/MWCNT/PB- reduced graphene oxide, carbon nanotubes, and
Prussian blue transparent chemically synthetized. E / V vs. *Ag|AgCIl|KClsat) and ** vs.
SCE.

5.4 Conclusion
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We have demonstrated that iron impurities within 3D-printed G/PLA electrodes
can be accessed after solvent treatment to electrochemically generate PB films (iron(III)
hexacyanoferrate) using ferricyanide in a KCI/HCI medium. The stability of the obtained
PB/G/PLA electrode was assessed by the continuous amperometric monitoring of H>O»
using a BIA system. The sensor responds to H>O> within a wide concentration range
reaching a submicromolar detection limit. This investigation shows that the iron
impurities in the G/PLA filament can be used as a benefit in the fabrication of highly
selective amperometric sensors, which can be extended for the production of novel iron-

based sensors.
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6 Annex 3. Printing parameters affect the electrochemical
performance of 3D-Printed carbon electrodes obtained by fused

deposition modeling.

6.1 Introduction

Additive manufacturing (AM) has emerged as an important tool in
electrochemistry field for the development of sensors, energy-storage devices, and
general accessories [21,51,60]. One of the most used techniques for the fabrication of 3D-
printed objects is fused deposition modeling (FDM) due to its simplicity, low cost,
versatility, and ability to produce complex three-dimensional and multi-material
structures [52,60,179]. In FDM process, a thermoplastic polymer is heated to a
temperature that is slightly above the melting point and extruded through a metallic nozzle
and deposited layer-by-layer on a platform. The 3D printer movement is computer-
controlled along three directions (XYZ axes). When the deposition of the first layer is
completed, the second layer is assembled over the first layer. This process continues until
the part-manufacturing is concluded [9, 10].

Some composites containing thermoplastic and conductive particles have been
used in additive manufacturing in numerous applications [104,182—186]. The most
affordable commercial conductive filament used for the production of electrochemical
devices is composed of a mix of carbon black (CB) and polylactic acid (PLA) [9,55,187—
190]. However, some studies have shown that this material in its native form has high
charge transfer resistance and, to overcome this problem, many research groups have
explored surface treatment/ activation procedures of 3D-printed electrodes to improve
their conductivity and performance as electrochemical sensors. The papers published
employed mechanical [91], electrochemical [9,55,76,106], physical [81], solvents[75,89],
and biological [80] treatments or use of chemical modifiers on the surface [77] to increase
its electrochemical activity. Although these procedures improve the performance of 3D
printed sensors, most of them require multiple steps (time-consuming) or the use of
additional equipment and/or even use toxic organic solvents [7,8,11-15]. In addition,
these works did not explore how 3D printing parameters affect the electrochemical

performance or/and did not present the parameters used in their studies.

71



The selection of suitable parameters can be a feasible alternative to improve the
response of electrodes produced by FDM 3D printing [3,16-21]. These parameters that
affect the quality of 3D printing processes can be divided into two groups: machine and
printing parameters. Nozzle diameter, bed and extruder temperatures are considered
machine parameters while printed orientation (vertical or horizontal), layer thickness,
printed perimeter or shell count, print speed, and fill density are called of printing
parameters. These parameters are chosen in the slicing stage of the project using
specialized software compatible with the 3D printer [191]. Generally, some print settings
(bed and extruder temperatures and extruder multiplier) were recommended by the
manufacturer [187].

Patel’s group printed cone-shaped CB/PLA electrodes and has shown that the
printed orientation of the object can affect the electrochemical response of some analytes
when 3D-printed sensors were used [7,23]. According to the authors, vertically printed
electrodes provided the greatest faradaic current response when compared to the
horizontally printed electrodes. In addition, layer thickness has been reported as another
important factor that introduces significant variations in the electrochemical response
(charge transfer resistance and faradaic current) of the sensors [192]. However, to best
our knowledge, detailed investigations on the effect of printing parameters on the charge
transfer resistance of 3D-printed electrodes have been rarely evaluated [191-193].

Herein, we studied the influence of printing parameters (print orientation, layer
thickness, perimeter count and print speed) on the electrochemical performance (peak-to-
peak separation, faradaic current peak intensity, charge transfer resistance and
electrochemically active surface area) of FDM 3D-printed CB/PLA electrodes.
Electrochemical characterizations were performed by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). Moreover, the differences in the structure
integrity in terms of CB and PLA distribution over the electrode surface for the different
printing parameters was investigated by Raman spectroscopy and multivariate curve
resolution by alternating least squares (MCR-ALS) to extract the fundamental vibrational
characteristics within the data. Our results showed that printing parameters noticeably
influence the electrochemical activity (active surface area and faradaic peak current) of
FDM 3D-printed sensors due to the direct influence on the conductivity and distribution

of CB particles over PLA matrix in the electrodes surface.
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6.2 Experimental

6.2.1 Manufacture of 3D-printed carbon black/polylactic acid (CB/PLA)
electrodes

A rectangular piece (30 mm length, 11 mm width, and 1.2 mm thickness) was
printed using a commercial filament composed by CB/PLA (Protopasta, WA, USA) and
a Flashforge Dreamer NX printer (Sao Jos¢ dos Campos, Sao Paulo, Brazil) with a direct
drive extruder equipped with a 0.4 mm nozzle at 220 °C and a bed temperature of 70 °C.
The electrodes were printed with 100% infill density and extrusion multiplier was set up
to 1.1 (constant value), varying the perimeter (1 to 2 shells), layer thicknesses (0.05 to
0.30 mm), printing perimeters speed (30 to 120 mm s™') and orientation (horizontal and
vertical). These ranges were selected based on mechanical limitation of 3D-printer used
in this study. Printing parameters performed outside the capabilities of the printer provide
uncertain and non-reproducible results.

Finally, the 3D-printed CB/PLA electrodes (without any treatment before
analysis) were placed at the bottom of a 3D-printed electrochemical cell fabricated
according to Cardoso ef al. [90]. Briefly, the electrochemical cell (cylindrical shape;
internal volume = 10 mL) was produced using acrylonitrile butadiene styrene (ABS)
filament purchased from GTMax 3D (Sao Paulo, Brazil). A schematic image of the
electrochemical cell is shown in Figure 21. This cell is composed by a (a) cell body; (b)
top cover containing two orifices to introduce both (c) counter and (d) reference
(Ag|AgClKClsat) - ALS Co, Ltd, Japan) electrodes; (e) bottom cover with three holes for
the insertion of (f) screws and nuts. The geometric electrode area (0.18 cm?) was limited
by a rubber O-ring allocated over the working electrode (3D-printed CB/PLA in

rectangular planar shape).
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Figure 21. Schematic representation of 3D-printed cell used in the experiments. This cell
is composed by: (a) cell body (internal volume = 10 mL); (b) top cover containing two
orifices to introduce of both (c) counter and (d) reference electrodes; (e) bottom cover
with three holes for the insertion of (f) screws and nuts; and (g) the 3D-printed CB/PLA

electrode in rectangular planar shape (geometric area of 0.18 cm? limited by a rubber O-

ring).

6.2.2 FElectrochemical measurements

CV (without IR-drop compensation) and EIS measurements, controlled by NOVA
2.1.4 software, were carried out using a PGSTAT 128N potentiostat/galvanostat
(Metrohm Autolab, Utrecht, Netherlands). Electrochemical characterizations of the 3D-
printed electrodes were performed in the presence of 10 mmol L' hexaamineruthenium
chloride (III) (Sigma Aldrich, Steinheim, Germany) and 0.1 mol L™ potassium chloride
(Carlo Erba, Sdo Paulo, Brazil) as electrochemical probe and supporting electrolyte,
respectively.

EIS measurements were accomplished from 100 kHz to 0.01 Hz with amplitude
of 10 mV in the presence of 10 mmol L' [Ru(NH3)s]>”**, using 0.1 mol L' KCl as the
supporting electrolyte. The Randles equivalent circuit was applied to fit the experimental
data to acquire the charge transfer resistance (Rct) between the working 3D-printed
electrode surface and the probe dissolved in the supporting electrolyte.

The electrochemically active surface area of 3D-printed CB/PLA electrodes were
estimated by CV experiments at different scan rates (10 to 150 mV s!), according to the
Randles-Sevcik equation [194,195] (Eq. 1), where I, is the faradaic peak current, 4 is the

electrochemically active surface area (cm?), C is the concentration of the redox probe
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(mol cm™), D is diffusion coefficient (cm? s™'), v is the scan rate (V s!) and 7 is the number
of electrons transferred (n=1, for [Ru(NH3)s]*>"*" probe). All electrochemical experiments

were performed at room temperature and in the presence of dissolved oxygen.
Ip =2.69x10° ACD!?n¥?y!2 (Eq. 1)

The electrochemical data (peak-to-peak separation, faradaic cathodic current, and
electroactive area) obtained for each of the evaluated printing parameters were

statistically compared using the student t-tests at 95% confidence level.

6.2.3 Raman measurements

3D-printed CB/PLA electrodes were analyzed through Raman scattering
measurements. Raman scattering measurements were performed in different points within
a mapped area (surface scanning mappings) in each sample using a 785 nm excitation
source with a 1 s acquisition time in a Horiba Xplora spectrometer in a microscopy setup.
Firstly, the sample was illuminated with a 10-fold amplification objective, and the
radiation power was adjusted to 6 mW (the diameter of spot associate to the laser beam
is ca. 2 mm?) aiming at preventing sample decomposition, which was confirmed by no
time-dependent changes in the acquired spectra and optical microscopy images. For the
dispersion of scattered radiation wavelengths, it was used a diffraction grating of 400 g
mm!, which allows the acquisition of the Raman spectrum in the range of ca. 3000 cm!

in a single measurement.

6.2.3.1 Data Analysis

The acquisition of large range Raman spectra allows the application of
multivariate techniques for the investigation of the sample overall behavior. Herein, it
was employed multivariate curve resolution by alternating least squares (MCR-ALS) to
extract the fundamental vibrational characteristics within the data. The general idea
behind MCR-ALS is the description of the data matrix (D) as a linear combination of pure
spectra (described in the rows of matrix S'), according to Eq. 2 [195,196]:

D=CS™+E (Eq. 2)

Where E is the matrix of residuals, and the C is the matrix contains the weights of
each pure spectra in the description of the experimental data. The C matrix, therefore,

contains information of the surface distribution of different types of spectral signatures in
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a mapping measurement. MCR-ALS analyses were performed using the R language using
the Alsace package [197,198]. The solution to Eq. 2 is obtained in a least-squares
algorithm after an initial estimate of pure components in S. Such estimation was
performed via an orthogonal projection analysis (OPA) algorithm, where spectra of
maximum dissimilarity are considered as initial pure components input [199].Thus, the
number of components was selected to reduce the lack of fit (Eq. 2), which was generally

observed to be below 5% for two components.

6.3 Results and Discussion
6.3.1 Electrochemical characterization of 3D-printed electrode by varying of
printing parameters
The printing perimeter speed is an important parameter that influences the surface
quality of 3D printed objects. Figure 22 shows an optical image of 3D-printed CB/PLA
electrodes using two printing speeds (30 and 120 mm s™!) to better illustrate the final
aspect of the objects. Higher resolution was achieved when lower printing speed was

used. Figure 22 showed difference in the quality of 3D-printed CB/PLA electrodes.

Figure 22. Optical images (10x objective lens) of 3D-printed electrode surfaces at low
(A: 30 mm s™") and higher (B: 120 mm s™') printing speed. Printing parameters: 0.05 mm
layer thickness, 2 shell and 100% infill density.

As can be observed, a more uniform and reproducible surface is obtained when

the lowest speed was used. In this case, the influence of the printing perimeter speed (30-

120 mm s') in the electrochemical response (faradaic current and peak-to-peak
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separation) of the 3D-printed CB/PLA electrodes using 10 mmol L [Ru(NH3)s]*"*" as
redox probe was investigated (Figure 23A).

200

1 shell

—30mms’"’
100 4 60 mm s — 2 shell
——90mms"' 100 -
——120mms"
0
< < 04
3 3
- -
— -
=100
\ -100 4
-200 200
-300 T T T T T -300 T T T T T
-0.9 -0.6 -0.3 0.0 0.3 -0.9 -0.6 -0.3 0.0 0.3
E |V vs. AglAGCI[KCl,,., EIV vs. Ag|AgCIKCI _,,,
150 300
Horizontal
—— Vertical ] 0.05 mm
—0.1 mm
150 0.2 mm
—0.3 mm
< 01
4 <
-~ =9
— — 0 -1
-
150 -150
(C) -300 1 ( D)
-300 T T T T T T T T T T
-0.9 -0.6 -0.3 0.0 0.3 -0.9 -0.6 -0.3 0. 0.3

E IV vs. Ag|AgCIKCI E [V vs. Ag|AgCI|KC

0
(sat) I(sau
Figure 23. CV profiles for 10 mmol L™ hexaamineruthenium chloride (III) in the
presence of 0.1 mol L' KCI concerning variations in the following 3D-printing: (A)
printing perimeter speed (30-120 mm s™'); (B) perimeter number (1 or 2 shells); (C)
printing orientation and (D) layer thickness (0.05-0.3 mm). CV parameters: scan rate: 50
mV s!; step potential: 5 mV. Constant printing parameters: vertical orientation, layer

thickness: 0.2 mm; printing perimeter speed: 40 mm s™! with 1 shell in vertical orientation.

Working electrode: printed rectangular piece without activation.

Table 10 summarizes the faradaic cathodic current (Ipc) as well as the peak-to-
peak separation (AE;) values obtained for three different working electrodes printed
varying parameters (average values £ SD). Printing perimeter speeds lower than 30 mm
s was also investigated; however, the time required to build the electrode is very high
(~6 hours), making the construction of disposable electrodes unfeasible. In addition,

minimal improvements were observed with the decrease in the speed.
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Table 10. Electrochemical data (peak to peak separation and cathodic peak current)
obtained from cyclic voltammograms of 10 mmol L' [Ru(NHs)s]*"*" using three

different working electrodes (n=3) printed using different parameters.

Parameters AEp /mV Ipc/pA
Vertical 239+ 4 1813
Orientation
Horizontal 316+3 43 +5
Y Wi i —
0.1 251+7 165+4
Layer thickness / mm
0.2 239 +4 189 +7
0.3 242 £ 11 116 £ 4
............................................................. T BT
60 240+ 3 158 +7
Printing speed / mm s!
920 236+ 2 132+3
120 270+ 5 144 + 12
.............................................................. T
Perimeter number
2 187 +8 210+ 10

As can be seen, better voltammetric profile and higher faradaic current response
were achieved when a lower printing speed value (30 mm s') was used (Table 10), which
differed significantly when compared to 60 (p<0.005, n = 3), 90 (p<0.003, n =3) and 120
mm s (p<0.01, n = 3); respectively. In addition, the peak-to-peak separation (AE,) also
decreased considerably with the reduction of the printing speed (AE= 270 + 5 and 185 +
6 mV for 120 and 30 mm s™!' (p<0.003, n = 3), respectively). Lower printing speed (e.g.,
20 mm s!) was also evaluated, however, required time to produce each electrode is very
high (~6 hours) and the increase in the faradaic current was minimal.

The electrochemically active surface area (4) calculated by the Randles-Sevcik
method [194,195] displayed a significant decrease for higher printing perimeter speeds
(0.072 cm? and 0.012 cm? for 30 and 120 mm s (p < 0.001, n = 3), respectively), as can
be seen in Table 11. The use of the Randles-Sevcik method is indicated for diffusional
control redox processes and has limitations for sluggish/irreversible processes (black

curves in Figure 23), however, the results are useful for the comparisons made here.
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Table 11. Electroactive area calculated by Randles-Sevcik method for 3D-printed

electrode by varying printing parameters.

Parameters Electroactive area / cm?
Vertical* 0.072 £0.001
Orientation
Horizontal 0.032 £ 0.004
30* 0.072 £0.001
Speed / mm s
120 0.012 £0.002
0.05* 0.072 £0.001
Layer thickness / mm
0.3 0.044 + 0.002
1 0.023 £0.001
Perimeter
2" 0.072 £0.001

*Best condition for printing.

The effect of the printing parameters on the performance of the 3D-printed
CB/PLA electrode was also evaluated by EIS (Figure 24A and Table 12). A notably
reduction in Rct values was acquired with the decrease of the printing perimeter speed
(632 and 1030 Q for 30 and 120 mm s’!, respectively). These results agree with those
observed by CV and the estimated electrochemically active surface areas. Hence, sensors
produced at low printing perimeter speed (30 mm s!) enhanced electrochemical

performance of the 3D-printed sensors.
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Figure 24. Nyquist plots of impedance spectra at
presence of 10 mmol L' [Ru(NH3)s]*"** and 0.1 mol L' KCl solution varying 3D printing

parameters: (A) printing perimeter speed (30-120 mm s™); (B) perimeter number (1 or 2

-0.17 V (vs. Ag|AgClKClsat)) in the

shells); (C) printing orientation and (D) layer thickness (0.05-0.30 mm). All EIS

measurements were performed at a frequency range 100 kHz to 0.01 Hz with amplitude

of 10 mV. Working electrode: printed rectangular piece without activation.
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Table 12 Resistance charge transfer (Rct) obtained through Nyquist plots for 3D-printed

electrodes.

Printing parameters Conditions Rct/ Q

Vertical 958

Orientation

Horizontal 2060

30 632

60 899

Speed / mm s’!

90 958

120 1030

0.05 298

0.10 435

Layer thickness / mm

0.20 740

0.30 1050

1 1490

Perimeter
2 825

In addition, these results showed that a printing speed study is essential, however,
each equipment has its individual limitations, and the optimization of these parameters
depends on the printer configuration. Probably, this behavior can be attributed to the
position of CB particles in PLA matrix. When the filament is extruded at lower printing
perimeter speed, the conductive particles are more ordered and compacted within
polymeric structure. On the other hand, when the printing speed increase, CB particles
are more scattered and aggregates in the PLA matrix, reducing the electric paths within
the composite [27, 36].

To better understand these observations, it is important to mention how 3D printer
extruders work at low and high printing speeds. The filament is heated and extruded
trough the nozzle, however, the amount of the material depends on the printing speed. At
lower printing speed, the printable material stays longer in the heating block, resulting in
a better distribution of CB particles within the PLA matrix. On the other hand, the increase
in the printing speeds, the filament spends a short period in the heating block and,
consequently, the CB particles are more scattered and aggregated in the 3D-printed

electrode. Moreover, some works in literature reported that there is formation of voids at
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higher printing speed [201,202] that can influence in the electrochemical activity of 3D-
printed CB/PLA electrodes.

In the next step, we investigated the effect of the number of perimeters (known as
walls and shells) in the electrochemical performance of the 3D-printed CB/PLA sensor.
Basically, the number of perimeters controls how many contours the 3D printer makes
around the printed object. Figure 25 shows optical images of the two 3D-printed CB/PLA
electrodes with a different number of perimeters (1 and 2 shells) and Figure 23B displays
CV responses for the evaluated redox probe using 3D-printed CB/PLA sensors printed

with two different perimeters (1 and 2 shells).
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Figure 25. Optical images (10x objective lens) of top-view cross section of 3D printed
CB/PLA electrodes, using different number of walls or shells (A: 1; B: 2). Printing
parameters: 0.05 mm layer thickness, speed of 30 mm s and 100% infill density.

As can be noticed in Figure 23B, a significant difference was achieved in the
cathodic faradaic peak current (p < 0.02, n = 3). Moreover, in the anodic region, the sensor
printed with 2 shells has a better-defined peak than the sensor with 1 shell. In addition,
the calculated electrochemically active surface area for the sensor with 1 shell was
significantly lower than the sensor with 2 shells (0.023 cm? and 0.072 cm? (p < 0.0006, n
= 3), respectively). Similarly, the electrode produced with 2 shells showed a lower Rct
value than the electrode with 1 shell (Figure 24B and Table 12). Probably, in thin-walled
printed objects, the final object is composed of concentric contour (outer perimeter)
without space for infill, enabling the appearance of pores (structural defects). When the
number of perimeters increase (inner perimeter), it is possible to select an appropriate
amount of infill [191], improving the strength and water-tightness of the piece. We

observed that thin-walled printed electrodes showed problems with leakage or soaking,
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which can explain an increase in the Rct value for a sensor with a single perimeter (1
shell). In addition, the use of more shells increases the print time and the consumption of
the filament. Thus, we did not investigate electrodes manufacture with more perimeters.

The orientation of the printed layers is also a relevant printing parameter that
influences the electrochemical response of some analytes using 3D-printed conductive
materials. The filaments were extruded and deposited in vertical (transverse 90°) and
horizontal (longitudinal 0°) printing orientations, as seen in Figure 26. Moreover, Figure
23C shows the influence of this parameter in the voltammetric response of 10 mmol L
[Ru(NH3)s]>73*. In the vertical orientation, a well-defined voltammetric profile and

higher faradaic current were observed in comparison to horizontal orientation (p < 0.005,

Figure 26. Real images of 3D-printed CB/PLA electrodes printed in (A) vertical and (B)

horizontal orientation.

Additionally, the electrode printed in vertical orientation (AEp = 239 + 4 mV)
showed lower peak-to-peak separation (p < 0.002, n = 3) if compared to the horizontally

printed electrode (AEp =316 + 3 mV) EIS experiments were also used to estimate the Ret
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values for both electrodes. As can be seen in the Nyquist plot (Figure 24C), there was a
significantly decreased in Rct value in vertically printed sensor (Rct =958 Q) than in the
horizontal (Rct = 2060 Q), as observed in Table 12, which supports other previously
published works. In fact, Patel’s group [192,193] observed a reduction in Rct value using
vertical orientation when compared to horizontal printed electrodes. Furthermore, the
estimated electrochemically active surface area for vertical and horizontal printed
electrodes were 0.072 and 0.032 cm?, respectively, which are statistically different (p <
0.009, n = 3) indicating more available conductive sites in electrodes printed in vertical
orientation (Table 11). Probably, the difference observed in the voltammetric behavior
between electrodes printed with different orientations is associated with the distribution
and/or conductive pathways within the composite material, as described by other previous
studies [192,193,200].

The layer thickness is a printing parameter associated with printing resolution, as
described by other authors [191,192,203-205]. The quality of surfaces of 3D-printed
objects is improved by reducing the layer thickness (smoother surface). This printing
parameter is adjusted through a slicer program [41] and corresponds to the exact height
of each layer polymer is extruded by a 3D printer. Figure 27 presents the visual difference
between 3D-printed CB/PLA electrodes with different layer thickness (0.05 and 0.30
mm). In addition, Abdalla and collaborators also showed that the layer thickness affects
the electrochemical activity. Here, we investigated the influence of layer thickness in our
design electrode (rectangular piece) using CV experiments and 10 mmol L

[Ru(NH3)6]*"** as the redox couple.
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Figure 27. Optical (10x objective lens) images of 3D-printed electrodes in different layer
heigh (A: 0.05 mm; B: 0.30 mm), Printing conditions: 100% infill density, 2 perimeter,

speed of 30 mm s™'.

As seen in Figure 23D, a better voltammetric profile (well-defined anodic and
cathodic peaks) were achieved with electrodes printed with lower layer thickness (0.05
and 0.10 mm) when compared to the use of higher layer thickness (0.20 and 0.30 mm).
Additionally, a considerable improvement in the faradaic current (~2-fold) was observed
when the electrode was printed with 0.05 mm layer thickness in comparison to the
electrode printed with 0.3 mm layer thickness (p < 0.02, n = 3). Even when comparing
the layer thickness of 0.05 with 0.1 mm, noticeable difference in terms of faradaic current
(p <0.03, n = 3) and peak-to-peak separation (p < 0.04, n = 3) were obtained. The results
obtained through EIS experiments (Nyquist plots, Figure 24D) are also in agreement with
CV and electrochemically active surface area (p < 0.0005, n = 3). Lower layer thickness
(0.05 mm) provided less Rct values (298 Q) when compared to higher layer thickness
(0.30 mm; Rct = 1050 Q). These results can indicate more uniform distribution of
conductive materials within the composite when 0.05 mm layer thickness is used.
According to Abdalla et. a/ [192], when the filament is extruded, CB particles are more
ordered and compacted in thinner layers, making a higher probability for conductive
routes. As the layer height increases, the CB particles can be less ordered, resulting in the

decrease of conductive pathways [192].
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6.3.2 Understanding how the arrangement of CB particles in PLA matrix
determines the improvement of electrochemical activity.

As can be seen in Figure 23 and Figure 24, a considerable difference in the
electrochemical behavior was observed for the evaluated redox probe with the variation
of the printing parameters. In the present section, we investigated if these changes can be
associated with the arrangement of CB conductive particles in PLA matrix after printing.
For this purpose, Raman measurements were performed in a given area of the electrode,
point by point, to construct multivariate curve resolution by alternating least squares
(MCR-ALS). Raman scattering is a well-suited technique for studying distribution of
carbon-based materials, such as CB, in a matrix. When coupled with macroscopy it can
be widely used for spatial distribution of such materials. In this manuscript we performed
Raman mapping analyses for spatial characterization of CB in printed electrodes with the
aim of correlating such results with the observed differential electrochemical responses.
In this analysis, it was possible to map the CB population within the polymeric matrix
and its distribution for each type of printing parameter. Raman spectra and mappings of
the 3D printed electrodes for the two different printing perimeter speeds (30 and 120 mm

s1) before MCR analysis are shown in Figure 28.
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Figure 28. Raman spectra for electrodes fabricated with two different printing speeds (30

and 120 mm s™).

The Raman spectra in the mappings show bands around 1320 and 1650 cm™! which
are respectively assigned to D and G bands of CB [206,207]. Moreover, it can be observed
in some spectra of the mapped area an underlying background not commonly associated

to CB. Such background could be due to sample decomposition and/or to the presence of
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other molecular structures besides CB. Indeed, we could observe sample decomposition
upon higher laser intensities through decrease in CB intensities of time. Therefore, the
laser power was adjusted until no CB intensity change is observed over time. Therefore,
we interpret this background as a Raman feature due to the matrix environment for CB.
Since CB is responsible for sample conductivity, we use the observation of clear CB
bands as an indicative of its spatial distribution over the sample. Considering the filament
composition as being mainly of CB and PLA, such background could be related to the
PLA matrix, although it should be clear that the vibrational signatures of PLA are not
clearly visible in the spectra. Based on the previous observations, MCR-ALS analyses
were performed aiming at separating the CB and matrix contributions to the Raman
spectrum. The results after the MCR analysis can be seen in Figure 29, where component
1 is to CB and component 2 is associated to the matrix (PLA). Figure 29A and E show
the components 1 and 2 for different speed of printing, indicating the MCR-ALS
successful separation of both features. Figure 29B and F show the optical images for

each sample.

For 30 mm s™! parameter (Figure 29A-D), it was observed that the mathematical
separation between components 1 and 2 was not complete, and it is still possible to notice
a little contribution of component 1 (D and G carbon band on the background) in the
curve of component 2 (Figure 29E — blue line). Otherwise, when analyzing the printing
perimeter speed of 120 mm s (Figure 29E-H), it is possible to observe a better
separation between components 1 and 2 (Figure 29E), indicating the existence of
heterogeneous areas containing more conductive material and areas with PLA as
background. The presence of higher areas with background domination (PLA) could
indicate a lower material conductivity, affecting the electrochemical performance
(faradaic response, peak-to-peak separation, Rct values). These results are in accordance
and help to explain the electrochemical data, which shows that the electrode printed with
30 mm s™! presented a better electrochemical response (faradaic current and lower peak-
to-peak separation) and higher electrochemically active surface area. Therefore, a faster
printing speed would decrease the carbon black exposure, thus, decreasing its activity and
electrochemical response (faradaic current, peak-to-peak separation and charge transfer

resistance).
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Figure 29. Raman study for the electrodes with printing perimeter speed variation in
which (A and E) represent MCR-ALS pure component spectra, from which all the spectra
collected in the mapped area are recovered by linear combinations. (B and F) Optical
microscopy imagens of electrodes obtained with a 10x objective lens in the microscope
coupled to the Raman spectrometer; (C, D, G and H) Electrode surface distribution of

coefficients in the linear combination of MCR-ALS components.

The same studies were performed for electrodes with different perimeters (1 and
2 shells, Figure 30 and Figure 31). As the optical microscopy images show (Figure 31B

and F), there are no significant differences between both electrodes.
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Figure 30. Raman spectra for two electrodes obtained with different perimeters (1 shell

and 2 shells).

This can also be seen with the analysis of the separation of the components

(Figure 31A and E), and in both mappings (Figure 31C, D, G, and H). The CB
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distribution in PLA matrix appears less scattered and aggregates, this similarity is also
seen on the CV experiments, showing one more time, a small difference between both
perimeters. Thus, it is possible to affirm the different perimeters that were chosen did not

drastically affect the electrode electrochemical response.
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Figure 31. Raman study for the electrodes with perimeter number variation in which (A
and E) showed MCR-ALS analysis representing 2 different components for the spectra.
(B and F) Microscopic imaging of electrodes (10x objective lens). (C, D, G and H)
Electrode mapping containing the component concentration distribution of across the

mapping area.

Raman spectra and mappings of 3D-printed electrodes for both vertical and

horizontal printing samples before MCR analysis are shown in Figure 32.
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Figure 32. Raman spectra for electrodes obtained by horizontal and vertical printing

orientations.
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From the MCR-ALS concentration matrix we can obtain the surface distribution
of the spectral features described by components 1 and 2. The results are presented in
Figure 33C and D for horizontal printing and in Figure 33G and H for vertical printing.
For CB (component 1 in both samples), it can be observed a mostly distribution over the
mapped area, with a decreased contribution in points where in the background dominates

(component 2). This same behavior can be observed for both samples.
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Figure 33. Raman study for the electrodes with vertical and horizontal printing
orientation in which (A and E) represent MCR-ALS pure component spectra, from which
all the spectra collected in the mapped area are recovered by linear combinations. (B and
F) Optical microscopy imagens of electrodes obtained with a 10x objective lens in the
microscope coupled to the Raman spectrometer; (C, D, G and H) Electrode surface

distribution of coefficients in the linear combination of MCR-ALS components.

The comparison between surface distributions of CB Raman signals (Figure 33C
and G) for vertical and horizontal printing orientations indicates a higher distribution of
CB particles for the former. This could be the reason for the improvement in
electrochemical response in the vertical printing.

Raman spectra and mappings of 3D-printed electrodes for the two different layer

thicknesses (0.05 and 0.30 mm) before MCR analysis are shown in Figure 34.
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Figure 34. Raman spectra of electrodes obtained with two different layer thicknesses

(0.05 and 0.3 mm).

In both electrodes, it was observed a low separation between components 1 and 2
after the mathematical treatment. The observed results suggest low phase segregation
with the presence of D and G carbon band (component 1) on the background (PLA,
component 2) (Figure 35A and E — blue lines).
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Figure 35. Raman study for the electrodes as function of layer thickness in which (A and
E) represent MCR-ALS analysis of 2 different components for the spectra; (B and F)
Microscopic imaging of electrode (10x objective lens) and (C, D, G and H) Electrode

mapping containing the components concentration distribution across the mapping area.

Although the visual sample heterogeneity for 0.30 mm samples is higher than in
0.05 mm sample in terms of components 1 and 2 (obtained from chemometric analysis —
MCR-ALYS), it is not possible to quantify the influence of this difference. Figure 35C and

G represent the distribution of conductive filler on the surface of the electrodes and the
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observed results are similar. However, analyzing Figure 35D and H, different profiles
are observed for the PLA (background). Sample 0.30 mm has valleys and peaks, and it
has a distribution of PLA when compared with the sample of 0.05 mm, see Figure 35B
and F. These results suggest that the distribution of conductive filaments during the
printing process is an important parameter for the electrochemical activity of the 3D-

printed electrodes.

6.4 Conclusion

Herein, it was demonstrated that 3D-printing parameters (printing perimeter
speed, layer thickness, orientation, and perimeter number) can significantly influence the
electrochemical performance of 3D-printed CB/PLA electrodes. In this study, lower
printing perimeter speed (30 mm s™') presented a smaller charge transfer resistance of the
electrodes. In addition, the perimeter number was also investigated and better
voltammetric profile was achieved when two shells were used. Vertically printed
electrodes and lower layer thickness (0.05 mm) provided enhancement in the cyclic

voltammetric response for [Ru(NHs)e]*"**

redox probe. EIS experiments and the
estimated electrochemically active surface area agree with the cyclic voltammetric profile
and indicated that the choice of 3D-printing parameters influences the charge transfer
resistance. Experiments by Raman associated with MCR-ALS suggested that the
differences in the peak-to-peak separation as well as faradaic current, are related to

aggregation and scattering of CB particles in the internal structure of 3D-printed sensors.
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7. GENERAL CONCLUSIONS

Herein, it was possible to clearly demonstrate potential applicability of FDM 3D-
printers in the production of electrochemical sensors.

The possibility of incorporation of nickel microparticles in a conductive filament
was shown for the first time. As a potential application, 3D-printed electrodes produced
from this filament were evaluated in catalytic detection of glucose in basic medium.
Although only nickel microparticles were added to the filament, this work can be used as
a reference for the addition of other metals to conductive filaments. In other study, the Fe
impurities present in the commercial conductive filaments were used to construct
Prussian blue films, and the sensor was used to determine H>O> in milk samples. This
work was very interesting because it demonstrated that impurities present in conductive
filaments could affect the electrochemical response of 3D-printed electrodes produced
from the respective filament. Although 3D-printed electrodes can be a promising
approach for developing low-cost sensors with suitable electrocatalytic properties, these
electrodes present poor electrochemical responses, requiring activation/treatment on the
electrode surface. This behavior was also demonstrated in this study because activation
in an alkaline medium or immersion in DMF were used to enhance the electrochemical
performance.

Finally, it was shown that the electrochemical activity of 3D-printed electrodes
can be affected by printing parameters of 3D-printers. The results obtained by CV, Raman
MCR-ALS, and EIS measurements indicate that printing parameters considerably affects
the electrochemical response of 3D-printed electrodes. The results of Raman MCR-ALS
analysis showed that the printing parameters can affect the aggregation and scattering of

CB patrticles in the internal structure of 3D-printed sensors.
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