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ABSTRACT: Solar hydrogen production currently employs pure water to prevent side reactions and damage to materials.
Nevertheless, pure water is an increasingly valuable resource, and alternative substrates are required. In this work, we investigated a
strategy for photoelectrochemical (PEC) solar hydrogen production from surfactant-rich wastewater. Sodium dodecyl sulfate (SDS)
was used as a test-surfactant because of (1) its large use in industrial and domestic applications and consequently relevant
concentration in wastewaters and (2) its potential suitability as a hole scavenger to enhance H, production. The working electrode of
the PEC cell was a Ti-doped hematite photoanode, fully characterized to obtain information about crystallinity, morphology, and
optical properties. Ongoing mineralization of SDS at the photoanode was characterized by the Gas Chromatographic (GC)
detection of CO,, with a radical-mediated oxidation mechanism revealed by fluorescence-based methods and Electrochemical
Impedance Spectroscopy (EIS). H, production with simultaneous SDS oxidation and oxygen evolution, at 2.15 V RHE applied
voltage, was quantified by GC. With a 1 cm? electrode, the production rate was 4.6 + 0.3 umol/h with a power saving efficiency (7,
with respect to dark conditions) of 0.3%. A scale-up to 16.8 cm? area resulted in 22 + 2 pmol/h with a 7 of 0.13%. These results
provide a proof-of-concept for the valorization of surfactant-rich wastewaters as solar H, substrates.

1. INTRODUCTION

Renewable energy sources, especially solar, are playing an

modifications to current technologies and the existing energy
grid.s’4 Through water electrolysis, the excess of solar energy,

increasingly key role in substituting for fossil fuels. As a matter
of fact, at the end of 2023, the global solar capacity accounted
for 37% of the total renewable energy capacity and showed the
greatest increase with respect to the previous year among
renewables." However, solar energy, like most of the green
energy sources, presents some issues, such as intermittence and
seasonal dependence. To overcome this, energy accumulation
systems are necessary. In such a way, the stored energy can be
used as soon as the source lacks. Up to now, batteries have
proved to be a viable solution for small-scale applications but
are more difficult to use at a larger scale.”” A possible solution
is to couple solar energy with hydrogen production from water
electrolysis (PV-EL). Hydrogen is considered one of the best
alternatives to fossil fuels because of its high specific
gravimetric energy density and versatility, which makes it
suitable for applications which may not require strong
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producing electrical current, is stored into the chemical bonds
of molecular hydrogen, which can then be used as a fuel to
provide energy whenever the renewable source is missing, or as
a chemical feedstock in those sectors that are still strongly
fossil fuel dependent.”® In this perspective, water splitting
through electrolysis is one of the most studied ways to produce
hydrogen, but the process has several limits, like difficult
kinetics, due to the slow water oxidation process and the poor
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Scheme 1. Schematic Illustration of a Three-Electrode Configuration PEC Cell for SDS Degradation and Hydrogen

Production
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scalability of benchmark materials. These limits make the
process quite expensive and difficult to scale up. Photo-
electrochemical cells (PEC), which are partially or completely
powered by sunlight, are a promising technology to tackle
these issues, showing good results while using low-cost
materials.” ™’

In view of a large-scale application of either the PV-EL or
the PEC technology, a further problem to consider is the
conflict-of-use of freshwater. In fact, freshwater is projected to
become an increasingly important resource, vital to sectors
ranging from agriculture to industry and domestic use. To
avoid this, an emerging idea in the field is that of using
alternative water sources for hydrogen production, such as
seawater'”'! or different kinds of wastewater. Among these,
pharmaceutical-containing effluents have been considered for
simultaneous water remediation and hydrogen production,'"”
while attempts have been made to attain urea-oxidation
assisted water electrolysis."”'> From the hydrogen production
perspective, a common issue in several of these studies is the
low concentration of the compounds from which, compared to
water, the photoanode could more easily extract electrons to
employ in cathodic hydrogen evolution. The low quantity of
oxidizable target species does not allow a significant boost in
hydrogen production compared to a contaminant-free electro-
lyte. In the case of pharmaceuticals in particular, where
concentrations are generally in the ppm range or below,'® the
advanced photoelectrochemical oxidation process at semi-
conductor photoanodes is indeed very promising for water
remediation but less so for hydrogen production.

Within this framework, an innovative strategy would be to
use wastewaters containing high concentrations of substrates
potentially suitable as hole scavengers to enhance hydrogen
production, such as surfactant-rich wastewaters. Surfactants, as
a contaminant class, are not as problematic as pharmaceuticals,
as they are often biodegradable, but they can easily reach
concentrations in the range of 1—100 g/L, thus representing an
environmental issue as well.”’™"° For instance, such large
concentrations are dangerous for living beings, and the
biodegradation process would lead to uncontrolled bacterial
growth;”” thus, they require treatment with the associated
costs. Surfactants are organic amphiphilic molecules having a
hydrophilic head and a hydrophobic tail. They are mainly used
as detergents in many different applications, from laundry to

the oil and textile industries. The intensive use of these
substances and the necessity for abatement also call for new
and cost-effective treatments. Sodium Dodecyl Sulfate (SDS),
in particular, is one of the most used and widespread
surfactants and, hence, one of the most detected species in
wastewaters.”'

Given these premises, we propose here to use a PEC process
combining water remediation through the anodic degradation
of surfactants with cathodic hydrogen production. As a
consequence, the valorization of a waste is achieved, where
photoelectrochemical oxidation of organic surfactants is
paralleled by the chemical storage of solar energy into
hydrogen. This latter could be obtained at reduced over-
potentials, given the favorable kinetic competition between the
oxidation of the organics, now present at a significant
concentration level, and the oxygen evolution reaction
(OER) involving water molecules as electron donors. In
particular, in this work, we demonstrate, at a proof-of-concept
level, the possibility of using SDS-containing waters as a source
of electrons for hydrogen production in a PEC setup in a
neutral environment (Scheme 1 below). This is of key
importance, as it allows us to go beyond the state-of-the-art
in several ways: (1) the direct use of wastewater as an
electrolytic solution, without adjusting the pH or adding any
supporting electrolyte. (2) The high concentration of the
pollutant in the solution, thanks to its high solubility, also
enables prolonged operation of the photoelectrochemical cell.
These features are uncommon in standard wastewater
treatment applications, where the pollutant content is rather
low. This makes the addition of an external electrolyte
unavoidable to ensure the conductivity of the cell, whereas
the overall operational time is obviously limited by the small
amount of pollutant.”*~** (3) The oxidation of the surfactant
at the photoanode suppresses the competing OER, thus
reducing the oxygen and hydrogen recombination rate and
ideally making the compartmentalization unnecessary. More-
over, the OH radical generation by electrochemical means,
which is the key for the mineralization of organics in aqueous
solution, requires specialized electrodes endowed with an
extremely large overpotential for oxygen evolution. These
electrodes, like carbon-doped diamond electrodes, tin, and lead
oxide, are either quite expensive (the first) or environmentally
hazardous (the last) and generally suffer from conductivity
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issues. Extremely large voltages are required for the operation
of such electrodes, which are around 2 V vs NHE in
concentrated sulfuric acid.”® Thus, the observation that a
visible absorbing photoanode made of cheap and environ-
mentally benign materials such as Ti(IV)-doped hematite can
stably operate under neutral conditions, even in diluted
electrolyte conditions, and achieve mineralization of hydro-
carbon chains is a step forward in the development of
sustainable remediation processes coupled to hydrogen
evolution.

In this work, the cell is set in a three-electrode configuration,
with a Ti-doped a-hematite (Ti:a-Fe,O;) photoanode as the
working electrode, a Pt counter electrode, and either a Ag/
AgCl or SCE reference electrode. This modified hematite was
chosen as semiconducting material because of its appealing
properties, like stability in these operating conditions, earth-
abundancy, and suitable band gap energy (2—2.2 eV), which
allows a large portion of the solar spectrum to be harvested.”®
Since pure hematite as a photoanode also shows important
issues, where sizable fractions of charge carriers exhibit short
diffusion length (L, ~ 2—4 nm) and fast recombination rates
(in the order of ps),”” we adopt here a Ti*" doping strategy to
enhance its performance.*”’

The Ti:a-Fe,O; photoelectrode was synthesized following a
hydrothermal procedure and was characterized through
microRaman, UV—vis spectroscopy, scanning electron micros-
copy with energy dispersive X-ray analysis (SEM-EDXS), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
and photoluminescence (PL) analysis, allowing us to elucidate
the role of the Ti(IV) doping on the charge-separation process.
The PEC cell is operated under AM 1.5 G illumination
provided by a solar simulator (0.1 W/cm?), while the
electrochemical reaction mechanism is investigated through
electrochemical impedance spectroscopy (EIS), IPCE, and a
photoluminescence radical detection assay based on the
coumarin/hydroxycoumarin conversion. Finally, SDS degrada-
tion and hydrogen production are investigated through gas
chromatography (GC).

2. EXPERIMENTAL SECTION

2.1. Synthesis. Ti:a-Fe,0; photoanodes were synthesized
on a fluorine-doped SnO, (FTO) conductive glass following a
hydrothermal approach as described elsewhere.”® The FTO
glass was cleaned through ultrasonication in isopropanol and
then rinsed with deionized water. FTO glass substrates were
first dip-coated in a solution containing an Fe(IIl) oleate
precursor added with 15 mM Ti(IV) isopropoxide. The dip
coating solution was prepared by adapting a literature
procedure.”” The resulting layer is then annealed at 500 °C
for 30 min to convert the precursor into hematite. This layer is
useful to promote the growth of a nanocrystalline film of
FeOOH during the hydrothermal synthesis, which was carried
out in a Teflon-lined stainless steel autoclave filled with an
aqueous solution (95% H,O and 5% ethanol v/v) containing a
sodium salt (0.91 M NaNO;) at a pH value of 1.5 adjusted
with 6 M HC], the iron precursor (0.136 M FeCl;-6H,0), and
a titanium dopant (2.5 mM Ti,CN). The seed-layered
electrodes were inserted into the Teflon liner, lying at an
angle of ca. 45° with respect to the vertical liner walls, and
heating at 95 °C was applied for 4 h. The obtained FeOOH
yellowish films are rinsed with deionized water and then
converted into Fe,0; by sintering in air at 550 °C for 1 h. The
resulting films were modified by a chemical bath treatment in a

0.2 M TiCl, solution heated at 50 °C to induce Ti doping,
followed by a 10 min thermal activation at 760 °C, leading to
the Ti:a-Fe,0; electrodes used for this study. This final high-
temperature treatment is a well-established and standardized
procedure to induce tin atom migration from the FTO
substrate to the hematite layer, increasing conductivity, and is
considered essential for performance.’® As this step has been
applied to all electrodes produced here, inclusion of Sn is not
explicitly indicated in sample labels.

a-Fe,0; photoanodes without Ti doping were also produced
for comparison, adapting the procedure described above.

2.2. Materials Characterization. Scanning Electron
Microscopy (SEM) was used to characterize the morphologies
of the working electrodes. The measurements were performed
on a Field Emission SEM, JSM 7001 F JEOL, at a 30 keV
electron beam energy. SEM was coupled with an EDXS
detector (EDXS, Oxford INCA PentaFET-x3) for sample
elemental composition analysis.

pu-Raman spectroscopy was used for composition and
structural properties analysis (crystal phase and degree of
crystallinity). The results were collected by a Micro-Raman
configuration (Horiba LabAramis, 100X magnification),
through a 633 nm He/Ne laser, an 800 L/mm grating, and a
CCD detector.

UV—vis spectroscopy was performed in a Cary Varian 5000
UV—vis—NIR spectrophotometer. From the transmittance
spectra, Tauc plots were used to evaluate the Ti:a-Fe,O4
band gap energy.

X-ray photoelectron spectroscopy (XPS) analysis, employing
a monochromatic Al Ka (1486.6 eV) X-ray source, was
conducted to examine the surface chemical states of the
elements present in the sample. The binding energy values of
all elements were calibrated using the C 1s peak at 284.8 eV as
a reference.

The luminescence spectra were measured at room temper-
ature by using an FLS920 emission spectrometer (375 nm
excitation wavelength) (Edinburgh Instruments).

The crystalline structures of the as-synthesized materials
were investigated by using a Bruker D8 Advance X-ray
diffractometer equipped with Cu Ka radiation (4 = 0.154 nm).

2.3. Electrochemical and Photoelectrochemical
Methods. Electrochemical experiments were run in a quartz
tube reactor, filled with 170 mL of 1 g/L SDS (3.5 X 107> M)
water solution. Cyclic Voltammetry (CV), Linear Sweep
Voltammetry (LSV), and Chronoamperometry (CA) were
acquired through a Gamry Interface 1000 potentiostat, in a
three-electrode configuration using a Pt mesh and Ag/AgCl or
SCE as a counter and reference electrode, respectively. All the
measured potentials were then converted to RHE by means of
the Nernst equation

Virie = Vag/aga + 0200V + 0.059 X pH (1)

Ve = Vece + 0241V + 0,059 x pH 2)

CVs were run at 50 mV/s with a S mV step, while LSV were
run at either 5 or 20 mV/s with steps of 5 mV. CA was
performed by applying a constant potential of 2.15 V vs RHE.

The quartz tube was closed with an airtight Teflon cap and
electrode support. The illumination was provided by a solar
simulator, a Quantum Design LS0306, with a 300 W Xe lamp
coupled with an AM 1.5 G filter. The irradiated power was 1
sun (100 mW/cm?) on a circular spot with a diameter of 4 cm.
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All of the experiments were carried out in a Faraday cage to
screen external electromagnetic noise.

To investigate the performance in electron—hole generation
of the Ti:a-Fe,0; electrodes, Incident Photon to Current
Efficiency (IPCE) experiments were carried out. The PEC was
set in a three-electrode configuration, with a Ti:a-Fe,O;
photoanode as a working electrode, a Standard Calomel
Electrode (SCE) as a reference electrode, and a Pt wire as a
counter electrode. We performed the measurements using an
aqueous solution containing 1 g/L SDS, applying an external
bias of 2.0 V vs RHE, which was provided by an Amel model
552 potentiostat. A 150 W Luxtel xenon lamp coupled with an
Applied Photophysics LTD monochromator set at a 10 nm
passband supplied the illumination. The incident radiant
power was referenced to a calibrated photodiode. The
photoconversion efficiency was collected in the hematite
absorption region, between 340 and 600 nm.

EIS under simulated sunlight illumination (ABET AM 1.5 G,
0.1 W/cm®) was recorded in various aqueous electrolytes: 3.5
X 1073 M NaClO, (el 1), 3.5 X 107> M SDS (el 2), 3.5 x 1073
M NaClO, + 3.5 X 107> M MeOH (el 3), or 3.5 X 107> M
NaClO, + 3.5 X 107> M SDS (el 4). In all cases, the pH was
adjusted to pH 7 with either NaOH or HCIO,. We note that
3.5 X 107 M corresponds to 1 g/L SDS. Thus, comparable
concentrations of electron-donating sacrificial species (either
SDS or MeOH) and supporting electrolytes are present in the
formulations above. We note that SDS behaves both as a
possible hole scavenger and a supporting electrolyte; thus, for
comparative reasons, we have used the same concentration of
NaClO, as an “inert” supporting electrolyte. EIS was obtained
with a 10 mV sinusoidal perturbation within the frequency
range of 20,000—0.05 Hz by sampling the J/V characteristic of
working electrodes in each of the electrolytes specified above at
intervals of ca. 130 mV in the voltage range 1.1-2.0 V vs RHE.
Data acquisition was accomplished with a PGSTAT 302/N
equipped with an FRA2 Frequency Response Analyzer.
Control J/V curves recorded at the beginning and at the end
of each multivoltage EIS acquisition showed a substantial
stability of the photoelectrodes during these experiments.
Fitting of EIS data was achieved in terms of equivalent circuit
with Zview.

The circuits in Scheme 2 below were adopted, consistent
with nested electrical models often used to describe the
impedance response of hematite.”' > Here, the parallel R,/
C,, represents the charge transfer resistance of the photo-
electrode, and R/ C,. represents the transport across the space
charge layer. As shown in Figure S11, several Nyquist plots at
different potentials show a 45° slope at high frequencies; this
experimental feature can be well reproduced by adding a short
Warburg element (W;) to our equivalent circuit, that,
according to Taylor and Gileadi, may arise from mass
transport limitations due to slow diffusion of electrolyte
species within the mesoporous semiconductor, that would lead
to an additional resistance in series.”*

The Warburg element (W;) models the diffusional
resistance of the electrolyte within the pores of the
mesoporous semiconductor, which, in the conditions herein
adopted, is significant given the low electrolyte concentration
compared to what is more commonly reported in photo-
electrochemical applications oriented toward energy con-
version (molar or decimolar electrolyte concentration).*”

2.4. General Analytical Methods. Optical emission
measurements were performed with an Edinburgh Instrument

Scheme 2. Equivalent Circuit Used to Fit EIS Data under
Iumination

2pounojoyd

FTO Hematite

FLS920, equipped with a double emission monochromator, a
900 W arc Xenon lamp, and a photomultiplier tube (PMT,
Hamamatsu R928P) as the detector for UV—visible wave-
lengths.

To perform coumarin fluorescence experiments, 107 M
coumarin was added to 1 g/L of SDS aqueous solution. These
measurements were performed by exciting the sample solution
at 332 nm (2 nm band-pass), which is the maximum
absorption peak (A,.) of coumarin, and recording the
emission spectra between 350 and 600 nm (2 nm band-
pass), where it is possible to observe the hydroxy-coumarin
emission band. The fluorescence spectrum was acquired before
and after 1 h at 1 sun (100 mW/cm?) illumination of the Ti:a-
Fe,O; photoelectrode kept under polarization at 2.0 V vs RHE
in a three-electrode configuration PEC cell using a Pt wire as a
counter.

Gas chromatograms were acquired to assess the hydrogen
(i.e., the amount of solar fuel) and carbon dioxide (i.e., the
product of the degradation of the pollutant) contents produced
by the cell. These experiments were run in an Agilent 990
Micro GC instrument equipped with a Molsieve S A and a
Plot-U column with argon as a carrier gas and a TCD detector.
The reactor is constantly fluxed with a 10 scem N, flow
(99.999% purity). Effluents from the reactor were sampled
inline by the GC.

The responsivity of GC for the analytes was determined
from chromatograms obtained for known concentrations of the
gas of interest in nitrogen mixtures. Different reference
solutions were prepared through dynamic gas dilution
admixing H, (99.999% purity) or CO, (99.998% purity) in
N, (99.999% purity). In the actual experiments, at each
moment of interest, the area of a given peak is calculated by
averaging S consecutive acquisitions. The error on the
estimated concentration of H, and CO, is around 7%, and it
is mainly due to the accuracy in the determination of the
responsivity of the GC (more details in the Supporting
Information).
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Figure 1. (a) SEM image of Fe,O; (b) SEM image of Ti:a-Fe,0; (c) XRD pattern of Fe,O; and Ti:a-Fe,0; (d) Raman spectra of Fe,O; and Ti:a-

Fe,0;.

3. RESULTS AND DISCUSSION

3.1. Ti:a-Fe,0; Morphology and Composition. Figure
1 shows the SEM images of the as-prepared Fe,O; and Ti:a-
Fe,0; electrodes. The deposition process creates a uniform
film across the entire unmasked area. Interestingly, the
undoped sample, when paired with a seed layer, exhibits a
porous structure of vertically aligned nanorods sintered
together, as can be seen in Figure la. The compact
morphology is likely induced by the increased number of
nucleation sites provided by the seed layer. This leads to a
denser nanorod array compared to the typical morphology of
hematite nanorods. Ti(IV) doping induces a change in
morphology, as can be seen in Figure 1b, with more closely
packed features. The crystal phase of the hematite thin film was
studied by using XRD, where all the residual peaks, coming
from the deposited iron oxide layer, can be indexed to the
hematite hexagonal phase (JPCSD #33-0664), as shown in
Figure 1c. The Ti doping was further investigated through the
Raman spectroscopy technique. As shown in Figure 1d, all of
the main peaks of the Ti(IV)-doped hematite are the same as
the pristine hematite, except that the peaks in Ti(IV)-doped
hematite are slightly shifted toward the left, indicating the
successful incorporation of Ti(IV) into the crystal lattice of
hematite. The presence of titanium was also confirmed through
EDX, as shown in Figure S10.

The XPS spectrum for Ti:a-Fe,Oj; is shown in Figure 2. The
Fe 2ps), signal (a) is located at 708 eV, and the O 1s signal (b)
is at 527 eV, indicating the presence of hematite.>**” Besides
these, Ti(IV) is also revealed at a binding energy (B.E.) of
458.50 eV for the Ti 2p;,, peak. As shown in Figure 2c. This
value is slightly lower than the standard B.E. of TiO, (around
458.7 V). This suggests that titanium within the Ti-doped a-
Fe,Oj; thin film likely exists in the form of TiO,. The observed

13864

deviation in binding energy data could be due to a mutual
chemical interaction between Fe,O; and TiO, during the
doping process.”*™*!

3.2. Unravelling the Impact of Ti on Charge
Separation. UV—visible diffuse reflectance spectra of Fe,O,
and Ti:a-Fe,0; were also collected to investigate the effect of
Ti(IV) doping on the properties of the Fe,O; electrode. As
shown in Figure 3a, the absorption onset of Fe,Oj5 is located in
the 550—580 nm range, and the corresponding band gaps of
the pure sample were found in the 2—2.2 eV range depending
on the preparation method. Interestingly, the Ti(IV)-doped
samples show a gradual but steady decrease in the band gap,
which could be the consequence of the formation of intraband
gap states or of a mixed oxide phase. Besides the UV—visible
diffuse reflectance spectra, the presence of Ti(IV) was also
confirmed from the Raman peaks for the doped and pristine
samples. In the Ti(IV) modified sample, the Raman peaks are
slightly shifted, compatible with interstitial Ti(IV) doping in
the lattice of Fe,O;, as shown in Figure 1d and discussed
above. In order to investigate the effect of the Ti(IV)
treatment on the photogenerated charge separation, a steady
state photoluminescence (PL) spectrum of Fe,O5 and Ti:a-
Fe,0; is shown in Figure 3c. Both the Fe,O; and Ti:a-Fe,0;
samples exhibit a broad emission band centered at 550 nm.
The slight decrease of the intensity of PL spectra of Ti-doped
Fe,O; is consistent with the suppression of surface states
where electrons can trap, thus reducing the yield of radiative
recombination involving trapped carriers, which follows the
formation of titanium-rich phases at the surface of the
photoanode, comprising either mixed metal oxides (iron
titanates) or a TiO, rutile-like phase depending on the local
ratio of Ti(IV) and Fe(IIl). This is consistent with previous
observations made on chemically related photoanodic
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substrates, pointing to the large enhancement in charge
separation efficiency following Ti(IV) treatment of hema-
tite.*>*’

3.3. Electrochemical Measurements. For the photo-
electrochemical experiments, 1 g/L SDS solutions were
prepared. SDS is a salt with a negative charge provided by a
sulfonic group and a positive one given by Na® counterions.
Consequently, SDS works as an intrinsic electrolyte too.
However, while the quantity of SDS is significant in mass, its
molar concentration is relatively small, around 3.5 mM; it
follows that also the ionic strength of the solution is small.
Also, the bulky dodecyl-sulfate ion provides relatively low
conductivity, around 400 uS.**** The conductivity can be
increased by adding an external electrolyte, but this was
generally avoided to simulate the use of effluent wastewater
having a negligible concentration of other salts. At a second
stage, NaClO, was used as an inert electrolyte to test the
impact of increasing the conductivity of the electrolyte on the
current/voltage characteristics of the photoanode.

Two Ti:a-Fe,0; electrodes were used, the first one with an
area of 1 cm” and the second one with an area of 16.8 cm”. The
use of a large area electrode allowing production of a larger
current to flow through the cell simplified the detection of
gaseous products, whose concentration, according to the
Faraday law, scales linearly with the passed charge during the
PEC experiments. The voltammetric curves recorded under
dark and light conditions are reported in Figure 4. In both
cases (large and small electrodes), the generation of photo-
induced anodic current anticipating the onset of the dark
current of ca. 1 V is evident, showing the transfer of positive
carriers to the electrolyte. We note that the larger electrode

provides a photocurrent density lowered by ca. a factor of 4
compared to the smaller one. This could be due to limitations
arising from the conductivity of the FTO glass and to
difficulties in achieving a homogeneous illumination of the
whole active area of the photoanode. Nevertheless, the large
area electrode still provides a total photocurrent 4 times larger
than the small one, making it a better choice for performing gas
detection experiments, while the smaller photoanode was
mainly exploited to investigate the electrochemical reaction
mechanism, being less limited by extrinsic factors like the
conductivity of the FTO ohmic support.

The J/V behavior of the 1 cm? photoanode in electrolytes
1—4 (see Section 2.4) is reported in Figure Sa. We observe that
the highest currents are obtained in NaClO, containing
electrolytes due to their higher conductivity. The presence of
organic species, either MeOH or pure SDS, decreases the
photocurrent significantly. Overall, the J/(V's) are typical for
an n-type/electrolyte junction, where the reverse (hole)
current generated by holes driven to the interface increases
with the positive polarization. However, the photocurrent
exhibits a linear rather than exponential increase, typical of
systems characterized by a substantial ohmic resistance, in
particular in electrolytes 2 and 3. In all cases, the steady-state
photocurrent overlaps almost perfectly with that recorded
under shuttered mode, showing that the dark current
contribution is negligible up to 2.1 V vs RHE, while slow
recombination due to surface-accumulated holes contributes to
cathodic spikes in the “activation” region of the J/V curve
between 1.3 and 1.6 V vs RHE, where the electrochemical
potential gradient at the semiconductor-electrolyte junction is
still not sufficient to achieve an efficient electron/hole
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separation. A blank experiment using bare FTO in SDS
solution showed no photocurrent at any applied bias potential,
Figure S9, thereby confirming that all the observed photo-
current originates from the overlying hematite film.

In order to gain more precise information on the
photoelectrochemical behavior of the Ti:a-Fe,O; photo-
anodes, we performed an incident photon-to-current con-
version efficiency (IPCE) analysis in electrolyte 2. The
measurement was run at 2.0 V vs RHE, representing a
potential very close to that chosen for the SDS degradation
experiments. This value was chosen to avoid dark current
contribution to the overall circulating current, while having a
relevant contribution from the photocurrent. Consistent with
the J/V results, the low conductivity of the solution limits the
efficiency of the system compared with a highly conductive
electrolyte (Figure SS5). With SDS, the maximum value of
photoconversion is about 18% around 360 nm, Figure 4d. This
value decreases to 14% in the blue region (380—4S0 nm),
further dropping to lower percentages (from 10 to 2%) above
470 nm. The resulting shape of the photoconversion efficiency
is in good agreement with the typical absorption spectrum of
hematite extending down to 600 nm.

3.4. Evidence for OH® Generation. At the anode of the
PEC cell, the oxidation of the SDS molecule is expected. A
possible route for the total degradation of this pollutant is
through radical oxidation mediated by OH®, with the following
overall reaction
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NaSO,C,,H, + 720H’
— 12CO, + 48H,0 + Na* + HSO;

It was derived from,"*™*® by adjusting the stoichiometric
coeflicients to the SDS molecule. In this way, an environ-
mentally impacting molecule like SDS is converted into
harmless inorganic species, comprising carbon dioxide and
sulfate ions. As described in the next sections, the presence of
an excess of CO, in the cell atmosphere would prove the
ongoing mineralization of the surfactant. OH® radicals for SDS
degradation may originate at the photoanode surface from the
following reactions

H,0 > OH + H" + ¢~
OH — OH + e~

The first reaction has a potential of E = 2.59 V, while the
second one has a potential of 2.02 V, both at pH = 0,* and
they are both compatible with hematite valence band
potential,”® although additional potential bias is needed to
realize cathodic hydrogen evolution, the latter being more
negative (on the electrochemical scale) than the hematite flat
band potential at pH = 7.

OH? radicals lead to both oxygen evolution and oxidation of
SDS molecules. Consequently, at the photoanode, there is
generation of oxygen and intermediate products from the OH-
mediated SDS oxidation, until mineralization is achieved. The
actual presence of hydroxyl radicals, which can induce

surfactant degradation, was confirmed by revealing the
formation of 7-hydroxy-coumarin as a fluorescent probe.
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In both cases, the voltage scale was corrected for the iRy drop according to V = (V,

op iRs), where Rg is the ohmic resistance of the cell.

Under reverse bias and solar simulated illumination, hematite
oxidizes water, producing OH® radicals, which, if present, react
with coumarin to produce hydroxy-coumarin, which shows an
intense emission centered around 500 nm, which is totally
lacking in the parent compound, characterized by a weaker
emission peaking in the near UV.>"*? Thus, if OH* radicals are
produced at the Ti:a-Fe,O; surface, variations in the emission
spectrum of the coumarin containing electrolyte are expected.

We ran a 1 h chronopotentiometry at 2.0 V vs RHE using a
Ti:a-Fe,0; photoanode under 1 sun (100 mW/cm™?)
irradiation in a solution containing 3.5 X 107> M sodium
dodecyl sulfate (SDS) and 10™* M coumarin. In order to verify
the Ti:a-Fe,O; stability during the experiment, we monitored
the photocurrent produced by the electrode as a function of
time. The photocurrent density slightly increased during the
experiment (Figure S3), proving the stability of the employed
substrate. The photocurrent increment is probably due to the
presence of reaction intermediates that are easier to oxidize
compared with the initial SDS molecule, thus improving
interfacial hole scavenging. From Figure 5b, it is possible to
observe the characteristic peak of coumarin around 375 nm at
ty (blue plot). After one hour at 1 sun irradiation, the emission
of the hydroxycoumarin was clearly detected, showing without
ambiguity the photoelectrochemical generation of hydroxyl
radicals during such an experiment.”* We also observe a raised
baseline in the emission spectrum taken after 1 h of irradiation,
which affects the whole spectral interval under investigation,
but it is particularly evident in the violet/UV blue (350—420
nm), as it should be expected from a light scattering
phenomenon. Indeed, we observe the appearance of some
cloudiness during the potentiostatic electrolysis, probably due
to the formation of less soluble degradation intermediates
compared to SDS (Figure S4).

3.5. Electrochemical Impedance Spectroscopy. The
representative Nyquist plots taken at 1.4 V vs RHE for
electrolytes 1—4 are shown in Figure Sc. Consistent with the J/
(V s), we observe the lowest conductivity in the presence of
MeOH and SDS. In the presence of SDS alone, the ohmic
resistance (the high-frequency intercept of the loop on the real
axis) is substantial, being of the order of 1200 Q. Fits with the
electric model of Scheme 2 were generally successful at all the
sampled voltages, allowing to reproduce well the J/V behavior

of the electrodes, as shown by the correlation of 214 R; with Z—‘I/
from the J/V curves (Figure SS). R, the charge transfer
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resistance across the interface, largely determines the depend-
ence of the photocurrent delivered by the Ti:a-Fe,0;
electrodes on the applied voltage in all of the explored
electrolytes and generally decreases with increasing bias in the
same fashion as the reciprocal derivative of the J/V does
(Figure S5).

From Figure 5d, we observe that the charge-transfer
resistance (R..) in all electrolytes is comparable, indicating
that the differences in the J/V behavior in the different
electrolytes have to be mainly ascribed to differences in the
conductivity of the electrolyte, which also impacts the diffusion
of ions within the mesoporous electrodes. The ohmic
component (Rg) is potential independent, whereas R, (bulk
charge transport) and W; (diffusion of ions within the
semiconductor) exhibit a moderate dependence on the voltage,
generally decreasing with increasing voltage. In general, these
latter two are about 1 order of magnitude smaller than R in
the 1.3—1.5 V vs RHE range but become comparable with R,
past 1.6 V vs RHE. The similarity in the R values in all the
explored electrolytes is suggestive of the fact that the primary
event in all conditions is the hole scavenging by adsorbed
water molecules or hydroxylated species at the surface of the
semiconductor (i.e, Fe—(OH), and/or Fe—OH). This is
consistent with the observation of OH radicals as a result of
the monoelectronic oxidation of water performed by
fluorometric means. The capacitance associated with R,
shows a potential dependence often observed with hematite
as a result of hole trapping (which could be in the form of
Fe(IV)—O, or Fe(Il)—O°® intermediates) in surface states
below the conduction band edge. We note that in n-type metal
oxides, light absorption corresponds to excitation from a
valence band with a prevailing pz oxygen character to a
conduction band mainly composed of metal d functions. The
transition from delocalized states in the valence band to
localized states at the surface corresponds to the hole trapping
process. These states act as slow recombination centers, where
electrons can be trapped. When the bias is sufficiently strong,
surface recombination via surface states is suppressed, and the
associated chemical capacitance decreases. This agrees with the
observation of recombination transients in the shuttered J/V
mode appearing in the potential interval 1.3—1.6 V vs RHE,
coincident with the surface capacitance distribution of Figure
6. By comparing the results with NaClO, in the absence and
presence of SDS (electrolytes 1 and 4) we observe that the
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surface capacitance is decreased with SDS. This effect could be
consistent with the following reactions involving hydrated
species at the surface of Ti:a-Fe,O;. Here, R indicates a
generic organic species susceptible to the reaction with reactive
oxygen species:

Fe(1lI) — OH + h" — Fe(IlI) — O + H* (hole trapping)

1
Fe(Ill) — O + H,0
— Fe(IlI) — OH + *OH (OH radical production)
()
Fe(Ill) — O + H" + e
— Fe(Ill) — OH (recombination via surface states)
(3)
‘OH + ‘OH — H,0, )
H,0, + 2h" — O, + 2H" (oxygen evolution) (3)
H,0, + OH — HO, + H,0 6)
‘HO, + H,0, —» H,0 + O, (7)

Fe(lll) - O' + R — H
— Fe(IlI) — OH + R (formation or organic radicals)

(8)
‘OH + RH — R + H,0 ©)
R + O, - ROO (oxidative degradation) (10)
2RO0% — 2RO + O, (11)

Reactions 6 and 7 will proceed in parallel to reaction 5 and
will lead to the same product, the organic radical (R*) formed
as a result of hydrogen abstraction, and are thus virtually
indistinguishable, since both involve oxygen radicals which are
either surface-bound (hole trapped in surface states) or free to
diffuse as *OH radicals. Clearly, freely diffusing *OH radicals
can be produced from surface trapped holes according to
reaction (2). The presence of an organic scavenger (R) capable
of reacting with surface-trapped holes, according to 6, will
reduce the density of these intermediates where electrons
could no longer be trapped according to reaction (3), causing a
drop in C,. Consistent with this interpretation, the surface
capacitance peak is virtually eliminated in the presence of
concentrated fast scavengers such as SO5>~ (Figure S6).

Furthermore, we compared the EIS response in the presence
of SDS (electrolyte 2) and methanol (electrolyte 3). In the
latter case, since no ionic species to ensure conductivity are
present, NaClO, in equimolar amounts to SDS was added.
MeOH is a known hole and OH® scavenger for many metal
oxide semiconductors, including Ti:a-Fe,O3, and allows for a
further comparative way to highlight the oxidation mechanism
of SDS. We remark here that in the presence of MeOH, ohmic
resistance is greatly increased, and a substantial electrode
polarization result. Since the flow of electrons out of the
photoanode is reduced by the poor cell conductivity, a higher
fraction of electrons is trapped in surface states, causing a rise
in the surface capacitance peak, which reaches values close to
10 mF.

We observe that, with the voltage correction (Vo = V,,, —
iRg), the surface capacitance distribution of Figure 6left spans a
voltage range similar to that in Figure 6right, but the C peak is
broader since the low conductivity makes the applied bias less
effective in promoting charge extraction against surface state
recombination. It is also evident that SDS and MeOH afford
similar C values, but, within the explored voltage range, C in
the presence of SDS is smaller. This was expected since the
SDS molecule, endowed with a long alkyl chain, displays a
larger number of sites which, may undergo hydrogen
abstraction and hence oxidation compared to MeOH, thus
enhancing its scavenging capability. Another reason is the fact
that SDS could be partly surface adsorbed at the Ti:a-Fe,0;
interface, again resulting in an improved scavenging of surface-
trapped holes with respect to MeOH. This is consistent with
the observation that at certain voltages and at low frequencies
an inductive loop appeared (Figure S7), which has been
ascribed by some authors to a phase shift in the impedance
caused by adsorbed intermediates.”*">® However, in the
present treatment, for the sake of generality, we did not
include the inductor in our electrical model, since only at
certain voltages and with SDS-based electrolytes was this
elusive feature clearly observed. Furthermore, inclusion of the
inductor did not cause substantial deviations from the
resistance and capacitance values extracted from the fits.

SDS tendency to absorb onto the hematite surface has also
been evidenced by Cyclic Voltammetry analyses in dark
conditions conducted in electrolyte 1 (3.5 X 10~ M NaClO,)
and electrolyte 4 (3.5 X 107 M NaClO, and 3.5 X 107> M
SDS) to address the electrochemical response of the
electrode—electrolyte interface in the presence and absence
of this tensioactive species (Figure S12). The CVs were
recorded from —0.4 V to +1.2 V vs SCE, scanning the potential
first in the anodic and then in the cathodic direction, and then
reversed, to observe if dynamics dependent on the polarization
direction were present. In the presence of NaClO, only (blue
curve), all of the scans are perfectly overlapping, regardless of
whether the scan starts from the cathodic or anodic direction.
In the presence of SDS, however, a change is observed during
the first scan (black and purple curves); the onset of the
reductive wave can already be seen at potentials slightly below
zero. From the second scan onward, the curve gradually
approaches the blue one recorded in NaClO, alone until it
almost completely overlaps the latter starting from the third
scan. This suggests that SDS effectively adsorbs on the
electrode surface, affecting the energy and the density of
surface states close to the conduction band edge, and as
potential scans are repeated, the surfactant is progressively
removed from the electrode surface, restoring the usual
electrochemical response we observe in NaClO,.

Figure S13a shows the photopotential decay profile over
time of a Ti/Fe,O; photoanode in electrolytes 1 and 4. In the
presence of SDS (red curve), the photopotential exhibits a
faster decay compared to NaClO, alone (blue curve),
although, in general, due to poor conductivity, the photo-
voltage decay is extremely slow. Moreover, we calculated the
electron lifetime using the following formula®’

kT[dVDC)_l

T=———=

e \ dt

In general, from Figure S13b it is possible to observe that the
electron lifetime increases as the potential becomes more
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Figure 7. (left) Light CA run with a small electrode at 2.15 V vs RHE of applied bias. (right) Light CA run with a big electrode at 2.15 V vs RHE of

applied bias.

positive, spanning ca. 3 orders of magnitude in the s time scale.
In the presence of SDS, the decay is faster, likely due to an
additional recombination pathway, which may involve partially
oxidized SDS adsorbed at the hematite electrode.

3.6. Hydrogen Evolution. From LSV curves, Figure 3, at
the potential of 2.15 V vs RHE, there is the maximum
difference between current under illumination and dark
current. For this reason, this value has been chosen for
running a CA in order to study the degradation of the
surfactant and the hydrogen production yield. The selected
voltage was applied to the cell for a maximum of 5.5 h, during
which gas chromatographic runs were acquired at constant
intervals of about 3 min, which is the time required by the
machine to complete a measurement. Among all the acquired
chromatograms, 10 were chosen for a quantitative analysis: the
first five were the ones acquired just before starting the
experiment, while the second five were obtained in a steady-
state situation (according to photocurrent data).

From Figure S9, for example, it can be observed that a dark
electrode made of SnO,, which is considered to be a good
metal oxide for electrochemical incineration processes, does
not produce any sizable current in our experimental conditions
out to about 2.2 V vs RHE. Under these conditions, the
hematite electrode already produces a current of ca. 1 mA/
cm?, which is translated into hydrogen evolving at the counter
electrode of the cell. In this sense, compared to a dark
electrochemical system, the solar assisted process allows a net
(positive) saving in energy that can be quantified by directly
measuring the amount of produced hydrogen produced in the
cell compared to the dark experiments.

In the small electrode case, the 2.15 V potential was applied
for about 4 h, obtaining the result in Figure 7left below.

As one can see from the CA data, about 12,000 s after the
beginning of the experiment, there is a plateau in the current
value. This point was then recognized as a steady-state regime,
and the corresponding chromatograms, which are the ones
acquired in that period, are used to estimate the hydrogen and
carbon dioxide concentrations, Figure S8a,c. In particular,
Figure S8a shows the hydrogen GC curves acquired in three
different regimes. At the beginning of the blue curve, there is
no hydrogen in the cell atmosphere; therefore, the curve is flat.
In the steady-state situation, the production of hydrogen is
higher because of the water reduction reaction at the cathode
(red curve). Finally, 1 h after switching off current, the peak is
much smaller because the production of hydrogen stopped
(green curve), and the atmosphere was constantly cleaned by
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the nitrogen flux. This result confirms the ongoing water
reduction at the cathode of the cell.

The same pattern is visible in the picture on the right, which
refers to the carbon dioxide case. In the steady-state regime,
the CO, peak is bigger than both those before and after the
experiment. Because carbon dioxide is the final compound in
the SDS degradation chain, its presence in the cell while
current is circulating is strong proof that, at the photoanode,
mineralization of this pollutant is proceeding and, as a
consequence, water remediation is taking place. By exploiting
the calibration of the GC instrument, it is possible to quantify
CO, and H, during the peculiar stages of the experiment,
whose results are shown in Table 1. In fact, the area of each
chromatographic peak is linearly proportional to the
concentration of that specific gas in the incoming mixture.

Table 1. Hydrogen and Carbon Dioxide Concentration
before and in the Steady-State Regime of SDS Degradation
with Small and Big Electrodes

small electrode H, [ppm] CO, [ppm]
before 2+ 4 10 +2
steady-state 173 + 12 21+3
big electrode H, [ppm] CO, [ppm]
before 7+4 21 +3
steady-state 830 + 60 66 + 5

The same experiments were repeated for the large area Ti:a-
Fe,0; electrode. This time, the chronoamperometry was run
for 8 h, Figure 7right above. In this case, a suitably stable
regime is found after about 20,000 s, and the acquired curves
show the following behavior.

Even in this case, there is a much higher concentration of
hydrogen and carbon dioxide after 20,000 s than at the
beginning of the experiment, Figure S8b,d and Table 1. After
the current is switched off, the CO, concentration remains
pretty high, probably because of retention inside the cell. This
aspect has not been further investigated because it is of less
scientific interest with respect to the transition from starting
point to the steady-state regime. The concentration of H, in
the steady-state regime is almost 5 times larger than that in the
small electrode case, thus reflecting the 4-fold larger current
that circulates in the PEC.

The rate at which hydrogen is produced can be estimated in
2 ways. The first one is by integrating electrical current data
over time in order to find the total number of electrons that
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have been exchanged in a unit of time. By knowing that the
synthesis of a hydrogen molecule requires 2 electrons, it is then
possible to find the rate of production. The other way is from
GC measurements: by knowing the value at which nitrogen is
fluxed in the reactor and by assuming both ideal gas conditions
and no trapping of the carrier gas by the liquid, it is possible to
determine the rate from the measured concentration
throughout this formula

RHz = 60('0[H2]/Vm01 (3)

where 60 indicates the number of minutes in 1 h, ¢ = 10 sccm
is the nitrogen flux, [H,] is the measured hydrogen
concentration, and V;; = 22,400 cc is the volume occupied
by a mole of gas, assuming ideal conditions. Actually, the
outcoming flux is a little bit larger than 10 sccm because of the
water evaporation. But from knowing the water vapor tension
at this temperature, this effect should account for 2—3% of the
overall flux. Consequently, the H, production rate is
underestimated, but the error is within the accuracy with
which the concentrations are measured from the GC curves. In
the small electrode case, a rate of R = 8.54 + 0.03 umol/h has
been found from electrical current data, while a rate of R = 4.6
+ 0.3 umol/h has been estimated from GC measurements.
The discrepancy (a factor of ca. 1.8) between the two results
may be explained by considering that, from electrical current
data, it is assumed that all electrons are employed in the
hydrogen evolution reaction (HER), whereas in reality, in a
single compartment cell, other competitive reactions may
occur at the cathode, including reduction of SDS oxidation
intermediates and, particularly, of molecular oxygen evolved at
the anode.

The same comparison can be done for the large area
electrode, obtaining R = 33.65 + 0.03 ymol/h from electrical
current and R = 22 + 2 umol/h from GC measurements,
affording a ratio of 1.5, which is quite comparable to the
previous case, pointing to the presence of the same competitive
reactions explained before occurring with comparable
efficiency. In this case, consistent with the Faraday laws, the
rate of hydrogen production is about 4 times larger than that in
the small electrode case.

In order to have an estimation of the contribution of
photons toward hydrogen generation, we employ a power-
saving parameter, 77, which is defined as follows

n==oxQ/P/A 4)

where @ is the hydrogen production rate difference between
light and dark conditions at the same applied voltage,
expressed in mmol/s, Q is the hydrogen formation energy,
237 kJ/mol, P is the illumination power, 100 mW/ cm?, while A
is the illuminated electrode area, measured in cm”. This figure
of merit should be understood as the gain in hydrogen
production over a dark experiment performed with the same
electrode at the same voltage. The chosen bias, 2.15 V, is just
before the dark current onset and represents the maximum
voltage that can be applied under dark conditions before non-
negligible H, production starts.

In this work, for the small electrode, the power saving was 5
= 0.3%, while for the bigger one, it was equal to 77 = 0.13%. The
smaller efficiency in the big electrode case with respect to the
small one reflects the smaller current density at the same
applied bias. Moreover, these values are far smaller than the
ideal one, but this work represents a proof-of-concept study of
the possibility of achieving solar hydrogen production from

surfactant-rich wastewaters. There are then many factors that
limit the achievable efliciency, like the very small molar
concentration of the solution or geometrical factors in the case
of the large area electrode.

4. CONCLUSIONS

We investigated here a strategy for PEC solar hydrogen
production starting from SDS-rich wastewater. This surfactant
is of wide use in industrial and domestic applications, and this
is the reason why its presence is relevant in wastewater.
However, it is also potentially suitable as a hole scavenger to
enhance hydrogen production. A titanium-doped hematite
photoanode was employed as the working electrode. Here, Ti
doping was proven to be very effective in increasing
photocurrent at moderately small overpotentials by reducing
both bandgap and charge recombination of the photoanode.
The oxidation of SDS, which acts as a hole scavenger at the
anode surface, proceeds by means of radical oxidation.
Fluorescence experiments allowed us to confirm the oxidation
mechanism, which involves water oxidation to OH® radicals,
which then attack SDS, degrading the apolar carbon tail of the
surfactant and converting it into CO,. EIS enlightened the
charge transfer dynamics of the PEC system, whose behavior
has been analyzed in four different electrolytes. In particular,
the selectivity of the system toward the oxidation of SDS rather
than the degradation of a sacrificial species (MeOH in this
case) is likely due to a partial adsorption of the surfactant on
the surface of the photoanodes, which leads to an improved
scavenging of surface-trapped holes with respect to MeOH.
Both the goals of the cell have been confirmed by GC, which
revealed hydrogen gas and carbon dioxide, the latter proving
the mineralization of the surfactant. Thanks to this analysis,
power saving efficiencies for the systems have been calculated,
resulting in 7 = 0.13% for the big electrode and 1 = 0.3% for
the smaller one. These values are far from ideal, and further
studies are needed to optimize the reaction conditions and
parameters in order to increase the efficiency of the system.
Nevertheless, this research provides a proof-of-concept
demonstration of the possibility of producing solar H, by
using surfactant-rich wastewaters as the substrate instead of
fresh water, thus providing wastewater remediation and a
simultaneous waste valorization. In fact, our system has shown
long and sustained H, production without the addition of any
electrolyte and without any pH adjustment. This provides a
critical advancement toward the scalability of this application.
Despite a large cell resistance, confirmed by EIS measurement,
our H, production rates are compatible with the literature
results for similar systems. Additionally, this work also provides
an in-depth analysis of the photoanodic reaction mechanisms,
providing a step beyond the current understanding of
photoelectrochemical reactions and a convenient starting
point for further optimization studies.
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