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5-Hydroxymethyl Furfural Oxidation by Perylene Diimide-
Sensitized Electrodes Boosted by Photoinduced Doping

Edoardo Marchini,*® Stefano Carli,”™ Davide Barboni, Martina Catani,?

Alberto Cavazzini,® < Stefano Caramori,®

We explored the electrochemical behavior of antimony-doped
tin oxide (ATO) and perylene diimide (PDI)-sensitized ATO
(ATO-PDI) for the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEM-
PO) mediated conversion of 5-hydroxymethyl furfural (HMF) to
2,5-furandicarboxylic acid (FDCA), a value-added substrate for
alternative polymer synthesis. We first showed that ATO
displayed good electrocatalytic properties towards TEMPO,
affording a quasi-reversible response with a heterogeneous rate
constant on the order of 2x107* cms™'. We then evaluated the
performance of ATO under exhaustive electrolysis of HMF in
basic aqueous electrolyte, reaching 80% Faradaic Efficiency (FE)
for FDCA production. Interestingly, a significantly enhanced

1. Introduction

Nowadays, the scientific community is actively working to
mitigate the global warming caused by the anthropogenic
activity. Among various approaches, researchers have been
investigating light-driven processes with the aim of storing
solar energy into chemical bonds. In this framework, Dye
Sensitized Photoelectrochemical Cells (DSPECs)™" stand out as a
promising class of devices that mimic natural photosynthesis in
promoting a cascade of charge transfer processes following the
light-induced generation of an electrochemical potential gra-
dient. In the specific, in DSPECs sunlight absorption triggers the
population of a dye’s excited state, able to undergo charge
injection into a semiconductor’s conduction band. The reduced
chromophore is successively regenerated through the oxidation
of target substrates. Since the earliest contribution by Mallouk
and coworkers,” DSPECs have been mainly explored for water
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current (up to 2.5 mAcm ) was recorded over time when ATO-
PDI was exposed to prolonged visible illumination in a Dye-
Sensitized Photoelectrochemical Cell (DSPEC) configuration,
which we ascribed to the photoinduced doping of ATO
resulting from the oxidative quenching of PDI excited states.
The proposed system enabled the production of FDCA with ca.
75% FE in <2 h reaction time, and an almost quantitative HMF
conversion when both the mono- and di-acid products were
considered. To the best of our knowledge, this is the first
example of a molecular dye-sensitized interface used for the
TEMPO-mediated oxidation of HMF.

splitting, but alternative energy storage pathways, based on
different oxidative chemistry routes, have been recently
reported, including hydrobromic acid splitting,* and organic
oxidations targeting carbonyl compounds® or biomass
valorization.”'® Within this framework, the oxidation of 5-
hydroxymethylfurfural (HMF) to 2,5-furandicarboxylic acid
(FDCA) mediated by the (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
radical (TEMPO) stands out, since FDCA can be used as a
possible replacement for terephthalic acid for the synthesis of
polyethylene terephthalate.'" ¥ However, the alkaline condi-
tions required to perform HMF oxidation pose challenges to
DSPECs utilization, due to the hydrolysis of the ester bond
usually linking the metal oxide semiconductors and sensitizers
bearing traditional anchoring moieties (—COOH, —H,P0,)."*™®
To address this issue, some of us have successfully assessed the
chemical stability of hydrophobic aggregates of a perylene
diimide-based dye, namely [(N,N'-bis(2-(trimethylammonium)-
ethylene)-perylene-3,4,9,10-tetracarboxylic acid bis-imide)](PF),
(PDI), over a wide range of pH (from 1 to 13) when supported
on Antimony-doped Tin Oxide (ATO) electrodes.”” In the
resulting ATO-PDI interfaces, an improved electron collection
under sufficiently anodic bias was observed, resulting in
4mAcm™ photocurrent density for the photoinduced HBr
splitting,”” due to the presence of intraband gap (IG) states,
able to store photogenerated charges in long lived states. The
promising stability and performances exhibited by ATO-PDI
photoanodes prompted us to investigate such interfaces also
for the TEMPO-mediated HMF oxidation in basic aqueous
media. Indeed, examples of HMF oxidation performed in
(photo)electrochemical devices only involve the use of me-
dium/high band gap semiconductors,?'?* or dark anodes.***
In particular, a 20-25% current enhancement was recorded
when ATO-PDI was exposed to prolonged visible illumination,

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH
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with respect to otherwise identical dark conditions. This likely
originates from a photoinduced doping of the semiconductor
resulting from the oxidative quenching of PDI excited states,
which translates into an increased conductivity of the ATO film.
Overall, we have successfully achieved a highly selective
electrochemical oxidation of HMF to FDCA with 80% Faradaic
Efficiency (FE%) in a DSPEC configuration using ATO-PDI
photoanodes, enabling for a 20% shorter reaction time with
respect to the non-sensitized system. To the best of our
knowledge, this is the first proof-of-concept example of HMF
oxidation photochemically enhanced by a sensitized interface
working in basic aqueous electrolytes. Thus, our work contrib-
utes to widen the scope of application of DSPEC systems, albeit
further optimization is needed to meet current densities
relevant to large-scale FDCA production.

Materials and Methods
Materials

ATO powder (Alfa Aesar NanoArc®, 99.5%, Sb,0,:SnO,
15:85 wt%, 13-22 nm powder), SnO, colloidal solution (15% in
water), polyethylene glycol (PEG) 600 and 0.180 mm thick
Nafion-117 membrane were purchased from Alfa Aesar. Boric
Acid, Acetonitrile (ACN) and Methanol HPLC grade were bought
from Carlo Erba. 99.9% titanium(lV) chloride Acetic Acid,
Sodium Formate and Formic Acid HPLC grade, Alconox, ACS-
grade and 2-propanol >99.8% were obtained from Merck. TEC
7 Fluorine-doped Tin Oxide (FTO) conductive glass slides were
purchased from NSG. 5-hydroxymethyl furfural (HMF) and
2,2,6,6-Tetramethylpiperidine 1-oxyl free radical (TEMPO) were
acquired from Fluorochem. SnO, and ATO colloidal paste were
prepared according to literature procedure.?** Ultra-pure
water was obtained through a Milli-Q- system (Millipore, USA).

Photoanode Preparation

FTO slides were cleaned by subsequential immersion and
sonication in Alconox solution and in 2-propanol for 10 min
each time, followed by 20 min annealing at 450°C in a furnace
under air atmosphere. An ultrathin compact underlayer of TiO,
was obtained on FTO by drop casting and slow hydrolysis of an
aqueous 0.4 M TiCl, solution in a close chamber for 12 h at RT.
The resulting blocking underlayer was annealed at 450°C for
30 min affording TiO,/FTO electrodes.

ATO'’s porous semiconductor scaffold, was obtained by 5
successive spin coating cycles (first 6 s spinning at 600 RPM,
then 20 s spinning at 2000 RPM) of the colloidal paste onto
TiO,/FTO, with each casting followed by 550°C annealing in air
for 30 min in a pre-heated muffle oven.

SnO, electrodes were prepared by doctor blading the SnO,
colloidal precursor on top of TiO,/FTO electrodes, followed by
550°C annealing for 30 min.

Electrode sensitization was realized by soaking the semi-
conductor films in 1 mM PDl/acetonitrile solution overnight.
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The resulting dyed electrodes were washed with fresh
acetonitrile to remove excess of dye and then dried under air
flow.

Spectroscopic and Electrochemical Characterizations

Profilometry Analysis of the ATO- and SnO,-based electrodes
was performed with an Alpha step D-500 Profilometer (KLA
instruments, Milipitas, CA, USA). Data were collected in step-up/
down mode at a speed of 0.07 mms™' with a stylus force of
5.0 mg.

Absorption spectra of dyed electrodes were recorded
against an undyed photoanode by employing an Agilent Cary
300 spectrophotometer. The same instrument was employed to
collect the spectra of the solution before and after the
electrolysis. Spectra were collected against water as reference.

Fourier transform infrared-attenuated total reflection spec-
troscopy (FTIR-ATR) of the PDI powder was performed with a
Nicolet iS50 spectrometer with a 45° single-reflection diamond
ATR element. FTIR spectra of the bare ATO- and ATO-PDI-based
electrodes were collected in external reflectance mode by
means of a Seagull variable angle reflection accessory (Harrick
Scientific, Inc.).

Electrochemical characterization by means of cyclic voltam-
metry (CV), in the presence of TEMPO and HMF, was carried out
with a PGSTAT 302 N potentiostat in a one-compartment three-
electrode cell, by using ATO films or glassy carbon (GC) as
working electrode, saturated calomel electrode (SCE) as refer-
ence and Pt wire as counter electrode. Unless otherwise stated,
all potential values are given versus the saturated calomel
electrode (SCE) throughout the paper. For the sake of
comparison with other literature results in the field, the applied
potentials versus the reversible hydrogen electrode (RHE) are
also reported as the top-x axis or in the legends. These values
are calculated as follows:

V (V) vs RHE = V (V) vs SCE + 0.24 + (0.059 - pH) 1)

The electrochemical reaction mechanisms were simulated
with KISSA-1D, according to the mechanisms reported
below.””*" The electrochemical activity of ATO's IG states was
investigated by means of cyclic voltammetry in 0.5 M borate
buffer pH 9 by scanning the potential in the —0.8/+0.6V vs
SCE interval (the scan direction was first towards negative
potential values and then reversed to the anodic direction). The
effect of the pH on the energetics of these trap states was
determined in a similar fashion, by adjusting the pH of the
borate buffer with 2M HCI. The ionic strength of all the
electrolytic solutions was maintained constant by adding 2 M
NaCl in the required amount.

Determination of electrochemically active surface area
(ECSA) by double layer capacitance measurements, was carried
out with an Autolab PGSTAT 302 N potentiostat in a three-
electrode configuration using either GC or bare ATO as working
electrodes, a Pt wire as counter electrode and a SCE as the
reference, in an electrochemically inert 0.5 M borate buffer pH 9
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solution. CV scans were recorded at scan rates of 10-300 mVs ™,

in a potential range at which no faradaic processes occur. From
the resulting traces, the capacitive current was evaluated as (j,—
jo/2, with j, and j. the anodic and cathodic current densities,
respectively. When the resulting values were plotted vs. the
scan rate, the slope affords the electrode double layer
capacitance (Cycq and Cyaro). Since the GC is assumed to be a
flat electrode having geometrical area roughly corresponding
to its ECSA, the ECSA of ATO can be computed according to:
ECSA(ATO) = Cyat0/CPaicer Where CPyqq is the double layer
specific capacitance of the glassy carbon disk electrode.

Current density/voltage (JV) curves were recorded with a
PGSTAT 302 N potentiostat coupled with an ABET sun simulator
equipped with an AM1.5G filter. The spectral irradiance was
adjusted to 100 mWcm™2 (1 SUN) by means of a Newport 1918-
C power meter. The measurements were collected by employ-
ing ATO or ATO-PDI electrodes as working electrode, SCE as
reference and Pt wire as counter electrode, in the presence of a
400 nm cut-off filter. The electrodes were illuminated from the
front side.

Electrochemical impedance spectroscopy (EIS) data were
recorded in the dark and under 1 SUN illumination, using a
FRA2.v10 frequency response analyzer controlled by Nova 1.10.
The ATO-PDI-based photoanode was polarized at the E;,, of the
TEMPO(+)/TEMPO couple. A 10 mV amplitude sinusoidal pertur-
bation, whose frequency ranged between 100000 and 0.01 Hz,
was applied. The equivalent circuits employed for the data
analysis (inset Figure S8) included a constant phase element
(CPE), that is, a nonideal capacitance accounting for the
inhomogeneity of the mesoporous semiconductor. In particular,
the CPE is defined by the admittance (Q) and a parameter (a),
which are related to the CPE impedance (Z) as:

1
Z= P TURY]

Q- (jw) @)
where j is the imaginary unit and w is the angular frequency. Q
and a can be derived by the fitting of the EIS data with the
ZView software. The effective capacitance (C) can be computed
according to:*?

C=QR,~ B)

where R, is the electrolyte uncompensated resistance between
the working and the reference electrodes.

Bulk electrolysis aimed at accumulating FDCA were per-
formed in a Nylon custom made two-compartment cell, by
separating the two sides with a Nafion-117 membrane. The
experiments were recorded with the same equipment described
above, in the presence of a 400 nm cut-off filter.

Quantification of target compounds was performed by
means of high-performance liquid chromatography with diode
array detection (HPLC-DAD). A calibration curve was generated
from standard solutions of HMF, FFCA, and FDCA, by optimizing
a previously described procedure.”™ Briefly, prior to injection,
electrolyzed solutions were filtered through 0.22 pm nylon
filters and diluted 1:100 with Milli-Q water. Samples were then
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injected into an Agilent 1100 HPLC (Agilent, Santa Clara, CA)
system equipped with a binary pump, autosampler, column
thermostat, and DAD detector. Chromatographic separation
was achieved on a Phenomenex Luna Phenyl-Hexyl column
(100x4.6 mm, 3 um, 100 A) under isocratic conditions using a
mobile phase composed of 3:97 % (v/v) methanol/0.1 M sodium
formate buffer (pH 2.5, adjusted with formic acid). The injection
volume was 10 uL, the column temperature was 25°C, and
detection wavelengths were set at 265 nm for FDCA and
284 nm for FFCA and HMF. Approximate retention times for
HMF, FDCA, and FFCA were 6.3, 2.5, and 3.5 min, respectively.

2. Results and Discussions
2.1. General Characterization of ATO-PDI based Films

Tin oxide (Sn0O,) or antimony-doped tin oxide (SnO,:Sb, ATO)
semiconductors have been used as sensitization platform in
conjunction with chromophores characterized by a relatively
low excited state oxidation potential (E,*), with the aim of
ensuring a greater driving force for charge injection (AG;,)
(Figure 1).** Among these, compared to tin oxide, ATO
displays some potentially interesting features coming from the
presence of intra band gap (IG) states originated from antimony
doping, which result in higher conductivity and may provide
better electron collection once they are emptied by applied
potentials higher than 0.2 V vs SCE. These states are generated
as consequence of the substitution of Sb°" ions into the
cassiterite structure of the SnO, lattice,® but the coexistence of
Sb** and Sb®" ions is often reported for ATO substrates 2?4
The formation and occupancy of IG states has been detected
and studied also by means of spectroelectrochemical
techniques.”®

Prior to ATO’s deposition, the FTO glass was treated with
TiCl, followed by an annealing step. This thermal process
generates a thin and compact TiO, blocking layer capable of
passivating the back ohmic contact of the exposed FTO, with
the aim of reducing charge recombination in the final DSPEC
system."?*! The thickness of the ATO semiconductor was
evaluated by profilometry analysis, which shows a 239+
0.21 um thick film arising from the subsequent spin coating of
the nanoATO suspension (Figure S1a). The top view analysis
carried out by means of Scanning Electron Microscopy (SEM) on
the resulting ATO electrodes confirms the nanocrystalline
nature of the mesoporous semiconductor (Figure S2), consisting
in a compact and polydisperse network of nanoparticles
ranging between 15-30 nm (Figure S2a and b). The latter allow
for large electrochemically active area resulting from perme-
ation of the semiconductor network by the liquid electrolyte.
For the sake of comparison, SEM images of undoped SnO, films
revealed a thickness of 4.45+0.11 um (Figure S1b) and a
morphology consisting of compact nanoparticles ranging
between 10-15 nm, similar to that found in ATO (Figure S2c
and d).

The absorption spectrum of the PDI-sensitized ATO (Fig-
ure 2a) exhibits the expected 0-1 vibronic band peaking at A=
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Figure 1. Schematic representation of the main processes occurring at the ATO-PDI/electrolyte interface: i) PDI light absorption, ii) charge injection, iii)
electron thermalization into ATO'’s IG states, iv) electron collection at the ohmic collector (FTO), v) sensitizer regeneration/hole transfer to the redox shuttle
(TEMPO), vi) HMF oxidation, vii) electron migration to the counter electrode and viii) proton reduction.
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Figure 2. (a) Absorption spectrum for PDI absorbed on ATO-based electrode. The spectrum was collected against a bare FTO. (b) FTIR-ATR spectrum of the

PDI (blue line) and FTIR spectra of ATO-PDI (red line) and bare ATO (black line).

490 nm and a shoulder corresponding to the 0-0 transition
centred at 525 nm. The latter peak is reported to be higher in
intensity in the UV-Vis spectrum of dissolved PDI, but an
intensity reversal is reported upon its uptake onto semi-
conductor surfaces, due to the formation of n-stacked hydro-
phobic aggregates."****? The FTIR spectrum of the dyed photo-
anode (Figure 2b, red line) clearly exhibits the stretching bands
of the perylenic sensitizer (Figure 2b, blue line), further
confirming the capability of the dye to effectively interact with
ATO'’s surface, regardless the lack of traditional anchoring
moieties.”’ The vibrational bands at 1697 cm ' and 1654 cm™'
can be attributed to the asymmetric and symmetric imide C=O0
stretching modes, while the 1403 cm™' and 1363 cm™' bands
refer to the imide C—N stretching. The features of the perylene

condensed rings can be found in the 1590-1580 cm™' range
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while an intense band at 800 cm™ could be originated by out

of plane C—H bending.”® Together, the morphologic and
spectroscopic characterizations allow for the synthesis of ATO-
PDI electrodes with significant light harvesting efficiency (ca.
67% at Ayay), instrumental for the operation of the resulting
DSPEC system.

2.2. Electrochemical Properties of ATO and ATO-PDI
Electrodes Towards TEMPO(+)/TEMPO

The large overpotential (> 1V vs SCE) required to perform HMF
oxidation (HMF+6 OH —FDCA+4 H,0+6 e") together with
the need of high working pH (>13)"” can be overcome by
employing TEMPO radical as a redox shuttle under relatively
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mild conditions, such as pH9 and a potential >0.5V vs e = Ip(rev) - K (A,a) 5)

SCE2'*8 As reported in Figure 3, HMF conversion involves the
formation of partially oxidized intermediates, each one involv-
ing a bi-electronic oxidation. The first step can proceed through
two different pathways: Route A leads to the formation of the 5-
hydroxymethyl-2-furan-carboxylic acid species (HFCA), while
Route B to 2,5-diformylfuran (DFF). The latter is commonly
reported as the preferential route for the TEMPO mediated
electrocatalytic process.”'*®

In view of performing such reaction, we firstly evaluated the
electrochemical oxidation of TEMPO by means of cyclic
voltammetry in borate buffer at pH9. The ohmic-drop (iR)
compensated voltammetric response of a 20 mM TEMPO/borate
buffer pH 9 solution on a glassy carbon electrode (GC) exhibited
a clear diffusion-limited anodic wave associated with the one-
electron oxidation of TEMPO to TEMPO(+), followed by the
symmetric backward feature indicating the regeneration of the
reduced species, affording an E,, of 0.49V vs SCE (Figure 4a).
Overall, typical features of chemically reversible but a kinetically
quasi reversible process (AE,.~80 mV) are evident, for which
AE,.. is significantly larger than the 60 mV expected for a
rigorously thermodynamically reversible one electron redox
reaction at T~ 298 K.

In quasi-reversible reactions, the boundary conditions to
solve the diffusion equation for an electroactive species at a
planar electrode are given by the Butler-Volmer equation rather
than by the Nernst equation.”” Matsuda and Ayabe®™ have
shown that the values of peak current and potential depend on
the transfer coefficient a and on the quantity A, defined as:

kO
47 Dy “

where Kk’ is the charge transfer rate constant, D, and D; are the
diffusion coefficient of the oxidized and reduced form of a
given electroactive species, f=1/RT and v is the scan rate. When
A =10, the behavior of a quasi-reversible system approaches
that of a reversible one.

The voltammetric peak current (i, is given by:

Route A

where i,rev) is the ideally reversible current and K<1 is a
function of A and a.

In this work, we have used the electrochemical simulation
software KISSA-1D from Bioanalytical Systems to simulate the
experimental voltammetric curves and obtain kinetic and
mechanistic information from our electrodes. The starting point
is the simple one electron electrochemical step (E) involving the
oxidation of TEMPO according to (6), which we assumed to
occur at a glassy carbon (GC) electrode:

TEMPO —«— TEMPO(+) + 1e ©)

This process resulted in a satisfactory simulation of the
voltammetric response of TEMPO at GC as shown by the good
overlap between the experimental and computed data points
in Figure 4a. The diffusion coefficient for both the reduced and
oxidized forms (Digwpo and Drgwpoy)) Was on the order of
49%x10"°cm?s™", in agreement with our previous findings.””
The charge transfer coefficient (o) for the diffusion-controlled
reaction was estimated to be 0.55, further supporting the
symmetrical nature of the electrochemical process, indicating
that both the forward and backward steps require almost the
same activation energy. It is worth nothing that the k° was
estimated to be on the order of 58x102cms™', in good
agreement with literature data. The relevant parameters
extrapolated using the electrochemical software simulation are
summarized in Table 1.2

The electrochemical response of TEMPO redox mediator
was also evaluated using mesoporous SnO, and ATO (i.e. the
actual photoanodic scaffolds in the final DSPEC) as the working
electrodes, as well as on FTO and GC as references (Figure 4d).

The voltammetric response of TEMPO at bare FTO revealed
a slow electrochemical process, resulting in an almost irrever-
sible TEMPO oxidation with a AE > 1V (black trace in Figure 4d),
and an anodic wave which was nearly twice as large as the
cathodic wave suggesting an asymmetric barrier for the

OH
o
0 Ho/wo
**‘/f \
o _'),\'\ ?@~
26! HFCA Ao OH OH OH

HO/\QAO

-2e/-2H*
HMF A o FFCA eT2H FDCA
?@7 )(\&7’
?&ﬁ o) \

S WA

-

DFF

Route B

Figure 3. Reaction routes reported for HMF oxidation.”"
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Figure 4. Comparison between the experimental (black line) and simulated (red circles) cyclic voltammetry for (a) GC, (b) ATO and (c) ATO-PDI electrodes in a
20 mM TEMPO/0.5 M borate buffer pH 9.'The simulation of the baseline of the voltammetric wave in the 0.0-0.2 V vs SCE range was not in perfect agreement
with the experimental curve, due to the presence of a tail of redox states in the semiconductor close to the conduction band edge of ATO. This process was
not considered in the simulation, being irrelevant to the TEMPO redox chemistry. (d) Electrochemical response of a 20 mM TEMPO/0.5 M borate buffer pH 9
on FTO, SnO,, ATO or GC as comparison (black, red, blue and green traces respectively). The left y-axis refers to metal oxide-based electrodes, while the right

one to GC (current values not normalized for the geometrical area).

Table 1. Kinetic and mechanistic parameters extrapolated using the electrochemical simulation software KISSA-1D.

Substrate k®/(cms™) a K°aag/(cms ™) fads) Bremporads/M ™ Brempot aas/M ™'
GC 5.8x1073 0.55 / / / /

ATO 2.3x107* 0.69 1.0x10°* 0.50 10 20

ATO-PDI 2.1x107* 0.63 1.0x107* 0.50 2 15

electron transfer. This poor electrocatalytic response was
supported by the software simulation, with a computed k°
~10"°cms . When TEMPO oxidation was performed on SnO,,
the electrochemical response was negligible (red trace in
Figure 4d) and the electrode appeared to be almost ideally
polarizable in the potential region of interest. By contrast, for
the Antimony-doped analogue, a well-defined and quasi-
reversible process was registered, characterized by a AE of
~400mV and a current of 1.13mAcm™2 (blue trace in Fig-
ure 4d). Despite the lower reversibility of the TEMPO oxidation
at ATO'’s surface, testified by the significantly larger peak

ChemSusChem 2024, €202401782 (6 of 14)

separation compared to GC, the faradaic current in the former
is larger by a factor of ca. 10 compared to the latter. This is due
to the much larger electrochemically active surface area (ECSA)
of the mesoporous electrode compared to GC (~ 50xfactor, see
the CV curves registered in borate buffer pH 9, Figure S3). Thus,
the possibility of using a large active area catalytic electrode
which can be readily obtained through wet deposition
procedures, makes the use of ATO extremely appealing for
TEMPO mediated (photo)electrocatalytic processes.

The distinct behavior of the Sn(IV)-based materials of
Figure 4d can be rationalized in terms of the Gerischer's model,
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which assumes that electron transfer can only occur between
isoergonic states,®” one of which is vacant, and the other is
occupied. In this framework, the anodic current i, (i.e. the
current arising from TEMPO oxidation) is given by:

ia - FN/W k(E)Nunocc,(E)DTEd(E)dE (7)

where N,,..(E) and D,y (E) are the density of empty states in
the electrode and of occupied energy states in the redox couple
respectively, while N is the density of molecules that are able to
reach the proximity of the electrode at a useful distance to
enable charge transfer. The latter depends on k(E), i.e. a
coupling parameter or transient coefficient, depending on the
distance between the reacting molecules at the electrode
surface. The distributions of energy states in the electrolyte (D)
are represented in Figure 5 according to a Gaussian distribution
depending on the reorganization energy.®?

If we consider SnO, (Figure 5b), we observe that no
significant density of states exists in this material in correspond-
ence of the Fermi level E; of the redox couple (approximately
the E,,), making the value of the integral in Equation (7) very
small. Furthermore, the faradaic process originating by the
underlying exposed FTO serving as the ohmic contact for SnO,
is also suppressed by the passivating TiO, underlayer, thus
explaining the electrochemical inertness of FTO/TiO,/SnO,
electrodes towards TEMPO oxidation. On the other hand, the
energy overlap between acceptor states in the semiconductor
and redox states of the electrolyte is realized with ATO
electrodes (Figure 5c), since the distribution of sub-bandgap
(IG) states has been shown to extend in a broad potential
region in the 0.1-0.4 V vs SCE interval; thus, a sizeable faradaic
process arises. The electrochemical activity of these IG states
was clearly observed by means of cyclic voltammetry in borate
buffer by scanning the potential in the —0.8/+0.6V vs SCE
interval (the first scan direction was towards negative potential
values, then reversed to the anodic direction). When the
cathodic voltage was progressively pushed towards increasing

-0.9/-0.1 —

0.5/1.3 —

3.3/4.1 —

Voltage/V vs SCE/RHE

negative values (Figure S4a), the anodic peak around 0.2V vs
SCE became correspondingly more intense and cathodically
shifted at the same time. These observations are consistent
with those we recently reported in acidic electrolytes (HBr,
HCIO,)"2” and were interpreted, based also on spectroelectro-
chemical evidences, as the result of the re-oxidation of Sb**
(generated in the forward negative scan) to Sb°*. Importantly,
while Sb°* ions form a shallow donor level close to the
conduction band of ATO acting as electron donors, Sb®* has
been reported to behave as an electron acceptor.”® Here, we
have also investigated the effect of the pH on the energetics of
these deep trap states, finding a convincing Nernstian-type
dependance according to: Eg (pH)=E (pH 0)-0.065xpH (Fig-
ure S4b). This evidence strongly suggests that the redox
chemistry of deep IG states involves a proton coupled electron
transfer step (PCET) as a probable mechanism of charge
compensation. Protons may be sitting as interstitial ions, as
reported in some SnO, materials,*” or be exchanged through
hydroxyl groups, ubiquitous at the surface of metal oxides.
Referring to TEMPO redox behavior, the simple outer sphere
electrochemical process in Equation (6) was generally not
successful in modeling its experimental voltammetric response
at these ATO electrodes, affording unreasonable values of both
the diffusion and the a coefficients. In particular, the voltam-
metric response in Figure 4b is characterized by significantly
broad waves, which are suggestive of dispersion in the half
wave potential®**® of TEMPO. This can be due to interaction of
the electroactive species with the electrode surface presenting
a heterogeneous distribution of adsorption sites, which arise
naturally in a high surface area mesoporous semiconductor like
ATO. This led us to introduce, in parallel to the simpler outer
sphere electron transfer in (6), a charge transfer step involving
adsorbed intermediates, which appear to be physically reason-
able, given the porous nature of ATO and the possibility of
TEMPO to interact with the metal oxide via a variety of
intermolecular interactions, including electric dipole interac-
tions with the polar semiconductor surface, coordination of the
TEMPO oxygen to hard Sn(IV) and Sb(V) centers, and hydrogen

EF, redox

FTO |Electrolyte

v

Sn0, | Electrolyte

ATO |Electrolyte

Figure 5. Schematic distribution of energy states (DOS) of the redox couple (TEMPO(+)/TEMPO) and (a) FTO, (b) SnO,, or (c) ATO under equilibrium conditions.
In the case (c), a matching between ATO'’s IG DOS and the E; of the redox shuttle is the key for observing the electrochemical response at this semiconductor

electrode.
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bonding. Thus, the electrochemical behavior of TEMPO at the
ATO electrode was simulated by adding adsorption and
desorption equilibria (8) and (10) at the surface of the
mesoporous substrate, involving the TEMPO reduced and
oxidized species, which were described through Langmuir
isotherms of the type 1i’X{,X:ﬂ[X}, where 0y is the surface
coverage of the species X present in a molar concentration [X].
This allowed us to successfully simulate the experimental
voltammogram, where an additional electron transfer event (9)

involves surface adsorbed TEMPO,.:

TEMPO —« TEMPO,, )
TEMPO,,, —« TEMPO(+),s. + 1€ )
TEMPO(+4 )45 — < TEMPO(+) (10)

The heterogeneous outer sphere rate constant associated
with (6) was found to be one order of magnitude lower than
that extrapolated when using the GC electrode, being on the
order of 2.3x10*cms™, on the same order of magnitude of
process (9) (107* cms™'), whereas the equilibrium constant of
(8) and (10) are on the order of 10 M™" and 20 M~ respectively
(Table 1). The transfer coefficient of (6) and (9) at ATO electro-
des was 0.69 and 0.5 respectively, showing that, for equivalent
overpotential, the oxidation of TEMPO in such conditions is
faster than the reduction, mainly because of the contribution of
(6), which is consistent with the higher intensity of the anodic
wave compared to the cathodic one (Table 1). The same
processes (6) and (8-10) modeled the response of TEMPO at
ATO-PDI electrodes (Figure 4c). The k° associated with (6) was
here found to be 2.1x107* cms™', slightly lower than that found
in the case of the bare metal oxide, consistent with the more
impeded electron transfer due to the presence of the PDI, while
that associated to (9) remains on the order of 107* cms™". The
transfer coefficient of (6) and (9) at ATO-PDI interface was 0.63
and 0.5 respectively. The f[X]associated with (8) and (10)

Voltage/V vs RHE
0.7 08 09 10 11 12 13 14 15 16

16004 (a)
— 5mM HMF
14001 1$M TEMPO+5mM HMF
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< 10004 —— 15mM TEMPO+5mM HMF
'c 20mM TEMPO+5mM HMF
G 8004
<
= 600+
5
400 - 4
200 1 7/
0+ ——
-200 -

20100 01 0.2 03 04 05 06 0.7 0.8
Voltage/V vs SCE

decreased to 2M™' and 15 M~ respectively (Table 1), consistent
with a decreased affinity of TEMPO and TEMPO(+) for the
sensitized electrode surface, due to both steric blockage of ATO
adsorption sites by dye molecules and to electrostatic repul-
sions between the positively charged PDI and the electro-
generated TEMPO(+).

The TEMPO mediated HMF oxidation at ATO-PDI electrodes
was then evaluated by recording CVs in the presence of a
constant concentration of HMF (5 mM) at increasing TEMPO
concentration (from 0 mM to 20 mM, Figure 6a).

The 5 mM concentration of HMF was chosen in order to
achieve a quantitative conversion of HMF to FDCA (according
to the previously described 6e~ oxidation mechanism) during
constant potential (photo)electrolysis experiments (vide infra).
Referring to Figure 6a, when the electrolyte was deprived of the
TEMPO mediator, no faradaic current was recorded (black trace),
confirming the need of a larger overpotential to intercept HMF
oxidation in these conditions. By increasing TEMPO concen-
tration, the catalytic current progressively increased. No back-
wave was observed until TEMPO concentration was three times
larger that of the HMF. This behavior is expected in the
presence of a so-called EC mechanism, where the interfacial
concentration of the electrocatalytic generated TEMPO(+) (E
process) is effectively depleted by the subsequent chemical (C)
step (namely HMF oxidation). This clearly agrees with the fact
that the reaction is controlled by the electrochemical process
and, in particular, by mass transport of the electrogenerated
oxoammonium cation generated at the electrodic surface. By
further increasing the redox mediator amount to 20 mM, the
catalytic current reached 1.5 mAcm™ and a partial backwave
appeared (orange curve in Figure 6a). According to the most
accepted primary alcohol oxidation mechanisms mediated by
the TEMPO radical,”” the chemical step under alkaline con-
ditions was firstly modelled by taking into account a bimolecu-
lar event for the formation of an oxoammonium-alcohol adduct
intermediate (k=75M""s™") (11). This process is followed by

Voltage/V vs RHE
0.7 08 09 10 11 12 13 14 15 16

16004 ®
1400
1200
1000
800 ]
600
400
200]

0 p
-200]

01 00 0.1 0.2 0.3 04 05 0.6 0.7 08

Voltage/V vs SCE

20mM TEMPO+5mM HMF
O simulated

J(pAcm?)

Figure 6. (a) Dark cyclic voltammetry for ATO-PDI in contact with 5 mM HMF/0.5 M borate buffer pH 9 in the presence of increasing TEMPO concentrations
from 0 mM (black line) to 20 mM (orange line). (b) Comparison between the experimental (orange line) and the simulated (circle lines) cyclic voltammetry for
ATO-PDI electrodes when in contact with the 20 mM TEMPO solution as described in (a) in the presence of the homogeneous chemical steps described by

(11) and (12).
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the intramolecular hydride transfer to provide TEMPO(H) and
the formation of the DFF intermediate ((12) and Scheme 1).

TEMPO(+) + HMF —« [oxoammonium-HMF] an

[oxoammonium-HMF] — TEMPO(H) + DFF 12)

The k., for the latter step was found to be 20 M~'s™}, in
good agreement with literature data.”**® Since the ATO-based
working electrode was sensitized with PDI, the experimental
voltammogram was stopped at 0.8 V vs SCE to avoid potential
induced desorption of the positively charged dye. Thus, it
cannot be ruled out that a diffusional plateau is achieved under
higher applied voltage. Indeed, as reported in Figure S5a, the
simulated voltammogram extended up to 1.1 V vs SCE revealed
the expected sigmoidal current response (s-shape), in which a
good matching between the forward and backward scans is
highlighted. This region is defined as that of pure kinetic
conditions-no substrate consumption®™ because the substrate
concentration at the electrode is equal to the bulk concen-
tration, leading to the efficient TEMPO regeneration once it is
electrochemical generated.

The extrapolated kinetic parameters were further validated
by computing the limiting catalytic current (I,) (13) generated
as a consequence of the EC steps and comparing it with the
experimental value:***”

l, = NFACreppo v/ DreppomMCrppK car (13)

where n is the number of electrons transferred per mediator
molecule/unit (n=1), F is the Faraday constant, m is the
number of catalyst units required per turnover (m=2 for
TEMPO/HMF), and Crgwpo and Cyye are the bulk concentrations
of the catalyst and the substrate, respectively. In the presence
of 20mM TEMPO/5mM HMF, the I, in (13) resulted of
1.5 mAcm™2 which is essentially aligned with the experimental
catalytic current in Figure 6a, confirming the validity of the

+
_ /N\)

o
(Hro
H /

=
O

=0

mechanism employed for simulating the TEMPO mediated HMF
oxidation. When the HMF concentration was increased from
5mM to 100 mM (Figure S5b), the catalytic current rose to
5.5 mAcm™2 which was slightly lower than the value calculated
according to (13) of 6.7 mAcm™. This discrepancy can be
rationalized in terms of the iR drop, which led to an increased
overpotential required to reach the anodically shifted plateau of
the curve. By scanning the potential up to 1.1 V vs SCE, only the
ascending branch of the current response was observed,
precluding the appearance of the plateau in the s-shaped
curve.

Overall, this initial investigation allowed for the identifica-
tion of the optimal composition of the electrolytic solution
(namely 20 mM TEMPO/5 mM HMF/borate buffer pH 9, Fig-
ure 7a) to be used in the DSPEC configuration, i.e. under
illumination of ATO-PDI photoelectrodes.

2.3. Photoelectrochemical Response of ATO-PDI Electrodes
towards HMF Oxidation

Since ATO-PDI electrodes are catalytically active towards
TEMPO oxidation, the photoelectrochemical response of such
interfaces recorded in the optimized electrolytic solution
incorporates the contributions of both the dark electrochemical
process promoted by ATO and the light induced electron
transfer generated upon excitation of PDI (Figure 7a). The linear
scan voltammetry in the dark shows that in such conditions
(black curve) the current rises steeply for V. >0.4V vs SCE,
values at which the direct TEMPO oxidation become predom-
inant. To gain insight into the role of the PDI as a n-type
sensitizer, JVs were recorded under 1 SUN illumination (red
curve). The current generated by the electrode under illumina-
tion is significantly higher than its dark electrochemical
response, with a net gain under illumination on the order of ca.
400 pAcm™?, but the overall shape of the JV under AM 1.5 G
parallels that obtained under dark conditions. In both cases, a

N

— OH

0 -+
\_~
b /)

=0

Scheme 1. Mechanism of the primary alcohol oxidation mediated by the radical TEMPO. The formation of an oxoammonium-alcohol adduct intermediate,
followed by the intramolecular hydride transfer to provide TEMPO(H) and the formation of the new carbonyl species ( namely DFF), are highlighted.
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Figure 7. (a) JV curves for ATO-PDI-based electrodes under AM1.5G illumination (red line) and under dark conditions (black line), in contact with 20 mM
TEMPO/5 mM HMF/0.5 M borate buffer pH 9 solution. (b) Chopped chronoamperometry recorded at 0.7 V vs SCE for ATO-PDI (red line) and bare ATO (black
line), in contact with 20 mM TEMPO/5 mM HMF/0.5 M borate buffer pH 9 solution.

plateau region seems to be almost reached at ca. 0.8 V vs SCE,
which would correspond to the kinetically limited current under
no substrate consumption conditions, whereas the anodic
current onset under illumination is only marginally cathodically
shifted with respect to the dark conditions. As discussed before,
the onset of the anodic current is determined by the emptying
(i.e. oxidation) of |G states, which mediate the interfacial charge
transfer finally resulting in TEMPO-catalyzed HMF oxidation. The
i/t behavior (Figure 7b) recorded at 0.7V vs SCE, shows a
substantially reproducible response under irradiation/dark
cycles of the duration of ca. 400 s repeated over a period of
1200s, confirming a fair stability of the sensitized electrode
under alkaline working conditions, due to the insensitivity of
hydrophobic PDI aggregates to hydrolytic cleavage. It is
interesting to observe that, compared to an otherwise identical
bare ATO electrode, the PDI sensitized ATO systematically
generated a superior current, reaching a plateau value of ca.
400 pAcm™ This agrees with the comparative results from the
JVs in Figure 7a. However, the kinetics leading to the attain-
ment of such photocurrent steady state values are extremely
slow (time constant in the order of 100 s) with respect to what
is known from interfacial photoinduced processes. In various
instances, we have investigated the relevant kinetic process in
SnO,-PDI*¥ and ATO-PDI sensitized electrodes, mainly applied
to Br~ oxidation under acidic conditions, by combining various
photoelectrochemical and time resolved spectroscopic meth-
ods, finding time constants from hundreds femtoseconds for
injection,"” to sub millisecond for dye regeneration, to 107%/
10*s for charge transport across the film. Distribution of
Relaxation Times (DRT) analysis also indicated that electron
transport through IG states was particularly effective, resulting
in a time constant of ~10~*s.?” Under no circumstances these
time constants can justify the slow photocurrent dynamics
herein observed. We also observe that, when ATO-PDI is tested
in the presence of faster light-dark cycles (chopped illumina-
tion), the enhancement of the total current, which can be
directly ascribed to TEMPO oxidation mediated by the photo-

ChemSusChem 2024, €202401782 (10 of 14)

generated PDI(+), results much more moderate, with an
intensity of ca. 20 pAcm™2 (Figure S6). This evidence seems to
contrast with the JVs recorded under AM1.5G continuous
illumination in which a much more substantial 25% increase in
total current density was detected. The small photocurrent
superimposed with the dark current observed in Figure S6 can
be justified by considering that TEMPO is a fast quasi-reversible
couple, capable of undergoing fast recombination processes at
the surface of ATO. Furthermore, given that ATO is catalytically
active towards PDI oxidation, the latter is depleted from the
diffusion layer of the electrode by the simultaneously occurring
electrochemical oxidation reaction, ultimately resulting in a
lower interfacial concentration of TEMPO capable to regenerate
PDI, with respect to bulk values. From these observations we
conclude that the enhanced current density achieved by ATO/
PDI under illumination has to be ascribed to generation/
population of an additional density of conductive IG states
following charge injection by PDI*. The photopotential gener-
ated by PDI* injection into ATO is under this respect entirely
analogous to a moderate forward bias, which we have shown
to be effective in generating an increased density of deep sub-
bandgap states (Figure S4) which result from the interception
of conduction band tail states. The long lifetime of charge
carriers injected by PDI* and trapped in deep sub-bandgap
states is instrumental in achieving a permanent increase in
photoanode conductivity when subjected to illumination.
According to such mechanism, the photochemical generation
of IG states is a slow and relatively inefficient process and
manifests itself clearly only during steady state experiments
(slow linear scan voltammetry under full illumination, and
chronoamperometry in the 100 s time scale) partly because of
rapid recombination involving photoinjected electrons and
TEMPO(+), partly because of the large activation energy
associated with the former. This latter condition results in a
large polarization affecting the CVs in Figure S4a, where a clear
Sb>** reductive wave is not observed (the reduction current
overlaps the exponential current arising from ATO conduction
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band population) and in a wave separation of at least 0.6-0.7 V,
that we estimate from the fact that only when the bias
progresses beyond —0.4 V vs SCE a significant enhancement of
the backwave centered around +0.2 V vs SCE was observed. In
a similar fashion, we can explain the opposite effect, i.e. the
slow drop in conductivity when dark conditions are restored in
Figure 7b. Furthermore, the rise of photoconductivity effects in
ATO electrodes was confirmed also testing bare photoanodes
under AM 1.5 G solar irradiation; however, in such case the
steady state photocurrent enhancement was smaller (
~80 pAcm™? see Figures 7b and S7), since, in the absence of
PDI, the harvesting of the solar spectrum by ATO is inefficient,
limiting the production of photoinduced carriers useful to
promote IG formation.

To further provide evidence of photoconduction effects
arising from photochemical doping, electrochemical impedance
spectroscopy (EIS) measurements were recorded for ATO-PDI
electrodes in contact with both TEMPO and HMF (Figure S8).
The data were fitted with the equivalent circuit reported in
Figure S8, in which the interface was modelled with a Randles
circuit, describing the charge transfer resistance (R2=R) and
non-ideal capacitance (CPE) of a transmissive interface. The
circuit incorporated also the uncompensated electrolyte and
contact resistance R1, together with a Warburg element
accounting for the electrolyte diffusion through the mesopo-
rous semiconductor (Ws). The EIS data for ATO-PDI recorded in
dark at the E,, of TEMPO (0.49 V vs SCE) revealed a capacitance
of 0.8 mFcm™2 and a R of 211 Q. The same measurement was
repeated immediately after 1000 s cronoamperometry under
AM1.5G illumination, during which the stationary photoconduc-
tive state was achieved: the interfacial capacitance remained
essentially unchanged with respect to the dark conditions, but
the R decreased down to 131 Q and the phase angle ()
decreased from —30° to —20°. This behavior is consistent with a
lower electrode polarization resulting from improved electrode
conductivity, which enhances the charge transfer to the electro-
lyte. We also note that the sum of the resistances extracted
from the model was in perfect agreement with ‘f,—‘,./, (Figure S8c
and d) showing that we can effectively reproduce the

(@) —— ATO-PDI-Light

—— ATO-Dark

2.5

1.5

0 2000 4000 6000 8000
t/s

experimental iV behavior of the system through the electrical
equivalent we adopted.

To evaluate the effect of photoinduced doping on both the
yield and the time required for FDCA conversion, bulk
electrolysis at 0.7 V vs SCE (1.47 vs RHE) in a two-compartment
cell was performed. In the case of ATO-PDI under illumination,
the current-time profile (Figure 8a, red trace) revealed a slow
current enhancement, built up with a time constant on the
order of 100 s, which we ascribed to the improved conductivity
resulting from photochemical doping. A current maximum
exceeding 2.5mAcm? is achieved after ca. 1000s, a value
which is more than twice that observed with graphite and
PEDOT modified graphite electrodes in the presence of
comparable HMF concentration.”™ The current is maintained at
the plateau values for several hundred seconds, but after ca.
2000s a slow drop initiates, as a consequence of the
progressive consumption of HMF. By contrast, when ATO is
kept under dark conditions, the current profile is solely
dominated by the electrochemical process and no anodic
current enhancement is observed. The lower conductivity in the
dark limits the current to ca. 2mAcm™> recorded at the
beginning of the experiment, followed by a progressive decay
over time due to HMF consumption. Both chronoamperometry
experiments were stopped when the theoretical charge of
14.47 C, required to quantitatively convert all HMF to FDCA,
passed through the system (Figure 8b). It is worth noting that
the mechanism of photoinduced doping of ATO enables the
reaction to be completed in a 20 % shorter time scale consistent
with the larger current reported in Figure 8a. Absorption
spectroscopy of the anolyte solution before the electrolysis
revealed a predominant band centered at 283 nm, which is
ascribed to HMF, while after the prolonged chronoamperom-
etry, the spectrum is mainly dominated by a blue-shifted band
centered at ~261 nm, consistent with an almost quantitative
conversion of the HMF substrate to FDCA (Figure S9). It is
reasonable to attribute the small shoulder at 285 nm to the
presence of 2,5-formylfurancarboxylic acid (FFCA) traces. To
quantitatively evaluate the Faradaic Efficiency (FE%) for FDCA

15
(b)
—— ATO-PDI-Light
12 { ——ATO-Dark
94
Q
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64
34
o Ll T T T
0 2000 4000 6000 8000
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Figure 8. (a) Current-time and (b) charge-time profiles for ATO-PDI (under AM1.5G illumination, red traces) and for ATO (in the dark, black traces) recorded
under 0.7 V vs SCE (1.47 vs RHE) applied bias. The electrolyte was 20 mM TEMPO/5 mM HMF/0.5 M borate buffer pH 9.
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Figure 9. (a) Faradaic efficiency (FE%) for HMF oxidation mediated by ATO (under dark conditions) and by ATO-PDI (under AM1.5G illumination). (b)
Representative HPLC chromatograms for HVIF (black curve), FFCA (blue curve), FDCA (red curve), and a 6 h electrolyzed solution (green curve).

production, HPLC analyses were performed. FE% were com-
puted according to (14): ()

nFDCA

FE (%) = Gu/(F - 6)

- 100 (14)

being NnFDCA the number of moles of this product calculated
from HPLC analysis, Q,; the total charge passed during the
experiment, F the Faraday constant and 6 the electrons
removed in HMF oxidation to FDCA.

Comparable FE values in the range of 75-80% were
provided by ATO under dark conditions and by ATO-PDI under
solar illumination (Figure 9a, Table 2). The similar FE associated
to FDCA production corroborates the indication that the HMF
oxidation mechanism is, in the dark and under illumination,
essentially the same, and that the higher current observed
under illumination has to be ascribed to enhanced photo-
conductivity of the semiconductor electrode. HPLC analysis
confirmed the presence of some FFCA intermediate (Figure 9b).
In particular, the FE for this latter process (4e~ involved) was of
10+7% and 25+8% for ATO and ATO-PDI, respectively,
confirming, in both conditions, the almost quantitative HMF
conversion to the di- and mono-carboxylated species, but also
pointing at a slight superiority of the photochemically assisted
process by ATO-PDI yielding ca. 100% conversion to FDCA+
FFCA.

Control experiments have been performed to evaluate the
performances of bare ATO electrodes under AM1.5 G illumina-
tion. For the reasons discussed before, the corresponding bulk
electrolysis revealed a slower (time constant in the order of

Table 2. Relevant parameters extracted from the bulk electrolysis.

Substrate Condition Time (s) FE% FFCA FE% FDCA
ATO Dark 8463 10+7 80+2
ATO Light 8945 / 79+2
ATO-PDI Light 6982 25+8 75+11
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1000 s) and less efficient photoconductivity effect, resulting in a
steady state current which was significantly lower than in the
presence of PDI (Figure S10). The small photochemically
enhanced current did not contribute to shorten the electrolysis
time substantially, thus HMF oxidation was completed in about
the same time than that required under dark conditions.
Coherently with the other systems, the FE% for the FDCA
production was of 79+2% (Figure S10b, Table 2); however, no
FFCA was detected, likely due to possible mineralization arising
from the generation strongly oxidizing photoholes produced
upon direct bandgap excitation.

3. Conclusions

We explored the electrochemical behavior of ATO and
sensitized ATO-PDI electrodes in the context of the TEMPO
mediated conversion of HMF to FDCA. ATO displayed good
electrocatalytic properties towards TEMPO, affording a quasi-
reversible response with a heterogeneous rate constant on the
order of 2x10™* cms™, and providing at the same time a highly
porous electrode, with a roughness factor on the order of 50
with respect to a conventional planar GC electrode. The
performance of ATO under exhaustive electrolysis for the
conversion of HMF to FDCA was also ca. twice superior
compared to recently reported PEDOT/graphite composite
electrodes. Interestingly, a significantly enhanced current was
recorded over time when ATO-PDI was exposed to prolonged
visible light illumination, which we rationalized as the result of
photoinduced doping of ATO due to the oxidative quenching
of PDI excited states. This process translates into increased ATO
film conductivity and, consequently, into current values
enhanced by a factor of 20-25% with respect to otherwise
identical dark conditions. The proposed system enabled the
production of FDCA (a value-added substrate for alternative
polymer synthesis) with ca. 75% FE in <2 h reaction time,
whereas the yield was quantitative (ca. 100 %) if the mono- and
di- acid (FFCA+FDCA) products were considered. Work is in
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progress towards the fabrication of ATO electrodes incorporat-
ing conductive carbon nanostructures, with the double aim of
yielding more conductive interfaces and further stabilizing the
hydrophobic PDI aggregates, respectively resulting in higher
current densities and dye loadings.

Acknowledgments

This project received fundings from the European Union's
Horizon 2020 research and innovation program under grant
agreement no. 101006839 (CONDOR), from PNRR MUR project
ECS 00000033 ECOSISTER, and from PRIN MUR project “Photo-
gen” (Prot. 2022AWXS83). We gratefully thank Prof. M. Prato
(University of Trieste and Center for Cooperative Research in
Biomaterials (CIC biomaGUNE)) and his group for providing us
with the PDI sensitizer. Open Access publishing facilitated by
Universita degli Studi di Ferrara, as part of the Wiley - CRUI-
CARE agreement. Open Access publishing facilitated by Uni-
versita degli Studi di Ferrara, as part of the Wiley - CRUI-CARE
agreement.

Conflict of Interests

The authors declare no conflict of interest.

Data Availability Statement

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Keywords: Antimony-doped tin oxide - Perylene diimide - HMF
oxidation to FDCA - Photoinduced doping - Dye-sensitized
photoanode

[1] E. Marchini, S. Caramori, S. Carli, Molecules 2024, 29, 293.

[2] W.J. Youngblood, S. H. Lee, Y. Kobayashi, E. A. Hernandez-Pagan, P. G.
Hoertz, T. A. Moore, A. L. Moore, D. Gust, T. E. Mallouk, J. Am. Chem. Soc.
2009, 131, 926-927.

[3] M.D. Brady, R.N. Sampaio, D. Wang, T.J. Meyer, G.J. Meyer, J. Am.
Chem. Soc. 2017, 139, 15612-15615.

[4] S. Berardi, S. Caramori, E. Benazzi, N. Zabini, A. Niorettini, A. Orbelli Biroli,
M. Pizzotti, F. Tessore, G. Di Carlo, Appl. Sci. 2019, 9, 2739.

[5] A. Orbelli Biroli, F. Tessore, G. Di Carlo, M. Pizzotti, E. Benazzi, F. Gentile,
S. Berardi, C. A. Bignozzi, R. Argazzi, M. Natali, A. Sartorel, S. Caramori,
ACS Appl. Mater. Interfaces 2019, 11, 32895-32908.

[6] J.-L. Zhuang, Y.-M. Shen, Y. Xue, M. Yan, H. Cheng, Z. Chen, X.-J. Yu, X.-B.
Lian, S.-B. Zhu, ACS Appl. Energy Mater. 2020, 3, 9098-9106.

[7] T.K. Liu, G. Y. Jang, S. Kim, K. Zhang, X. Zheng, J. H. Park, Small Methods
2024, 8, €2300315.

[8] W. Song, A.K. Vannucci, B. H. Farnum, A. M. Lapides, M. K. Brennaman,
B. Kalanyan, L. Alibabaei, J. J. Concepcion, M. D. Losego, G. N. Parsons,
T. J. Meyer, J. Am. Chem. Soc. 2014, 136, 9773-9779.

[9] G. DiCarlo, C. Albanese, A. Molinari, S. Carli, R. Argazzi, A. Minguzzi, F.
Tessore, E. Marchini, S. Caramori, ACS Appl. Mater. Interfaces 2024, 16,
14864-14882.

[10] E. Nikoloudakis, P. B. Pati, G. Charalambidis, D. S. Budkina, S. Diring, A.
Planchat, D. Jacquemin, E. Vauthey, A.G. Coutsolelos, F. Odobel, ACS
Catal. 2021, 11, 12075-12086.

[11] X. Tong, Y. Ma, Y. Li, Appl. Catal. A Gen. 2010, 385, 1-13.

ChemSusChem 2024, €202401782 (13 of 14)

[12] J.J. Bozell, G. R. Petersen, Green Chem. 2010, 12, 539.

[13] A. Gandini, A. J. D. Silvestre, C. P. Neto, A. F. Sousa, M. Gomes, J. Polym.
Sci. Part A Polym. Chem. 2008, 47, 295-298.

[14] H. Park, E. Bae, J.J. Lee, J. Park, W. Choi, J. Phys. Chem. B 2006, 110,
8740-8749.

15] E. Bae, W. Choi, J. Phys. Chem. B 2006, 110, 14792-14799.

16] K. Hanson, M. K. Brennaman, H. Luo, C. R. Glasson, J. J. Concepcion, W.
Song, T. J. Meyer, ACS Appl. Mater. Interfaces 2012, 4, 1462-14609.

[17] J. T. Hyde, K. Hanson, A. K. Vannucci, A. M. Lapides, L. Alibabaei, M. R.
Norris, T.J. Meyer, D.P. Harrison, ACS Appl. Mater. Interfaces 2015, 7,
9554-9562.

[18] M. M. Raber, M.D. Brady, L. Troian-Gautier, J.C. Dickenson, S.L.
Marquard, J. T. Hyde, S.J. Lopez, G.J. Meyer, T.J. Meyer, D. P. Harrison,
ACS Appl. Mater. Interfaces 2018, 10, 22821-22833.

[19] S. Berardi, V. Cristino, M. Canton, R. Boaretto, R. Argazzi, E. Benazzi, L.
Ganzer, R. Borrego Varillas, G. Cerullo, Z. Syrgiannis, F. Rigodanza, M.
Prato, C. A. Bignozzi, S. Caramori, J. Phys. Chem. C 2017, 121, 17737~
17745.

[20] S. Berardi, E. Benazzi, E. Marchini, V. Cristino, R. Argazzi, R. Boaretto, T.
Gobbato, F. Rigodanza, G. Cerullo, B. Bozzini, M. Bonchio, M. Prato, T.
Berger, S. Caramori, ACS Appl. Mater. Interfaces 2024, 16, 27209-27223.

[21] H. G. Cha, K. S. Choi, Nat. Chem. 2015, 7, 328-333.

[22] C.R. Lhermitte, N. Plainpan, P. Canjura, F. Boudoire, K. Sivula, RSC Adv.
2020, 71, 198-202.

[23] I. Carrai, R. Mazzaro, E. Bassan, G. Morselli, A. Piccioni, S. Grandi, S.
Caramori, P. Ceroni, L. Pasquini, Sol. RRL 2023, 7, 2300205.

[24] A.C. Cardiel, B.J. Taitt, K.-S. Choi, ACS Sustainable Chem. Eng. 2019, 7,
11138-11149.

[25] S. Carli, E. Marchini, M. Catani, M. Orlandi, N. Bazzanella, D. Barboni, R.
Boaretto, A. Cavazzini, S. Caramori, Langmuir 2024, 40, 10115-10128.

[26] F. Ronconi, Z. Syrgiannis, A. Bonasera, M. Prato, R. Argazzi, S. Caramori,
V. Cristino, C. A. Bignozzi, J. Am. Chem. Soc. 2015, 137, 4630-4633.

[27] C. Amatore, O. Klymenko, 1. Svir, Electrochem. Commun. 2010, 12, 1170-
1173.

[28] O.V. Klymenko, A.l. Oleinick, I. Svir, C. Amatore, Russ. J. Electrochem.
2012, 48, 593-599.

[29] C. Amatore, O. V. Klymenko, I. Svir, Anal. Chem. 2012, 84, 2792-2798.

[30] O. V. Klymenko, I. Svir, C. Amatore, J. Electroanal. Chem. 2013, 688, 320-
327.

[31] O. V. Klymenko, I. Svir, C. Amatore, Mol. Phys. 2014, 112, 1273-1283.

[32] B. Hirschorn, M. E. Orazem, B. Tribollet, V. Vivier, I. Frateur, M. Musiani,
Electrochim. Acta 2010, 55, 6218-6227.

[33] B.V. Bergeron, A. Marton, G. Oskam, G. J. Meyer, J. Phys. Chem. B 2005,
109, 937-943.

[34] L. Alibabaei, B. D. Sherman, M.R. Norris, M. K. Brennaman, T.J. Meyer,
Proc. Natl. Acad. Sci. U. S. A. 2015, 112, 5899-5902.

[35] M. V. Sheridan, Y. Wang, D. Wang, L. Troian-Gautier, C.J. Dares, B.D.
Sherman, T.J. Meyer, Angew. Chem. Int. Ed. Engl. 2018, 57, 3449-3453.

[36] M. Batzill, U. Diebold, Prog. Surf. Sci. 2005, 79, 47-154.

[37] C. Terrier, J. P. Chatelon, J. A. Roger, R. Berjoan, C. Dubois, J. Sol-Gel Sci.
Technol. 1997, 10, 75-81.

[38] T. Nitz, M. Haase, J. Phys. Chem. B 2000, 104, 8430-8437.

[39] F. Montilla, E. Morallén, A. De Battisti, S. Barison, S. Daolio, J. L. Véazquez,
J. Phys. Chem. B 2004, 108, 15976-15981.

[40] J. M. Xu, L. Li, S. Wang, H. L. Ding, Y. X. Zhang, G. H. Li, CrysttngComm
2013, 15, 3296.

[41] S.D. Ponja, B. A. D. Williamson, S. Sathasivam, D. O. Scanlon, 1. P. Parkin,
C. J. Carmalt, J. Mater. Chem. C 2018, 6, 7257-7266.

[42] L. Kavan, M. Grétzel, Electrochim. Acta 1995, 40, 643-652.

[43] P.J. Cameron, L. M. Peter, J. Phys. Chem. B 2003, 107, 14394-14400.

[44] E. Benazzi, K. Rettenmaier, T. Berger, S. Caramori, S. Berardi, R. Argazzi,
M. Prato, Z. Syrgiannis, J. Phys. Chem. C 2020, 124, 1317-1329.

[45] A. Segalina, D. Aranda, J.A. Green, V. Cristino, S. Caramori, G.
Prampolini, M. Pastore, F. Santoro, J. Chem. Theory Comput. 2022, 18,
3718-3736.

[46] M. Veerababu, R. Kothandaraman, Electrochim. Acta 2017, 232, 244-253.

[47] Y. Meng, S. Yang, H. Li, ChemSusChem 2022, 15, €202102581.

[48] X.H. Chadderdon, D.J. Chadderdon, T. Pfennig, B.H. Shanks, W. Li,
Green Chem. 2019, 21, 6210-6219.

[49] A.J. Bard, L.R. Faulkner, Electrochemical Methods, Fundamentals and
Applications, Il Edition, John Wiley & Sons, New York, NY 2001.

[50] H.Matsuda, Y. Ayabe, Z. Elektrochem. 1955, 59, 494-503.

11 R. Memming, Prog. Surf. Sci. 1984, 17, 7-73.

2] R. Memming, Semiconductor electrochemistry, Il edition ed., John Wiley &

Sons, New York, NY 2015.

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH

85US017 SUOLILLIOD BAIERID 3ot jdde 3y} Aq peusenoh a1e S3joe YO ‘8sn JO S9N 10y Afeiq 1 BUIIUO A8]IA UO (SUOTIPUOD-PLE-SWISHALID" A3 | 1M AReiq 1 U1 |UO//SANL) SUO BIPUOD PUe SWis | 84} 835 *[7202/2T/90] U Ariq1auliuo AB|1m ‘d1iandsy 4oszD aueiya0d Aq 282 T0YZ0Z 985S9/200T OT/I0p/wod e M Aeiqipuluo:adouns-ALs iweyo//sdny wouy papeojumod ‘0 ‘Xy9sr98T


https://doi.org/10.3390/molecules29020293
https://doi.org/10.1021/ja809108y
https://doi.org/10.1021/ja809108y
https://doi.org/10.1021/jacs.7b09367
https://doi.org/10.1021/jacs.7b09367
https://doi.org/10.3390/app9132739
https://doi.org/10.1021/acsami.9b08042
https://doi.org/10.1021/acsaem.0c01475
https://doi.org/10.1021/ja505022f
https://doi.org/10.1021/acsami.3c19157
https://doi.org/10.1021/acsami.3c19157
https://doi.org/10.1021/acscatal.1c02609
https://doi.org/10.1021/acscatal.1c02609
https://doi.org/10.1016/j.apcata.2010.06.049
https://doi.org/10.1039/b922014c
https://doi.org/10.1021/jp060397e
https://doi.org/10.1021/jp060397e
https://doi.org/10.1021/jp062540+
https://doi.org/10.1021/am201717x
https://doi.org/10.1021/acsami.5b01000
https://doi.org/10.1021/acsami.5b01000
https://doi.org/10.1021/acsami.8b04587
https://doi.org/10.1021/acs.jpcc.7b05928
https://doi.org/10.1021/acs.jpcc.7b05928
https://doi.org/10.1021/acsami.3c18020
https://doi.org/10.1038/nchem.2194
https://doi.org/10.1021/acssuschemeng.9b00203
https://doi.org/10.1021/acssuschemeng.9b00203
https://doi.org/10.1021/acs.langmuir.4c00420
https://doi.org/10.1021/jacs.5b01519
https://doi.org/10.1016/j.elecom.2010.06.009
https://doi.org/10.1016/j.elecom.2010.06.009
https://doi.org/10.1134/S1023193512060055
https://doi.org/10.1134/S1023193512060055
https://doi.org/10.1021/ac203188b
https://doi.org/10.1016/j.jelechem.2012.07.022
https://doi.org/10.1016/j.jelechem.2012.07.022
https://doi.org/10.1080/00268976.2014.890753
https://doi.org/10.1016/j.electacta.2009.10.065
https://doi.org/10.1021/jp0461347
https://doi.org/10.1021/jp0461347
https://doi.org/10.1073/pnas.1506111112
https://doi.org/10.1002/anie.201708879
https://doi.org/10.1016/j.progsurf.2005.09.002
https://doi.org/10.1023/A:1018388306674
https://doi.org/10.1023/A:1018388306674
https://doi.org/10.1021/jp001932s
https://doi.org/10.1021/jp048674+
https://doi.org/10.1039/c3ce40241j
https://doi.org/10.1039/c3ce40241j
https://doi.org/10.1039/C8TC01929K
https://doi.org/10.1016/0013-4686(95)90400-W
https://doi.org/10.1021/jp030790+
https://doi.org/10.1021/acs.jpcc.9b11039
https://doi.org/10.1021/acs.jctc.2c00063
https://doi.org/10.1021/acs.jctc.2c00063
https://doi.org/10.1039/C9GC02264C
https://doi.org/10.1016/0079-6816(84)90012-1

Research Article
ChemSusChem

doi.org/10.1002/cssc.202401782

Chemistry
Europe

European Chemical
Societies Publishing

[53] V. Geraldo, V. Briois, L. V. A. Scalvi, C. V. Santilli, J. Eur. Ceram. Soc. 2007,
27,4265-4268.

[54] K. Watanabe, T. Ohsawa, I. Sakaguchi, O. Bierwagen, M. E. White, M.-Y.
Tsai, R. Takahashi, E. M. Ross, Y. Adachi, J.S. Speck, H. Haneda, N.
Ohashi, Appl. Phys. Lett. 2014, 104, 132110.

[55] G.K. Rowe, M. T. Carter, J. N. Richardson, R. W. Murray, Langmuir 1995,
11,1797-1806.

[56] C. M. Elliott, S. Caramori, C. A. Bignozzi, Langmuir 2005, 21, 3022-3027.

[57] J. E. Nutting, M. Rafiee, S. S. Stahl, Chem. Rev. 2018, 118, 4834-4885.

[58] N. Mohebbati, A. Prudlik, A. Scherkus, A. Gudkova, R. Francke,
ChemElectroChem 2021, 8, 3837-3843.

[59] J. M. Saveant, Chem. Rev. 2008, 108, 2348-2378.
[60] E.S. Rountree, B.D. McCarthy, T.T. Eisenhart, J.L. Dempsey, Inorg.
Chem. 2014, 53, 9983-10002.

Manuscript received: August 11, 2024
Revised manuscript received: September 27, 2024
Version of record online: mm, mm

ChemSusChem 2024, 202401782 (14 of 14)

© 2024 The Authors. ChemSusChem published by Wiley-VCH GmbH

85US017 SUOLILLIOD BAIERID 3ot jdde 3y} Aq peusenoh a1e S3joe YO ‘8sn JO S9N 10y Afeiq 1 BUIIUO A8]IA UO (SUOTIPUOD-PLE-SWISHALID" A3 | 1M AReiq 1 U1 |UO//SANL) SUO BIPUOD PUe SWis | 84} 835 *[7202/2T/90] U Ariq1auliuo AB|1m ‘d1iandsy 4oszD aueiya0d Aq 282 T0YZ0Z 985S9/200T OT/I0p/wod e M Aeiqipuluo:adouns-ALs iweyo//sdny wouy papeojumod ‘0 ‘Xy9sr98T


https://doi.org/10.1016/j.jeurceramsoc.2007.02.137
https://doi.org/10.1016/j.jeurceramsoc.2007.02.137
https://doi.org/10.1021/la00005a059
https://doi.org/10.1021/la00005a059
https://doi.org/10.1021/la047364f
https://doi.org/10.1021/acs.chemrev.7b00763
https://doi.org/10.1002/celc.202100768
https://doi.org/10.1021/ic500658x
https://doi.org/10.1021/ic500658x

	5-Hydroxymethyl Furfural Oxidation by Perylene Diimide-Sensitized Electrodes Boosted by Photoinduced Doping
	1. Introduction
	Materials and Methods
	Materials
	Photoanode Preparation
	Spectroscopic and Electrochemical Characterizations

	2. Results and Discussions
	2.1. General Characterization of ATO-PDI based Films
	2.2. Electrochemical Properties of ATO and ATO-PDI Electrodes Towards TEMPO(+)/TEMPO
	2.3. Photoelectrochemical Response of ATO-PDI Electrodes towards HMF Oxidation

	3. Conclusions
	Acknowledgments
	Conflict of Interests
	Data Availability Statement


