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ABSTRACT: Confocal fluorescence microscopy is a proven technique, which can image
near-electrode pH changes. For a complete understanding of electrode processes, time-
resolved measurements are required, which have not been achieved previously. Here we
present the first measurements of time-resolved pH profiles with confocal fluorescence
microscopy. The experimental results compare favorably with a one-dimensional reaction—
diffusion model; this holds up to the point where the measurements reveal three-
dimensionality in the pH distribution. Specific factors affecting the pH measurement such as
attenuation of light and the role of dye migration are also discussed in detail. The method is
further applied to reveal the buffer effects observed in sulfate-containing electrolytes. The
work presented here is paving the way toward the use of confocal fluorescence microscopy in
the measurement of 3D time-resolved pH changes in numerous electrochemical settings, for
example, in the vicinity of bubbles.

lectrochemical reactions in aqueous solutions are strongly method in a flow cell to compare the steady-state pH profiles

affected by the pH near the electrode. In corrosion formed (for hydrogen evolution) on patterned Au electrode
science, potential-pH phase diagrams' (Pourbaix diagrams) surfaces. Furthermore, they measured pH profiles on various
best summarize this relationship. Moreover, in applications of electrode materials, thereby suggesting this technique as a
energy storage and material conversion (e.g, CO, and N, screening tool for identifying electrocatalysts. Leenheer and
reduction to useful products), where protons in solution are Atwater” also they compared their measurements to a steady-
consumed, there is a direct link between the pH and the state model, one including laminar flow.
efficiency of the electrochemical cell. Measuring and under- Although fluorescent measurements of spatiotemporal pH
standing pH profiles near electrodes is therefore essential and profiles near ion-selective membranes have been recently
can provide insight into the local surface chemistry and help undertaken'® with related electrokinetic modeling by Andersen
design efficient electrochemical systems. This is particularly et al,'" such measurements are lacking for electrolytic systems
relevant in the reduction of CO,, where sensitivity to the near and near the electrodes. Here, besides electric field effects,
electrode pH may limit the desired product formation.”™" large gradients in pH are created because of chemical reactions

An effective technique to detect pH changes is the use of
indicator molecules, such as fluorescein, whose fluorescence
changes with pH. Unlike point measurements, e.g., via
scanning electrochemical microscopy,5 imaging fluorescence
fields allows for spatially resolved pH measurement. When
coupled with confocal microscopy, this approach offers an even
higher spatial resolution and has already demonstrated its
potential in electrochemical applications.® For example, Unwin
et al.”® measured three-dimensional steady-state pH profiles
on microelectrodes. Cannan et al.” determined the pH change
accompanied by the reduction of benzoquinone to hydro-
quinone. Similarly, Rudd et al.® measured the pH profiles
induced by the reduction of water and oxygen on gold
electrodes. They considered different electrode shapes and
compared their results with a steady-state reaction—diffusion
model. Leenheer and Atwater’ applied the fluorescence

at the electrode surface. Time resolution is then essential to
capture the dynamics at the electrode—electrolyte interface.
One such application would be the measurement of pH
profiles around growing hydrogen bubbles in solution, which
may reveal transient reaction hot-spots.'”"’ Similarly, other
situations involving phase change, simultaneous electrode
reactions, or bulk buffer reactions during electrolysis require
time-resolved measurements for their accurate character-
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ization. Certainly, a further development of time-resolved
measurements techniques is urgently needed to understand
dynamic processes occurring at electrode/electrolyte interfaces
in electrochemical processes. In spite of the need, to the best of
our knowledge, a quantitative comparison of time-resolved pH
measurements and modeling using fluorescent dyes is not yet
available in the literature. In this contribution we demonstrate
the feasibility of using fluorescent dyes to measure
spatiotemporally varying pH profiles in solution by comparing
the pH changes arising from electrochemical oxygen reduction
with a time-dependent reaction—diffusion model. We further
apply this technique to highlight buffer effects in sulfate-
containing electrolytes.

Confocal Fluorescence (pH) Microscopy. To carry out the
measurements, an electrochemical cell assembly was mounted
on top of an inverted confocal microscope. A schematic of the
setup which also contains the relevant dimensions is shown in
Figure 1a. The electrochemical housing was made of Teflon. In
all measurements, a platinized titanium mesh was rolled up and
placed as a ring at about 4 cm from the working electrode. This
assembly successfully prevented any interference of the counter
electrode reaction with the pH measurement. A 10 nm thick
platinum film evaporated on a circular glass slide (thickness
170 ym, diameter 50 mm) formed the working electrode. A
BASi Ag/AgCl (in 3 M NaCl) was used as a reference
electrode. Unless otherwise stated, 0.5 M NaClO, with 8 uM
sodium fluorescein was used as electrolyte. The measurements
involved taking fluorescence images along the scanned
direction z (in a serial fashion as shown in Figure 1a). The
mean of each image was then taken as the measured intensity
at the corresponding z-position. The fluorescence signal was
found to be compromised up to a distance z & 100 um above
the surface (see Experimental Section and the Supporting
Information for further details). Therefore, any fluorescence
intensity (and resulting pH) information was obtained only
above this threshold.

Fluorescein (Fl) is a Eofular choice to probe pH changes in
electrochemical cells.”'*"> The pH sensitivity of Fl is well
documented'®™"® and arises from the existence of different
protonated forms of the molecule in solution. The fluorescence
emission of constant pH solutions was measured for the
intensity-to-pH calibration (as shown in Figure 1b). These
results were fitted with an analytical function to allow for a
conversion from Fl intensities obtained in the experiments to
pH. The laser and confocal settings were kept constant
throughout the study such that the curve in Figure 1b applies
to all experiments. The dye is found to be particularly pH-
sensitive in the range S < pH < 10 (indicated by the shading
in Figure 1b), as evidenced by the pronounced increase of
fluorescence emission intensity measured with increasing pH
within this interval. However, the highly nonlinear intensity-
pH relationship suggests that measurement results beyond
pH = 8.5 should be taken with caution. Details on the fit and
the repeatability are provided in the Supporting Information.
The effect of dye migration induced by the electric field has
also been addressed therein. Migration is detrimental to the
present technique, which assumes a homogeneous dye
distribution. It was found that a certain minimum supporting
electrolyte concentration is necessary to keep migration effects
at bay.

Last, to compare with experimental results, we also
simulated the pH profiles during reaction. Because the
supporting electrolyte concentration is high, we adopted a
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Figure 1. (a) Schematic of the experimental setup. The electro-
chemical cell was placed on the inverted confocal laser scanning
microscope. The transparent working electrode allowed for depth-
wise (z) measurement of fluorescent intensity. (b) Calibration results
for the pH dependence of fluorescein. The experimental data (filled
circles) shown here are the mean of three measurements of intensity
measurements at each pH (error bars are smaller than the marker
size). A sigmoidal function (black line; see Supporting Information for
details of fit) is fitted to all three measurements at each pH. The
measurements were performed in 1 mM Na,SO, containing 8 uM
fluorescein. pH was adjusted to the required value by addition of
H,SO,.

reaction—diffusion model for the simulations of the general
form

2
% = D 2% 1 f(0)
ot 0’z 1)
where ¢, (z, t) is the concentration of species k, D; the
corresponding diffusion constant, and f(c) a nonlinear function
representing reaction terms. Here the chemical reactions
considered are

Dy
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The pK, of H,Fl is lower than the pH considered here, and
therefore, it can be ignored. Assuming that the concentration
of water is large and therefore essentially constant during the
experiment, the equations have been solved for the
concentration of three species: H', OH™, and FI*". Further
details of the exact reaction—diffusion equations (with their
boundary conditions) and the numerical technique (including
validation) are presented in the Supporting Information. The
contribution of capacitive current has also been taken into
account. However, because the exact value of the capacitance
(C) is not known in our measurements, results for C values in
the range 0 < C < 120 uF/cm” are also presented in Figure 3c.
Additional details can be found in the Supporting Information.

Time-Resolved pH Measurements. A cyclic voltammogramm
(CV) of an O, saturated solution (pH 5 HCIO, + 0.5 M
NaClO, + 8 uM Fl), along with the measured potential of the
Pt working electrode for some of the constant current
experiments, is shown in Figure 2. For reference, an additional
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Figure 2. Left: First cycle of the cyclic voltammogram (CV) measured
at 10 mV/s for the Pt working electrode in O, saturated and N,
bubbled solutions (pH S HCIO, + 0.5 M NaClO, + 8 uM Fl) in our
setup. The shaded region shows the potential range measured in
chronopotentiometric (CP) experiments. Right: The CP curves
obtained for the O, saturated case. The shaded region indicates the
time over which the constant current is applied. The corresponding
current density for each curve is mentioned as well.

CV is included for the same configuration but using N,-
bubbled electrolyte instead. For the current densities, i, and
run-times considered here, it is estimated (using an initial
concentration corresponding to 1 atm O, pressure) that the
oxygen at the electrode surface never gets completely depleted.
This is also evident from the differences between the CV’s of
the O,-saturated and N,-bubbled solutions in Figure 2. Hence,
it can be concluded that oxygen reduction, and not water or
proton reduction, is the primary reaction occurring at the
electrode. The measured potential window of operation in our
constant current experiments is between 0.1 and 0.5 V vs Ag/
AgCl (at a starting pH of S), which translates to 0.6—1.1 V vs
RHE. Given that an ovepotential of Al > 0.3 V'? (over the
thermodynamic potential of 1.23 V vs RHE) is required to
drive the O, reduction reaction on platinum, the potentials
measured in our experiments are consistent with O, reduction
occurring at the electrode. However, because the O, reduction
reaction depends on the pH of the solution,”*" the proper flux
boundary conditions for OH™ and H" are complicated
(consumption of H* or production of OH~, depending on
the reaction). Nevertheless, the calculated pH profiles shown
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here were found to be independent of this. Finally, it is
important to mention that fluorescein is stable under the
conditions applied.”*~**

The obtained emission intensity profiles and the resulting
pH distributions (at 0.5 M NaClO, supporting electrolyte
concentration) are summarized in Figure 3a for various
(constant) applied current densities. In all cases considered
here, i is limited to values traditionally considered minute for
electrochemistry. Despite such low current densities, the pH
change and the corresponding thickness of the depletion layer
are significant. Figure 3a shows the attenuation-corrected mean
intensity of fluorescein emission as a function of distance z
from the electrode surface. Independent of the applied current
density, a steep front is seen to propagate into the solution
already at early times, t < 300 s. This feature also translates to
the corresponding pH profiles. It should be noted, however,
that intensity levels within the resulting “shoulder” close to the
electrode reach the saturation limit and because of the
uncertainties described above, pH results are grayed out in
these instances. Nevertheless, the experimental results are in
good agreement with the simulated pH profiles shown in
Figure 3b (see solid lines). Interestingly, also in the simulations
the pH is near constant close to the electrode for lil > 1.59 uA/
cm?, yet with pH 9—10, the values are slightly outside the
experimental sensitivity range. Even at current densities of ~1
uA/cm? the depletion layer or the penetration depth of the
pH profile reaches ~1 mm into the electrolyte. At higher
current densities, this depletion length grows faster and
extends further into the bulk of the solution.

It can be seen, however, that for the two highest current
densities considered here, the intensity as well as the pH
profiles recede at later times (corresponding to darker shadings
of the markers), whereas the model predicts a monotonic
outward propagation of the front. To enable a quantitative
comparison, we track the position 2., at which pH 7 is
encountered as a proxy for the front location. As Figure 3c
shows, the pH front propagation in the experiments is well
captured by the model for the two lower current density cases
presented here. At higher current densities and at late times,
though, the pH front in experiments either recedes or
saturates. This is also true for repeat measurements made
(see the Supporting Information). However, this effect appears
to be an artifact of the way the mean fluorescein intensities are
calculated. Consistent with the 1D assumption, only a measure
of the mean across the entire image (i.e., a plane parallel to the
electrode) is considered. For example, at t; (for lil = 5.59 uA/
cm?, see Figure 3a), this is appropriate as highlighted in Figure
4a. At t, though, the intensity distribution displayed in Figure
4a becomes distinctly inhomogeneous as seen in Figure 4b.
This implies that 2D or 3D effects become relevant, which are
not captured in the one-dimensional model.

To determine the location and time at which 3D effects
become relevant, we consider the standard deviation (o)
normalized with the mean intensity (u#) of the image as shown
in Figure 4c. To minimize the effect of high-frequency spatial
noise, the image was box-filtered with a filter size of 50 pixels
before calculating o. Figure 4c captures the uniform image
intensity for lil = 0.8 pA/cm” as a near constant /u. In
contrast, a visible peak in 6/y at the depletion front z = 2,y ; is
observed for all other cases. At the two highest current
densities considered, the unsteadiness in fluorescein intensity
develops over time as well. The onset time (,,, defined as 6/u
> 0.1) of this instability thus calculated is, in Figure 4d, found
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Figure 3. Experimental versus model results. The experimental measurement is restricted to z > 0.1 mm because of limitations of the optical setup
(see Supporting Information for details). (a) Attenuation and depth-corrected fluorescein intensity profiles. Corresponding pH profiles calculated
using the calibration curve. pH > 8.5 has been grayed out because of the uncertainty in the measurement at these values. The times ¢, and ¢, have
been marked for use in Figure 4. (b) Model results (with C = 88 yF/cm?) calculated at experimental times. The solid lines are drawn to compare
pH profiles of the experiment (blue) with the model (black). (c) Comparison of depletion length z,; ; of experiment versus model. The shaded
region indicates the model results over a range of capacitance 0 < C < 120 yF/cm? (solid line with C = 88 yF/cm?). Open squares show the
location of the pH front after the first appearance of the inhomogeneity as shown in Figure 4.

to sharply reduce with increasing current densities which is
well approximated by an inverse proportionality. It is
conceivable then that this instability occurs only after a certain
threshold number of H* ions have been depleted from the
solution. The distance & at which this nonuniformity is first
measured shows no clear trend: the nonuniformity first
increases until lil = 3.18 yA/cm® and then decreases again
slightly later. Because we look at only a small portion of the
electrode though, deviations from a 1D profile can occur much
earlier, at a different 6. It is unlikely that the reaction at the
counter electrode plays any role in the appearance of instability
as it is sufficiently far compared to the measured depletion
lengths of ~2 mm. Possible reasons could then be the presence
of electric field effects or induced fluid flow in the system,”
which have not been modeled. However, despite the early
appearance of inhomogeneity, the pH profiles in experiments
are similar to the model results up to distances and times that
are much larger (see Figure 3c, filled and open symbols, and
blue/black lines in Figure 3b). It may be possible then that the
departure of pH profiles in experiments, from a 1D diffusion
approximation, occurs only after a certain minimum o/u (and
corresponding inhomogeneity) is reached.

Sulfate Buffer Effect. In addition to the above measurements,
we proceed to evaluate the developing pH profiles in sulfate-
containing electrolytes, e.g., in the Na,SO,/H,SO, system.
This system is frequently used (for example sulfuric acid is
commonly used to study O, reduction) but, in contrast to
perchlorate electrolytes, may induce additional buffer capacity,
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thus changing the pH profiles. In fact, H,SO, has two
dissociation constants; the second corresponds to the
dissociation of HSO,~ with a pK, of around 2.”°”** Figure S
compares the pH profiles measured for the sulfate case to those
obtained with perchlorate electrolyte, for the two lowest
current densites. It is evident that the pH profiles develop
significantly slower in sulfate-containing electrolytes. For
example, for il 1.59 ﬂA/sz, the pH profiles in the
Na,SO,/H,SO, system have no clear front propagating in the
solution; the profiles rather become increasingly steep close to
the electrode surface with time, while for the perchlorate
solution depletion lengths of z,;; ; & 1.5 mm are achieved.
To try to further explain the experimental results, we
consider the pK, of HSO,™, which, although it is well below
our starting pH (pH S), because of the presence of the large
concentration of SO,*” in solution, creates a reservoir of
HSO,™ ions which acts as a source of protons in solution and
stabilizes the solution against pH changes. We attempt to
capture this effect in the 1D model as our results in the
Supporting Information show. This buffer effect is most likely
present in experimental measurements in the literature with
sulfate electrolytes.”” For example, Leenheer and Atwater’
measured the pH on patterned gold electrodes in Na,SO,
solutions, with different pattern shapes and area. However,
their steady-state simulations predicted a depletion zone much
larger than experiments. Similarly, the buffering effect of
Li,SO, solutions may also be present in the recent measure-
ments by Monteiro et al.> A comparison such as ours, between

https://dx.doi.org/10.1021/acs.jpclett.0c01575
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Figure 4. Inhomogeneous fluorescein intensity in a plane. Example of
fluorescein intensity images (lil = 5.59 yA/cm?®) at times marked in
Figure 3a: (a) homogeneous image at time , and (b) inhomogeneous
at time t,. (c) o/p versus depth for all current densities. The same
color bar as in Figure 3 applies. Sharp changes are used to pick out
times and positions where this nonuniformity is observed. (d) The
onset time f,,, and (e) the location & at which the inhomogeneity is
first observed vs current density. Different symbols are repeat
250

=

measurements. The solid line in panel d corresponds to

and is arbitrarily chosen to highlight the inverse relationship between
tons and i.

ons

perchlorate and sulfate electrolytes, should help to quantify the
magnitude of this effect and help better interpret results.

To summarize, we have successfully demonstrated the use of
fluorescein to measure time-resolved pH profiles in solution.
The results of a time-dependent reaction—diffusion model
compare reasonably well with the experimental data. However,
the inhomogeneity of pH in a plane that develops at “high
currents” clearly shows the need for time-varying local pH
measurements. The crucial aspects to consider when using
fluorescence microscopy for pH measurement, like optical
distortions and signal attenuation, have been carefully
examined. Furthermore, the concentration of the supporting
electrolyte is shown to influence migration of fluorescent dyes
and should be considered to avoid pitfalls in pH measurement
in electrochemical systems. For sulfate-containing electrolytes,
our analysis reveals buffering effects, which likely explain the
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Figure 5. Comparison of pH profiles for (a) perchlorate (NaClO,/
HCIO,) and (b) sulfate (Na,SO,/H,SO,) electrolytes. All measure-
ments were performed in 0.5 M supporting salt concentration
containing 8 yuM Fl. pH was adjusted to pH S by addition of
respective acid. All solutions were bubbled with N, before starting the
experiment. pH > 8.5 has been grayed out because of the uncertainty
in the measurements at these values.

difference between the measured diffusion profiles and those
observed in experiments in the past.”

Fluorescence microscopy offers time-resolved and relatively
nonintrusive measurement of pH instantly over a large area.
Because the principle of measurement presented here is
applicable to other fluorescent dyes with a different pH
detection range, this technique can be used for a wide range of
electrochemical systems to elucidate electrode dynamics. This
holds in particular for CO, reduction on gas diffusion
electrodes, because the second pK, of carbonic acid lies in
the fluorescein detection region. Our developed method can be
directly implemented to quantify mass transport, the role of
bicarbonate concentrations, etc. in the electrolyte. More
generally, the measurement technique presented here offers
insight into the dynamics of ions in solution, important to
many electrochemical systems, none more so than in
electrochemical cells to unravel the role of start—stop
transients. Detailed information on the pH distribution will
provide a better understanding of electrode processes and aid
in the overall design of electrochemical systems for eventual
use in large-scale electrolysis.

B EXPERIMENTAL METHODS

For the working electrode, a 3 nm thick chromium (under)
layer was used for better adhesion between the platinum film
and the glass slide. The sheet resistance of the resulting thin-
film electrode was 69 €. The electrical connection to the
working electrode was made with a platinized titanium point
contact. Prior to the measurement, the pH of the solution was
adjusted to a pH value of § by addition of appropriate amounts
of 0.1 M HCIO, (or 0.5 M H,SO, for sulfate electrolytes). The
pH of the solution before the start of each experiment (as well
as the calibration solutions shown in Figure 1b) was measured
using the Hannah Instruments Edge-pH meter that has an
accuracy of +0.02 pH units. All chemicals were purchased
from Sigma-Aldrich. Further experimental and numerical
details can be found in the Supporting Information.
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