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ABSTRACT: The hydroxyl radical (*OH) is one of the most
attractive reactive oxygen species due to its high oxidation power
and its clean (photo)(electro)generation from water, leaving no
residues and creating new prospects for efficient wastewater
treatment and electrosynthesis. Unfortunately, in situ detection of
*OH is challenging due to its short lifetime (few ns). Using
lifetime-extending spin traps, such as $,5-dimethyl-1-pyrroline N-
oxide (DMPO) to generate the [DMPO—OH]* adduct in
combination with electron spin resonance (ESR), allows
unambiguous determination of its presence in solution. However,
this method is cumbersome and lacks the necessary sensitivity and
versatility to explore and quantify *OH generation dynamics at
electrode surfaces in real time. Here, we identify that [DMPO—
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OH]" is redox-active with E° = 0.85 V vs AglAgCl and can be conveniently detected on Au and C ultramicroelectrodes. Using
scanning electrochemical microscopy (SECM), a four-electrode technique capable of collecting the freshly generated [DMPO—
OH]* from near the electrode surface, we detected its generation in real time from operating electrodes. We also generated images of
[DMPO—OH]* production and estimated and compared its generation efficiency at various electrodes (boron-doped diamond, tin
oxide, titanium foil, glassy carbon, platinum, and lead oxide). Density functional calculations, ESR measurements, and bulk
calibration using the Fenton reaction helped us unambiguously identify [DMPO—OH]* as the source of redox activity. We hope
these findings will encourage the rapid, inexpensive, and quantitative detection of *OH for conducting informed explorations of its
role in mediated oxidation processes at electrode surfaces for energy, environmental, and synthetic applications.

1. INTRODUCTION

Among the reactive oxygen species (ROS), the hydroxyl
radical (*OH) emerges as a key intermediate for “clean
oxidations” due to its high positive redox potential (2.73 V vs
RHE),' ™’ its swift generation from water or oxygen, and its
ability to oxidize species in aqueous solutions without leaving
residues.””” The generation of *OH at electrode surfaces is of
particular interest due to its dynamic control and potential for
incorporating renewable electrical energy for producing it in
environmental and synthetic applications. A broad variety of
applications including advanced oxidation processes (AOPs)
for wastewater treatment, photoelectrochemical processes, and
even cancer therapies have benefited from its generation at
electrodes.”™"® Prospects exist for the large-scale applications
of AOPs for removing organic pollutants from rivers and
tributaries through their mineralization to CO,."”>* Despite
its importance and its common involvement in proposed
reaction mechanisms for electrooxidations, direct evidence of
electrogenerated *OH is not often presented. The pioneerin%
work of Comninellis and others using spin-traps” >’
© 2022 The Authors. Published by
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demonstrated that *OH is indeed produced at electrochemical
surfaces such as boron-doped diamond (BDD). However, the
generation of *OH at electrodes produces small amounts of the
radical, significantly complicating its quantification and often
requiring long electrolysis experiments using indirect assays,
which often last several minutes to hours. This makes it
difficult to discern *OH participation in competing pathways
involving other ROS and in processes involving direct
electrochemical oxidation at the electrode surface.

The hydroxyl radical is typically generated in a controllable
fashion via two different methods: (i) by Fenton-like
reactions”>”® and (ii) at electrochemical/ photoelectrochemical
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interfaces.”” ">’ Fenton-like reactions are based on the
oxidation of a metallic ion or metal complex in the presence
of hydrogen peroxide. The most widely used metal for Fenton
chemistry is iron. In this method, H,O, reduction by Fel
produces Fe'" and *OH, as shown in eq 1. On the other hand,
the (photo)electrochemical process proceeds through the one-
electron oxidation of water to generate *OH, as shown in eq 2.
Here, the most widely used electrode materials are boron-
doped diamond (BDD)**™** or titanium oxide nanocryst-
als.'#*®**7%7 On electrochemical systems such as BDD, *OH
generation is in competition with other pathways to oxidize
water, such as the four-electron process to generate O,.

Fe(1l) + H,0, — Fe(Ill) + OH™ + OH (1)

(Surface)—OH, — ¢~ + H" + 'OH (2)

Due to its extreme reactivity and short lifetime (~1
ns),”**OH detection is quite challenging on heterogeneous
systems. However, detection in homogeneous phase, as it
occurs during generation using the Fenton process, is
conveniently performed using spin traps. The resulting adduct
is then analyzed via electron spin resonance (ESR).”’~*' A
common method involves the addition of a fast-reacting spin
trap such as 5,5-dimethyl-1-pyrroline N-oxide (DMPO) to
form the [DMPO—OH]*® adduct, eq 3. In contrast to the
fleeting *OH intermediate, this adduct has a longer lifetime of
minutes to hours.*

DMPO + OH — [DMPO-OH] 3)

ESR measurements unequivocally identify the formation of
[DMPO—OH]* because it can be fingerprinted through its
hyperfine coupling."** Thus, ESR brings mechanistic value in
distinguishing *OH formation from that of other ROS, which
may also be formed. ESR can also be used to determine the
concentration of spins trapped in the solution.”* However,
ESR has several drawbacks: the sensitivity of the technique
unless an optimized setup is used, as the typical sensitivity of
the technique is of the order of micromolar and, therefore, sets
a limit on the minimum number of detectable species in a bulk
solution volume. This may not be a particular issue with the
Fenton process performed in homogeneous phase. However, it
creates a critical constraint on studies at electrodes, because
these typically produce a limited amount of *OH in the vicinity
of the electrode.*” Thus, only electrolysis for long periods of
time (several minutes to hours)*>** generates a detectable
concentration. This hampers the real-time detection of *OH
and the elucidation of its formation dynamics and interactions
with other species at the electrode. Identifying electrode
materials and conditions that selectively produce *OH in high
yield and characterizing its reactions with solution species (e.g.,
pollutants) is critical to advancing technologies such as AOPs.
Therefore, it is pressing to develop an approach for measuring
*OH generation at electrodes at the shortest time scale
possible.

Here, we directly tackle the issue of low sensitivity in ESR
studies at electrodes by demonstrating that the [DMPO—
OH]* adduct is redox-active and, thus, can be detected in situ
with high sensitivity within the diffusion layer of the electrode.
To do so efficiently, we used scanning electrochemical
microscopy (SECM) in the substrate generation/tip collection
mode (SG/TC). In short, and as depicted in Scheme 1, an
ultramicroelectrode (UME) probe positioned in the vicinity of
an operating electrode was biased to electrolyze the [DMPO—

Scheme 1. Use of Scanning Electrochemical Microscopy
(SECM) To Collect the [DMPO—-OH]* Adduct Formed
from Spin Trapping of *OH Radicals Generated on Boron-
Doped Diamond Electrodes at Different Applied Potentials
(Egpp) Using Cyclic Voltammetry at the SECM Tip
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OH]* generated locally as a result of eq 3. By comparing our
electrochemical measurements to DFT predictions of redox
potential for [DMPO—OH]®, and using ESR signatures from
solution near the electrode surface, we unambiguously
identified this species. We show the versatility of our method
by obtaining comparative generation efficiencies of [DMPO—
OH]® on several electrode surfaces and by imaging its
production on an operating BDD electrode.

2. RESULTS AND DISCUSSION

2.1. Detection of a Redox-Active Adduct. We first
characterized the redox activity of the [DMPO—OH]* adduct.
SG/TC experiments were performed by approaching a 12.5
pum radius gold UME as the SECM tip to a BDD electrode and
positioning it 10 ym away from the surface (Figure S1). We
carried out SECM tip cyclic voltammetry (CV) experiments at
10 mV s~ designed to resolve the tip potential at which
species were collected as a function of the potential of the
BDD electrode. These experiments were performed in 0.1 M
Na,SO, at pH 4, with and without DMPO in solution. Figure
la shows a current signal at the SECM tip in two different
potential regions. We ascribe the collection process observed at
the more negative potentials (~0 vs AglAgCl) to oxygen
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Figure 1. (a) Collection experiments on gold SECM tip by applying
different potentials on the BDD electrode immersed in 0.1 M Na,SO,
at pH 4 in the absence and presence of 10 mM DMPO, and (b) ESR
spectra of a solution containing 10 mM of DMPO and 0.1 M of
Na,SO, pH 4 sampled from near the surface of BDD electrode when
it was turned on (Eppp = 1.7 V vs AglAgCl) and off. Hyperfine
coupling parameters @ = 14.9 G and a;" = 14.89 G.

evolution from the BDD, consistent with the detection of
oxygen in a bulk solution under the same conditions. On the
other hand, the well-defined wave with E, , = 0.85 V was only
observed in the presence of DMPO. The intensity of the signal
was also dependent on the applied potential on the BDD
electrode, Egpp. To understand the behavior of this redox
process, we first identified the species responsible.

2.2. DFT and ESR Characterization of Adducts. We
resorted to density functional theory (DFT) methods to
predict the redox potential of possible adducts of DMPO
formed upon reaction with *OH. [DMPO—OH]* is structur-
ally depicted in Scheme 2 along with other possible products
and their corresponding redox reactions.

It has been reported that species such as [DMPO—OH]*

decay to [DMPO=0]", while [DMPO—OOH]’ species decay
to [DMPO—OH]*.*** We selected four methods to predict
the redox potential of DMPO—X species (Table S1), including
the solvation model based on density (SMD) and polarizable
continuum model (PCM) solvation using the Born—Haber
cycle, along with corrections for SHE potentials. Averaging the
predictions from these methods, we found reversible redox
reactions for [DMPO—OH]"* at 0.77 + 0.06 V vs AglAgCl, for
[DMPO—-OOH]* at 092 + 0.04 V vs AglAgCl, and for
[DMPO=0]" at 1.55 + 0.04 V vs Ag/AgCl. Clearly, the
experimental E, , of 0.85 V vs AglAgCl allows us to rule out
[DMPO=0]"*. Within error, both [DMPO-OH]* and
[DMPO-OOH]* are plausible species. To decide between

Scheme 2. Representation of [DMPO—OH]* (Top),
[DMPO—-OOH]* (Middle), and [DMPO=0]" (Bottom)
Adducts and Their Reversible Redox Reactions
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these two as the source of redox reactivity, we carried out ESR
experiments.

We electrolyzed a 0.1 M Na,SO, solution at pH 4 using a
BDD electrode. Aliquots sampled from the vicinity of the
electrode using a fine-tip Hamilton syringe were taken before
and after applying a potential of 1.6 V on the substrate (Figure
1b). No paramagnetic signal was observed when the substrate
was at open circuit. However, the characteristic hyperfine
couplings for the [DMPO—OH]*® adduct were observed when
the substrate was on. The 1:2:2:1 integration ratio of the
hyperfine signals, together with the values of @™ = 14.9 G and
a/;H = 14.89 G, unequivocally prove that the species generated
by the BDD substrate is [DMPO—OH]* (Figure 1b). This
indicates the straightforward adduct-formation reaction
between *OH and DMPO in eq 3.°°~*" Experiments at
variable pH (Figure S2) showed that the formation of the
[DMPO—OH]" is also observed at more acidic pH values. In
contrast, the formation of the [DMPO=OQ]" species was
observed at pH 7. This adduct has 9 characteristic hyperfine
coupling signals and values of @™ = 7.26 G and a" = 4.03 G."
Additionally, we observed that, at pH 4 and pH 1 after 20 min
of starting the reaction, [DMPO—OH]® began to decay
generating [DMPO=0]* (Figure S3). Altogether, DFT and
ESR experiments strongly suggest that the predominantly
formed species at the BDD surface is [DMPO—OH]*. We
believe that this species is also formed at pH 7, but the time
scale of the experiment and ESR measurement (~2 min)
prevent us from observing it directly, instead only detecting the
decay product. This fact reinforces the importance of
evaluating this species with an in situ generation and
quantification method. Assuming that the diffusion coefficient
(D) for [DMPO—OH]* is 1 X 107 m* s™" and solving for the
diffusional time t = d*/2D in our SECM setup, with d = 10 um
as the interelectrode distance, the time it takes from generation
to detection of [DMPO—OH]* is ¢ = 50 ms, swiftly outpacing
the decay of the adduct.

2.3. Redox Behavior of [DMPO—OH]*. We now turn to
understanding the characteristics of the anodic process
resulting from the oxidation of [DMPO—OH]"*. In the absence
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Figure 2. Collection experiments of the [DMPO—OH]* adduct (highlighted with orange) and O, evolution (highlighted with blue) from the BDD
surface in Na,SO, pH 4 (left column), Na,SO, pH 7 (middle column), and PB pH 7.4 (right column). Orange plots in second row correspond to
[DMPO—OH]"* collection current while blue plots in third row correspond to O, collection current, all as a function of the substrate potential

during the CVs in the figures on first row.

of DMPO in solution, the redox wave at ~0.85 V vs AglAgCl
was not observed. Similarly, addition of DMPO to solution
(tested between 0.1 mM up to S0 mM) did not show any
redox wave on the SECM tip until the substrate was biased to a
critical BDD potential (see below). Furthermore, distance
dependence of the SECM tip response as it was pulled away
from the BDD substrate clearly showed a lower signal (Figure
S4), as expected for a decreasing SG/TC SECM signal at
greater tip—substrate distance.** However, we also note that, at
the BDD substrate potentials used here, we would expect that
oxidation of [DMPO—OH]"* at the substrate would produce a
reducible species in during collection experiments. We believe
the oxidized form self-discharges in solution to generate the
reduced form of the [DMPO—OH]** redox pair within the
diffusional time span of the collection process. In fact, in
SECM experiments at very short distance, which in SECM
translates to a shorter diffusional time (Figure S4), we do
observe a cathodic component to the [DMPO—OH]* wave,
consistent with this proposition. Given these observations, we
cannot discard that the discharge process or the oxidation of
[DMPO—OH]"® at the surface of the substrate electrode could
lower the collected amount at the tip. DMPO could interact
with BDD or other substrates in various fashions, so we cannot
fully discard that either heterogeneous or homogeneous phase
interactions affect our measurements. However, given similar
experimental conditions, we believe that all comparisons in the
behavior of different materials in subsequent sections remain
valid.

These results highlight the critical role of a four-electrode
measurement, where the collector SECM tip is capable of

18899

detecting the [DMPO—OH]* adduct based on its own redox
potential, and not through a process that is convolved with the
reactivity of the BDD electrode as otherwise occurs in a three-
electrode setup.”” It is also noteworthy that the measured
response is not due to the formation of hydrogen peroxide
from the BDD electrode (Figure S5), which is consistent with
our previous reports of water oxidation and the detection of
adsorbed ROS at BDD.”® We also noticed that the process is
independent of the material used for the construction of the
SECM tip, as we were able to detect the redox wave at both Au
and C (Figure S6). This suggests the redox process is outer-
sphere, consistent with the straightforward le process depicted
in Scheme 2.>' We note that on C fiber electrodes, the redox
wave is less well-defined in comparison to Au. In turn, it is
important to limit the potential window of Au to less than 1 V
vs AglAgCl, to avoid interference from surface gold oxides
which form at potentials close from the redox wave. As
expected from a bimolecular adduct formation process, we
observed that the intensity of the oxidation wave is dependent
on the concentration of DMPO (Figure S7a). A saturation
point (Figure S7b) is reached at sufficiently high concen-
trations of DMPO (~50 mM). Finally, Scheme 2 suggests that
the predicted redox reaction involving the oxidation of
[DMPO-OH]* should be pH-independent. This was
experimentally verified by comparing the redox wave observed
at pH 4, and pH 7 and pH 7.4 upon activation of the BDD
electrode (Figure S8).

With knowledge on the properties of the [DMPO—OH]*
redox wave detected at the SECM tip, we can now focus on the
behavior exhibited by BDD as the potential and pH is changed.
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Figure 3. SECM images on BDD at Egpp, = 1.8 V vs AglAgCl for [DMPO—OH]"® collections in Na,SO, pH 4, Na,SO, pH 7, and PBS pH 7.4.

The first row of Figure 2 displays [DMPO—OH]* collection
experiments in 0.1 M Na,SO, acidified to pH 4 using H,SO,,
0.1 M Na,SO, at pH 7 and 0.1 M phosphate bufter solution
(PBS) adjusted to pH 7.4, respectively. In these graphs the
SECM tip limiting current (I ry,) clearly changes as a function
of the potential applied to BDD. These trends are more clearly
shown in the middle section of Figure 2. These plots allow us
to appreciate that [DMPO—OH]* collection starts at ~1.4 V
vs AglAgCl. Eventually I; 1y, increases until Egpp reaches 2.4 V
vs AglAgCl at Na,SO, pH 4 and pH 7, and 2.5 V vs AglAgCl at
PBS pH 7.4. At these potentials, the anodic wave on the SECM
tip disappears. We hypothesize that at these Eppp potentials,
DMPO becomes unviable, possibly due to its electrolysis at the
electrode surface. Alternatively, *OH generation may be
ceasing. To explore this change in output, we polarized the
SECM tip to more negative potentials during CV, which
allowed us to probe O, evolution from the BDD electrode by
using the oxygen reduction reaction at the tip. A strong
dependency for O, collection, produced via the 4e water
oxidation on BDD, is shown in the third row of Figure 2. This
oxygen collection signal starts to appear also when BDD is
biased at 1.4 V vs AglAgClL I} 1y, at all pH conditions shows
that the O, signal increases concomitantly with a signal
decrease of the [DMPO—OH]* anodic wave. Thus, the
observed dependence strongly suggests a competition between
the le water oxidation pathway to form *OH,” and the 4e
pathway to form O, at the BDD electrode. SECM collection
experiments allowed to probe these competing processes with
within the same measurement, highlighting their versatility.
We further took advantage of the imaging capabilities of
SECM as the tip was rastered at constant distance from the
substrate to spatially resolve [DMPO—OH]*® formation. We
biased the SECM tip to 0.9 V vs AglAgCl to obtain SECM
images in the SG/TC mode, where the probe continuously
collected [DMPO—OH]* as the BDD electrode generated
*OH at constant Eypp. Figure 3 shows that regardless of the
pH used, the tip response is fairly homogeneous over a domain
of hundreds of microns in size, even if the rate of production
rate of [DMPO—OH]* was different at each pH. Each map

was obtained around the same probed area. These results
indicate that the point measurements performed in Figure 2
are representative of the whole BDD electrode surface. Overall,
the SECM toolset introduced here is capable not only of
estimating the real-time generation of *OH at an electrode, but
also of providing mapping capabilities that might be useful in
the inspection of more heterogeneous interfaces than BDD.

2.4. Comparative Generation Efficiency of [DMPO—
OH]* at Different Electrode Surfaces. A primary advantage
of our electrochemical method to detect [DMPO—OH]*® as a
proxy for *OH generation is its ability to estimate its
instantaneous rate of generation. With this in mind, we carried
out finite element method simulations (Figure S9) to calibrate
the SECM response and evaluate *OH flux from the observed
limiting current at the tip. This quantitative relationship is
shown in Figure S9b for the geometry used here, displaying a
linear relationship between the tip current and the simulated
generation rate of *OH at the electrode. Knowing that the
generation of [DMPO—OH]* is homogeneous on the BDD
surface (Figure 3), with the estimated generation rates as
described above, and with the experimental substrate current,
we can determine a generation efficiency for [DMPO—OH]*
at each condition and electrode surface (see Experimental
Section 4.8).

Figure S10 shows the experimental [DMPO—-OH]*
collection as a function of potential for different materials,
including BDD, fluorine-doped tin oxide (FTO), lead oxide
(PbO,IPb), titanium foil (Ti), platinum (Pt), and glassy
carbon (GC). In addition, Figure S11 shows the corresponding
substrate currents at the moment of [DMPO—OH]"® collection
in Figure S10. Many of these electrodes have been described as
*OH-generating materials.”” In general, [DMPO—OH]*
generation efficiencies for BDD in Figure 4a show similar
trends to the limiting currents shown in Figure 2. From 1.3 to
1.4 V vs AglAgCl in BDD, efficiencies between 1% and 2%
begin to be registered. As the potential of the BDD increases,
efficiency increases until it reaches maximum values of ~5%
between 1.8 and 2.2 V vs AglAgCl, before declining to 0%
when [DMPO—OH]* collection drops as described in the
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Figure 4. Estimated generation efficiencies from COMSOL Multiphysics-aided model for formation of [DMPO—OH]* at different potentials of
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declines. (b) Generation efficiency at different substrates used for [DMPO—OH]* adduct generation. (c) Comparative plot of substrate vs I,

ip,max)

the highest collection current observed experimentally with the potential at which it occurred indicated in the label. Notice Iy, ., is in logarithmic
scale. Maximum current observed in the Tip for the substrate were BDD = (33.55 X 107%) + (2.96 X 107°) A, FTO = (3.75 X 107°) + (0.75 X

107°) A and Ti = (1.21 X 107%) + (0.18 X 107%) A.

previous section. We speculate that differences in the
generation efficiency of BDD at different pH are due to the
competition of oxygen evolution, ionic strength effects at the
interface, and the availability of H* and OH™.>° To this point,
the highest efficiency evaluated was observed in acid medium,
which is consistent with reports of *OH generation being
favored at lower pH.>»** In contrast to BDD, [DMPO—OH]*
generation is greatly decreased when using other samples, to
the point that Figure 4b shows these results on a different
vertical axis scale. Here, [DMPO—OH]® generation at Pt
shows a sharp rise and decline, with a peak at ~1.8 V vs Agl
AgCl. On FTO and Ti, collections are initially observed when
they are polarized at 1.9 V vs AglAgCl, but then, as E ae
increases, the generation efliciency peaks around ~0.1% on
these samples at 2.5 V vs AglAgCl. In the case of PbO,IPb and
GC samples, no current associated with [DMPO—OH]*
production was observed. While *OH has been proposed on
other PbO, samples, our measurements beyond 2.0 V vs Agl
AgCl also became too unstable, possibly due to copious O,
evolution. An important observation across different electrode
materials that show activity is the great differences in both the
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potential and limiting current for maximum [DMPO—-OH]*
generation, as shown in Figure 4c. We plot this maximum in a
logarithmic scale at the observed potential. Figure 4c makes
evident the inner-sphere, electrocatalytic nature of *OH
generation. It also provides an absolute measure of which
materials produce more of this ROS. Overall, these
observations confirm what has been inferred from other
experiments in the literature: that BDD is the most efficient
material for *OH generation. Unlike those studies, here we
provide a methodology to comparatively estimate this ROS in
real time over a wider range of conditions and electrode
potentials.

Assessing the various responses observed in Figure 4 raises
the question about the electrode potential at which *OH is
formed, and its relation to the electrode material. On BDD, we
observed its generation at potentials significantly lower than
the standard potential of 2.73 V vs RHE. Taking as an example
BDD in Na,SO, pH 7, in our SECM collection experiments we
observe peaking responses for [DMPO—OH]* between 1.8 to
2.0 V vs AglAgCl and of 1.7 V vs AglAgCl for the peak in the
CV response at the substrate (Figure S11). When a correction
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Figure S. Performance comparison between electrochemical and ESR detection of [DMPO—OH]°. (a) Cyclic voltammetry of aqueous solution
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[DMPO—OH]* adduct vs Fe?* concentration. All results shown here were acquired after 2 min of reaction.

factor of 0.635 V is applied to account for pH and reference
electrode differences, these peaks correspond to ~2.435 to
2.635 V vs RHE and of 2.335 vs RHE, respectively. All these
are below the nominal 2.73 V vs RHE. We reason that these
differences are consistent with the adsorptive stabilization of
*OH at the electrode surface, although to the best of our
knowledge this has not been reported previously. Such
underpotential adsorbed intermediates, e.g. adsorbed H or
adsorbed O, are common in electrocatalytic processes such as
in the hydrogen or water oxidation reactions.” In fact,
previous measurements of our group using Surface Inter-
rogation SECM with hydroxymethylferrocene (FcMeOH) as a
redox mediator to titrate surface adsorbed ROS at BDD in
Na,SO, electrolyte at pH 7 detected an ROS consistent with
the potentials reported here, with a peak response at ~2.3 V vs
RHE.*

Quaino and Schmickler*® have recently reported computa-
tional studies of *OH at the BDD surface, concluding that the
structure, oxygen coverage, type of termination, and environ-
ment all affect the adsorption of *OH at this surface. For
instance, an “ether” configuration leads to a strongly bound
*OH state while a “keto” configuration leads to a loosely bound
one. The keto configuration was then found to proceed to an
outer-sphere like oxidation of OH™ to -OH in this study. This
complexity in the BDD reaction pathways is not in conflict
with the view of *OH as both a loosely bound species posed by
Kapalka et al.”” and potentially a stronger bound, yet reactive,
state as suggested here. We notice that the highly defective
BDD surface with nanocrystalline structure and presence of
graphitic domains’* used here may in fact prompt alternative
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mechanisms for water oxidation to generate *OH which then
reacts with DMPO. While it is difficult to make direct
comparisons to other works in the literature due to the lack of
systematic structure—activity studies for *OH formation on
BDD with reported characterization features, the methodology
presented here creates the opportunity to do so in a variety of
surfaces, and we expect to undertake these type of studies in
the near future.

2.5. Correlation of [DMPO—OH]® Detection at UMEs
to ESR. To further confirm the quantitative detection of
[DMPO—OH]* using electrochemistry, we compared the
responses observed with a UME to those obtained using ESR
by probing a bulk solution where *OH was generated using
well-established methods. We chose the Fenton reaction for
the in situ generation of the [DMPO—OH]* adduct under
similar conditions for electrochemical and ESR analysis. We
first confirmed the redox stability of the Au SECM tip before
and after contact with the Fenton reaction solution (Figure
S12), where negligible changes were observed on the FeMeOH
redox. We used DMPO as spin trap for the reaction of Fe?*
with H,O, to conduct the formation of *OH. The limiting
current for the [DMPO—-OH]® signal was followed for
different Fenton reagent concentrations by CV, as shown in
Figure Sa. We plotted I; 1y, at each different Fe?* concentration
and obtained a linear trend with correlation coefficient R* =
0.99503, Figure Sb. ESR measurements showed hyperfine
coupling values of @ = 14.89 G and a;" = 14.88 G, consistent
with [DMPO—OH]* formation, Figure Sc. We obtained a
calibration curve based on the spins determined by ESR. The
paramagnetic signals were integrated, and the area in the curve
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was plotted vs Fe?* concentration. We obtained a linear
response with a correlation coefficient R* = 0.99836, Figure Sd.
We observed linear behavior for the two methods at
concentrations up to 4 mM, making them highly comparable.
This comparison validates the performance of our method for
the electrochemical detection of the [DMPO—OH]* against
ESR, which is regarded as the golden standard for *OH
detection.

It is also noteworthy that unlike ESR which requires strict
calibration for quantitative work, electrochemical measurement
of I 1y, to determine the concentration of redox-active species
can be easily performed using eq 4:

I 1y, = 4nFaDC (4)

where 7 is the number of electrons transferred per redox-active
molecule (n = 1 here), F is Faraday’s constant (96485 C
mol™"), a is the radius of the electrode (12.5 X 10™¢ m for our
UMEs), D is the diffusion coefficient of the species (here
assumed to be 1 X 107 m? s™'), and C is the concentration in
mol/m®. As an example from Figure Sb, when [Fe?*] = 3 mM,
the calculated concentration of [DMPO—OH]*® is ~0.4 mM,
reflecting the instantaneous composition of the evolving
Fenton solution at the time of measurement (~2 min). We
hope this simpler methodology enables new studies on the
chemical kinetics of [DMPO—OH]® and associated reactions.

3. CONCLUSION

We introduced a versatile electroanalytical method for the
detection, comparison, and imaging of *OH at electrodes and
in homogeneous solution based on the identification of the
redox activity of the spin trap adduct [DMPO—OH]".
Reaction with DMPO allowed the *OH radical lifetime to be
extended to observe an anodic redox process at ~0.85 V vs Agl
AgCl that we unambiguously assigned to [DMPO—OH]*
through DFT prediction and ESR measurements. Electro-
chemical generation of [DMPO—-OH]* was estimated
primarily at BDD substrates, but our method allowed probing
other surfaces including PbO,, SnO,, GC, Pt, and Ti sheet to
determine a comparative generation efliciency as a function of
potential. On BDD, we determined values as high as 5% in 0.1
M Na,SO, at pH 4. We also verified the homogeneity of the
BDD surface reactivity using SECM imaging. Finally, we
established that the electrochemical method is equally
performing and linear to ESR experiments using a homoge-
neous Fenton chemistry for comparison.

Applications of ROS generation at electrodes for wastewater
treatment, electrosynthesis, and a general understanding of
interfacial electrochemical processes will likely continue to
grow as electrification of the chemical toolset gathers
momentum.”®~®* This makes our in situ strategy and findings
timely for the characterization of a variety of known and new
types electrodes. Effectively, our method dramatically simplifies
the estimation and comparative analysis of “OH by replacing
the need for ESR measurements in exchange for a swift,
inexpensive electrochemical collection approach. Indeed,
although we decided to use SECM because of its steady-
state and imaging capabilities, short time scale for species
detection, and previous experience in our laboratory with
methods for ROS detection,” there is no reason why the
presented methodology cannot be deployed using other
techniques such as the rotating ring-disk electrode (RRDE),
provided a suitable disk electrode is available.”> Many
laboratories in countries with limited resources may not have

ESR instrumentation available, but it is common to find well-
established electrochemical facilities elsewhere. Thus, we hope
these findings will encourage more quantitative and informed
mechanistic explorations of the role of *OH mediated
oxidation processes on Fenton systems and on electrode
surfaces.

4. EXPERIMENTAL SECTION

4.1. Chemicals and Solutions. 5,5-Dimethyl-1-pyrroline N-oxide
(DMPO, 97%, Sigma-Aldrich), iron(II) chloride (FeCl,, 99.5%,
Sigma-Aldrich), hydrogen peroxide (H,0,, Macron), sodium
hydroxide (NaOH, 99%, Fisher Chemicals), sodium carbonate
(Na,CO;, 99%, Sigma-Aldrich), tripotassium phosphate tribasic
(K3PO,, 99%, Sigma-Aldrich), potassium phosphate dibasic
(K,HPO,, 98%, Sigma-Aldrich), potassium phosphate monobasic
(KH,PO,, 99%, Sigma-Aldrich), sodium sulfate (Na,SO, 99%,
Sigma-Aldrich), sulfuric acid (H,SO,, 95%, Fisher chemical), and
hydrochloric acid (HCl, Macron) were used as received commercially.
Ultrapure water from a Millipore Synergy purifier was employed to
prepare all solutions. Pb sheets (30 mm X 10 cm X 2 mm) were
purchased from Goodfellow. Titanium alloys (30 mm X 10 cm X 2
mm) grade 2 (ASTM B26S) were obtained from TEPSA, S. A. de C.
V. FTO glasses were purchased from Millipore Sigma. The glassy
carbon electrode consisted of a 1 X 1 cm?® plate from SPI-glas 22
grade glassy carbon (SPI supplies). A Pt electrode consisted of
sputtered Pt to form a 100 nm thick layer over a Si wafer. The BDD
electrodes were obtained from Adamant Technologies (Switzerland)
and consisted of ca. 1.2 um thick synthetic diamond films grown on p-
Si substrates. The boron doping levels were 8000 ppm, or ca. 3 X 10*!
atoms per cm?. Electrical contact was made by indium/copper tape to
the backside of the silicon. We performed Raman spectroscopy
characterization observing the characteristic peaks reported for BDD
surfaces in Figure S13. Raman spectroscopy was performed using a
Nanophoton 11 Confocal Raman Microscope. Spectra were recorded
on BDD samples using a X50 (NA 0.8) objective with a 531.94 nm
and 2.15 mW power excitation laser. A grating of 600 gr/mm centered
at 1500 cm™" was used. Each spectrum was integrated for S s and
averaged S times. The wavelengths were calibrated using a Ne lamp
source. The characteristics peaks®* for boron-doping effect at 500 and
1200 cm™ in a mixture of Boron-doping effect/D Peak, sp* Diamond
peak was detected at 1332 cm™, sp” Graphitic Peak was observed at
1332 cm™, and 2D Peaks were identified at 2500 cm™. Atomic force
microscopy imaging of the electrode in tapping mode is shown in
Figure S14. The tip used in the AFM experiments was a PPP-NCHR
(k = 42 N/m, Freq = 320 Hz) from Park Instruments. The set point
was 13 nm with a scan rate of 1 Hz. Five images of 25 ym X 25 ym
were obtained in different areas of the sample, and their peak-to-peak
roughness (Rz) values were obtained with Park XEI proprietary
software and the open source software Gwyddion.®” From these
results, Rz was estimated at 657.8 + 48.5 nm. Figure S14 shows the
surface of the BDD to be highly irregular, making it difficult to
measure grain sizes; however, qualitatively, we estimate that most
grains are a few microns and smaller in size.

4.2. Electrode Preparation. SECM tips were fabricated by
sealing gold (25 ym diameter, 99.99% purity, Goodfellow), platinum
(25 pm diameter, 99.99% purity, Goodfellow), or carbon fiber wires
(7 um diameter, Goodfellow) at one end of a glass capillary. Silver
epoxy was used to make connections to both gold and platinum tips,
as well as conductive carbon paint thinned with isopropanol for
carbon tips. The tips were sharpened with sandpaper to get an
about 3 and were polished with 1.0 ym alumina on polishing pads to
yield a flat disk. PbO,/Pb sheets were prepared by thermal and
electrochemical oxidation following the methodology described in ref
66 employing an electro-oxidation time of S h. Ti sheets were
polished with different grades of sandpaper ending with 0.5 um
alumina on polishing pads. Subsequently, they were washed by
ultrasonic cleaning in acetone, ethanol, and deionized water for 10
min in each solvent and dried with N, gas.
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4.3. Scanning Electrochemical Microscopy. SECM experi-
ments were carried out using a CHI 920D scanning electrochemical
microscope. UME probes of Au, C, or Pt were used as the tip working
electrode, while different substrates as BDD, PbO,|Pb, Ti sheet, or
FTO glass were employed as the substrate working electrode. The
substrate working electrode was held in the bottom of a Teflon cell
sealed by a Viton O-ring exposing an area equal to 7.06 mm? The
electrical connection in all substrates was made by indium/copper
tape placed on the front face but isolated from solution by means of
the Teflon cell. The Pt wire was used as a counter electrode, and a Agl
AgCl (3 M KClI) electrode separated from solution by a 3 M KCllagar
salt bridge was used as the reference electrode. The probes were
positioned 10 ym above the substrate by negative feedback approach
curves (Figure S1) using O, as a redox mediator. Unless otherwise
indicated, all measurements were made keeping the tip at this
distance.

4.4. SG/TC SECM Experimental Procedure. SG/TC experi-
ments were carried out using 0.1 M Na,SO, at pH 4 or 7, or using 0.1
M PBS at pH 7.4 solutions purged with argon gas for 10 min before
and during all of the experiment to exclude O, from the cell
[DMPO—OH]"* collections were carried out using 10 mM DMPO in
the electrolytic solutions. H,0O, collection experiments were done in
the absence of DMPO. In all experiments the substrate was biased to
different potentials with 60 s of quiet time. SG/TC SECM images on
BDD were recorded on the x—y axis with a scanning speed equal to
10 pm s™' to steps of 10 um, while the BDD electrode was polarized
at 1.7 V vs AglAgCl. A gold UME was used (Rg = 3) and biased to 0.9
V vs AglAgCl during imaging.

4.5. ESR Measurements. The spin trap 5,5-dimethyl-1-pyrroline-
N-oxide (DMPO) was used to detect radical species. DMPO
experiments at variable concentration of the spin trap were conducted
at each of the solutions mentioned above. Aliquots of 150 uL were
removed from electrolyzed solutions and were transferred to a
Wilmad Glass quartz flat cell. The spectra samples were acquired at
RT (298 K) with an EMXPlus X-band instrument. Measurement
conditions: center field 3500 G, sweep field 100 G, sweep time 60 s,
MW power 20 mW, gain 2.0 X 10° modulation amplitude 1 G,
modulation frequency 100 kHz, time constant 0.064 s, MW frequency
9.50390 GHz.

4.6. Detection of Hydroxyl Radicals in Processes Based on
the Fenton Reaction. Experiments with H,0,, Fe**, and DMPO
were conducted varying the FeCl, concentration from 0 to 5 mM.
Constant DMPO and H,0O, concentrations of 100 mM and 12.5 mM
were kept constant for all experiments. For this purpose, Fenton
reactions were performed by mixing reagents at the desired
proportions. All solutions were prepared with 0.1 M Na,SO, at pH
7. A conventional cell with a three-electrode configuration was used
with a gold UME as the working electrode (25 ym diameter), Pt wire
as the counter electrode, and a AglAgCl (3 M KCl) electrode
separated from solution by a 3 M KCllagar salt bridge as the reference
electrode. Cyclic voltammograms were recorded to 10 mV s™'. The
same solutions were employed to get their corresponding ESR
spectra.

4.7. DFT Methodology. All calculations were run using Gaussian
16.7 Gas phase calculations were performed using the B3LYP flavor
of the density functional theory (DFT), which combines exact HF
exchange with the Becke generalized gradient exchange function®
and the Lee, Yang, and Parr correlation functional (LYP).”” The O, C,
N, and H atoms were described using Pople’s’ 6-311++G** basis
set, including core and valence electrons. Geometries were fully
optimized for each structure. The minima were confirmed by
diagonalizing the Hessian matrix and computing the vibrational
frequencies. Each minimum had no imaginary frequencies. The
vibrational frequencies were used to calculate zero-point energy
(ZPE) and thermal corrections to QM energy at 298 K. Redox
potentials in water at 298 K were predicted using two methodologies:
(1) Separate computation of gas-phase free energies of formation and
change in energies due to solvation (Born—Haber cycle) and (2) one-
step, direct calculation of absolute redox potential by calculating
thermal corrections to free energy on structures optimized with

solvation.”' The absolute redox potential (APR) of the Ox/Red
couple is defined in eq 5:

o _ TAGH
abs nF (8)

where AGy,)° is the standard Gibbs free energy change for redox event
in solution (here oxidation), # is the number of electrons involved in
the reaction (here n = 1), and F is the Faraday constant (F = 96,485 ]
X mol™ X V7! or 23.061 kcal X J X mol™" X V'). The computed
APR values are referenced to the standard hydrogen electrode (SHE)
and subsequently referenced to the silver chloride reference electrode
(AglAgCl). We applied two commonly used SHE reference potentials
of 428 V°* and 4.44 V*° (IUPAC).””7* In addition to different
methods for redox potential prediction, we also employed two
different solvation methods to determine the optimum E° prediction:
(1) Polarizable Continuum Model (PCM) using the integral equation
formalism variant (IEF-PCM) ;¢ (2) Solvation Model based on
Density (SMD).”®

4.8. Numerical Simulations. Simulated calibration data for
[DMPO—-OH]* collection were estimated by the finite element
method using COMSOL Multiphysics v.5.2a software (COMSOL,
Inc.) in axial 2D symmetry. The physics employed to resolve the
simulations was the transport of diluted species module. The basics of
the SG/TC simulation have been described elsewhere.SOFigure S9a
illustrates the geometries, initial values, and boundary conditions
employed to perform the simulations. The simulation dimensions
used were UME tip radius a = 12.5 ym with R, = 3, substrate radius b
= 700 pm, and distance from substrate to tip d = 10 ym (L = d/a =
0.8). This simulation represents the UME tip collection of [DMPO—
OH]* species which comes from substrate generation. [DMPO—
OH]* is the adduct formed when DMPO (C*pypo = 10 mM),
initially present in the bulk, reacts with the *OH radicals formed on
the substrate. We used the reported *OH trapping rate constant by
DMPO of 3.4 x 10° M~} s71.7%”7 The SECM tip is immersed in the
diffusion layer created at the substrate, and [DMPO—OH]* species
are oxidized to form the [DMPO—OH]"* species. Dpypo, Doy and
Dpypo—on are the diffusion coeflicients for DMPO, °OH, and
[DMPO—OH]* species, which were assumed to be 1 X 107 m? s~
according to previously estimated values.*””® The current density for
*OH radicals formation on the substrate represented as flux Ny oy
(jpamal = Nyou'F, where F is the faraday constant) was changed to
obtain the limiting current I 1y, collected on the tip while the distance
d was kept constant. Those values were used to build the calibration
curve in Figure S9b.

We combined information from our simulations and from current
measurements at the substrate electrode to estimate a generation
efficiency for [DMPO—OH]* for comparative purposes between
different samples. Partial current density (jpua) generated on the
substrate for each limiting current Iy 1y, collected on the tip was
extrapolated by linear fitting in Figure S9b. The generation efficiency
at each substrate and different potentials was estimated using the eq 6:

*100
]total (6)

J artial

Generation efficiency =

where ji is the current density measured experimentally at the
substrate.
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