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Abstract: Photoelectrochemical (PEC) sensing of phenolic
compounds using singlet oxygen ('O.)-generating photocatalysts has
emerged as a powerful detection tool. However, it is currently not
known how experimental parameters, such as pH and applied
potential, influence the generation of reactive oxygen species (ROS)
and their photocurrents. In this article, the PEC response was studied
over the 6 to 10 pH range using a rotating (ring) disk (R(R)DE) set-up
in combination with quenchers, to identify the ROS formed upon
illumination of a supported photosensitizer, FePcZn. The
photocurrents magnitude depended on the applied potential and the
pH of the buffer solution. The anodic responses were caused by the
oxidation of O,", generated due to the quenching of 'O, with “OH and
the reaction of 30, with [FesPc(3-)Zn]. The cathodic responses were
assigned to the reduction of 'O, and O,", yielding H.O,. These
insights may benefit 'O, — based PEC sensing applications.

1. Introduction

Singlet delta oxygen ('0O2), the excited form of Oy, is one of
the main reactive oxygen species (ROS).!" It is a better oxidant
than O as it has a standard reduction potential (E°% vs SHE of
0.65 V, compared to -0.33 V for O..'¥ This has led to the use of
0, as the basis of a new photoelectrochemical (PEC) strategy for
the detection of phenolic compounds, which are recognized as
priority pollutants.? Briefly, the aerobically produced 'O, by a
photosensitizer (type Il PS) placed on a PEC sensor, oxidizes
phenolic compounds, followed by their reduction at the electrode
surface to generate a signal and a redox cycle. A highly sensitive
sensor was thus developed, with detection limits (LOD) for
antibiotics and phenols in the nmol L' range.?2 2l However, how
experimental conditions, such as pH and applied potential,
influence the generation of ROS and their contribution to the
observed photocurrents is not understood. Specifically, why the
oxidative contribution to the reductive photocurrent increases with
the alkalinity of the buffer solution was unclear. This pH effect was
observed during the optimization of the PEC detection for
antibiotics.?d Thus, a detailed analysis of the ROS contributions

to the photocurrent responses is necessary for the understanding
of the PEC sensor behavior, as well as to implement and optimize
the 'O.-driven oxidation of the phenols.

The majority of ROS derived from the (electrochemical)
reduction of 'O, and O,, are 02", H.0 and "OH.[":3 In contrast to
10,, the species Ox" (pka = 4.8), H2O» (pka = 11.7), and "OH
(pka= 11.9) exhibit acid-base equilibria rendering their oxidation
(rates) pH-dependent.l'® 4 For instance, O~ which is a mild
oxidant™*®! becomes a very strong oxidant upon protonation due
to the removal of the negative charge, which repels electron-rich
centers.l'® € Furthermore, the concentration of protons together
with the applied electrochemical potential can also influence the
occurrence of various electrochemical reactions.!”!

ROS detection methods usually involve a reaction with a
probe, for example, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO),
detected via EPR spectroscopy, or luminol and Amplex® Red
detected by chemiluminescence and fluorescence spectroscopy,
respectively, or nitro blue tetrazolium (NBT) and UV-Vis
detection.'> & While useful for the detection of ROS, these
methods, in the case of a PEC sensor, may not be applicable
since the initially PS-produced ROS undergo reduction or
oxidation at the electrode, leading to a new set of ROS. Thus,
these ROS produced during electrochemical measurements must
be identified, for example, by using quenchers such as NaNs,
catalase, or superoxide dismutase (SOD), as demonstrated by
Kornienko et all®! They used a rotating disk electrode (RDE) and
rotating ring disk electrode (RRDE) set-up for their studies of
Photosystem Il. R(R)DE detection advantageously is based on
the constant diffusion of reactants towards the electrode surface
and thus allows the efficient identification of the ROS upon the
addition of quenchers.

We report here the identification using R(R)DE of ROS (which
include '0,, O, and H0,), aggressive species, without
interference from their potential destructive reactivity with the PS
that produces them.® The robustness of the PS is critically
important not only for ensuring a viable PEC sensor technique
that could be used repeatedly without loss of performance, but
also for ensuring that the species produced are not consumed by
side-reactions with the photocatalyst, instead of oxidizing the



analyte. The chosen PS, the perfluorinated phthalocyanine zinc
complex, FssPc(2-)Zn, meets the above conditions by its
resistance to nucleophilic, electrophilic and radical degradation
pathways.®! Moreover, the photocatalyst should exhibit reversible
redox properties, in the case of the closed-shell FesPc(2-)Zn,
centered entirely on the HOMO-LUMO of the fluoro-organic
macrocycle: FesPc(2-)Zn < FesPc(3-)Zn. Notably, FesPc(3-)Zn is
actually the stable radical anion derived from FgsPc(2-)Zn, namely
[FeaPc(2-)Zn]~ and thus its reaction with the 3O diradical is likely
to advantageously be diffusion controlled.

Therefore, the different ROS generated in this PEC sensor will
be identified in this research in order to elucidate the PEC sensing
mechanism. This elucidation relies upon (i) the understanding of
the redox chemistry FesPcZn, (i) its ability to produce 'Oy, as
evidenced by HPLC-diode array detector (HPLC-DAD)
measurements, and (iii) the detection of 'O, O, and H2O> using
quenchers and RDE and RRDE measurements. These ROS will
be studied in the pH range of 6 — 10. The cathodic responses will
be studied at reductive potentials as this is the potential region in
which the sensor operates. However, the increasing of buffer pH,
which is beneficial for enlarging the oxidation rate of phenols with
0., elevates the anodic responses at a specific potential.’¥ As a
result, the anodic responses will also be studied to understand the
impact of the pH on the sensing mechanism. This will be achieved
by assessing the responses at oxidative potentials to exclusively
exhibit to the PEC mechanism for generating anodic responses.
As a result, the PEC sensing mechanism will be studied in the
potential region between 0.25 V to -0.25 V vs SCE. Insights in the
role of ROS under various experimental conditions are crucial for
the selection of optimum experimental parameters for PEC
detection.

2. Results and Discussion

2.1 Electrochemical behavior of FeaPcZn

The structure of the photosensitizer FesPcZn is shown in
Figure S1. Axial ligands, including organic solvents and H>O may
bind to the Zn2+ center, whose hydrophilicity is exacerbated by the
fluorinated ligands. The metal center may also serve as a surface
anchoring point. Both axial binding and surface oxygen
coordination are expected to alter somewhat the energies of the
frontier orbitals, and thus redox potentials, but not the HOMO-
LUMO gap, thus leaving the absorption of energy centered in the
red region of the electromagnetic spectrum largely unchanged.'”
The aim is to understand if FesPcZn can be reduced or oxidized
in the studied potential region (0.25 V to -0.25 V vs SCE) as this
can impact the ROS generation in the PEC sensor. Solution
studies represent the first step in gaining insights into the redox
behavior of the PS, including reactions induced by it, which might
occur during PEC measurements at a specific applied potential.

The cyclic voltammograms (CV) of FesPcZn in acetone,
dimethylformamide (DMF) and acetonitrile using a Pt mesh are
shown in Figure S3, along with the corresponding differential
pulse voltammetric (DPV) data and spectroelectrochemistry data.
In all solvents, in the absence of O.l'" the reductions are favorable,
consistent with previous results.['? The one-electron reduction
process FesPc(2-)Zn < FgsPc(3-)Zn when -0.7 V vs Ag/AgClI (-0.74
V vs SCE) is applied, is not only clean, consistent with the
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literature,!'?! as indicated by the isosbestic points, but also fully
reversible at open circuit potential, Figure S3 (D-G). The
spontaneous re-oxidation process is consistent with the long-term
viability of electron transfer-based devices using FssPcZn and
confirms the advantageous choice of the PS. In the case of PEC,
the study of the electrochemical behavior of FgsPcZn, immobilized
on a support, was extended to aqueous buffers.

The redox features of supported FesPcZn in pH 7 phosphate
buffer were determined via CV measurements. A stock solution of
FesPcZn in ethanol (EtOH) was diluted with Milli Q water to allow
efficient dropcasting on the working electrode (WE) of the screen-
printed electrode (SPE). The droplets were left to dry overnight.
Earlier characterization of FssPcZn in DMF solution('? revealed
reduction and oxidation signals in the Oz reduction region. Before
the CV measurements, the solution was therefore purged with Ar
for 15 minutes, to minimize the contribution of the O, reduction
peak (Figure S4) and improve the visibility of the redox peaks
(Figure 1). Two reduction peaks, -0.47 V vs SCE (R1) and -0.76
V vs SCE (R2), and only one broad oxidation peak, -0.39 V vs
SCE (O1), were observed when FgsPcZn was immobilized on the
WE surface (Figure 1, red). These peaks, as mentioned above,
were attributed to the Pc rings reductions and re-oxidation that
regenerate the neutral species.['? No peaks were observed when
only a mixture of EtOH and H.O was deposited on the surface of
the electrode; only a spike originating from the Ag of the RE on
the WE surface was obtained (Figure 1, black).[' The observed
reduction peaks were slightly shifted towards oxidative potentials
in comparison with the PS solubilized in DMF (-0.43 V and -0.92
V vs Ag/AgCI['?I due to the deposition of the PS on the WE and
the solvent-dependent variation of the redox potential. When the
CV was recorded from the FgsPcZn|TiO2-coated WE, these redox
features could not be observed as they were masked by the large
contribution from TiO, (Figure S5). So, in the studied potential
region between 0.25 to -0.25 V vs SCE, it is expected that
FesPcZn retains its photoactivity as it is not electrochemically
reduced by the application of a specific potential in that region.

o
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Figure 1. CV of 0.5 nmol FesPcZn (red line), deposited from an EtOH-H20
mixture, recorded in pH 7 phosphate buffer in Ar atmosphere. The blank trace
originates from the EtOH-H20 mixture, without PS (black line) deposited on the
SPE. The scan rate was 0.05 V s'. The arrow indicates the scan direction. Box
indicates the operational range for PEC sensing.

2.2 The pH-effect on photocurrents
The photocurrents generated by the illuminated

Fe4sPcZn|TiO.-coated WE were evaluated using a three-electrode
RDE set-up. In general, the rotation speed does not influence the



obtained responses significantly.®! As a result, a rotation speed of
500 rpm was chosen to allow a sufficient flow of reactants towards
the surface and to ensure the stability of the dropcasted coating
during these measurements. The FgsPcZn|TiO2-coated RDE
surface was subjected to chopped red laser illumination to
determine the baseline current and photocurrent response in a
single amperometric measurement. The applied potential ranged
from 0.25 V to -0.25 V vs SCE (Figure 2). In that potential region,
FesPcZn cannot be electrochemically reduced since its first
reduction potential is more negative (Figure 1).
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Figure 2. RDE photocurrent responses obtained (A) in pH 7 phosphate buffer
with FesPcZn|TiO2-coated RDE (black, square), TiO2 coating (red, dot) and no
coating (blue, triangle) (N = 1). (B) RDE measurements in pH 6, 7, 8, 9 and 10
with Fe4sPcZn|TiO2 as coating. Error bars denote the standard deviation of data
obtained from 4 electrodes (N = 4). The RDE was illuminated by a 655 nm diode
laser. All measurements were conducted in aerobic conditions.

A potential-dependent photoresponse was observed at pH 7
(Figure 2.A). The obtained responses showed a region of anodic
photocurrents, from 0.25 V to -0.05 V vs SCE, and cathodic
photocurrents from -0.1 V to -0.25 V vs SCE. In contrast, the
photosignals caused by the bare RDE and TiOz-coated RDE were
negligible, indicating that TiO», as expected, is photoinactive at
the used laser wavelength. Only at more negative potentials, e.g.,
from -0.15 V vs SCE on, an increasing reductive response was
observed for the bare RDE and TiO»-coated RDE. This was likely
the result of the O, reductionl'"l at the RDE, which drastically
influenced the baseline current (Figure S6).

Interestingly, the anodic and cathodic photoresponses of
Fe4sPcZn|TiO, were dependent on the pH of the buffer solution, as
illustrated in Figure 2.B. The increase in pH elevated, in general,
the oxidative contribution to the overall observed photoresponse.

The potential at which reductive photoresponses were observed
shifted towards more reductive potentials with higher pH levels,
e.g. from 0.05 V vs SCE for pH 6 to -0.25 V vs SCE for pH 9. As
a result, the reductive responses for pH 9 were smaller at -0.25 V
vs SCE compared to the more acidic pH levels. This latter
observation suggests the involvement of H* ions in the
electrochemical reduction reactions. At pH 10, no reductive
photocurrents were observed between 0.25 V to -0.25 V vs SCE.
The photoresponses of bare RDE and TiO,-coated RDE in borate
buffer remained negligible (Figure S7).

Thus, the photocurrent responses clearly depend on the pH
of the solution; the "-OH and H* ions must be involved for the
anodic and cathodic responses, respectively.

2.3 Cathodic photocurrents

In this part, the aim is to understand the mechanistic pathways
of the reduction reactions at the PEC sensors and the involving
ROS. Therefore, reductive potentials were applied, i.e. -0.15 V,
-0.2 Vor-0.25 V vs SCE, to induce these reactions in combination
with pH 7 and pH 9 to assess the role of H* ions.

The role of O,

Before the identification of the ROS involved in the
photoresponses, it is important to understand the role of O itself
in these responses. To completely remove the O in this set-up, a
3 hours purge with Ar was needed. The RDE photoresponses
almost completely disappeared regardless of the pH (Figure 3).
The photocurrent at pH 7 was five times smaller in an Ar
atmosphere compared to that observed in an O, one (Figure 3.A).
To obtain cathodic responses at pH 9, a much more reductive
potential had to be applied, -0.25 V vs SCE. Also, at this pH, a
large decrease in the cathodic signal was noted (Figure 3.B) in Ar
atmosphere, an observation that corroborates that the cathodic
photocurrents are completely dependent on the presence of Oz
for both pH levels and that the mechanisms behind these
reductive responses are similar for both pHs.

Generation of 10,

FesPcZn is a known PS type Il. Its quantum yield for
generating 'O, has been determined in various solvents, for
example methanol (MeOH) and acetone.?> ' This PS, deposited
on TiOz, has been shown to produce 'O, while the material was
embedded in polymers.l'3l

To verify that 'O, is generated by FgsPcZn|TiO2 in buffer
solution, a 'O, quencher was employed. When choosing a
quencher, it is imperative to understand if the alteration of the
photocurrents is the result of a minimized reduction of 'O, at the
electrode surface®, due to the quenching reaction of 'O, or the
result of an electrochemical reaction of the formed products after
quenching.
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Figure 3. RDE photocurrents measured in Oz (black) and Ar atmosphere (red)
in (A) pH 7 phosphate buffer at -0.15 V vs SCE and (B) pH 9 borate buffer at
-0.25 V vs SCE. RDE coating was FssPcZn|TiO2 and the RDE was illuminated
by a 655 nm laser (switched on and off alternatingly).

Therefore, phenolic and quinone derivatives cannot be used,
since (i) their oxidized products can be reduced at the electrode
surface generating a redox cycle,?® 2 (i) they react with 'O, and
thus their concentration decreases in time, and (iii) their oxidation
products might quench other ROS, rendering the interpretation of
the alteration of the photocurrents complicated. Consequently,
physical quenchers such as NaN3 or 1,4-
diazabicyclo[2.2.2]octane (DABCO) are often used.F! They have
the advantage that they are not consumed during the quenching
of 'Oz and do not generate oxidized species, so the alteration of
the photocurrent should solely be dependent on the impact of the
quencher on the 'O, electrochemical reduction.

However, a key prerequisite is that the PS cannot react with
the quencher and that the quencher only interacts with 'O.. NaN;
and DABCO (photo)reduce FssPcZn causing the alteration of the
PS’s optical bands over the illumination period (Figure S8) and
are, thus, unsuitable for the 'Oz quenching in this set-up.['®!

The detection of 'O, proceeded by using the trap 9,10-
anthracenediyl-bis(methylene)dimalonic acid (ABDA), which
forms an endoperoxide with '0,.l'"1 The decrease of the ABDA
concentration upon 'O. binding (Figure S9 and S10) was
quantified via HPLC-DAD measurements. ABDA has a retention
time of 8.9 minutes, Figures 4.A and S10. Thus, the red laser
illumination for 30 minutes of a solution containing ABDA and
FesPcZn|TiO, (Figure 4.A red) resulted in a 3.3-fold decrease in
the ABDA concentration compared to the reference intensity of
ABDA (without Fe4PcZn|TiO2, Figure 4.A black).
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Figure 4. HPLC-DAD chromatograms recorded of a solution of 400 pmol L™
ABDA (black) in overlay with (A) chromatograms of the ABDA-FesPcZn|TiO2
(red) and ABDA-Fs4PcZn|TiO2-catechol (blue) illuminated mixtures. The added
concentration of catechol was 50 mmol L. (B) Chromatogram of ABDA-TiO2
illuminated mixture in overlay with the chromatogram of 400 pumol L' ABDA. All
samples were illuminated for 30 minutes by a 655 nm laser, filtered and diluted
four times prior to the HPLC measurement at 254 nm wavelength.

The addition of the 'O, quencher catechol to a solution
containing ABDA and Fe:PcZn|TiO, (Figure 4.A blue) and the
addition of TiO, to ABDA alone failed to decrease the ABDA
concentration, proving the role of supported FesPcZn (Figure 4.B)
in producing '0.. Catechol efficiently quenched the produced 02
due to the slow oxidation rate of 'O, with ABDA.U'72 '8 The results
were consistent with previous observations of polymer
encapsulated FesPcZn|TiO2 photoreactivity.['5]

As '0. is a sitrong oxidant (E°=0.65V vs SHE)', it is
expected that it will be reduced at the electrode surface when
reductive potentials, such as -0.2 V vs SCE are applied, leading
to the formation of ROS O (eq. 1), H20z (eq. 2), or H20 (eq. 3).1'®
31 The requirement for H* ions for the production of H.O» and H.O
suggests enhanced reactivity at lower pH values.

02+ — 02 (1)
02+ 2e +2H" — H02 (2)
102+4e'+4H+—>2H20 (3)

So, in the next part, the generation of the electrochemical
active species Oz and H,0,, formed upon 'Oz reduction, will be
evaluated and it will be investigated if they contribute to the
reductive photoresponses.

Identification of 02" and H-0-

The presence of O and HxO, was verified using the
quenchers SOD and catalase, respectively. In aqueous solution,



O," can easily disproportionate into H2O, and O: (eq. 4),
enzymatically catalysed by SOD, or non-enzymatically at low pH-
levels.['® 191 Although, Oz~ is only a mild oxidant, it can be
protonated forming the much stronger oxidant ‘Oz2H (pKa = 4.8) at
low pH-levels (eq. 5).1'>: 9 |ts reduction also leads to the formation
of H»0. (eqg. 6).'a & 43 However, at pH 7 and higher the
concentration of ‘O2H is negligeable and O, is the dominant
specie. Nonetheless, O," is also electrochemically active;
depending on the applied potential it can be electrochemically
reduced.*5 70l

2 Oz" +2H"— H202 + 02 (4)
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Thus, when -0.2 V vs SCE is applied, O" will be reduced to
H202 (eq. 7).I'a 3 Indeed, the O, presence and its contribution to
the cathodic photocurrent was confirmed by the addition of SOD
which converts O,"into O, and H20; (eq. 4),2% and resulting in a
photocurrent decrease by 24% compared to the initial signal in pH
7 (Figure 5.A).
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Figure 5. (A) RDE measurements with (red) and without (black) the addition of 67 mg L™' SOD in pH 7 phosphate buffer. The applied potential was -0.2 V vs SCE.
(B) RRDE measurements in pH 7 phosphate buffer in the absence (left) and presence (right) of catalase (75 mg L™'). Disk currents are presented in black, ring
currents in red. The applied potential of the disk and ring were -0.25 V and 0.65 V vs SCE, respectively. The RDE and disk (RRDE) were coated with Fe4PcZn|TiO2

and illuminated by a 655 nm laser (switched on and off alternatingly). All measurements were conducted in aerobic conditions.
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Figure 6. RDE photocurrents measured in Oz (black) and Ar atmosphere (red) in (A) pH 7 phosphate buffer and (B) pH 9 borate buffer. The effect of 86 mg L' SOD
on the RDE FesPcZn|TiO2 photoactivity measurement in (C) pH 7 phosphate and (D) pH 9 borate buffer in aerobic conditions. The applied potential was 0.2 V vs
SCE. The RDE was coated with FesPcZn|TiO2 and illuminated by a 655 nm laser (switched on and off alternatingly).

Clearly, the photocurrents were not significantly influenced by
the addition of SOD since 'O, could also be reduced fast to H2O»
and H>O without the formation of intermediate O™, a process

which is thus SOD-independent (eq. 2 and 3).Bl. Furthermore, the
quenching of O." led to an increased level of O, near the
electrode surface, thus stimulating 'O, production, possibly also
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explaining why SOD has a only a minor effect on photocurrents
intensity.

Most of the H.O, besides being produced chemically via the
dismutation of Oy~ at low pH (eq. 4)™, is generated
electrochemically; a reductive potential, e.g. -0.25 V vs SCE at
the glassy carbon (GC) disk electrochemically generates H.O»
from 'O, and O~ (eq. 2 and 7). However, at this applied potential,
H>O- cannot be reduced (Figure S11). This means that although
H-O, is formed, it does not contribute to the PEC observed
reductive photoresponses, in contrast to O,". So, to detect the
produced H20., a second WE, a Pt ring (WE 2) around the GC
disk (WE 1), was thus used for H>O. detection via its oxidation
reaction (eq. 8)F! at 0.65V vs SCE (Figure S12).B! The rotation of
the RRDE ensures that the generated HoO; (lifetime ~ms)['®- 211 gt
the FesPcZn|TiOz-coated disk reaches the ring, where it is
electrochemically oxidized in the absence or presence of catalase.

HoOs — O+ 2 e + 2 H* (8)
2 H:02 —» 2 H0 + O2 (9

The RRDE measurements in pH 7 (Figure 5.B), revealed ring
and disk currents of 54 and -123 nA cm2, respectively, confirming
the ring oxidation of disk-produced H»O». No ring currents were
detected in the absence of the disk PS coating (Figure S13). The
ring currents decreased significantly upon the addition of catalase,
which decomposed H,0. into O, and HzO (eq. 9).22

Surprisingly, the disk currents were also affected by the
addition of catalase; the photoresponse increased 4.7 times. The
increase was likely the result of the catalase-induced formation of
0., which, in turn, increased the production of 'O, and thus
enhanced its overall reduction level leading to a higher cathodic
current at the disk, consistent with the dependency of the cathodic
currents on the concentration of O, near the electrode surface.
However, at pH 9, substantially lower ring currents were detected,
likely caused by the instability of H-O; at alkaline pHs®® and lower
disk currents due to lower concentration of H* ions needed for the
reduction reactions (Figure S14).

In summary, the cathodic currents are found to be dependent
on the level of O, and are caused by the reduction of 'O, and Oz~
generating H20> and H2O. These reductions are pH-dependent,
as they scale inversely with the pH (Figure S18). No
electrochemical reduction of the PS occurred at -0.2 V vs SCE,
motivating the use of this potential during PEC analysis.

2.4 Anodic photocurrents

The anodic photocurrents were found to increase with the pH
even though reductive potentials were applied. This observation
requires further explanation in the context of optimization of a
detection strategy.?? Indeed, the alkalinity of the solution impacts
the applied potentials for optimum PEC sensitivity as it shifts the
optimum applied reductive potential towards more negative
potentials. To reveal the mechanisms behind this oxidative
contributions, the anodic responses were studied at a potential of
0.2 V vs SCE at pH 7 and 9 to exclusively exhibit the anodic
mechanisms and reveal the influence of ‘OH ions on the
photoresponses.

The role of O, and O>*"

Firstly, the involvement of O, during the anodic photocurrents
was evaluated. The purging of the solution with Ar decreased the
photoresponse for pH 7 and pH 9 (Figure 6.A and B). At a
potential of 0.2 V vs SCE, a limited decrease was noted for pH 7
(Figure 6.A). The photocurrent dropped from 49 nA cm? in O,
atmosphere to 37 nA cm? in an Ar atmosphere. At pH 9, the
decrease was more significant (Figure 6.B), 4-fold, in going from
O, atmosphere to Ar atmosphere.

The addition of SOD to the RDE set-up confirmed the
involvement of O™, Figure 6.C and D. The generated O," was
oxidized to O at the electrode surface, eq. 10 (E,ox = 0.055 V
vs Ag/AgCI)"! indicating that the oxidation of O~ contributes to
the anodic responses. At pH 7 the addition of SOD caused the
photocurrent to almost disappear, decreasing from 40 nA cm™ to
6 nAcm? while at pH 9, a decrease from 470 nA cm? to
120 nA cm® was noted.

0" —> 02+ € (10)

The formation of O," likely follows two pathways.

Formation of O~ via quenching of 'O, by “OH ions (pathway
A)

It is known that “OH ions quench 'O, generating *OH and Oy~
(eq. 11).4 Thus, as the pH increases (pH 9), the amount of
electrochemically reduceable 'O, decreases, while the generation
of O™, which is oxidized at 0.2 V vs SCE" (eq. 10) is enhanced,
resulting in a higher oxidative contribution to the photocurrent
compared to the situation at pH 7 (Figure 6.C and D).
102 + OH — "OH + Oy~ (1 1)

Notably, via this pathway, "OH, one of the strongest oxidizing
species (E°= 2.33 V vs SHE) is generated.['® %5 The hydroxyl
radical has a lifetime of a few ps, the same order of magnitude as
10,.91 Its deprotonated form, O, is less reactive and it is only
present at alkaline pH-levels (pKa = 11.9).['2 451 The reactivity of
the hydroxyl radicals include H* abstraction, electron transfer, and
electrophilic addition to T systems.t 72 233 |t degrades organic
pollutants®! and could potentially damage the PS in this PEC
system. However, as the local concentration of produced ‘OH is
high, it can dimerize to form H,O2 (eq. 12)"> 2% gnd thus the
concentration of "OH may be diminished.
2 'OH g H202 (12)

The RRDE does not detect H>Ozfor pH > 9 (Figure S15) since
H20 is unstable at high pH levels.? Yet, in the RDE set-up and
upon addition of catalase, the photocurrent decreased at pH 9
(Figure 7.B, applied potential was 0.2 V vs SCE). At this potential,
H>0O> cannot be electrochemically oxidized, since its oxidation
requires higher oxidative potentials (Figure S16). So, the
oxidation of H>O2 does not contribute to the oxidative responses.
Rather, the decrease in photocurrent upon the addition of
catalase was the result of the generated O, upon the
decomposition of H.O, by catalase (eq. 9) which seems to
enhance the electrochemical reduction of 'O, at the electrode
surface more than the quenching reaction of 'O, by “OH ions as
the former pathway is independent on the level of ‘OH ions.
Notably, the "OH concentration plays an important role in the



generation of H.O; via "OH radicals (eq. 11 and 12) as catalase
did not alter the photocurrents at pH 7 indicating that (almost) no
H>O, was formed.
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Figure 7. The effect of 90 mg L™ catalase on the photocurrents measured with
FeaPcZn|TiOz2-coated RDE in (A) pH 7 phosphate buffer and (B) pH 9 borate
buffer. The applied potential was 0.2 V vs SCE. The RDE surface was
illuminated by a 655 nm laser (switch on and off alternatingly). All
measurements were conducted in aerobic conditions.

Formation of O, via the reduction of Fg;PcZn by -OH ions
(pathway B)

The high fluorination degree protects PS against oxidation
attacks by 'O, but it enhances the Pc ring susceptibility to
reducing agents.® 12271 The reducibility of the PS was, therefore,
studied in the presence of an increasing concentrations of “OH
ions, which may act as reducing agents for FesPcZn, by UV-Vis
measurements (Figure 8). The samples were first illuminated for
10 minutes whereafter the UV-vis spectra were recorded. The
reduced [FesPcZn]~ form would be visible by the alteration of the
optical bands.['? '¢ Indeed, the one-electron redox process is also
illustrated by the spectroelectrochemical results shown in Figure
S3, which capture the FesPc(2-)Zn — FesPc(3-)Zn process in
acetonitrile. The reduction at a Pt mesh electrode is clean, with
well-defined isosbestic points. The characteristic Q and selected
B bands of FesPc(2-)Zn, 686 and 420 nm, respectively, decrease
while the 740, 590 and 468 nm bands corresponding to
FesPc(3-)Zn, increase. It is interesting to note that, once the
current stopped and the FgsPc(3-)Zn solution is left standing in the
absence of light, a spontaneous re-oxidation to FgsPc(2-)Zn
occurs, roughly at half-rate of the reduction rate, Figure S3. The
electron acceptors might be the solvent, impurities or even traces

of oxygen species. The redox process may be important in
understanding the electrode processes and their kinetics.

In this case, the addition of KOH, decreased the Q band and
increased the intensity of new bands around 588 and 733 nm
which corresponded to the reduced [FssPcZn]™ (FsaPc(3-)Zn). No
photoreduction of the Pc was observed when the KOH was
omitted from preparations; only a decrease of the Q band was
noted due to the insolubility of the PS in H2O (Figure S17).

0.6 —25umol L FgPczn ‘
+1 umol L1 KoH
0.5 1
+10 pmol L ° KOH
ol +100 pmol L™ KOH
=]
< 03
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Figure 8. UV-Vis spectra of FesPcZn (2.5 pmol L") in MeOH with the addition of
1, 10 and 100 umol L' KOH. The spectra were recorded after 10 minutes
illumination by a 655 nm laser in aerobic conditions.

The UV-Vis measurements with/without KOH suggest that the
PS was reduced by "OH ions (eq. 13), proportional with KOH
concentration. The “OH ions quench 'Oz (pathway A), and reduce
the PS (pathway B). The [FesPcZn]™ can be re-oxidized when a
potential of 0.2 V vs SCE is applied (eq. 14), or by Oo,["® or even
in the absence of O, as shown above. The re-oxidation process,
as with the PEC sensor, takes advantage of the [FssPcZn]~
oxidation by O leading to the generation of O>~ (eq. 15),?% where
the latter species can be oxidized at 0.2 V vs SCE (eq. 10). ['°!

FesPcZn + OH — "OH + [FesPcZn]" (13)
[FesPcZn]” — FesPcZn + € (14)
[FesPcZn]” + Op — FeaPcZn + Oy~ (15)

Both A and B pathways contribute to the generation of anodic
photoresponses via the oxidation of Ox™ or [FesPcZn]~ which are
dependent on the amount of “OH ions (Figure S18). Though the
reduction of FesPcZn by "OH ions might be a minor contributing
pathway, its role becomes dominant in the absence of O, as the
electrochemical oxidation of the reduced species will be the main
pathway for the oxidative photocurrents.

3. Conclusion

In this research, the influence of pH and applied potential on
the PEC photoresponses was studied via RDE and RRDE
measurements. It was observed that the cathodic responses were
dependent on the level of H* ions while the anodic responses
increased with elevating "OH ions. FssPcZn deposited on TiO»
generates '0,, whose reduction to O»~ and the reduction of O,"
to H20- constitutes key reaction pathway for generating cathodic



photocurrents. The source of anodic photocurrents is complex
due to the interplay of “OH ions on the reduction of FssPcZn and
the quenching of 'Oz leading to the generation of O.", HO and
‘OH. The change of oxidation to reduction of O, plays a crucial
role in the shift from anodic to cathodic responses over the studied
potential region. The obtained insights in the role of ROS under
various experimental conditions are crucial for the selection of
optimum experimental parameters for phenol detection as they
elaborate the impact of pH-variation on the photoresponses and,
thus, the required applied reductive potentials for the 'O.-driven
oxidation of phenols. Future work will focus on the interaction of
the PS with TiO, to study the potential electron injection from
[FesPcZn] towards the conduction band of TiO-.

4. Experimental Section

4.1 Materials and methods

Acetonitrile 99.9% (HPLC grade), MeOH, absolute EtOH, acetone and
DMF were purchased from commercial sources. Potassium dihydrogen
phosphate (KH2POs), borax (Na2B4O7-10H20), boric acid (H3sBOs) and
potassium chloride (KCl) and hydroxide (KOH) were purchased from
Sigma-Aldrich, Merck, and Acros Organics, respectively. Buffer solutions
were prepared using Milli Q water. FesPcZn (chemical structure in Figure
S1) was immobilized on AEROXIDE® TiO2 P25 (Evonik) matrices with
loadings of ~3 wt%, as described previously.??! The supported Pc material
is abbreviated FesPcZn|TiO2. The quenchers, catalase (from bovine liver),
SOD (bovine erythrocytes), NaN3 and DABCO were purchased from
Sigma Aldrich. Catechol (99%) was obtained from J&K Scientific. ABDA
was purchased from the Cayman Chemical Company. Graphite SPEs, @
=4 mm were purchased from Metrohm DropSens. Al2Oz3 slurries with 1 pm
and 0.3 pm particle size (Buehler) and 0.05 um particle size (SPI Supplies)
were used to polish electrodes with a MicroCloth (PSA, 8) acquired from
Buehler. A diode laser operating at 655 nm (Roithner Lasertechnik) with a
power of 0.24 W cm2 was used as the light source.

4.2 Redox properties of FgsPcZn

The solution redox properties of FesPc(2-)Zn are of interest in
anticipation of the redox behavior of electrode-supported photosensitizers.
CV, DPV and spectroelectrochemical data was obtained in DMF and
acetone using a BASi instrument, 0.1 V s scan rates and glassy carbon
electrode (GCE) and Pt mesh WE. The Ag/AgCl electrode was the
reference (RE), 0.1 M Tetrabutylammonium tetrafluoroborate (TBATFB)
was the supporting electrolyte. For spectroelectrochemical experiments
the counter electrode (CE) was Pt wire.

Additionally, graphite SPEs were used as WE. The RE was a
saturated calomel electrode (SCE) and a glassy carbon rod was used as
CE. CV (pAutolab 1l Metrohm Autolab instrument) in 30 mL buffer
solutions was used for the determination of redox potentials. The potential
was scanned from 1.0 V to -1.0 V vs SCE. The step potential was -
0.00244 V and the scan rate was 0.050 V s''. The components of the buffer
solution were 0.02 mol L' KH2PO4 and 0.1 mol L' KCI. The pH of the
buffer was adjusted to 7 by adding dropwise concentrated KOH solution.
Before the electrochemical measurements, the cell was purged with Ar gas
for 15 minutes to remove dissolved O2.

For modification of the WE, a stock solution of FesPcZn in EtOH was
diluted with Milli Q water to 25 umol L. The final solution contained 27.5 %

vol EtOH. This dilution step in water ensured the specific dropcasting on
the WE surface. A droplet of 20 uL was then deposited on the WE surface.
For blank measurements, 20 pL of a solution containing 27.7 % vol EtOH
in Milli Q water was deposited on the WE surface. For the modification of
the WE with FesPcZn|TiO2, 3 uL of a 10 mg mL™' aqueous FesPcZn|TiO2
suspension was deposited. As a blank, a TiO2 modified SPE obtained by
dropcasting 3 pL of a 10 mg mL"" TiO2 aqueous suspension was used. All
coatings were dried at room temperature overnight in the absence of light.

4.3 RDE and RRDE measurements of ROS

A Metrohm 628-10 model RDE and a WaveVortex 10 Electrode
Rotator from Pine Research RRDE were used. The RDE (& = 3 mm) was
glassy carbon. The RRDE set-up consists of 2 WEs; the disk electrode GC
(9@ = 5 mm) and the ring electrode was Pt. The inner diameter of the Pt
ring was 6.5 mm and the outer diameter was 7.5 mm. SCE and glassy
carbon rods were used as RE and CE, respectively. The rotation speed of
the R(R)DE was 500 rpm.

The RDE and RRDE were polished before each measurement. The
RDE was polished with Al203 slurries of 1, 0.3 and 0.05 um particle size
using a MicroCloth. The disk and ring electrodes of the RRDE were
polished with Al2Os slurries of 0.3 and 0.05 pm. The RDE and RRDE were
modified with 3 pL or 8.33 pL, respectively, from a 10 mg mL"' aqueous
suspension of FesPcZn|TiO2. The droplet on the R(R)DE was dried at 30 °C
for 45 minutes.

For the RDE and RRDE measurements, 30 and 80 mL cells were used,
respectively. Variable pHs (buffer) were used: 6, 7 and 8 (0.02 mol L
KH2PQ4); 9 (0.02 mol L' H3BOs) and 10 (0.02 mol L' borax). All buffer
solutions contained 0.1 mol L' KCI as supporting electrolyte.

The amperometric measurements were conducted using either a
uAutolab 11l (Metrohm Autolab) instrument for the RDE measurements, or
Palmsens 4 BiPot for the RRDE measurements. The RDE surface or disk
surface (from RRDE) was illuminated by a 655 nm laser (0.24 W cm™).
The laser was switched on and off alternatingly, respectively 20 seconds
on followed by 40 seconds off. The applied potentials were varied between
0.25 V and -0.25 V vs SCE. For the measurements in an Ar atmosphere,
the RDE solution was purged for 3 hours with Ar. The photocurrent
responses were measured at 0.2 V, -0.15 V and -0.25 V vs SCE at pH 7
and 9. For the identification of Oz2", SOD was used. The applied potential
was either 0.2 V (anodic current) or -0.2 V vs SCE (cathodic current). H202
was identified by the addition of catalase during RRDE measurements.
The potential of the ring was 0.65 V vs SCE. The potential of the disk
electrode was either 0.25 V or -0.25 V vs SCE. The ring and disk electrode
currents were baseline-corrected to improve visibility of the ring currents
when plotted together with the disk currents (Figure S2).

4.4 0, detection using ABDA and HPLC

A HPLC-DAD instrument was used to measure the degradation of
ABDA by 'O as follows. A standard, 100 pmol L' ABDA was injected to
determine first the elution time of this compound. For the oxidation by 'O,
a 2 mL solution containing 0.35 mg mL"' Fe4PcZn|TiO2 and 400 umol L
ABDA in pH 7 phosphate buffer (0.02 mol L' KH2PO4) was made. The
solution was illuminated by a 655 nm laser (0.24 W cm) for 30 minutes
while being magnetically stirred, then filtered (0.45 um size pore, Chromofil
AO-45/25) and diluted 4 times with Milli Q water. The same procedure was
applied to a solution containing 0.35 mg mL"! TiO2 and 400 pmol L-' ABDA.
The produced 'Oz was quenched with 50 mmol L' catechol added to the



FesPcZn|TiO2-ABDA mixture. The same illumination, filtration, and dilution
procedures were applied.

The HPLC-DAD experiments were performed with a HPLC system of
Shimadzu Prominence LC-20AT coupled to a SPD-M20A DAD with a
temperature-controlled flow cell with wavelength range 190-800 nm. A 254
nm wavelength was chosen. The separation was done using a Kinetex
C18 column (100 x 4.6 mm id, particle size 2.6 pm) equipped with the
appropriate a SecurityGuard cartridge C18, from Phenomenex. The
injected volume was 25 pL and the flow rate was kept at 1 mL min-!. Mobile
phases consisted of 0.07 % phosphoric acid in ultrapure water (v/v)
(solvent A) and acetonitrile/ultrapure water (95/5, v/v) with 0.07 %
phosphoric acid (solvent B) to establish the following gradient elution:
starting with 2 % solvent B, over the following 13 minutes solvent B linearly
increased to 95 %, at 13.1 minutes to 15 minutes the eluent consisted only
of solvent B, at 15.1 minutes the eluents again consisted of only 2 %
solvent B and was kept for 7 minutes to re-equilibrate the column for the
next analysis. All data analysis was performed with the software
LabSolutions.

4.5 Stand-alone UV-Vis detection of reduced Fg;PcZn

An Avantes AvaSpec-2048L spectrophotometer and capped (1 cm x
1 cm) 2 mL cuvette was used for the UV-Vis measurements to detect the
reduced species of FesPcZn. A 655 nm laser beam (0.24 W c¢cm?) was
positioned perpendicular to the optical path and the solution was
magnetically stirred. The solution was illuminated for 10 minutes and
spectra recorded every 2 minutes.

A 2.5 pmol L™ solution of FesPcZn in MeOH was used. The following
compounds were added to this FesPcZn solution: NaNs (~10 mmol L),
DABCO (10 mmol L") or KOH. The stock solutions were prepared in
MeOH, except for KOH and FesPcZn which were prepared in Milli Q water
and EtOH, respectively. The concentration of KOH was varied between
1 umol L'" and 100 pumol L™ to simulate the effect of increasing alkalinity
on FesPcZn.
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/ Oxidation Reduction

Unravelling the role of reactive oxygen species formed upon illumination of a photosensitizer type I, FesPcZn|TiO2, during
photoelectrochemical sensing. The species were identified using rotating (ring) disk electrode, UV-Vis and HPLC-DAD measurements.
Their generation and corresponding photocurrents magnitude is highly dependent on the pH and applied potential.
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