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Abstract
Fused deposition modeling 3D printing provides a cost-effective and streamlined method for
producing electrochemical sensors, overcoming the challenges associated with material selection,
complex fabrication processes, and reproducibility issues. This study introduces an innovative
approach utilizing a dual-printer setup to simplify the manufacturing of sensor electrodes. A
critical enhancement in this process is the surface modification with reduced graphene oxide
(rGO), which not only improves the electrochemical characteristics but also induces a wrinkled
structure on the 3D printed surface. These wrinkles significantly increase the surface area, directly
boosting the electrode’s electrochemical performance. Comprehensive characterization of the
electrode surfaces, both before and after rGO modification, demonstrates a substantial increase in
sensitivity, with a fortyfold improvement observed in hydrogen peroxide (H2O2) amperometric
measurements. This breakthrough paves the way for advanced applications in 3D printed
electrochemical sensors.

1. Introduction

Electrochemical sensors are devices that detect the
presence or concentration of a target analyte using
electrical signals. They comprise a working electrode
where the analyte undergoes a reaction, a reference
electrode for stable potential, and a counter elec-
trode to complete the circuit. These electrodes are
immersed in an electrolyte that facilitates ion move-
ment. A transducer in the sensor converts the chem-
ical signal to an electrical one, which is then amplified
and processed to determine the analyte’s concen-
tration. Based on this principle, the electrochem-
ical sensors are widely used in a range of applica-
tions, including glucose sensors [1, 2], environmental
monitoring [3, 4], food safety testing [5, 6], medical
diagnostics [7, 8], and industrial process control [9,
10]. Although these applications are attractive, the
manufacturing process for electrochemical sensors is
still full of challenges.

The manufacturing methods for electrochemical
sensors vary depending on the type of sensor and

the materials used. One method is patterning pro-
cess like chemical vapor deposition (CVD), litho-
graphy, laser-induced graphene (LIG) and electro-
chemical reduction from graphene oxide (GO) [11,
12]. CVD-synthesized nanomaterial’s (metal oxides
[13, 14] or 2D materials [15, 16]) often require
pre-patterning a surface with a metallic catalyst to
trigger layer deposition. And the desired materi-
als always grow within a high temperature (up to
1000 ◦C), low-pressure vacuum environment injec-
ted with precursor gases. Hence, this method has
found limitations in its high cost, inadequate scalab-
ility, and extreme process requirements. For litho-
graphy technology, it is a powerful method for fabric-
ating electrochemical sensors with micro- and nano-
scale structures [17]. However, creating the photo-
mask that defines the pattern to be transferred onto
the substrate is complex and time-consuming [18].
LIG has gained widespread attention for its rapid,
cost-effective, laser assisted maskless production. It
typically results in multi-layered porous graphene
structures with high electrochemical activity on flat
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polyimide substrate or phenolic resins, while the
resulting structure may have limited mechanical
strength [19]. In addition, the electrochemical reduc-
tion of GO represents an energy-efficient method for
fabricating graphene sensor electrodes. The resulting
electrochemically reduced GO electrodes can be util-
ized in various sensing applications. In recent years,
solution-phase printing methods for producing elec-
trochemical sensors are beginning to emerge, includ-
ing inkjet printing [20, 21], screen printing [22, 23],
and spray coating [24]. In general, solution-phase
printing techniques use dispersion solvents and poly-
mer additives in the ink, thus require post-print pro-
cessing, such as thermal [25, 26], laser [27, 28], or
photonic annealing [29, 30], to remove undesired
polymer additives and enhance electrical conductiv-
ity. But, annealing or curing at high temperatures [31]
potentially damages the paper substrates or thermally
sensitive polymer substrate. While these existing fab-
rication methods for electrochemical sensors are well-
established, they are mainly designed for making
2D sensors and may not be suitable for producing
3D sensors. The advantages of 3D electrochemical
sensors over 2D counterparts lie in their enhanced
surface area, improved mass transport properties and
greater versatility in design. Therefore, studying the
fabrication process of 3D electrochemical sensors is
highly meaningful.

The advent of 3D printed electrodes has opened
up new possibilities for applicability in diverse sec-
tors such as biomedical engineering [32, 33], envir-
onmental monitoring [34, 35], and energy storage
[36, 37]. Additive manufacturing stands out as the
predominant 3D printing technique. Its integration
into the realm of electrochemical sensor manufactur-
ing has unveiled promising prospects for on-demand
sensor fabrication and the realization of novel three-
dimensional sensor designs [38, 39]. Fused depos-
ition modeling (FDM) is one of the most used 3D
printing techniques, which is based on melting poly-
meric filaments, then extruding and depositing them
onto 3D structure. By controlling the printing para-
meters, the morphological and structural character-
istics of printed electrochemical devices or sensors
can be modulated. For example, Hamzah et al repor-
ted a mini review on using 3D printing to fab-
ricate electrodes in different geometries, sizes, and
morphologies [40]. On the other hand, the choice of
printable materials also plays a vital role in determ-
ining the performance of the 3D printed devices. In
prior reports, conductive polymer filaments contain-
ing carbon black particles [41, 42], carbon nanofibers
[43, 44], and graphite microparticles [45, 46] are usu-
ally used for the FDM 3D printing of electrochemical
sensors and biosensors due to the high conductivity of
carbon fillers and good biocompatibility of the poly-
mer matrix [47]. However, these printed sensors typ-
ically exhibit unsatisfactory electrical conductivity or

electrochemical sensitivity [48], attribute to the fact
that these conductive filaments generally contain a
large fraction of non-conductive thermoplastics (e.g.
ABS and PLA) while only a small fraction of conduct-
ive fillers (e.g. carbon allotropes) to maintain accept-
able FDM printability.

This paper reports a novel method that can over-
come the limits of the current 3D printed sensor
electrodes to achieve superior sensitivity. Instead of
choosing the carbon filled filament, we select a fil-
ament containing nanosized metals with 5 times or
higher electrical conductivity [49]. The focus is on
printing electrodes with excellent conductivity and
then imparting electrochemical activity by modify-
ing the electrode surface. We use a dual extruder
printer to print both the conductive and encapsula-
tion materials, enabling the integration of electrode
encapsulation and batch production. After printing, a
coating of rGO (using aqueous solution, no additives)
is applied onto the surface for electrode modification,
which allows the entire electrode to have excellent
electrical conductivity and simultaneously desired
electrochemical activity on the surface. Additionally,
the specific surface area of the rGO modified elec-
trode is significantly increased as the rGO flakes are
coated on the FDM printing paths and thereby form-
ing rough surface. This 3D printing morphology fea-
ture is further confirmed by microscopic observa-
tions. A favorable H2O2 sensing is also displayed by
this scalable, 3D structuring of the rGO modified
electrode without any additional post-printing pro-
cessing steps.

2. Materials andmethods

2.1. Materials
A commercial conductive filament (electrifi,
Multi3D. Inc) in diameter of 1.75 mm is purchased
to print the sensor electrodes. The supplier reports
the resistivity of the filament as 0.006 Ω·cm. To print
the insulating packaging for the electrodes, a blue
color Polylactic acid (PLA) filament in diameter of
1.75 mm, are purchased from Creality 3D Inc. The
3D printer utilized to print the above filaments is
Creality Ender-3 pro (Creality 3D. Inc). The printer
is upgraded from a single extruder to a dual extruder
(Ender IDEX) using the extra parts supplied by SEN
3D. Inc for simultaneous printing and packaging of
electrodes. Both nozzles of the dual extruder are in a
diameter of 0.4 mm.

For surface modification of the 3D printed elec-
trodes, rGO is prepared from a commercially avail-
able 4 mg ml−1 graphene oxide water dispersion
supplied by Graphenea with an improved sub-
sequent reduction. Briefly, the graphene oxide sus-
pension is diluted to 10 ml with a concentration of
0.25 mg ml−1. After ultrasonication within 10 min,
the diluted dispersion turns dark brown, then add
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100 µl of ammonia hydroxide (10% v/v aq. Soln., Alfa
Aesar) and 2 µl of hydrazine monohydrate (99+ %,
Alfa Aesar) into the obtained brown dispersion and
shake it vigorously for a few minutes. The disper-
sion is sealed and put into a 95 ◦C water bath for
1 h. During the water bath, the dark brown disper-
sion turns black. Afterward, the resulting black dis-
persion is cooled down and a precipitation layer float-
ing on the surface of the dispersion is removed to
obtain rGO aqueous solution. In addition, 0.5 ml of
Nafion (5 wt.% in water, Aldrich) is added into the
rGO aqueous solution.

2.2. Fabrication of rGOmodified sensors
Using Computer-aided design software SOLIDWORKS,
the full-size models of the electrodes with external
packaging are created and saved as single stereolitho-
graphy (STL) files. Then, the STL models are sliced
into multiple layers to generate G-code files by using
the slicing software Ultimaker Cura. After that, the
G-code files are input into the 3D printer with a dual
extruder to command the printing of the electrodes
with external packaging. The electrodes are printed
using the conductive filament at an extrusion tem-
perature of 175 ◦C. The external packaging is printed
using the blue PLA filament at an extrusion temper-
ature of 210 ◦C. And all filaments are printed with a
layer height of 0.15 mm, line width of 0.4 mm, and
infill density of 100% with bed temperature of 60 ◦C.
Printing time for a complete electrode is only 10 min
with a printing speed of 30 mm s−1.

After printing, a quantitative amount of rGO
aqueous solution is aspirated by using a pipette gun
and dropped onto the active surface of electrodes.
Under the action of surface tension, a water droplet
is formed and adsorbed on the active surface of elec-
trodes. Then, the drop coated sensor electrodes are
put into a vacuum chamber and dried. After vacuum
drying, a series of rGO modified sensors with differ-
ent mass loading are received. Herein, to determine
the optimal rGO titration mass, electrodes were pre-
pared with various rGO loadings, including 10, 20, 30,
40, 80 g, and 120 µg.

2.3. Scanning electronmicroscopy of rGO
modified electrodes and roughness measurements
The microstructures of electrode surfaces with and
without rGO modification are investigated using a
Field Emission Scanning Microscope (FEI Nova 200
NanoLab, Thermo Fischer. Inc.) The FE-SEM images
are taken in secondary electron mode using 5 kV
accelerating voltage and 1.6 nA beam current with a
sample working distance of 5 mm from the field emit-
ter source aperture. In addition, an (EDS) detector is
used to determine the chemical compositions and dis-
tribution. For surface roughness testing, the 3D prin-
ted electrode surface and rGO modified surface are
measured by Wide-area 3D measurement VR-3200
(Keyence corporation).

2.4. Raman spectroscopy and x-ray photoelectron
spectroscopy of rGOmodified electrodes
Confocal Raman microscope micrographs are
obtained with an Acton 300 LN2 spectrometer and
the signal is discriminated from the laser excita-
tion using an Ondax SureBlock™ ultranarrow-band
notch filter combined with two optigrate notch fil-
ters. The samples are detected using a 150 mW
Coherent Sapphire SF laser with a 532 nm laser
wavelength. The XPS spectrum of the electrode sur-
faces are also acquired using a Kratos Axis Supra+ x-
ray Photoelectron Spectrometer equipped with dual
monochromatic Al/Ag source (Al K-alpha 1486.6 eV
& Ag L-alpha 2984.2 eV). The binding energy survey
scan was generated by measuring photoelectron ener-
gies from the constituent elements and subtracting
the excitation energy.

2.5. Electrochemical testing and hydrogen peroxide
sensing
Cyclic voltammetry test and amperometric H2O2

sensing are performed from a 3-electrode setup elec-
trically connected to a CHI instrument potentiostat
(660 series). The rGO modified sensor acted as the
working electrode, Ag/AgCl (1M KCl) worked as the
reference electrode, and a platinum wire worked as
the counter electrode. For CV tests, the electrolyte
of 5 mM K3[Fe (CN)6] and 0.1 M KCl is used to
test the electrochemical activity. The rGO sensor is
tested with the following five different CV scan rates:
5, 10, 20, 50, 100 mV s−1. For H2O2 sensing, all
electrodes are submerged in a test vial of 10 ml of
1X phosphate-buffered saline (PBS) with concentra-
tion of 137 mM NaCl, 10 mM phosphate, 2.7 mM
KCl; pH 7.4, and the solution is continuously stirred
(600 rpm) with a 0.5 cm (length) magnetic stir bar.
Incremental increases in hydrogen peroxide concen-
tration are achieved by pipetting 10 µl of H2O2 in the
test bottle ten times from 100 mM H2O2 solution. A
working potential of 0.1 V between the working and
counter electrodes is maintained during experiments.
In addition, electrochemical impedance spectroscopy
(EIS) is performed at the open-circuit voltage from
1 MHz to 1 Hz at the amplitude of 5 mV in 1X phos-
phate buffer solution.

3. Results and discussion

3.1. The manufacturing of the rGOmodified 3D
printed sensor
Figure 1 illustrates the proposed FDM 3D printing
process to fabricate the aforementioned rGO mod-
ified electrode for efficient electrochemical sensor
manufacturing. The principle of designing and print-
ing the sensor electrode is straightforward, which
relies on printing of both conductive filament into
electrode and insulating filament into external pack-
aging, by using the 3D printer with dual extruder.
Figure 1(a) provides a schematic depiction of the
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Figure 1. (a) Schematic diagram of modeling, printing and encapsulating electrodes using a dual extruder 3D printer. (b) The
encapsulation process of the electrode from different printed layers. (c) The designed model and photograph of printed of the 3D
printed electrode (d) Schematic representation of surface-modified sensor electrode.

dual extruder’s operation, illustrating the simultan-
eous, single-step co-printing of both conductive (yel-
low color mark) and insulating (blue color mark)
filaments, in alignment with the electrode model
design. Note that the printing parameters of the two
extruders (e.g. extruder temperature, infill density,
infill pattern, printing speed, etc) can be independ-
ently controlled to optimize the quality of electrode
and packaging each. Figure 1(b) shows the detailed
procedure of the co-printing of sensor electrode. In
detail, the entire co-printing process can be divided
into three steps: the bottom packaging, middle layer
printing, and top capping. At the beginning of the
printing process, several layers of insulated filament
are printed as the bottom packaging. These layers
should be printed smoothly and should have good
adhesiveness with the conductive filament, since they
will be used as the substrate for printing conduct-
ive filaments in intermediate layers. Then, in the pro-
cess of printing intermediate layers, each layer of con-
ductive material is printed with the surrounding area
wrapped by the insulated materials simultaneously
to ensure sealing. During the final capping process,
several layers of the insulated filament are printed
again to expose a defined circular area of conduct-
ive material, in preparation for subsequent rGO drop
casting.

The overall geometrical design and sizes are
marked in figure 1(c) top. The sensor electrode
designed is a single-channel electrode (yellow color
mark) encased in a PLA package (blue color mark),
as shown in figure 1(c). The single-channel electrode
has a length of 45 mm, width of 5 mm, and thickness
of 1 mm, while the package has a thickness of 0.5 mm
that not only seals the electrodes but also defines the
active area of the sensor. The geometrical surface area
is ∼50 mm2 with a radius of 4 mm.

The electrode design above is then printed using
our dual extruder printer and their photos are shown
in the lower section figure 1(c). Noteworthy, dur-
ing electrodes printing, the choice of printed mater-
ials, the printing temperature, and the infill pattern
have significant impacts on the final electrode per-
formance. The conductive filament chosen for this
study comprises a metal composite, primarily con-
taining silver and copper, intertwined with biode-
gradable polyester [53]. The measured resistivity of
this composite is approximately 0.34 Ω·cm. It is crit-
ical that the selected electrode materials maintain
substantial conductivity subsequent to the printing
process. A lack of sufficient conductivity would com-
promise the electrodes’ ability to propagate electrical
signals effectively. The printing process is executed
at a minimum printable temperature of 175 ◦C.

4



2D Mater. 11 (2024) 045008 Y Dou et al

Table 1. The volume resistivity of different conductive filaments and corresponding works in 3D printed electrode.

Material Composition Volume resistivity (Ω·cm)
Corresponding works in
3D printed electrodes

Proto pasta PLA/Carbon black 6.02–10.25 [41, 50]
Black magic PLA/Graphene 0.6–2.59 [39, 51, 52]
Electrifi Polyester/copper 0.34–1.65 This work

(A temperature notably higher than the recommen-
ded range of 140 ◦C–160 ◦C [49]. This increase
is necessitated by the narrow heating zone of the
3D printer.) Post-printing, the resistivity escalates to
1.65 Ω·cm for the printed electrodes. Regarding the
insulating filaments, PLA is chosen for the electrode
and it is employed to encapsulate the electrodes at a
printing temperature of 210 ◦C. As for the infill pat-
tern, all the electrodes and packaging are printed with
a 100% infill density. The lines are patterned in one
direction, either along the X- or Y-axis, on alternat-
ing layers. This expedited printing pattern not only
economizes on material usage but also ensures the
maintenance of electrical conductivity. Upon com-
pletion of the printing process, the 2-terminal resist-
ance measured from the active area of the electrode
to the back contact is roughly 150 Ω. As depicted in
table 1, the selected electrode printing material util-
ized in this study exhibits lower resistivity compared
to previous 3D printing materials, thereby ensuring
effective transmission of electrical signals.

In addition to the high electrical conductiv-
ity, desired electrochemical activity is also of crit-
ical importance to pursue the sensor electrode with
optimal sensing capabilities. To realize the desired
electrochemical activity, we implement a surface
modification process using rGO drop casting as
shown in figure 1(d) after the electrode printing.
This casting approach is considerably simpler and
more effective than alternative surface processing
methods. rGO suspensions are straightforward to
prepare [54] and, given their exceptional perform-
ance, have been the subject of considerable research
in the field of graphene-based sensors [55]. The entire
rGO suspension drop coating process is conducted in
a vacuum, thus efficiently preventing the metal ele-
ments on the electrode surface from reacting with
oxygen and carbon dioxide in moist air. The rGO is
chosen herein as one example though other materials
can be used as well, such as currently well explored
CNT [56], MXene [57], nanometals [58], conduct-
ive polymers [59], enzymes [60], etc. Another reason
to choose rGO is that past research has furnished
evidence supporting the significant catalytic impact
of graphene-based biosensors on the redox reactions
involving hydrogen peroxide, a transducer that plays
a pivotal role in biological processes and serves as
an essential chemical reagent in numerous industrial
applications [61].

As shown in figure 1(d) right, following the
application of the rGO casting, the sensor electrode
successfully acquires its sensing capabilities with the
graphene surface serves as a catalyst reducing the
hydrogen peroxide to water and oxygen. Throughout
this transformation, the electrons derived from the
reduction process traverse the rGO layers and are
subsequently transmuted into electrical signals at the
electrode site.

3.2. Seal integrity testing of PLA packaging
In the context of electrode fabrication, an essential
consideration pertains to the quality of the sealing
process. The challenge of electrolyte leakage poses a
significant hurdle, particularly in FDM printed struc-
tures, where inherent gaps exist between adjacent
printed lines and layers. However, by precise con-
trol over nozzle size and layer thickness, it becomes
feasible to manage the spacing between neighbor-
ing plastic strands [62]. In this study, a nozzle
size of 0.4 mm and a layer height of 0.15 mm
are employed for the entire electrode printing pro-
cess. Consequently, instead of retaining its cylindrical
form, the molten filament extruded undergoes plastic
deformation, resulting in an oval cross-section. This
transformation leads to an increased contact area,
thereby enhancing filament fusion [63]. Figure 2(a)
provides a cross-sectional depiction of the electrode,
accurately embodying the distinctive printing charac-
teristics inherent to the sensor electrode. The design
specifications have been meticulously adhered to,
with the insulating PLA sheath completely enveloping
the electrodes (figure 2(a) top photo), offering a sig-
nificant level of encapsulation. The scanning electron
microscope (SEM) cross-sectional image (figure 2(a)
bottom) of the electrode reveals an intricate layered
printing structure. Each distinct layer stands at an
approximate height of 150 µm, which is defined by
the 3D printing layer thickness. The interlayer con-
nectivity is characterized by a close bonding between
layers, a feature that is critical for maintaining the
overall conductivity of the electrode.

To further test the quality of the sealing, an
unpackaged electrode and a fully packaged electrode
were individually immersed in a 1X PBS solution for
a duration of 30 min. Subsequently, both electrodes
were subjected to an anodic potential of 0.5 V for a
specific time period. The efficacy of the sealing pro-
cess during encapsulation was assessed by observing
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Figure 2. (a) The cross-sectional layered structure of the electrode. The oxidation currents of (b) unpackaged electrode and (c)
fully packaged electrode by applying an anodic potential with 0.5 V over 3000 s.

and comparing the oxidation currents between the
unpackaged and fully encapsulated electrodes. The
results revealed a substantial contrast in oxidation
currents, with the unpackaged electrode register-
ing approximately 10 mA (figure 2(b)), whereas the
fully encapsulated electrode exhibited a significantly
lower oxidation current of approximately 0.01 µA
(figure 2(c)). This substantial disparity in oxida-
tion currents underscores the excellent sealing qual-
ity achieved through the employed FDM printing
process, effectively mitigating the risk of electrolyte
leakage.

3.3. Surface morphological alterations before and
after rGOmodification
To comprehend the microstructural transformation
from the surface of printed electrodes to the rGO
modified surface, an initial analysis of the printed
electrode surface morphology is conducted using
SEM (figure 3(a)). The electrode surface exhibits
overlapping line-by-line features on a 400 µm scale.
These features are a direct result of the line infill
3D printing process, which prints lines in one dir-
ection on alternate layers. The width of each line is
approximately 485 µm, and each line exhibits a rough
and scoriaceous surface texture. The SEM image, at
a 40 µm scale, provides a clearer view of these fea-
tures, revealing their relative roughness and micro-
holes. Hence, it can be inferred that 3D printing con-
tributes a degree of roughness to the electrode sur-
face. Furthermore, the morphology of the rGO drop
coated electrode surfaces is investigated using SEM at
different mass loadings, and a significant correlation
with the 3D-printed electrode surfaces is observed
(figure 3(b)). The SEM images revealed that the
microstructure of the rGO modified electrode sur-
faces consisted of continuous sheets of rGO covering
the numerous micro holes. The presence of the rough
printed lines led to various topological imperfections
on the rGO sheets, such as wrinkles and ridges. These
imperfections are visible in the SEM images at a
400 µm scale. When examining the SEM images at
a 40 µm scale, it becomes more clearly observed that

the rGO modified electrode surface exhibited a higher
density of wrinkles and ridges. Concurrently, near the
areas with wrinkles, irregular holes with a diameter of
1–5 µm can be observed. This phenomenon is likely
a result of the distortion of thin rGO films occurring
during the evaporation of the rGO aqueous solution
on the rough printed surface. Additionally, the mor-
phology of the rGO modified surface can be better
visualized by examining it cross-section (figure 3(c)).
It is evident that the layers of rGO sheets envelop the
undulating printed substrate, thereby increasing the
specific surface area of the rGO modified electrode
surface.

3.4. Surface composition alterations before and
after rGOmodification
Upon completion of the printing process, the ele-
mental distribution on the 3D printed electrode sur-
face is evaluated using EDS mapping. As depic-
ted in figure 4(a), the elements carbon (C), cop-
per (Cu), and silver (Ag) are found to be uniformly
dispersed across the entire surface. This uniform-
ity is a consequence of the metal-polymer compos-
ite nature of the conductive filament, which primar-
ily consists of biodegradable polyester and copper
[53]. Quantitative analysis revealed that the elemental
mass ratios of carbon, copper, and silver on the elec-
trode surfaces are approximately 56.44%, 26.05%,
and 3.95%, respectively. These proportions of uni-
formly distributed and well-connected copper and
silver are crucial for ensuring electrode conductivity.
Moreover, the substantial quantity of carbon connects
copper and silver as bonders in the form of thermo-
plastic polyester.

Subsequent to the observations, Raman spectro-
scopy is employed to characterize the microstruc-
ture of the rGO modified surfaces (figure 4(b)).
Contrary to the 3D printed electrode surface, the
Raman spectra of the rGO modified surfaces revealed
D, G, and 2D peaks. These peaks, manifesting in dis-
tinct ranges, provide valuable information regarding
the structure of graphene. Specifically, the D peak
(∼1336 cm−1) signifies the disordered vibrational
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Figure 3. Scanning electron microscopy images of (a) the 3D printed surface without rGO modified and (b) with rGO modified
surface respectively, and (c) the cross section of the rGO modified 3D printed electrodes.

Figure 4. (a) The SEM image of 3D printed electrode surface, and corresponding quantitative EDS element mapping of C, Ag and
Cu. (b) Raman spectra of 3D printed electrode surface and with rGO modified electrode surface. XPS graphs of (c) 3D printed
electrode surface and with (d) rGO modified electrode surface.

peak of graphene; the G peak (∼1585 cm−1) is indic-
ative of the in-plane vibration of carbon atoms; and
the 2D peak (∼2690 cm−1) represents a two-phonon
resonance Raman peak [64]. It is noteworthy that
the 2D peak is particularly sensitive to the stacking
of graphene layers. Consequently, it can be utilized
to ascertain the number of graphene layers (be it
monolayer, double layer, or multilayer). Given that
the 2D peak of monolayer graphene characteristic-
ally emerges at 2679 cm−1 and presents a well-defined

single Lorentzian peak pattern, the observed shift
in position of the 2D peak combined with the full
width at half maximum analysis infer that the rGO
coating on the electrode comprises multiple layers.
Furthermore, the shift in the 2D peak position can be
attributed to residual oxygen-containing functional
groups remaining post the reduction of GO to rGO
[65]. The ID/IG ratio for rGO, as derived from the
Raman spectra, approximates 1.04. This indicates the
presence of disordered edge states in rGO modified
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surfaces [66]. Such disorder facilitates a larger contact
area with the electrolyte and exposes a greater num-
ber of electrochemical reaction active sites [67].

C 1 s XPS spectra are acquired for both the 3D
printed surface and the rGO modified surface to
assess changes in chemical states and the presence
of functional groups. The C 1 s peak for both sur-
faces are subjected to analysis through deconvolution
using Lorenzian peak fitting to identify constituent
peaks. The 3D printed surface (figure 4(c)) displays
the presence of ester functional groups in polyester,
as indicated by the presence of C–O–C at 286.1 eV
and O–C=O at 288.8 eV bonds [68]. In contrast, the
XPS C 1 s peak of the rGO modified surface could
be deconstructed into more components correspond-
ing to various functional groups: sp2-hybridized car-
bon (C=C, 284.1 eV), sp3-hybridized carbon (C–C,
284.7 eV), hydroxyl (C–OH, 285.5 eV), epoxide (C–
O–C, 286.2 eV), carbonyl (C=O, 287.5 eV), carboxyl
(O–C=O, 288.8 eV) groups [69], and characteristic
peaks of the nafion (CF2, 290.9 eV and CF3, 292.5 eV)
[70]. From the XPS spectrum of the rGO modified
surface, the presence of oxygen-containing functional
groups can be revealed, although their intensity is
notably lower than those observed on the 3D printed
surface. While residual oxygen groups are not com-
pletely eliminated, they contribute to enhancing the
interaction with biomolecules [71], thereby the rGO
drop casting transform the electrode surface into a
more bioactive surface compared to the 3D printed
surface alone.

3.5. Electrochemical performance before and after
rGOmodification
The EIS technique is employed subsequently to assess
the impedance of the 3D printed electrode surface
and rGO modified surface in 1X PBS. The Nyquist
plot of 3D printed electrode surface (figure 5(a)
black) presents two semi-circles in the high-frequency
and mid-frequency regions. The first semi-circle
(high frequency) corresponds to the passive surface
(Rp), while the second semi-circle (mid-frequency)
represents charge-transfer resistance (Rct) [72, 73].
The radiuses of these semi-circles provide the values
of the Rp (170 Ω) and Rct (330 Ω), offering insights
into the electron-transfer kinetics at the electrode
interface [74]. Consequently, an equivalent electrical
circuits model for the 3D printed electrode surface is
proposed (figure 5(b) top).

The proposed equivalent electrical circuit model
for 3D printed electrode surface comprises of the elec-
trolyte solution (PBS) resistance Rs, a constant phase
element CPE1 with an impedance (ZCPE1) which
probably causes by the capacitance of the formed
oxide products and pores on the rough solid surface
of copper-polyester. The Rp within a formed pores or
oxides on the solid surface is likely associated with
the degradation of polyester [76] and the corrosion of
copper [77]. The Rct characterizes the polarization of

the copper-polyester due to the formation of the elec-
tric double layer on the interface between the copper-
polyester and the PBS solution. A constant phase ele-
ment CPE2 with impedance ZCPE2 which represent
the capacitance of electrical double layer (Cdl) on
the interface between the copper-polyester and the
PBS solution. From a physical interpretation stand-
point, the current traverses the copper-polyester sur-
face through ionic charge transfer [74]. This pro-
cess results in either charge transfer across the inter-
face (leading to corrosion and degradation) or charge
storage at the interface, forming pores and oxides
on the surface. These can be regarded as a passiva-
tion film. The emergence of this passivated imped-
ance hampers charge transfer and reduces the sur-
face’s electrical conductivity. If the negative effects of
this passivation film can be mitigated, the electroact-
ive surface area could be expanded, thereby enhan-
cing electron transport between the medium and the
electrode.

To probe into the variations in interfacial prop-
erties, the EIS technique is also utilized to meas-
ure the impendence of rGO modified surfaces across
a range of frequencies in PBS. Insights into the
charge transfer dynamics and diffusion behavior in
the rGO modified surfaces can be obtained from the
Nyquist plots (figure 5(a) red). The presence of semi-
circles in the high-frequency domain corresponds
Rct (200 Ω), while the slope of the straight lines in
the low-frequency region bears a linear relation to
the ion diffusion coefficient [74], which contributes
to the construction of an equivalent circuit of the
rGO modified surface in PBS. This modeled circuit
comprises four main components (figure 5(b) bot-
tom): The Rs represents the ionic conduction, Rct

and Cdl symbolize the charge transfer at the rGO
surface and the charging-discharging processes at
double layers, respectively. The Warburg Impedance
(W), a common circuit element employed for model-
ing diffusion behavior, illustrates the mass transport
process in this context. Interestingly, the rGO coat-
ing appears to eliminate the passivated film imped-
ance of the 3D printed electrode surface. It safe-
guards the printed electrode’s surface from oxid-
ation and degradation while simultaneously facil-
itating ion diffusion from the electrolyte to the
sensor surface. Moreover, the Rct for rGO modified
electrode is approximately a mere 200 ohms. This
value is significantly smaller than those reported in
previous studies concerning graphene-based sensor
[75, 78].

To evaluate the performance of FDM 3D prin-
ted sensors, we selected hydrogen peroxide detec-
tion as a demonstrative test. This choice is predic-
ated on the exceptional catalytic properties of rGO
in the presence of residual oxygen-containing groups,
making it particularly well-suited for H2O2 detec-
tion. The hydroxyl, carbonyl, and carboxyl groups
located at the edges of rGO are highly reactive and
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Figure 5. (a) Nyquist plot and (b) equivalent circuit derived from electrochemical impedance spectroscopy in 1X phosphate
buffer solution for both 3D printed electrode surface and rGO modified surface. (c) Amperometric sensing of 0.1 M
concentration increases (steps) of hydrogen peroxide with both 3D printed electrode and rGO modified electrode.

Table 2. The sensitivities of graphene-based H2O2 sensors with different fabrication and modification methods.

Process method Materials Electrode modification Sensitivity References

Inkjet printed
graphene

rGO in terpineol/
cyclohexanone

UV-pulsed laser irradiation 39.9 mA·M−1
·cm−2 [27]

FDM 3D Printed
graphene

Graphene/PLA Prussian blue 57.3 mA·M−1
·cm−2 [51]

FDM 3D Printed
graphene

Graphene/PLA Prussian blue 87 mA·M−1
·cm−2 [52]

Drop casted
graphene

rGO (modified
Hummers’ method)

25 mA·M−1
·cm−2 [75]

This work Copper/polyester Drop casted rGO (modified
Hummers’ method)

156 mA·M−1
·cm−2

promote the breakdown of H2O2 into hydroxyl rad-
icals. Additionally, the oxygen-containing groups on
the basal plane of rGO, including hydroxyl and epox-
ide groups, facilitate the cleavage of H2O2 into O and
H2O molecules [79]. This dual functionality estab-
lishes the fundamental basis for rGO to be utilized as
a hydrogen peroxide sensor. As shown in figure 5(c),
the comparative analysis shows a significant enhance-
ment in sensitivity during H2O2 detection on the
rGO modified surface in comparison to the 3D prin-
ted surface. Weak response currents on the 3D prin-
ted surface can be attributed to the presence of cop-
per oxide, which has a reducing effect on hydrogen
peroxide [80]. After the application of rGO casting, it
is clear that upon the addition of H2O2, the response
current of the rGO modified electrode exhibits a rapid
increase, stabilizing at steady-state values. The sens-
itivity of H2O2 oxidation increases by approximately
fortyfold, rising from 3.92 mA·M−1

·cm−2 at 3D prin-
ted surface to 156 mA·M−1

·cm−2 at rGO modified
surface.

Table 2 provides a comparative view of the manu-
facturing process and performance of our sensor elec-
trode with other reported graphene-based sensors.
Interestingly, the 3D printed electrode with rGO
modification exhibits improved sensitivity relative
to other graphene-based sensors. This distinction is
primarily due to our rGO suspension not requiring

the integration of any non-conductive chemical com-
ponents to enhance viscosity, as necessitated by tech-
nologies such as inkjet printing [27]. Consequently,
the charge transfer resistance of the rGO modi-
fied electrode surface is diminished. Moreover, our
approach contrasts with other FDM 3D printing
methods that employ polymer/graphene to create the
entire 3D structure of the electrodes. In our meth-
odology, the 3D structure of the electrodes is prin-
ted using a highly conductive filament, with graphene
modification limited to the electrode surface. This
approach significantly reduces electron transfer res-
istance within the electrodes. In summary, compared
to conventional forms, our rGO modified 3D printed
electrode is more conducive to receiving and trans-
mitting electrical signals, thereby enhancing over-
all performance. For instance, when compared to
the rGO drop casting sensors’ work, the 3D printed
sensor displays five times the sensitivity with a similar
rGO ink [75].

3.6. Influence of rGO thickness on sensor
performance
To understand the variations in the roughness of 3D
printed electrode surface and rGO modified electrode
surface, we employ a wide-area, non-contact, and
high-resolution 3D measurement system for the fur-
ther investigation. Equipped with a camera mounted
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Figure 6.Wide-area 3D measurement system working schematic (a) and 3D models of the 3D printed electrodes surface without
rGO modified (b) and with rGO modified at mass loading of 20 µg (c), 40 µg (d), 80 µg (e), and 120 µg (f) respectively.

directly above the sample, it captures the distortions
in light bands due to alterations in the surface height
of the sample, as shown in figure 6(a). These meas-
ured distortions are triangulated among varying pat-
terns to construct a quantitative 3D model of surface
topography. The captured images reveal that the elec-
trode surface modified with 20 µg rGO (figure 6(c)),
still retains a discernible pattern of printed lines, sim-
ilar to the 3D printed electrode surface (figure 6(b)).
On the contrary, the trace left by the 3D printing pro-
cess is absent on the surfaces of the electrodes mod-
ified with 40, 80, and 120 µg rGO (figures 6(d), (e),
and (f)). Notably, the electrodes modified with 40 µg
or more rGO display similarly uneven surfaces.

Table S1 presents the arithmetical mean height
(Sa) and maximum height (Sz) of the electrode sur-
faces, as gathered from the wide-area 3D meas-
urement system. The 3D printed electrode sur-
face demonstrates a Sa of 0.025 mm and an Sz of
0.407 mm. However, upon the application of rGO
coating, there is an increase in the Sa and Sz values
to 0.033 and 0.962 mm respectively at 20 µg, followed
by a gradual decline to 0.012 and 0.101 mm at 120 µg.
The observed increase in Sa and Sz values when trans-
itioning from the uncoated state to the 20 µg rGO
coated state implies effective dispersion of the 20 µg
rGO flakes on the rough electrode surface.

Not only does the right amount of rGO coating
maintain the electrode’s surface roughness, but it also
contributes to a minor increase in the overall surface
roughness. Subsequently, the declining Sa and Sz val-
ues on the rGO coated surface, as the coating increases
from 20 to 120µg, indicate that an increasing number

of graphene sheets are stacking atop each other, lead-
ing to a gradual flattening of the electrode surface.
These observations are congruent with the conclu-
sions derived from the SEM results (figure S2), further
strengthening the understanding of the correlation
between rGO coating quantity and surface roughness
of the electrode surface.

EIS measurements are employed to analyze the
kinetic processes of ion diffusion and charge trans-
fer at the electrode-electrolyte interface under dif-
ferent mass loadings of rGO. In the Nyquist plot
(figure 7(a)), it is evident that the radius of the semi-
circle in the high-frequency range increases as the
mass loading of rGO rises. This indicates that charge
transfer becomes more facile with lower rGO coatings
on the electrode surface. Moreover, the inverse cor-
relation observed between the slope of the curve in
the low-frequency range and the Warburg resistance,
reflecting the ion diffusion process, underscores that
lower mass loadings of rGO significantly enhance ion
diffusion kinetics. This enhancement is attributed to
the provision of a rougher surface texture and thinner
layers of rGO. Also, an investigation into the relation-
ship between sensitivity and the mass gradient of rGO
modified sensor electrode is presented in figures 7(b)
and (c). The sensitivity is found to be highest for the
sensor electrode coated with 20 µg of rGO. Beyond
this point, an incremental increase in the coating mass
results in a gradual decrease in sensitivity. Notably,
the sensitivity of H2O2 oxidation at 120 µg is approx-
imately one-third of that observed at 20 µg, dropping
from 156 mA·M−1

·cm−2–52 mA·M−1
·cm−2. When

considering the 10 µg sensor electrode, its sensitivity
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Figure 7. (a) Nyquist plot derived from electrochemical impedance spectroscopy in 1X phosphate buffer solution for rGO
modified electrodes with different thickness of rGO. (b) Amperometric sensing of 0.1 M concentration increases (steps) of
hydrogen peroxide with rGO modified sensors at distinct mass loading (10, 20, 30, 40, 80 and 120 µg) and (c) corresponding
linear regression analysis of the current versus concentration.

is inferior to that of the 20 µg sensor electrode, due
to the insufficiency of rGO mass to fully cover the
electrode surface. The plot representing the current
versus H2O2 concentration across all mass gradients,
from 10 to 120 µg, demonstrates a linear relation-
ship within the range of 0.1–1 mM, and boasts a high
correlation coefficient (R2 = 0.9824, 0.9876, 0.9932,
0.9972, 0.9956, and 0.9862).

4. Conclusion

This study introduces an innovative and scalable
approach to electrochemical sensor fabrication util-
izing FDM 3D printing technology. By employing a
dual-extruder system, we seamlessly integrate con-
ductive electrodes with insulating layers into a cohes-
ive structure. This approach not only simplifies the
fabrication process but also enhances the electrode’s
surface area through a deliberately roughened sur-
face pattern. A key innovation in our method is the
application of rGO casting, which markedly dimin-
ishes the electrode’s charge transfer resistance and
provides substantial protection against the oxidat-
ive degradation of materials. These enhancements
contribute to the electrodes’ exceptional electrocata-
lytic activity towards hydrogen peroxide detection.
Our findings indicate that the efficiency of the rGO-
modified sensors increases as the amount of rGO
used decreases, with optimal performance achieved
when the rough surface is completely covered. These
promising results of this study advocate for the con-
tinued exploration and development of 3D print-
ing technologies in sensor manufacturing, suggest-
ing a fertile ground for future innovative research in
this area.
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