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Wireless imaging of transient redox activity based on bipolar light-emitting electrode arrays
Gerardo Salinas*, S. Mohsen Beladi-Mousavi, Liubov Gerasimova, Laurent Bouffier, Alexander Kuhn*
Univ. Bordeaux, CNRS, Bordeaux INP, ISM, UMR 5255, ENSCBP, 33607, Pessac, France.

ABSTRACT: Bipolar electrochemistry (BE) is a wireless electrochemical technique, which enables
asymmetric electroactivity on the surface of conducting objects. This technique has been extensively
studied for different electrochemical applications including synthesis, separation, sensing, and
surface modification. Here, we employ BE for imaging the transient electrochemical activity of
different redox species with high accuracy via an array of light-emitting diodes having different
lengths. Such a gradient allows the differentiation of redox systems due to their intrinsic difference in
thermodynamic potential and the evaluation of their diffu-sional behavior based on the intensity of
light emission. The result is an instantaneous optical readout of analytical information, equivalent to
classic electrochemical scanning techniques such as linear sweep voltammetry.

Electrochemical methods are powerful tools for the evalua-tion of redox activity of different species
in solution.1 Bipolar electrochemistry (BE) is a particularly interesting approach due to the wireless
generation of asymmetric electroactivity on the surface of a conducting object.2-5 In the simplest
exper-imental configuration, a conducting object is freely positioned in an electrolyte solution
between two feeder electrodes. Upon exposure to an external electric field (), a polarization
potential difference (AV) is generated along the object. In the presence of electroactive species,
redox reactions can occur at its both extremities, as long as AV exceeds the thermodynamic
threshold potential required to trigger both reactions simulta-neously (AVmin). Above this critical
potential, the conducting object behaves as a bipolar electrode (BPE). This approach has been
extensively used in electrosynthesis,6 photo-electrochemistry,7 electrochemical separation8 and
electro-chemical sensing.9,10 In particular, the wireless optical imaging of redox activity is a very
attractive concept.11,12 It is based on the coupling of a redox reaction of interest at one extremity of
the BPE, with an optical readout produced by a chemical or electrochemical reaction, at the opposite
side of the device.13-16 Redox activity at one side of a BPE has been monitored by the modulation of
fluorescence intensity17,18 or electrochemi-luminescence (ECL) emission.19-21 Commonly, ECL has
been used as an accurate readout of the electrochemical information of a coupled redox
reaction.22,23 An interesting approach is to mimic conventional potentiodynamic current recordings
by the correlation between the ECL intensity and the interfacial potential gradient across a BPE.24,25
For example, Crooks et al. obtained an optical potentiodynamic curve by using a triangu-lar-shaped
BPE. The triangular configuration mimics a classic three-electrode configuration, since the larger side
acts as the counter electrode and the tip as the working electrode. Such a geometry ensures that the
rate of the ECL reaction is not limited by the corresponding reduction, leading in fine to
electrochemical information similar to the one obtained by conventional potential sweeping
methods.24 Anand et al. generated similar optical potentiodynamic curves by using an array of
closed BPEs. In this case, the overall interfacial po-tential gradient is controlled by the distance
between each BPE and the feeder electrodes.25

Scheme 1. lllustration of the bipolar light-emitting elec-trode array with a representation of the
associated chemi-cal reactions.



Apart from ECL, a promising alternative is the use of light-emitting diodes (LEDs) for the direct
visualization of bipolar electrochemical reactions. In such devices, light emission can be triggered
either by coupling thermodynamically spontane-ous reactions to the terminals of the LED26,27 or by
using an external electric field as a driving force.28-32 Recently, such approaches have been used for
the readout of chemical infor-mation via the light emission originating from the integrated LED.
These systems are based on the selective oxidation of biochemical33 or chiral probes34,35 at the
anodic terminal of the LED, coupled with the reduction of protons at the cathodic side. In such
devices, the analytical information is directly encoded by the electric current passing through the LED
and thus also by the concomitant light emission. Herein, we take advantage of such a light-emitting
device to design a light-emitting bipolar array, which allows imaging the redox activi-ty of
electroactive species via a gradient of BPEs with differ-ent lengths (Scheme 1). Considering that the
maximum polari-zation potential difference for a given electric field value, is proportional to the
length of the BPE, a gradual change in the length of the object produces a gradient of AV along the
array. Thus, under these conditions, only the BPEs with a AV above the thermodynamic threshold
potential can emit light. The major advantage with respect to the other optical BE readout
approaches reported in the literature so far, essentially based on ECL, is that no other chemical
ingredients such as a lumi-nophore and an ECL co-reactant are necessary. This potential-ly avoids any
parasitic reactions with the analyte, when the detection scheme is for example based on the use of
DNA or enzymes.

The light-emitting bipolar array was assembled by connect-ing a gold wire to the anode and the
cathode of each LED. In brief, thirty-seven LEDs, with 1 mm spacing between them, and their
corresponding Au electrodes were immobilized on a glass plate. Of course, the number of LEDs can
be adjusted if necessary. The electrodes and the LEDs were connected using electrically conductive
silver paste. Afterwards, each BPE was cut to the desired length (between 1 and 2.08 cm, Figure 1a),
and their theoretical polarization potential difference (AVtheo) was calculated for different electric
field values (Fig-ure S1). Considering the intrinsic threshold potential of the used LED (1.55 V), electric
field values below 0.75 V/cm do not provide enough driving force to switch on any of the BPEs. When
the applied electric field is gradually increased, AVtheo allows switching on exclusively the LEDs
having the appropriate length. The threshold potential is modulated by the difference in
thermodynamic potential between the anodic and cathodic reactions. Thus, redox reactions with a
relatively small peak-to-peak separation (AV) between the anodic and cathodic reactions require a
lower driving force to switch on the LEDs. As a proof of concept, the redox couple hydroqui-none, i.e.



benzene-1,4-diol/1,4-benzoquinone (HQ/Q) was used as the initial probe, since it presents a
relatively small AV i.e., 110 mV (Figure S2).

The light-emitting bipolar array was placed at the center of a bipolar cell, containing for the first
control experiment only an aqueous 5 mM LiClO4 solution. The electrochemical re-sponse of the
bipolar electrode array was monitored by video macroscopy recordings of its light emission. As
stated above, an electric field above 0.75 V/cm is required for the BPE array to emit light, thus, an
of 1.5 V/cm was applied. Under these conditions, the generated AV is insufficient to trigger the
oxidation and reduction of water at the anodic and cathodic arms of the LEDs, respectively (Figure
S3, red line). Howev-er, when the same experiment is carried out in the presence of an equimolar
HQ/Q solution (5 mM), this redox probe causes a decrease in the required driving force to trigger
light emis-sion (Figure S3, black line). As stated above, only the BPEs experiencing a AV above the
thermodynamic threshold poten-tial can trigger the oxidation and reduction of HQ and Q,
respectively (Scheme 1). By plotting the average light intensi-ty as a function of the BPE length, it was
possible to obtain an almost sigmoidal response (Figure 1). This behavior can be considered as the
analog of a potentiodynamic response ob-tained by conventional linear sweep voltammetry. For a
given electric field (1.5 V/cm), BPEs having a length in the range between 1.6 and 1.9 cm show the
characteristic exponential increase in signal, associated with the charge transfer limited kinetics
(Butler-Volmer regime, Figure 1, pink region). For BPEs with a length above 1.9 cm, the driving force
becomes so strong that light emission is governed by mass transport limitations (Figure 1, green
region). Theoretically, this de-crease of light intensity might be also related to a possible passivation
of the electrodes, in particular when using the HQ/Q redox probes. However, a similar decay of light
intensi-ty as a function of time is also observed when using the Fe(CN)64—/Fe(CN)63— redox couple.
This leads us to the con-clusion that the decrease of light intensity is the result of the local depletion
of analyte.

(a)

Butler-Volmer Mass transport

ty / a.u.
8B

t=0.85s

‘»
([ o=
QD 154
[ =
o t=2s
o
£ 10 4
2
— =3.2s
(<}
D 51
(1]
-
(<}
> o4
L] L] 1 L] ] 1] L) 1
< 1.0 1.2 14 1.6 1.8 2.0 2.2 24

BPE length / cm



Figure 1. (a) Photograph of the bipolar electrode array. (b) Average of the light intensity distribution
as a function of the BPE length obtained in a 5 mM LiClO4 solution in the presence of a 1:1 ratio of
Hydroquinone/Quinone solution (HQ/Q, 5:5 mM) at a constant global electric field (1.5 V/cm) and for
three different times (indicated in the plot). The average of the rela-tive standard deviation obtained
from three independent exper-iments is £10-15%.

Due to the configuration of the array, it is possible to con-sider each BPE as an individual
electrochemical measurement system. Thus, plotting the maximum light intensity as a func-tion of
time allows evaluating the diffusional behavior (Figure 2). Such plots for two different BPEs (1.69 and
1.91 cm in length) show transients analog to chronoamperometric meas-urements in classic
potentiostatic experiments (Figure S4). It can be noticed, as expected, that for the longer bipolar
elec-trode the optical signal decays faster due to a higher driving force. However, further analysis by
plotting the maximum light intensity as a function of 1/t1/2, indicate that the light emission
transients do not follow a Cottrell like behavior (Inset Figure S4). Theoretically, due to the geometry
of each extremity of the BPE, mass transport occurs according to a cylindrical diffusion profile. For
this case, the current is a function of the dimensionless parameter t = 4Dt/r2, where D is the
diffusion coefficient and r is the radius of the elec-trode.1 In the short-time limit when tis
considerably small, current follows a Cottrell behavior.36 Nonetheless, deviations from the
characteristic Cottrell profile start when t reaches a value around 0.01. Thus, in the frame of this
work, cylindrical diffusion is the principal mass transport at times above 0.15 seconds (calculated by
considering D = 2.7 x 10-6 cm2/s).37 Furthermore, the role of cylindrical diffusion on mass transport
depends on the length of the cylinder used for the electrochemical reaction.38 Since in BE the length
of the anod-ic and cathodic zones having the right polarization for carry-ing out the desired redox
reaction increases with the applied electric field,39,40 the portion of the wire where the electro-
chemical reaction takes place is electric field dependent. It is noteworthy that this is only true when
both, oxidation and reduction reactions, are kinetically similar (jox = jred, where j is defined as the
current density). In this case, for any given electric field, both polarization zones are expected to
behave in a similar way. Such considerations are not required for conventional electrochemistry,
since the large area of the counter electrode ensures that the rate of the reaction of inter-est,
occurring at the working electrode, is not limited by the corresponding opposite reaction.
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Figure 2. Maximum light emission transients obtained for a 1.91 cm bipolar LED with an uncoated
(black dots) and coated cathodic arm (red dots) in a 5 mM LiClO4 solution containing a 1:1 ratio of
HQ/Q (5:5 mM). The inset shows the maximum light intensity as a function of 1/t1/2.

In order to corroborate the mass transport regime, a control experiment was carried out with a BPE
array where all the cathodic arms of every LED were coated with commercial nail polish, leaving only
the tip exposed to the solution. Thus, each BPE mimics a classic electrochemical set-up, with the
anodically polarized side (not covered) acting as the bigger counter electrode, and the much smaller
cathodic tip as work-ing electrode. In this way, the reduction of Q is not limited by the corresponding
oxidation of HQ, thus, charge transfer and mass transport limitations will be governed only the
reduction of Q. The light emission transient obtained with such a modi-fied LED shows a response
that resembles more accurately the characteristic current transients obtained by potentiostatic
experiments (Figure 2, red curve). This is further illustrated by plotting the maximum light intensity
as a function of 1/t-1/2, exhibiting a better linearity (r2 = 0.94) in comparison with the non-modified
device (r2 = 0.59), on the same time scale (be-tween 0.4 and 1 seconds) (Figure 2, black curve).

In the next step, we tested the possibility to image the re-dox activity of a probe by using the whole
BPE array, and plotting the average light intensity distribution as a function of the theoretical
polarization potential difference AVtheo, calculated for a given electric field, in this case 1.5 V/cm
(Figure 3, black dots). This plot shows a sigmoidal response, similar to a characteristic linear sweep
voltammetry response obtained by conventional electrochemistry. In order to direct-ly compare the
recorded light-based voltammogram with a conventional linear potentiodynamic measurement, a
classic three-electrode experiment was carried out and the results were superimposed (Figure 3a,
blue curve). This allows ex-pressing the light intensity distribution in terms of conven-tional potential
values (E vs Ag/AgCl). As previously estab-lished by Crooks et al., the voltammogram reconstructed
from the light emission intensity is plotted versus the polarization potential difference, instead of the
applied potential (given versus a normal reference electrode).24
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Figure 3. (a) Average of the light intensity distribution as a function of polarization potential
difference experienced by the BPEs having different lengths (left axis, black dots) obtained ina 5 mM
LiClO4 solution in the presence of a 1:1 ratio of HQ/Q (5:5 mM) at a constant applied electric field
(1.5 V/cm), com-pared with a potentiodynamic measurement (right axis, blue line) obtained by using
a classic three-electrode system. The inset shows the corresponding picture of the light-emitting BPE
array. (b) Average of the light intensity distribution as a func-tion of the polarization potential
difference experienced by the BPEs having different lengths obtained in a 5 mM LiCIO4 solu-tion in
the presence of a 1:1 ratio of HQ/Q (5:5 mM, black dots), a 1:1 ratio Fe(CN)64—/Fe(CN)63— (5:5 mM,
red dots) and in the absence of redox probe (blue dots), at a constant applied electric field of 1.5,
2.25 and 2.5 V/cm, respectively. The light intensity was measured 0.4 sec after applying the potential
steps. The average of the relative standard deviation from three independent experiments is +10-
15%.

Finally, in order to verify that the proposed methodology is not limited to the analysis of a single
redox system, we ex-plored the possibility of imaging another electroactive probe i.e., the Fe(CN)64—
/Fe(CN)63— couple. The potentiodynamic behavior of this redox system shows a slightly larger peak-
to-peak separation (220 mV), in comparison with the HQ/Q pair (110 mV, Figure S2). In addition, the
E1/2 value (0.11 V vs Ag/AgCl) is 240 mV more anodic than the one for the HQ/Q pair. Thus, a higher



threshold potential value to trigger the light emission is predicted for this Fell/Felll system. Indeed,
an electric field of 2.25 V/cm is required to observe the sigmoidal light intensity variation as a
function of the position of the BPEs along the array. By superimposing the average light intensity
distribution as a function of AVtheo for both redox probes, it is possible to identify unambiguously
both electroac-tive systems with a difference in their respective polarization potential peaks of 1.35
V (Figure 3b). Furthermore, this meth-odology allows also the analysis of redox couples with a larger
potential difference between the oxidation and reduction such as water splitting (> 1.5 V). In this
case, an electric field of 2.5 V/cm is required to trigger light emission. This confirms the
electroanalytical discrimination of redox systems due to their intrinsic difference in thermodynamic
potential between the anodic and cathodic reactions. In addition, and most importantly, the
proposed light-emitting system enables an opto-electrochemical discrimination of different analytes,
without the need of adding other reagents to the solution, thus avoiding eventual interferences due
to parasitic reactions.

CONCLUSIONS

In summary, we have designed a novel analytical BE setup based on an array of light-emitting bipolar
electrodes, using modified LEDs with a gradually changing length. Such an array enables a lateral
variation of the driving forces experi-enced by each individual BPE. It was observed that light
emission occurs when the polarization potential difference AV is higher than the thermodynamic
threshold potential. As expected, redox couples such as HQ/Q and Fe(CN)64—/Fe(CN)63- require a
lower driving force to trigger light emis-sion compared to water, allowing a differentiation of redox
systems due to their intrinsic difference in thermodynamic threshold potential. Most importantly,
when correlating the average light intensity with the length of the BPE, and thus the driving force,
the typical exponential signal increase asso-ciated with charge transfer limitations (Butler-Volmer
regime) can be recorded by simply taking a single optical snapshot. Interestingly, when covering the
surface of the cathodically polarized extremity of a bipolar LED and exposing only the tip to ensure
that the charge transfer and mass transport at the cathode is not limited by the corresponding
oxidation at the anodically polarized side, we observe a light emission transi-ent that reflects
accurately the characteristic current transients obtained by potentiostatic experiments (Cottrell
behavior). In addition, when plotting the average light intensity distribution of the whole LED array as
a function of the theoretical polari-zation potential difference, the results are remarkably similar to
characteristic linear sweep voltammetry curves obtained by conventional electrochemistry. It is
important to highlight that the proposed approach already presents all the usual intrinsic advantages
of bipolar electrochemistry, like for example its wireless nature, but an additional main advantage of
the light-emitting electrode array is the straightforward readout of chemical information via a single
snapshot experiment for which scanning of the potential is not necessary. This means that no specific
and sometimes expensive equipment, such as a potentiostat, is necessary. Only a simple power
supply, or in the extreme case even a classic battery, is needed, as long as its voltage is sufficient to
polarize the bipolar electrodes. This enables a very simple and fast optical acquisition of infor-mation
about a redox couple, in comparison with classic elec-trochemical systems, with the further
advantage that no addi-tional chemicals are necessary, like for other opto-electrochemical readout
schemes.

EXPERIMENTAL SECTION
Chemicals and Materials

LiClO4 (Aldrich, 99%), Hydroquinone (Aldrich, = 99.5%), p-Benzoquinone (Aldrich, > 98%), K3Fe(CN)6
(Aldrich, 98%), KAFe(CN)6 3H20 (Aldrich, 98%), Au wires (d = 0.25 mm, Alfa Aesar, 99.9%), agar silver



paint (Agar scientific Ltd.) and miniaturized red light-emitting diodes (0603 SMD diode, Wurth
Elektronik, 1.60 mm x 0.8 mm) were used as received. All solutions were prepared with deionized
water (MilliQ Direct-Q®). Potentiodynamic experiments were per-formed with a PalmSense4
potentiostat connected to a per-sonal computer. The working electrode was a 0.25 mm diame-ter Au
wire, Pt and Ag/AgCl were used as the counter and reference electrodes, respectively. For the bipolar
electrochem-istry measurements, the light-emitting bipolar array was fixed at the center of a bipolar
cell. Two graphite feeder electrodes were positioned at the extremities of the cell at a distance of 4
cm. The average light intensity of a single LED was calculated by following the moving average
approach. The maximum light intensity of a selected LED was averaged with the light intensity of the
neighboring LEDs and then for the next LED the average was moved one LED further. We calculated
this average intensity in order to smoothen the eventually occur-ring arbitrary fluctuations and the
better visualize the overall trend of the signal obtained by the snapshot. Experiments were
monitored by using a CCD camera (CANON EQS 70D, Objective Canon Macro Lens 100 mm 1:2.8).
Images were processed with Image J software. The maximum light intensi-ty of each LED was
evaluated within a constant region of interest (ROI, 1500 x 90 pixels).
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