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Inhibition of Photocatalyst-Assisted Electron Transfer at
ITIES Under Simulated Solar Irradiation-the Role of

Supporting Electrolyte

Edwin Avella,” Andrea Folli,” and Angel Cuesta*®

Photocatalyst-assisted charge transfer at the interface between
two immiscible electrolyte solutions (ITIES) has been previously
proven. However, its practical application requires information
on its performance under solar irradiation. We investigated
photocatalyst-assisted oxidation of water at ITIES under solar

irradiation using TCNQ 7,7,8,8-Tetracyanoquinodimethane
(TCNQ) as electron scavenger and
bis(triphenylphosphoranylidene) ammonium tetrakis(4-

chlorophenyl)borate (BTPPA-TPBCI) as organic phase electrolyte.
No enhancement of water oxidation after assembling photo-
catalyst nanoparticles at the ITIES was observed. Photocurrents
with photocatalyst were similar to those without but in the
presence of TCNQ. Photocurrents observed both with and
without photocatalyst are shown to be due to photogeneration

Introduction

Hydrogen production has been the focus of research over the
last decades as one of the most important alternatives to fossil
fuels due to its high heating value of 141.8 MJkg™' and the
absence of greenhouse gas emissions after combustion.
Nowadays, hydrogen is mainly produced from steam methane
reforming (SMR). Despite the efforts to increase the efficiency of
carbon capture units (CCU) coupled in tandem with SMR,
enhancing the efficiency of CCU by more than 90% increases
the energy consumption of this type of systems, which directly
impacts the cost of hydrogen production.”

An exciting alternative for fossil fuel-based hydrogen
production is photocatalytic water-splitting using solar light.
Photocatalysis has the advantage that no additional energy
must be supplied in the form of heat (as in SMR) or electricity
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of TCNQ*, either by reaction with the organic electrolyte or by
interfacial oxidation of water. The former dominates at positive
potentials and results in a positive photocurrent due to transfer
of TCNQ®™ across the ITIES. The latter dominates at negative
potentials and results in a negative photocurrent. Electron
paramagnetic resonance (EPR) detected TCNQ®*~ and revealed
its stabilisation by formation of an adduct with BTPPA*, which
must contribute to making the photoactivity of TCNQ the
dominant process even with photocatalyst. These findings
highlight the necessity of research on alternative suitable
electron scavenger-supporting electrolyte combinations for
implementing ITIES in the photoelectrocatalytic conversion of
solar energy.

to the system (as in conventional water-splitting electrolysers),
as the photons absorbed by a semiconductor will provide the
Gibbs energy required to perform this reaction. Photocatalytic
hydrogen production has been investigated since the work of
Fujishima and Honda,” who reported for the first time photo-
electrochemical H, production using TiO, as the photocathode.
Since then, intensive research has been performed to use direct
solar light as an energy source for photocatalytic
applications.*™®

One of the limitations to the implementation of photo-
catalytic water splitting is the band gap of suitable photoactive
materials. The most widely used TiO, (anatase) possesses a
band gap of approximately 3.2 eV, well into the near-UV light
region, which accounts for only 4% of the solar spectrum.'®
Additionally, photocatalytic activity is limited by the high
recombination rate of photogenerated electron-hole pairs.
Modifications to prevent the recombination rate, such as
nanoparticle deposition, 3D structure design and doping of the
photocatalyst, have been attempted!''"® Although these mod-
ifications have demonstrated to be efficient in increasing the
photocatalytic activity, the additional steps required in the
synthesis contribute to preventing commercial application.

Additionally, in photocatalytic water splitting, the redox
processes (HER and OER), are typically performed in the same
solution."®® In this type of setup, photogenerated H, and O,
can recombine, reducing the hydrogen production yield"® and
creating the risk of explosion. A setup where the photocatalytic
HER and OER occur in separate solutions is therefore much
more convenient. The interface between two immiscible
electrolyte solutions (ITIES) is an excellent alternative in this
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regard, as it can provide a frame where the redox reactions can a) 1,2-DCE b) TCNQ
occur separately and charge transfer across the liquid-liquid o N\\ //N
interface can be controlled by varying the Galvani potential N — —
between the solutions.”” 7 \

The pioneering work of Volkov, Kandelaki and
collaborators® "' demonstrated the feasibility of water oxida-
tion at the ITIES. In their work, chlorophyll was adsorbed at the
octane/water interface, facilitating light absorption and water
photooxidation. They proposed a four-electron mechanism
involving a hydrated chlorophyll oligomer that enabled the
photo-assisted oxygen evolution.

Photo-induced charge transfer at the ITIES was also shown
by Marecek et al.?® using water/1,2-DCE, and water/benzonitrile
interfaces. This was achieved by dissolving methyl viologen in
the aqueous phase and Ru(bpy);>" in the organic phase.
Additionally, Thompson etal”” also described successful
photo-assisted electron transfer across a liquid-liquid interface
using the Ru(bpy);>"/C,V** system. In their experiment, ion
transfer was inhibited due to changes in the hydrophobicity of
the photoproducts. In a subsequent study, Brown et al.?®
successfully demonstrated photoinitiated electron transfer us-
ing Ru(bpy);,>" at a water/1,2-DCE interface with TCNQ in the
organic phase. They showed that the products of this transfer
stayed in their respective phases, preventing back electron
transfer, which is crucial for photoelectrochemical energy
conversion.

Samec etal®* have analysed the photo-assisted ion
transfer at the ITIES. Photocurrents due to the interfacial transfer
of long-lived photoproduced species generated from the
supporting electrolytes were observed upon irradiation of the
ITIES. Please note that no electron quencher such as, e.g.,
TCNQ, was used in this work.

More recently, Girault and co-workers®'” have demon-
strated in a series of papers the photo-assisted electron transfer
across ITIES from ferrocene derivatives in the organic phase to
photosensitive porphyrins in the aqueous phase. Later, the
same group®*™ as well as Plana and Fermin®"” have demon-
strated the possibility of assembling a photocatalyst at the ITIES
by controlling the Galvani potential between the adjacent
phases. These photocatalyst layers can transfer the photo-
generated electron and hole to opposite sides of the ITIES to
generate either hydrogen or oxygen on the aqueous side of the
interface, while a suitable hole or electron scavenger in the
organic phase captures the charge carrier left behind. Plana
et al.*? have also shown that spontaneously deposited meso-
porous photocatalyst films at the ITIES can reach high photon-
to-current efficiency. This work has demonstrated the feasibility
of photocatalytic-assisted electron transfer aided by either an
electron or a hole scavenger in the organic phase. These
photocatalyst assisted electron transfer experiments,***? how-
ever, were performed using monochromatic UV light. Therefore,
evidence of the feasibility of photo-assisted electron trans-
ference by nanoparticle films at the ITIES under solar irradiation
is necessary. In this contribution, we show that, under solar
irradiation, the possibly most common electron scavenger in
the organic phase, 7,7,8,8-Tetracyanoquinodimethane (Fig-
ure 1b), has a higher photoactivity than common photocatalysts

]
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Figure 1. Chemical species present in the organic phase a) 1,2-dicholoro-
ethane (1,2-DCE) as solvent. b) TCNQ 7,7,8,8-Tetracyanoquinodimethane
(TCNQ) as electron scavenger. c) bis(triphenylphosphoranylidene)
ammonium tetrakis(4-chlorophenyl)borate (BTPPA* TPBCI") as supporting
electrolyte.

like TiO, or WO;. We also show that when dissolved in 1,2-
dichloroethane (Figure 1a) and in the presence of the also
possibly most common organic-electrolyte,
bis(triphenylphosphoranylidene) ammonium tetrakis(4-
chlorophenyl)borate (Figure 1c), solar irradiation results in the
reduction of TCNQ to the corresponding radical anion even in
the absence of an ITIES and/or a photocatalyst. Finally, we
demonstrate the photo-formation, under visible light, of an
adduct [BTPPA*-TCNQ*"] which harvests most of the irradiation
inhibiting the photocatalytic response of the photocatalyst
assembled at the ITIES. These results call for the search of
different suitable electron scavenger-supporting electrolyte
pairs for practical applications of ITIES for photoelectrocatalytic
conversion of solar energy. We mention in passing that no
unexpected behaviour was observed when reducing water to
hydrogen with solar irradiation using a variety of photocatalysts
(TiO,, CuO, SrTiO;) and ferrocene dissolved in a DCE solution of
BTPPA-TPBCI as the hole scavenger.

Results and Discussion

TCNQ's photoactivity was observed when attempting to photo-
oxidise water to oxygen by assembling a suitable photocatalyst
at the interface between a pH 11 aqueous solution and a TCNQ-
containing solution of BTPPATPBCI in DCE. The selection of pH
is due to the shift in the CB potential of the nanoparticles
assembled at the interface towards negative potential at higher
pH values, which enhances the electron transference towards
the TCNQ.®® We had chosen WO, (< 100 nm particles) and TiO,
(anatase, 5 nm particles) as model photocatalysts, because we
expected their band gaps (3.2 eV for TiO, (anatase) and 2.46 eV
for WO,, see Figure S1) to be different enough as to result in
different rates of oxygen production when illuminating the
interface.

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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The effect of the deposition of the photocatalyst at the ITIES
and of the transfer of photogenerated charge carriers across the
ITIES was analysed using a 3-compartment cell (Figure 2a). The
composition of the cell is schematically described in Figure 2b,
where o represents the interface studied. The geometric area of
o in the cell used was 1.54 cm® A coalescence method was
used to deposit photocatalyst nanoparticles at the ITIES.*? Two
Ag/AgCl (KCl,,,) reference electrodes, one in the aqueous phase
and the other in the organic electrolyte, were used to control
the Galvani potential difference across the liquid-liquid inter-
face. The potential difference measured between these two
reference electrodes was corrected using the formal transfer
potential  of tetramethylammonium (¢ — ¢°=AV¢° =
0.160 V).°9 The catalyst dosage in the organic phase was
calculated to result in the deposit of approximately five
photocatalyst layers at the ITIES. This estimation was done
based on the particle size of the catalyst, considering the
migration of all nanoparticles to the interface but omitting
electrostatic interactions and particle coalescence.

Cyclic voltammograms (CVs) of the water/1,2-dichloro-
ethane (DCE) interface in the presence of TCNQ in the organic
phase both without photocatalyst and with layers of TiO, and
WO, spontaneously assembled at the interface are shown in
Figure 2c. The positive potential limit of the potential window is
determined by the transfer of Li™ from the aqueous to the
organic phase, whereas transfer of CI~ determines the negative
potential limit. The CV of the ITIES in the absence of assembled
photocatalyst and in the absence of TCNQ in the organic phase
shows a capacitive current lower than 0.5 uAcm™ (see Fig-
ure S2), corresponding to a capacitance <10 uFcm™, which is
consistent with the value of ca. 1 uFcm™ obtained by EIS after
fitting to an RC circuit. This suggests that the ITIES behaves as a

2
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sharp interface in the absence of a photocatalyst. A clear
increase of the capacitive current is observed after deposition
of TiO, (120 pAcm™) and WO, (60 pAcm™) at the ITIES. This
increase can be attributed to an increase in the roughness, and
therefore the real surface area, of the interface, as supported by
the fact that the smaller TiO, nanoparticles (5 nm) lead to a
larger increase of the interfacial capacitance than the WO,
particles (< 100 nm).

All the CVs in Figure 2c contain a voltammetric wave
centred around 0.21V, which we attribute to the reversible
transfer of TCNQ®~ across the interface. The EPR results
discussed below suggest the presence of TCNQ®™ traces in our
TCNQ-containing DCE solutions, which explains the presence of
this wave in the CVs of Figure 2c.

Photocurrent transients resulting from irradiation with
simulated solar light of the ITIES are shown in Figure 3, without
any photocatalyst (Figure 3a), with WO; assembled at the
interface (Figure 3b) and with TiO, assembled at the interface
(Figure 3c). Photocurrents are only observed when the electron
scavenger TCNQ is present in the organic phase, even if the
photocatalyst is not present. The values of the conduction band
potentials of TiO, and WO, are —0.11%® and 0.5 V vs NHE,
respectively, at pHO. Under our experimental conditions
(pH 11), the estimated conduction band potentials are —0.759
(TiO,) and —0.149V (WQ,).”¥ The redox potential of TCNQ in
1,2-DCE is 0.29V vs SHE.®® Therefore, photo-assisted electron
transfer from the photocatalyst’s conduction band to the TCNQ
in the organic phase should be possible under our experimental
conditions. Therefore, a sharp increase in the characteristic
photocurrents is expected when a photocatalyst is present in
the system. However, the experimental results show that both
the magnitude and the shape of the photocurrent transients

1,2-dicholoroethane (DCE),

LiCl LiCl 10mM,
AgCI| 10mm,| o| TCNQ TmM, BTTPACI |AdCl|Ag
- BTTPA*TCPB- 1mM
pH=11 1mM
X g - photocatalyst
f——WO,
ol No photocatalyst
—TiO,
100+
e
(&}
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—200 -
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Figure 2. a) 3-compartment cell used in the photo-electrocatalytic tests; b) Schematic representation of the electrochemical cell; ¢) Cyclic voltammograms at
50 mVs™' of the ITIES in the presence of TCNQ dissolved in the organic phase in the absence of a photocatalyst layer (red line) and with either WO, (black) or

TiO, (green) assembled at the ITIES.
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Figure 3. Photocurrent transient responses when illuminating with a solar simulator the ITIES between a 10 mM LiCl aqueous solution and a 10 mM
BTPPA*TPBCI~ +1 mM TCNQ solution in DCE in the absence of photocatalyst (a), in the presence of five layer of WO; assembled at the ITIES (b) and in the

presence of 5 layers of TiO, assembled at the ITIES (c).

are similar in the presence and in the absence of a photo-
catalyst layer assembled at the ITIES, suggesting that the
photoactivity observed comes from TCNQ, and not from either
WO, or TiO,. Additionally, a change of colour from pale yellow
to an intense green was observed after irradiation, suggesting
that TCNQ undergoes a photoinduced reaction under the
experimental conditions.

Positive photocurrents are registered at Ay¢>0.21V,
resulting in transients suggesting a diffusion-controlled process
(Figure 3a). Similar positive photocurrents were reported by
Kotov and Kuzmin™**! when irradiating an ITIES formed by an
aqueous NaCl solution and a DCE solution containing tetrabuty-
lammonium tetraphenylborate as the electrolyte and different
quinones (either benzo-, tolu-, duro- or anthraquinone) with
light corresponding to the absorption maximum of the specific
quinone used (313 nm for benzo- and toluquinone, 365 nm for
duro- and anthraquinone). The photocurrent was attributed to
the transfer across the ITIES of the quinone anion radical
obtained after oxidation in the organic phase of tetraphenylbo-
rate by the photogenerated triplet of the excited state of the
quinone. Following Kotov and Kuzmin,"**! we suggest that the
positive photocurrents observed at AY¢°>0.21V are the
consequence of Reactions 1 to 3.

*

TCNQ,; + hv — TCNQ (1)

oil
*

o
oil

TCNQ,, + TPBCI,, — TCNQZ, + TPBCIL, @)

oil

o—
oil

TCN — TCNQ;,

water (3)

This interpretation is supported by the fact that the positive
photocurrents appear at potentials more positive than that
corresponding to the transfer process observed in the CVs in
the presence of TCNQ (Figure 2), which we have precisely
attributed to the presence of traces of TCNQ®™ in the organic
phase and the transfer of TCNQ®*™ across the ITIES. Interfacial
transfer of TCNQ*~ has also been observed by Vishwanath et al.
in a 3-phase junction in an aprotic medium.*"!

Negative currents are observed instead at Al¢ <0.16V
(Figure 3). A negative photocurrent implies either the transfer

ChemElectroChem 2024, €202400333 (4 of 8)

of an electron or anion from the aqueous phase to the organic
phase, or the transference of a cation from the organic phase to
the aqueous phase. The only anion present in the aqueous
phase is chloride, and it is only transferred to the organic phase
when the positive limit of the potential window is reached. The
only cation in the organic phase is BTPPA*, and it is not
transferred to the aqueous phase within the available potential
window. Therefore, the only option left for the negative
photocurrent observed in the presence of TCNQ in the organic
phase at AY¢<0.16V is the photo-induced transfer of an
electron from the aqueous to the organic phase. Given the
composition of the aqueous electrolyte, this electron must
come from the oxidation of either H,0 or ClI7, of which we
consider the first option as the more likely.

Figure 3b and c show the effect of depositing five layers of
WO; and TiO,, respectively, at the ITIES. In both cases, positive
and negative photocurrents are observed positive of 0.21 V and
negative of 0.16 V, respectively, similar in magnitude and shape
to those observed in the absence of a photocatalyst layer,
Figure 3a. These results suggest that the photocatalyst layers
are not involved in the photo-induced charge transfer proc-
esses, which remain mediated by the photoexcitation of TCNQ
instead.

A TCNQ-assisted photo-induced charge transfer was not
observed when either CdSe™” or TiO,® were assembled at the
same ITIES,® and TCNQ was present as an electron scavenger
in the organic phase®” The shape of the photocurrent
transients, with an initial rapid increase followed by a plateau,
was also different. In those cases, the photo-induced interfacial
charge transfer was indeed mediated by the photocatalyst and
not TCNQ. However, whereas radiation from a solar simulator
was used by us, monochromatic UV light (325 nm with TiO,,
454 nm with CdSe) was always used in the previously cited
works. Light absorption by TCNQ to form the excited triplet was
found by Khvostenko et al.”” to occur around 630 nm, which is
consistent with the yellow colour of TCNQ-containing DCE
solutions. Therefore, the formation of TCNQ* was not possible
under their experimental conditions. It must be stressed,
however, that our results are more relevant for practical
applications using solar radiation.

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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The degradation of the electrolyte due to irradiation
suggested in the preceding paragraphs is confirmed by the
change in the colour of the DCE-based electrolyte from yellow
to green after irradiation with solar light (Figure S3).

Electron paramagnetic resonance (EPR) was used to confirm
the formation of TCNQ®~ and understand the role of the
BTPPATPBCI electrolyte. Spectra of DCE solutions containing
either only 1T mM TCNQ or only 10 mM BTPPATPBCI, acquired
using a standard EPR tube (Figure S4), did not show evidence of
any radical species either before, during or after irradiation.
However, when the solution contains both TCNQ and
BTPPATPBCI, a single resonance line (red spectrum in Figure 4,
linewidth ca. 0.5 mT) immediately appeared upon irradiation
with unfiltered light from a tungsten lamp, the intensity of
which increased significantly and very quickly until reaching a
maximum after ca. 30 minutes of irradiation time, and then
started decreasing (Figure 5a and b). The overall increase in
intensity was 200-fold. The decrease in intensity after the
maximum results in the emergence of a clear hyperfine
structure at irradiation times >4000 s (Figure 5a). This suggests

p
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Figure 4. EPR spectra of a 1 mM TCNQ + 10 mM BTPPA*TPBCI™ solution in
1,2-DCE before irradiation (blue trace), and under UV-vis irradiation (red
trace).
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Figure 5. a) 2-D representation of the time evolution of the EPR spectrum of
the same solution used in Figure 4 upon, during and after irradiation. b)
Evolution of the maximum EPR signal amplitude of the absorption maximum
of the EPR spectrum upon, during and after irradiation.
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that, initially, a high concentration of a radical is formed with
rapid kinetics and the resulting EPR spectrum is (most likely)
concentration broadened (essentially causing a shorter T,
relaxation time). As the radical is consumed (this time with a
much slower kinetics), and its concentration drops, the line-
width is narrowed, and a clear hyperfine structure emerges.
Interestingly, when the light is turned off, the EPR signal
intensity increases again. At the moment we have no explan-
ation for this behaviour, but we are planning experiments using
other spectroscopic techniques like NMR and UV-vis, aimed at
following changes in the composition of the electrolyte during
and after irradiation. It is worth noting that, even before
irradiating the TCNQ-containing electrolyte solution, a small
signal can be observed at the same position and with the same
linewidth. This suggests the presence of traces of the photo-
generated radical in the solution, probably formed by exposure
to natural light. This is consistent with the voltametric wave
observed in CVs of our ITIES when TCNQ is present in the
organic phase (see Figure 2c and the corresponding discussion).

EPR spectra were also obtained with systems containing an
ITIES between an aqueous 10 mM LiCl (pH=11) and a 1 mM
TCNQ-+10 mM BTPPA*TPBCI™ solution in 1,2-DCE using a
standard flat cell (Figure S5). The EPR recorded corresponds to
the organic phase in a region close to the water-organic ITIES.
Figure 6a shows the spectrum recorded at open circuit
potential (AY¢=0.17V) under irradiation. The spectrum is
identical to that recorded in the pure organic phase (i.e., no
ITIES) after long irradiation and after switching the light off
(Figure 5a).

The simulation of the EPR spectrum in Figure 6a indicated
that the photo-formed radical corresponds to TCNQ®~, with
isotropic hyperfine coupling constants (hfccs) a"=0.143 mT (x4,
accounting for the four magnetically equivalent aromatic
protons of TCNQ) and aV=0.102 mT (x4, accounting for the four
magnetically equivalent N atoms on the nitrile moieties of
TCNQ). This is in good agreement with previous reports of the
electrochemical formation of TCNQ®*™ by Fischer and
McDowell®® (a"=0.144 mT, a¥=0.102 mT) and Rieger et al.*
(@"=0.157 mT, a"=0.110 mT). However, our spectrum could
not be fully simulated as a TCNQ®~ radical anion only. The best
simulation of the experimental spectrum was achieved by
computing an extra superhyperfine coupling constant to the
“N nucleus of BTPPA™, with hfcc equal to a¥=0.029 mT. No
superhyperfine coupling to the *'P atoms of the BTPPA™ was
observed. This suggests that the formation of the radical anion
is favoured by the stabilising interaction with the electrolyte
cation, which is in good agreement with the observation that
the radical cannot be detected in only TCNQ is dissolved in
DCE. DFT calculations confirmed this hypothesis as the [BTPPA*
-TCNQ*"] adduct could be successfully geometry optimised,
Figure 6b.

The detection of the TCNQ®™ radical anion provides strong
support to our conclusion that the photocurrents reported in
Figure 3 are due to the photoactivity of TCNQ, and not to that
of the photocatalyst particle films assembled at the ITIES.®” This
implies that, for practical applications of photo-assisted electron
transfer across ITIES (e.qg., for oxidation of water to O,) either an

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 6. a) Experimental (black trace) and simulated (red trace) EPR spectra of TCNQ"~ recorded from the organic side of the ITIES between an aqueous

10 mM LiCl (pH=11) solution and a 1 mM TCNQ + 10 mM BTPPATPBCI solution in DCE during irradiation with unfiltered light from a tungsten lamp. b)
Proposed stabilisation of TCNQ*~ by formation of an adduct with BTPPA™. In the stick molecular model, carbon atoms are represented in grey, nitrogen atoms
in blue, and phosphorus atoms in orange. Hydrogen atoms are omitted for clarity purposes.

alternative to TCNQ to be used as an electron scavenger in the
organic phase is needed, or a supporting electrolyte which does
not add stability to the TCNQ*~ radical anion by interaction
with the electrolyte cation should be used. Please note that,
although when interfacial potential differences AY¢ <0.16 V are
applied across the ITIES, TCNQ can capture an electron from the
aqueous phase (see Figure 3 and corresponding discussion),
this will not prevent the reaction of photoexcited TCNQ with
the components of the organic electrolyte, and will still result in
the degradation of the latter.

TPBCI™ is known to be relatively prone to oxidative
degradation, and is often replaced by its tetrafluorinated
analogue, tetrakis(4-fluorophenyl)borate (TPBF),®¥ which is
more resistant to oxidative decomposition. For this reason, we
expect the oxidation of TPBCI™ by photoexcited TCNQ to be the
responsible of the photodegradation of the organic electrolyte.
However, the TBPCI® radical must be rather unstable and no
EPR line corresponding to species resulting from the oxidation
of TPBCI~ or DCE was detected by EPR. According to Kotov and
Kuzmin,“** the final products of the oxidation of the
tetraphenylborate anion (BPh,"), the analogous to TBPCI™ used
by them as the anion in the organic electrolyte, are several
phenylboronates (Ph,BO~, PhBO,”, PhBOH"), of which they
could detect Ph,BO~, PhBO,>". By analogy, we suggest that the
products of the oxidation of TBPCI™ are the corresponding 4-
clorophenylboronates.

ChemElectroChem 2024, €202400333 (6 of 8)

Conclusions

Photo-assisted electron transfer across ITIES using simulated
solar irradiation was evaluated under different conditions. A
diffusion-controlled photocurrent was observed both in the
presence and absence of a layer of photocatalyst particles
assembled at the ITIES whenever TCNQ was present in the DCE-
based organic phase. These photocurrents were, therefore, the
result of the photoexcitation of the electron scavenger (TCNQ)
and its reduction to the TCNQ*" radical anion either by species
present in the electrolyte (most likely the electrolyte anion,
TPBCI™) or by an electron transferred from the aqueous phase
(most likely resulting in the oxidation of H,0). The resulting
TCNQ*™ radical anion was detected using EPR, but its formation
is only possible when both TCNQ and BTPPATPBCI are dissolved
in DCE. The superhyperfine structure of its EPR spectrum could
be reproduced by considering the interaction of the unpaired
electron of TCNQ*~ with a "N nucleus of BTPPA™ suggesting
that the radical anion is stabilised by interaction with BTPPA™ in
the organic phase.

These results suggest that, for practical applications of ITIES
for photo-induced electron transfer from the aqueous to the
organic side of the interface using solar light, a careful selection
of the electron scavenger and the electrolyte used in the
organic phase is needed to avoid the photo-induced degrada-
tion of the electrolyte.

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Experimental Section

Reagents

Photocatalyst nanoparticles of WO; (< 100 nm) were obtained from
Merck. TiO, (>99%, 5 nm anatase) was purchased from GetNano-
materials. Aqueous solutions were prepared in deionised water
(Milli-Q, 18.2 MQcm™). 1,2-Dichloroethane (Merck, >99.88%) was
used as a solvent for the organic phase. The supporting electrolyte
of the organic phase, bis(triphenylphosphoranylidene) ammonium
tetrakis(4-chlorophenyl)borate (BTPPA*TPBCI™), was prepared by
double substitution reaction between
bis(triphenylphosphoranylidene) ammonium chloride (BTPPA—CI,
Merck, >989%) and potassium tetrakis(4-chlorophenyl)borate (K-
TPBCI, Merck, >98%) in a 2:1 methanol: water solution and
recrystallised in acetone, following the process described by D.
Fermin et al.®”

Electrochemical ITIES Characterisation

The electrochemical experiments were performed within a Faraday
cage, and the cell was connected using a 4-electrode arrangement
to an IVIUMstat-CompactStat potentiostat. The electrochemical cell
consisted of a three-compartment, all-glass cell. The Galvani
potential difference at the ITIES was controlled with two Ag/AgCl
(KCl,) reference electrodes placed in separate compartments
connected to the main compartment by Luggin capillaries. The
counter electrodes consisted of two Pt wires each placed in one of
the phases of the main compartment.

ITIES between organic and aqueous-based solutions were formed
in the main compartment. The geometric area of the liquid-liquid
interface was 1.54 cm?. The organic phase solution consisted of
10 mM of BTPPA*TPBCI~ and 1 mM of 7,7,8,8-Tetracyanoquinodi-
methane (TCNQ) in 1,2-dichloroethane (DCE). And the aqueous
phase consisted of a 10 mM LiCl solution. The pH of the solution
was adjusted by dropwise addition of NaOH 1 M.

Deposition of photocatalyst nanoparticles in the ITIES was
performed by dispersion of photocatalyst nanoparticles in the
organic phase solution by 30 min of sonication. After sonication,
the organic phase was poured into the cell, and the aqueous phase
was poured on top. A subsequent sonication of 5 minutes was
performed on the system to ensure the photocatalyst nanoparticles
migrated to the ITIES. The system was then allowed to stabilise
under darkness for 12 h.*?

Photoelectrocatalytic Test

In the photoelectrocatalytic tests, a four-electrode cell was used, as
described in the previous section (see electrochemical ITIES
characterisation). The cell was irradiated from the top using a
Sciencetech solar simulator equipped with a 500 W Arc Xenon lamp
and 1.5D filter featuring a manually controlled shutter. The system
was allowed to reach equilibrium for 100 seconds prior to
irradiating the cell. The shutter of the lamp was manually operated;
hence, a 1 s offset was typically obtained.

Electron Paramagnetic Resonance (EPR) Test

EPR experiments were carried out using a Bruker EMX X-band
spectrometer. A microwave frequency of 9.88 GHz and a power of
2.005 mW were used, maintaining a modulation frequency of
100 kHz and a modulation amplitude of 1 G (unless specified). All
experiments were recorded at room temperature. Simulated solar
light from an OSRAM Ultra Vitalux 300 W lamp was used as a source
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of irradiation for the photo-induced radical production experi-
ments.

EPR spectra of the organic phase used in the photoelectrochemical
experiments at the ITIES were recorded in an ordinary 3 mm
diameter Suprasil quartz EPR tube. The identification of photo-
produced radicals in the organic solution was performed under
different conditions. Separately, solutions of a) T mM TCNQ in DCE,
b) solvent only (DCE), ) 10 mM BTPPA*TPBCI™ in DCE and d) 1 mM
TCNQ+ 10 mM BTPPATTPBCI™ in DCE were placed in a traditional
3 mm Quartz EPR Sample tube. An EPR spectra of each sample was
obtained before and after irradiation.

EPR of the organic phase at the ITIES under and after irradiation
was performed in a typical EPR flat-cell Figure S4. Where the ITIES
was formed by first filling the organic solution (1 mM TCNQ+
10 mM BTPPA*TPBCI™ in 1,2-DCE) through the bottom of the cell
and then the aqueous solution (10 mM LiCl, pH=11) was added
dropwise over the organic phase. A similar system was described
by Webster et al.*” and Dryfe et al.*” The ITIES created in the flat
cell was adjusted in the cavity in such a way that the detected
radicals were part of the organic solution in a region close to the
interface.
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