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Abstract

Dye-sensitized photoelectrochemical cells represent an appealing solution for artificial photosynthesis, aimed at the conver-
sion of solar light into fuels or commodity chemicals. Extensive efforts have been directed towards the development of photo-
electrodes combining semiconductor materials and organic dyes; the use of molecular components allows to tune the absorp-
tion and redox properties of the material. Recently, we have reported the use of a class of pentacyclic quinoid organic dyes
(KuQuinone) chemisorbed onto semiconducting tin oxide as photoanodes for water oxidation. In this work, we investigate
the effect of the SnO, semiconductor thickness and morphology and of the dye-anchoring group on the photoelectrochemical
performance of the electrodes. The optimized materials are mesoporous SnO, layers with 2.5 pm film thickness combined
with a KuQuinone dye with a 3-carboxylpropyl-anchoring chain: these electrodes achieve light-harvesting efficiency of 93%
at the maximum absorption wavelength of 533 nm, and photocurrent density J up to 350 pA/cm? in the photoelectrochemical
oxidation of ascorbate, although with a limited incident photon-to-current efficiency of 0.075%. Calculations based on the
density functional theory (DFT) support the role of the reduced species of the KuQuinone dye via a proton-coupled electron
transfer as the competent species involved in the electron transfer to the tin oxide semiconductor. Finally, a preliminary
investigation of the photoelectrodes towards benzyl alcohol oxidation is presented, achieving photocurrent density up to
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90 pA/cm? in acetonitrile in the presence of N-hydroxysuccinimide and pyridine as redox mediator and base, respectively.
These results support the possibility of using molecular-based materials in synthetic photoelectrochemistry.
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Abbreviations
PECs Photoelectrochemical cells

PCET Proton-coupled electron transfer

LHE Light-harvesting efficiency

DFT Density-functional theory

FE-SEM Field emission scanning electron microscopy
LSV Linear sweep voltammetry

1 Introduction

Artificial photosynthesis is considered an appealing strat-
egy to convert the massive, inexhaustible amount of radiant
energy received from the sun into solar fuels or commodity
chemicals. The basic principles of photosynthesis are the
generation of light-induced charge separation and the use of
the photogenerated charge carriers to promote redox reac-
tions, typically involving the activation of small molecules.

Nowadays, the proposed technologies to develop the pho-
tosynthetic processes are based on (i) photovoltaic modules
coupled to electrolyzers, (ii) photoelectrochemical cells
(PECs) [1] or (iii) mixed colloids (particulate materials) [2],
listed in order of increasing appeal for scalability purposes.

PEC:s are still widely investigated due to their well-estab-
lished technology. These are based on two (photo)electrodes
connected by an external circuit, with the oxidation and
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reduction reactions that take place at the anodic and cathodic
compartment, respectively. Importantly, the PEC setup
allows to develop independently the anodic and cathodic
compartments. The first PEC prototype was developed in
1967 by Fujishima and Honda [3] and was constituted by a
titanium oxide semiconductor photoanode and a platinum
cathode, employed for water splitting into oxygen (from
anodic water oxidation) and hydrogen (from cathodic pro-
ton reduction). This seminal report inspired the subsequent
investigation of other semiconductors for both compartments
(n-type semiconductors for the anode, p-type semiconduc-
tors for the cathode).

Following a molecular-oriented strategy, important efforts
have been dedicated to the development of dye-sensitized
(DS) PECs [4-6], by combining suitable chromophores
with semiconductors, to enlarge the absorption features of
the electrodes and maximize solar light absorption. Besides
the absorption properties, the dyes need to display suitable
energy levels to allow the photoinduced electron transfer
with the semiconductor, and sufficient stability under opera-
tive conditions.

Recently, the research in the field of DS-PECs has been
intensively focused on the development and on the applica-
tion of novel dyes for the photoanodic compartment; semi-
nal work by Mallouk and co-workers reported the use of
ruthenium(II) tris(bipyridine) dyes [7]; subsequent reports
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proposed the use of organic chromophores, which appears
particularly promising given the possibility of tuning the
electronic and redox properties, while avoiding the use of
rare metals. Porphyrinoid derivatives [8—12], BODIPY [13],
perylenes [14—18], triarylamines [19, 20], and polymeric
films [21-23] have thus been investigated, mainly towards
water oxidation to oxygen.

In a recent contribution, we proposed the use of pen-
tacyclic quinoid organic dyes (KuQuinone or KuQ, from
the structure analogy with natural quinones in vitamin K,
and bis-coenzyme Q) [24-28] chemisorbed onto tin oxide
(Sn0O,) surfaces for photoelectrochemical water oxidation
in combination with a ruthenium polyoxometalate catalyst
[29]. Peculiar features of this class of KuQuinone dyes are
the absorption in the visible region (up to 600 nm, ¢ ca
1.5% 10*M cm), a highly oxidizing excited state (E KuQ*/
KuQ™ up to 2 V vs normal hydrogen electrode, NHE),
and the ability to manage proton-coupled electron transfer
(PCET) [29].

In this work, we investigate the functional parameters that
affect the dye chemisorption and the photoelectrochemical
performance of SnO,/KuQuinone electrodes towards the
oxidation of ascorbate as a benchmark reaction. We focus
in particular on the morphology and thickness of the SnO,
semicondutor, and on the chemical nature of the linker of
the dye. Calculations based on the density functional theory
(DFT) provide a mechanistic analysis of the electron trans-
fer from the KuQuinone dye to the SnO, semiconductor
layer along the photoelectrochemical process, and support
the involvement of the reduced species of the dye, through
a reductive quenching with ascorbate via a PCET mecha-
nism. Finally, we explore the potential of SnO,/KuQuinone
towards the photoelectrochemical oxidation of benzyl alco-
hol, as a model substrate for the oxidation of alcohols, which
retains significant interest for the preparation of a multitude
of commodity chemicals.

2 Results and discussion

Scheme 1 represents the overall assembly of photoelectrodes
presented in this work. Different preparation of the tin oxide
layer and different linkers of the KuQuinone dye have been
considered to optimize the light-harvesting efficiency (LHE)
and photocurrent density (J) towards the photoelectrochemi-
cal oxidation of ascorbate as a probe reaction.

KuQ3C, KuQS8C and KuQ3P have been synthesized fol-
lowing previously reported procedures [26, 30]. The general
protocol for KuQuinones synthesis involves a one-pot pro-
cess, in which a bromoalkane reacts with two equivalents
of 2-hydroxy-1,4-naphthoquinone in dimethylsulphoxide
(DMSO0), in the presence of an excess of cesium carbonate
base and ferrocene in catalytic amount [25]. Such reaction

Scheme 1 Schematic representation of photoanodes developed in this
work. A conductive fluorine-doped tin oxide (FTO) slide is covered
with tin oxide (SnO,) layer; KuQuinone dyes are 1-(3-carboxypropyl)
KuQuinone (KuQ3C), 1-(8-carboxyoctyl)KuQuinone (KuQ8C) and
1-[3-(dihydroxyphosphonyl)propyl]JKuQuinone (KuQ3P)

leads to the formation of the pentacyclic quinoid compound
bearing the alkyl side chain that can be exploited to intro-
duce carboxylic or phosphonic acid pendants, needed for
anchoring the dye to oxide surfaces. However, the mentioned
conditions are unsuitable with w-bromoalkylcarboxylic or
w-bromoalkylphosphonic acid reagents, since intramolecu-
lar substitution reaction prevalently occurs. Therefore, the
synthesis of KuQ3C, KuQ8C and KuQ3P has been easily
accomplished by hydrolysis of the corresponding esters, syn-
thesized starting from the appropriate @-bromoalkyl esters
(Scheme 2) [26].

The nature of the alkyl side chain does not impact sig-
nificantly on the optical properties of the three dyes, which
are ascribed to the extended conjugated system [27]; the
UV-Vis absorption spectra in organic solvent are char-
acterized by two vibronic components at 4, ~532 nm
(e~1.3%10%M cm) and at 4,~566 nm (¢~ 1.5 10/M cm).

3 Optimization of tin oxide semiconductor

Tin oxide (in mesoporous form meso-SnO,) [31, 32], depos-
ited onto conductive fluorine tin oxide (FTO) slides, was
previously selected as the optimal semiconductor for cou-
pling with KuQ dyes, given the prompt and efficient chem-
isorption of KuQ via carboxylic functions, and due to the
lower energy of SnO, conduction band with respect to other
semiconductors [33-35] that favour light-induced electron
injection from the KuQ dye.

@ Springer
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Scheme 2 Synthesis of KuQ3C, KuQ8C and KuQ3P

In the SnO,|KuQ photoelectrodes, the morphology and
the thickness of the SnO, semiconductor layer are expected
to impact the overall performance in terms of the amount
of chemisorbed dye (and as a consequence, on the light-
harvesting efficiency of the electrode, LHE), but also of
charge carrier transport (an excessive thickness of the film
can favour recombination and thus reduce the overall pho-
tocurrent response [36]). Morphologies such as nanorods
or nanotubes, in particular if perpendicularly grown on the
conductive substrate, are known to have higher charge trans-
port efficiencies with respect to nanoparticle-based films,
due to the considerably lower amount of grain boundaries
(or defects in general), which act as recombination centers
[37—41]. On the other hand, nanoparticles-based mesoporous
structures are characterized by high surface areas, resulting
in enhanced light-harvesting efficiencies. The thickness of
the film also affects charge transport, since recombination
may become predominant for excessive thickness of the
film, thus reducing the overall photocurrent response [36].
Therefore, we investigated both mesoporous nanostructured
SnO, films of various thicknesses and vertically oriented
SnO, nanorods (SnO, NRs) as possible substrates for the
optimization of KuQ-sensitized photoanodes.

We prepared SnO, substrates with different procedures,
and in particular:

(i) Meso-Sn0O, via blade coating (BC) of a paste of col-

loidal SnO, nanoparticles (ca 10 nm size, 15% w/w
in aqueous solution containing 4% w/w acetic acid
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KuQ3P, 95%

and a 7% w/w of a polyethyleneglycol bisphenol A
epichlorohydrin copolymer), followed by sintering
up to 500 °C: these electrodes are further indicated
as BCn, where n indicates the number of tape lay-
ers used as spacer for blade coating of the colloidal
paste. For BC1 electrodes, dilution of the paste was
also exploited to target thinner films: these electrodes
are indicated as BC1_x, where x indicates the level
of dilution of the paste (e.g. BC1_0.83 stands for
83% diluted paste, obtained by mixing five parts of
the paste and one part of MilliQ water; BC1_0.66
stands for 66% diluted paste, obtained by mixing two
parts of the paste and one part of MilliQ water). The
BC procedure was employed to target SnO, semicon-
ductor thickness above 1 pm.

(i) Meso-SnO, via spin coating of a 40% diluted SnO,
paste (mixing 3 parts of the original paste and 4 parts
of Milliq water) and sintering up to 500 °C; these
electrodes are indicated as SCn, where n indicates
the number of subsequent spin-coating depositions;
this procedure was followed to target semiconductor
thickness of hundreds of nm.

(iii) Vertically oriented SnO, nanorods (SnO, NRs), via
hydrothermal synthesis from SnCl, precursor [41].

Details of the experimental procedures are reported in
the experimental section and in the Supporting Information.
Meso-SnO,: The field emission scanning electron micros-
copy (FE-SEM) images (top view of the films) of a typical



Photochemical & Photobiological Sciences (2021) 20:1243-1255

1247
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mesoSnO,

Fig. 1 a Representative SEM image of meso-SnO, electrode (BC1
sample, top view of the film). b Thickness of the SnO, electrodes as
provided by profilometry analysis

meso-SnO, BC film are shown in Figs. 1 and S1 in Sup-
porting Information. Meso-SnO, films are characterized by
a 3D porous structure, with good interconnectivity between
the particles and a high degree of porosity. The different
deposition methods do not influence the final morphology:
a similar mesoporous structure was observed for both BC
and SC samples (compare Figs. S1, S2 in the SI). The pores
sizes were estimated between 10 and 40 nm in diameter from
SEM images. The crystalline structure of the meso-SnO,

samples was analyzed by X-ray diffraction (Fig. S3). All dif-
fraction peaks correspond to the tetragonal crystalline phase
of SnO, (JCPDS card, No. 41-1445), and no other crystalline
by-products were detected. The grain size was calculated as
9.24 nm by the Scherrer equation. By combining these two
preparation strategies, the thickness of the meso-SnO, layer
was tuned from about 300 nm (SC1 electrodes) above 7 pm
(BC3 electrodes), Fig. 1. X-ray and ultraviolet photoemis-
sion spectroscopy (XPS, UPS) were performed on meso-
SnO, BC1 film as a representative sample (Fig. S4). The
line shape analysis of the Sn 3d region (Fig. S4a) evidenced
the unique presence of the Sn** component (3ds,, 487 eV)
[42—44]; consistently, the 0-Sn** component (530.9 eV)
[42, 45] was observed in the O 1s region (Fig. S4b). The
presence of Sn** oxide phase was further and unequivocally
supported by the characteristics of the Sn 4d photoemission
line and Sn MNN Auger spectrum (acquired by XPS) and
of the valence band region (acquired through UPS measure-
ments) [43, 44]. The binding energy of 26.7 eV shown by
the Sn 4d line, coupled to the characteristic fingerprint of
the valence band with the most prominent peak at 4.8 eV
given by the O 2p contribution (Fig. S4d) and the intense
transition positioned at a kinetic energy of 432.2 eV of the
Sn MNN Auger spectrum (Fig. S4c), both confirm the sole
presence of SnO, [43-45].

SnO, NRs: Vertically aligned SnO, rods with a square
section grew directly on the FTO substrate according to the
reported procedure [41]. The average width is about 50 nm,
as determined from SEM images (Fig. S5), with a thickness
of about 300 nm from profilometry analysis. The nanorods
are crystalline, with a preferential orientation along the
(100) direction (see XRD measurements, Fig. S6 in Sup-
porting Information). The XPS and UPS analyses (Fig. S7)
confirm the unique presence of the Sn** oxidation state (see
previous discussion).

4 Anchoring of KuQ3C dye onto SnO,
and photoelectrochemical oxidation
of ascorbate

The SnO, electrodes were then employed for chemisorp-
tion of the KuQ3C dye exploiting the carboxylic linker
(Scheme 1), by soaking overnight of the electrodes in a
0.13 mM solution of KuQ3C in tetrahydrofuran (dichlo-
romethane, where KuQ3C is soluble, can also be used to
give electrodes with identical properties) [29]. Remarkably,
due to the basicity of SnO,, the enol group of KuQ3C was
deprotonated to its enolate form during the soaking proce-
dure (accordingly, the resulting photoanodes appear orange
coloured, which is a clear indication of the formation of the
enolate, see Fig. S8) [29]; when dipped into acidic aqueous
medium (aqueous sulphuric acid, pH 2), the photoanodes

@ Springer
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Fig.2 a Absorption spectrum (purple trace) and light-harvesting effi-
ciency (blue trace) of a representative meso-SnO,/KuQ3C electrode;
the spectrum has been subtracted from the blank contribution, due to
scattering of SnO,; a slight red-shift and the inversion of the relative
intensity of the two bands of KuQuinone with respect to the spectrum
observed in solution are ascribable to dye aggregation on the elec-
trode surface [28]. b Plot of the AAbs at 533 nm (purple circles) and
of LHE (blue diamonds) at 533 nm vs thickness. ¢ Chopped linear
sweep voltammetries (LSV) of selected photoelectrodes in aqueous
ascorbate buffer (pH=>5.8); potentials are reported versus Ag/AgCl;
scan rate 20 mV/s. Irradiation was performed with AM 1.5G light

rapidly turned purple, owing to protonation of the enolate
to the enol form (Fig. S8) [29]. The absorption spectra of
the resulting SnO,/KuQ3C electrodes show the expected
features of the KuQuinone dye in the visible region (purple
trace in top left of Fig. 2, as a representative spectrum); the
absorbance, corrected from the SnO, blank, was then con-
verted into the light-harvesting efficiency (LHE) as a key
descriptor parameter (LHE(4) =1 — 107A%@W: azure trace
in Fig. 2, top left). The chemisorption of the dye is expected
to produce a monolayer, where all the dye molecules are
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(100 mW/cm?) with a cutoff filter at 400 nm [29]. d Plot of photo-
current density J at 0.1 V vs electrode thickness; J indicates the net
photocurrent density, already subtracted from the dark contribution.
The values and error bars associated to AAbs, LHE, thickness and J
are given as the average value and standard deviation, respectively,
among the four samples. The amount of dye per unit surface area
can be estimated by the difference in the absorption of the solution
(before/after soaking of the electrode) and was previously quanti-
fied in 140+20 nmol/cm for meso-SnO,@KuQ3C electrodes with
LHE@533 nm=90% [29]

bound to the surface exploiting the anchoring group. Partial
aggregation of the dye on the surface is expected from the
change of the absorption features on the surface with respect
to the solution (broadening of the absorption and change of
relative intensity of vibrational peaks).

Focusing on the 533 nm wavelength, which corresponds
to the maximum of the absorption, the AAbs and the derived
value of LHE were observed to depend on the preparation
procedure of the SnO, substrate, and in particular on the
thickness of the SnO, layer (Fig. 2 top right).
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Indeed, the AAbs and the LHE at 533 nm increase almost
linearly with the SnO, thickness up to 2 pm; above this
threshold, the AAbs@533 tends to a plateau value of ca 1.5
(BC2 electrode in Fig. 2 top right) that corresponds to an
LHE @533 around 95% [29]. This saturation-like behaviour
is likely ascribable to the inaccessibility of the inner SnO,
layers for binding the organic dye, possibly due to poor per-
meation of the innermost semiconductor layers by the dye
solution. The BC3 electrodes, characterized by the high-
est thickness, showed mechanical instability during their
manipulation for dye chemisorption and were not further
considered.

Finally, the use of SnO, nanorods led to negligible
chemisorption of KuQ3C; longer soaking periods, up to
3 days, heating at 50 °C, as well as thermal or chemical
pre-treatment of the SnO, nanorods substrates did not lead
to significant improvement of dye uptake (see Supporting
Information). This may be either ascribed to the absence
of suitable surface sites, or to insufficient surface area of
nanorods. Since the contribution of surface Sn—OH groups is
clearly visible in the deconvolution of the O 1s XPS region,
the undetectable chemisorption of KuQ3C on SnO, NRs is
likely due to the considerably lower density of adsorption
sites and smaller surface area typically shown by nanorod
morphologies with respect to mesoporous nanostructured
films [38]; due to these discouraging results, SnO, nanorod
substrates were not considered for following experiments.

XPS was then performed on meso-SnO, BC1/KuQ3C as
a representative sample (Fig. S9): as expected, the presence
of KuQ3C did not influence the Sn 3d (Fig. S9a), Sn 4d
(Fig. S9d) core levels and the O-Sn*" component in the O1s
region (Fig. S9b); nevertheless, the contribution of the dye is
observed in the Ols and C 1s (Fig. S9c) spectra, in terms of
(i), the decrease of M—OH and concomitant increase of the
C=0/0-C=0 peaks in the Ols region, owing to dye chem-
isorption by condensation between surface hydroxyl groups
and carboxylic acid anchors on KuQ3C, and (ii) the marked
presence of the C sp?> component in the C 1s region. The
valence band region (Fig. S9d) still shows the fingerprint of
SnO,, even though the relative intensity of the three peaks
is different with respect to pristine SnO,.

The photoelectrochemical response of meso-
SnO,IKuQ3C under anodic scan was tested for the oxida-
tion of ascorbate, in the presence of 0.1 M aqueous ascor-
bate buffer, pH 5.8 [29]. Linear sweeping voltammetries
(LSV) were conducted under dark, light, and chopped
conditions (blue, azure, and orange traces in Fig. 2 bottom
left are reported for meso-SnO,_BCI1IKuQ3C electrodes,
as a representative case). Under dark conditions, the rise
of a dark anodic current due to oxidation of ascorbate is
observed at E> —0.05 V vs Ag/AgCl; irradiation leads to an
anticipation of the onset potential of ca 0.1 V with respect
to dark conditions (onset observed at—0.15 V vs Ag/AgCl),

together with a rise of the photocurrent density J (Fig. 2 bot-
tom left) [46]. In the chopped LSV, the regular rectangular
shape of the chopped transients, together with the absence
of “bump” anodic photocurrent when irradiation is turned
on and the absence of cathodic photocurrent spikes when the
irradiation is turned off, is consistent with a fast photoelec-
trochemical oxidation of ascorbate with negligible surface
recombination events [47].

The photocurrent density J observed at 0.1 V vs Ag/AgCl
was then employed as the key performance parameter of
the photoelectrodes, evaluating its dependence on the semi-
conductor thickness [48]. The plot of J vs the thickness of
SnO, films shows an increasing trend up to 2 pm (observed
for BC1 electrodes), consistent with the increase of LHE
of the electrodes. However, an excessive thickness of the
SnO, layer is counterproductive towards the photocurrent
response: a ca 50% abatement of photocurrent is indeed
observed with KuQ-sensitized BC2 electrodes (5 pm thick),
Fig. 2 bottom right [49, 50]; this effect can be explained
with the kinetic competition between charge transport and
charge recombination, which becomes unfavorable with
films exceeding the thickness 2 pm, causing a drop in the
electron collection efficiency, mostly due to scattering of the
electron with defects, such as grain boundaries between the
SnO, nanoparticles. Therefore, above a certain thickness,
the detrimental effect of charge recombination overcomes
the beneficial effect of the high light-harvesting efficiency,
resulting in the observed photocurrent abatement.

Thus, BC11KuQ3C electrodes showed the optimal per-
formance in terms of LHE and J; under these conditions,
the incident-photon-to-current efficiency (IPCE) showed the
expected dependence on the wavelength resembling the LHE
trend and peaking at 0.075% at 470 nm (Fig. S10 in Support-
ing Information). The BC1 meso-SnO, substrate was thus
selected for further investigation.

5 Effect of the anchoring group
on the chemisorption onto mesoporous
SnO,

The chemisorption of dyes onto semiconductor surfaces, in
terms of amount of loading, stability and injection efficiency,
is strictly dependent on the nature of the anchoring group
employed [51]. Therefore, we evaluated the effect of the
length of the alkyl chain (considering 8 vs 3 methylene chain
with a carboxylic acid linker) and of the type of anchor-
ing group (considering phosphonic acid vs carboxylic acid,
both with 3 methylene chains) of the KuQuinone dyes, see
Scheme 1 (the absence of carboxylic or phosphonic acid
linkers leads to negligible dye chemisorption onto semicon-
ductor surfaces) [26].

@ Springer
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Fig.3 a LHE spectra of meso-SnO, BCI electrodes chemisorbed
with KuQ3C (blue trace), KuQ8C (green trace) and KuQ3P (red
trace). b Chopped LSV curves of the same electrodes (scan rate
20 mV/s, same irradiation conditions described in caption of Fig. 2).
Inset: histogram plot of LHE at 533 nm (orange bars) and of photo-
current density at 0.1 V vs Ag/AgCl (light blue bars) for the three
electrodes (the values and error bars are given as the average value
and standard deviation, respectively, among four samples)

BC1 mesoporous SnO, electrodes, providing the optimal
performance with KuQ3C (see previous discussion), were
selected for chemisorption of KuQ8C and KuQ?3P, follow-
ing a similar procedure as the one previously described.
The resulting electrodes meso-SnO,/KuQ8C and meso-
SnO,/KuQ3P were then characterized in terms of LHE and
in the photoelectrochemical oxidation of ascorbate (Fig. 3).
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Concerning meso-SnO,|KuQ8C, the carboxylic group of
the dye allows reaching a similar loading of the dye with
respect to the meso-SnO,IKuQ3C (85 vs 93% LHE at
533 nm, Fig. 3a); however, the performance in terms of
photocurrent density is 50% abated (J=175 pA/cm? for
meso-Sn0,/KuQ8C vs 350 pA/cm? for meso-SnO,IKuQ3C
at 0.1 V vs Ag/AgCl, Fig. 3b), suggesting a worse electron
transfer between the dye and the semiconductor surface upon
increasing the alkyl chain of the anchoring group. In the case
of meso-SnO,IKuQ3P, the chemisorption of the dye and the
LHE of the electrode are significantly lower with respect
to meso-SnO,IKuQ3C (55 vs 93% at 533 nm). The lower
loading of the dye is the likely reason of the decreased effi-
ciency in terms of photocurrent density (/=200 pA/cm? for
meso-SnO,/KuQ3P vs 350 pA/cm2 for meso-SnO,|KuQ3C).

6 Modelling of SnO,|KuQ3C

To elucidate the mechanistic features of electron injection
from the dye to the semiconductor, in this section an ab ini-
tio modelling of the meso-SnO,/KuQ3C system is proposed
and discussed. Electronic structure calculations were per-
formed with density-functional theory (DFT). The reliability
of DFT to perform ground state calculations is well known,
but the employment of one-electron energy levels (obtained
from the solution of Kohn—Sham equations [52] of DFT) as
estimates of the quasi-particle energy levels is often prob-
lematic. For example, the underestimation of the band gap
is a typical feature of DFT results (when hybrid functionals
are not employed). Approaches based on many-body per-
turbation theory (MBPT) lead to better results, but they are
computationally more demanding.

With regard to SnO,, many useful data are summarized
in the report by Das and Jayaraman [31]. More specifically,
stable crystal structures, results of band structure calcu-
lations and relative stabilities of low-index surfaces are
reported. According to previous findings [53], (110) is the
most stable surface and the rutile phase is the most stable
crystal structure under standard conditions; therefore in this
study, SnO, was simulated with a slab of two layers where
the rutile phase is assumed for the internal structure of the
material and the dye is chemisorbed on the (110) surface
(the presence of defective sites, and in particular of oxygen
vacancies, will also be considered for further studies: defec-
tive sites may alter the optical and electronic properties of
semiconductor, and the mode of chemisorption of dyes, as
documented in the literature [54, 55]).

The computed model involving chemisorption of
KuQ3C dye onto the SnO, slab is indicated as KuQ3C@
SnO,, and its optimized structure is shown in Fig. S11 in
the Supporting Information. The KuQ3C chemisorption
occurs via a bidentate mode (i.e. a bidentated linker where
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Fig.4 Representation of
single occupied molecular

orbital (SOMO, a spin) of
KuQ3C(H)*@SnO, (left) and of
KuQ3C@SnO," (right), the lat-
ter representing the state formed
after electron injection from the
dye to SnO,

ET to SnO,

>

H*
(to solution)

SOMO (o spin)
KuQ3C(H) @SnO,

the two carboxylic oxygens of the dye are linked to two tin
atoms located at the surface of the SnO, slab). The proton
originally belonging to the carboxylic group of the dye is
bound to a surface oxygen of the SnO, slab [55, 56]. The
relevant frontier molecular orbitals and the energy levels of
KuQ3C@SnO, are represented in Fig. S12 in the Support-
ing Information. The HOMO is localized on the dye, with
an analogous shape to the one observed for the HOMO of
the isolated dye (Fig. S13 in the SI). The LUMO is located
on the SnO, slab and resembles the LUMO of the isolated
slab (i.e. the conduction band of SnO,, Fig. S14 in the SI).
Finally, the LUMO+6 of the KuQ3C@SnO, model corre-
sponds to the LUMO of the isolated dye (Fig. S13 in the SI).

A possible photoinduced electron transfer mechanism
involves the electron injection from the excited state of the
dye to the conduction band of the SnO, semiconductor (oxi-
dative quenching, Egs. 1, 2).

$n0,|KuQ3C + hv — SnO,|*KuQ3C, )

Sn0,|*KuQ3C — SnO; |KuQ3C*, 2)

In this scenario, the photoinduced electron transfer is
expected to involve the lowest unoccupied orbital local-
ized on the dye (LUMO+6 in KuQ3C@SnO,) and the
lowest unoccupied orbital localized on the slab (LUMO in
KuQ3C@Sn0O,). The time for electron injection 7 can be
roughly estimated by the inverse of the electron coupling
strength I', for which an approximated measure is the pro-
jection of the LUMO+6 broadening on the SnO, slab (see
the equations and further details in Supporting Information)
[57, 58]. This analysis provides an estimation of z ~ 0.1 ps

SOMO (o spin)
KuQ3C@SnO,~

(100 fs), which is slower than the electron-transfer time cal-
culated for many dyes chemisorbed onto TiO, [59].

In a previous contribution [29], on the basis of transient
absorption spectroscopy evidence, some of us suggested an
alternative mechanistic pathway involving the formation of a
reduced species of the KuQ3C dye, upon reductive quench-
ing of its excited state with ascorbate, and proceeding via a
proton-coupled electron transfer (Eq. 3; the additional pro-
ton is indicated as H*(solv) and is provided by the aqueous
environment) [29]: this reduced species is thus indicated
as KuQ3C(H)*, with the additional proton being localized
on a second oxygen atom of the polyquinoid scaffold. The
calculated absorption spectrum of KuQ3C(H)* and the dif-
ferential spectrum with respect to the ground state of KuQ3C
(Fig. S15 in Supporting Information) nicely match with the
experimental transient [29] and further corroborate the
assignment.

SnO,|*KuQ3C + Asc + H*(solv) — SnO,|KuQ3C(H)" + Asc*.
3)
To investigate a possible role by KuQ3C(H)® in the
electron transfer mechanism to SnO,, the structure of the
KuQ3C(H)*@SnO, system was optimized and its fron-
tier orbitals were examined. The highest single occupied
molecular orbital (SOMO) of KuQ3C(H)*@SnO, is shown
in Fig. 4, left panel: the SOMO is mainly delocalized on the
organic scaffold of the dye, with a relevant portion located
on the oxygen atoms of the SnO, slab. These features sug-
gest a suitable electronic configuration for electron transfer
to SnO, that restores the dye ground state upon releasing the
proton to the aqueous solution (Eq. 4).
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Consistently, the SOMO of KuQ3C@SnO," (i.e. the state — . r—
after electron injection) is entirely localized on the oxygen NE 1 i
atoms of the SnO, slab, see Fig. 4 right panel. These results é’ 80 [;W i 1
support the important feature of KuQ dyes in managing pro- = o
ton exchange, being relevant in the electron transfer process. 2 60- N i
)
001
7 Perspectives: photoelectrochemical £z 407 p 1
oxidation of benzyl alcohol e
3 204 .
Besides the photoelectrochemical oxidation of ascorbate pre- zb
sented in the previous paragraphs and used as a performance 0 j_ L LJ i
indicator of the electrodes, an emerging approach involves
the application of photoanodes for the oxidation of organic 0 02 04 06 08

compounds aimed at obtaining valuable chemicals [60—-64].
In particular, the oxidation of alcohols (dehydrogenation to
generate the carbonyl compounds) retains significant interest
for the preparation of a multitude of commodity chemicals
[65, 66].

The combination of the peculiar PCET redox mechanism
and of the powerful oxidizing properties of the excited state
enables the possibility of exploiting KuQuinones to perform
such type of reactivity; in particular, we selected benzyl
alcohol (BA) as a model substrate. A couple of examples of
photoanodes for the photoelectrochemical oxidation of BA
have been recently reported in the literature, dealing with a
BiVO, based material reported by Berlinguette et al., [65]
and a nanostructured TiO, or indium tin oxide (ITO) semi-
conductor decorated with a Ru-polypyridil chromophore and
a Ru-based oxidation catalyst reported by Meyer et al. [67]

The meso-SnO,/KuQ photoanodes were tested towards
the photoelectrochemical oxidation of BA both in aqueous
and organic medium. In aqueous medium, in the presence of
0.5 M Na,SO, electrolyte [68], an increase in photocurrent
density of 10 pA/cm? is observed in the 0.5-1.0 V region,
upon addition of 1 M BA (Fig. S16 in Supporting Infor-
mation). This modest photocurrent may be ascribed to the
absence of a base able to abstract the two protons that are
released in the dehydrogenation of BA. A phosphate aqueous
buffer was then considered (0.1 M, pH 6; this is the upper
limiting operative pH, since in more basic environment rapid
detachment of the dye is observed [29, 51]). Under these
conditions, the photocurrent density enhanced by 25 pA/cm?
upon addition of 0.1 M BA, confirming the beneficial effect
of the presence of a proton acceptor (Fig. S16 in Supporting
Information).
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Potential (V vs Ag/AgCl)

Fig.5 Photoelectrochemistry of meso-SnO,/KuQ photoanodes in the
presence of BA: chopped LSV in acetonitrile (0.1 M NEt,BF, sup-
porting electrolyte) in the presence of 80 mM pyridine and 80 mM
NHS additives, with increasing amount of BA (0-0.8 M): scan rate
20 mV/s. Irradiation was performed with a solar simulator with a cut-
off filter at 450 nm, with the electrodes placed at 20 cm distance

However, the most promising results were obtained in
organic medium, in particular in acetonitrile solution in the
presence of pyridine as a base and N-hydroxysuccinimide as
a redox mediator, conditions that were previously employed
by Berlinguette et al. [65]. Upon addition of increasing con-
centrations of BA (up to 0.8 M), a progressive enhancement
of the photocurrent density is observed in the LSV traces in
the potential range between 0 and 0.8 V vs Ag/AgCl (Fig. 5).

In particular, in the potential region below 0.2 V, the
chopped J transient is characterized by a bump of photocurrent
when irradiation is turned on, followed by a rapid relaxation to
a steady state photocurrent value; turning off the light leads to
the appearance of cathodic current spikes [32]. These features
are consistent with the occurrence of recombination events,
involving back electron transfer from the SnO, semiconduc-
tor (electrons in the conduction band or in trapped states) to
oxidized species at the electrode surface. The recombination
events are contrasted only when a sufficiently positive poten-
tial is applied in the scan (E>0.20 V vs Ag/AgCl, Fig. 5 right
panel), where the photoanodic transients recover a rectangular
shape typical of a fast regenerative cycle, reaching a plateau
current density up to 95 pA/cm?® above 0.5 V at 0.8 M BA
concentration (purple trace in Fig. 5). Unfortunately, both the
small current density value, together with a progressive dye
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detachment during 2 h of electrolysis (held at 0.5 V at the
beginning of the plateau region, see Fig. S17 in Supporting
Information) prevented the possibility to analyze the oxidation
products of BA (most likely benzaldehyde and benzoic acid).

8 Conclusion

We have reported photoelectrodes based on tin oxide semi-
conductor and pentacyclic KuQuinone dyes. The response
of the electrodes towards the photoelectrochemical oxidation
of ascorbate depends on the morphology and thickness of
the SnO, semiconductor and on the anchoring group of the
dye. Combining mesoporous SnO, layers with 2.5 pm film
thickness and a KuQuinone dye with a 3-carboxylpropyl-
anchoring chain leads to light-harvesting efficiency of 93%
at the maximum absorption wavelength of 533 nm, and
photocurrent density J up to 350 pA/cm?, although with
a limited incident photon-to-current efficiency of 0.075%.
Performance improvements can be envisaged by enlarging
the application of this class of dyes to other semiconductors,
and by further engineering the anchoring chain to favour
photoinduced electron injection and enhance the stability. As
supported by calculations, the proton-coupled electron trans-
fer mechanisms characterizing this class of dyes appears par-
ticularly promising for application in photoelectrochemical
oxidation of alcohols, as preliminarily investigated in this
work for benzyl alcohol substrate. In this perspective, the
combination of suitable catalysts could also be considered
to enhance the rate of the process.

9 Experimental and computational details

See the Supporting Information for the synthetic procedures
of the dyes, preparation and characterization of the elec-
trodes, photoelectrochemical measurements, and computa-
tional analysis.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-021-00097-9.
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