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General introduction

In the last decades, the rapid growth of global population and the industrialization have led
to an ever-increasing consumption of energy. Currently, our energy infrastructure is still
predominantly based on fossil fuels, including coal, petroleum, natural gas and uranium.
However the reserves of fossil fuels are finite (i.e., they are exhaustible and not renewable)
and therefore they are not sufficient to meet the long-term energy world demand. Moreover,
the depletion of fossil fuels results in the increase of their extraction and transportation costs
which in turn has negative impacts in several sectors of everyday life (economical, social
and political). Most importantly, the widespread utilization of fossil fuels releases
greenhouse gases, especially carbon dioxide (COz), in the atmosphere. As a result, the human
population is facing detrimental environmental issues including global warming, climatic
change and environmental pollution. Thus the transition to an energy system based on
sustainable and renewable sources is one of the biggest challenge for the development of a
green energy future. Among the renewable energy sources, solar energy with an energy
potential of 23000 TWy per year is the main environmental friendly energy source able to
meet the current and future energy demands'. However, sunlight has a variable and
intermittent nature’. Consequently, in addition to photovoltaic (PV) devices that transform
solar energy into electricity, various methods, including photocatalytic (PC),
photoelectrochemical (PEC), and integrated photovoltaic-electrochemical (PV/EC) systems,
have been developed to enhance the utilization of solar energy. *> These approaches aim to
produce solar fuels and high-value added chemicals by directly harnessing sunlight, thus
offering promising solutions to produce clean energy, reduce our dependence on fossil fuels,

and mitigate the climate change.

It is within this general context, that this thesis deals with two different projects tackled
during my PhD program. The goal of both projects is to shed light on the specific aspects
involved into the improvement of the performances of two distinct energy-related processes,

i.e., the hydrogen production from water and the ethanol oxidation reaction (EOR).

Namely, the first project is a combined theoretical and experimental research work and is
related to the hydrogen production process by photocatalytic water splitting. Concerning this
topic, most of the studies reported in literature are focused on the development of strategies

for controlling the photocatalyst’s properties in order to obtain the best performing material.



By contrast, limited attention was given to the role of the reaction medium. The main result
of this project is that water can not be simply considered a passive medium, but rather the
water molecules, acting as proton donor or acceptor, can boost the reaction itself. In
particular, it is investigated how the structure of water at the water-semiconductor interface
influences the rate of water-splitting. This first part of this PhD thesis is divided in two

chapters. Chapter 1 focuses on the experimental study, specifically we have:

1. Synthetized two photocatalysts (an undoped TiO2 and a B-doped TiO2) exhibiting a
different rate of H2 production, but no significant differences in the physical chemical
properties.

2. Demonstrated, by performing Fourier Transform Infrared (FTIR) spectroscopic
measurements under controlled relative humidity (RH) conditions, that the main
responsible of the different photocatalytic activity is the structure of the interfacial water.

These experimental activities were carried out in Laboratory of Catalysis for Sustainable

Production and Energy (CASPE/INSTM) of the Department Chemical, Biological,

Pharmaceutical and Environmental Science (ChiBioFarAm) and in the Optical

Spectroscopic Laboratory of the Department of Mathematical and Computer Sciences,

Physical Sciences and Earth Sciences (MIFT) of the University of Messina.

Chapter 2 deals with the computational results. Indeed, density functional theory molecular
dynamic (DFT-MD) simulations were performed in order to better understand how the
structural organization of water at the interface with a photocatalyst determines the water
splitting performances. To the best of our knowledge, in most of the computational literature
published works concerning the water splitting on TiOz, the water is at the best represented
as an implicit solvent or using just a single layer of explicit water molecules. In our work,
the innovative element that allows to give a more realistic description of the interaction of
water with the TiO2 surface is the consideration of an entire liquid water slab (132 water
molecules) in direct contact with the photocatalyst, i.e., an explicit solvent scheme.

This computational study was conducted in collaboration with Dr. Fabrizio Marco Creazzo
(Department of Chemistry, University of Ziirich, Ziirich, Switzerland) and Dr. Giuseppe
Cassone (Institute for Chemical-Physical Processes, National Research Council of Italy

(IPCF-CNR), Messina, Italy).



The second research project was developed during my abroad research period at the Institut
Catala d’Investigaciéo Quimica (ICIQ, Tarragona, Spain) under the supervision of Professor
Jos¢ Ramon Galan-Mascards in the framework of the European Project DECADE
(DistributEd Chemicals And fuels production from CO2 in photoelectrocatalytic DEvices).
With respect to the previous project, this one is more applicative and relies on the design,
fabrication and testing of an highly performing and stable electrocatalyst for realizing the
ethanol oxidation reaction (EOR) under extreme conditions (concentrated ethanol 96%). The
final goal is to use this catalyst in a new kind of PEC cell that provides an effective way to
harness the solar energy for catalyzing the CO2 reduction and the EOR on the cathodic and

anodic sides respectively, to selectively produce the same product (i.e., ethyl acetate).



PROJECT 1

EXPERIMENTAL RESULTS



Chapter 1

Structuring of water at the TiO; interface boosts

solar-driven water splitting performances

Summary

This chapter deals with the experimental results of the first project developed during my
PhD program. The focus is on the critical role that the solvent (i.e., water) plays in
determining the water splitting performances, a topic that is often overlooked in literature. It
is emphasized how water cannot be considered a passive medium where the reaction occurs,
but it has an active role in catalysing the reaction itself. Indeed, the water structure at the
interface with a solid surface deeply influences the electron transfer and thus the reaction

rate.



1.1 Introduction

Photocatalytic water splitting is a promising method to produce green hydrogen (H2) using
directly solar energy?, but several technological improvements are still required to enhance
the performance of this process and make it competitive on a large scale. In principle, the
solar-to-hydrogen (STH) conversion efficiency of this reaction depends on three main
factors: ° 1) the light-harvesting ability of a semiconductor, ii) the charge separation/transfer

efficiency, and iii) the surface reactions for the H2 and Oz generation.

Since the pioneering activities of Fujishima and Honda’, titanium dioxide (TiO2), also known
as titania, is still a favourite semiconductor for H> production due to its availability, non-
toxicity, high chemical stability and low cost®°. However, two factors are responsible for
the unsatisfactory performance of titania: i) the activation under ultraviolet light, which
accounts for a minor fraction of solar spectrum (about 4% of the sunlight) due its large
bandgap (3.2 eV for the anatase phase) ' and ii) the fast recombination of the photogenerated
charge carriers involved in the reaction'!. Thus, several strategies including doping'> '3,
control of the nanomorphology'* or the formation of heterojunctions'> ' have been proposed
to overcome the aforementioned issues and develop a suitable photocatalyst for hydrogen
and oxygen evolution reactions (HER and OER, respectively). In this context, doping with
a non metallic element (cheaper and more stable during photocatalytic processes than
metallic elements) is one of the most feasible pathway to boost the photocatalytic activity of
TiO2. '” Among all the non metallic elements, recently boron emerged as one of the most
promising. '® ! However a mechanistic comprehension of the role of boron as dopant and of
its concentration in the improvement of the photocatalytic behaviour of TiOz is still lacking.

1.?% observed a red shift in the band edge of TiO2 after boron doping

For example, Zhao et a
while a blue shift is reported by Chen et al. 2!. In other works, Zaleska et al. *?, Niu et al. >
and Feng et al. 2* found that TiO: exhibits the highest photoactivity after boron doping with
different loading (2%, 6% and 10%, respectively). Moreover, these results are often achieved
in presence of a sacrificial agent (such as ethanol or methanol in aqueous solution). ?* In
addition, the slow kinetics of the OER, which involves the transfer of four electrons®,
hampers the overall efficiency of water splitting. In this regard, surface engineering of

semiconductors through the incorporation of co-catalysts (metal nanoparticles), has emerged

as a promising approach to enhance photocatalytic activity?’. Indeed, the inclusion of



appropriate co-catalysts improves electrochemical parameters, such as the exchange-current
density and the charge/electron transfer coefficient’. More specifically, the electron transfer

26,27 In the former

processes can occur via inner-sphere or outer-sphere mechanism
mechanism, water molecules are strongly chemisorbed on the catalyst surface forming direct
chemical bonds*®?’. In the second mechanism, the aqueous ions retain their hydration shell
of coordinated water molecules and interact with the catalysts surface trough weak
electrostatic forces?® ?’. In agreement with the Marcus-Hush theory, the reorganization of
water molecules plays a critical role in determining the electron transfer rate, in particular in
the outer-sphere mechanism that is the initially dominant process®®?°. Therefore, gaining a

fundamental understanding of how the water structure on semiconductor surfaces influences

the reactivity of the water splitting reaction is essential.

130, 31 132—37

In this context, it is worth noting that several experimenta and theoretica
observations indicate that the behaviour and properties of water near a surface are typically
different from those of water in its bulk state. Specifically, water molecules are more ordered
and less mobile in close proximity to a solid surface (within 10 A) than in the bulk region.
Simultaneously, the dielectric constant of interfacial water is 10 times lower than its value
in the bulk (& ~ 80) 3%, Most importantly, the structure of the interfacial water and thus the

water splitting behaviour are strongly affected by the geometric constraints of the solid

surface.

However, the direct understanding of the interfacial water organization is not trivial because
many experimental methods are bulk sensitive techniques*’. Consequently, the signal arising
from the interface is overshadowed by the signal originating from the bulk water. Thus, it is
not surprising that determining the peculiar linkage between the different surface features
and the observed change in the water-splitting activity is still elusive. In this thesis, we
endeavour to examine whether the water’s structure at the water-semiconductor interface
differs from that found in the electric double layer (EDL) and bulk electrolytes and ascertain
its potential impact on the kinetics of water splitting. To answer to this challenging question,
we synthetized two TiO2 anatase photocatalysts (without and with small amounts of boron
(B)) that exhibit different water-splitting activities. It is mandatory to emphasize that the aim
of the project is not the synthesis of the best performing photocatalyst but the investigation
of the influence of the structural organization of water at the interface with TiO2 in the water

splitting activity. For these reasons, in this project: 1) we avoided the addition of noble metal



nanoparticles as cocatalyst, ii) the concentration of B was intentionally chosen low (1%) in
order to avoid structural modifications responsible of an enhanced water splitting behaviour
and iii) the photocatalytic tests were performed in pure distilled water at neutral pH.
Interestingly, the different photocatalytic activity does not rely upon significant differences
in the physical-chemical properties of the photocatalysts itself or in the charge carrier
separation and recombination, but on a measurably diverse hydrogen (H)-bond network of
water molecules at the investigated interfacial surfaces. Specifically, the presence of B atoms
at the surface leads to a change of the local electric field, which affects the structure of the
interfacial water layer*'**. The changes in the water structure have been experimentally
demonstrated by Fourier Transform Infrared (FTIR) measurements at different controlled
relative humidity (RH) conditions. Indeed, probing the OH stretching vibrations yields
information about the H-bond network and thus on the water organization®. At the same
time, low RH values, i.e., low water content, provide insights into the interfacial water*S.

While, a bulk-like water behaviour is observed for high RH conditions*®.

1.2 Results and Discussion

1.2.1 Water splitting photobehaviour

The amount of Hz released during the water splitting reaction was measured in order to assess
the activity of the undoped and B-doped TiO2 powders. Figure 1a shows the cumulative H>
production (in micromoles per gram of catalyst) as a function of the irradiation time (about
2 h) for both TiO2 and B- TiO2 samples. There is an initial induction time related to the
establishment of an equilibrium condition inside the photoreactor. Later, the formation of Ha
displays a linear dependence on the irradiation time, evidencing the absence of
photocatalysts deactivation effects during the experiments. It is worth remarking that the
amount of photoproduced Hz and O: is in agreement with the expected stoichiometric ratio

of 2:1, due solely to the water splitting process.

As depicted in Figure 1b, the doping of TiO2 with boron atoms enhances the H2 production
rate. Specifically, the B-TiO2 exhibits a Hz production rate of 20.1 pmol g'! h'! which is 4.6
times higher than the one of TiO2 (1.4 pmol g'!' h'!).



A
o
S

..... 0.,...Ti02 ?® ':C 25
<35 — - @ =
*— B-TiO, P [
— | 9 — 20 —
5 30 g [
£ Cl £
= o = 15
.5 20 a“oo %
6 * il
5 15 000 S 10 —
3 o g
R o’ e9 3
& 2909 ]
= 0a-@9 o 5
T 5 @ ¢ 00900‘°°°°°° 9
0 —{a8a-002? D<-\|
T T T T T T 0

B-TiO,
Time (h)

Figure 1| a) Cumulative hydrogen production (in umol per gram of catalyst) using the synthetized TiO, ad B-
doped TiO; photocatalysts under irradiation for 2 h. b) Comparative hydrogen photoproduction rates.

In order to find an explanation of the enhanced photocatalytic behaviour exhibited by the B-
TiO2 photocatalyst, several physicochemical characterizations of both samples have been
carried out. The results of UV-vis diffuse reflectance spectroscopy, XRD, Raman, XPS and
SEM-EDX analysis rule out that bandgap changes, creation of heterojunctions or
heterophases, and alterations in crystal facets, nanomorphology or nanodimensions are
responsible of the improved ability towards water splitting of B-TiO2. Moreover, additional
investigations including photoelectrochemical and steady-state PL studies, were conducted
on both photocatalysts to exclude that other effects such as an improved charge separation
and stabilization or the creation of intermediate states are responsible of the boosted

photocatalytic activity of B-TiOz. These aspects and related results will be discussed in the

next paragraphs.

1.2.2 Physical-chemical characterization

1.2.2.1 UV-vis diffuse reflectance spectroscopy

The optical absorption properties of the photocatalysts were investigate by Uv-vis Diffuse
Reflectance spectroscopy. Figure 2 shows the Uv-vis absorption spectra of undoped and B-
doped TiOx.
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Figure 2| UV-visible diffuse reflectance spectra of TiO, and B)-TiO, samples.

Both samples display a similar absorption band profile with an intense peak in the
wavelength range between 300 and 380 nm associated with the O* — Ti*" electronic
transitions. The main peak at about 370 nm (3.35 eV) and the shoulder at around 400 nm
(3.1 eV) are ascribed to a predominant anatase and a minor rutile TiO2 phases*’, respectively.
It is worth nothing that the doping of TiO2 with B atoms does not significantly change the
relative amount of rutile phase. The UV-vis diffuse reflectance analysis indicates that the
absorption behaviour of titania is not affected by B incorporation, ruling out the possibility
that B doping improves visible light absorption and, consequently, the activity of TiOx.
Indeed, probably due to the low content of B doping, the B-doped TiO2 sample does not
exhibit a red shift in the absorption edge (typically, induced by the creation of gap states

close to the bottom of the conduction band when B atoms replace O ones) *.

A slight increase in the long tail in the visible region can be observed for B-TiO2 compared
to TiO2 due to the very low formation of defect states. ** Note, however, that the light
absorption above around 2eV is nearly zero. By contrast, when a significant amount of
oxygen defects and Ti** ions would be present (in oxygen-deficient anatase TiO2), an
increase of the absorption to the infrared region starting from ~620 nm (~2 eV) is expected*’.
The energy bandgap of the TiO2-based materials was determined from the diffuse reflectance

spectra using the Tauc’s plot method (Figures 3a,b) 5.
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Figure 3| Tauc plot of a) TiO, powder and b) B-TiO, powder.

Both the TiO2-based photocatalysts have an Eg of ~3.2, with only minor differences that

cannot be related to the significant improved photocatalytic behaviour of the B-TiO: catalyst.

1.2.2.2 X-ray diffraction

The crystalline structure of the undoped and B-doped TiO2 was investigated through x-ray
diffraction (XRD) analysis. The X-ray diffraction (XRD) patterns (Figure 4) suggest that
both powders exhibit only characteristic peaks associated with the anatase phase (according
to JCPDS card no. 21-1272). No crystalline rutile or brookite phases were detected indicating
the high purity of the synthetized samples. Thus, there is evidence of the alteration of the
preferentially exposed crystalline facets eventually induced by doping with B atoms, as also
confirmed by micro-Raman spectroscopy (see Section 1.2.2.3) and scanning electron
microscopy (see Section 1.2.2.5). Specifically, the peak with the highest intensity is
associated to the reflection (110) located at 26=25.28°, other important signals are present at
37.8°, 48.05°, 53.89°, 55.06° and 62.69°. Remarkably, in the XRD spectrum of the B-TiO2
sample, the minor shift of the main diffraction peak (20 = 25.3°) to a lower angle (inset of
Figure 4) indicates the expansion of the TiOz crystal lattice due to the incorporation of B

atoms into interstitial sites!® 3! 52,

11
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Figure 4| XRD pattern undoped and B-doped TiO, powders.

We can observe that in the XRD pattern of the B-doped TiOz there is no trace of an additional
at 20=28.1° corresponding to boron oxide (B203, possibly coming from thermal
decomposition at ~150 °C of boric acid) '® surface nanoparticles, which could have an impact

on the photocatalytic behaviour, as confirmed by micro-Raman spectroscopic results.

1.2.2.3 Micro-Raman spectroscopy

The structural properties of the undoped and B-doped TiO2 were further examined by micro-
Raman spectroscopic measurements. The spectra of TiO2 and B-TiO:2 (Figure 5) show five
peaks associated to Eg (144cm™), Eg (197 cm™), Big (399 cm™), A1g+Bi1g (516 cm™) and Eq
(639 cm™') Raman modes of the anatase phase, in agreement with the results of he XRD
diffraction patterns. These modes are the results of the symmetric stretching (Eg), symmetric
bending (Big) and antisymmetric bending (Aig) vibrations of O-Ti-O bonds in TiO2,

respectively.

12
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Figure 5| Raman spectra of undoped and B-doped TiO, samples.

Moreover, the micro-Raman spectra do not suggest the presence of oxygen vacancies in
TiO2, which should generate two additional Raman modes at 155 and 171 cm™.%%33 As shown
in the insets of Figure 5, the B-doped sample is characterised by a blueshift (~ 0.5 cm™) of
the Eg(1) mode and a redshift (~ 1 cm™) of the Big. These Raman modes are due to the Ti-
atom vibrations (the system's symmetry does not allow the motion of the O atoms). >* Thus

this result can be related to B in Ti substitutional positions.

1.2.2.4 X-ray photoelectron spectroscopy

The surface composition and the chemical state of each element in the synthetized
photocatalysts were examined by X-ray photoelectron spectroscopy (XPS). Figures 6a-c
reports the XPS spectra of the O 1s, Ti 2p and B s peaks for undoped ad B-doped TiO2,

respectively. The corresponding binding energy (BE) values are summarised in Table 1.

13
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Figure 6| XPS spectra of a) Ols, b) Ti2p and ¢) Bls regions for both pure TiO, and B-TiO,. samples.

From the top panel in Figure 6a, the Ols peak of the TiO2 sample can be deconvoluted in
two components at 529.82 and 531.41 eV (indicated as O 1s (I) and O 1s (II)), corresponding
to the lattice oxygen (Ti-O) species and the oxygen of the surface hydroxyl (Ti-OH) group,
respectively. In the B-doped TiO: (bottom panel in Figure 6a), after deconvolution, in
addition to the main peak at 530.09 eV related to Ti-O species and the second peak at 531.13
eV attributed to the Ti-OH groups, a third component at 532.46 eV (labelled as O 1s (III))
associated to B-O bonds is present. '® Thus, this first result is a prove of the presence of B

atoms in the doped sample.

The XPS spectrum of the Ti 2p peak for TiO2 (black line in Figure 6b) exhibits the doublet
Ti 2p3z at 458.58 eV and Ti 2pi12 at 464.12 eV with a splitting energy (i.e., separation of the
peaks) of 5.54 eV, which is typical the presence of Ti*' in TiO> lattice. > For the B-TiO:
sample (red line in Figure 6b), the Ti 2p peaks show a positive shift of 0.27 eV (BE values
0f458.85 an 464.39 eV for Ti 2p3/2 and Ti 2p112, respectively). This displacement is indicative
of a reduction of the electron density of Ti 2p after the incorporation of B in the TiO2 lattice.
56 This is probably due to the presence of B atoms (more electronegative than Ti) in

interstitial sites that leads to the electron transfer from Ti to B.

14



Based on the XPS data, the boron content on the surface of the B-TiO2 sample is 3.6%.
Regarding the chemical environment of boron in the B-TiO2 samples, the assignments of
XPS peaks is controversial because B atoms can occupy interstitial or substitutional
(replacing Ti or O atoms) positions in the TiO2 lattice. The B1s peak (Figure 6¢) have been
deconvoluted into two components. After a comparison with literature data, the main
contribution (B 1s (I)) at 191 eV is ascribed to B incorporated into TiO: lattice in interstitial
positions forming Ti-O-B species®* 3> %7, while the second component (B 1s(II)) at 192.46
eV is assigned to B203°%°%>°, DFT studies indicate that the occupation of interstitial sites or

O substitution is energetically preferable to substituting Ti with B atoms.

In conclusion, our B-doped TiO2 was successfully synthetized by sol-gel method which
generally leads to interstitial B-doping, together with the formation of B203 on the surface
of the TiOz particles. ®* > Moreover, boron doping introduces a residual charge, which
results into an increase in the number of surface OH groups” % (which is evidenced by the
increase of the intensity of the O 1s (II) component of the B-TiO2 sample with respect to
TiO2, Figure 6a). The XPS results of our samples are thus consistent with the presence of
(1) interstitial B sites (signal B 1s (I) in Figure 6¢, and involving the shift in the BE of Ti 2p
in Figure 6b) and (i1) surface B (signal B 2 in Figure 6¢), which generates the B-O signal
at 532.46 eV (Figure 6a).

Binding energy (eV)
O1s Ti2p Bls
Sample O 1s (1) Ols(l) O1s{dI) Ti2pse Ti 2p12 BisdI Bils{D
TiO: 529.82 531.41 - 458.58 464.12 - -
B-TiO:  530.09 531.13 532.46 458.85 464.39 191.91 192.46

Table 1| Binding energies (eV) of O 1s, Ti 2p and B 1s peaks present in the XPS spectra of undoped and B-
doped TiO; samples.

1.2.2.5 Morphological and elemental characterisation

The morphological features and the elemental analysis of the samples were investigated by
scanning electron microscopy (SEM) and energy dispersive X-ray (EDX) spectroscopy. As
shown in SEM images (Figures 7a,b), the surface of both photocatalysts presents a

homogenous distribution of particles with irregular shapes, without indications of a specific
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morphology and crystal facets exposed. Additionally, there is no apparent effect of B doping

on these aspects.

a) TiO,

Figure 7| EDX spectra and SEM images (inset) of a) TiO, and b) B-TiO, powders.

The composition of both prepared photocatalysts is provided in Table 2.

Sample Weight concentration (wt%)

Ti (0] C B
TiO: 333 533 13.5 -
B-TiO: 344 57.5 6.7 1.3

Table 2| Composition of undoped TiO, and B-doped TiO> (based on EDX spectra).

The EDX results (acquired during SEM imaging) confirmed the presence of B atoms (with
a weight concentration of 1.3%) in the doped photocatalyst. Moreover, in both undoped and
doped TiO2 powders, the weight percentage of Ti and O is almost the same, confirming the

previous indications that doping with B does not creates significant oxygen vacancies.
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1.2.2.6 BET analysis

Nitrogen (N2) physical adsorption/desorption (on the surface of photocatalyst) technique was
applied to gain insights on the textural properties of the sample including the specific surface
area (SABET) the total pore volume (Vypore) and the pore diameter (Dpore). The N2 adsorption-

desorption curves and the corresponding pore size distributions are shown in Figures 8a,b,

respectively.
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Figure 8| a) Nitrogen adsorption/desorption isotherms and b) pore size distribution curves of the undoped and

B-doped TiO,.

As shown in Figure 8a, according to the [IUPAC classification; both photocatalysts present
a type IV isotherm characteristic of mesoporous materials with an H2-type hysteresis loop
that is typical of ink-bottle pores (i.e., a not well defined pore distribution in terms of size
and shape). ® The B-doped TiO2 nanopowder has a slightly higher SAger value compared to
that of TiO2 (157.92 and 111.27 m? g, respectively). Furthermore, the average pore diameter
(Dpore) of each samples, determined from pore size’s distribution curve (Figure 8b) is 33.83

and 39.46 nm for TiO2 and B-doped TiOz, respectively.

The textural properties of both samples are summarised in Table 3.

Sample SAger (m? g) Vpore (cm? g) Dpore (nm)
TiO: 111.27 0.12 33.83
B-TiO: 157.92 0.17 39.46

Table 3| BET surface area and pore parameters of TiO, and B-TiO,.

The differences are negligible (< 30%) suggesting a positive effect of the doping with B
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atoms in reducing the sintering of titania. This result supports the previous findings that
doping with B atoms does not generate oxygen vacancies at the surface. Indeed, on the
contrary, the formation of surface oxygen defects in TiO2 accelerates the sintering process,

resulting in the reduction of SABet and porosity after an identical thermal treatment.

1.2.3 Photoelectrochemical characterization

The electrochemical behaviour of TiO2 and B-doped TiO2 photocatalysts was evaluated by
performing cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical

impedance spectroscopy (EIS) analysis.

1.2.3.1 Cyclic voltammetry

The CV curves were recorded without (Figure 9a) and with illumination (Figure 9b), from
0.036 t0 2.036 V vs RHE at a scan rate of 10 mV s™'. In the plots, only the latest CV profile

(obtained after five stabilization cycles) was reported.
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Figure 9| Comparison of cyclic voltammogram curves of TiO, and B-TiO, samples in 1 M KOH under a)

dark conditions and b) light conditions.

While the CV profile (with or without illumination) of both samples shows a minor change
in terms of the reduction current onset (related to H2 generation, at an applied potential below
0.5 V compared to RHE), there is a marked difference in the oxidation region (related to O2
generation, above 1.0 V compared to RHE). The illumination thus significantly promotes
oxidation activity with respect to dark electrolysis only, and the effect is more pronounced

in B-TiO2 than TiOz. The effect of light illumination is consistent with oxygen evolution,
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which is the slow process in water electrolysis®®. Regarding the reduction current, in dark
electrolysis B-TiO2 is less efficient than TiO2, and therefore requires a larger onset
overpotential (1.35 V vs 1.3 V for B-TiOz and TiOz2, respectively). Upon illumination, B-
TiOz is also slightly less efficient than TiO2, but needs a slightly lower onset overpotential
to start the reduction process compared to TiO2 (0.97 V vs 1.03, respectively). Note that the

reduction of the potential is related to the photogenerated current upon illumination.

These results indicate that light promotes more water (photo)electrolysis at B-TiO2 than at
the TiO2 surface, in agreement with photocatalytic data (Figures 1a,b). The effect could be
due to either a more efficient stabilisation of holes at the surface, e.g. a more efficient charge
separation®’ and thus a higher photocurrent generation, or (and) to the effect on water
structure at the interface which enhances the coupled proton and hole transfer for water

splitting®®,

1.2.3.2 Chronoamperometry

The CA profiles (Figure 10) were collected by performing six light ON/OFF cycles of 30
seconds for each at an applied potential of 1.136 V vs RHE. Moreover, three different filters
(AM 1.5 G, UVC and UVB/C blocking filters) were applied to assess the response of the

TiO2-based photoelectrodes in specific wavelength regions.
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Figure 10| Chronoamperometric measurements for TiO, and B-TiO, samples (1.136 V vs RHE, 1 M KOH)
using open UV-visible lamp spectrum (no light filter) and with light filter (AM1.5G, UVC, and UVB/C

blocking filter). Data were normalised with respect to the surface area of the photocatalysts.
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As can be seen from Figure 10, when the light is switched on, there is an initial rapid increase
in the photocurrent followed by a slow rise until a constant value is reached. When the light
is switched off a fast decay in the photocurrent which returns to its initial dark current value.
The secondary slight increase in the photocurrent is due to the charge carriers diffusion time
needed to reach a stable electric double layer (EDL). This observation is supported by the
correlation between the photocurrent density and the stabilization time (higher photocurrent
density requires more time to achieve a stable condition) and by the reproducibility of the
photocurrent density behaviour in consecutive cycles. This result confirms that the
photocurrent is not related to changes in the redox state of the semiconductor, as it may occur
when activity is related, for example, to the presence of surface oxygen vacancies reacting

with water.

Using the AM 1.5 G, UVC, and UVB/C filters, both TiO2-based photoelectrodes are still
active in the photocurrent generation, and as displayed in the last three ON/OFF cycles
performed at open spectrum conditions the photocurrent behaviour is reproducible over
several irradiation cycles. As expected, after cutting the UV light components (i.e., by using
AM 1.5 G, UVC and UVB/C filters) the photocurrent density of TiO2 and B-TiO2 decreases.
For instance, under the AM 1.5 G filter, only ~ 20-25% of the open spectrum photocurrent

remains.

Moreover, the decrease in the photocurrent density from open spectrum case to AM 1.5 G
filtered irradiation is slightly more pronounced in B-TiO2 than in TiO2 (79% vs 74%). This
indicates that, in our samples, doping with B does not improve the visible light response of
TiO2. In both open spectrum and filtered illumination conditions, TiO2 has the highest
photocurrent density compared to B-TiOz. Therefore, these results indicate that doping with

B does not enhance the charge separation, which induces a higher photocurrent density.

1.2.3.3 Electrochemical impedance spectroscopy

Additional information regarding the charge transfer phenomena that occur at the
semiconductor/electrolyte interface were provided by EIS studies. The EIS measurements
were carried out without and with light irradiation in the frequency range from 10° to 0.1 Hz

with an amplitude of 0.01 Vrums at applied potential ranging from 1.313 to 2.113 V vs RHE.

The Nyquist plots for both samples under dark and light conditions are shown in Figures
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11a,d. The EIS data were fitted through a simple equivalent electric circuit (see Appendix
A 3.8 for more details).
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Figure 11 | Nyquist plots for TiO, and B-TiO, samples measured by varying the applied potential in a,b) dark
and c,d) light conditions. Symbols represent the experimental impedance data while the dashed lines the fitting

using the equivalent circuit model.

It is clear that, at all the applied potentials, the radius of semicircle for both photocatalysts
is smaller under light conditions respect to dark conditions. This result is indicative of a
lower Ret under illumination. Moreover, TiO2 shows a higher Ret compared to B-TiO2 (in
both dark and light conditions). Therefore, the introduction of B atoms in TiO2 promotes the
electron transfer to water molecules. However, this effect is not related to a higher charge
carrier generation rate (attributed to the surface stabilisation or to the reduction of thermal

degradation paths), but to the promotion of the outer-shell electron transfer mechanism.

Table 4 lists the values of Ret resulting from the fitting of the EIS data (by using the Randles
equivalent circuit) in dark and light conditions for TiO2 and B-TiOx.
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Dark conditions Light conditions

TiO: (B)TiO: TiO: (B)TiO:
Potential Ret (Q) Ret (Q) Ret (Q) Ret (Q)
1.313 V vs. RHE 838 345 534 345
1.513 V vs. RHE 315 73.6 189 66.9
1.713 V vs. RHE 60.2 11.8 37 9.21
1.913 V vs. RHE 12.6 4.85 7.8 3.48
2.133 V vs. RHE 5.80 2.32 3.97 2.81

Table 4 | Equivalent electric circuit parameters from EIS fitting data for TiO, and B-TiO, under dark and light

conditions at different applied potentials.

1.2.4 Steady-state photoluminescence

As shown in Figure 12, both photocatalysts exhibit an emission peak at 460 nm, indicating
that doping with B atoms does not introduce intermediates states between the valence and
the conduction bands of TiOz, as instead observed when the B doping is an order of

magnitude higher'® ¢
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Figure 12| Photoluminescence spectra of TiO, and (B)TiO, samples.

Although PL spectra are not quantitative, the intensity of the PL emission in B-doped TiO2
is lower than at TiO2, giving an indication of a suppressed charge carrier recombination rate,

in agreement with CA results (Figure 9).
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1.2.5 FTIR measurements

Information on the structure and the arrangement of water at the interface with TiO2 and B-
TiO2 have been gained by analysing the changes of the OH stretching band (in 2800-3600
cm’! wavenumber region) at varying the surface hydration levels of the samples (see
appendix A for experimental details). Indeed, the OH stretching band is a complex and broad
structure resulting from the presence of different OH groups which vibrational frequencies
provide important insights into the H-bond donor (D) and acceptor (A) status of the water
molecules as well as of the strength of the H-bond network” 7!, As illustrated in Figures
13a,b the IR spectrum in the OH stretching region for the two investigated systems appears
significantly different (a normalised representation is also shown to highlight the shape
variations, Figures 13c,d). From this observation it turns out that a different H-bond

organisation at the interface with the two titania photocatalysts takes place.
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Figure 13 | FTIR spectrum in the OH stretching region at different values of RH of a) TiO»/H»O interface and
b) B-TiO,/H,0 interface. The corresponding normalized spectrum in ¢) and d), respectively.
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With the aim of providing a detailed description of the arrangement of interfacial water, the
broad OH stretching band has been deconvoluted into five Gaussian components (two

examples are shown in Figures 14a,b, the other results are shown in Appendix A4).
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Figure 14 | Gaussian deconvolution of the OH stretching band of a) TiO, and b) B-TiO, samples at RH=53%.

These five contributions correspond to different OH symmetric stretching vibrations,
including: i) single donor-double acceptor (DAA-OH, ~3040 cm™), ii) double donor-double
acceptor (DDAA-OH, ~3220 cm™), iii) single donor-single acceptor (DA-OH, ~3430 cm™")
and iv) double donor-single acceptor (DDA-OH, ~3570 cm™), describing fully or partly
(defective topology) H-bonded water molecules, and v) free-OH vibrations ( ~3636 cm™)

related to water molecules not involved in H-bonds.
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In particular, significant insights into the organization of the H-bond network arise from the
comparison of the relative areas (i.e., the ratio between the area of a Gaussian subpeak and

the total area of the OH stretching band) of these five spectral components (Figures 15a-¢).
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Figure 15| a-e) Changes with the relative humidity of the relative areas of the five spectral components
obtained by the Gaussian deconvolution of the OH stretching band for both TiO,/ and B-TiOy/water interface.

f) Mean H-bonding state of water in TiO, and B-TiO, samples.

For both samples, the main finding is that the DDAA and DA water molecules populations
constitute the major contributions (more than 80%) of the whole OH stretching band

(Figures 15b,c). Specifically, the most representative patterns at the interface with pure TiO2
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consist of fully tetrahedrally coordinated H-bonded water species (DDAA) along with some
H-bond topological defects (under coordinated H20 molecules) of the type DA. In contrast,
the local environment of water molecules at the interface with B-TiOz is dominated by water
dimers (DA species), especially for RH values below 75%, as shown in Figure 15c.
Therefore, in agreement with mechanisms very recently proposed by Jiang et al. ', the
presence of B atoms hampers the percolation of tetrahedrally-coordinated water clusters and
largely enhances the DA population, leading to the formation of chains of dimers. It is
noteworthy that water dimers have been found to exhibit a higher photodissociation activity
than larger clusters™ and that defective H-bond networks are generally more effective for
proton transfer processes’®.

Additionally, since the DDAA and the DA are the dominant water motifs involved in the H-
bonding network at the interface with the studied systems, special attention was paid to the
analysis of these contributions. Specifically, according to the criterion proposed by Choe et
al.,, ’° the ratio between DA and DDAA components was calculated for assessing the
hydrogen bonding state of water at the interface with the TiO2 samples. The DA/DDAA
water molecules species ratio for H2O molecules adsorbed on the B-TiO: surface is greater
compared to that on the TiO: surface, indicating a weaker H-bond network that exhibits
larger fluctuations (Figure 15f). At the same time, this finding suggests a slightly more
hydrophobic character of the B-TiO2'%, as supported by the calculation of the average
number of H-bond per water molecule as function of the RH for the two different system

under investigation.

The schematic illustration of the organization of water molecules at the interface with TiO2

and B-TiOz resulting from the FTIR analysis is shown in Figures 16a,b.

a) b)
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Figure 16| Schematic illustration of the H-bond network in a) TiOz and b) B-TiO: photocatalysts.
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In conclusion, according to our FTIR results, the unexpected improved water splitting
efficiency on the hydrophobic B-TiO2 catalyst steams from the favourable arrangements of
water mainly in chain of dimers. These experimental findings are very well supported by
DFT-MD simulations. For more detail on water interactions with the titania surface by DFT-

MD simulations see next chapter.

1.3 Conclusion

By comparing the physical chemical characteristics of TiO2 and B-TiO2 samples, it is
inferred that the doping with a low amount of B (1%) does not significantly modify the
intrinsic properties of titania. In the B-TiO2 sample, about 30% of the B is present on the
surface as well-dispersed boric acid (B203)-like species. The remaining B is hosted in the
TiO: lattice, mainly as interstitial B. Nevertheless, from the Uv-vis analysis there is no
evidence that the interstitial B induces a downward shift of electronic band edges, which

could potentially justify an enhanced water-splitting activity’’.

Experimental characterisations (including XRD, micro-Raman, SEM-EDX and BET
analysis) allow also to exclude that the enhanced performances of B-TiO:z are related to other
possible interpretations, such as the creation of heterojunctions or heterophases, or changes

in the crystal facets, porosity or nanomorphology ®.

Additional electrochemical tests, including cyclic voltammetry (CV), chronoamperometry
(CA) and electrochemical impedance spectroscopy (EIS), and steady-state
photoluminescence (PL) measurements, were performed to rule out the possibilities of
improved charge separation, charge stabilization, and the formation of intermediate states
(i.e., oxygen vacancies) as potential reasons for the enhanced activity of B-TiO2 towards

water splitting.

It is worth pointing out that the aim of this project is to clarify how the structural organisation
of water at the interface with TiO2 is linked with the water splitting ability of a semiconductor
rather than improving the performances of the photocatalyst itself. For this reason, in the
photocatalysts synthesis process, we did not intentionally add either metal nanoparticles or
metal ions of Cu, Fe, noble metals and other metals (which may act as cocatalysts).
Consequently, the lack of a cocatalyst, even at a trace level (as proven by chemical analysis)

rules out the possibility that the improved ability towards water splitting of B-TiO2 can be
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related to this aspect®. For the same motivation, B doping amount was not optimized and

was purposely kept at low level.

Fourier Transform Infrared (FTIR) measurements at different controlled relative humidity
(RH) conditions reveal that the surface modification by doping profoundly affects the water
structure at the interface, resulting in defective configurations of H-bonded water molecules.
A significant population of single H-bond donor-acceptor H20 species, instead of
tetrahedrally coordinated ones, has been found at the B-doped TiO: surface. These
experimental FTIR findings suggest that the surprising five-fold enhancement in the H>
production rate achieved with the hydrophobic B-TiO2 photocatalyst results from the

advantageous arrangements of water molecules, predominantly forming chain of dimers
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Chapter 2

DFT-MD simulations of (101) TiOz/water interface
and (101) B-TiOz/water interface

Summary

This chapter deals with clarifying the structure of water and the organization of the H-bond
network at the interface with TiO2 and B-TiO2 by exploiting Density Functional Theory
molecular dynamics (DFT-MD) simulations. In this work, we overcome the limitations of
most literature studies, which in general, when describing the solid/water interface, adopt
only a water molecule or at the best a water monolayer in contact with the catalyst. Indeed,
we provided a more realistic view of the interfacial water behaviour on the investigated
surfaces by including an explicit liquid water slab (132 water molecules) in the simulation

box.

This part of work has been carried out in collaboration with Dr. Fabrizio Marco Creazzo
(Department of Chemistry, University of Ziirich, Ziirich, Switzerland) and Dr. Giuseppe
Cassone (Institute for Chemical-Physical Processes, National Research Council of Italy

(IPCF-CNR), Messina, Italy).
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2.1 Introduction

Quantum-level computations based on Density Functional Theory (DFT) are a powerful tool
to clarify the mechanistic interplay between the structure interfacial water and the titania
surface activity. Previous computational investigations have been employed to study titania
materials, focusing on improving their photocatalytic properties’®-*®. Most of these 'surface-
science' calculations concern the surface structure, the formation of heterojunctions and
heterostructures, and the surface reconstruction, adopting a static approach and an implicit
solvent framework. However, the organisation of explicitly treated water (i.e., at the DFT
level) at the interface (with a bulk density of 1 g cm™), its dynamics at finite temperature,
and their impact on the surface properties of a (undoped or B-doped) titania catalysts remain
elusive. Previous studies on the interaction of water with the titania surface were limited to
the identification of chemisorbed species and, in some cases, the single or bi-layer
organisation of water molecules on the surface of TiO2*"*°. Only a few computational
attempts provided insights about the dynamical H-bond environment at the TiO2-water

interface”?-%3,

What is not fully addressed yet, both theoretically and at an atomistic level, is how the
modification of the surface properties (e.g., by doping), the reorganisation of the interfacial
water environment as well as the surface ability of adsorbing/dissociating water molecules
can affect the experimentally proven changes of the catalyst properties in the context of water

splitting.

Intending to fill this lack of knowledge, in this chapter, we provide a detailed characterisation
of not only the (101) undoped and B-doped anatase surfaces of titania but also of the
dynamical finite-temperature behaviour of liquid water at the interface with the (101) TiO2
and (101) B-TiO2 by exploiting spin-polarised Density Functional Theory molecular
dynamics (DFT-MD) simulations and an explicit water environment. We overcame the static
DFT picture and the implicit solvent scheme of most previous studies. DFT-based

calculations were also performed on bulk anatase TiOx.

The description of the computational methods, titania surface modelling and the structural,

electronic and mechanical properties of TiOz is detailed in Appendix AS.
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2.2 (101) TiOz in contact with liquid water

Understanding and controlling the surface chemistry of TiOz2 is a key aspect in the field of
photocatalysis to fine characterize and tune the surface chemical activity of TiO2 towards
water splitting”* >, When the anatase TiO2 bulk solid is cut along the (101) crystallographic
symmetry plane (Figure 1a), under-coordinated Ti and O surface atoms are surface exposed.
In particular, the (101) surface exposes Ti atoms which are coordinated to five (instead of
six) O atoms, leading to the one-fold coordinatively unsaturated Ti atom (Ticus), see Figure
1b. Bridging oxygen atoms Obr, which are coordinated to two (rather than three) Ti atoms,
are also present at the anatase (101) TiO: surface: Ovr binds two Ti atoms in a sort of oxygen
bridge between them (Ti-O bond length ~ 1.85 A on average). Moreover, 3-fold surface
oxygen atoms O3, (fully) coordinated to three surface Ti atoms, are still present in a planar-

like geometry. The Ti-O bond length is in the range of 1.96 — 2.01 A.

a) 101 cut of 442 TiO, supercell b) (101) TiO,

101
surface

19.02 A

20.46 A

Figure 1] a) 442 supercell bulk structure of anatase TiO; is cut along the (101) crystallographic plane (in green).
b) Composition and surface speciation of anatase-TiO, model after the (101) cut. This panel shows the 3 layers-
thickness TiO, (216 atoms) in a stoichiometric slab model.

The B-doped TiO2 have been constructed by replacing 2 surface Ti*" atoms with 2 B*" atoms.
When surface Ti atoms are replaced by B atoms (i.e., B** instead of Ti*"), the “regular”
crystalline surface geometry of TiO2 (Figure 2a) is distorted locally with the formation of
two surface bond-defects (Figure 2b). This is due to the fact that B** is (fully) saturated by

3 O atoms in a trigonal coordination geometry (instead of 5 O atoms as for surface Ticus).
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a) (101) TiO, surface b) (101) B-TiO, surface

.\m 7' \Ul j

Figure 2| Zoom-in view of a) (101) TiO, surface: Tic,s atoms on the surface are coordinated to five O atoms
in a pristine surface geometry and b) (101) B-TiO, surface: B atoms on the surface are coordinated to three O
atoms. The two surface bond defects are highlighted in black dashed lines. Ti, O and B atoms are represented
in pink, red ad cyan, respectively.

The undoped and B-doped (101) TiOz surfaces were put in contact with 132 water molecules
(bulk liquid water environment, density ~1 g cm™), leading to the solid liquid interfaces
shown in Appendix AS. During our 25-ps-long DFT-MD simulations, we observed that
exposing the (101) TiO: surfaces to liquid water stabilises the unsaturated Ticus and Obr

surface sites which absorb entire or dissociated water molecules (Figures 3a,b).

a) Water surface-adsorption b) Water surface-dissociation
at Tis site at Tigys site O,

hu S5
ORR OR

Ticys Ticys

Figure 3| a) Water adsorption and b) surface dissociation mechanisms at the (101)-TiO, surface. Ti and O
atoms are in pink and red color, respectively, while the water molecule is colored in cyan.

Detailed results are summarized below:

- (101) TiO2: 10 entire and 2 dissociated water molecules are surface-adsorbed at the
unsaturated Ticus leading to a surface termination/speciation with 80% of p1-OHz and
20% of n1-OH exposed sites over Ticus atoms, as depicted in Figure 4. The unsaturated
Owr surface sites receive the two protons (from the two dissociated water molecules at
Ticus sites), leading to 2 p2-OH exposed sites. Furthermore, 3-fold surface oxygen atoms

O3 (12), (fully) coordinated to three surface Ti atoms in a planar arrangement, are still
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present and not affected by the presence of water at the surface.

(101) TiO, surface
h .
80% 20% ----- > (20%)

Figure 4| Equilibrium composition and speciation of the (101) TiO, surface in contact with liquid water. Ti,
O and H atoms are in pink, red and white color, respectively.

- (101) B-TiOz: over a total of 10 Ticus surface sites, 8 are water-adsorption sites, whereas
2 Tieus (20%) remain available over the simulation. In particular, 7 entire and 1
dissociated water molecules are surface-adsorbed over the 8 Ticus surface sites, leading
to 70% of pni-OH2 and 10% of pni1-OH exposed sites, as depicted in Figure 5. The
unsaturated Obr surface sites receive the dissociated proton leading to 1 p2-OH exposed

site. Furthermore, 3-fold surface oxygen atoms Osr are still present and not affected.

(101) (B)TiO, surface
1,1 0H, u,0H u20H my (Ticys) u30 (planar)
4 ol 2
¢ A
70% 10% ===== *» (10%) 20%

Figure 5| Equilibrium composition and speciation of the (101) B-TiO» surfaces in contact with liquid water.
Ti, O and H atoms are in pink, red and white color, respectively.

Once elucidated the equilibrium composition between hydrated motif at the undoped and B-
doped (101) TiO2 surfaces in contact with liquid water, further analyses have been provided
in order to investigate the solid-water H-bond interactions. The total number of pi, p2 and
u3O surface terminations described above does not change during the simulation time.
However, the dynamics of the interfacial water show proton hoppings/sharing between the
(hydrated) catalyst surface and the water environment. In particular, from our DFT-MD,

turns out that:
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For (101) TiO2: all the pi-OHz2 (over Ticus) and p2-OH (over Ovbr) surface sites are H-
bonded with water molecules, resulting in 70% of the water molecules, belonging to the
interfacial water layer, H-bonded to the surface. The majority (i.e., 80%) of these
surface-water H-bonds are made by water molecules that are, at the same time, H-bond
donor/acceptor towards the surface (Figure 6), with an average H-bond distance
(between surface oxygen and water hydrogen) of ~1.6 A: in particular, the H-bonded
water molecules act as H-acceptor from the pni-OHz as well as H-donor to p2-O site, as
depicted in Figure 6. The remainder 20% of H-bonded water molecules acts as H-donor
to p2-0 sites (over Owr). 3-fold surface oxygen atoms Osr are still present and unaffected

by the interface's H-bond interactions.

For (101) B-TiO2: all the pn1-OHz, u2-OH and Ticus surface sites are H-bonded with water
molecules, resulting in 50% of water molecules at the interface being H-bonded to the
surface (average H-bond distance ~ 1.6 A). The majority (60%) of the H-bonded water
molecules are H-acceptor from the pni-OH2 as well as H-donor to p2-O site, as already
shown in Figure 6. The other 40% of H-bonded water molecules are H-donor to p2-O
sites (over Obr). 3-fold surface oxygen atoms Osr are still present and unaffected by the

interface's H-bond environment.

Figure 6 Magnification of the predominant surface-water H-bond pattern at the aqueous (101) TiO, interface.
The H-bonded water molecule acts as an H-acceptor from the p;-OH, and as H-donor to the p,-O site. Ti and
O atoms are pink and red, respectively, while the water molecule is cyan.

These computational results indicate that water adsorption phenomena and H-bond

interactions show a slightly hydrophobic character in the case of the (101) B-doped TiO2

surface, where only 50% of the interfacial water molecules are H-bonded at the surface.
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Interestingly, the surface B sites at the (101) B-doped TiO: are not affected by water
adsorption phenomena as well as by the interfacial H-bonds interactions, resulting in sites
that are neither available for adsorbing/dissociating interfacial water nor for forming H-
bonds. When B atoms replace surface Ti atoms, they systematically relax as inner sites
compared to the surface Ti atoms, i.e., B atoms move towards the solid sub-layer to fulfil
their coordination (Figure 2b). This is further supported by the evaluation of the atomistic

radial distribution functions (RDFs) (Figure 7).

Ti(s)-Ow (anatase)
= Ti(s)-Ow (anatase+B)
St — = B-Ow (anatase+B)

g(r)

r(A)

Figure X7| Ti(s)-Oy and B-O,, RDFs at the (undoped and doped) (101) TiO,/water interfaces.

In fact, by comparing the RDF between titanium atoms Ti(s) at the surface and the water
oxygen atoms Ow, and that between boron atoms B at the surface and the water oxygen atoms
Ow shown in Figure 7 (solid black and dashed blue curves, respectively) Ti(s) atoms are
closer to water (exhibiting an average distance of ~2.1 A) than (inner-site) B atoms, which

are on average at ~3.9 A from water.

In addition, the values of the work functions calculated for the (101) undoped and B-doped
TiOz surfaces are shown in Figure 8 and listed in Table 1.

The work function value is ~ 5.1 eV (experimental values ~ 4.8-5.2 eV°%%7) at the anatase
(101) TiO2 bare surface, and ~ 1.8 eV when the anatase (101) TiO2 surface is in contact with
liquid water. For the B-doped anatase (101) TiOz, the values of 4.8 eV and 1.7 eV have been
obtained at the bare surface and at the water interfacial system, respectively. These results

are in fairly good agreement with the experimental results present in the literature about bare
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TiO> anatase surface’® °/, confirming that the DFT-PBE+U representation and the

computational setup are reliable in reproducing the work function values and its changes®®.

T
1 B Exp. reference (5.1 eV) 1
6F ®  Anatase (101) TiO, -
S A— Anatase (101) B-TiO, 1
9 5E--- l W Anatase (101) TiO, + water -
= 3 4 Anatase (101) B-TiO, + water
o
= 4F b
]
- !
2 3t .
X !
S 2
s | X ]
1 .
0

Figure 8| Work function (eV) calculated for the (101) TiO, and B-TiO; surfaces in direct contact with vacuum
or with liquid water. The red square in the graph is the average work function experimental value for bare TiO,
from Refs. °*%7, equal to 5.1 eV.

System Work function (eV)
(101) TiO, 5.1
(101) TiO, + water 1.8
(101) B-doped TiO, 4.8
(101) B-doped TiO, + water 1.7

Table 1| Calculated surface work function (eV) values.

Although these computational modelling neglects the effect of light irradiation (and related
voltage application), they are in fairly good agreement with the experimental findings
showing that in the B-doped TiO2 sample, the enhanced water splitting activity is not due to
a modification in the charge separation (no significant difference in the work function values
of the undoped and doped TiOz) or a change in terms of the water chemisorption sites given
by the B presence. Instead, it is due to a local change in the structural organisation of the
water molecules in contact with the solid surface. This is somehow related to the influence
of doping on H-bonding and local electric fields. In fact, the presence of a Ti atom instead
of a B one produces a local (within 3-4 A) surface electric field intensity on the order of 0.10
V/A oriented towards the water environment (i.e., isotropically outward the site), as shown

in Figure 9.
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Figure 9| Local electric field determined as the difference of the isocontours between a system containing in
the site colored in yellow of the TiO» surface a Titanium atom and a system containing a Boron atom in the
same position for isovalues equal to 0.10 V/A.

This local electric field, which is absent when B atoms replace the Ti ones, might be
responsible for the more prominent hydrophilic character of neat TiO2 with respect to its B-
doped counterpart. In fact, it is well known that electric fields of this strength are capable of

ordering the H-bond network of liquid water’!: %

, a circumstance rationalising the larger
structuring of the local water environment at the non-doped TiO2 surface. This way, the
surface properties are modified upon doping and this induces a deeply different interfacial
water arrangement. These aspects are crucial in charge transfers phenomena taking place at

100-102

the interface, which depend on solvent reorganisations and local electric fields and

ultimately affect the water splitting activity.

2.3 Conclusions

DFT-MD simulations at the (101) TiO2 and B-TiOz at the interface with liquid water support
the FTIR experimental findings, showing that the DA population is the most representative
in describing surface-water H-bond interactions at the B-TiO: surface. Moreover the
computational results also confirm the slightly hydrophobic character of B-TiO2. In a
nutshell, water adsorption phenomena and H-bond interactions show that the (101) TiO2
surface has a hydrophilic character, in which most of surface sites are adsorption sites, and
the majority of interfacial water molecules are H-bonded to the surface. In contrast, a slightly

hydrophobic character describes, the (101) B-TiOz surface, where only 50% of the interfacial
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water molecules are H-bonded to the surface. Interestingly, the surface boron sites at the
(101) (B)TiOz are not affected by water adsorption phenomena as well as by the interfacial
H-bonds interactions, i.e. resulting in sites which are neither available for
adsorbing/dissociating interfacial water nor for establishing H-bonds. When B atoms replace
surface Ti atoms, they systematically relax as inner sites compared to the surface Ti atoms,
1.e. B atoms move towards the solid sub-layer to fulfil their coordination. This fact is further
supported by the evaluation of the atomistic radial distribution functions (RDFs). By
comparing the RDF between titanium atoms Ti(s) at the surface and the water oxygen atoms
Ow, and that between boron atoms B at the surface and the water oxygen atoms Ow results
that Ti(s) atoms are closer to water (exhibiting an average distance of ~2.1 A) than (inner-
site) B atoms, which are on average at ~3.9 A from water. In our TiO2 and (B)TiO2 samples,
the enhanced water splitting of the latter is not due to a modification in the charge separation
or a change in terms of the water chemisorption sites given by the B presence. Instead, it is
due to a local change in the structural organization of the water molecules in contact with
the solid surface. This fact is somehow related to the influence of doping on H-bonding and
local electric fields. The presence of a Ti atom instead of a B one produces a local (within 3-
4 A) surface electric field intensity on the order of 0.10 V/A oriented towards the water
environment (i.e., isotropically outward the site). This local electric field, which is absent
when B atoms replace the Ti ones, might be responsible for the more prominent hydrophilic
character of neat TiO2 with respect to its B-doped counterpart. Electric fields of this strength

71,99 "a circumstance rationalising the larger

can order the H-bond network of liquid water
structuring of the local water environment at the non-doped TiO2 surface. This way, the
surface properties are modified upon doping, which induces a deeply different interfacial
water arrangement. These aspects are crucial in charge transfer phenomena at the interface,

100-102

which depend on solvent reorganizations and local electric fields and ultimately affect

the water splitting activity.
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Chapter 3

Ethanol oxidation reaction electrocatalysts

Summary

The work described in this chapter was conducted within the framework of the European
Project DECADE (DistributEd Chemicals And fuels production from CO2 in
photoelectrocatalytic DEvices) and was carried out during an abroad research program (from
March 2022 until August 2022) held at the Institut Catala d’Investigacido Quimica (ICIQ,
Tarragona, Spain) under the supervision of Professor Jos¢ Ramén Galan-Mascaros. The
main goal of the DECADE project is to develop an innovative photoelectrocatalytic (PEC)
cell for COz reduction by avoiding water oxidation as the anodic reaction. This new PEC
device uses waste CO2 and bio-ethanol as feedstocks for the cathodic and anodic parts,
respectively. This approach can be employed to produce the same product i.e., ethyl acetate

both at the anodic side by oxidation of ethanol and at the cathodic side by reduction of COx.

Specifically, this chapter deals with the description of the development and optimization of
a highly efficient and stable electrocatalyst for the EOR. To this end, the electrocatalyst
material, deposition technique, and reaction medium, were all properly tailored to achieve
the desired oxidation product. In particular, several bimetallic and trimetallic alloys based
on Critical (PtSn) and Non Critical (CuSn and NiCuSn) Raw Materials were synthetized on
a carbon cloth (CC) support through electrodeposition and impregnation methods. Moreover,
concentrated ethanol (ethanol 96% with LiClO4 0.2 M) has been selected as reaction medium
to push the selectivity towards ethyl acetate. At the time of submission of this thesis, the

Decade project is still in progress.
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3.1 Introduction

In the last decades, the release of millions of tons of carbon dioxide (CO2) resulting from the
widespread use of fossil fuels has raised serious environmental issues, such as atmospheric
pollution and global warming. Consequently, finding an effective solution to capture and
reduce the CO2 emission is one of the foremost priority for the scientific community. In this
context, by mimicking the natural photosynthesis, the photoelectrochemical (PEC) CO2
reduction into high chemical fuels by using solar energy and water is a promising green
approach tor resolve the aforementioned problems. ' % However, the high overpotential
required to carry out water oxidation reaction is the main limiting factor to PEC performance.
105 A potential alternative consists in coupling the CO: reduction reaction (CO2RR) with the
ethanol oxidation reaction (EOR). Coupling the selective EOR with the CO2RR offers two
advantages: 1) the energy required for the EOR is lower than that needed for the oxygen
evolution reaction (OER), enabling the overall reaction to occur at a more favourable applied
potential'®, ii) the oxidation products, including acetic acid, acetaldehyde or ethyl acetate

have a higher market value than oxygen!'%

. However, such coupled systems still face the
problems of the selectivity and separation of desired products. '°7 To overcome this hurdle,
a promising but challenging approach is to generate the same product at both the cathodic
and anodic sides of a PEC device. In this scenario, the European Project DECADE
(DistributEd Chemicals And fuels production from COz2 in photoelectrocatalytic DEvices)
aims to develop a new PEC device that uses waste CO2 and bio-ethanol as inputs for the
cathodic and anodic parts, respectively, to selectively produce ethyl acetate that can be used
as green solvent or fuel additive. Specifically, on the anodic side bioethanol is oxidized to
acetate which then reacts with ethanol to produce ethyl acetate. On the cathodic part, COz2 is

reduced into acetate which further reacts with ethanol to form ethyl acetate. An integrate PV

module allows to drive the reaction by using sunlight.

This chapter is devoted to the description of the design and fabrication of the anodic side to
selectively control the EOR. This was a non trivial task, as the number of existing literature
studies for the oxidation and selective conversion of ethanol to ethyl acetate is very
limited!®® 9. Moreover, the few present works are mainly proposed for alkaline media
(KOH 1 M and ethanol 1 M). In the Decade project in order to push the selectivity towards
ethyl acetate and boost its production rate, concentrated ethanol 96%, with LiCl1O04 0.2 M (as
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electrolyte to improve the ions conductivity), has been chosen as reaction medium!!*-!!2, In

this regard, it is crucial to highlight that an high performing electrocatalyst in aqueous
solution can be non active when working in the unusual and extreme conditions of the

DECADE project!’?.

After a wide screening of possible candidate electrocatalysts, the only ones that result to be
active for the EOR in concentrated ethanol 96% are: pure metallic Pt, PtSn bimetallic sites,

PtSn and CuSn bimetallic alloys and NiCuSn trimetallic alloy.

So far, pure Pt is the most efficient metal for catalyzing the EOR. However, it is an
expensive material and its active sites are vulnerable to poisoning by intermediate species,
especially carbon monoxide (CO), that are generated during the EOR*®. Consequently, in
this work significant efforts have been made in order to: i) finely control the morphology of
Pt nanoparticles (including dimension and shape) to design catalysts with a high number of
exposed catalytic sites using a low amount of Pt} 17 and ii) reduce the poisoning issue by

the addition of Sntté,

The exclusion of critical raw material such as Pt from the anode design would be ideal for
the fabrication of an electrochemical system based on cheap and abundant materials. For this
reason, after the initial selection of CuSn and NiCuSn as promising candidates for EOR,

several efforts have been made to optimize their activity and stability.

These electrocatalysts, must be deposited on a carbon cloth (CC) substrate, in order to find
application as anodic part in a prototype of the proposed new PEC approach. In this work,
the metallic electrocatalysts were or directly deposited on CC by electrodeposition method
from aqueous solution containing the metallic precursor salts following two different
pathways (co-electrodeposition and sequential electrodeposition). In alternative, the
electrocatalysts have been first synthetized on carbon doped sulfur (C-S) support by
impregnation method and then deposited in the form of an ink on the CC substrate by spray
coating. The obtained materials were characterized by structural, morphological, elemental

analysis and tested for the EOR using electrochemical techniques.
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3.2 Pt containing catalysts

3.2.1 Electrodeposition

The electrodeposition method has been chosen for its scalability, the possibility to finely
control the morphology (size and distribution) of the deposited materials by adjusting the
deposition parameters and the assurance of a strong adhesion of the coating to the CC

substrate.

In this regard, two different procedures were exploited:

e The co-deposition

e The sequential deposition

The co-electrodeposition allows to synthetize a PtSn alloy in which all the surface of the
catalyst is active towards the EOR. However this single-step electrodeposition procedure is
complex and challenging because of the redox potentials of the two metallic elements have

different values.

The sequential electrodeposition consists of two simple electrodeposition steps and leads to
the formation of bimetallic sites that turn out to be sufficient to catalyse the EOR, rather than

a true alloy.

3.2.1.1 Co-electrodeposition

The co-electrodeposition of PtSn on CC support was performed from an aqueous solution
containing both Pt and Sn salt precursors by using a pulsed technique with 3600 s current
cycling at — 40 mA cm™. Specifically, the PtSn precursor solution was prepared by
dissolving in water first trisodium citrate (Na3C¢HsO7) 50 mM, then tin (II) chloride (SnCl2)
2 mM and finally chloroplatinic acid hexahydrate (H2PtCle:6H20) 2 mM. It should be
pointed out that these three chemical components must be added in water by following the
described sequence. In fact, NasCsHsO7 plays a key role in avoiding the precipitation of
SnClL2 in water and thus in allowing the formation of an uniform film from through
electrodeposition from the as-prepared solution''’.

The XRD analysis (Figure 1a) of the deposited material identified the presence of a Pt3.6Sno.4
phase, the other visible peak at ~ 25° and the shoulder at ~ 44° are ascribed to the CC
substrate. In agreement, an atomic Pt/ Sn ratio of 19/1 (Pt 95%at and Sn 5%at) was found

by EDX (Figure 1b). Moreover, as visible by the acquisition of SEM image (Figure 1¢),
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this protocol provides an homogenous coverage of the CC support.
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Figurel| a) XRD pattern, b) EDX elemental analysis spectrum and ¢) SEM image of the co-deposited PtSn
alloy.

The EOR activity of the PtSn alloy supported on CC was evaluated by performing cyclic
voltammetry (CV) and linear sweep voltammetry (LSV) characterizations (Figure 2a).

The CV and LSV were measured in a one pot container in 20 mL of ethanol 96% with LiClO4
0.2 M solution at a scan rate of 75 mV s™! and 5 mV s}, respectively. The resistance was
measured and corrected using the impedance spectroscopy technique. Specifically, the 85 %
of the real component of the impedance measured at 100 kHz at the open circuit potential

was used for the iR drop or voltage loss compensation.
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Figure 2| a) CV and LSV profiles of PtSn supported on CC in ethanol 96% with LiCIO4 0.2 M at scan rate 75
mV s and 5 mV s, respectively, b) LSV accelerated stress test (AST) for the PtSn supported on CC.

As shown in Figure 2a, both CV and LSV profiles exhibit a high current which reaches
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values of ~17.5 mA cm™ and 14 mA cm™, respectively. Moreover the PtSn alloy supported
on CC showed an excellent stability. Indeed, the electrode, after a LSV for 100 consecutive
cycles (accelerated stress test, AST), exhibits an increase in the electrocatalytic activity
(Figure 2b).

However, the co-deposition method is not trivial and, although promising for obtaining a
true PtSn alloy with good performance and high stability, it suffers from low reproducibility.
A critical factor is the stability of the electrolyte bath because of the possibility of reducing
both Pt and Sn precursors to metallic Pt and metallic Sn, respectively. The values of the
standard reduction potential (E°) with respect to the standard hydrogen electrode (SHE), at

room temperature (25 °C) and pressure of 1 atm of the reactive species, are listed below!'%’:

PtCl(~ +2e~ 2 PtCl3~ +2Cl™ E°=0.68V
PtCl?~ +2e~ 2 Pt (s) +4Cl™ E°=0.76V
Sn*t +2e” 2 Sn?* E°=0.15V
Sn?*t +2e” 2 Sn(s) E°=-014V

It is clear that during the co-electrodeposition process the probability of reducing Pt
precursor to metallic Pt is thermodynamically favoured because of the higher E° values. For
these reasons, we stopped optimizing this route and we attempted the sequential deposition

in order to get a more reproducible and consistent method.

3.2.1.2 Sequential electrodeposition

A PtSn bimetallic catalytic system was prepared by firstly depositing a layer of Pt on the CC
substrate and on top a layer of Sn. In this condition, the layer of Sn could completely cover
and isolate the Pt active sites resulting in a catalysts with very low activity. However, we
discovered that in the employed reaction medium (ethanol 96% with LiClOs 0.2 M), the
metallic Sn gets corroded at the potential useful for the ethanol oxidation. As a result of this
corrosion, only a tiny amount of Sn remains, which is sufficient to create the so-called

bimetallic sites, i.e., areas where both Pt and Sn atoms are in close proximity to each other.

The protocols followed for the electrodeposition of Pt and Sn, as well as the partial corrosion

of Sn are described below.
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Electrodeposition of platinum

The Pt electrodeposition on CC was carried out at room temperature with a Bio-Logic
multichannel potentiostat in a one-pot three-electrodes electrochemical cell. Specifically, a
CC, an aqueous Ag/AgCl electrode (3 M KCl) and a Pt mesh were employed as working
electrode (WE), reference electrode (RE) and counter electrode (CE), respectively. The Pt
precursor solution was prepared by dissolving sodium chloride (NaCl) 0.5 M and
H2PtCle-:6H20 3 mM in 20 mL of milliQ water under continuous stirring and bubbling with
Ar in order to remove the oxygen. The Pt was deposited by applying 20 pulses at three
different voltages, including -0.2, -0.3 and -0.4 V vs. aqueous Ag/AgCl RE for 10 s and 0.4
V for 5 s, respectively. Despite the CC is hydrophilic, it may still retain a residual
hydrophobic character. This could result in regions on the surface of the CC substrate that
are not sufficiently wet, commonly referred as dry spots. To avoid this issue, before the Pt
electrodeposition process, it is necessary to wet the CC in a medium polarity solvent, for
example methanol, ensuring in this way a homogenous deposition of the material on the

substrate.

Electrodeposition and partial removal of tin

The electrodeposition of Sn was performed in a one-pot three electrodes cell in which a
metallic Pt supported on CC, an aqueous Ag/AgCl (3M KCl) electrode and a Sn foil were
used as WE, RE and CE, respectively. The Sn precursor solution was composed by SnClz
0.2 M and ammonium citrate tribasic (CsH17N307) 0.33 M in 30 mL of milliQ water'?!. The
solution was kept under an atmosphere of Ar in order to avoid the oxidation of Sn (II) to Sn
(IV). Again, as already explained in the co-electrodeposition method, it is necessary to

dissolve in water first the C¢H17N307 and then SnCL''% 122

The Sn was deposited by applying of a sequence of -50 mA cm? per 2 ms (deposition pulse),
0 mA cm™ for 17 ms (resting time) and 5 mA cm™ for 1 ms (reverse current pulse) repeated
for 10 minutes (3000 cycles). Depositing Sn from aqueous solution results in significant
hydrogen production occurring at a lower potential than Sn deposition. Nevertheless, Sn is
still deposited, albeit in small quantities. Then, most of the metallic Sn was on purpose

rapidly corroded during the fabrication process by dipping the CC in KOH 1 M for one hour.
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Catalyst characterization

The morphology and the elemental composition of the as-prepared catalysts were

investigated by SEM and EDX analysis.

All the electrochemical tests were carried out in a one pot container in 20 mL of ethanol 96%
with LiClO4 0.2 M under stirring at 600 rpm. A Pt mesh was used as CE and a non-aqueous
Ag/Ag+ electrode filled with ethanol 96% with LiClO4 0.2 M and saturated with LiCl as RE.
The medium inside the RE was kept as close as possible to the reaction medium in order to
avoid the presence of junction potential or leakage of the internal electrolyte from the RE
into the reaction environment. The RE was calibrated by measuring the ferrocene peaks by
performing a CV from approximatively 0.2 to 0.8 V vs the reference potential at a scan rate
of 100 mV s™! for 40 cycles and without stirring. The measurement was performed in ethanol
96% with LiCl04 0.2 M and ferrocene SmM by using a Pt foil as WE and a Pt mesh as CE.
The ferrocene potential has been observed at 0.59 V vs our custom RE. The resistance was
measured and corrected using the impedance spectroscopy technique. Specifically, the 85 %
of the real component of the impedance measured at 100 kHz at the open circuit potential

was used for the iR drop or voltage loss compensation.
Results

The electrodeposition technique allowed us to fine-tune the morphology of Pt nanoparticles
by adjusting the electrodeposition parameters such as the cathodic potentials and the
electrodeposition time. The effect of applying different cathodic potentials is shown in
Figures 3a-o that display the SEM images of three different CC on which Pt was deposited
by applying 20 pulses at -0.2, -0.3 and -0.4 V vs. aqueous Ag/AgCl RE for 10 s and 0.4 V

for 5 s, respectively.

In particular, at -0.2 V smooth and globular Pt particles are uniformly distributed on the CC

substrate (Figures 3a-e).

At more negative potentials, i.e., -0.3 V (Figures 3f-j) and -0.4 V (Figures 3k-0) because
as the hydrogen evolution reaction begins, the texture of Pt deposits becomes rougher. This
is evident when comparing Figure 3e, which displays globular deposits, with Figures 3j,0

where spiked structures are visible.

Additionally, at -0.4 V the production of hydrogen bubbles was clearly visible causing a high
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heterogeneity of the Pt deposition. This non uniformity in the Pt deposition is visible

comparing the low coverage in Figure 31 with the high coverage in Figure 3n.

]
(e

Figure 3: SEM images of Pt electrodeposited on unfunctionalized carbon cloth using pulses of different
voltages: a-e) -0.2 V vs Ag/AgCl, f-j) -0.3 V vs Ag/AgCl, k-0) -0.4 V vs Ag/AgCl, respectively. b), g) and 1)
Close-up images taken at the center position of a), f) and k) respectively. d,e), i,j), and n,0) Close-up images
taken at the center position of ¢), h) and m) respectively. The low magnification images have been taken with
the backscattering detector (for highlighting the zones with and without Pt in light and dark color respectively),
while the close up ones with the standard secondary electron detector (for highlighting the morphology).
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The steps of Sn deposition and partial corrosion process observed at microscopic level are
shown in Figures 4b-c. The SEM image of the same CC covered with only Pt (Figure 4a)
is depicted as reference. In Figures 4b-c, together with a clear homogenous layer of Pt
particles, we can observe the presence of small and dispersed gray areas indicating Sn

deposits. In all the images, the black areas represent the uncoated CC.

Figure 4 | SEM images of a) Pt deposited on carbon cloth with pulses of -0.3 V vs aqueous Ag/AgCl electrode,
b) same zone after Sn electrodeposition from aqueous solution, ¢) same zone after the partial removal of Sn
through immersion of the electrode in KOH 1 M for 1 h. A backscattering detector was used for highlighting
the different composition of the material surface. The sample is the same reported in Figure 3g.
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The EDX analysis of the PtSn layer supported on CC proved the presence of Pt and Sn both
before and after the partial Sn removal (Figures 5a,e). Specifically, the atomic weight of Pt
was 85% and 93% before and after the immersion of the electrode in KOH 1 M, respectively;
while as expected, the atomic weight of Sn decreases from 15% to 7%. The EDX elemental
mapping showed a homogenous distribution of Pt both before and after Sn corrosion
(Figures 5c¢,g), while the distribution of Sn was lower than that of Pt in both cases (Figures
5d,h). Frome these observations, it is confirmed that Sn was successfully partially removed

from the top of Pt.

Before the partial Sn corrosion

After the partial Sn corrosion

Sn SnSn Sn Sn sn

Figure 5| a) EDX elemental analysis spectrum of the PtSn alloy, b-d) EDX elemental mapping of b) PtSn
alloy, ¢) Pt and d) Sn; before partial Sn removal. e) EDX elemental analysis spectrum of the PtSn alloy, f-h)
EDX elemental mapping of f) PtSn alloy, g) Pt and h) Sn; after partial Sn removal.
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Moreover, the robustness of the Pt electrodeposition process was demonstrated by using the
SEM technique (Figures 6a,b). As shown in Figure 6b, the electrodeposited Pt remains
perfectly attached to the CC substrate even after several processes (including ultrasonication,
Sn electrodeposition, Sn corrosion and EOR activity testing). The SEM image of the same
CC with only the fresh electrodeposited Pt (Figure 6a) is displayed as reference. The black
areas in both images represent uncovered CC, the spiked clear deposits are Pt particles and

the gray zones in Figure 6b are Sn deposits.

W

D¢ WD det mode mag @ HV W 3
# 7.9728mm CBS All 50000 5.00kV 4.14um 0.10nA

de

Figure 6] SEM backscattered electron images of electrodeposited Pt a) as prepared and b) after several

processes.

The activity of the electrodes was measured after each fabrication step, including after Pt
deposition, after Sn deposition and after Sn partial removal by performing CV and CA

measurements

The CV curve were recorded from -0.1 to 0.6 V vs our custom RE at 100 mV s™! for 20 cycles
in order to assess the stability of the system. In the following results it is reported only the
last cycle. The CA test has been performed by applying a series of steps at specific potential
level of 0.2, 0.3, 0.4 and 0.5 V for 2 min and a last step at 0.6 V for 10 min. Prior to each
step, a cleaning pulse of -0.1 V was applied for 5 s. The whole protocol has been repeated

many times in order to certify the stability of the electrode.

Figure 7 shows the comparison of the CA profile of three different electrode with Pt
deposited with voltages pulses of -0.2, -0.3 and -0.4 V vs. Ag/AgCl.
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Figure 7| Chronoamperometry of the Pt electrodeposited NPs at different voltages.

It is evident that the electrode with Pt deposited at intermediate voltages exhibits the best
activity. For this reason the Sn deposition and partial removal procedure described in this

work were optimized on a Pt electrode prepared in this condition.

Figures 8a,b compare the electrode activity towards EOR of the electrode after the Pt
electrodeposition (green line) and after the deposition and partial removal of Sn (blu line)-
The activity of the bare CC support is also shown as reference. As expected, because of the

formation of PtSn bimetallic sites the activity of the electrode is strongly enhanced.
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Figure 8| Comparison of the EOR activity of the CC substrate in its pristine form, after Pt deposition and after
Sn deposition and partial corrosion. a) Stabilized CV profile measured at 100 mV s™! in ethanol 96% with

LiClO4 0.2 M, b) CA with stepped potentials.
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3.2.2 Impregnation

As alternative to the co-electrodeposition method, we tried to synthetized a true PtSn alloy
by impregnation method on C-S support by following a procedure already present in
literature'**. Specifically, HaPtCls and SnClz (used as metal salt precursors of Pt and Sn,
respectively) were mixed in 50 mL of deionized water and loaded in 50 mg of C-S support.
The total metal loading was 20 wt%. The mixture was stirred for 6 h and dried at 60° C in
vacuum. Finally, the dried powder was subjected to a thermal reduction treatment in H2 (10%
in Ar) atmosphere at 900° C for 6 h. Considering the last step of thermal reduction, on a
common C support the high temperatures required for the formation of a highly ordered PtSn
nanoparticles structure, inevitably accelerate the metal sintering, producing a material with
poor crystallinity and low surface area. However, in this case the strong interaction between
Pt and S suppresses the metal sintering process. Then, the as-prepared catalysts, were

deposited in the form of an ink on the CC support by using the spray coating technique.

Results and discussion

The SEM image of the C-S support impregnated with PtSn is displayed in Figure 9. It can
be observed that small metallic particles with a diameter <100 nm (the white dots in Figure

9) are well attached on the S-C substrate.

Figure 9| FESEM images of the PtSn alloy synthetized by C-S impregnation method.

The CV for the assessment of the activity towards the EOR of this PtSn electrocatalyst
catalysts was performed in concentrated ethanol 96% with LiClOs 0.2 M. As shown in
Figure 10a, the PtSn compound exhibits high performances with a current density reaching

remarkably 30 mA cm™ at 1.2 V vs NHE. Moreover, a CA was carried out at 1 V vs NHE
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for 5 h (Figure 10b). We can observe that the current density is very low ~ 1.4 mA cm™ and
after an initial drop of about 64% reaches a value of 0.3 mA cm that is maintained until the
end of the test. These electrochemical characterization results suggest that the PtSn alloy
synthetized by S-C impregnation method is a promising catalyst for the EOR, but maybe a

higher metal loading is necessary to improve its performance.
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Figure 10| a) CV profiles and b) CA measurement at 1.0 V vs. NHE for 5 h of PtSn alloy synthesized by the

S-C impregnation method.

3.3 Non Pt containing catalysts

3.3.1 Electrodeposition

An effective alloy based on non-PGM elements has been obtained by co-electrodeposition
pulsed technique, from a solution containing both the desired metallic soluble precursors.
Specifically, the CuSn alloy precursor solution was obtained by dissolving 12 mM of
metallic chlorides in an aprotic solvent (a mixture of Dimethyl sulfoxide-DMSO and
Acetonitrile-ACN) with the adding of LiClO4 0.2 M as electrolyte. The electrodeposition
was performed by using a CC as WE, a carbon rod as CE and a saturated calomel electrode
(SCE) as RE. The protocol followed for the electrodeposition involved the application of
different cycles (450, 900 and 1800, respectively) of pulses of -2.1 V vs SCE for 0.5 s using
a potentiostatic mode. After the electrodeposition process, the electrodes were rinsed in

ethanol and dried at 60°C.

Using this methodology, we synthetized several catalysts with concentration of the two
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metallic centers (i.e., Sn and Cu) such as Sno.17Cuo.83, Sno34Cuo.66, Sno.sCuo.s, Sno.c7Cuo.33,

Sno.84Cuo.16 and Sno.17Cuo.83.

Additionally, we synthesized a trimetallic alloy by adding Nickel (Ni) with the aim of
harnessing the synergy among the metals to boost the performances of the electrode. We
chose to include Ni because it tends to undergo oxidation during the reaction, a factor that

we believe can be useful in improving the activity of the catalyst.

Characterization

The following discussion is focused on the morphological and elemental characterization
(Figures 11a-g) of the Sno.s7Cuo.33 compound as a representative sample for its superior

performance during EOR (Figure 14), as shown in the following section.

. Map Sum Spectrum

Figure 11| a) SEM electron microscopy and b) EDX elemental analysis spectrum of a Sng¢7Cuo 33 layer on
carbon cloth, obtained by electrodeposition in aprotic medium, ¢) close up FESEM of the same sample, d-f)
EDX elemental analysis mapping of the Sng7Cuo 33 alloy: d) Sn, €) Cu, f) O and g) C.

The SEM image (Figure 11a) shows that the CC substrate is uniformly covered by the

electrodeposited material. Thee EDX spectrum (Figure 11b) confirmed the presence of

56



expected elements, i.e., Sn and Cu with a weight percent of ~ 30 and 20 wt%, respectively.
Figure 11c shows a close up SEM image of the decorated CC with the Sno.¢7Cuo.33 alloy,
revealing a rough surface characterized by aggregates of globular particles. Moreover the
EDX elemental mapping reveals a uniform distribution of Sn and Cu together with other

elements (C and O) on the CC support (Figures 11d,e).

Regarding the morphological characterization of the NiSnCu alloy, the SEM image (Figure
12a) displays a nodular surface with well-defined boundary between the nodules. The EDX
elemental analysis spectrum (Figure 12b) confirmed the presence of the predicted
component of the alloy, i.e., Ni, Cu and Sn with the weight percent of ~ 10, 20 and 20 wt%,

respectively.

Figure 12| a) SEM image and b) EDX elemental analysis spectrum of a carbon cloth decorated with NiSnCu
particles.

Information about the microstructure of both Sno.67Cuo33 and NiSnCu coating have been

obtained by recording the XRD patterns (Figure 13).
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Figure 13| XRD pattern of a carbon cloth covered by Sngs7Cug3s compound (green line) and NiSnCu (red
line).

We can observe the presence of two main broad peaks at 25° and 44° associated to the CC
support. Specifically, in the case of the Sno.7Cuo3s, there are no distinct characteristic
diffraction peaks, but rather a wide distribution between 50 and 60° and a small distribution
around 35°. We believe that the signals from the alloy are hidden by the broad distributions
from the CC substrate. Instead, the XRD pattern of the NiSnCu exhibits some typical
diffraction peaks at the same angle as those of the CC support.

Results

Every electrode was evaluated for the EOR by performing CV measurements (Figure 14).
The CV profiles were recorded from 0.2 to 1.4 V vs. NHE in ethanol 96% using LiClO4 0.2

M as electrolyte, a carbon rod as CE and a saturated calomel electrode as RE.
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Figure 14| Stabilized cyclic voltammograms for several SnCu alloys synthetized with different concentration
of the two metallic centers (Sn and Cu) measured in ethanol 96% with LiClO4 0.2 M.
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We observe some catalytic waves in the range between 0.6-0.7 V vs NHE, that are related
with ethanol oxidation (E°= 0.66 V vs NHE). This signal is more evident in the case of the
Sno.67Cuo.33 compound which maybe is more selective to the EOR. However, this electrode
exhibits a very low current density of 0.34 mA cm™ at 1 V vs NHE (Figure 15a). In addition,
the CA test performed at 1.24 V vs NHE and conducted over 2 h reveals some deactivation

effects already visible in the first 30 minutes (Figure 15b).
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Figure 15| a) CV profile and b) CA stability test at 1.24 V vs NHE of the Sno.¢7Cuo 33 supported on CC.

Considering the underperformance of the SnCu alloys and potential degradation effects
during the EOR, we believed that the addition of Ni would be beneficial in preventing
poisoning and deactivation during the oxidation process. Using different number of cycles
during the electrodeposition we modulated the nanoparticle size and coverage of the CC

support. Figure 16 illustrates how these two variables significantly affect the performance

of the EOR.
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Figure 16| CV profile of the NiSnCu alloy electrodeposited on CC by applying different number of cycles.
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The electrode realized by applying 450 cycles exhibits the best performances. This highlights
how the combined effect of depositing small particles and the synergy between Ni and SnCu

enhances the efficiency of the electrodeposited material during the EOR.

3.3.2 Impregnation

Bimetallic and trimetallic alloys based on non-critical raw materials such as CuSn and
CuNiSn have been synthetized by C-S impregnation method following the same procedure

described in section 3.2.2.

Results and discussion

Figures 17a,b present the morphological characteristics of the CuSn and NiCuSn catalysts
prepared by C-S impregnation method as analysed by SEM. Both catalysts show a fairly
similar distribution of small metal particles (less than 100 nm in diameter) that have adhered

well to the C-S support.

Figure 17| SEM images of the a) bimetallic CuSn and b) trimetallic NiCuSn alloy synthetized by C-S
impregnation method.

The possible employment of these CuSn and NiCuSn catalysts for the EOR has bee assessed

by performing CV measurements (Figure 18).
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Figurel8| CV profiles of bimetallic CuSn and trimetallic NiCuSn alloys synthesized by the C-S impregnation
method.

In both cases, the current density was very low suggesting a negligible catalytic activity for
EOR. Thus, the CuSn and NiCuSn catalysts synthetized by C-S impregnation method are
not promising to carry out the EOR.

3.4 Conclusions

In summary, this work concerns the synthesis of a good catalysts with high activity and
stability to carry out a selective ethanol oxidation reaction (EOR) in an uncommonly used
electrolyte, i.e.,, concentrated ethanol (96%). Specifically two different approaches, i.e.,
electrodeposition and impregnation method on carbon doped sulfur (C-S) support were used
to fabricate PtSn, CuSn and NiCuSn electrocatalysts in the form of bimetallic and trimetallic
alloys or bimetallic active sites. Our results show that the PtSn electrocatalyst is the best
candidate for realizing the EOR. In more detail, regarding the electrodeposition of PtSn, we
followed two different protocols, the co-electrodeposition and the sequential
electrodeposition. The co-electrodeposition of PtSn is very promising for obtaining the target
alloy, but with low reproducibility due to the instability of the electrolytic deposition bath.
Therefore, in order to get a more reproducible and consistent electrodeposition method, we
attempted and optimized the sequential electrodeposition. The deposition of Pt was followed
by the deposition and partial removal of Sn in order to create the so-called bimetallic sites,

i.e., areas where both Pt and Sn atoms are in close proximity to each other. The validity and

61



efficiency of this deposition method was confirmed by measuring the activity towards the
EOR after each Pt and Sn deposition and Sn partial removal step. The enhanced activity after
the partial removal step of Sn confirmed the successful formation of PtSn bimetallic sites.
As an alternative to the co-electrodeposition we synthetized a true PtSn alloy by C-S
impregnation method. In this case, despite the promising results, in order to obtain a highly
performing and stable electrode the synthesis protocol must be optimized. As an alternative
to PtSn, we have fabricated and tested the activity towards the EOR of bimetallic and
trimetallic alloys based on non-critical raw materials. Both CuSn and NiCuSn alloys made
by co-electrodeposition show encouraging activity towards the EOR but are less performing
compared to PtSn. Moreover, also for these materials, due to reproducibility issues arising
during the electrodeposition process, we tried to obtain a good catalyst by using C-S
impregnation method. In this case, the catalitic activity towards EOR was very low,
suggesting that the as-prepared CuSn and NiCuSn alloys are not good catalyst.

The analysis of the oxidation products of these samples is still in progress as well as the

study of strategies to improve the performances and stability of these catalysts.
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General Conclusion

This PhD thesis deals with two different projects about the improvement of the performance
of two energy related reactions, that are the hydrogen production from water and the ethanol

oxidation reaction (EOR).

In the first project, we aimed to shed light on a crucial aspect, generally not considered in
the context of water splitting reaction, i.e., the impact of the organization of water molecules

on the semiconductor photocatalytic activity.

The behaviour of water is intimately interconnected to its hydrogen (H)-bond network'?* 125,
which is characterised by a dynamic equilibrium where H-bonds break and reform

126 When water establishes H-bonds with the surface of

cooperatively across water clusters
a material, this dynamic equilibrium and the average nature of water clusters change,
influencing solvent reorganisation properties that, in turn, affect the rate of outer-sphere
electron transfer according to Marcus theory and derived models'?’. Doping alters the
interaction of water with a surface, potentially affecting the water’s nature at the interface
and the outer-sphere electron transfer. Despite their manifest relevance, these aspects have

not been investigated in relation to water-splitting reactivity.

In this study, we designed an undoped and a B (1%)-doped TiO: (anatase)-based
photocatalysts. The latter exhibited a five-fold enhancement in water-splitting activity
compared to pure TiO2. We used various characterisation techniques, including UV-visible
diffuse reflectance, XRD, micro-Raman spctroscopy, XPS and SEM-EDX, to rule out that
bandgap changes, creation of heterojunctions or heterophases, and alterations in crystal
facets, nanomorphology, or nanodimension are responsible of the improved photocatalytic

properties of B-TiOx.

Additional electrochemical characterizations, including cyclic voltammetry (CV),
chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS), as well as
steady-state photoluminescence (PL) measurements, were conducted to exclude enhanced
charge separation, charge stabilization, and the creation of intermediate states as potential
reasons for the improved properties of B-TiO2. By performing Fourier Transform Infrared
(FTIR) spectroscopic measurements under controlled relative humidity conditions, we

demonstrated that the different water splitting activity of the investigated samples is
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exclusively linked to a different water structure on their surface. Specifically in the B-TiO2
sample, the water molecules are mainly organized in single H-bond donor-acceptor state,

that is favourable for the water splitting reaction.

State-of-the-art spin-polarized Density Functional Theory molecular dynamics (DFT-MD)
simulations were also performed to examine the water chemisorption at the surface of the
titania samples, confirming the found experimental results. Indeed the simulation results
show that B atoms do not chemisorb water; instead they reduce the amount of Ticus sites
(which commonly act as water absorption sites), inducing a slightly hydrophobic character

on the titania surface, which is typically hydrophilic.

In conclusion, our study unequivocally demonstrates that the nature of water at the interface
influences water-splitting performance. The water layer’s nature at the interface is contingent
on its H-bonding with the semiconductor surface, and doping influences this aspect.
Understanding the impact of the surface in selecting specific H-bond motifs in the local
water environment and its impact on electron transfers is vital for designing improved

photocatalysts for water splitting.

The design of an highly performing electrocatalyst to realize the selective ethanol oxidation
reaction (EOR) was the goal of second project discussed in this PhD thesis. This is a work
package of the European Project DECADE (DistributEd Chemicals And fuels production
from COz in photoelectrocatalytic Devices) aiming to develop a new photoelectrochemical
(PEC) cell for the conversion of CO: avoiding the water oxidation as anodic reaction.
Namely, this device uses waste CO2 and bio-ethanol as inputs to selectively produce the

same product (i.e., ethyl acetate) at both electrode sides.

Notably, in order to push the selectivity toward the ethyl acetate and increase the production
rate, the reaction is carried out in extreme conditions (concentrate ethanol 96%). Due to this
non common working requirement, the fabrication of the anodic side of the PEC cell is

challenging.

Firstly, a wide screening of electrocatalysts generally working in aqueous solution has been
made and only pure metallic Pt, PtSn bimetallic sites, PtSn and CuSn bimetallic alloys and
NiCuSn trimetallic alloy were selected owing they were found to be active towards the EOR

in our reaction medium (concentrated ethanol 96%).
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As second step, these electrocatalysts were or directly deposited on carbon cloth (CC)
substrate or synthetized by impregnation method on carbon doped sulfur (C-S) support and
then tested for the EOR.

Among them the PtSn electrocatalyst realized by electrodeposition was found to be the most

promising for the selective EOR, showing the highest efficiency and stability.

Nevertheless, the CuSn and NiCuSn alloys despite their low performances compared to PtSn
electrocatalysts, are worthy to be considered because made with cheap and abundant
materials. For this reason, different chemical and physical protocols will be investigated in

the next future to improve their activity and stability.

65



Appendix

A1 Photocatalysts synthesis

Pristine and B-doped TiO2 nanoparticles were synthesized through sol-gel method using
tetrabutyl titanate (TBT) and boric acid (H3BO3) as precursor of titanium and boron,
respectively. In the synthesis process, 12 ml of TBT was dissolved into 24 ml of ethanol
(EtOH) to form a uniform solution. Subsequently, 0.5 g of polyethylene glycol with the
molecular weight of 200 (PEG 200) was added to the solution under magnetic stirring at
room temperature to obtain the sol. The obtained sol was continuously stirred for 2 h and
aged for 96 h to form the gel. Then, the resulting gel was transferred in an autoclave and
hydrothermally treated at 180 °C for 10 h to remove volatile solvents. Finally, the powder
thus produced was calcined at 350 °C for 10 h. The B-doped TiO2 sample was also
synthesized by following the same the same procedure but with the addition of 3.1 g of

H3BOs3 in the precursor solution.

A2 Set-up for photocatalytic water splitting test

The photocatalytic-assisted water splitting tests were performed in a Pyrex photoreactor
equipped with a quartz window for the irradiation of a photocatalytic area of about 10 cm?.
First of all, blank tests (without catalyst or light irradiation) were performed in order to
ensure that the produced H> derives exclusively from the photocatalytic process. Then, 90
mg of sample were suspended into 150 ml of distilled water solution at normal pH under
continuous stirring. The test were carried out at room temperature and normal atmospheric
pressure. Before the testing, the oxygen and CO:2 dissolved in water were removed by
flowing for 30 min with Ar as inert gas. After this initial pretreatment, the suspension was
illuminated using a solar simulator (ORIEL, Xe-arc lamp, 300 W). The light source was
equipped with lenses for collecting and focusing the light beam and a water filter to eliminate
the infrared radiation. Moreover, the incident irradiance (i.e., the light energy incident to the
photocatalyst surface) was measured by a spectroradiometer (Lot Oriel, model ILT950) and
adjusted 1 SUN (100 mW cm™) by varying the distance of the photoreactor from the lamp.
The rats of H2 and Oz production were monitored, every 4 min, by a Gas Chromatograph

(MicroGC GCX Pollution Analytic Equipment) having a sensitivity of 1-2 ppm. After the
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testing, the photocatalyst particles were separated by filtration and the water solution was
analysed by atomic absorption spectroscopy to keep track of the eventual leaching yield of
Ti or B. Finally, Then, after a drying procedure, the recovered photocatalyst was analysed
to monitor any possible modifications and tested again to verify the reproducibility of the

water splitting performances.

A3 Characterization techniques

A3.1 Uv-vis Diffuse Reflectance Spectroscopy

UV-vis Diffuse Reflectance Spectroscopy measurements were performed by a Thermo
Fisher 220 Spectrophotometer equipped with an integrating sphere for solid samples, using

barium sulfate (BaSOs) as the reference and in air.

A3.2 X-ray diffraction

X-ray diffraction (XRD) analysis were done using a Bruker D2 Phaser diffractometer
equipped with a Ni B-filtered Cu-ko radiation source (A=1.54178 A), operating at 30 kV and
10 mA. The data were collected in the 20 range between 10° and 90° at a scanning rate of

0.04° s,

A3.3 Micro-Raman Spectroscopy

Micro-Raman measurements were carried out using a LabRam HR800 Horiba spectrometer
equipped with a confocal microscope and a liquid nitrogen cooled charge coupled device
(CCD) detector. The spectra were acquired in the range between 30-800 cm™' at room
temperature and using a 1800 gr/mm diffraction grating. The samples were excited using a
laser beam with a wavelength of 532 nm that was focused by a 50 X microscope objective.
The applied laser power density was of 10 mW in order to avoid laser-induced thermal

degradation or phase transitions of the TiO2 samples.

A3.4 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis was performed using a PHI Versa Probe 11
(Physical Electronics) equipped with an Al Ka (1486.6 eV) X-ray source with a beam size

of 100 microns and operating at 25 W. The survey spectra were recorded with an analyser
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energy path of 117 eV, while the O 1s, Ti 2p and B 1s core levels were collected at a passing
energy of 23.5 eV. Prior to detecting the spectra, a charge neutralisation operation was
performed by simultaneously irradiating the samples with a low-energy electron beam and
an ion beam. The graphitic Carbon peak (284.80 eV) was used as reference for the position
of the XPS peaks. Data analysis, including XPS peaks deconvolution and the background
correction with the Shirley method, was carried out using the Multipack Data Reduction

software (ULVAC-PHI, Inc).

A3.5 Scanning Electron Microscopy and Energy Dispersive X-ray

Scanning electron microscopy (SEM) images were acquired using a Phenom ProX Scanning
Electron Microscope. An Energy Dispersive X-Ray Spectrometer (EDX) is also used to

provide semiquantitative information of elemental composition.

A3.6 Nitrogen physisorption

Nitrogen (N2) physisorption measurements at cryogenic temperature (-196°C, temperature
of liquid nitrogen) were carried out by using an Autosorb IQ3 sorption analyser
(Quantachrome). Before each textural analysis, the samples were outgassed for four hours
under vacuum at ~ 573 K. The specific surface area (SAser) was determined by the
Brunauer-Emmett-Teller (BET) method. The pore distribution, including total volume
(Vpore) and diameter (Dpore), was assessed at a relative pressure (P/Po) of 0.95 according to

the Barrett-Joyner-Halenda (BJH) method using the desorption branch.

A3.7 Photoelectrochemistry

The electrochemical behaviour of TiO2 and B-doped TiO2 photocatalysts was valuated by
performing cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical
impedance spectroscopy (EIS) analysis. For those tests, the photocatalysts were deposited
on a conductive carbon-based gas diffusion layer (GDL, Sigracet 29 AA). In detail, a proper
amount of TiO2 (to achieve a final loading on the GDL of 1 mg cm™) was mixed with 25 mL
of isopropanol and 50 pL of Nafion 10 wt% perfluorinated solution and sonicated until the
formation of a stable solution (20 min). The produced ink was then deposited by spray-
coating technique onto the heated (~ 80 °C) GDL to allow the evaporation of the organic

solvent and uniformly fix the photocatalyst on the carbon-based substrate.
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These measurements were carried out by using a home-made electrochemical cell (made of
Pyrex) working for in a three electrode configuration. A quartz window allows allows the
transmission of the light generated by a solar simulator (300 W Xe arc-lamp, Lot-oriel) and
so the irradiation of the photocatalysts. The system was adjusted to work at 1 SUN (100 mW
cm) as described in the Appendix A2. Specifically, the TiO2-based catalysts acted as the
working electrode (WE, square dimension of 2 x 4 cm), a Pt wire as the counter electrode
(CE) and an Ag/AgCl (3 M KCl) electrode (supplied by Amel) as the reference electrode
(RE). Aregular low flow (5 mL min™') of inert gas (N2) was introduced into the cell to remove
the oxygen. All the electrochemical characterizations were performed at room temperature
in 1 M KOH aqueous solution using a potentiostat/galvanostat (Autolab Pgstat 204) as
voltage supplier. All the applied potential values vs. Ag/AgCl electrode were converted into
voltages referred to the reversible hydrogen electrode (RHE) according to the following

equation:

E®rue)= Eagagen+ 0.059 pH +0.21 (1)

In detail, the CV curves were recorded without and with illumination, at applied potentials
ranging from 0.036 to 2.036 V vs RHE with a scan rate of 10 mV s™!. The CA profiles were
collected by performing six ON/OFF cycles of 30 seconds for each at an applied potential
of 1.136 V vs RHE. Moreover, three different filters (AM 1.5 G, UVC and UVB/C blocking
filters, see Table Al) were applied to evaluate the response of the TiO2-based

photoelectrodes in specific wavelength regions.

Type of blocking filter Cut-off wavelength regions

AM15G Direct light and diffused light by the atmosphere
when the sun is at a zenith angle of 48°

UuvcC 280-4400 nm

UVB/C 320-480 nm, 700-4440 nm

Table A1]| Light blocking filters with relative cut-off wavelength regions.

Finally, the EIS measurements were carried out with and without light irradiation in the
frequency range from 10° to 0.1 Hz with an amplitude of 0.01 Vrwms with an applied potential
ranging from 1.313 to 2.113 V vs RHE.
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For all the applied potentials, the processes at the electrochemical interface with the TiO2-
based photoelectrodes were described by using a simple equivalent electric circuit,

commonly known as Randles circuit (Figure Ala).

a) Randles circuit b) Nyquist plot
Ret
R —

J\/\s/\/— Eg’ w
N GODOOQQ‘\

] &Q
g 5
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Figure A1| a) Randles equivalent circuit schematic diagram, b) Nyquist plot corresponding to the Randles.

It consists of an electrolyte resistance Rs connected in series with the parallel combination
of the charge transfer resistance Rct and the costant phase element CPE. In detail, Rs is the
resistance related to the electrical connection of the cell and the gap between working and
reference electrodes. The Rt is ascribed to the whole electrochemical process (i.e., both the
half-reactions occurring on working and counter electrodes). The element CPE models the
behavior of a double layer. The Nyquist plot of a Randles circuit is as semicircle (Figure

Alb).

A3.8 Steady-state Photoluminescence

Steady-state photoluminescence (PL) spectra were recorded using an Horiba Jobin Yvon
FluoroMax-P fluorimeter equipped with a Hamamatsu R3896 photomultiplier. The spectra
were acquired on TiO2 tablets operating with a 250 nm excitation wavelength and a high-

pass filter with a cut-off of 370 nm.

A3.9 Fourier Transform Infrared spectroscopy under controlled relative
humidity conditions

Fourier-transform infrared (FTIR) spectra were acquired in the frequency range from 4000
to 380 cm™! (mid infrared region, MIR) using a Bruker Vertex 80V FTIR spectrometer. In
order to obtain a good signal-to-noise ratio, each spectrum was collected at spectral

resolution of 4 cm™ with the co-adding and averaging of 128 scans. A background spectrum

70



(registered in absence of sample) was collected before each measurement and subtracted
from the sample spectra in order to eliminate the instrumental and atmospheric moisture
contributions. The control of the relative humidity (RH) was achieved by using the saturated
salts solutions method (since a given saturated salt solution provides only one RH value at a
specific temperature). Prior to each measurement, to be sure that the desired final hydration
equilibrium state was achieved, the TiO2-based photocatalysts were exposed to each
saturated salt solution for 12 hours or more. The equilibrium RH value was reached when
no significant variation of the shape and intensity of OH stretching band was observed over
time.

In this work, six saturated salts solution of sodium hydroxide (NaOH), potassium acetate
(CH3COOK), magnesium chloride (MgClz), magnesium nitrate (Mg(NO3)2), sodium
chloride (NaCl), and potassium chloride (KCl) were used in order to have RH values ranging

from 8.9% to 85% . The equilibrium RH values at 25°C of each saturated salts solutions are

reported in Table A2.
Salt RH (%)
NaOH 8.9
CH3;COOK 23
MgCls 33
Mg(NO:3), 53
NaCl 75
KCI 85

Table A2| Saturated salt solutions and corresponding relative humidity values at 25°C.

Each solution was prepared by adding a great excess of chemically pure salts into a beaker
of deionised water heated up to 70 °C, while stirring continuously until no more solute could
be dissolved. Subsequently the solution was cooled down to room temperature. The
acquisition of the IR spectra while changing the hydration level of the sample required the

design of a proper cell (Figures A2 a-c).

Figures A2a,b show the frontal and lateral snapshots of the IR cell, while Figure A2c

displays the exploded-view diagram of the cell with the different elements composing it.
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Figure A2 | a) Frontal and b) lateral snapshots of the IR cell, ¢) Exploded-view diagram of the IR cell.

Specifically, the cell is a modular system consisting of an aluminium body, two transparent
IR windows and a Teflon water tank. Moreover a couple of gaskets and o-rings provide a
good seal. All the components of the cell must be transparent to the infrared beam in the
mid-IR range and compatible with our measurements under controlled RH conditions. For
these reasons, Si offering a good transmission from 1.2 to 7 um and being insoluble in water
was the ideal material for the IR windows. The cell was assembled like a sandwich, with the
sample deposited on a Si window at the front, the water tank containing the saturated salt

solution in the middle and the second Si window at the back.

For the measurements, a thin film of the undoped or B-doped TiO2 was formed on top of a
Si window. Briefly, 40 mg of TiO: catalyst were mixed with 80 mL of distilled water and
sonicated until the formation of a stable suspension. The resulting ink was deposited by
spray-coating technique into the Si window (acting as substrate) heated up to 120° to allow

the evaporation of the water and ensure the adhesion of the powder on the substrate.

A4 Further insights into the water structure at the interface with TiO,
and B-TiO; through FTIR measurements

Figures A3, A4 show the IR spectra of water on the TiO2 and B-TiOz surface, respectively
at six different RH values. The spectra exhibit five distinct features between 2800 and 3800
cm™' (OH stretching band) that reflect different OH symmetric stretching vibrations with
distinguishable H-bond configuration including: 1) single donor-double acceptor (DAA-OH,
~3040 cm™), ii) double donor-double acceptor (DDAA-OH, ~3220 cm™!), iii) single donor-
single acceptor (DA-OH, ~3430 cm!) and iv) double donor-single acceptor (DDA-OH,
~3570 cm™"), describing fully or partly (defective topology) H-bonded water molecules, and

v) free-OH vibrations ( ~3636 cm™) related to water molecules not involved in H-bonds.
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Figure A3 | Gaussian deconvolution of the OH stretching band of water on the TiO, surface at RH values of
a) 8.9%, b) 23%, ¢) 33%, d) 53%, e) 75% and f) 85%.
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Figure A4 | Gaussian deconvolution of the OH stretching band of water on the B-TiO» surface at RH values of
a) 8.9%, b) 23%, ¢) 33%, d) 53%, e) 75% and f) 85%.
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Moreover, the average number of H-bonds (Non) per water molecule as a function of the RH
for the different systems considered in this work was calculated according to the following

equation proposed by Sun et al'?®:
Non=4 x Appaa+ 3 x Appa + 3 x Apaa+ 2 X Apa (2)

The results of this computational operation are summarized in Table A3.

TiO: B-TiO:
RH (%) Average number of H-bonds
8.9 2.9599 2.7429
23 2.9576 2.7746
33 2.9518 2.8614
53 2.9855 2.8687
75 3.0307 2.8861
85 3.0505 2.9036

Table A3| Average number of hydrogen bonds of water molecules in TiO, and B-TiO, samples at different RH
values.

As expected for both systems, increasing RH causes an increase in the Non. Moreover, the
data clearly show that Non is lower in B-TiO2 with respect TiOz. This finding confirms the
hydrophobic character of B-TiOz surface and that the H-bonds strength of the water network
at the interface with B-TiO: is weaker than that at the interface with TiOx.

AS Computational methods

Ab5.1 Fundamentals of Density Functional Theory molecular dynamics
simulations

Spin-polarised Density Functional Theory molecular dynamics (DFT-MD) simulations on
the bulk crystalline structure of TiO2, on the (101) TiO2/water interface and on the (101) B-
doped TiOz/water interface have been performed in the Born-Oppenheimer framework
employing the CP2K software package. '* 3 The Perdew-Burke-Ernzerhof (PBE) !

functional, which in previous works®* 87 132,133

provided a good description of the properties
of titanium oxides and liquid water, was adopted in combination with mixed Gaussian-Plane
Waves basis sets and Goedecker-Tetter-Hutter (GTH) pseudopotentials. '** The PBE

135, 136 5

functional was supplemented with the Hubbard U parameter in order to circumvent

over delocalization errors in the exchange and correlation of the Ti-3d orbitals (and the
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consequent underestimation of the band gap). Although U is not universal and depends on
the ab initio protocol (including DFT functional, pseudo-potentials, projection scheme, etc.),
137. 138 optimum U parameter values were seek and found for all the simulated systems,
balancing geometric changes and electronic properties. Specifically, the value of U obtained

for TiO2 was 12 eV, confirming that TiOz2 is a semiconductor with a wide electronic bandgap.

The DZVP-MOLOPT-SR basis set'* and a 400 Ry plane wave basis set were used, being a
good compromise between computational cost and quantum-mechanical accuracy. Grimme's

D2 dispersion corrections'4% 14!

were employed. Periodic boundary conditions (PBC) were
applied in all three spatial directions. DFT-MD simulations were performed in the NVT
ensemble (~ 25 ps), where the temperature was kept constant at 300 K by a Nosé-Hoover

t142

chain thermostat'*?, adopting the Velocity-Verlet algorithm'#® with a time step of 0.5 fs.

The TiOz-anatase structure crystallizes in a tetragonal unit cell belonging to anatase-41/amd
crystal symmetry space group, as depicted in Figure ASa. The unit cell consists in 13 Ti*"
and 17 O, for a total of 30 atoms arranged in an optimised tetragonal lattice with a =b =
3.78 A, ¢ = 9.51 A sides, where each Ti*" is bonded to 6 O* in an octahedral geometry
(Figure ASb) and each O?" is bonded to 3 Ti*" in a planar trigonal arrangement (Figure

A5c). The primitive cell is composed of 12 atoms, 4 Ti*" and 8 O?".

TiO, unit cell
14+ h
a) o T b) © Ti*, octahedral
e 0% ’
9.51A
c) e 0%, trigonal planar

Figure A5| a) Tetragonal unit cell of TiO,: 30 atoms in total, 13 Ti*" and 17 O?". Bulk coordination geometry
for b) Ti*" and ¢) 0% atoms.
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All DFT calculations (including geometry optimization and molecular dynamic simulations)
were done at the I point of the Brillouin zone for the electronic representation. This requires
the use of a supercell, i.e., a certain number of replicas of the unit cell in 3D space. To find
the minimum number of replicas giving an accurate description of the bulk TiO: properties,
convergence of lattice parameters of unit cell, bulk modulus, Maximally Localized Wannier
Function (MLWF) and atom Projected Density-of-States (PDOS) have been monitored. To
this end, full geometry optimizations (atom positions and cell vectors) were performed on
the unit cell and on 222 (96 atoms), 332 (216 atoms), 442 (384 atoms), 552 (600 atoms)
replica systems of the TiO2-anatase unit cell. The optimisations started from experimental

geometries!4+ 143

as reference and conducted without imposing symmetry constraints.
Afterwards, optimized bulk structure of TiO2 (442 replica structure) is cut along the (101)
crystallographic plane. For B-TiOz, two surface Ti*" titanium atoms were replaced with two

B*" boron atoms in surface positions as depicted in Figure A6a.

Then, both (101) TiO2 and (101) B-TiO2 were put in contact with a water environment made
of 132 water molecules obtained from a liquid box separately thermally equilibrated with
water density of 1 g cm®. For the simulations of TiO2/water interface and the B-TiOz/water
interface, a vacuum layer of 15.0 A has been included above the liquid water in the vertical
the z-direction (perpendicular to the surface). This choice was made in order to avoid to
simulate confined water due to the PBC applied in the 3 directions while keeping the
dimensions of the simulation box large enough in order to allow long time scales for DFT-
MD. The simulation boxes and their dimensions for the DFT-MD of (101) TiO2/liquid water
and (101) B-TiO2/liquid water interfaces are illustrated in Figures A6b,c.
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Figure A6| a) Side and top view of the (101) B-TiO, facet. Simulation boxes for the DFT-MD of b) (101)
TiO,/water interface and ¢) (101) B-TiO,/water interface. 612 atoms: 216 solid atoms and 132 water molecules
(236 atoms). A slab of 15.0 A vacuum above the liquid water in the vertical z-direction is included to prevent
the simulation of too confined water due to PBC. Only one surface (the upper) is in contact with liquid water
in each simulation box. The bottom surface is in contact with vacuum.

Once TiOz2 is put in contact with water, adsorption of water molecules at the TiO2 water
exposed surface occurs. The water—water H-bonds (HBs) network is identified by the criteria
proposed by Galli and coworkers'*®: O(-H)- - -O distance < 3.2 A and O(-H)- - -O angle in
the range between 140-220°.

The equilibrium number of TiO2 layers (along the z-direction) for the (101) TiO2 slab model

have been identified by calculating the surface energy according to equation (3): 3% 133
— Estap(m)=n-Epuik
Es(n) = ™ (3)

where E;,; (1) is the total energy of the optimized slab model with » number of TiO2 layers
(along the z-direction), Ep,,;x 1s the total energy of the bulk normalized to one TiO2-unit, 4

is the area of the (101) TiO2 exposed surface.
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Ab5.2 Structural, electronic and mechanical properties of TiO»

The PBE+U computational set up has ben assessed by calculating the TiO2 solid bulk
properties. The lattice parameters were optimized as a function of the simulation box size,
i.e., the number of replicas of the TiO2 unit cell required to accurately reproduce the
experimental values in the adopted supercell approach. To this end, fully geometry
optimizations (atom positions and cell vectors) were performed on 222 (96 atoms), 332 (216
atoms), 442 (384 atoms) and 552 (600 atoms) replica systems.

It was found that the (442) supercell of TiO2 (Figure A7) is large enough to converge (within
the numerical error) the bulk lattice parameters to a =b = 3.78 A, ¢ = 9.51 A side. These
results agree very well agreement with previously published data from both experimental'**

147, 148 and DFTISZ, 145, 149, 150 studies.

TiO, supercell
442 replicas

Q T+
e 0%

19.02 A

Figure A7| 442 supercell bulk structure of TiO».

Moreover, the total energies of the abovementioned supercell structures have been calculated
according to the Murnaghan’s equation of state as in Ref. 15!, In that way, for the (442) TiO2
supercell a bulk modulus of 287 GPa has been calculated, confirming that the (442) supercell
is the best compromise between the number of atoms (384), the simulation box size and
reproduction of the expected TiO2 bulk properties (such as lattice parameters and bulk
modulus). The equilibrium lattice parameters and the total energies of the replica systems of

the TiOz unit cell are listed in Table A4.
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SYSTEM (number of Lattice parameters (a; Bulk modulus
replicas) b; ¢) (A) (GPa)

222 3.69; 3.69; 9.85 50

332 3.75;3.75; 9.85 78.7

442 3.78; 3.78; 9.51 287

552 3.76;3.76; 9.49 820.3

Table A4| List o the equilibrium lattice parameters and bulk modulus values calculated for 222, 332, 442, 552
supercell bulk structures of TiO».

Figure A8a shows the computed total DOS and PDOS obtained for the (442) supercells of
bulk TiO2 using PBE and PBE+U calculations.
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Figure A8| a) Total DOS and PDOS for the (442) TiO> supercell. Results from PBE and PBE+U (U=12 eV)
calculations on top and bottom panel, respectively. The Fermi energy level is set to 0. The PBE-functional
corrected by the Hubbard U term correctly reproduces the experimental band-gap energy value of 3.2 eV!4%
152 b) Outer-shell electronic representation of Ti*" and O% atoms from MLWF calculation performed on the
(442) TiO; supercell: green and blue spheres represent spin-up electrons and spin-down electrons, respectively.
Ti*" outer-shell 3s?, 3p%: 8 ¢ in total, 4 spin-up € and 4 spin-down e". O* outer-shell 2s2, 2p®: 8 ¢ in total, 4
spin-up ¢ and 4 spin-down ¢".

The comparison highlights that it is mandatory to take in account the Hubbard U parameter
(U=12 eV) in order to correctly describe the electronic properties of the bulk TiO2. When

only the PBE functional is used, the electronic bandgap is underestimated (see top panel in
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Figure A8a), whereas the PBE+U functional reproduces correctly the experimental band-

gap energy value of 3.2 eV at room temperature (see bottom panel in Figure A8a).
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