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Abstract

By varying the total and the relative concentrations of a strong acid (HCIO4) and a pH
sensitive fluorescent dye (8-hydroxypyrene-1,3,6-trisulfonate), this work demonstrates that
both the hydrogen evolution reaction (HER) or the oxygen reduction reaction (ORR) can be
selectively and optically studied at an electrochemical interface. The local pH shift driven by
the redox reaction can be visualised through fluorescence imaging of the interface. The use of
finite strong acid concentrations further serves to constrain the pH change to a thin-layer
adjacent to the surface. This chemical confinement of the fluorophore improves the systems
resolution and enables micron scale heterogeneity on the electrode surface to be readily

visualised.
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Interfacial charge transfer underpins many energy technologies notably batteries,
supercapacitors and fuel cells.)? Although techniques such as voltammetry can yield
significant thermodynamic and Kkinetic information regarding these systems, a major
deficiency is the lack of spatial information. Insights may be inferred by studying processes
at variable scan rates or by studying reactions at individual nanoparticles.®>* However,
although useful, such approaches are not always experimentally applicable. Since the mid-
80s the dominant route to address such questions of spatial heterogeneity has been through
the use of scanning electrochemical microscopy (SECM).>® By combination of this technique
with a variety of methods for controlling the tip-to-sample distance this approach has been
advanced to a high state-of-art.”® However, as a technique SECM is still very regularly
employed using probe electrodes of micron dimensions.’® Moreover, although widely
applied, such methodologies are still not without limitations. Ultimately, the imaging time is
limited by the rate at which the systems can raster across the surface so as to acquire an
image. First, obtaining information about system dynamics is challenging. Second,
diffusional blurring of the solution phase electroactive species often limits the systems
resolution. Third, issues relating to solution phase convection can occur on these time scales

with associated image loss.**2

Fluorescence Electrochemical Microscopy (FEM) is an alternate technique for imaging
electrode heterogeneity.31* The use of FEM has been far less studied in the literature than
SECM,; this is in spite of the significant advantage of sampling electrode areas in parallel and
at video frequencies. A major limitation for the technique arises from diffusional blurring
leading to the relatively rapid transport of the fluorophore away from an active site. In SECM
these issues are partially minimised by the probe consuming the electrode product. Recent
work has looked to use confocal microscopy to improve the applicability of FEM systems;°
however, such approaches are again limited by the need to form images by rastering. In
contrast, Zhang et al. demonstrated in their use of a bipolar electrode that a coupled
homogeneous reaction can be used to constrain a fluorophore to a smaller volume.® Work
has built on this result and showed that by constricting a fluorophore to a “thin’ reaction-layer

the spatial resolution of the imaging systems can be dramatically improved.'’

In the biological sciences fluorophores that are sensitive to a variety of specific reagents have
been developed.’® However, due to the near ubiquity of proton-coupled electron transfers
(PCET)® this work will focus on providing and evidencing the applicability of a more



general methodology for visualising local pH changes at an electrochemical interface and
hence indirectly monitoring the course of an interfacial reaction. A variety of techniques and
methodologies have been developed to probe such local pH changes during the course of
interfacial reactions.?>! In this work, the technique of Chemically Confined Fluorescence
Electrochemical Microscopy (CCFEM) is employed to image heterogeneity in electrode
activity. Specifically, the hydrogen evolution reaction (HER) and the oxygen reduction
reaction (ORR) are imaged at an electrochemical interface as a function of the applied
potential.
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Scheme 1: The structure of the used fluorophore HPTS and the two main routes by which the
pH at an electrochemical interface can be increased due to the occurrence of a reduction
process. The blue area represents the electrode and the green schematically represents the
fluorescence intensity as a function of the distance perpendicular to the electrode surface.
HA represents a weak acid fluorophore that in this case exhibits strong fluorescence in its
deprotonated form (A°), in the present work HPTS is used. a) HER leads to the consumption of
protons b) PCET, exemplified here as the reduction of oxygen, leads to proton consumption.
In the latter case it is necessary that the pK, of the product of the PCET reaction has a pK,
above that of the fluorogenic pH indicator (HA). In both cases the presence of a low
concentration of a strong acid (H?) in bulk solution ensures the spatial extent of the
deprotonated species A is restricted to a volume close to the electrode surface.

The fluorophore 8-hydroxypyrene-1,3,6-trisulfonate (HPTS, Scheme 1) provides an effective
route for monitoring local pH changes using optical fluorescence microscopy. The phenol
group has an associated pKa of 7.21 and deprotonation shifts the absorption maxima from 403
nm to 454 nm.}” This change in the absorption spectra facilitates visualisation of alkaline
regions of solution. Apart from being a proton source, this fluorescent dye does not exhibit

any reductive voltammetric response in the aqueous potential window.!” Electrochemical



redox reactions may drive pH changes at an electrode interface either directly via the H*/H;
redox couple or more broadly as a result of the occurrence of a PCET reaction. This work

starts by visualising the HER at a carbon fibre electrode.

A general strategy for the visualisation of the HER is shown in Scheme 1; also presented is a
scheme for the visualisation of PCET reactions (vide infra). In the first case the direct
reduction of protons at the electrochemical interface results in a shift in the pH local to the
surface. Depending on the pH environment and electrode potential the HER may precede
either via the reduction of hydronium ions and/or protons bound to a conjugate base. At an
unmodified carbon fibre electrode the reduction of perchloric acid (1.0 mM HCIO4 in 0.1 M
KCIO4 and containing 0.5 mM HPTS) occurs at -1.5 V vs Ag (See SI section 1). In contrast
solvent break down (in this case HER from water) does not occur until -1.75 V vs Ag. Figure
1 shows a series of fluorescence microscope images of a 7 pum diameter carbon fibre wire in
an aqueous solution containing 0.1 M KCIO4, 0.5 mM HPTS and between 0.55-1.00 mM
HCIO4. The electrode potential was swept from 0.2 to -1.8 V vs Ag at a scan rate of 0.1 V s,
During the course of the scan the wire was imaged optically using an excitation wavelength
of 475£17.5 nm and an emission filter at 530£21.5 nm. Images were recorded at 10 f.p.s
using a monochrome camera (16-bit, 4 megapixel image), the resulting grey scale images
have been false coloured to clearly indicate the change in image intensity. Figure 1 presents

still images of the wire at select potentials during the course of the electrochemical scan.

At higher overpotentials proton reduction leads to an increase in the solution phase pH
resulting in an increase in the fluorescence intensity in these local low proton concentration
environments. As can be seen in Figure 1 and further exemplified in the SI section 2, the
potential at which a significant change in pH and hence an increase in fluorescence occurs
varies as a function of the acid concentration. At lower acid concentrations the exhaustion of
the local proton concentration occurs at a less negative potential resulting in the earlier onset
of the fluorescence signal. It should be highlighted that in the above experiments due to the
requirement of using a thin layer cell the removal of oxygen from the electrode systems is not
feasible; consequently, with the use of lower acid concentrations, as shown in Sl section 2,
the onset of the fluorescence occurs at a lower potential partly due to the consumption of
protons by the ORR. The onset of the fluorescence signal is sensitive to the net proton
consumption at the electrode surface relative to the solutions buffering capacity, as a
consequence of this, the ability to selectively image the ORR is discussed further below.
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Figure 1: Fluorescence microscope images for carbon microfibre (diameter 7 um) with
variable concentration of perchloric acid (in 0.1 M KCIO4 and 0.5 mM HPTS). Data acquired
at 10 f.p.s. during the course of a voltammetric scan from 0.2 to -1.8 V at 0.1 V s’ (potentials
reported against a pseudo Ag reference), images at select potentials have been reproduced.
Scaling is the same for all images and have been false coloured to emphasis the variation in
fluorescence intensity (see Figure S5). Colours vary from dark blue to white (low to high
fluorescence intensity). Inlay depicts the cross sectional intensity profile across the carbon
fibre wire at -1.8 V for 0.55 (white) and 1.0 (red) mM HCIO4, clearly demonstrating the
confinement of the fluorophore in the higher acid conditions.

The HER shown in Figure 1 demonstrates, first, for this unmodified carbon fibre electrode
the fluorescence signal is observed to be predominantly homogeneous along the length of the
wire. Second, in all cases at higher overpotentials the rate of proton consumption at the
electrode surface overcomes that of the diffusion from the bulk solution, resulting in an
increase in the intensity and spatial extent of the fluorescence signal. Importantly, at low
overpotentials the spatial extent of this fluorescence signal is contracted as compared to the
diffusion length scale.?? This contraction occurs due to the presence of the bulk proton
concentration which ensures the dimensions of the produced alkaline region are confined and
results in a length scale less than the diameter of the electrode (7 um) as evidenced by the
optical images. To demonstrate the benefits of this chemically confined fluorescence signal
the HER was studied at an epoxy-sized carbon fibre electrode (i.e. a wire coated with a thin
layer of epoxy). SI Section 3 depicts representative images of the fibre as a function of the
applied potential. In contrast to the earlier result (Figure 1) for the unmodified carbon surface
the electrode demonstrates significant heterogeneity. Partial physical blocking of the



electrode surface by the epoxy leads to heterogeneous activity of the electrode, with activity

likely at defects along the surface.

Although of distinct physical interest, in terms of applications imaging the HER is limited in
scope. However, a diverse number of redox reactions are coupled with proton transfer, ORR
being a paradigmatic example. Depending on the material and electrode potential this
reaction may either proceed via a 4 or 2 electron reduction pathway. Due to the associated
proton consumption, under low buffering conditions the reaction can cause a pH change at
the electrode interface. The solubility of oxygen in water at 25°C is 1.24 mM,?® consequently
under atmospheric conditions a non-degassed solution will contain ~0.27 mM oxygen. In
order for the ORR to be visualised by a pH change it is imperative that the availability of
protons is sufficiently low that the reaction will drive a local increase in alkalinity. Figure 2
depicts the response of a platinum nanoparticle modified carbon fibre electrode and as a
comparison an unmodified section of the same wire. The carbon fibre wire electrode was
modified with platinum nanoparticles (diameter = 50 nm, nanoComposix, CA USA) by
dropcasting from a stock solution (55 pM), following which the electrode was rinsed with
distilled water. Sl section 4 presents SEM images of a carbon fibre wire modified following
this procedure. To allow direct comparison the fluorescence image of the carbon fibre
modified with platinum nanoparticles is situated at the edge of the modified and unmodified
sections (the position of which is indicated in the Figure 2). For further comparison a full
image of an unmodified section of wire is also depicted in Figure 2. In this experiment the
solution contained 0.1 M KCIO4, 0.1 mM HCIO4 and 0.1 mM HPTS and the electrode
potential was scanned reductively at 0.1 V s from 0.2 to -1.2 V(data shown to -0.9V). Due
to the lower total proton concentration the increase in the fluorescence signal occurs at a
significantly lower electrode potential as compared to the results presented in Figure 1. The
activity of the platinum modified section is seen to be significantly greater than that of the
bare carbon. The initial onset for the fluorescence response on the platinum nanoparticle
modified section of the wire occurs at a potential of -0.3 to -0.4 V (vs Ag) as compared to -
0.6 to -0.7 V (vs Ag) for the bare carbon surface.
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Figure 2: Fluorescence microscope images for 40 minutes platinum nanoparticle coated
carbon microfibre (diameter 7 um), 0.1 mM HCIO4, 0.1 mM HPTS and 0.1 M KCIO4. Data
acquired at 10 f.p.s. during the course of a voltammetric scan from 0.2 to -0.9 V (potentials
reported against a pseudo Ag reference), images at select potentials have been reproduced.
Images are of the same wire but focussed on different Pt modified and un-modified areas.
Images have been false coloured (see Figure S5), to emphasise the variation in fluorescence
intensity. Colours vary from dark blue to white (low to high fluorescence intensity).

By chemically constraining the fluorophore in the solution phase to a restricted volume
adjacent to an electrochemical interface, CCFEM can provide information regarding localised
electrode activity. The systems sensitivity towards a given redox process can be optimised by
varying the ratio and total concentration of the reagents used. In this manner it has been
demonstrated that by using ‘high’ proton concentrations (in this work [HPTS] + [HCIO4]
>1.0 mM) the HER reaction can be studied. By lowering the total acid concentration to 0.2
mM the ORR can be investigated and the difference in activity of two electrode materials
(platinum and carbon) can be easily visualised as a function of the electrode potential. The
ability of CCFEM to image large areas at video frequencies provides a number of advantages;
the system more readily lends itself to studying dynamic processes and for use in high
through-put applications. The approach presented herein is general; however, application to

other systems, although far from insurmountable, will require some chemical ingenuity
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