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Spatial confinement of chemical reactions or physical effects may lead to original phenomena and new
properties. Here, the generation of electrochemiluminescence (ECL) in confined free-standing 2D
spaces, exemplified by surfactant-based air bubbles is reported. For this, the ultrathin walls of the
bubbles (typically in the range of 100—700 nm) are chosen as a host where graphene sheets, acting as

bipolar ECL-emitting electrodes, are trapped and dispersed. The proposed system demonstrates that the
Received 21st August 2022 ired potential for th tion of ECL is up to three orders of itud l dt
Accepted 20th November 2022 required potential for the generation o is up to three orders of magnitude smaller compared to
conventional systems, due to the nanoconfinement of the potential drop. This proof-of-concept study

DOI: 10.1039/d25c04670a demonstrates the key advantages of a 2D environment, allowing a wireless activation of ECL at rather
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Introduction

Confined interfaces have a major impact on chemical or elec-
trochemical reactions in different manners, determined by the
dimension of the restricted space and the nature of the inter-
face. Well-known examples are surface-confined systems, redox
species in layered materials or in a nanotube, and three-
dimensional spaces, where the movement is restricted to the
nanometer range.' The latter case is often exemplified by mes-
oporous materials, where the nano-confinement affects the
mass transport and the residence time inside a porous elec-
trode.> This concept is known as Knudsen-diffusion. The
Knudsen theory explains that in certain regimes the probability
of collision of target molecules with the electrode is higher than
with other molecules.® This significantly impacts the electro-
chemical activity, if the adsorption is not the rate-determining
step.* This concept has been widely used in complex systems,
e.g. for imaging and sensing in living cells and for other bio-
analytical applications to reduce the required potential or to
considerably amplify the current.>®
Electrochemiluminescence (ECL) is a light emission process,
triggered by the electrochemical excitation of a luminophore,
which found many sensing applications, particularly in clinical
analysis and biological research.®*” This is due to ECL's high
sensitivity and selectivity, exceptionally low background, high
linear dynamic range, chemical stability of the luminophore,
straightforward conjugation of the ECL-label to biomolecules,
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low potentials, compatible with (bio)analytical systems.

and temporal resolution."®** ECL involves an electron transfer
process at the surface of an electrode, followed by a sequence of
reactions, which eventually leads to the excited state of the
luminophore.*?** The relaxation of this excited state results in
photon emission. The ECL emission is typically generated in
a thin layer of an electrolyte solution in the immediate vicinity
of an electrode.”® This is due to the (i) spatial limitation of
direct electron transfer to nanoscale regions around an acti-
vated electrode and (ii) the diffusion limitation of radical
species with short lifetimes acting as sacrificial co-reac-
tants.>*”*® Thus, the observed light emission is intimately
related to the electrode, which is a limiting factor compared to
conventional chemiluminescence that occurs in the bulk of
a solution.”*" This problem has been addressed by using
bipolar electrochemistry (BPE) as a wireless approach to
generate light in the bulk of a solution.*** Typically, the
conductive objects should be well-dispersed in the solution
allowing their wireless polarization by the electric field resulting
in simultaneous generation of ECL on each individual object.
The consequence of this collective behaviour is a strong lumi-
nescence in a 3D reaction space, which has opened up new
applications e.g, the tracking of (micro)objects.***® Despite the
advantages of this system, there are critical issues, which have
not been addressed yet:

The polarization voltage (AV) generated across a conductive
object is proportional to the external electric field (¢), and the
dimension of the object (I):

AV =¢xl (1)

Thus, for microparticles, the required electric field is theo-
retically extremely high, e.g., >1 kV em ™" to obtain a difference
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of 2.4 V (the potential difference between the oxidation of the
ECL reagents at the anode and reduction of oxygen at the
cathode)* between the extremities of for example 30 pm
objects, and hence not applicable for most systems.*”

The objects should be well-dispersed in solution, typically via
a gelation process to prevent sedimentation, aggregation and/or
rotation. This limits the application of this system to environ-
ments with an appropriate viscosity.>*"

Exploring novel designs and systems to overcome the
abovementioned limitations is of critical importance to develop
sensitive detection schemes for biomedical applications, e.g., in
bioanalytical assays.*® Thin reaction environments* e.g. planar
light-emitting electrochemical cells or soap layers have been
introduced in conventional electrochemical systems, among
others for electroanalysis applications, in which only low
potentials are allowed due to the fragility of bubble layers.*
Ciampi and coworkers reported a higher electrochemical reac-
tivity promoted at the corona of gas bubbles adhering to an
electrode surface.* Recent studies demonstrated a spatial
confinement of voltage drop at nanodimensional spaces e.g.,
micro/nanopores or at the tip of nanopipets. This resulted in
the asymmetric polarization of bipolar electrodes at signifi-
cantly lower voltages compared to typical BPE systems.*”**

In this contribution, we were able to achieve ECL emission
inside the ultrathin layer of a soap bubble as a 2D reaction
space by designing a novel bipolar electrochemical setup that
offers a strong confinement (see the schematic illustration in
Scheme 1). The thin layer was loaded with 2D graphene
microparticles acting as bipolar electrodes, as well as with
a luminophore and a co-reactant. The network of graphene
sheets placed in the aqueous phase between the surfactant
layers of the bubble resulted in well-dispersed microcolloids.
This novel system (i) very significantly reduces the applied
potential required for ECL by up to three orders of magnitude,
due to the confinement of the electric field, (ii) eliminates the
precipitation problems of conductive bipolar electrodes since
the particles are trapped within the 2D layer of the bubble
(Scheme 1) and (iii) guarantees a perfect orientation of the

0.1-1 pm J|“, air

.-,
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bipolar objects with respect to the electric field lines without
using the typical viscous media.

Results and discussion

The bubble consists of sodium dodecyl sulfate (SDS) (surfac-
tant), glycerol, polyoxyethylene (10) cetyl ether (Brij C10), gra-
phene sheets (bipolar electrodes),  tris(2,2"-bipyridyl)
dichlororuthenium(n) hexahydrate (Ru(bpy);>*) (luminophore),
and 2-(dibutylamino) ethanol (DBAE) (co-reactant) in a phos-
phate buffer (pH = 7.4). We selected DBAE because it is an
efficient co-reactant leading to strong ECL emission, which
follows the so-called oxidative/reduction pathway.*>** Typically,
soap bubbles quickly burst due to a combination of different
mechanisms such as liquid evaporation, gravity-induced
drainage, and nuclei-induced initiation.** The bursting mech-
anism depends on the composition of the bubble.** While some
studies suggested exceptionally stable bubbles, they are often
based on the protection of the outer layer of the bubble with
multiple layers of polymer coatings.*** It is also known that the
addition of glycerol to the bubble composition slows down the
water evaporation process due to its hygroscopic properties,
allowing to compensate for the gradual water loss,** whereas the
long chain Brij C10 is added to the bubble composition to
improve its mechanical stability. Here, the bubble composition
has been optimized to ensure a good dispersion of the graphene
microparticles in the bubble layer, while providing mechanical
stability upon applying a potential, avoiding instantaneous
bubble bursting.

Single/few-layer graphene sheets have shown promising
potential for various applications due to their unique proper-
ties, eg high electrical conductivity and mechanical
flexibility.**>* We have previously employed relatively large
graphene derivatives, either supported on a substrate®* or at the
liquid/air interface,® as bipolar objects and selectively deco-
rated via BPE. Also, our recent studies demonstrated the precise
tuning of the oxidation degree of graphene oxide sheets via
BPE.> The degree of oxidation was adjusted by controlling the

ECL ...

emission

Feeder electrodes
(Conducting carbon paper)

BPE substrate
(non-conducting)

7

Scheme 1 Schematic overview of ECL occurring within the thin layer of a soap bubble using graphene sheets as bipolar electrodes, in the
presence of Ru(bpy)z>* and 2-(dibutylamino) ethanol (DBAE) as a luminophore and co-reactant, respectively; the bubble images are schematic.
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reaction time and the applied electric field. Here, aqueous
suspensions of two-dimensional graphene sheets, prepared via
a scalable wet technique, were directly used. The graphene
sheets were obtained by exfoliation of graphite particles with
a layered crystal structure via a tip sonication procedure®*®
using the abovementioned bubble solution in the absence of
the luminophore and co-reactant (Fig. S1). Suspensions with
0.1, 1 and 4 mg ml~" graphene concentrations were prepared
for this study (see ESIf for more details). The preparation
process is designed to achieve single/few layer graphene sheets
in samples with low concentration (0.1 mg ml ). However,
when increasing the concentration of graphene sheets (1 and
4 mg ml™ "), the formation of stacks of graphene is inevitable,
resulting in the generation of microplatelets.

The bubbles were formed and positioned in the bipolar
setup between two feeder electrodes using a pipet (see ESIT).
The thickness of the walls of these bubbles can be roughly
estimated based on the colour pattern at the thin film interface
(Fig. 1a).”” It is evaluated to be 100-700 nm, by matching the
colour pattern of the bubble to a reference colour map. Note
that the thickness distribution is time dependent as the bubble
is not at equilibrium. The images were taken using a digital
camera immediately after formation of the bubble with an
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Fig. 1 Bubble formation and stabilization. (a) Images of bubbles of
different sizes. (b) Schematic illustrations of the bipolar setup and the
tuning of the temperature using liquid nitrogen (LN,). (c) Temperature
of the container of the bipolar setup as a function of time; inset:
images of frozen bubbles at —15 °C, and —10 °C, in which the bubbles
are stable for ECL measurements. All experiments are measured using
bubbles with an initial temperature of —15 °C.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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exposure time of 0.1 s. To enhance the mechanical stability of
bubbles, they were cooled down/frozen prior to experiments in
order to delay water evaporation. Bubble bursting as a result of
water evaporation is accelerated once the potential is applied
due to Joule effect. Thus, the container where the bipolar
systems are placed is first cooled by pouring liquid nitrogen
(LN,) (Fig. 1b(i)). After evaporation of LN,, the setup is placed in
the container followed by the formation of a bubble via air
blowing during pipetting (Fig. 1b(ii) and (iii)).

In order to guarantee a stable system, the temperature of the
container after LN, evaporation is measured. Immediately after
the evaporation, a temperature of —24 °C is recorded, which
eventually goes back to room temperature within ~30 min
(Fig. 1c). The bubbles at —24 °C are not stable and shrinkage
and/or breaking is systematically observed (Fig. S2t). However,
after 2-5 min, when the temperature rises to —15 °C to —10 °C,
the bubbles are stable (Fig. 1c, inset and Fig. S3t). Thus, the
experiments were all started at an initial temperature of —15 °C.

In the next step, the generation of ECL in bubbles containing
graphene microplatelets as bipolar objects has been explored.
As described earlier, extremely high potentials are typically
required to provide sufficient polarization of micro/nanosized
bipolar objects. Hence, considering the approximate size of
the conductive particles in this study i.e., ~2.2 pm (I) (Fig. S47),
and the minimal polarization of 2.4 V (AV) to couple anodic
(oxidation of the ECL reagents) and cathodic reactions (reduc-
tion of oxygen) on a carbon substrate,* the required electric
field (¢) to polarize the particles would be >10 kV cm ™" (eqn (1)).
Such high values of ¢ cause several technical problems and are
thus not applicable for most ECL systems, including the fragile
soap layers. Hence, larger assemblies of conductive objects, as
well as confining the potential drop® to the ultrathin walls of
bubbles, are utilized to reduce the required potential, allowing
a sufficient polarization of the conductive objects at lower
potentials. Increasing the concentration of the graphene
microplatelets is expected to induce aggregation due to hydro-
phobic interactions. Therefore, different concentrations of
graphene (0.1, 1, and 4 mg ml™) have been examined in order
to achieve the formation of larger clusters of graphene sheets
i.e., microplatelets in the bubble layer and hence allowing
a sufficient polarization even at lower applied electric fields.
Dynamic light scattering (DLS) measurements of freshly soni-
cated samples indicated average cluster sizes of ~1.2, 2.2, and 5
um for graphene solutions with concentrations of 0.1, 1 and
4 mg ml', respectively (Fig. S41). Moreover, analyzing the
concentration of the graphene solutions demonstrated the
precipitation of up to 30% of the sheets after 2 min, indicating
further colloid formation (see ESIY).

A range of potentials (1-30 V) was applied to the extremities
of bubbles formed between feeder electrodes with 6 mm
distance (see the ECL setup in Fig. S51), revealing that they are
not stable at ¢ values higher than 33 V em ™' (Fig. 2a). The
accelerated bubble-bursting is related to the liquid evaporation
upon applying the electric field. The ECL intensity was
measured as a function of the applied electric field for all
concentrations of graphene, using the bipolar setup and
bubbles at an initial temperature of —15 °C by taking their
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Fig.2 ECL intensity of bubbles placed in a 6 mm setup. (a) The impact
of the magnitude of the average electric field on ECL intensity in the
presence of 0.1, 1 and 4 mg ml™ graphene microplatelets. (b) The
intensity of ECL in the presence of a wide concentration range of
graphene microplatelets (0.001-12 mg ml™Y) at a constant electric
field of 33V cm™t

images in a dark environment with a CCD camera. While no
ECL was observed at ¢ values below 8 Vem ™, 1 and 4 mg ml ™
graphene samples showed an ECL response from 12.5 to 25
V cm™'. Remarkably, these values are approximately three
orders of magnitude smaller than the theoretical value for
a ~2.2 um bipolar object (>10 kV cm™"), as mentioned earlier.
This is attributed to the spatial confinement of the voltage drop
in the ultrathin soap bubble layer, leading to a higher driving
force. From a conceptual point of view, this experiment can be
considered as being an intermediate set-up between open and
closed bipolar electrochemistry configurations. In the latter
case, a quite small electric field is required since the entire
potential drop occurs between the two extremities of the bipolar
electrode, as there is no alternative current path. In contrast, in
the completely open set-up only a small fraction of the current
goes through the bipolar object because there is a strong
competition with the current flow through the surrounding 3D
electrolyte environment and therefore higher driving forces in
terms of voltage have to be applied to generate the same current

14280 | Chem. Sci, 2022, 13, 14277-14284
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as the one flowing through the bipolar object in the closed set-
up. The parasitic current flow is drastically reduced in a 2D
setup, thus leading to a lower overall potential difference to
drive the redox reactions at the bipolar electrodes.

Another explanation for the much lower electric fields might
be simply the aggregation of graphene particles leading to
bigger clusters which can be polarized more easily. However,
the solutions for preparing the bubble and the ones used for
DLS measurements are very similar. Both solutions are soni-
cated in an identical way and the experiments (DLS and bubble
generation) are performed immediately after sonication.
Moreover, the bubbles are immediately frozen after generation.
Hence, the dispersion of graphene in the bubbles should be very
similar compared to the DLS measurements. Nevertheless, the
possibility of aggregation of particles after applying potential,
along with the melting of the bubble wall, must be considered.
Theoretical calculations show that activating bipolar ECL at
12.5 V em™ "' (Fig. 2) would require conducting objects with
a minimum size of 2 mm. Considering the size of the setup (3
and 6 mm), a homogeneous distribution of luminescence, such
as the one shown in Fig. 3b, would not be possible if 2 mm long
aggregates were the emitters, because light emission should
then only occur at the anodic extremity of such objects. This
would lead only to a very small number of light emitting spots,
distributed randomly over the bubble surface. Moreover, anal-
ysis of the pixels of the corresponding images demonstrate that
the size of each pixel is ca. 1.4 pm. Except in bubbles obtained
from a 4 mg ml~' graphene solution, for which 0.1-0.2 mm
shiny spots are observed, the 1 and 2 mg ml~* bubbles do not
show any spot bigger than the pixels’ size. Even in the case of
the 4 mg ml~" solution, the size of the light emitting spots is too
small to be explained by a “normal” potential drop. This
confirms that the size of emitting particles must be very small
and that the ECL activation at low potentials is strictly due to
the spatial confinement.

Furthermore, the ECL intensity was significantly larger for
the 4 mg ml ™" samples, which is attributed to the more frequent
formation of big colloidal particles (Fig. 2a). This affects ECL
intensity not only because of the presence of larger colloids, but
the bigger size of bipolar electrodes under nanoconfinement
enhances also the collision frequency of target molecules with
the electrodes. The ECL of bubbles, located between feeder
electrodes with a 3 mm distance, could be triggered already for
lower potentials, and higher intensities were observed
(Fig. S61). This is due to the direct relation between the applied
voltage and the distance between the feeder electrodes accord-
ing to eqn (S1).7°® It should be noted that the charge transfer
between feeder electrodes is occurring over the entire interface
with the bubble and hence at a slightly different electric field
strength depending on the position on the bubble. At the
bottom (in the plane of the feeder electrodes), ECL intensity
might be stronger due to shorter charge migration distance,
however this part is hidden inside the ECL setup and is there-
fore not visualized. Hence, an average for the electric field is
calculated based on an average distance between feeder elec-
trodes through the bubble wall, assuming that the distance
between feeder electrodes at top and bottom part of bubble is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The correlation between ECL and the aggregation of graphene
sheets; (a) schematic illustration of a bipolar electrochemical setup
(left) and an image of an initially frozen bubble at —15 °C placed
between feeder electrodes that are covered with a membrane to avoid
their direct contact with the bubble (right, 6 mm bubble) (see also
Fig. S51). (b) Images of the light-emitting bubbles (taken from the
upper side angle, as shown in Fig. 1b) with 0.1, 1, and 4 mg ml~* gra-
phene content; 6 mm bubbles. (c) Dispersibility of graphene sheets in
the original solution, which was used to prepare the bubbles, during 4
minutes after bath sonication.

equal. In order to allow for a better comparison of the different
experiments, the ECL intensities were all measured from
images captured after 5 seconds of applying potential, with 5
seconds exposure time.

To provide a better insight into the effect of graphene
concentration on the ECL intensity, a more detailed study,
using a wide concentration range of graphene from 0.001 to
12 mg ml ™ for a constant ¢ value (33 V cm '), was performed
(Fig. 2b). While only weak luminescence was recorded with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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a 0.1 mg ml " solution, the intensity significantly increased for
1 mg ml~" and reached its maximum value at 4-8 mg ml™".
Moreover, the lifetime of bubbles with 12 mg ml~" was shorter
and bubbles containing even higher concentrations were
unstable, which did not allow recording their ECL response.

The images of the illuminating bubbles and the experi-
mental setup are shown in Fig. 3 and S5.1 The ECL emitted by
the spherical bubbles (Fig. 3b) was captured for a given electric
field (33 V em ') in a 6 mm setup. The same behaviour is
recorded in setups in which two interconnected bubbles are
placed between the feeder electrodes (Fig. S71). While no ECL
was observed for bubbles generated from solutions without
graphene (i), a quite uniform luminescence was detected for
bubbles containing a low concentration of graphene moieties
(ii) attributed to the homogeneous distribution of the bipolar
microobjects. Further increasing the concentration of graphene
microplatelets leads to a globally stronger emission and the
appearance of hot spots with locally higher ECL intensities (iii
and iv). This can be explained by the formation of larger
aggregates of graphene at higher concentrations, as well as the
formation of a localized nanoconfinement within the colloidal
graphene aggregates and at their interface with the bubble
walls, acting similar to a mesoporous structure."

It should be noted that the polarization potential is
proportional to the size of the bipolar electrodes, which under
these conditions have a certain polydispersity (eqn (1)). To
confirm the aggregation of the bipolar objects, the final
concentrations of graphene microplatelets remaining in the
supernatant of suspensions with initial concentrations of 0.1, 1,
and 4 mg ml~" were measured during 4 minutes after a soni-
cation step (Fig. 3c, see ESIT for more details). As expected,
a faster precipitation was observed for solutions with higher
concentrations, indicating the lower graphene dispersibility
and thus a more rapid aggregation/precipitation.> The bubbles
were generated from solutions that were freshly sonicated. The
precipitation rate for the 1 and particularly 4 mg ml~" solution
is significantly higher than for the more diluted samples
(Fig. 3c). This is reflected by the more localized ECL emission of
bubbles prepared with these higher concentrations (Fig. 3b(iv)).

Finally, the ECL response of a bubble containing 1 mg ml™*
graphene along its lifetime has been analyzed when applying 33
V em™", while imaging with 5 seconds exposure time (Fig. 4).
The bubble was generated and positioned in the bipolar setup,
which then was placed in a container with a temperature of
~—15 °C. It should be noted that while the temperature of the
bubble’s surrounding is initially below the freezing point of
water, the bubble temperature is expected to be >0 °C during
ECL measurements upon applying the potential due to the Joule
effect.”® The ECL intensity and distribution is illustrated for
a period of 30 s in Fig. 4. As it can be seen from Fig. 4, ECL is
already observed after only 5 seconds. This demonstrates that
the bubble cannot be any longer in the frozen state as ion
transport is required for the electrochemical reactions. The
image captured after applying potential for 20 s shows some
holes at the top part of bubbles, which demonstrates that the
bubble walls are liquid, but the membrane is still at

Chem. Sci., 2022, 13, 14277-14284 | 14281
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Fig. 4 ECL of a bubble during its lifetime. ECL images of a bubble
(taken from the upper side angle, as shown in Fig. 1b), keptina —15 °C
environment, for 30 seconds with 5 seconds exposure time during the
imaging (a) and the corresponding ECL intensities (b). 6 mm bubbles.

a temperature which is low enough to stabilize these defects due
to a sufficiently high viscosity.

The first image exhibited areas on the bubble with consid-
erably higher ECL intensities (Fig. 4a(i)). This is because frozen
areas still exist and light is only produced through a percolation
path along the particles where the temperature is already >0 °C.
Once the entire bubble is at >0 °C, the light emission becomes
very homogeneous (Fig. 4a(ii) and (iii)). Notably, the ECL
intensity was very pronounced during the first 15 seconds,
before a partial breaking of the bubble starts, leading to lower
intensities (Fig. 4a(iv), (v) and b), until no luminescence is
observed (Fig. 4a(vi) and b). Note that if no potential is applied,
the bubbles are stable for >10 min (Fig. S31). The initial
enhanced intensity is related to the completion of the phase
change of bubble walls from solid to liquid, which results in
a lower resistance at the interface between the bubble and the
membranes covering the electrodes, as well as an enhanced
mass transfer in the surroundings of the bipolar objects.

Conclusions

In conclusion, this study demonstrates for the first time the
possibility to trigger ECL in an original confined 2D space i.e.
inside the ultrathin walls of soap bubbles, loaded with gra-
phene sheets/microplatelets as bipolar objects. Despite the
small size of these bipolar electrodes (<5 um), it is possible to
activate ECL at potentials which are three orders of magnitude
smaller than the theoretical value. This exceptional behavior is
attributed on the one hand to the formation of larger 2D
aggregates of graphene sheets in the aqueous phase of the soap
layer, due to hydrophobic interactions. On the other hand, the
confinement itself allows focusing the potential drop precisely
in the plane of the graphene sheets, which drastically decreases
bypass currents that otherwise would dominate the current flow
in an open 3D configuration. This makes the set-up comparable
with a closed bipolar electrochemical cell, in which the polari-
zation of conducting objects is much easier.*® In addition, this
particular electrochemical setup traps the conductive objects
and thus eliminates one of the challenges of performing BE in
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bulk solutions concerning the conservation of the orientation of
the bipolar objects, which typically requires the use of a gel
electrolyte. The proposed system, taking advantage of the nano-
confinement in an original setup, offers the generation of ECL
at exceptionally low potentials via a wireless electrochemical
approach, which might open-up new possibilities for bio-
analytical applications. While this proof-of-concept study is
focused on the elaboration of such a 2D nanoconfinement in
the walls of a pre-frozen soap bubble, the ECL reaction itself is
occurring in the liquid state and the bubble walls are solely
intended to provide a thin 2D layer. This demonstrates that the
main requirement for minimizing the driving force in terms of
input potential is the presence of the nanoconfinement.
Therefore, these findings can be generalized and expanded to
other systems that are able to provide a similar confined envi-
ronment, but do not necessarily require low temperatures, and
therefore become also compatible with biological systems.
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