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This study investigates the reforming of glucose and fructose by photoelectrolyis, employing TiO2 NTs photo-
anodes for the selective oxidation of the carbohydrates and Ni foam as cathode. TiOy NTs with different struc-
tural features were grown on Ti felt via anodizing and annealing to promote their crystallization.

These electrodes were tested in aqueous solutions at three different pH values (i.e., 2, 7, and 12) both without
and with the addition of biomass. When biomass was present, the hydrogen production rate increased, reaching
faradic efficiencies (FEs) ~ 100% in spite of the use of undivided cell, allowing the simultaneous production of
valuable partial oxidation compounds, such as gluconic acid (GA) and formic acid (FA), with FEs of 24% and
55% respectively, and overall quantum yields of 5.67% and 4.36% respectively. The photoanodes used
demonstrated high mechanical and chemical stability under all the tested conditions, with electrode performance
remaining consistent over time, allowing the reuse of the same electrode for a not limited number of runs after a
mild cleaning step.The results demonstrated that this photoelectrocatalytic (PEC) process is promising for both

biomass valorization and Hy production.

1. Introduction

The depletion of fossil fuel reserves and the increasing environ-
mental pollution have encouraged the scientific community’s interest in
renewable energy sources and, among them, Hy stands out as a prom-
ising clean energy carrier [1-4]. In this context, an encouraging
approach as an ideal and sustainable alternative to fossil resource uti-
lization involves converting renewable biomass into Hy and valuable
chemicals [5-8].

Glucose and its isomer fructose, derived directly from cellulose, are
the most abundant and renewable biomasses on Earth [9-11]. They can
serve as precursors for producing ethanol, renewable diesel, and jet
fuels, along with a wide array of biobased chemicals used as industrial
feedstocks for bioplastics and hydrogen production [12-16]. Notably,
the selective oxidation of these compounds to produce gluconic and
formic acids is particularly appealing due to their industrial applications
as platform chemicals [17-20].

Gluconic acid (GA) and its derivatives market values are expected to
reach $1.9 billion by 2028 and find extensive use in the food, pharma-
ceutical, and detergent industries as flavoring and chelating agents [21,
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22]. Moreover, formic acid (FA) serves as an energy carrier and is a
crucial intermediate in chemical synthesis across industries ranging
from chemical and agricultural to pharmaceutical, textile, and rubber.
Its market value is expected to increase up to $4 billion in the next 10
years [23,24].

Various technologies involving high temperature and pressure con-
ditions have been employed to produce GA and FA with low selectivity,
difficult separation, pollutant emissions, and low yields, despite the use
of expensive catalysts, oxidizing agents, and high energy consumption
[25-31]. Therefore, there’s a high demand for alternative methods for
glucose and fructose conversion.

Photoelectrocatalysis (PEC) in aqueous solutions at ambient condi-
tions emerges as a promising, environmentally friendly, and efficient
alternative to chemical and enzymatic methods. PEC can be employed in
biomass oxidation, Hy production, and organic synthesis, combining
renewable feedstock and green energy sources to concurrently produce
building-block chemicals and clean fuel [32-39].

Within PEC systems, photoinduced electrons (e ™) and holes (h™) can
migrate through the applied electric field, with electrons moving to the
cathode and holes to the surfaces of the photoanode. This charge
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Fig. 1. Schematic illustration of the photoanode preparation process: a) chemical etching, b) anodization, c¢) annealing.

Table 1

Details of the bath composition, applied potential, and duration of the anod-
ization process for the synthesis of the two samples used in the photo-
electrocatalytic tests.

Sample EG (%wt) NH4F (%wt) H>0 (%wt) Potential (V) Time (min)
0.75% 99 0.25 0.75 45 10

w
50%w 49.5 0.5 50 30 30

redistribution results in reduction and oxidation reactions occurring at
these respective electrodes [40-42]. Despite extensive research on PEC
systems for water splitting [43-45] and organic pollutant degradation
[46-48], investigations into PEC oxidation of organic compounds
remain relatively limited. Notably, the main challenge in PEC partial
oxidation of organic compounds lies in achieving high selectivity to-
wards desired products and high faradic efficiency (FE) [33,36,49-51].
As a photoanode, TiO stands out as the leading choice in PEC systems
due to its exceptional photocatalytic activity, high stability, scalability,
cost-effectiveness, and non-toxic properties [52-56].

This study focuses on the anaerobic partial oxidation of glucose and
fructose in an aqueous medium under mild temperature and pressure
conditions to produce Hy and high-value-added (HVA) products. Plat-
inum group metal (PGM) free TiO5 nanotubes (NTs) photoanode with
different features (tubes wall thickness and distances among parallel
tubes) and Ni foam cathode were used in the attempt to realize cost
effective process with high stable materials. A photoelectrochemical
investigation was carried out to get a complete description of the en-
ergetics of the semiconductor/electrolyte interface. To estimate FE to-
ward HVA and Hy, GC and HPLC analyses were carried out as function of
electrolyte pH.

2. Experimental
2.1. Electrodes preparation

TiO4 nanotube photoanodes were fabricated by anodization (Fig. 1)
[36,56,57].

Titanium fiber felt (Fuel cell store) with a thickness ranging from 0.2
to 0.3 mm was cut and etched for 2 s in a solution containing hydro-
fluoric acid (HF, Sigma Aldrich, purity 39.5%), nitric acid (Sigma
Aldrich, purity 69.0%), and deionized water at a volume ratio of 1:1:3
(Warning! HF is a hazardous chemical that is toxic through inhalation,
skin contact, and ingestion. All necessary precautions were observed
during our experiments). Subsequently, they were sonicated in acetone
and ethanol for 5 min each, followed by rinsing with deionized water
and air-drying. Anodization was carried out in a two-electrode cell
setup, with aluminum foil serving as the cathode in an ethylene glycol
solution (EG, Aldrich, 99.8% anhydrous) containing NH4F (Sigma
Aldrich) and deionized water. TiO, nanotubes with different features
were obtained by varying the anodization conditions, i.e., the
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composition of the anodization bath, time, and potential. The synthesis
conditions are reported in Table 1.

Soon after the anodization step, both samples were annealed in air to
450 °C for 3 h to promote the crystallization of the TiO, nanotubes to-
wards the anatase phase.

Commercial Ni foam (Goodfellow) was employed as the cathode.

2.2. Characterization

Scanning electron microscopy (SEM) images were captured using a
FEI Quanta 200 ESEM microscope operating at 30 kV. X-ray diffraction
(XRD) patterns of the photoanodes were obtained at room temperature
utilizing a PANalytical Empyrean diffractometer equipped with a PIX-
cellD detector operating at 40 kV and 40 mA, utilizing CuKa radiation,
and with a 20 scan rate of 3°/min.

Raman spectra were acquired using a Raman Microscope coupled
with a Leica DMLM microscope. The laser was focused onto the sample
through a 5x magnification lens to achieve an analyzing spot diameter
of approximately 50 pm, with a maximum laser power of 133 mW. Only
10% of the maximum power was utilized, reduced by holographic filters
(three for each sample). Spectra were recorded using a 532 nm laser
coupled with a 2400 lines per millimeter grating, resulting in a spectral
resolution of 0.5 cm™l. Each measurement comprised two
accumulations.

For the photoelectrochemical measurements, the TiO, nanotubes
photoanode served as the working electrode in a three-electrode cell
configuration, with a Pt wire as the counter electrode, and an Ag/AgCl/
saturated KCl reference electrode. A 0.1 M ammonium biborate tetra-
hydrate (ABE, (NH4)2B407 - 4H50; Sigma Aldrich), was employed as the
electrolyte. The UV-vis Xenon lamp, with a power of 450 W, was
employed. Its light was directed to a monochromator to enable selective
wavelength irradiation of the sample surface through the quartz window
of the cell. The electrode potential was regulated by a versastat poten-
tiostat. To obtain the photocurrent spectra (i.e., photocurrent vs wave-
length) by applying 0.5 V vs Ag/AgCl, the resulting current was directed
to a two-phase lock-in amplifier to separate the photocurrent from the
total current circulating in the cell. A mechanical chopper was utilized to
halt irradiation at a predetermined frequency, specifically 13 Hz.
Photocurrent spectra were reported in the text as photocurrent yield
(Qpn)- This yield was calculated by considering the relative photon flux
of the light source at each wavelength, reflecting the efficiency of the
lamp-monochromator system.

Mott-Schottky (M — S) analysis was conducted under dark conditions
by varying the applied potential from 1 V to —0.7 V vs. Ag/AgCl with a
sinusoidal modulation of the applied potential of 10 mV amplitude and a
frequency of 1 kHz.

Thermodynamic and kinetic aspects of the partial oxidation of
glucose (Sigma-Aldrich) and fructose (Sigma-Aldrich) were investigated
via cyclic voltammetry (CV) in a 0.5 M NaySO4 (99% Sigma-Aldrich),
both in the absence and presence of 0.1 M of biomass. Cyclic voltam-
metry measurements were conducted by employing a Parstat 4000
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Fig. 2. a) Image of the PEC cell used, and the corresponding schematic illustration. b) Schematic representation of the electrode cleaning process.

potentiostat within the voltage range of 0-1.9 V vs RHE, utilizing a
three-electrode cell configuration with Pt mesh serving as the working
and counter electrode, and Ag/AgCl/sat. KCl as the reference electrode.
A scan rate of 5 mV/s was employed. For the sake of comparison, CVs
were plotted using the Reverse Hydrogen Electrode (RHE) potential, as
described in Equation (1)

where Eag/agcl is the working potential.

Electrochemical Impedance Spectroscopy (EIS) measurements were
conducted using a Parstat 4000 potentiostat equipped with an Imped-
ance Analyzer connected to the cell. Impedance spectra were recorded
over the frequency range of 100 kHz to 0.1 Hz at 25 °C, applying 1 V
between the photoanode and the cathode, and employing an AC
amplitude of 10 mV. Before each measurement, the cell was allowed to
stabilize for at least 15 min under irradiation. Data analysis and equiv-
alent circuit fitting were performed using VersaStudio and ZSimpleWin
software.

2.3. Photoelectrocatalytic test

Photoelectrocatalytic experiments were conducted utilizing TiOy
NTs as the photoanode, Ni foam as the cathode, and 0.5 M NaySO4 as the
electrolyte. A scheme of the experimental setup is reported in Fig. 2.The
pH was adjusted to 2 or 12 using HoSO4 or NaOH, respectively, and a
potential of 1 V was applied between the photoanode and the cathode
for 3 h. Glucose or fructose concentrations were 0.1 M. The reactions
took place in undivided glass cells (Fig. 2), employing a two-electrode
configuration. As the light source, a 125 W medium-pressure Hg lamp
emitting mainly near-UV light at a wavelength of 365 nm was used. The
power density of the emitted light of 10 mW/cm? was measured by using
a radiometer. Photoanode and cathode surfaces were 90 cm? (irradi-
ated) and 180 cmz, respectively. A Parstat 4000 (PAR) potentiostat
equipped with Electrochemical Impedance Spectroscopy (EIS) capabil-
ities was utilized to regulate cell potential and gather kinetic data for
both anodic and cathodic processes.

Before each run, Helium was bubbled under stirring in the dark for
30 min within the biomass aqueous solution to eliminate oxygen from
the system and saturate the electrode surfaces with the substrate. Sub-
sequently, the reactor was sealed, and the lamp was turned on. During
the reaction time, water was circulated in the reactor cooling jacket to
maintain the room temperature within the reaction mixture.

The photoanode was subjected to reuse after sonication with acetone
and water for 5 min each to eliminate any glycerol residues, while Ni
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Table 2
Electrons/holes exchanged in the half cell reactions reported in Equations (3)-6)

Compound Chemical formula Electrons/holes exchanged
Glucose/fructose CeH1206

GA CeH1207 2

FA CH304 2

Carbon dioxide CO, 4

Hydrogen H, 2

foam was cleaned by sonication for 5 min in 1 M HCI and water.

2.4. Analitycal tecniques

The detection and quantification of glucose, fructose, and reaction
intermediates were conducted using a Thermo Scientific Dionex Ulti-
Mate 3000 HPLC, equipped with a Diode Array detector and a REZEK
ROA Organic acid H' column. Analysis of gaseous species collected in
the reactor headspace was carried out using an HP 6890 Series GC
system, featuring a Supelco GC 60/80 CarboxenTM-1000 packed col-
umn and a thermal conductivity detector.

The faradic efficiency for GA, FA, CO5, and Hy was determined using
Equation (2):

_ Amount of product i formed (mol)

FE (%) Q (Coulomb)

(2)

zF

Coulomb
mol

where.

- iis the formed product

- Q is the circulated charge

- z are the electrons exchanged, that are equivalent to the number of
holes reported in Table 2 considering the half-reactions in Equations.
3)-(©

- F is the Faraday constant of 96,485 [Coulomb/mol]

CeH1206 + HO+2h" — C¢H120, + 2 H* 3)
CeH1206 +6 H,O+12h*t -6 CH,0, + 12 H" (€)]
C¢H1206 + 6 H,O+24 h" -6 CO, + 24 H* 5)
2H"+2e - H, (6)
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Fig. 3. SEM pictures, XRD patterns, and Raman spectra of (a—c) 50 %w NTs sample and (d—-f) 0.75%w NTs sample.

3. Results and discussion

Fig. 3 compares the morphological features of TiO, NTs grown in
ammonium fluoride containing ethylene glycol solution with 50%
(Fig. 3a—c) and 0.75% of water (Fig. 3d-f), respectively, after thermal
treatment at 450 °C for 3 h. The SEM micrographs distinctly reveal the
achievement of a large array of TiO, NTs, wherein the average length is
~720 nm and 850 nm (inset of Fig. 3a and d). Notably, NTs grown in
50%w show thinner sharp walls with a large space among NTs, thus
allowing a better contact and refreshment of the electrolyte during the
photoeletrochemical process. These findings are consistent with earlier
investigations [57].

XRD pattern for annealed TiO2 NTs, reported in Fig. 3b and e, shows
the reflections of anatase polymorph due to the crystallization of TiO,
grown by the anodizing process, together with the reflections of tita-
nium arising from the not anodized metal still present beneath the
nanotube layers that allows an efficient electrical contact with the
photoactive titania [58]. The presence of anatase is also confirmed by
Raman spectroscopy. As shown in Fig. 3c and f characteristic bands of
anatase polymorph are present at 144 em™}, 196 cm™Y, 397 em !, 513
crn_l, and 639 cm™! [59].

A photoelectrochemical investigation aimed to gain information
about the electronic characteristics of the photoanodes was carried out.
The photocurrent spectrum, i.e. photocurrent as a function of the
monochromatic irradiating wavelength, recorded under a constant bias
polarizing the Ti/TiO2 NTs layer electrode in a 0.1 M ABE aqueous so-
lution at 0.5 V vs Ag/AgCl, is reported in Fig. 4a and shows that the
photoresponse is high in the UV region due to the fundamental typical
absorption of anatase TiOy. Under the hypothesis of non-direct optical
transitions, an estimation of the optical band gap value (Eg) was made by
extrapolating to zero the (Qpp - h)%® vs hy plot (Fig. 4b). The deter-
mined Eg is 3.15 eV, which is in line with the reported value for anatase
(3.2 eV [57]). The photocurrent transients were measured by manually
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interrupting monochromatic irradiation (at A = 340 nm), while applying
a constant potential ranging from 0.5 to —0.5 V vs Ag/AgCl (see Fig. 4c).
An anodic photocurrent was observed, confirming the n-type semi-
conductor behavior of the oxide, with the photocurrent reaching zero at
approximately - 0.5 V vs Ag/AgCl. The zero photocurrent potential can
be considered an estimate of the flat band potential, Ug,. This value
agrees with that estimated by the M — S plot recorded at 1 kHz (Fig. 4d).
It is important to mention that the flat band potential of TiO2 NTs grown
in water containing solution is slightly more positive than that estimated
for NTs grown on ethylene glycol solution (i.e. —0.75 V Ag/AgCl [36]).
This implies that the flat band potential is shifted toward the mid gap
position. Additionally, the n-type behaviour of TiO, NTs is also
confirmed by the cathodic photopotential recorded during the irradia-
tion of the sample, as shown in Fig. 4e [60].

A preliminary electrochemical assessment was conducted to gather
insights into the kinetics of glucose and fructose oxidation in 0.5 M
NaySO4 aqueous solution at different pH (i.e., 2, 7, and 12) within a
potential range of 0-1.9 V vs. RHE. Fig. 5 illustrates the cyclic voltam-
mograms obtained in solutions without and with biomass, utilizing a Pt
mesh as the working and the counter electrode. At pH 2 (Fig. 5a), cyclic
voltammogram reveals two oxidation peaks at 0.2 V, 0.7 V, and an
oxidation current starting at 1.1 V vs. RHE in presence of glucose or
fructose, with higher values being measured with fructose. According to
the literature [61] in the case of glucose the first peak corresponds to the
oxidation of the adsorbed hydrogen produced by chemisorption of the
glucose molecule, that however does not poison the surface of the
electrode, while the second peak is assigned to the oxidation of strongly
adsorbed intermediate produced from the glucose oxidation in the first
process. Only at high potential (namely 1.6 V vs RHE), oxygen evolution
occurs suggesting that both glucose and fructose oxidation is more
favourable. Notably, the OER is not significantly affected by the pres-
ence of the biomass, i.e., the current recorded at higher potential is
comparable with and without biomass in the electrolyte.
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Fig. 4. a) photocurrent spectra recorded in a 0.1 M ABE aqueous solution at 0.5 V vs Ag/AgCl, b) respective (Qph~hv)0'5 vs hv plot for the Eg estimation, c)
photocurrent transients under monochromatic light recorded at 340 nm and applied potential from 0.5 to —0.5 V vs Ag/AgCl, d) M — S plot recorded in a 0.1 M ABE
aqueous solution at 1 kHz, and e) photopotential recorded for 50%w NTs by irradiating the sample with 340 nm monochromatic light.
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Fig. 5. Cyclic voltammetries carried out without irradiation by using Pt mesh as the counter and the working electrode, recorded at 5 mV/s in a 0.5 M Nay;SO4
aqueous solution at a) pH 2, b) pH 7, and c) pH 12 with and without the presence of biomass.

The cyclic voltammograms recorded at pH 7 (Fig. 5b) show three
peaks at 0.2, 0.9, and a more pronounced one at 1.4 V vs RHE only when
glucose is present with the anodic current starting at 1.1 V vs RHE.
According to the literature [62], the oxidation current at 0.2 V vs RHE is
associated to the production of the carboxylic acids such as gluconic
acid, glucuronic acid and/or glucaric acid with a higher selectivity to-
wards the generation of gluconic acid. The reaction proceeds through a
complex mechanism, in which at first step glucose is oxidized to glu-
conic acid, and when the potential is increased, gluconic acid generates
CO species and cyclic carbonate, and both are practically completely
removed from the electrode surface when they are oxidized to CO,.
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According to the cyclic voltammogram recorded in biomass free solu-
tion, OER starts at ~1.5 V vs RHE. No peaks are observed with fructose,
although an increased faradic current indicating its oxidation is noted by
comparing the cyclic voltammetry recorded without and with fructose.

At pH 12 (Fig. 5¢), the cyclic voltammograms show multiple peaks in
presence of biomass, suggesting that several oxidation steps occur by
increasing the applied potential involving oxidation of glucose or fruc-
tose. According to the literature [63,64] the first peak corresponds to the
oxidation of the adsorbed hydrogen produced by glucose chemisorption,
while peaks at 0.7 V vs RHE corresponds to the direct oxidation of
glucose from the bulk. Finally, peak at 1.1 V vs RHE corresponds to the
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gluconic acid (GA, green), and formic acid (FA, brown). The reaction time of each test was 3 h. (For interpretation of the references to colour in this figure legend, the

reader is referred to the Web version of this article.)

oxidation of the adsorbed species resulting from the chemisorption of
glucose occurring at lower potential. At this pH, OER appears to be
partially inhibited in presence of fructose since water oxidation starts
only at 1.7 V vs RHE, while with glucose there is no evidence of a current
due to O evolution up to 1.9 V vs RHE.

Fig. 6 summarizes the results of the photoelectrochemical reforming
of glucose and fructose containing solutions at different pH (namely pH
2, 7 and 12), carried out under a bias of 1 V using the TiOy NTs pho-
toanodes. First of all, it is important to stress that the measured photo-
current is comparable to that measured in biomass free solution (see
Fig. Sla), but with higher hydrogen evolution rate due to the Faradic
efficiency of 100% or slightly lower than 100 % for glucose and fructose
containing solutions, respectively, in spite the use of undivided cell.
Indeed, the amount of Oxygen produced at the photoanode is signifi-
cantly lower, thus limiting the competition of O reduction with respect
to Hydrogen Evolution Reaction (HER). Moreover, Iy, is higher for NTs
grown in solution with a low concentration of water, probably due to the
higher thickness of the tubes’ wall allowing a more efficient light ab-
sorption [55,65], but also to a more negative flat band potential with
respect to NTs grown in 50%w solution. Indeed, the electric field driving
the transport of photogenerated holes and electrons is directly con-
nected to the band bending, A®sc = Ug - Upg where Ug is the polariza-
tion potential [66]. Finally, for NTs grown with a low water
concentration the measured photocurrent is slightly influenced by the
electrolyte pH, the lowest value being measured in neutral solution.
Conversely, the measured photocurrent is almost independent on the pH
for TiOy NTs grown with a high concentration of water.

A clear idea of the products of the photoelectrochemical reactions is
provided by the plots of Fig. 6, showing the faradic efficiencies for both
the employed photoanodes as a function of the pH. For glucose, in acidic
solution (pH = 2) the most abundant product is GA (FE ~ 8%) followed
by FA and COs. This finding can be explained by CV recorded in the
same solution (see Fig. 5a) showing very low current due to glucose
oxidation and an onset potential for oxygen evolution close to the third
oxidation step involving glucose.

Better results were obtained in neutral solution, where partial
oxidation of glucose leads to a very high faradic efficiency in FA, even if
FE for GA is lower than that measured at pH 2. At this pH according to

1282

Table 3
Comparison with the literature of HVA and H; production rates normalized by
photoanode area and incident photon flux.

[37] This work
Photoanode Pt(SA)/def-TiO, TiO5 NTs

NRs"
Cathode Pt foil Ni foam
Biomass Glucose 0.01 M Glucose 0.1 M
Electrolyte 1 M KOH 0.5 M NaySO4pH 7
Applied bias 0.6 V vs RHE 1 V (Cell potential)
Photoanode area (cm?) 1 90
Light source (mW em?) 100 10
HVA production rate (pmol h™! 0.340" 0.565°

mw1)

H, production rate (umol h™' mw~")  0.356 0.933

 Defective TiO, nanorods decorated with Pt single atom.
Y Considering both gluconic and glucaric acid.
¢ Considering both gluconic and formic acid.

the CV of Fig. 5b, the third glucose oxidation step occurs at potential
significantly lower than that of Oy evolution, which is therefore signif-
icantly less favourable on a kinetic point of view. At pH 12 the most
favourable reaction is partial oxidation of glucose to FA, but with lower
FE than that estimated at pH 7. These results were compared with those
reported in the literature by normalizing the HVA and H; production
rates based on the photoanode area and incident photon flux. To our
knowledge, only one scientific article has been published on photo-
electrochemical glucose reforming to obtain HVA and Hj [37]. As shown
in Table 3, our system demonstrated better performances in both cases,
despite the use of PGM-free materials. Additionally, no scientific articles
related to the photoelectrochemical oxidation of fructose to produce
HVA have been found in the literature.

Different results were obtained by photoelectrolysis of fructose
containing solutions. At pH 2 the photoelectrochemical oxidation of the
biomass leads to the formation of GA with FE = 24% and 20.3% for NTs
grown in 0.75% water and 50% water, respectively. This finding agrees
with the results of the cyclic voltammetry (see Fig. 5a) showing a better
kinetic for fructose oxidation in acidic solution. Lower faradic
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Fig. 7. In situ EIS spectra recorded under UV irradiation (125 W medium-
pressure Hg lamp) in the presence of glucose a) — b) and fructose c¢) — d). All
the spectra were fitted by using the equivalent circuit shown in the inset of a).
Impedance spectra were measured within a frequency range of 100 kHz to 0.1
Hz, applying a potential of 1 V between the photoanode and cathode, and using
an AC amplitude of 10 mV.

efficiencies for both GA and FA are estimated at higher pH, making the
process less promising with respect to the photoelectrolysis of glucose.

Additionally, in the photoelectrocatalytic experiments that produced
the highest FE towards FA and GA, quantum yields of 4.36% and 5.67%
were calculated, respectively. More details can be found in the SI.
However, it’s important to note that, although this number is higher
than typical values obtained in photocatalytic processes [3], a signifi-
cant portion of the light is lost due to the cell geometry and, therefore,
we are currently working on improving the cell design to minimize this
energy loss.

Electrochemical impedance spectra were recorded under 1 V of bias
during photoelectrolysis of both glucose and fructose. Fig. 7 shows the
corresponding spectra in the Nyquist representation recorded under
irradiation. For comparison we also recorded impedance spectra in
biomass free solution (i.e. water photoelectrolysis) and without irradi-
ation, that are reported in Figures S1 b-c and S2, with the relative fitting
parameters in Tables S1-2. All the spectra are slightly depressed

Table 4
Fitting parameters obtained by EIS spectra recorded under irradiation.
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semicircles, thus they can be fitted with the very simple equivalent
circuit of Fig. 7, where Rcr is the charge transfer resistance, Qsc the
capacitance of the semiconductor under irradiation, while R¢) accounts
for the electrolyte resistance. The corresponding fitting parameters are
summarized in Table 4. At a first glance it is evident that a constant
phase element is necessary to simulate the non-ideal capacitance of TiO»
NTs layer (see exponent n < 1). Using the Brug formula [67] it is possible
to estimate the NTs capacitance, that results slightly higher for NTs
grown in solution with a lower concentration of water. This is in
agreement with a higher concentration of donors as suggested by the
more negative flat band potential measured for these NTs [36]. The
higher doping level and the consequent higher concentration of charge
carriers under irradiation explain the higher photocurrent measured for
these NTs with respect to those grown in 50%water. Table 4 also reports
the charge transfer resistance for both glucose and fructose oxidation at
different pH and for both NTs layers. According to Table 4, the charge
transfer resistance ranges from 1.3 to 2.3 kQ cm?, with the lowest value
being measured during photoelectrolysis of glucose containing solution
at pH 7 by employing 0.75%w NTs. Notably, it is interesting to mention
that the charge transfer resistance is inversely proportional to the overall
Faradic efficiency in biomass oxidation products due to the sluggish
kinetic of oxygen evolution reaction affecting the overvoltage necessary
to activate the reaction. The charge transfer resistances estimated in the
presence of fructose are comparable to those estimated for glucose
despite the lower photocurrent in agreement with a lower overall faradic
efficiency and consequent higher photocurrent wasted for O,.

4. Discussion

Fig. 8 shows the energetic of Ti/TiO, NTs/electrolyte interface.

0.75%w
C.B.(-0.9V) 50%w
C.B.(-0.9 V)}{
E 07V~ Im = = }--- - HH06Y)
________ Ee (0S| ] TE0A0, (038 Y)
0V vs.Ag/AgCI
--- H,0/0, (0.82 V)
3.15eV | 3.15eV ~T7 H0MMH,0, (1.15 V)
V.B. (227 V)— v v _¥---- H,O/-OH (2.2V)
V.B. (227 V)"
Titanium Oxide Electrolyte

Fig. 8. Sketch of the energetic levels of the metal/oxide/electrolyte interface
for the 0.75%w NTs sample (black) and 50%w NTs sample (red). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

Sample pH Substrate Rel (@ cm?) Rer (© cm?) Qsc (1S s cm™2) n (adm) Cirug (WF cm ™) ¥ square (adm)
0.75%w 2 Glucose 58 2.3-10° 1.8-10°3 0.68 622 52.1072
50%w 2 Glucose 79 1.8-10° 35-107* 0.79 135 1.2-1072
0.75%w 2 Fructose 59 2.0-10° 9.6-107* 0.71 297 21-1073
50%w 2 Fructose 61 2.1-10° 3.7-107* 0.77 119 1.1-1073
0.75%w 7 Glucose 36 1.3-10° 1.2-1073 0.72 354 41-1073
50%w 7 Glucose 55 2.1-10° 46-107* 0.78 163 1.4-1072
0.75%w 7 Fructose 63 1.7-10° 1.5-1073 0.73 627 9.7-107*
50%w 7 Fructose 86 1.9-10° 5.6-107* 0.78 238 1.6-1072
0.75%w 12 Glucose 64 1.8-10° 1.2-1073 0.75 510 1.4-1072
50%w 12 Glucose 74 1.5-10° 57-107* 0.82 284 1.1-1073
0.75%w 12 Fructose 41 2.4-10° 1.2-1073 0.69 310 9.8-107*
50%w 12 Fructose 74 1.4-10° 59-107* 0.84 325 8.2-107*
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Fig. 9. Schematic illustration of interaction between NTs surface, water and glucose at various pH and the proposed reaction mechanism at pH 7.

Conduction and valence band edges were located according to the
literature [36], while their flat band potential is quoted using the rela-
tionship reported in Equation (7):

Ep = — |e| Up + |e| Uy Q)
where U,f represents the potential of the reference electrode used in the
photoelectrochemical measurements.

According to this sketch, the photogenerated holes can oxidize water
to produce not only oxygen and hydrogen peroxide, but also hydroxyl
radicals. This information can be used to explain the reactions going on
during biomass photoelectrolysis.

The results of glucose and fructose photoelectrolysis show that a
proper selection of the process conditions allows to get high value added
products with simultaneous hydrogen production. Carrying out the
process at pH 7 in 0.1 M glucose aqueous solution allows to convert the
biomass in formic acid with a good Faradic efficiency (44% and 55% for
0.75%w and 50%w NTs respectively) with part of the anodic current
being also employed to produce gluconic acid. Hydrogen is produced at
the cathode with a FE of 100%. Conversely, the best results starting with
fructose containing solution are obtained at pH 2, where the reaction has
a high selectivity toward gluconic acid whose production occurs with a
Faradic efficiency of 24% and 20.3% for 0.75%w and 50%w NTs
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respectively.

These results suggest that glucose and fructose photoelectrochemical
oxidation follows a different path. PEC oxidation of glucose to GA and
FA on TiO, NTs photoanode starts with the generation of holes due to
light absorption. The holes can oxidize water to form adsorbed ¢OH
radicals, which in turn can oxidize the biomass (Fig. 8). According to
previous results reported in the literature [4,16,37,68-72], a first
adsorption step is necessary for biomass oxidation and, thus, the
oxidation reaction rate as well as the products depend on how strong the
biomass adsorption is (Fig. 9). The adsorption of glucose on TiO, surface
is affected by the electrolyte pH, since the excess surface charge on TiO5
depends on the pH of the solution with respect to the pH of zero charge,
that for anodic TiO; is around 5.8 [73]. Surface hydroxyl groups are
present on TiO3 in aqueous solution, and they are involved in superficial
ionization equilibria that can be described according to Equations (8)
and (9):

— TiOH; «— — TiOH + H* (€)]

— TiOH «— — TiO~ + H* (C)]

where -TiOH represent an hydroxyl group on titanium oxide surface (i.e.
titanol surface group). Thus, taking into account the pH of zero charge
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for titania, we expect that the surface species are -TiOH3 in acidic so-
lution, -TiOH in neutral solution and -TiO— in alkaline conditions.

Glucose molecule (RHCOH) can be adsorbed on the catalyst through
hydrogen bond (indicated as ---). The adsorption reaction can be
expressed by Equation (10):

— TiOH + RHCOH «— — TiOH---OHCHR (10)

As reported in Ref. [68], the pyranose oxygen of the cyclic form of
glucose (Fig. 9) can strongly affect the hydroxyl group at C; due to the
shortest distance, therefore the strength of hydrogen bond between
-TiOH and the hydroxyl group at C; is much larger than those between
-TiOH and other hydroxyl groups. Thus, we could assume that a glucose
molecule can be adsorbed mainly at TiO, surface by the hydroxyl group
at C;. As soon as irradiation generates electron-hole pairs, electrons are
transported by the electric field (due to the band bending) toward the
cathode through the external circuit where they allow HER. The holes in
the valence band can oxidize water to produce hydroxyl radicals on the
TiO, surface, i.e. TIOH"-. Adsorbed glucose (electron donor) is oxidized
by these species at C;, as shown in Equation (11):

—TiOH e + RHCOH «— — TiOH, + RC ¢« OH 1n

The formed RCeOH can react further with water and the hydroxyl
radicals to produce GA. Subsequently, the Cs—O bond is split by hy-
drolysis, and then the GA is formed through desorption from the pho-
toanode in agreement with previous findings reported in the literature
[37]. Gluconic acid would react further with hydroxyl radicals so that Cs
compounds with formic acid are formed. Since there is no evidence of Cs
compounds among the products, these compounds are presumably
converted to C4 compounds by the further attack of radicals, followed by
the formation of C3 compounds, and so on. Finally, carbon dioxide may
be the mineralization product for the photoelectrocatalytic degradation
of glucose explaining the presence of only GA, FA and COs.

Notably, the fraction of titania where glucose is adsorbed depends on
the pH due to effect on the excess charge on titania surface as well as on
the possibility to find glucose in ionic form. Indeed, pKa of glucose is
about 12.3 [72]. When the pH < pKa, glucose in the solution is mainly in
molecular form, while in alkaline condition, it can dissociate into
RHCO™, which can be adsorbed on TiO, through hydrogen bonds. Due
to the negative charge of the dissociated form, RHCO™ captures holes
more efficiently than the molecular form. However, with increasing pH
the surface of titania is negatively charged, hence electrostatic repulsion
between TiO™ and RHCO™ increases slowing down the formation rate of
glucose oxidation products. This explains why the highest faradic effi-
ciency of glucose oxidation is measured at pH 7, i.e. in a neutral solution
not so far from the pH of zero charge.

A different behaviour is observed with fructose that shows the
highest faradic efficiency in products other than oxygen at pH 2. It is
likely that the adsorption of fructose on TiO; surface is weaker than that
of glucose in agreement with DFT calculation of the adsorption energy
for both sugars [71] with a negative impact on the kinetic of fructose
oxidation.

5. Conclusions

Photoelectrochemical Hy and HVA production in PGM-free cells via
glucose and fructose photo-oxidation at various pH was investigated
using TiO, nanotubes on Ti felt with different features as the photoanode
and Ni foam as the cathode, with working areas of 90 cm? and 180 cmz,
respectively. Photoelectrocatalytic tests in biomass containing solutions
showed that their presence enhanced the Hy production rate up to 0.933
pmol h-! mW-! and ~100% of faradic efficiency (FE), with the formation
of valuable oxidation products such as gluonic acid and formic acid up to
0.565 pmol h-! mW-! and FE of 25% and 55% respectively.

Notably, this study demonstrated that the PEC oxidation of glucose
and fructose using TiO2 NT photoanodes is a promising approach for
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producing hydrogen and high-value-added chemicals under mild con-
ditions. The findings highlight the importance of optimizing NTs syn-
thesis conditions and pH reaction medium to enhance PEC performance
and product selectivity. Moreover, both the photoanode and cathode
demonstrated high mechanical and chemical stability, allowing reus-
ability under the reaction conditions.
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