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A novel electrochemical cell design in a vertically stacked configuration is presented. Through a layered structure
using a top macroporous working electrode, a polyelectrolyte, and a bottom metallic conductor a standalone
electrochemical cell with an internal reference electrode is built. This sensor allows monitoring an electro-
chemical property of an external solution with only one electrode in direct contact with the sample. Using paper-
based platinum electrode for the porous top electrode and Nafion as polyelectrolyte material, the self-powered
detection of hydrogen peroxide is performed. The system can be operated in multiple modes. In a capacitive way,
the open circuit potential is measured. Alternatively, in a self-powered current mode, the system emulates a fuel
cell. Additionally, a potential-current switched mode is also demonstrated. Because of this unique design and
operational features this sensor is considered as an electrochemical pixel. To further demonstrate the advantages
of this device, the detection of glucose is performed by building an array of sensors using a single back (refer-
ence) electrode and multiple working electrodes. These results lay the groundwork for the development of a new

generation of simple and low cost biochemical sensors and electrochemical sensing arrays.

1. Introduction

Detection arrays have become widely popular because of their
multiple advantages in terms of enhanced signal to noise ratio, extended
detection capabilities and spatial resolution, among many others. For
this reason, sensing arrays have been used for decades in spectroscopic
devices (Birkinshaw, 1996), and they have been also explored in other
areas, such as mass spectrometry (Jungmann and Heeren, 2013). In
electrochemical analysis, arrays are also highly attractive when multiple
channels of information are required. For example, electrochemical
sensing arrays are used in electronic tongues (Ceto et al., 2022) -for food
analysis- and in clinical applications, since complex diagnostics require
the simultaneous determination of multiple biomarkers. Recently,
electrochemical sensing arrays have been proposed for the diagnostic of
Alzheimer disease (Song et al., 2020), the detection of hematological
tumors (Zhu et al., 2020) and development of point-of-care devices
(Gutiérrez-Capitan et al., 2022).

Despite of this significant interest, the evolution of electrochemical
sensing arrays has not followed the pace of their spectroscopic coun-
terparts. This is in part due to the strong differences in configuration and
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operation of their building blocks. In spectroscopic arrays, the minimal
independently addressable detection element is often called pixel. Pixels
have been miniaturized and designed with a vertically stacked archi-
tecture, facilitating the development of densely packed arrays where the
top layer contains the sensitive material, and the additional components
can be placed underneath. Designing electrochemical arrays with a
similar configuration has not been yet possible because of the many
unique challenges of (bio)chemical sensors. The need to introduce liquid
samples represents a major issue. Also, the fact that virtually all elec-
trochemical sensors require an external reference electrode has been a
traditional limitation, even if miniaturization and incorporation of
enhanced electronics -such as FET (Sinha and Pal, 2022) or CMOS (Li
et al., 2016) technology-has been used. These constrains have favored
the widespread adoption of the 2 or 3-electrodes open cell configura-
tions where the sample solution is used also to close the electrical circuit.
For this reason, electrochemical arrays have a very vague design that
ranges from the simultaneous use of several working electrodes (sharing
a common reference electrode) to the use of multiple planar cells (Gao
et al., 2016; Timilsina et al., 2021; Wang et al., 2022). As a result, the
notion of electrochemical pixel remains elusive. The use of multiple
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planar electrochemical cells shows a limited sensitive area (out of the
total area exposed to the sample) and presents some caveats regarding
sample volume and sample introduction. Attempts to solve this issue
through miniaturization and simplification of the electrochemical cell
have been proposed (Gutiérrez-Capitan et al., 2022), but conventional
configurations still show many design and operational limitations.

In this work we present a novel electrochemical cell that emulates
the design and operation of a pixel. Quasi solid-state technology in
combination with a macroporous working electrode are used to create a
semi open electrochemical cell (SOEC) in a vertically stacked configu-
ration. A layered structure made with a bottom electrode, a poly-
electrolyte and top macroporous electrode creates a standalone
electrochemical cell. It will be shown that one of the most remarkable
features of this geometry is that the top electrode can be used to monitor
the electrochemical properties of an external solution while using the
bottom electrode as internal reference system. This means that only the
working electrode is exposed and in direct contact with the sample so-
lution. This reduction of the sensor footprint simplifies the sample
introduction and reduces the sample consumption. Furthermore, this
SOEC allows the detection of hydrogen peroxide in a fully self-powered
approach that can work under different detection schemes: potential,
current or switched mode. Last, but not least, it is shown that this novel
architecture opens new avenues to build compact electrochemical
sensing arrays.

A conceptual diagram of this new device is shown in Fig. 1. First, a
metallic conductive material is placed at the bottom, acting as a refer-
ence (or counter) electrode. This is the back (or bottom) electrode.
Second, a macroporous electrically conductive material is placed at the
top, acting as the working electrode. This is the top (or front) electrode.
Finally, a polyelectrolyte material (PEM) is used as a separator, creating
a third layer in between two electrodes. To be noticed, this PEM also fills
the pores of the top electrode. With this configuration, the two elec-
trodes are electrically connected (even in the absence of a sample so-
lution) through the PEM. Because of its porous nature, liquids can be
incorporated into the SOEC through the top electrode. Additionally,
since these pores are filled with PEM, the outer face of the top electrode
is electrically connected with the bottom electrode. This means that
when the SOEC is immersed in a solution, the top electrode sits at the
interface between the inner cell space and the external solution.
Therefore, the electrochemical properties of the outer interface of the
top electrode -which can be affected by the solution composition-could
be monitored using the bottom electrode as a (pseudo) reference system.

A practical way to create this SOEC is by using Nafion-coated paper-
based metal electrodes (Parrilla et al., 2017a). Details on the construc-
tion of the cell can be found in the SI. In brief, the top electrode is built
by sputtering a thin layer of Pt on one side of a filter paper. The
metal-coated cellulose fibers create electrically conductive tracks
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without occluding the pores of the paper. Then, a solution of a PEM is
cast on the metallized side of the paper. For this work, a 5% Nafion
solution was used. This solution percolates through the pores and rea-
ches the other side, creating layers of polyelectrolyte on both sides of the
paper that are interconnected through the pores. The SOEC is finally
assembled by placing the polyelectrolyte-coated metal paper electrode
on top of another conductive paper. This creates a layered structure as
shown in Fig. 1a. Notably, the metallized side of the top electrode is
placed facing outwards. The system is then sealed between two plastic
masks, leaving exposed only a 3 mm diameter window. In general, Pt
was used for both, top and bottom electrodes. Nevertheless, the bottom
electrode can be also made with any other conducting material, such as
Ag/AgCl inks, C inks, etc. Once assembled, the SOEC is immersed in a
PBS solution. After the hydration of the Nafion, the open circuit po-
tential (OCP) between the front (working) and bottom (reference)
electrode assumes a stable value. The OCP of these cells in PBS depends
on the material of the back electrode (See Table S1), with the lowest
value corresponding to the Pt/Pt SOEC. In all cases, this baseline po-
tential is very stable and show no significant noise or drift.

2. Results and discussions
2.1. Response to peroxide

The SOEC works as standalone electrochemical cell, with an OCP
that depends on the difference of electrochemical potential between the
top and bottom electrodes. Nevertheless, once immersed in an aqueous
solution, this OCP is not just a function of the inner composition of the
cell. Since the metallized side of the top electrode is facing outwards,
and the PEM-filled pores connect this external side with the inner
electrochemical cell, any factor affecting the external electrochemical
potential of the top electrode should also affect this internal OCP. In
previous works we have shown that a Pt electrode coated with Nafion
can be used as a working electrode for the potentiometric sensing of
hydrogen peroxide (Parrilla et al., 2017b), a molecule that is the
gateway to build a plethora of direct and indirect (labelled) assays. Thus,
the SOEC was immersed in a 0.1 M PBS solution and the changes on the
OCP upon the addition of increasing concentrations of hydrogen
peroxide were monitored (Fig. 2). In all cases, the time traces show a
decrease of the OCP with increasing concentrations of peroxide, with a
region displaying linear-logarithmic relationship with a sensitivity of
120 mV/decade (Fig. 2D). These results mimic the patterns obtained
with conventional electrochemical cells (Canovas et al., 2017). To
further prove this point, a conventional Ag/AgCl reference electrode
was placed in the bulk solution and the OCP of the front electrode was
simultaneously monitored against the back electrode (internal SOEC
OCP) and the external reference electrode (see Fig. S1a). Remarkably,

Fig. 1. a On the left, schematic representation of the semi-open electrochemical cell (SOEC) with a polyelectrolyte coating (A), a macroporous working electrode (B),
a polyelectrolyte material, PEM (C) and a reference (or counter) electrode (D); On the right the typical assembly of the electrodes and the plastic masks with (W) for
working and (R) for reference electrode. b Assembled SOEC compared to a conventional planar cell. In the SOEC only the working electrode is directly exposed.
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Fig. 2. Time trace of the response to H>O, in PBS 0.1 M pH 7.4 (numbers in the plot indicate the pM concentration of peroxide) of SOECs having a Pt front electrode
and back electrodes made of A)Pt, B) Ag/AgCl C) C ink. D) Corresponding calibration curves. The response of a conventional electrochemical cell using Nafion-coated
platinum paper-based electrode and a 3 M Ag/AgCl/KCl reference electrode. For a better visualization, an offset has been added to the original EMF data. The error
bars represent the measurements of 3 sensors (N = 3) and the dashed line represents the linear range.

the results obtained aver similar. The difference in the offset value
(Fig. S1b) is due to the different potentials of the reference system. This
highlights one of the most unique features of the SOEC, i.e., that the
potential of the front electrode can be effectively used monitor a prop-
erty of an external solution the using the bottom electrode as an internal
reference system. This confirms that the porous working electrode and
the Nafion bridge can effectively create a functional semi open elec-
trochemical cell for chemical sensing. Using different materials for the
bottom electrode creates an offset value of the baseline and may produce
a slight shift of the linear ranges but it does not significantly alter the
sensitivity (Table S1). Perhaps one of the most surprising results is that
even in the Pt/Pt cell the bottom electrode can act as a (pseudo)refer-
ence system. In fact, if two separate Pt electrodes are immersed in a PBS
solution, the addition of peroxide does not produce any response, as it
could be expected (Fig. S2) from any symmetric cell. The asymmetric
behavior of the SOEC responds to a combination of factors that involve
the relative position of the electrodes and the role of Nafion controlling
the transport and the reactivity of peroxide on Pt. it should be also
stressed that the system shows good sensor-to-sensor reproducibility, as
evidenced by the error bars in Fig. 2D.

2.2. Working principles

In spectroscopic systems the pixel response is the result of a charging
photocurrent. By analogy, the SOEC response is also produced by a
charging current (but of chemical nature) that is created by the spon-
taneous reactions of solution components with the metal surface,
through a mechanism commonly known as mix potential (Wagner and
Traud, 2006), (Hahn et al., 1974). In essence, when a metal contacts a
solution that lacks a well-defined redox couple, the gradient of elec-
trochemical potential is balanced by exchanging charges with solution
components. Oxidation and reduction reactions create anodic (I;) and
cathodic (I.) exchange currents -respectively- with a magnitude that
depends on the electrode potential. The bottom line is that there is a
spontaneous background charge transfer process to and from the solu-
tion that shifts the OCP until a steady state is reached (i.e., when both
exchange currents reach the same absolute value). Because of the kinetic
nature of these redox processes, the electrode potential does not follow a
Nernstian dependence, but it is rather described by the Buttler-Volmer
formalism. A detailed treatment of this type of systems can be found
elsewhere (Park et al., 2013). As an approximation, the Tafel equation
can be used to describe the relationship between the electrode potential
(E) and the exchange current density (i) (Shinagawa et al., 2015):

E=Aln(i)+K

The parameter K involves a series of system constants (exchange
current density, standard potential of the redox reaction, etc.). The value
A is known as the Tafel slope % , where R = universal gas constant, T =
absolute temperature, F = Faraday constant) and n is the number of
electrons involved in the rate limiting step which for a 1 electron process
A = 120 mV. This equation means that the electrode potential is
controlled by chemically mediated charging currents that depend on the
reaction mechanisms and the concentration of the species involved.
Anything that modifies these currents will force the potential to a new
steady state. Mix potential-based chemical sensors using a conventional
electrochemical cell have been proposed in the past. Meyerhoff et al.
have explored mix potential systems for oxygenated species (Meruva
and Meyerhoff, 1995), phosphate (Meruva and Meyerhoff, 1996), etc.,
while Bard et al. have emphasized the value of this approach and have
applied to the detection of metal nanoparticles (Percival and Bard,
2017), with exquisite sensitivity. Our group has shown that a
Nafion-coated Pt electrode can be used as a simple and powerful
potentiometric sensor for hydrogen peroxide (Baez et al., 2020). In the
case of Pt electrodes in aqueous solutions, the oxygen reduction reaction
(ORR) is the main factor producing the cathodic exchange current (I.):

0,+4H " +4e¢~—2H,0 (Reaction 1)

The mechanism of this reaction is complex and depends strongly on
the reaction conditions. It has been shown that the initial step is the
adsorption of O9 on pristine Pt sites (Markovic, 2002; Si et al., 2014;
Zhang and Anderson, 2007)

0,42Pt & 2Pt(0 — 0) (Reaction 2)

While there are multiple possible pathways after this initial step,
some of which include the generation of hydrogen peroxide as inter-
mediary, the evidence suggests that the transfer of 1 electron to the
adsorbed oxygen is the rate-limiting step. The anodic current (I) is
mostly produced by the water oxidation:
HZO—% O,+2H 42~ (Reaction 3)

The current created by the ORR removes electrons from the Pt sur-
face, thus forcing the potential to more positive values (Zhou et al.,
2012). It is important to stress that Nafion plays a key role enhancing the
ORR, which is partially due to the increased local oxygen concentration
and reduction of the local pH. (Wang and Lu, 1998), (Parthasarathy
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et al., 1992)

Through these reactions is possible to explain the response of the
electrode to peroxide (Katsounaros et al., 2012). Mayrhofer et al. have
shown that the reaction pathways of peroxide with Pt will depend on the
metal surface state, which is dependent on the electrode potential
(Katsounaros et al., 2012). From one side, there is a competitive
adsorption between O and peroxide for pristine Pt sites:

H,0,+2Pt—2Pt(OH) (Reaction 4)
Through Reaction 4 peroxide decomposes on the Pt surface creating
adsorbed hydroxylated species. This blocks the first sept of the ORR
(Reaction 2), thus leading to a decrease on the electrode OCP. When
peroxide finds PtO sites it will be oxidized by reducing the metal oxide.
This creates an additional anodic process (Ip):

H,0,+2Pt(OH)—2Pt(H,0) + O, (Reaction 5)

All these are diffusion-limited reactions. Unfortunately, a rigorous
treatment is not possible, since the mechanisms of the reactions of
oxygenated species on Pt is a century-old problem that still is being
investigated. Michael et al., for example, have recently studied the
decomposition of peroxide on Pt (Serra-Maia et al., 2018), and have
shown that the particle size and the chemisorbed O3 has a kinetic effect
on the decomposition of peroxide (Serra-Maia et al., 2021). In any case,
the oxidation of peroxide can act as an electron-donor process that
further contribute to decrease the electrode potential. In summary,
peroxide can undergo both, electrochemical and non-electrochemical
reactions in Pt surfaces, both of which will have a marked effect on
the exchange currents -and therefore the Pt electrode potential-. The
actual reaction pathways, i.e., the degree in which Reactions 4 and 5
contribute to the mix potential, will depend on several factors, such as
the electrode potential, surface and working conditions, and Pt structure
(Fig. 3). Since these are inner core redox reactions, modeling these
systems would require an accurate knowledge of the mechanism
involved (Percival and Bard, 2017). Furthermore, the role of Nafion
-enhancing the reaction kinetics of oxygenated species and modulating
the transport of material between top and bottom electrodes-makes the
system even more complex. Also, the porous nature of the electrode and
the structure of the Pt sputtered on paper add complexity to the system.
In any case, these diffusion-limited reactions provide paths for the
decomposition of peroxide on the front electrode and can be used to
explain why the Pt bottom electrode can act as a reference system.
Because of the cell configuration, peroxide should not enter the inner
space of the SOEC in a significant degree. Evidently, in the case of the
bottom electrode, the potential will depend on the material used. For the

Fig. 3. Representation of a cross-section of the SOEC. Region I defines the in-
ternal electrochemical cell space, stressing the role of the Nafion bridge and its
proton-conducting properties. Region II is the external interface. For visual
simplicity, the mix potential reactions have been only represented in the top
electrode, but they occur at both platinum surfaces (top and bottom electrodes).
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rest of the experiments a Pt/Pt system was used.
2.3. Switching operational modes

The Pt/Pt SOEC can be considered -also in analogy with spectro-
scopic pixels-a (pseudo)capacitively charged device. Initially, both Pt
plates (top and bottom electrodes) are subject to similar charging pro-
cesses produced by a combination of a purely capacitive mechanism
-due to the formation of the electric double layer (EDL)- and the Faradaic
mix potential reactions described above. These processes lead to a
slightly asymmetric pseudocapacitor due to the different local condi-
tions of top and bottom electrodes. The presence of peroxide alters the
charging mechanism of the front electrode, which accumulates charges
until reaching a new steady state. Therefore, once charged the SOEC can
be short circuited, generating a discharge current due to the equilibra-
tion of the potential of the two electrodes. If the circuit is re-open, the
charging process will start over. This sequence can be repeated several
times, producing consecutive charge-discharge cycles as shown in Fig. 4.
These time-dependent voltage and current profiles are the result of
different interdependent phenomena involving the purely capacitive
charging/discharging of the electrode interface together with the
potential-dependent redox reactions involved. Both, the OCP that is
generated during the charging cycle and the current produced during
the discharge cycle show a relationship with the concentration of
peroxide. The OCP profile builds up slowly, taking about 250s to reach a
steady state (for a 1 mM solution). The current profile, on the other
hand, develops much faster and shows two well-defined regions.
Immediately after the circuit is closed there is a sharp spike that decays
within a few seconds and is followed by a current that stabilizes in a
steady state value. These plots show that even for very short times the
signal is proportional to the concentration of peroxide. The region where
the current assumes a constant value confirms that there is a sponta-
neous Faradaic process involved. The sign of the current shows that the
working electrode is acting as anode, suggesting that this current is due
to the oxidation of peroxide (Reaction 5). Therefore, the cathodic process
in the back electrode is likely due to the ORR (Reaction 1), which is
largely enhanced due to the presence of Nafion (Parthasarathy et al.,
1992). Oxygen is a byproduct of the oxidation of peroxide, and -because
of its higher solubility in Nafion-, it could be contributing to the re-
actions observed. These time profiles are reproducible and can be used
to build calibration plots, as shown in Fig. 4. In short, these results show
that the SOEC can be operated in a dual mode, alternatively following
the potential and the discharge current. Evidently, the charge-based
measurements allow for signal integration, thus helping to further
enhance the response. Profiles of the total charge (Q) can be seen in
Fig. S3.

It’s been shown that for the discharge mode the current does not
reach the baseline level, but a plateau that depends on the peroxide-
concentration. Therefore, experiments were conducted using the SOEC
in totally short-circuited mode. In this case the cell behaves like semi-
open fuel cell. The addition of peroxide produces stepwise response,
with a steady state anodic current increasing with the concentration of
peroxide (Fig. 5).

This Faradaic current produced in the short-circuited mode confirms
the spontaneous electrochemical decomposition of peroxide, a process
in which the Pt structure and its surface state plays a key role. Pt is
partially covered by surface oxide layer, with a degree of coverage that
depends on the electrode potential. Since peroxide is adsorbed onto
pristine Pt sites, but it is oxidized in the PtO sites, the pathways for re-
actions 1 or 5 will be heavily influenced by the electrode potential. This
different reactivity has been the source of many issues in the electro-
chemical response of Pt to peroxide. Strategies favoring the formation of
an oxide layer, such as the application of a positive potential, facilitate
the oxidation of peroxide. Nevertheless, the non-spontaneous generation
of an oxide layer may lead to the formation of sub-surface oxide layers
that lead to irreversible electrode changes. In the SOEC, however, with
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Fig. 4. A) Switched mode: OCP followed by self-powered current measurement of the SOEC. Blank solution (dashed line) and 10°°M [H,0,] (solid line), with I: OCP
mean value for calibration curve, II: short-circuit to switch to current mode, III: mean value of current for the calibration curve. B) OCP and C) current response for 5
consecutive cycles for a 103 M [H,0,]. D) OCP and E) current response versus time for different concentrations of [H>05] (M). F) Corresponding calibration curves
for OCP and current measurements (in the faradaic current region) for the cycle number 2. All measurements have been performed in 0.1 M PBS solution (pH = 7.4).
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no voltage applied, the surface oxide coverage is enough to show good
and reversible response levels (both, potential and current). It is
important to mention that the response is highly reversible, i.e., the
SOEC can be rinsed and returns to baseline. Thus, any sensor can be
reused multiple times obtaining highly reproducible results (Fig. S4).
Significant work is still needed to elucidate working mechanisms on this
device in which the structure of the sputtered Pt and the use of Nafion
have a significant effect.

Optimization of the SOEC performance for both, current and po-
tential mode is currently underway. The results so far show good levels
of sensitivity, with linear ranges in the sub-micromolar to hundreds of
micromolar of peroxide. Furthermore, in previous works we have shown
that the performance of these mix-potential based systems can be tuned
by suitable selection of the PEM (Baez et al., 2020). In fact, we have
demonstrated the potentiometric detection of glucose in whole,

undiluted blood (among other substances) (Canovas et al., 2020) using a
Nafion-Pt electrode in a conventional cell. One of the most interesting
advantages of this device is the compact size of the electrochemical cell,
since only one electrode is exposed to the working solution. It is also
worth noticing that having the internal reference electrode resting
behind the Nafion membrane has two important consequences. First, the
reference system is shielded from the matrix. It has been shown that
Nafion provides a permselective barriers and minimizes the electrode
biofouling. Second, the sample solution is not needed to close the elec-
trical circuit. Once hydrated, the electrode can be removed from the
solution and even if the surface is gently dried, the electrical circuit
remains closed, and the electrode properties (baseline potential or cur-
rent) remain unchanged (Fig. S4). All these features should simplify the
development of electrochemical tools that must work with untreated
samples and require low sample volumes, such as point of care devices.
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2.4. From individual pixels to sensing arrays

There is an additional advantage of the SOEC configuration that
shows promise in the development of novel sensing platforms. Since the
reference electrode is a back plate that lays behind the Nafion coating,
several SOEC immersed in the same solution could be sharing the same
reference system. In practical terms, this means that the back electrode
of each SOEC could be replaced by a single plate that acts as reference
system for several sensors. In practical terms, this can be realized by
using a large back electrode coated with a layer of Nafion. Over this
layer different top (working) electrodes are located (Fig. 6A). In this
system the potential of the front electrodes can be individually moni-
tored against a single back plate. To prove this concept, three Pt working
electrodes were placed on a single strip of Pt/Nafion paper to create a
three-sensor array. First, the calibration of peroxide for the three sensors
was performed (Fig. 6B, Figs. S5 and S6). The results obtained for each
one of the sensors is similar to that obtained when using the sensors
individually. Remarkably, the time traces of Fig. 6B show that the use of
a single back plate electrode reduces the sensor-to-sensor variability,
which should help in the future to develop more robust calibration ap-
proaches. Thereafter, one of the Pt electrodes was functionalized with
glucose oxidase (Gox) enzyme. When Glucose is added, only the Gox-
functionalized sensor produces a response (Fig. 6C). This means that
the peroxide generated by the Gox is not detected by the nearby pixels.
This is likely due to the rapid consumption of peroxide on the pixel
where is generated, and the dilution effect produced by the solution.
This is an important factor when considering pixel cross-talk. Following
the addition of glucose, peroxide was added, producing a response in all
the three pixels.

These results confirm the feasibility of the SOEC for creating elec-
trochemical dot-matrix arrays using individual top electrodes. The re-
sults in Fig. 6 evidence one of the key advantages of these type of
systems, which is the simultaneous monitoring of the signal and its
baseline level. This should allow, for example, the detection of in-
terferences and the minimization of their effects. Additionally, as it was
mentioned above, the simultaneous detection using many functionalized
pixels should reduce the need for calibrations and increase the robust-
ness of the determinations. Finally, we are currently developing pixels
functionalized with different recognition elements allowing for the
simultaneous detection of multiple biomarkers. In this case, an obvious
advantage of the SOEC when compared to conventional systems is the
significant enhancement of the surface density of sensing units, which
leads to a significant decrease of the detection volume. In conventional
systems, the cell must accommodate 2 or 3 electrodes, which means that
for N target molecules an array must have 2N-3N electrodes in contact
with the sample. In the SOEC, only N electrodes are needed. This should
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reduce the sample volume and simplify the development of systems that
require compact and simple detection, such as wearable and micro-
fluidic devices.

3. Conclusions

This work has introduced a new approach to design an electro-
chemical cell with a vertically stacked configuration and an internal
reference electrode. This has been achieved through the combination of
a porous top electrode and polyelectrolyte material. Therefore, unlike
conventional sensors where the sample becomes an essential part of the
electrochemical cell, this configuration (SOEC) allows the development
of a standalone cell with the ability to monitor an external electro-
chemical property. Because of this unique architecture and operational
modes, we have coined this system an electrochemical pixel. The results
have shown that this novel design allows may provide several practical
advantages, especially in the development of tools for the point of need.

From the design perspective, the use of the macroporous working
electrode in combination with a polyelectrolyte material to create the
SOEC provides two unique design features. First, the vertically stacked
configuration allows the development of compact sensors with only one
electrode in direct contact with the sample solution. This geometry
should simplify the drop-based and flow-based detection approaches.
With only one electrode to contact, the sample volume and the
complexity of the sample introduction should be significantly reduced.
Second, the use of an internal (pseudo)reference electrode shields the
reference system behind a polyelectrolyte membrane, providing ways to
enhance the robustness of the sensor. Finally, we have shown that the
reduction of the number of electrodes exposed in the surface and the use
of a single back plate as a reference electrode facilitates the creation of
densely packed electrochemical sensing arrays.

These exceptional design features create unique operational char-
acteristics since the disposition of the electrodes allows the creation of
an asymmetric cell behavior. The self-power approach reduces the
instrumental complexity (by eliminating external power supplies) and
has the potential to enhance the detection (Karyakin et al., 2007). Sec-
ond, the possibility to operate the system in three modes -potential,
current and switched current/potential -increases the versatility of the
detection. Last, but not least, the direct detection of peroxide avoids the
need of additional enzymes and redox mediators.

The experimental approach employed in this work was meant to
provide only a proof of principle of the system. The construction of the
working electrode by sputtering metals on paper provides a simple and
practical way to create porous electrodes. We are currently exploring the
use of nanomaterials -particularly functionalized nano-inks- to improve
performance and reduce the amount of material used. Similarly, other
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Fig. 6. A) Schematic representation of the SOEC array. Top: diagram of the cells, showing one single back plate and multiple individual top electrodes. Bottom:
assembled array, where R is the reference and W; are the different working electrodes; B) Time trace of the SOEC array upon additions of H,O» (numbers in the plot
indicate the concentration of peroxide in pM). C) Time trace of the SOEC array upon additions of glucose and H,0,, i.e. the array consists of a glucose sensor and two
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materials beyond Pt -particularly nanocomposites with controlled
reactivity-can help to create electrochemical pixels with different
detection capabilities. Methods to control pore geometry and size may
further enhance the performance and expand the use of these approach.
Regarding the PEM, Nafion is a standard material that shows good
performance in solid state electrochemical cells. In previous works we
have shown that other materials can be used to modify the performance,
and this should be also an area of improvement. Also, the material of the
back electrode is another interesting area of research. In all these cases,
the work of the sensor in the current and potential mode may require
different approaches.
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