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Abstract—Inthe latest years, hydrogenperoxidequantifica-
tion gained a growing interest in many fields both in industry
and in the clinical environment. Among the different avail-
able methods, electrochemical transducers are of particular
interest thanks to their ease of fabrication, convenient inte-
gration with microfluidics and electronics and their time and
cost-effectiveness. Despite these advantages, electrochem-
ical transducers are affected by many metrological issues.
In this work, the novel technique of Aerosol jet printing (AJP)
is exploited to fabricate fully printed nanostructured elec-
trochemical sensors for hydrogen peroxide detection. Two
different carbon-based printable nanostructures, carbon nan-
otubes (CNTs) and graphene, are employed to conveniently
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modify with the same technique electrodes’ surfaces. The performances of the proposed design, production process
and the different functionalization are explored and discussed. After a preliminary evaluation of the electrochemical
characteristicsof the printed devices, tests in hydrogenperoxideare carried on. Both materials present a limit of detections
(LODs) and sensitivitycomparablewith the ones obtainedin the literature, even though CNT better performs than graphene
in terms of sensitivity (20 versus 2.8 uA mM™2). The latter presents however a signal-to-noise ratio (SNR) of 51.2 dB that
outperforms the one of CNT (26.5 dB) and thus it has a better resistance against noise. Overall, both the evaluated
nanostructures appear suitable to improve the metrological characteristics of printed electrochemical sensors and ease
their spreading as environmental control devices, and diagnostic tools and assess quality in the industrial environment.

Index Terms— Aerosol jet printing (AJP), carbon nanotubes (CNTs), electrochemical sensors, graphene, hydrogen

peroxide, nanostructures, printed sensors.

|. INTRODUCTION

N THE latest years, hydrogen peroxide reached a growing

I interest as an analyte in many fields as cellular processes,
food control, clinical practice, and environmental control
[1], [2], [3]- Moreover, hydrogen peroxide is a well-known
byproduct in many biochemical reactions, usually mediated
by an oxidase [4]. Hence, many different detection methods
were developed to provide feedback on its concentration
[5]. Among those, electrochemical transducers and electro-
chemical biosensors are of particular interest because they
allow real-time and/or continuous monitoring of the concen-
tration of an analyte in a solution, with quicker response
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times, easier methodologies, and fabrication than the standard
detection methods. Moreover, they are easy to use, produce,
and miniaturize. That improves their portability, eases on-site
monitoring, and reduces the costs for the overall analytical
process [6], [7], [8], [9], [10]. Despite these great advantages,
electrochemical transducers are affected by many metrological
issues, such as limited stability, selectivity, repeatability, and
sensitivity [8], [10]. Most works in the literature aimed to
address these issues by functionalizing the sensors with
specific sensing layers, and thus, improving selectivity and
sensitivity.  These include biomolecules but also
functionalization materials, such as ion-selective membranes,
imprinted polymers, nanostructures, and microstructures [11],
[12], [13]. Despite biomolecules offering unique advantages
in terms of analyte recognition, they also introduce shelf life
and storage issues that can limit their applicability outside
of laboratory conditions [14]. A possible improvement that
recently has gained great attention, in substitution or com-
bination with bio-functionalization, is represented by surface
micro- and nano-structuration of the electrodes, exploiting
more stable nonbiological materials. Thus, by using those
materials, properties can more easily be tuned depending on
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the specific application, with advantages in terms of durability.
In particular, surface micro- and nano-structuration is explored
and seems to be a promising methodology to improve the
system sensitivity [10], [15] and amplify the sensors’ signals
[16]. Those techniques aim to increase the -electrode-
electrolyte interface and modify the mass transport processes
in the proximity of the active electrodes [15], [17]. Different
kinds of techniques as direct growth, photolithography, soft
lithography, reactive ion etching, and recently 3-D printing,
were explored to produce different micro-structured electrodes
[18], [19], [20]. Nanomaterials are as well attracting great
interest for their huge surface/volume ratio and their enzyme-
mimetic effects [21], [22], [23]. Usually, the nanomaterials
used for electrochemical biosensors are divided into two
groups: carbon-based and noncarbon-based [17]. The latter
presents a plethora of possible materials, including, for exam-
ple, noble metals (such as silver, gold, and platinum), silica
nanoparticles, and organic materials [24], [25], [26]. For their
performances, commercial availability, as well as their low
toxicity, carbon-based nanomaterials are, however, the most
used in biosensing [27]. Thus, they represent an optimal trade-
off among electrical properties, cost, and biological compat-
ibility [28]. Of course, one of the most crucial aspects to
fully exploit these properties to improve metrological issues
of electrochemical biosensors is the possibility of precisely
controlling the deposition of these functionalization materials.
Thus, uncontrolled and often adopted deposition protocols
lacking reproducibility and geometry control (e.g., manual
drop-casting) might influence the variability of the final results.
Among the techniques proposed in the literature for obtaining
accurate and high-resolution patterns, the most relevant are
electrochemical deposition and printing techniques. While the
first requires an underneath layer already with the desired
geometry, the second offers great versatility, both in terms
of substrates and inks employed and of performance that can
be achieved in terms of repeatability and resolution. Thanks
to these characteristics, printed electronics is a promising
technology for the production of sensors [29]. Among the
wide variety of printing techniques, the most promising to
realize accurate functionalization patterns on top of electrodes
are mask-less techniques (e.g., inkjet (IP), aerosol jet printing
(AJP), laser-induced forward transfer (LIFT), microprinting
and nanopen printing). These technologies rely on ink dis-
pensing through openings or nozzles and define structures
by moving the stage in a preprogramed pattern [10]. Among
the possible techniques, AJP was selected for this application
both in continuity with previous work [1], [15] and thanks
to its technical characteristics. In particular, using these fully
additive, noncontact production techniques can improve the
fabrication process for this novel kind of sensor, allowing
its simplification and increasing process control. Moreover,
thanks to AJP’s unique process flow, material waste can be
reduced to a minimum, and micrometer-scale resolutions can
be achieved in digitally controlled complex patterns both on
planar and 3-D surfaces [30], [31].

As reported in the literature, most of those advantages are
granted by its peculiar noncontact production process that
uses gases to atomize, carry, and focus the functional inks.

The production process control is performed by adjusting
three flows: atomizer (that generates the aerosol and acts as a
carrier), exhaust (that controls the dimension of the particles),
and sheath (that focuses the aerosol on the nozzle). The first
two allow selecting how much ink is deposed, while the
latter shapes the linewidth and helps in avoiding clogging
events [32]. In this work, the production process of a simple,
fully printed nanostructured electrochemical cell is proposed.
AJP was used to fabricate the whole device starting from
the bare cell deposition and then using two different carbon
nanostructures to functionalize the WEs. The aim was to
provide a more general investigation of sensors as possible,
as a starting point for translating sensor use in any areas previ-
ously mentioned (e.g., cellular processes, food control, clinical
practice, and environmental control). The printed sensors were
tested, and the two different nanostructures were compared
to evaluate their electrochemical behavior and how they can
improve the characteristics of the sensors.

[I. MATERIALS AND METHODS
A. Design and Production Process

A three electrodes layout, including a working electrode
(WE), reference electrode (RE), and counter electrode (CE),
was selected as the most commonly used electrochemical
sensor to guarantee optimal control of the potential of the
cell. This kind of device relates the output current to the
concentration of analytes that undergo redox reactions close
to the active electrodes. Starting from previous work [1], [15],
we designed simple cells with parallel rectangular electrodes.
The sensor was fabricated by means of three different inks,
deposed during three successive printing sessions. Silver-silver
chloride ink (AgCl ink, XA-3773, Fujikura Kasei Company
Ltd., Tokyo, Japan) was employed to fabricate conductive
tracks, pads, and the RE, to ensure high conductivity, as well
as RE stability; carbon ink (C ink, EXP 2652-28, Creative
Materials Inc., Ayer, MA, USA) was selected for WE and
CE to provide a stable electrochemical substrate, as well as
a suitable substrate for further functionalization; finally, two
different kinds of nanostructures were selected for the surface
functionalization: carbon nanotubes (CNTSs) or graphene. An
explicative render design is shown in Fig. 1(a). The CNT
functionalization was otherwise performed using the commer-
cial Nink 1000 (Nanolab, Waltham, MA, USA) Multiwalled
CNTs ink. This is an aqueous suspension of multiwalled CNTs
with a declared length between 1 and 5 ym and a diameter
of 15 nm. The graphene coating was obtained by exploiting a
custom ink developed to ensure both printability and adhesion
on the substrates. The ink was prepared by loading 15%
of graphene powder and adding 3% of polyvinylpyrrolidone
(PVP) as binder and adhesive. To improve the printability and
lower the ink viscosity, 38.5% of deionized (DI) water and
the same amount of ethyl glycol were added. Furthermore,
to avoid the agglomeration of the solid particles, 5% dispersant
was added. Different curing parameters were evaluated to
provide an optimal curing process that requires a 20-min
thermal treatment at 200 °C. This ensures a good ink-substrate
adhesion even in wet environments. The graphene powder
was acquired by Directa Plus S.p.A. (Lomazzo, Italy), which



TABLE |
AJP PROCESS PARAMETERS
AgCl C ink CNT ink Graphene
Ink Ink
Sheat flow (SCCM) 250 910 50 80
Atomizer low (SCCM) 1100 1300 670 630
Exhaust flow (SCCM) 1040 1000 SR80 550
Printing speed (mm/s) 2.3 2.5 2 2
Plate temperature (°C) 75 75 45 90
Curing time (min) 30 15 20 20
Curing temperature (°C) 125 175 60 200
# ol depositions ! 0 3 9
Head size (um) 750 750 300 300

produces it through a patented process. The obtained power
has a mass-median-diameter (Dso) of (4 = 2) m. An Aerosol
Jet Printer (AJ300, Optomec, Albuquerque, NM, USA) with
a 750 pym head was employed to fabricate the bare devices.
This technique was selected as the production process because
it allows deposing of all the needed materials in a digitally

controlled manner that ensures fast prototyping and produc-
tion. A parallelized production protocol was implemented to
reduce intersensor variability. In detail, for each lot, ten devices
were printed in two rows within the same printing session.
Thirty bare electrodes were produced and divided into three
lots named A, B, and C. Flexible polyimide foil of 75 um
(Kapton, DuPont de Nemours, Luxembourg, Grand Duchy of
Luxembourg) were selected as substrate, due to its excellent
mechanical properties and good compatibility with inks and
printing process. For each lot, the substrate was at first cleaned
in ethanol to remove possible contaminants and increase the

adhesion between ink and substrate. After that, AgCl ink was
deposed and cured at 125 °C for 30 min. Next, WE and CE
were coated with carbon ink and then cured at 175 °C for
15 min. Finally, WE was AJP-functionalized using a 300 ym

head and CNT (sensors 1-5) and graphene (sensors 6—10) inks.
Those carbon-based nanostructures were chosen to improve
the sensitivity of the sensors. According to the literature, such
nanostructures are able to increase the surface-to-volume ratio
even without changing the chemical composition of the surface
[10], [33], [34]. Moreover, the selected digital production
process aims to improve the repeatability of the printed
sensors avoiding operator-dependent drop-casting functional-
ization methods [35], [36]. Both the nanostructured inks were
thermally cured for 20 min before testing. Lot A and B were
used to perform preliminary adhesion and electrochemical
tests, while lot C was used to evaluate sensor performance
for peroxide detection. The final sensors fabricated are shown
in Fig. 1(b), while the selected process parameters are reported
in Table I.

B. Preliminary Process Evaluation

After the production process, different tests were carried out
to evaluate its goodness. At first, different geometrical eval-
uations were performed using an optical microscope NB50T
(Orma Scientific, Sesto San Giovanni, Milan, Italy) with a
trinocular zoom of 0.8 X—5X light-emitting diode (LED). Then
the geometrical profiles of the active electrodes were evaluated
using an Alpha-Step 1Q Surface Profilometer (KLA-Tencor,
Milpitas, CA, USA) in four different positions. At last, a set

of scratch tests were carried out to ensure the correct adhesion
of the printed materials on the substrate. Briefly, a set of lines
were scratched on the surface of the sacrificial electrodes using
a metal blade. Then, a Kapton tape is placed in contact with the
devices and removed three times. A visual examination was
then carried out to assess the adhesion between the substrate
and the selected inks.

C. Preliminary Electrochemical Assays

After the first physical assays, different tests were carried
out on analyzing the electrochemical behavior of the devices.
All the following tests were performed using a portable
potentiostat Palmsens3 EIS (Palmsens, Compact Electrochem-
ical Interfaces, Houten, Utrecht, The Netherlands). At first,
a set of cyclic voltammetry (CV) experiments were carried
out in a phosphate-buffered saline (PBS) to evaluate the
suitable potential windows of the sensors with a different
functionalization. The test was performed by running different
CVs with a fixed scan rate (U = 0.2 V/s). From previous
works [15], a starting [—0.05, 1] V potential window was
selected, and then it was gradually increased until unwanted
features, such as peaks unrelated to the electroactive analytes
in the solution (spurious peaks), were recorded. The suitable
potential window selected is the last one where no spurious
peaks were recorded. Then a set of CVs was carried out in a
ferro/ferricyanide ([Fe(CN)s]*~/4-) solution in PBS to evalu-
ate the voltammograms and to further inquire about the micro-
scopic surface area of the electrodes according to [1]. Briefly,
different CVs were carried out in ferro/ferricyanide solutions
at different concentrations (2, 4, 6, and 8 mM) at a fixed scan
rate (U = 0.2 V/s). The shape of the voltammograms was
evaluated, and the peak position and amplitude were compared
between the different surface functionalizations. To evaluate
the surface area, the CVs on 8 mM ferro/ferricyanide in PBS
solution were considered. From Randles-Sevcik equation (1),
the electroactive surface area was calculated using the well-
known electrochemical parameters of the ferrous/ferric redox
couple, as its diffusion coefficient (D = 6.20-10-5 cm?/s),
number of active electrons (n = 1), as well as the physical
constants (Faraday’s constant /' and the universal gas constant
R) and the measured values for the peak current [, and
absolute temperature (7')

I, = +0.446nFAC*(nFDU/RT)"5. (1)

Furthermore, the stability of the electrodes was assessed.
One electrode for each functionalization was exposed to a
ferro/ferricyanide solution (6 mM in PBS), and a set of four
CVs (inside the previously defined potential windows, scan
rate U = 0.2 V/s) were performed every 2 min for nine
times. The peak current was evaluated in time and compared
with the ones obtained with a commercial Screen-Printed
Carbon Electrode (DRP-C11L, Metrohm Dropsens, Asturias,
Spain). Moreover, a set of electrodes were immersed in PBS,
and single chronoamperometry (CA) (applied voltage 1 V)
was performed. The experiment aimed to estimate the time
needed to obtain a steady-state current. This time is unique
for each electrochemical system since it is influenced by
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Fig. 1. (a) Render design (in fake color to enhance visibility) of the sensors (a) showing the layers composing the sensor. A: Substrate. B: Silver-silver
chloride traces and RE. C: WE and CE carbon layers. D: WE nano-functionalization. In (b) the printed devices at different scales are reported.
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Fig. 2. Experimental setup used to detect hydrogen peroxide. The sensor
(orange) is placed inside a backer filled with PBS. This setup is placed
on top of the stirrer. The Palmsens3 reads the information on the device
and sends them to a laptop, where the information is stored and later
analyzed.

several different factors depending on the electrolyte solution
(species and its hydrodynamics), the analytes (number of
transferred electrons and the species diffusion coefficient),
and the electrodes (shape, dimensions, materials, resistance,
surface roughness, and porosity) [37]. Hence, this parameter
has been estimated to plan further analysis accordingly.

D. Peroxide Detection

To perform these experiments, the electrodes were
immersed in 20 mL of PBS stirred at 490 r/min through
an ARGO LAB M2-D Pro magnetic stirrer (Giorgio Bormac
S.r.l., Carpi, Italy). This experimental setup is exemplified in
Fig. 2. The electrodes first underwent a pretreatment step that

is composed of a 300 s long CA at 1 V followed by 20 CVs at

0.2 V/s scan rate and using the potential windows defined in
the previous experiment (see preliminary electrochemical eval-
uations). Then, hydrogen peroxide detection was performed
through CA. After waiting for 600 s to reach the steady-
state current, hydrogen peroxide was injected in steps of
100 UM until the total amount of 500 UM was achieved.
Each concentration step was maintained for 200 s. The applied
potential was set above the oxidation peak obtained from the
voltammogram analysis at 1 V for each kind of electrode.
The collected signals were elaborated through a MATLAB
2019b. The current values were evaluated by averaging the last
20 s of each concentration step. From the collected data, the
noise was extracted as already proposed in [38]. Briefly, noise
is extracted by subtracting the average steady-state current
of the sensors from the measured steady-state current. The
former was considered the signal level of the sensors. Those
two values were compared to evaluate the signal-to-noise
ratio (SNR) of the electrodes. Moreover, the noise signal
was evaluated in the frequency domain calculating its power
spectral density (PSD).

[ll. EXPERIMENTAL RESULTS

A. Preliminary Process Evaluation

The preliminary evaluations on the electrodes using the opti-
cal microscope provided interesting information on the output
of the production process. The correct coating of the WE and
CE electrodes was assessed, as well as the physical dimensions
of the interconnecting lines that resulted (495 = 30) ym wide,
including a reduced phenomenon of overspray. A set of images
collected with the optical microscope can be seen in Fig. 1(b),
where the three different WEs used are shown. There, dif-
ferences in color and texture are visible. In fact, the bare
electrode resulted darker and opaque, the CNT-functionalized
one is shinier, and the graphene-functionalized one presented a
glitter-like appearance. Then, the mechanical profilometer was
employed to assess the thickness of the produced electrodes
in four different positions on all lot C sensors. The profiles
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Fig. 3.  Profile of the electrodes (from left to right CE, WE, and
RE) achieved with the mechanical profilometer in position p2. The four
position in which the profiles were sampled are depicted (inset).

TABLE Il
SELECTED POTENTIAL WINDOWS
Functional Ink E min (V) E-max (V)
Bare Carbon -0.05 1.3
CNT -0.05 1.0
Graphene -0.15 1.0

obtained in position p2 can be seen in Fig. 3. The average
profiles reflect the designed layer structure. The profiles taken
in positions 2 and 3 that depict the center of the electrodes
have similar shapes, and they present an average thickness
of 743 um for CE. 11.33 ym for WE and 6.36 uym for
RE. No appreciable difference between CNT and graphene-
functionalized electrodes is observed. The peaks measured on
position pl have different thicknesses due to their different
design. CE is the thickest due to the overlay of the silver/silver
chloride and the carbon layers, WE only presents the carbon
layer, while the RE result is invisible since no layer is present.
Last, the scratch test was carried out on the sacrificial elec-
trodes. No appreciable difference was observed after the test,
and thus, the results (shown in Fig. 4) confirm the adhesion
between each layer of the device and between the printed
layers and the substrate.

B. Preliminary Electrochemical Assays

Results obtained from the first experiment performed
allowed us to obtain the potential window for each kind
of electrode we produced. The voltammograms obtained are
shown in Fig. 5. All the electrodes present a spurious peak
at around 0.1 V that appears to increase the lower bound
of the window. According to this observation, for each kind
of electrode, a potential window was selected to avoid those
unwanted features. The potential windows, summarized in
Table II, are adopted for all the following experiments.

C. Cyclic Voltammetry

CV was carried out in ferro/ferricyanide solutions in var-
ious concentrations ranging from 2 to 8 mM. The obtained
voltammograms are shown in Fig. 6. All the voltammograms

Fig. 4. Optical images obtained on the sacrificial electrodes after the
scratch test for (a) CE and (b) RE.

present detectable oxidative peaks at well-defined potentials.
CNT-functionalized electrodes show better performances pre-
senting a fully reversible behavior, the lowest peak voltage at
(180 = 5) mV, and the highest sensibility. Graphene presents

an oxidative peak of around (455 = 20) mV. The stable

potential windows for those electrodes do not allow a com-

plete formation of the reduction peak. Similar observations
can be made for the voltammograms produced by the bare
carbon electrodes where the peak voltage is located around
(974 = 17) mV. The voltammograms were also used to obtain
information about the active surface area of the electrodes.

According to those calculations, graphene-functionalized elec-
trodes were able to improve the microscopic surface area

11.27 times more than the original bare electrodes, while CNT
improved the microscopic area up to 105.56 folds.

D. Stability Tests

Electrode stability was assessed by evaluating the peak cur-
rent over time (see Fig. 7). All the examined electrodes present
similar behavior, with an absolute value of the peak height
increasing over time at each CV sweep. This trend is also
present in commercial screen-printed electrodes (SPEs). This
data underlines how stability, and consequently, reusability
might be the future challenge to be addressed to improve
the overall behavior of these devices [10], [39] as far as CV
is selected as a measurement technique. Then, the stability
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Fig. 5. Potential windows definition test for (a) bare carbon electrodes,
(b) CNT, and (c) graphene functionalized.

and settling time in chronoamperometric measurements was
evaluated. Both the nano-functionalized electrodes produced
a similar steady-state current. We considered the current at
its steady state when the signal derivative was lower than
0.01 pA/s. This situation occurs after approximately 400 s
for each kind of sensor.

E. Peroxide Detection

CA experiments were carried out for all the produced
sensors in lot C. An example of the obtained output current
is shown in Fig. 8(a). All the calibration lines obtained from
these experiments are reported in Fig. 8(b). All the produced
sensors produced a linear calibration line (R*> > 0.9). The
average sensitivity of CNT functionalized sensors resulted in
(20 = 4) HA/mM with a relative standard deviation of 0.2,
while graphene functionalized sensors produced an average
sensitivity of (2.8 = 0.9) HA/mM with a relative standard
deviation of 0.33. Furthermore, the response time of the
sensors was estimated by stepping up the pure PBS solution to
a concentration of 100 M. The response time was defined as
the time needed for the output current signal to go from 10% to
90% of its steady state. The behavior of all the printed sensors
was evaluated and averaged. The two kinds of functionaliza-
tion behave similarly and produce a fast response of (3 = 1.5)
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Fig. 6. Voltammograms obtained with ferro/ferricyanide for (a) carbon
bare, (b) CNT, and (c) graphene electrodes.

s for CNT electrodes and of (2.5 = 1.7) s for graphene ones.
It is important to notice that the main factor that impacts the
response time variability is the position in which the solution is
injected and is thus highly operator dependent. Although the
variability of the measurements is up to 70%, the response
time of the device is comparable with other works in the
literature [2], [40]. Moreover, different levels of noise were
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2 min in 6 mM ferro/ferricyanide solution for CNT functionalized elec-
trodes (blue), graphene functionalized electrodes (red), and commercial
SPE (yellow, secondary y-axis).

recorded on the signal from the different sensors. On average,
the SNR for the sensors functionalized with CNT was 26.5 dB,
while the one for the ones functionalized with graphene was
almost double at 51.2 dB. A more accurate analysis of the
noise produced by CNT sensors obtained as described in
Section II was carried out and an example of its PSD is shown
in Fig. 9. All the sensors present a similar PSD with a constant
spectrum at low frequency, with a flicker-like behavior above
approximately 1 Hz. Different analyte concentrations slightly
change the overall power of the noise, shifting up the plot on
the y-axis.

IV. DISCUSSION

Results obtained during sensors characterization offered
the opportunity to discuss several interesting and promis-
ing aspects concerning both the electrochemical behavior
of the specific materials employed (inks and nanomaterials)
and the overall performances of the electrochemical sensors
while quantifying hydrogen peroxide. According to the results
obtained during the preliminary electrochemical characteriza-
tion, the spurious peak around 0.1 V observed in all the sensors
represents an interesting effect for being discussed. This effect
is probably due to the electroactivity of the silver/silver
chloride layer underlying WE and CE in the presence of the
supporting electrolytic solution. In detail, due to the chemical
properties of silver-silver chloride, when it is polarized at
a negative potential in the presence of an ionic solution,
it attracts electrons, thus causing oxidation of the material.
This results in the measurement of an oxidative peak of current
originating from the interaction between the supporting elec-
trolyte and the conductive electrode. Since this peak is com-
pletely independent of the concentration of the analyte in the
solution, it represents a typical sign of instability and has to be
avoided in the stability window to make sure that all the peaks
measured are only due to analyte presence. Similar effects
are reported in the literature even when using silver/silver
chlorides RE [41]. This issue might be reduced by modifying
the production process and introducing a third layer composed
of a different noble metal ink such as silver, gold, or platinum,
which are stable in the potential window of interest. In the
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Fig. 9. PSD of the noise produced by a CNT-functionalized sensor on a
single concentration interval.

current application, however, the potential of interest required
to detect hydrogen peroxide (1 V) falls within the potential
windows ([—0.05, 1] V) in which the combination between



solution and electrodes materials is stable, and the system
does not show any significant spurious current peaks. The
absence of any peaks other than the one of ferro/ferricyanide
in this window confirms that our results are reliable and robust.
Moreover, it ensures the possibility of relying on the selected
fabrication process, which is faster and more cost-effective
with respect to a traditional three-layer structure with stacked
silver, carbon and silver chloride. Despite the presence of the
spurious peak, thanks to the accurate definition of a stable
window potential, the CVs in ferro/ferricyanide revealed stable
peaks voltages that are related to the surface functionalization,
as well as the RE material, the used electrolyte solution, ohmic
drop and electrode resistance [41]. We report a decrease in
the peak voltage for the CNT and graphene functionalization.
Those effects are also reported in the literature and can be
explained considering the different diffusion patterns involved
and the change in the electrode-electrolyte interface resistance
[25], [35], [42]. A major difference comparing presented
results with the literature regards graphene-functionalized elec-
trodes. For example, in [43], small to no difference between
bare and functionalized sensors as regards the peak position,
while the ones presented here are highly reduced. The dif-
ference can be explained by considering both the different
production processes and the different materials employed.
As an example, the cited work employs a glassy carbon
electrode that is way more conductive than our printed ones,
and then graphene is electrodeposited on top of the electrode.
This process introduces small to no differences in the electrode
resistance. On the other hand, the hereby proposed devices are
composed of printed electrodes that present lower conductivity,
and then the use of a nanostructured functionalization widely
reduces the electrode/electrolyte resistance. This produces a
remarkable decrement in the standard potential of the reaction
[37]. As regards the current produced by the sensors during
peroxide detection, different values were obtained according
to their nano-functionalization. CNT helped increase the total
output current up to 15 UA, producing also better sensitiv-
ity, while graphene produced a maximum current of 5 YA
in similar conditions. As already observed in [15], there
is a linear correlation between the increased sensitivity of
the devices and their surface area. Moreover, nanoparticles
increased the surface area of the electrodes much more than
the previously reported microstructures. Although, those two
approaches are valid and could be used together to further
improve the sensitivity of electrochemical devices. The sensi-
tivity of the sensor was improved by increasing the surface-to-
volume ratio of the electrode-solution interface, thanks to
the nanotubular geometry of CNTs, to the large sheets
geometry of graphene layers randomly oriented during the
deposition. Results obtained reveal that CNTs perform better
than graphene in improving the sensitivity producing an aver-

age sensitivity of around (27 = 5) gA/(mM cm?) rather than

(3.5 = 1.3) yA/(mM cm?) obtained with the latter. Those
values are, on average, smaller than the ones obtained in the

literature presented in Table III, but that can be due to the
on-site synthesis of those devices versus our ink deposition
and/or the use of different nanostructures that further enhance
the sensitivity of the reported devices. Similar observations can

TABLE IlI
COMPARISON OF THE VALUES OF THE LIMIT OF DETECTION (LOD)
AND SENSITIVITY BETWEEN DIFFERENT WORKS IN LITERATURE
AND OUR DEVICES

LOD Sensitivity

(UM) (A mM ! em?) Ref.
rGO-MWONT 94 32.91 [48]
GO 0.7 22.78 [40]

[46]

rGO 1.0 300.00
MWCNT-PT 0.3 205.80 [45]
CNT 7.3 27.00  This work
Graphene 8.8 3.50  This work

be made with regard to the limit of detection (LOD) of the
sensors. The intrasensor LOD of our devices was determined
according to [44] and reported, as well as in Table III. The
LOD of the two kinds of functionalization presents small
differences and is comparable with the ones already reported
in the literature. The variations can be again due to different
processes and interface resistance that can impact the overall
SNR of the devices.

The main differences in sensitivity and LOD between
the sensors presented in this work and the best ones presented
in the literature [45], [46] is due to different production
processes, growth of the functionalization materials, and
different kinds of nanostructures involved. For instance, in
[45], a set of nanohybrids composed of CNTs and platinum
nanoparticles were synthesized through a time-consuming
approach that involved strong acids. Those nanoparticles were
then dropcasted on a bulk platinum electrode. Otherwise,
in [46], direct growth of graphene nanostructures was achieved
through an electrochemical process that required a highly con-
trolled setup. Indeed, these techniques provide better metro-
logical characteristics, but with the approach proposed in this
work, it is possible to highly reduce the use of dangerous
chemicals, and at the same time, to reduce the time duration
of the process production. Moreover, with the hereby proposed
approach, different patterns can be digitally designed and
achieved, allowing fast prototyping of innovative devices with
characteristics that are a tradeoff between metrological and
processing ones.

As regards the noise recorded on the sensors, different
features were observed. Analyzing the standard deviation of
the signal at the different analyte concentrations, a linear
correlation between the two parameters was recorded, which
was more evident on CNT-functionalized sensors. Analyzing
their PSD (see Fig. 7), we could observe the superposition
of two different effects. At low frequencies, thermal and shot
noise dominate. Both those effects produce a white noise with
a power that is directly proportional to the average current
flowing on the electrochemical cell, and this explains the
increase of noise at higher concentrations. At higher frequen-
cies, mass transport effects are relevant. Those processes are
involved in providing analytes to the surface of the electrodes
where the reaction occurs, and thus, can shape the PSD of the
correlated noise [47].



V. CONCLUSION

In this work, a comprehensive comparison between the
electrochemical performances of CNT and graphene-modified
electrodes was reported. Significant differences were high-
lighted both in the preliminary characterization tests and
in the detection of hydrogen peroxide. Although similar
limits of detections were achieved (7.3 UM for CNT and
8.8 UM for graphene) and both were able to improve the
electrode-electrolyte interface area up to 105 times, CNT
produced on average, a better sensitivity (20 A mM-2)

than graphene (2.8 A mM-2), while both the functional-
ization layer presented response times comparable with the
literature, although presenting a high variability. The introduc-
tion of an automatized process or microfluidic system could
be implemented in the future to try to reduce the under-
lined variability. According to the presented results, both the
nanostructured inks taken into consideration appear suitable
to improve the sensitivity, and in general, the metrological
characteristics of printed electrochemical sensors. Overall, the
proposed fabrication process, which includes all the fabri-
cation steps starting from bare electrodes to their surface
functionalization, appears particularly convenient, in terms
of time and cost-effectiveness, to ease the integration of
fully printed electrochemical sensors in devices for environ-
mental control, diagnostic monitoring and to assess quality
in the industrial environment. Further inquiries can be
addressed to evaluate the effects of both microstructures and
nanostructures on the metrological characteristics of electro-
chemical devices, as well as to deepen the understanding
of the noise and uncertainty produced by electrochemical
transducers.
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