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� Photoelectrocatalytic H2, DHA, and

GA production by glycerol reform-

ing were studied.

� TiO2 NTs on Ti foil or Ti fiber felt,

and Pt-free Ni foam were used as

photoanode and cathode

respectively.

� H2 faradaic efficiency of 100% was

obtained.

� Electrodes were reused for each

test showing good mechanical

properties and photostability.
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a b s t r a c t

The photo-oxidation of glycerol was carried out by using TiO2 NTs photoanodes and Ni

foam as the cathode for the Hydrogen Evolution Reaction. The photoanodes were prepared

by anodizing Ti foils and titanium felt and then annealed under air exposure. They were

tested in acidic aqueous solution without and with the addition of glycerol. When glycerol

was present, the hydrogen production rate increased and allowed the simultaneous pro-

duction of high value added partial oxidation compounds, i.e. 1,3-dihydroxyacetone (DHA),

and glyceraldehyde (GA). The highest H2 evolution and partial oxidation compounds pro-

duction rates were obtained by using home prepared TiO2 nanotubes (TiO2 NTs) synthe-

sized on Ti fiber felt as the photoanode with an irradiated area of 90 cm2. These

photoanodes were found to be highly stable both from a mechanical and a chemical point

of view, so they can be reused after a simple cleaning step.
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1. Introduction

In recent years, the depletion of non-renewable resources,

climate changes, and local pollution are dramatically chang-

ing themethods of energy generation. Among them, hydrogen

production is one of the options in the decarbonization of

chemical processes [1e5]. Moreover, themanufacture of green

hydrogen via water electrolysis is the way to transition from

the consumption of fossil fuels to the clean energy of the

future [6,7]. Indeed, it is linked to solar and wind energy pro-

duction that far exceeds the global energy demand today and

in any future scenario. Moreover, it is the only zero-carbon

option for hydrogen production, as Carbon Capture and

Storage (CCS) has at the best efficiency of 85%e95% [8,9].

However, there are still some challenges that need to be

addressed to make it sustainable from an economic and

environmental point of view. For instance, one of them is the

use of Platinum Group Metal (PGM) free catalysts, since Pt

manufacturing is energy demanding and responsible for

greenhouse gases emission. Others are the improvement of

the kinetics of the Oxygen Evolution Reaction (OER) anode

side, and the minimization of the energy consumption of the

overall system [10e13]. Indeed, OER is a slow reaction that

needs a very high overvoltage to be activated even in the

presence of catalysts and poses several restrictions in catalyst

selection due to the very positive operating voltage which

could cause very severe corrosion issues at this electrode

[14e16].

Adding in the solution species that can competewithwater

oxidation and have a less demanding kinetic can be an

effective strategy tominimize the overall energy consumption

during the electrolysis [17e20]. Biomass is a good candidate

since the corresponding oxidation products could be high-

value-added molecules that find application as in-

termediates for plastics, pharmaceuticals, and textiles

[20e27].

The catalytic oxidation of glycerol, a surplus byproduct of

biodiesel production, has received increasing attention due to

the significant applications of its oxygenated compounds,

such as aldehydes, ketones, and carboxylate species [28e30].

Among the products, 1,3-dihydroxyacetone (DHA) is one of

the most valuable since it is widely used in cosmetic, phar-

maceutical, fine chemical, and food industries. The price of

DHA is ~US $150 per kg, whereas the prices of crude and

refined glycerol are much lower (US $0.11 and US $0.66 per kg,

respectively), making catalytic production of DHA from glyc-

erol an economically attractive method [31,32].

Generally, the industrial production of DHA starting from

glycerol is mainly based on a thermocatalytic oxidation pro-

cess, which employs costly noble-metal catalysts (such as Pt,

Au, Pd) with exogenous oxidants (e.g., O2, H2O2) and severe

reaction conditions [33e35]. Recently, to convert glycerol to

DHA under mild conditions an electrocatalytic method,

ideally sustainable if a renewable energy source (e.g., solar

energy, wind) is selected to supply the electricity, has been

proposed [36]. However, noble metals such as Pt and Pd are

still needed to obtain high selectivity toward DHA.

Moreover, a way to minimize energy consumption can be

the use of light as a source of energy. For example,
photoelectrocatalysis, which couples photocatalysis (PC) and

electrocatalysis (EC), is based on semiconductor photo-

electrodes irradiated by light with suitable energy (higher or

equal to that of its band gap) and contemporaneously biased

by an electrical potential [37,38]. Therefore, there is a photo-

anode where the anodic half-cell reaction can occur and a

cathode where the reduction half-cell reaction takes place

[39e46]. This method represents a sustainable and energy-

saving way for the production of value-added chemicals by

partial oxidation of cheap organic molecules and simulta-

neously promotes the cathodic H2 production [47,48]. The se-

lection of a photoanode with a suitable valence band (VB)

potential is very important to enhance the selectivity towards

DHA, while Pt-based cathodes are usually employed to get a

good H2 evolution rate with low overvoltage [24,49e52].

Although various semiconductors have been tested as

photoanode, TiO2 is the most widely employed photocatalyst

because it is cheap and photostable. Consequently, these

electrodes can be used many times without being damaged,

and the recovery of the catalyst from the reaction medium is

very easy [53e56].

In their work, Cetinkaya et al. [36] studied the PEC oxida-

tion of glycerol by using different TiO2 geometries, obtaining

glycerol conversions up to 37% and selectivity toward DHA

and GA of 6% and 13% respectively after 3 h of reaction using

TiO2 NTs, and applying 1.5 V vs Ag/AgCl. Luo et al. [33] ach-

ieved high-selective PEC oxidation of glycerol to DHA by using

a Bi2O3/TiO2 photoanode, obtaining a glycerol conversion rate

of up to 228 mmol m�2 h�1 at 1.0 V vs RHE and selectivity to-

wards DHA up to 75.4%with a faradaic efficiency (FE) of 62.2%.

In this work, hydrogen production by glycerol photo-

reforming and water splitting on TiO2 nanotubes photo-

anode was studied with a specific focus on electrode surface

engineering to enhance the hydrogen evolution rate and

evaluate the faradaic efficiency (FE) towards DHA and glycer-

aldehyde (GA) production. The photoanode was prepared by

anodizing Ti foil or Ti felts with a high specific surface area

further enhanced by TiO2 NTs. PGM-free cathodes were used

as a low-cost alternative compared to the noble metal-based

catalysts and they were able to overcome possible poisoning

effects due to the presence of organic species [57].
2. Experimental

2.1. Electrodes preparation

Previous studies [58e60] showed that TiO2 NTs photoanodes

can be prepared by anodizing processes. Titanium foils (Sigma

Aldrich, purity >99.7%) with 0.127 mm thickness or Titanium

fiber felt (Fuel cell store) with 0.2e0.3 mm thickness were

properly cut and etched, 15 or 5 s, respectively, in a mixture of

hydrofluoric acid (Sigma Aldrich, purity 39.5%), nitric acid

(Sigma Aldrich, purity 69.0%) and deionized water with a

volume ratio of 1:1:3. Then, theywere cleaned by sonication in

acetone and ethanol for 5 min each, rinsed with deionized

water, and dried in air. TiO2 NTs were formed in ethylene

glycol (Aldrich, 99.8% anhydrous) solution containing 0.25 wt

% NH4F (Sigma Aldrich) and 0.75 wt% deionized water. The

anodizing process was carried out in a two-electrode cell
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configuration, by using aluminum foil as the cathode. The

potential was kept constant during anodizing at 45 V for 5, 10,

or 20 min. After that, a thermal treatment was performed to

induce the crystallization of the TiO2 NTs. In particular, to

optimize the synthesis procedure, the layers were heated in

air to 450 �C for 3 h or 550 �C for 12 h respectively, and left to

cool inside the oven. A relatively low annealing time was

chosen to have a thin and not very blocking thermally induced

titanium oxide layer between the bare titanium and the

nanotubes.

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

2.2. Characterizations

Thermodynamics and kinetics of the partial oxidation of

glycerol were studied through cyclic voltammetry in 0.5 M

Na2SO4 (Sigma-Aldrich, �99%) aqueous solution without and

with 0.1 M glycerol (Sigma-Aldrich, �99.5%) concentrations.

The pH was adjusted to 2 by adding H2SO4 (Sigma-Aldrich,

97%) dropwise. Cyclic voltammetry was recorded between

0 and 2 V vs Ag/AgCl, by using a three-electrode cell configu-

ration with Pt mesh as the working and counter electrode and

Ag/AgCl/3.5 M KCl as the reference one. The scan rate was

5 mV/s and a Parstat 2263 potentiostat was used.

Scanning electronmicroscopy (SEM) images were obtained

by using a FEI Quanta 200 ESEMmicroscope operating at 30 kV.

An electron microprobe used in an energy dispersive mode

(EDX) was employed to obtain information on sample

composition.

X-Ray diffraction (XRD) patterns of the photoanodes were

acquired at room temperature by a PANalytical Empyrean

diffractometer equipped with a PIXcel1D (tm) detector work-

ing at a voltage of 40 kV and a current of 40 mA and using the

CuKa radiation and a 2q scan rate of 3�/min.

Raman spectra were collected by a Raman Microscope

coupled with a Leica DMLM microscope. The laser has been

focused on the sample by a 5�magnification lens to obtain an

analyzing spot diameter of around 50 mm, with a maximum

laser power of 133 mW. Only the 10% of maximum power has

been used in these measurements, the power was reduced by

holographic filters, three for each sample, and the spectra

have been recorded using a 532 nm laser coupled with 2400

lines per millimeter grating resulting in a spectral resolution

equal to 0.5 cm�1. Every measurement consists of two

accumulations.

For the photoelectrochemical measurements, TiO2 NTs on

Ti felt photoanode was used as the working electrode in a

three-electrode configuration cell, a Pt wire was used as the

counter electrode, and a silver/silver chloride (Ag/AgCl/sat.

KCl) was employed as the reference electrode. 0.5 M Na2SO4

aqueous solution was used as the electrolyte, and the pH was

adjusted to 2 by adding H2SO4 dropwise [31].

Electrochemical Impedance Spectroscopy (EIS) measure-

ments were carried out using a Parstat 2263 potentiostat

equipped with an Impedance Analyzer connected to the cell.

The impedance spectra were recorded in the range 10 kHz -

0.1 Hz at 25 �C and an ac amplitude of 10 mV. Before each

measurement, the cell was stabilized for at least 15min under

irradiation. The data analysis and equivalent circuit fitting
were carried out through a Power Suite and ZSimpleWin

software.

2.3. Photoelectrocatalytic tests

Photoelectrocatalytic tests were carried out by using TiO2 NTs

as photoanode, Ni foam as cathode, and Na2SO4 as the elec-

trolyte. The pH was 2 (adjusted with H2SO4) and the applied

potential between the photoanode and cathode was 1 V. The

glycerol initial concentration was in the range of 0e0.5 M.

The reaction was carried out in the undivided glass cells

shown in Fig. 1 with a two electrodes configuration. As far as

the irradiation is concerned, a Hgmedium-pressure lampwith

a maximum near-UVwavelength of 365 nm (125W) was used.

The photoanodes and the cathodewith 24 cm2 (irradiated) and

8 cm2 surface, respectively were used to determine the TiO2

NTs on Ti foil performances by varying the synthesis condi-

tions, i.e., anodization time and thermal treatment. After this

optimization, the best sample was tested by scaling up the

photoanodes and the cathode surface up to 90 cm2 (irradiated)

and 180 cm2, respectively. Moreover, improvements were

obtained by using Titanium fiber felt as support instead of

Titanium foil and increasing the glycerol initial concentration.

A Parstat 2263 (PAR) equipped with the facilities for Elec-

trochemical Impedance Spectroscopy (EIS) was used to con-

trol the cell potential and to collect kinetic data of both anodic

and cathodic processes.

Before each run, Helium was bubbled under stirring in the

dark for 30 min in the glycerol aqueous solution, both to

remove oxygen from the system and to saturate the elec-

trode's surface by the substrate, then the reactor was closed,

and the lamp switched on. Runs were carried out for 5 h at

room temperature by circulating water in the reactor cooling

jacket.

The photoanode was reused after sonication with acetone

and water for 5 min each to remove any residues of glycerol,

while Ni foamwas cleaned by sonication for 5 min in 1 M HCl.

2.4. Analytical techniques

The identification and quantification of glycerol and reaction

intermediates were performed by using a Thermo Scientific

Dionex UltiMate 3000 HPLC equipped with a Diode Array de-

tector and a REZEK ROA Organic acid Hþ column. Gaseous

species accumulated in the reactor headspace were analyzed

by an HP 6890 Series GC system equipped with a Supelco GC

60/80 CarboxenTM-1000 packed column and a thermal con-

ductivity detector.

For DHA, GA, and CO2, the faradaic efficiency was calcu-

lated through Eqn. (1):

Faradaic efficiencyi ½%� ¼Amount of product i formed ½mol�
Q ½Couloumb�

z F ½Couloumb=mol
�

x 100

(1)

where.

- i is the formed product

- Q is the circulated charge
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Fig. 1 e Pictures of a) PEC system with a photoanode irradiated area of 90 cm2 and b) magnification of photoanode and

cathode layout.
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- z are the electrons exchanged, that are equivalent to the

number of holes shown in Eqns. (2) and (3)

- F is the Faraday constant of 96,485 [Couloumb/mol]
3. Results and discussion

A preliminary electrochemical investigation was carried out

to obtain information about the kinetic of glycerol oxidation in

aqueous solution. Fig. 2a shows the cyclic voltammetry

recorded in glycerol-free and glycerol-containing 0.5 M

Na2SO4 solution at pH 2 by using a Pt mesh as the working

electrode. The Faradaic current, attributed to the glycerol

oxidation, starts to circulate by increasing the potential to-

ward the positive direction (see inset of Fig. 2a). Indeed, in

glycerol-free solution the onset potential for the circulation of

a Faradaic current (due to OER) is higher, suggesting that

glycerol oxidation is kinetically favorable.

This finding is also supported by the EIS spectra recorded in

0.5 M Na2SO4 at pH 2 without (Fig. 2c and d) and with the

addition of glycerol (Fig. 2e and f).

In Table 1 are reported the parameters of the equivalent

circuit in Fig. 2b, related to the EIS spectra shown in Fig. 2cef.

Rs is the solution resistance, Rct is the charge transfer resis-

tance, and QDL,el accounts for the double-layer capacitance.

Rs and QDL,el are practically the same as the potential varies

and are not affected by the presence of glycerol. A very high

charge transfer resistance (in the order of 105 U cm2) was
estimated at the equilibrium potential for oxygen evolution

(i.e. ~ 0.9 V vs Ag/AgCl) and at an evenhigher potential (1.1 V vs

Ag/AgCl) in the absence of glycerol (Table 1a). Conversely,

when glycerol is present in the electrolytic solution, at the

lowest potential values, its oxidation allows lower charge

transfer resistance. On the contrary, at higher potentials, in

the presence of glycerol and its partial oxidation products,

higher charge transfer resistance and lower current density

occur, probably due to their strong adsorption on the Pt sur-

face (see Fig. 2a).

3.1. Photoanode preparation

Fig. 3 shows the SEM images of TiO2 NTs after anodizing and

thermal treatment. The micrographs clearly show the suc-

cessful formation of a large array of TiO2 NTs (Fig. 3a and b)

with an average length range of ~350 nme~1.22 mm when the

anodization time increases from 5 to 20 min, respectively.

These results agree with previous studies on flat titanium

sheets [58]. Conversely, NTs length is not affected by the time

and temperature of thermal treatment (i.e. 3 h at 450 �C (Fig. 3c

and d) and 12 h at 550 �C (Fig. 3e)) or the use of Ti felt instead of

Ti foil (Fig. 3f and g respectively).

XRD patterns in Fig. 4 show peaks related to TiO2 anatase

and rutile phases and bare titanium [61]. As shown in Fig. 4a, a

more evident peak of the rutile phase is present when the

thermal treatment was carried out at a higher temperature

and longer time in agreement with previous results reported

https://doi.org/10.1016/j.ijhydene.2023.08.011
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Fig. 2 e Cyclic voltammetry using Pt as the counter and the working electrode, recorded at 5 mV/s without and with 0.1 M

glycerol in 0.5 M Na2SO4 and pH 2, black and red lines respectively. EIS spectra recorded without, and 0.1 M glycerol are

reported in c) - d) and e) e f) respectively. Spectra recorded at (C) 0.9, (A) 1.1, (:) 1.3, and (x) 1.5 V vs Ag/AgCl were fitted

using the equivalent circuit shown in b).
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Table 1ae Fitting parameters of EIS spectra recorded in 0.5 MNa2SO4 at pH 2 using Ptmesh as the counter and theworking
electrode recorded at various potentials without glycerol.

Applied potential [V vs ag/AgCl] Rs [U cm2] Rct [U cm2] QDL,el [S sn cm�2] n c square [adm]

0.9 3.99 1.06$105 9.95$10�5 0.887 7.23$10�4

1.1 4.2 1.11$105 1.05$10�4 0.921 1.43$10�3

1.3 4.1 446 1.4$10�4 0.898 4.52$10�3

1.5 3.89 101 1.94$10�4 0.853 8.53$10�3

i n t e r n a t i o n a l j o u rn a l o f h y d r o g e n en e r g y 4 9 ( 2 0 2 4 ) 3 2 2e3 3 6 327
in the literature [62]. According to previous works, due to the

annealing treatment following the anodizing process, two

phenomena occur simultaneously. Amorphous TiO2 of the

nanotubes becomes anatase, while at the titanium/nanotube

interface, a thermal oxidation process occurs involving the

not anodized substrate to form rutile. The latter allows also a

strong adhesion between the NTs and the metallic substrates.

A thermal treatment at 450 �C under air exposure for 3h in-

duces the formation of 140 nm thick rutile layer. Moreover, the

tubewallmainly consists of anatase crystalswith a cylindrical

shape that can be several hundred nanometers long in the

direction of the nanotube axis [63,64].

No evident TiO2 peaks were detected for NTs synthesized

on Ti felt, only a small peak at ~40� related to Ti is present,

probably due to the different orientations of the nanotubes

along the Ti felt fibers.

Raman spectra in Fig. 5 show characteristic bands of

anatase at 144 cm�1, 196 cm� 1, 397 cm� 1, 513 cm� 1, and

639 cm� 1 and rutile at 447 and 612 cm�1 [65]. As confirmed by

XRD patterns in Fig. 4 rutile phase appears by increasing

temperature and time of the thermal treatment [24], while no

differences were observed using Ti felt as substrate. A slight

shift in the peak at ca. 144 cm�1 can be noticed for some of the

samples ascribable to the presence of oxygen vacancies in the

TiO2 structure [66].

Photoelectrochemical measurements were carried out to

study the electronic properties of the photocatalysts. The

photocurrent spectrum (i.e. photocurrent vs wavelength

curve) recorded in 0.5 M Na2SO4 at pH 2 at 0.5 V vs Ag/AgCl

reported in Fig. 6a shows a maximum photocurrent value at

ca. 320 nm. By assuming non-direct optical transitions, it is

possible to estimate an optical band gap value, Eg, by extrap-

olating to zero (Qph$hn)
0.5 vs hn plot (see Fig. 6b. Eg is 3.05 eV,

lower than that reported for anatase (i.e. 3.2 eV, [58,67]). This

finding can be due to optical transitions related to the pres-

ence of allowed localized states inside the gap. Indeed, ther-

mal treatment induces the formation of a sub-stoichiometric

oxide TiO 2-x with oxygen vacancies responsible for the pre-

viously mentioned localized states. Current transients were

recorded under monochromatic irradiation (l ¼ 320 nm) at

several constant potentials. The photocurrent was measured
Table 1be Fitting parameters of EIS spectra recorded in 0.5 MN
electrode recorded at various potentials with 0.1 M glycerol.

Applied potential [V vs ag/AgCl] Rel [U cm2] Rct [U cm

0.9 4.13 9740

1.1 3.97 6505

1.3 3.96 1028

1.5 3.93 180
by manually stopping the irradiation at applied potential

varying from 1 to �0.75 V vs Ag/AgCl (see Fig. 6c). An anodic

photocurrent was measured confirming the n-type semi-

conductor behavior of the oxide, and the photocurrent was

zero at ~�0.75 V vs Ag/AgCl, that can be therefore assumed as

an estimate of the flat band potential, Vfb. This value is more

cathodic if compared to other results reported in the literature

[67] in agreement with a high concentration of oxygen va-

cancies whose presence generates an empty allowed localized

state close to the conduction band edge [68].

3.2. Photoelectrochemical tests

Several TiO2 NTs photoanodes were prepared by changing the

anodizing time (and consequently the NTs length) and the

thermal treatment temperature. Their activity was evaluated

in aqueous solutions without and with the addition of glyc-

erol. The analysis of the reactionmixture composition and the

gaseous stream produced at the anode provided information

about the obtained products with specific interest to those

derived by glycerol oxidation. Among them, it was possible to

identify DHA, GA, and CO2 corresponding to the following

half-cell reactions in Eqns. (2) and (3):

Ox : C3H8O3 þ 2 hþ / C3H6O3 þ 2 Hþ (2)

Ox : C3H8O3 þ 3 H2Oþ 14 hþ / 3 CO2 þ 14 Hþ (3)

Table 2 summarizes the results obtained by using a pho-

toanode irradiated surface of 24 cm2. As it can be noticed, in

the same experimental conditions, the addition of glycerol

enhances the measured photocurrent by ~30%, thus suggest-

ing that glycerol photo-oxidation occurs in parallel with oxy-

gen evolution. Notably, the enhanced photocurrent due to

glycerol oxidation resulted in a higher H2 production.

As suggested by the data of Table 2, the optimum NTs

performance in terms of measured photocurrent corresponds

to the anodizing time of 10 min at 45 V and thermal treatment

of 3 h at 450 �C. On the other hand, maintaining the same

anodization conditions, the raising of time and temperature of

the thermal treatment does not improve the photoanode

performance. It is also interesting to mention that the
a2SO4 at pH 2 using Ptmesh as the counter and theworking

2] QDL, el [S sn cm�2] n c square [adm]

1.04$10�4 0.918 0.0259

1.03$10�4 0.949 0.0284

1.07$10�4 0.945 0.0316

1.2$10�4 0.9225 0.0364
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Fig. 3 e SEM pictures of TiO2 NTs synthesized at different conditions. a), b) anodization step (AS) 5 min at 45 V, thermal

treatment (TT) of 3 h at 450 �C on Ti foil. c) AS 10 min at 45 V, TT of 3 h at 450 �C on Ti foil. d) AS 20 min at 45 V, TT of 3 h at

450 �C on Ti foil. e) AS 10 min at 45 V, TT of 12 h at 550 �C on Ti foil. f), g) AS 10 min at 45 V, TT of 3 h at 450 �C on Ti felt.
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amounts of DHA and GA produced during the overall process

in 5 h are not strongly dependent on the NTs features.

After this preliminary screening, larger photoanodes (the

irradiated area has been increased from 24 cm2 to 90 cm2)

were synthesized (10min at 45 V and thermal treatment of 3 h

at 450 �C) to better collect the light irradiation on both Ti foil

and Ti felt. The cathode surfacewas also increased from 8 cm2

to 180 cm2 to allow a better distribution of the current lines

and to reduce the cathodic current density and thus the cor-

responding necessary overvoltage. The measured photocur-

rent increased by ~4.3 timeswith Ti foil and by ~6.5 timeswith

Ti felt (see Table 3). In the attempt to enhance the glycerol

mass transfer inside the NTs of Ti fiber felt, the initial glycerol

concentration was increased up to 0.5 M, resulting in Iph up to

82.8 mA (Table 3), while further increasing of the biomass
concentration did not provide Iph enhancement. The

maximum H2 amount was 7.72 mmol after 5h of reaction.

Based on the experiments carried out using Ti felt as

photoanode and an initial glycerol concentration of 0.1 M,

after 5 h of irradiation glycerol conversion is ~13.6%, with a

selectivity of 6.7% towards DHA and 19.8% towards GA. Since

this is a photoelectrochemical process, we expect that the

longer is the polarization the higher will be the conversion.

Table 4 summarizes the DHA, GDA, and H2 production rate,

normalized for incident photonic flux as well as the faradaic

efficiency to allow a comparison with the previous results

reported in the literature. The H2 production rate normalized

for both the incident photon flux and the photoanode area is

one order of magnitude greater than that reported in other

works.
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Fig. 4 e XRD patterns of TiO2 photoanodes synthesized at different conditions: a) anodization step (AS) 10 min at 45 V,

thermal treatment (TT) of 12 h at 550 �C on Ti foil, b) AS 20 min at 45V TT of 3 h at 450 �C on Ti foil, c) AS 10 min at 45V TT of

3 h at 450 �C on Ti foil, d) AS 5 min at 45V TT of 3 h at 450 �C on Ti foil and e) AS 10 min at 45V TT of 3 h at 450 �C on Ti felt.
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In an attempt to explain these results, the energetic sketch

of the TiO2 NTs-electrolyte interface was built (see Fig. 7). The

location of characteristic energy levels of the junction (Fermi

level, EF, conduction, and valence band edges) was carried out

by considering the flat band potential derived from the

photocurrent vs potential plot at 320 nm (Fig. 6c). Indeed, it is

possible to locate semiconductor Fermi level, EF, by knowing

the flat band potential, VFB, according to Eq. (4) [69].
Fig. 5 e Raman spectra of TiO2 photoanodes synthesized at

different conditions: a) anodization step (AS) 10 min at

45 V, thermal treatment (TT) of 12 h at 550 �C on Ti foil, b)

AS 5min at 45V TT of 3 h at 450 �C on Ti foil, c) AS 10min at

45V TT of 3 h at 450 �C on Ti foil, d) AS 20 min at 45V TT of

3 h at 450 �C on Ti foil and e) AS 10 min at 45V TT of 3 h at

450 �C on Ti felt.
EF ¼ � jejVfb þ jejVref (4)
where Vref is the potential of the reference electrode used in

the photoelectrochemical measurements.

After the location of the conduction band edge of oxide

around 0.2 eV above EF (in agreement with the semiconductor

behavior of TiO2 NTs), the valence band edge was determined

by considering the estimated band gap mentioned above.

The high oxidizing capacity of the formedholes at themetal

oxide electrolyte interface can be attributed to the distance

between the valence band edge and the redox potential for

glycerol and water oxidation, of 1.3 eV and 1.1 eV respectively

(see Fig. 7). This can allow both water photo splitting and

biomass photo reforming.Moreover, despite the low selectivity

toward DHA and GA, the production rate of these high-value-

added products is comparable to those reported in [33],

where the formation of a Bi2O3/TiO2 heterojunction allows to

reduce the potential of the photogenerated holes and thus to

reduce OER and glycerol mineralization to CO2 (see Eqn. (3)).

These photoanodes are very stable both from a chemical

and a mechanical point of view. Indeed, they were used for at

least 10 runs (each run lasted 5 h) without suffering any

damage or poisoning effect thanks to the mechanical prop-

erties of the titanium support and to the absence of Pt and/or

Pt groupmetals which are very sensitive to the presence of CO

species. Moreover, no appreciable changes were detected in

their morphology, structure, and composition according to

SEM, Raman, XRD analyses and measured photocurrent after

the experiments (see supplementary information).

Fig. 8 shows EIS spectra recorded in 0.5 MNa2SO4 at pH 2 by

applying 1 V between the anode and cathode, using TiO2 NTs

as theworking electrode andNi foam as the counter electrode.

Fig. 8a and b shows EIS spectra recorded using TiO2 NTs

sample on Ti foil, glycerol concentration of 0.1 M with and

without UV irradiation, respectively. Fig. 8 c and d show EIS
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Fig. 6 e a) Photocurrent spectra of TiO2 NTs on Ti felt recorded in 0.5 M Na2SO4 at pH 2 and applied potential of 0.5 V vs Ag/

AgCl, the respective (Qph·hn)
0.5 vs hn plot is shown in b). Current transient under monochromatic light recorded at 320 nm

and applied potential from 1 to ¡0.75 V vs Ag/AgCl with a step of 0.25 V are reported in c), respective photocurrent vs time

plots recorded at 1 and -0.75 V vs Ag/AgCl are reported in the inset.
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spectra recorded using TiO2 NTs sample on Ti felt with and

without UV irradiation, respectively, and glycerol concentra-

tions of 0.1 M, 0.5 M, and without glycerol. All spectra were

fitted using the equivalent circuit shown in Fig. 8e, where Rs is
Table 2e Results of the tests executed using TiO2 NTs on Ti foil
irradiated surface was 24 cm2. TT ¼ thermal treatment step, Ip
dihydroxyacetone, GA ¼ glyceraldehyde. The reaction time of

Anodizing conditions 10 min at 45 V 10 min at 45 V

TT 3 h at 450 �C 3 h at 450 �C
Glycerol concentration [M] 0 0.1

Iph [mA] 9.44 12.3

DHA [mmol] 3.54$10�2

FE DHA [%] 3.09

GA [mmol] 3.62$10�2

FE GA [%] 11.7

CO2 [mmol] 5.65$10�3

FE CO2 [%] 3.47

H2 [mmol] 0.88 1.15
the solution resistance, Rct is the charge transfer resistance,

QSC, el accounts for the capacitance of the n-type SC TiO2, and

CBrug is the TiO2 capacitance calculated by the Brug formula in

Eqn. (5) [72].
varying the photoanode synthesis conditions, photoanodes

h ¼ photocurrent, FE ¼ Faradaic efficiency, DHA ¼ 1,3-
each test was 5 h.

5 min at 45 V 20 min at 45 V 10 min at 45 V

3 h at 450 �C 3 h at 450 �C 12 h at 550 �C
0.1 0.1 0.1

3.88 11.1 7.78

3.3$10�2 3.5$10�2 3.16$10�2

9.16 2.37 2.18

3.5$10�2 3.9$10�2 3.08$10�2

9.68 3.81 4.26

2.3$10�5 3.3$10�3 3.7$10�3

0.045 2.09 3.59

0.362 1.03 0.726
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Table 3 e Results of the tests executed using TiO2 NTs on Ti foil and Ti felt, obtained through an anodization step of 10min
at 45 V and a thermal treatment step of 3 h at 450 �C. Photoanodes irradiated surface was 90 cm2, Iph ¼ photocurrent, FE ¼
Faradaic efficiency, DHA ¼ 1,3-dihydroxyacetone, GA ¼ glyceraldehyde. The reaction time of each test was 5 h.

Substrate Ti foil Ti foil Ti felt Ti felt Ti felt

Initial glycerol [M] 0 0.1 0 0.1 0.5

Iph [mA] 41.7 53.3 50.0 80.5 82.8

DHA [mmol] 0.184 0.218 0.36

FE DHA [%] 3.12 2.74 3.39

GA [mmol] 0.518 0.605 0.493

FE GA [%] 10.4 8.07 6.39

CO2 [mmol] 7.62$10�2 0.141 0.15

FE CO2 [%] 10.7 13.2 13.6

H2 [mmol] 3.89 4.97 4.66 7.51 7.72

Table 4 e H2, DHA, and GA production rate related to incident photon flux and photoanode found in this work and
comparison with data found in the literature.

Ref. [70] [71] [33] This work

Photoanode BiVO4 NiOx(OH)y/W:BiVO4 Bi2O3/TiO2 TiO2

Cathode Pt Pt Ni foam

Electrolyte Glycerol 2 M Glycerol 0.1 M Glycerol 0.1 M Glycerol 0.1 M

0.1 M Na2B4O7 pH 9.4 0.5 M KBi pH ¼ 9.3 0.5 M Na2SO4 pH ¼ 2 0.5 M Na2SO4 pH ¼ 2

Applied bias 0.7 V vs RHE 1.2 V vs. RHE 2 V 1 V

Photoanode area [cm2] 4 e 7 90

Light source [mW cm�2] 100 100 100 10

DHA production rate [mmol h�1 mW�1] 4.2$10�2 13.8$10�2 17.2$10�2 4.84$10�2

GA production rate [mmol h�1 mW�1] n.a. 0 (0.1 in 0.5 M Na2SO4

electrolyte)

0.28 0.134

H2 production rate [mmol h�1 mW�1] 0.0833 0.40 0.155 1.67

Fig. 7 e Sketch of the energetic levels of the metal/oxide/electrolyte interface.
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Fig. 8 e EIS spectra performed in 0.5 M Na2SO4 electrolyte at pH 2 using TiO2 NTs on Ti foil or Ti felt and Ni foam as the

counter electrode. a) and b) show EIS spectra recorded using TiO2 nts on Ti foil without andwith UV irradiation, respectively,

and glycerol concentration of (-) 0.1 M, and (:) without glycerol. c) and d) show EIS spectra recorded using TiO2 NTs on Ti

felt without and with UV irradiation, respectively, and glycerol concentration of (-) 0.1 M, (A) 0.5 M, and (:) without

glycerol. All spectra were fitted using the model shown in e).

Table 5 e Fitting parameters of EIS spectra recorded using TiO2 photoanodes and Ni foam as the cathode. TiO2 NTs were
obtained through an anodization step of 10 min at 45 V and a thermal treatment step of 3 h at 450 �C. EIS spectra were
recorded in 0.5 M Na2SO4 at pH 2 by applying 1 V between the anode and cathode, results were obtained with and without
UVA irradiation.

Photoanode Rs [U cm2] Rct [U cm2] QSC, el [mS sn cm�2] n CBrug [mF cm�2] c square [adm]

TiO2 NTs on Ti foil

Glycerol 0 M Dark

83 5.1$105 8.0 0.916 4.09 1.88$10�2

TiO2 NTs on Ti foil

Glycerol 0 M Light

58 1644 46.0 0.674 2.62 6.92$10�3

TiO2 NTs on Ti foil

Glycerol 0.1 M Dark

49 6.49$106 11.4 0.911 5.48 1.04$10�2

TiO2 NTs on Ti foil

Glycerol 0.1 M Light

43 970 90.3 0.779 18.7 2.64$10�3

TiO2 NTs on Ti felt

Glycerol 0 M Dark

71 7.86$104 140 0.966 119 1.41$10�3

TiO2 NTs on Ti felt

Glycerol 0 M Light

61 1326 500 0.8068 216 1.78$10�3

TiO2 NTs on Ti felt

Glycerol 0.1 M Dark

33 1.48$105 150 0.957 118 1.13$10�2

TiO2 NTs on Ti felt

Glycerol 0.1 M Light

31 1070 480 0.796 163 2.02$10�2

TiO2 NTs on Ti felt

Glycerol 0.5 M Dark

61.2 1.86$105 130 0.967 110 3.3$10�2

TiO2 NTs on Ti felt

Glycerol 0.5 M Light

58.4 1074 460 0.796 182 2.85$10�2
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CBrug ¼Qð1=nÞ
SC;el

�
Rs Rct

Rs þ Rct

�ð1�nÞ
n

(5)

The parameters obtained by a best-fitting procedure are

reported in Table 5.

It is evident that light irradiation significantly affects the

behavior of the electrode/electrolyte interface. Indeed, the

charge transfer resistance (Rct) measured in the dark for all the

investigated photoanodes is very high and the best fitting

exponent n for the Qsc, el is close to 1, as expected for an almost

ideal n-type semiconductor, which results to be blocking to-

ward the electronic current. Notably, the capacitance calcu-

lated by the Brug formula shown inTable 5 depends on the kind

of photoanode and since the TiO2 layers were grown by the

same anodizing process and were subjected to the same ther-

mal treatment, the different capacitance can be attributed to a

different specific surface. Therefore, the real active surface of

TiO2 NTs grown on Ti felt is higher than that of the TiO2 NTs

grown on the foil. This is still true even after light irradiation in

agreement with the higher photocurrent measured by using

the felt.

Soon after irradiation, a significant reduction of Rct occurs

strictly linked to the enhanced photocarrier concentration

and in agreement with the higher capacitance. However,

under illumination, lower Rct and higher photocurrent were

measured in 0.1 M glycerol-containing solution than that

estimated in glycerol-free solution, indicating that the overall

reaction is less demanding from a kinetic point of view.
4. Conclusions

Photoelectrochemical H2 production in PGM-free cells by

water and glycerol photo-oxidation was studied using TiO2

NTs on Ti foil as photoanode and Ni foam as cathode with

working areas ranging from 24 to 90 cm2 and from 6 to

180 cm2, respectively.

Photoelectrocatalytic tests carried out in acidic aqueous

solutions revealed that the presence of glycerol allowed to get

an enhancement of the measured photocurrent resulting in a

higher H2 production rate and in the formation of high-value

added oxidation products (i.e. DHA and GA). The best results

were obtained with TiO2 NTs ~730 nm long annealed for 3 h at

450 �C. Consequently, photoanodeswith a higher surfacewere

prepared under the same conditions for better collecting light

irradiation.

Further improvements were obtained by using high specific

surface Ti fiber felt as substrate and increasing initial glycerol

concentration up to 0.5 M. A H2 production rate of

1.67 mmol h�1mW�1 was obtained resulting significantly higher

with respect to previous results reported in the literature.

Moreover, DHA and GA were also produced by the photo-

oxidation of glycerol even if with a faradaic efficiency lower

with respect to the value reported for functionalized TiO2

electrodes.

The obtained results are encouraging if it is also considered

that both photoanode and cathode can be used for a not

limited number of runs, due to their high mechanical and

chemical stability and reproducibility in the reaction

conditions.
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