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Electrochemical treatments are widely used for ‘clean up’ in which toxic metals and organic compounds
are removed using direct or mediated electrolysis. Herein we report novel studies offering proof of
concept that spectrofluorometric electrochemistry can provide important mechanistic detail into these
processes. A thin layer opto-electrochemical cell, with a carbon fibre (radius 3.5 um) working electrode,
is used to visualise the optical responses of the oxidative destruction of a fluorophore either directly, on
an electrode, or via the indirect reaction of the analyte with an electrochemically formed species which
‘mediates’ the destruction. The optical responses of these two reaction mechanisms are first predicted
by numerical simulation followed by experimental validation of each using two fluorescent probes, a
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redox inactive (in the electrochemical window) 1,3,6,8-pyrenetetrasulfonic acid and the redox-active
derivative 8-hydroxypyrene-1,3,6-trisulfonic acid. In the vicinity of a carbon electrode held at different
oxidative potentials, the contrast between indirect electro-destruction, chlorination, and direct oxidation
is very obvious. Excellent agreement is seen between the numerically predicted fluorescence intensity
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Introduction

In a voltammetric experiment, the current is measured as a
function of an applied electrode potential and is used to provide
insight and information into the operative electrochemical
mechanism. However, the measured current results from the
sum of all the operative electrode processes; this can be proble-
matic when a multiplicity of these processes occur in parallel.’
For example, at highly reductive or oxidative potentials outside
of the electrochemical window it is possible to electrochemically
reduce or oxidise the solvent and/or the electrolyte in addition to
any analyte.>* Both the solvent and electrolyte are often present
in a large excess as compared to the latter. Moreover, oxidation
or reduction of the solvent and/or electrolyte can possibly lead to
the formation of products that are able to chemically react
further either in the solution phase or with the electrode
itself.* However, under such solvent ‘breakdown’ conditions it
is often not feasible to delineate the contribution to the current
from different electrochemical processes and hence any signifi-
cant analytically useful information is often not directly attain-
able from the magnitude of the measured current.
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In chloride (saline) containing media and at high electrode
potentials the oxygen evolution reaction (OER) and chlorine
evolution reaction (CER) are both thermodynamically and
kinetically favourable.>® Under acidic conditions the oxidation
of the solvent (water), if it goes to completion, is a four-electron
process:”*®

2H,0 = O, + 4H" + 4e”
and the oxidation of chloride is given by:

2C1" = Cl, + 2e~

For the oxygen evolution reaction (OER) if the process does
not proceed to completion it is possible for other reactive
oxygen species to be formed.’ Similarly, for chlorine formation
at higher pH the reaction to form hypochlorite becomes
competitive."™"" Overall, which process (OER vs. CER) is domi-
nant is highly sensitive to the experimental conditions, notably
the electrode material used, the applied potential, the solution
pH and the chloride concentration among other factors.**"?
Both of these reactions are of major industrial value; the OER is
at the heart of (photo)electrochemical water splitting’*® whereas
the electrolysis of brines to form chlorine and hydroxide is basis
of the chlor-alkali process underpinning the ‘heavy’ chemical
industry."”'® The formation of active chlorine species also has
application in electrochemical waste water treatment."**° The
electrochemical reactor cells used in these industrial processes
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typically contain stacks of 10-100 cylindrical electrodes to
maximise efficiency.>’

Due to both the OER and CER reactions occurring in
parallel, analytical methods for determining which process
is dominant have been developed, including the use of
mass spectrometry to analytically assess the concentration of
chlorine or oxygen in the vicinity of the electrode. Although
successful, the coupling of mass-spectrometry with electro-
chemistry is not without its complications and often has poor
temporal resolution. This recently led Koper et al. to apply the
classical rotating ring disc method of Frumkin, Levich et al.>"*
to enable the local chlorine concentration to be analysed,”**
and so to delineate the conditions under which the OER is
favourable over the CER on carbon based electrodes. Similarly
scanning electrochemical microscopy (SECM) in sample
generation-tip collection (SG-TC) or the redox competition
(RC) modes can be used for the visualization of the catalytic
activity of materials for chlorine evolution.>®

Over recent years there has been renewed interest in the use
of optical microscopy techniques®® for studying interfacial
electrochemical processes. This work has encompassed, in
part, the use of plasmonic imaging, confocal microscopy”’
and fluorescence microscopy.”** One potential advantage of
fluorescence based techniques is that a host of different
fluorophores are available and have been developed for use in
diverse biological contexts to report on a variety of physical and
chemical factors.*>™” Furthermore, molecular fluorophores
often comprise large extended aromatic systems and hence
tend to be redox active themselves.*® Moreover, recent work by
Molina et al. has focused on the theoretical study of electro-
chemically driven solution phase reactions.***

In this paper we provide new physical insights to the two
heavily industrialised generic electrochemical mechanisms -
direct and mediated oxidation via proof-of-concept for mecha-
nistic visualization using spectrofluorometric electrochemistry
to probe the contrasting spatial distributions associated with
the two mechanisms. We first report simulation results con-
sidering a thin-layer cell consisting of a cylindrical electrode, as
commonly deployed experimentally. The simulation result
shows distinctively and qualitatively different concentration
profiles for the two oxidative mechanisms in operation. The
results are validated experimentally using fluorescent dyes to
provide in situ optical visualisation for the different electro-
chemical processes — with excellent agreement with the simula-
tion results. Herein, the simulation results are generalised and
may find applications to a wide range of industrial ‘clean-up’
including applications such as wastewater treatments, electro-
chlorination and removal of toxic metals.

Experimental section
Chemicals

All chemicals used were purchased from Sigma-Aldrich and used
without any further purification. Aqueous solutions were made
using deionised water (Millipore, resistivity 18.2 MQ cm at 25 °C).
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pH 7 phosphate buffer solutions contained 58 mM Na,HPO,
and 42 mM NaH,PO,. Nitrogen gas (99.998%, BOC Gases plc,
Guildford, U.K.) was used to deoxygenate the analyte for
ca. 15 minutes until the redox signal arising from dissolved
oxygen became negligible, prior to the electrochemical measure-
ments being made.

Electrochemical equipment

A glassy carbon (GC) working electrode (radius = 1.5 mm, CH
Instruments, TX) and a saturated calomel reference electrode
(SCE, +0.242 V vs. SHE, ALS Co. Ltd, Tokyo, Japan) were used for
macro-electrode experiments using a computer controlled
Autolab potentiostat 30 (Metrohm Auotlab B.V., Utecht, The
Netherlands) using the General Purpose Electrochemical
System (GPES). A graphite counter electrode was used to complete
the three-electrode cell configuration. Prior to experiments, the
GC working electrode was polished using alumina of decreasing
order of size (1.0, 0.3, 0.05 um, Buehler, IL, U.K.), washed with
ultrapure water and dried with nitrogen.

The structure of the thin-layer (ca. 60 pm) cell used for the
opto-electrical measurements is shown in the ESIt (Section S1).
The thin-layer cell consists of a three-electrode configuration;
both working and counter electrodes were carbon fibre wires
(radius = 3.5 pm, the length of the carbon fibre working electrode
was 0.7 cm, Goodfellow Cambridge Ltd). Another carbon fibre
coated with a thin-layer of silver epoxy (RS Components Ltd,
U.K.) was used as a pseudo reference electrode. The working and
reference electrodes reside in a separate compartment to the
counter electrode (see ESIL{ Fig. S1) to minimise convection
caused by bubble formation at the counter electrode as was
found to occur at high electrode potentials. An in-house built
potentiostat, described in detail elsewhere, was used to control
the electrochemical system and provide synchronization with
the microscope camera.*'

Microscope and imaging analysis

Fluorescence excitation light source was provided by an EL
Series Ultraviolet Hand Lamp with wavelength of 365 nm
(UVLS-24, Ultra-Violet Products Ltd, Upland, C.A., U.S.A.). The
excitation light source was turned on for (at least) 20 seconds
prior to electrochemical experimentation, no photobleaching
was observed over the course of this initial illumination or
subsequently during the electrochemical experiment. Optical
measurements were made on a Zeiss Axio Examiner, Al
Epifluorescence microscope (Carl Zeiss Ltd, Cambridge, U.K.)
using a 20x air objective (NA = 0.5, EC Plan Neofluar). The
emission filters used were products MF445-45 and MF530-43
(Thorlabs, Ely, U.K.) for PYTS and HPTS experiments respec-
tively. Image acquisition was achieved using a Hamamatsu
ORCA-Flash 4.0 digital CMOS camera (Hamamatsu, Japan),
providing 16-bit images with 4-megapixel resolution. Images
were acquired with an exposure time of 80.00 ms and at
10 frames per second. Zen 2 pro was used for image processing
and intensity extraction. See ESL{ Sections S1 and S2 for the
schematics of the experimental opto-electrochemical cell and
the microscope setup.
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Simulation

The diffusion equations with coupled homogenous kinetics
were solved for the cell geometry using a 2D implicit finite
difference method. The simulation program was written in
Python and the sparse matrix solver package UMFPACK (as
provided as part of SuiteSparse) was used to solve the required
equation set.*” Due to the inclusion of second order homo-
geneous reaction Kkinetics the problem is weakly non-linear,
and the simulation script used a simple iterative Newton-
Raphson method*® to solve the numerical problem. The con-
vergence limit of the Newton-Raphson iterations was set as
being when the average absolute dimensionless concentration
changed by a value of less than 1 x 10~ % from the previous
iteration. This Python script was used for modelling the direct
and indirect oxidative mechanisms. The simulated optical
responses were visualised using the Matplotlib library. Full
simulation times were between 3-5 minutes.

Theory

In the following we outline the theory used to describe the
mass-transport in the thin-layer opto/electrical cell. Fig. 1(a)
depicts a graphic illustration of the opto-electrochemical cell as
idealised for the theoretical simulation showing the carbon
fibre working electrode supported on a glass substrate. Here
the electrode itself has been modelled as hemi-cylinder on a
surface. The counter and reference electrodes are remote from
the working electrode, outside the field of the imaging and as
such are not explicitly considered further.

Assuming the electrode is sufficiently long and extends out-
side of the field of view then the concentration profile does not
vary significantly along the y-axis. Consequently, we only need to
consider the concentration profile in the z and x directions as
shown in Fig. 1. The whole cell height was considered during the
simulation and for the presented simulation results the concen-
trations are averaged over the z direction. One of the key features
of this cell geometry is that near the electrode surface the mass-
transport regime, and hence concentration profile, will be radial,
however at distances greater than the height of the cell the
concentration profile will change to being essentially linear,

. - working electrode  Z
(a) 60 um ( v /L' X

099
b
(b) 50 z
0.55
0 x
0 100 200 000

Fig.1 Schematic of (a) opto-electrochemical cell and (b) an example
concentration profile surrounding the electrode where the electrode
geometry is approximated as a hemi-cylinder with a radius of 3.5 pm.
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reflecting the thin-layer nature of the cell. This transition in the
concentration profile is observable in the illustrative data shown in
Fig. 1. Accordingly, to model this electrochemical cell structure two
overlapping concentration grids were used in the numerical simu-
lation. In the vicinity of the electrode, a Ln-Tan-cylinder coordinate
system™* was used. The ESIt Section S3 plots this coordinate system
and gives further details on the used expanding grid. At distances
further away from the electrode (x > twice the cell height) a
Cartesian grid system was employed. These two 2D grids were
solved independently and fully implicitly. The data transfer across
the two overlapping grids, in terms of concentrations, was per-
formed explicitly and sequentially after each grid was solved.

The choice to model the electrode as a hemi-cylinder as
opposed to a cylinder arises from the choice to use the Ln-tan
cylinder coordinate system for the concentration grid near the
electrode surface. The approximation made by assuming the
electrode to be a hemi-cylindrical and not cylindrical is only
minimal under these conditions, as the diffusion length is in this
case generally orders of magnitude greater than the electrode
radius for the timescales studied. Consequently, the current and
hence the resulting concentration profile is not overly sensitive to
the electrode geometry. This fact is easiest exemplified through
consideration of the variation of the electrochemical response for
an isolated microcylinder electrode, where the current under
these conditions is expected to be proportional to the electrode
radius to the power of 0.15.%>*® (see ESI,+ Section S5 and Fig. S7c).
Further details on this simulation procedure are provided in the
ESL Section S3, including the full details of the used dimension-
less parameters.

The redox/chemical reactions for the two oxidative mechan-
isms under consideration, namely direct and indirect oxida-
tion, are shown below

k
(a) Direct oxidation: A—e™ — (1)
. S ko
(b) Indirect oxidation: Y—¢~ =— Z (2)
ki
A+Z ]—‘7\ B; Keq:kl/kz 3)

)

where k, is the standard electrochemical rate constant (cm s~ %)
of the heterogeneous reaction, k,/k, is the forward/backward rate
constant for the homogeneous reaction (dm® mol ' s~ ') and Keq
is the equilibrium constant of reaction (dm* mol ") (3). In both
mechanisms, the species of interest, species A, is consumed via
either (a) direct oxidation at an electrode surface (eqn (1)) or (b)
mediated oxidation indirectly through reaction with a reactive
electro-generated product, species Z (eqn (2) and (3)).

The interfacial electron transfer kinetics are described using a
Butler-Volmer model. Hence the flux j at the interface, is given by

j = —D0VCO,0 (4)
= —koexp(—abt)co,o + koexp((1 — «)0)cr,o (5)

where o is the transfer coefficient, 0 is the dimensionless
potential (F(E — Eg)/RT), D is the diffusion coefficient and, co,
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and cg are the concentrations of the oxidised (B or Z) and
reduced (A or Y) electroactive species at the electrode surface
respectively. At all other simulation boundaries, a no flux
condition was imposed, such that

Ve=0 (6)

Note however that since two fully implicit simulation grids
are employed in this model that the positions where the grids
overlap a Dirichlet boundary condition was employed. At these
boundaries, internal to the simulation model, the concentra-
tions were provided by the other grid. This simulation model
was used to compare how the concentration profiles of the
species differ when the analyte is either oxidised directly at the
electrode surface or indirectly by virtue of a product formed by
an electrochemical reaction.

Results and discussion

In this section, the simulation results are first discussed
demonstrating a distinctive difference in the concentration
profiles of a fluorophore (species A in the two reaction mechan-
isms provided in the previous section) surrounding the elec-
trode depending on which of the two mechanism is operative
and so providing insights into how the mechanisms, direct and
indirect, may be optically differentiated. Second, experimental
mechanistic distinction is validated using two structurally
similar fluorophores but of contrasting reactivity. These two
fluorophores differ in their reactivity towards chlorine and
hence can been used to evidence the presence of this electrode
product. Good agreement is seen with the simulation results,
thus validating the advantages of the general approach.

Simulation results

Most commonly in the electrochemical field the experimentally
measured current is used to infer information regarding the
thermodynamics and kinetics of the interfacial reaction. How-
ever, first, when other interfacial processes occur in parallel,
such as is the case during solvent breakdown, it is not neces-
sarily feasible to delineate the current of interest from the other
sources. Second, even in the situation where the process of
interest is solely occurring at the interface, when a chemical
reaction occurs after the electrochemical rate determining step
then the measured current will not be sensitive to the occur-
rence or kinetics of any follow up chemistry. Consequently, it is
not uncommon that the experimentalist is essentially ‘blind’
to the chemical processes occurring in the diffusion layer
surrounding the electrode. Nevertheless, as will be shown,
mechanistic insights can be obtained by studying the concen-
tration profiles of the species. Such concentration profiles are
experimentally readily accessible when one or more of the
species involved are fluorescent.

The aim of this section is first to discriminate between the
cases where the species of interest, A, is either oxidised directly
at the electrode or indirectly in the solution phase, where the
process is mediated and occurs via reaction with a product
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formed at the electrochemical interface. In the following we
assume that species A is fluorescent and can be imaged whereas
its oxidation product B is assumed to be not fluorescently active.
Dimensionless simulation results are depicted in Section S3
(ESIt); however, in the following to aid comparison to the
experiments reported later the data are presented with dimen-
sional values and correspond to the cell used experimentally.

Direct oxidative destruction of fluorophore

We first consider the one electron transfer direct oxidative
reaction (eqn (1)), where species A is the fluorescent fluoro-
phore initially present in solution and B is the non-fluorescent
oxidative product. This oxidation process is assumed to only
occur directly at the electrode surface. At the start of the
simulation, the bulk concentration of species A and B are set
to 1 mM and zero respectively (D, = 3.85 x 10~ ° em” s and
Dg =1 x 107> em® s "). The standard electrochemical rate
constant, k,, is set to be 10* cm s™* to ensure electrochemical
reversibility; when ¢ > 0, an over-potential (7 = 0.5 V) is applied
such that the oxidative reaction is mass-transport limited. An
example simulated concentration profile of the fluorophore A,
as a function of the position in the cell is shown in Fig. 2(a),
where a colour map is used to indicate the species concen-
tration as a function of position in the z, x plane. Near the
electrode the species A is depleted and moving further away
from the electrochemical interface its concentration increases
to its bulk value of 1 mM. From this 2D concentration profile,
the average concentration of the fluorophore in the z-direction
is calculated. Here a value of unity indicates the fluorophore
concentration is unaltered from that in the bulk and a value of
zero indicates that all of the fluorescently active species has
been consumed in the z-axis. The data is presented as these
normalised concentration profiles so as to be comparable to
the fluorescence intensity profiles, as will be experimentally
reported in the second part of the article. The accuracy of this
model, averaging the concentration profiles across z direction
versus the depth of field of the objective in practice, is discussed
in ESI,{ Section S4. Full quantitative fitting of the optical data
to that of the simulated results would require the microscope’s
limited depth of field to be accounted for, in the present work
the simulation results primarily evidence the marked difference
in the concentration profiles arising from the two different
chemical mechanisms.

As shown in Fig. 2(a) for this direct oxidation process,
initially at time equals zero the concentration in the cell is
uniform. Upon application of a high over-potential the species
A becomes depleted at the electrode surface resulting in a
decrease in the simulated fluorescence intensity near the
electrode surface. As time increases the depth of the minimum
in the fluorescence profile increases; however, even after
10 seconds the intensity only decreases to 60% of its original
intensity at the position of the electrode (x = 0). The inlay of
Fig. 2(a) depicts the concentration profile mapped onto the cell
geometry at t = 10 s showing that this non-zero intensity at x = 0
pm reflects the fact that species A is only consumed at the
electrode surface. The electrode radius (3.5 pm) is significantly
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Fig. 2 Simulated optical response for the direct oxidation mechanism
with an applied over-potential (4 = 0.5 V) from t = 0. Variation of the
normalized concentration of 1 mM species A as a function of distance
perpendicular to the electrode. (a) Plot of the variation in the profile as a
function of time t = 0 (red), 0.1 (blue), 1 (yellow), 3 (green), 5 (purple) s.
Other parameters: Da = 3.85 x 1076 cm?s7%, Dg = 1 x 107> cm? s %, Inlay
depicts the simulated concentration profile of species A at t = 10 s. (b) The
normalized concentration profile at 10 s as a function of the fluorophore
diffusion coefficient Dy = 3.85 x 107 cm? s (red), 3.1 x 107 cm? s7*
(blue), 2.8 x 1076 cm? s7* (yellow) and 2.0 x 107 cm? s71 (green); inlay,
plot of full-width half minimum of the concentration profile att = 0to 10 s.

smaller than the thickness of the cell (60 um) hence the
depletion of the reagent A only occurs in the near vicinity of
the electrode and above the electrode (in the z-direction) the
fluorophore concentration is higher.

The distance over which the fluorophore is consumed is
sensitive to the diffusion coefficient of the fluorophore.
Fig. 2(b) depicts the variation of the simulated concentration
profiles as a function of the diffusion coefficients of the
fluorophore A in the range of 2.00-3.85 x 10~° cm® s ". Also
presented in the inlay of Fig. 2(b) is a plot of the full-width half
minimum (FWHM) of the minimum in concentration around
the electrode as a function of time, giving a measure of the
distance over which the material has been consumed.*’

It is evident that when the fluorophore is only consumed by
a direct electrode redox process, even with the use of a thin-
layer cell due to the relative magnitude of the micro-sized wire
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to the height of the cell, the concentration minima peaks
around the centre of the electrode does not reach zero intensity
over a very long period of time (even after 10 minutes chron-
oamperometry the minima is still not predicted to reach zero).
This situation arises as a fluorescence intensity of zero would
require the complete depletion of fluorophore above the elec-
trode (height of the cell = 60 pm) which is being prevented by
the mass transport from the semi-infinite bulk solution in the
x axis. Furthermore, the shape of this profile is independent of
the concentration of the used fluorophore (see ESI, T Fig. S7a).
In addition to the diffusion coefficient as seen in Fig. 2(b), extra
factors that affects the concentration of species A (cell thick-
ness, concentration and diameter of electrode) are discussed in
ESI,} Section S5.

Mediated destruction of the fluorophore

We next consider the indirect oxidative destruction of the
fluorophore A as shown in eqn (2) and (3). In this case, Y and
Z are redox active but non-fluorescent; only species Y and A
are initially present before the onset of the electrochemical
current. Similar to the direct oxidation mechanism, the stan-
dard electrochemical rate constant (k) for the eqn (2) is set to
10* cm s~ to ensure electrochemical reversibility; similarly,
when ¢ > 0, an over-potential (1 = 0.5 V) is applied for the
oxidative process of (Y-e~ — Z) ensuring the process is fully
driven and diffusion controlled.

The electro-generated product Z can react irreversibly with
the fluorescent probe species A in solution to form the non-
fluorescent species B. The chemical irreversibility for the
homogeneous reaction is ensured by using a very large value
of Keq (10" M™" was used in the simulation reported below).
Fig. 3(a) depicts the variation of the predicted fluorescence
profile where the initial concentration of Y is equal to 1.0 mM
and the initial concentration of A is varied in the range of
0.25 mM-2.5 pM. As the initial concentration of the electro-
chemical reagent A is decreased, the ratio of the concentrations
of species Y and A, [Y]:[A], is increased. Comparing with
species A, the concentration profile of the electrochemical
product Z extends further into solution, consequently shifting
the reaction front; hence, the fluorescence response arising from
the destruction of fluorophore A is significantly altered from that
expected for the direct electrochemical reaction, as shown in
Fig. 3(a) in effect the species Z ‘titrates’ and fully depletes species
A from the electrode vicinity. Notably the depth and width of the
fluorescence intensity minimum increases. This occurs as the
fluorophore A is consumed not at the electrode surface but
rather over a larger volume that extends into the solution away
from the electrode. The formation of the redox active reagent
Z creates an “‘exclusion zone” (aka ‘reaction layer’) in the vicinity
of the electrode where the occurrence of the homogeneous
reaction leads to the concentration of A becoming essentially
zero over a large volume in the vicinity of the electrode.

The homogeneous reaction between the electrochemical
product Z and the fluorophore A leads to the depletion in
the simulated fluorescent signal adjacent to the electrode.
Consequently, other than the concentration of the reagents,
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Fig. 3 Simulated optical responses for the mediated oxidation mechanism (EC,). Variation of the normalized concentration of species A as a function of
distance perpendicular to the electrode. (a) Plot of the variation in the profile at t = 5 s with initial concentration of A, [Alpuk. equals to 0.25 mM (red),
0.13mM (blue), 25 pM (yellow) and 2.5 uM (green); [Ylpux = 1 MM, Da =1 x 107> cm? s tand ks = 1 x 10* Lmol™* s~ Inlay, plot of full-width half minimum of

the concentration profile at t = 0 to 10 s. (b) Plot of the variation in the profile at t = 5 s with formation rate constant, ki, varies from 1 to 1 x 10* Lmol™s
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variation in the profile at t = 5 s with diffusion coefficient of A, Da, equals to 2 x 107> cm? s (red), 1 x 107> cm? s * (blue), 6 x 107 cm? s

2 s~ (yellow) and

3.85 x 1078 cm? st (green); [Ylpuk = 1 MM, [Alpui = 25 pM and k¢ = 1 x 10% L mol~t s™% inlay, plot of full-width half minimum of the concentration profile

att = 0to 10 s. Other parameters: Dy = D; = Dg = 1 x 107> cm?s7%,

as discussed above, and their mass-transport properties, the
rate constant of the reaction between A and Z also influences
the shape of the concentration profile. Fig. 3(b) depicts the
influence of the homogeneous bimolecular rate constant, k¢, on
the resulting concentration profile. The dominant effect is that
as the homogeneous rate constant is decreased, the consump-
tion of fluorophore A is reduced leading to the magnitude of
the minimum in the concentration profile to be smaller. Due to
the simulated cell geometry being that of a thin-layer cell, the
simulated fluorescence intensity reaches zero in the proximity of
the wire electrode providing k; is bigger than ~250 L mol " s/,
reflecting the extent of the reaction layer exclusion zone
mentioned above. However, although the depth of the mini-
mum is decreased, the distance over which the reaction occurs
is less sensitive to the k; parameter. As can be seen from
Fig. 3(b) when the reaction rate constant is greater than
approximately 100 M~" s™' the depletion of the fluorophore
occurs over a distance of +200 pm of the electrode wire within
5 seconds in a cell with cell height equals 60 pm. To a first
approximation the depth of the minimum is controlled by
the homogeneous rate constant. However, the distance over
which the reaction occurs - the reaction front - predominantly
reflects the mass-transport of the reagents and their relative
concentrations.

For comparison to the direct process, Fig. 3(c) depicts a
series of the simulated concentration profiles as a function of
the diffusion coefficients of the fluorophore A in the range of
3.85 x 107°-2 x 107> em® s~ ". Although a slower depletion was
observed when lower the diffusion coefficient of A, the mediated
oxidation is not as sensitive to the diffusion coefficient of the
fluorophore as the direct oxidation case. When the concen-
tration of Y is much greater than the concentration of A, species
Z generated is in excess which can then quickly diffuse away
from the electrode surface and form an ‘“exclusion zone”.
Species A can then react with Z directly in this “‘exclusion zone”
instead of diffusing to the electrode interface.

This journal is © the Owner Societies 2020

Keq=1x 10" M™% kg =1 x 10*cm s™™.

From the above results it can be seen that the two different
electrochemical reaction mechanisms, (i) direct and (ii)
mediated, lead to distinctly different concentration profiles
and are hence expected to have markedly different fluorescence
responses. The sensitivity of the fluorescence response towards
the relative and absolute concentration of the fluorophore and
the electrochemical product Z (as in these examples reflected
in the change in the initial concentration of the starting
reagent Y) and the observation of an extended exclusion zone
surrounding the electrode is indicative of a mediated reaction
mechanism being operative.

Opto-electrochemical experiments: fluorescent dyes

The above simulation investigated how the concentration and
hence fluorescence profile is expected to behave in the con-
trasting situations where the fluorophore is either directly or
indirectly consumed by the occurrence of the electrochemical
reaction. This article now turns to experimentally validated the
contrast and focuses on the study of two structurally related
fluorophores shown in Fig. 4(a); 8-hydroxypyrene-1,3,6-
trisulfonate (HPTS) and 1,3,6,8-pyrenetetrasulfonate (PYTS).
The primary difference between these two molecules is the
presence of the hydroxyl group (pK, = 7.2) on the pyrene
structure of the HPTS. This hydroxyl group alters both the
electrochemical and optical properties of the fluorophore. Both
of these molecules are strongly fluorescent; however, the emis-
sion wavelengths of the HPTS in water (pH 7.0) are shifted to
512 nm*® as compared to 404 nm*® for the PYTS. Section S6
(ESI) presents the absorbance and fluorescence spectra for these
two fluorescent probes. A more marked difference between these
two molecules is reflected in their voltammetric behaviour.
Fig. 4(b) depicts the voltammetric response of HPTS and PYTS
in a pH 7 buffer containing 0.1 M KCl. PYTS is not electro-
chemically active within the electrochemical window (as shown
in Fig. 4b right hand side); in comparison HPTS exhibits two
clear voltammetric peaks at 0.46 V and 0.92 V (vs. SCE). The first
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(a) Chemical structure of 8-hydroxypyrene-1,3,6-trisulfonate (HPTS, left) and 1,3,6,8-pyrenetetrasulfonate (PYTS, right) and (b) the corresponding

cyclic voltammograms of 1.0 mM HPTS and PYTS are displayed under the chemical structure. Recorded at an unmodified glassy carbon electrode
with the scan rate of 50 mV s™1. Both of the analyte solution was degassed, buffered with pH 7 phosphate buffer solution and supported with

0.1 M KCl electrolyte.

voltammetric peak at 0.46 V corresponds to the reversible one-
electron oxidation of the (HPTS) pyrene, from an overall charge
of —3, to the deprotonated radical with an overall charge of
—3.%%%1 The second peak at 0.92 V is result of a further electron
transfer to leading to the formation of a cation, with overall
charge of —2, which is proposed to undergo rapid hydrolysis to
form a catechol moiety resulting in a third reductive peak near
0.0 V.*> The oxidation is HPTS that of the phenol moiety, not
the direct oxidation of the pyrene ring system. Accordingly,
no oxidation is seen for PYTS in the electrochemical window
(i.e. prior to solvent breakdown).

Next, we explore the possible chemical reactivity of the PYTS
and HPTS fluorophores under homogenous chemical reaction
conditions seeking to mimic the OER and CER. Specifically,
two reagents were explored: Fenton’s reagent (which is
known to produce hydroxyl radicals) and chlorine gases which
were separately directly added to solutions of each fluorophore
and the reaction observed both visually and via UV-Vis
spectroscopy.

12428 | Phys. Chem. Chem. Phys., 2020, 22,12422-12433

Fenton’s reagent is a solution of hydrogen peroxide (H,O,)
with ferrous iron (FeSO,) as a catalyst to generate hydroxyl
radicals which might oxidise the fluorophores of interest as
follows

Fe*" + H,0, — Fe’" + HO® + OH~ (7)
Fe** + H,0, — Fe*' + HOO®* + H' (8)
2H,0, —» HO® + HOO® + H,0 (9)

According to literature, pH 3.0 is the most effective value for
the oxidation taking place in the treatment,> and an excess of
H,0, over phenol a ratio of ca. 8 was used to test the reaction
can take place under this ratio.’*

Fig. 5 shows the UV-Vis spectra observed after the addition
of Fenton’s reagents to either PYTS or HPTS for a period of two
minutes. No significant changes were observed suggesting that
no reaction takes place on the timescales of interest between

This journal is © the Owner Societies 2020
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Fig. 5 UV-Vis absorbance spectra obtained in 0.1 M KCl pH 3.0 citrate buffered solutions. (a) red line — 31.25 uM of HPTS; blue line — 31.25 uM of HPTS +
0.25 mM H,O; and 1.11 uM FeSQOy,. (b) blue line — 31.25 uM of PYTS; blue line — 31.25 uM of PYTS + 0.25 mM H,0O, and 1.11 uM FeSQ,.

the selected fluorophores and the radicals (OH and OOH)
produced by Fenton’s reagent.

Chlorine was prepared by dripping concentrated hydrochlo-
ric acid on potassium permanganate crystals:*®

2KMnO, + 16HCl — 2MnCl, + 2KCI + 8H,0 + 5Cl, (10)

The gas was bubbled through separate solutions of the
fluorophores of interest, note that chlorine adsorbs strongly
in the near-UV region of the spectrum hence limiting the
analytically useful wavelength range. In the case of HPTS, a
clear colour change was observed from fluorescent yellow-green
to dark brown after the addition of chlorine gas. No changes
were seen in the case of PYTS. Fig. 6 shows the corresponding
UV-vis spectra measured after two minutes of bubbling. The
addition of a similar volume of chlorine gas, measured by glass
syringe, to the solutions containing HPTS and PYTS had a
dramatically different effect; no spectroscopic peaks of HPTS
remained after the addition of chlorine gas (50 mL) where as
that of PYTS was unchanged. The two fluorophores, HPTS and
PYTS, thus show markedly contrasting reactivity towards chlorine
gas. We speculate that the presence of the ring OH group in HPTS
activate the molecule towards reaction with chlorine.

The above observation shows that OH and OOH radicals are
not capable of destroying either fluorophore whilst chlorine
reacts selectively with the HPTS. In the following we explore the
response of the fluorophores in the presence of an electrode in
aqueous solution held at strongly oxidising potentials under
conditions where OH, OOH and Cl,, along with other oxidising
species can be expected to be generated. The following
two sections experimentally evidence the behaviour of these
fluorescent probes in a thin-layer opto-electrochemical cell
under oxidising conditions. The cell configuration reflects that
used within the theoretical section presented above.

PYTS: direct oxidation

The fluorescence imaging of PYTS was achieved using a
fluorescence microscope with a thin-layered cell consisting
a cylindrical electrode (r = 3.5 pum) with a cell depth of

This journal is © the Owner Societies 2020
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Fig. 6 UV-Vis absorbance spectra obtained in 0.1 M KCl pH 7.0 PBS
buffered solutions. Background is subtracted from all data. (a) blue line —
31.25 pM of HPTS; yellow line — 31.25 uM of HPTS + 25 mL chlorine gas;
green line — 31.25 pM of HPTS + 50 mL chlorine gas; red line — 50 mL
chlorine gas. (b) Blue line — 31.25 uM of PYTS; yellow line — 31.25 uM of
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chlorine gas; red line = 50 mL chlorine gas.

350

approximately 60 um (see ESI,T Sections S1 and S2 for cell and
microscope set-up). The imaging conditions are Ae, = 365 nm
and Z.m = 445 £ 45 nm. Experimentally at ¢ = 0, the potential
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applied to the working carbon fibre electrode was stepped from
0.0 V to +1.4 V for over a period of 5 seconds. In the second
experiment, a higher oxidative potential of +2.3 V was applied to
PYTS for 20 seconds. A series of images were taken. A quantita-
tive assessment of the relative concentration profile can be
obtained from the microscope image by the measurement of
the fluorescence intensity profile across wire. In the present
work, the normalized fluorescence intensity profile is used for
comparison. To calculate this normalised fluorescence intensity,
the fluorescence intensity of the background was subtracted
from the raw intensity and then divided by the initial intensity
measured before the onset of the reaction. The initial fluores-
cence intensity was also background corrected.

At +1.4 V, no alteration in the fluorescence intensity of the
PYTS was optically observed, see Fig. S11 (ESIt), which agrees
with the lack of faradaic signal in the voltammetric experiments
shown in Fig. 4b even at the potentials near to solvent break-
down (+1.5 V vs. SCE).

At a higher oxidative potential of +2.3 V, however, the PYTS
can be seen to be electrochemically oxidised, as evidenced via
the changes in the fluorescence intensity shown in Fig. 7. Note
that the peak at x = 0 um is due to the opaque carbon fibre
electrode. This oxidation process occurs outside of the solvent
voltammetric window; consequently, it is not possible to use
the measured current (as would conventionally be done with
exclusively voltammetric studies) to infer any information
regarding nature of the electrochemical reaction or fate of the
fluorophore. In contrast the fluorescence profile is able to
directly evidence that, although other processes such as CER
are likely occurring in parallel at the electrode surface, the
oxidation of the PYTS occurs via a direct oxidation process. This
can be concluded on the basis of the fluorescence profile shape
and its essential insensitivity to the concentration profile of the
fluorophore as shown in Fig. 7 on the basis of the simulations
presented above. It was observed that the electrochemical
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Fig. 7 Relative intensity profile recorded at t = 5.0 s in a chronoampero-
metric experiment with a step potential 2.3V vs. pseudo Ag wire reference
electrode, at different concentrations of 0.1 mM (black), 1 mM (red) and
10 mM (blue) of PYTS with pH 7 phosphate buffer solution and 0.1 M KCl as
supporting electrolyte.
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consumption of PYTS only occurs at potentials more positive
than approximately +2.0 V. More plots of the variation of the
fluorescence intensity profiles as a function of time and the
fluorescence microscope images of PYTS are provided in ESI,
Section S7. Next, we conduct comparable experiments to inves-
tigate the opto-electrochemical behaviour of the hydroxylated
pyrene derivative (HPTS) towards CER.

HPTS: direct versus mediated reactions

Despite HPTS being structurally similar to PYTS, the cyclic
voltammetry experiments shown in Fig. 4a demonstrates that
HPTS undergoes an overall two-electron direct oxidation at the
electrode with the first oxidative peak at +0.46 V and the second
at +0.92 V vs. SCE. Fluorescence imaging of HPTS was achieved
as above in a microscope setup (Lex = 365 nm and Aep, = 530 +
43 nm). Experimentally, the potential applied to the working
carbon fibre electrode was stepped from 0.0 to +1.2 V to fully
drive the direct 2-electron oxidation destruction of HPTS at the
electrode. Fig. 8 shows a series of images depicting the change
in fluorescence intensity with time.

No new fluorescence signals were seen whilst the fluores-
cence of the fluorophore decreased in the vicinity of the
electrode. The fluorescence intensity profiles measured at this
lower potential (+1.2 V) as recorded across the wire are shown
as dotted lines in Fig. 8. The fluorescence intensity profile in
Fig. 8 at t = 5.0 s is shown for three different concentrations:
0.1 (black), 1.0 (red) and 10 mM (blue). Note the peak at x =0 um
is a result of the finite sized opaque carbon fibre electrode.
At +1.2 V the measured electrochemical current is of the order
of 1 x 107° A (for a 1 mM solution of the fluorophore), where
the cylindrical electrode is approximately 1 cm in length. At this
potential the fluorescence profiles are essentially insensitive to
the used concentration of the fluorophore, with the small
discrepancies reflecting the reproducibility of the experiment.>®
Also notable is the fact that the minimum in the fluorescence
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Fig. 8 Relative intensity profile recorded at t = 5.0 s in a chronoampero-
metric experiment with a step potential of 1.2 V (dotted) and 2.3 V (solid
lines) vs. pseudo Ag wire reference electrode, at different concentrations
of 0.1 mM (black), 1 mM (red) and 10 mM (blue) of HPTS with pH 7
phosphate buffer solution and 0.1 M KCl as supporting electrolyte.
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profile is between 20-40% less than the signal obtained prior to the
onset of the oxidising potential. These results are fully consistent
with a direct oxidation process, where the electrochemical oxidation
exclusively occurs at the electrode interface. At a higher oxidative
potential of +2.3 V, however, the fluorescent behaviour of HPTS is
markedly different (solid lines Fig. 8), first the depth of the mini-
mum is far greater and second the fluorescence profile is sensitive to
the concentration of the fluorophore. Fig. 8 (solid line) demonstrates
how decreasing the concentration of the fluorophore markedly
increases the distance over which it is consumed. Plots of the
variation of the fluorescence intensity profiles as a function of time
with different concentrations and the related fluorescence micro-
scope images are provided in the ESLT Section S8 (Fig. S12 and S13
for experiments at +1.2 V, Fig. S14 and S15 for those at +2.3 V
respectively, ESIt). At such high potentials (+2.3 V) the currents at
the electrode are large (ca. 6 x 10> A for a 1 mM solution of the
fluorophore) and correspond not only to the direct oxidation of the
fluorophore but also the solvent and in this case the electrolyte —
chloride. Thus, the dramatic change in the obtained fluorescence
profiles between +1.2 V and +2.3 V directly evidence that, at the latter
potentials, the fluorophore is additionally oxidised indirectly by the
products of the solvent break down; a mediated oxidation occurs.
Although local H" would be generated during the reaction, HPTS, is
a ‘photoacid’ as such the protonated and deprotonated forms
fluorescence at the same wavelength. Moreover, the protonated form
has a higher extinction coefficient at 365 nm (as used experimen-
tally) as such if there was a significant change in pH during the
course of the experiment one would anticipate and increase in the
fluorescence intensity’" as opposed to the observed decrease. Con-
sequently, the formation of H' is not likely relevant in the present
situation where the bulffer is expected to be sufficient to control the
interfacial pH. In the above work the chemical reactivity of HPTS
towards chlorine, Cl,, was noted. The experiments reported in Fig. 8
were conducted in the presence of 0.1 M chloride. Accordingly,
analogous experiments were repeated in the absence of chloride,
and the data can be found in ESL Fig. S16. For the case in absence
of Cl™, an optical response corresponding to the direct oxidation at
the electrode was again observed even at a high oxidative potential
(+2.3 V), strongly evidencing that chlorine is the operative species
causing the oxidative destruction of the fluorophore at distances
away from the electrode. We conclude that the electrochemical
process occurring at the electrode responsible for the mediated
oxidation of HPTS at +2.3 V is predominantly CER rather than OER.

To summarise, at high oxidative potentials the electro-
chemical processes occurring at the electrode, OER vs. CER,
are highly sensitive to the experimental conditions. We have
demonstrated that the in situ opto-electrochemical response of
HPTS can provide evidence for the operation of the CER despite
the voltammetric signatures being completely masked by
solvent decomposition.

Conclusions

The simulation model shows distinctly different concentration
profiles and thus optical responses for the destruction of a
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fluorophore by a direct oxidative at the electrode in comparison
with a homogeneous reaction with an electrochemically generated
product, that is mediated oxidation. With the direct oxidation of
the fluorophore the optical response near the vicinity of the
electrode does not deplete to zero within tens of seconds of the
applied potential; under the same time scale and in contrast,
the formation of a highly reactive electrochemical product - via
solvent breakdown or electro-chlorination - is shown to “titrate”
all the fluorophore near the vicinity of the electrode.

The fluorescence response of two structurally similar fluor-
escent probes, HPTS and PYTS, were investigated in a thin-
layered opto-electrochemical cell. At a low oxidative potential of
+1.2 V vs. pseudo Ag wire, the fluorescence response of HPTS is
fully consistent with direct oxidation at the electrode as con-
firmed by its voltammetric signal. However, at a higher oxidative
potential of +2.3 V, the fluorescence responses of HPTS is in-line
with the indirect destruction process (EC,) via reaction with a
reactive electrogenerated product arising from solvent break-
down and/or electro-chlorination. The UV-Vis spectra evidences
that reaction with chlorine is the likely dominant reaction with
HPTS at higher oxidative potential. In contrast PYTS is only
oxidised at a high potential of +2.3 V with the fluorescence
response in agreement with direct oxidation at the electrode.

We have shown that, in situ optical imaging synchronised
with electrochemistry provides insights to the reaction mecha-
nism when the current obtained electrochemically is dominated
and obscured by the solvent and/or breakdown of electrolyte.
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