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“Knowledge is the most democratic source of power”

Alvin Toffler



ABSTRACT

Sunlight in an appealing energy source exploitable for a sustainable and equal development of human
society, being abundant, widespread and cheap, on a scenario of adaptation strategies for facing the climate
change happening on Earth surface. Several kind of chemical reactions required to sustain the society, from
fuel production to environmental remediation, can be potentially run exploiting the light as energy source. A
light-activated catalyst (photocatalyst) is often needed to allow such reactions to occurs, able to both absorb
the photons and decrease the kinetic barrier. The aim of this work was to prepare some earth-abundant
oxide-based semiconductor (SC) materials and assessed them in some photocatalyzed reactions, using a
selected SC for each process. Titanium dioxide (TiO,) was used for H, production from biomass, zinc oxide
(Zn0O) and a mixed iron-copper oxide (CuFeO,) in CO, photoreduction, while a calcium-based plaster
(marmorino) modified with TiO, and ZnO, was used in cultural heritage photoremediation (self-cleaning).
Different characterization techniques were exploited to achieve a comprehensive knowledge of structural,
morphological, optical and surface properties of the prepared materials. Finally, the physical-chemical
properties of these oxides were correlated to the photoactivity, aiming to understand how these features

affect, negatively or positively, the performances of a given reaction.
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PREFACE

1.1. ENERGY, SOCIETY AND SUSTAINABILITY

The energy is a curios concept: the standardly recognized definition as “an ability to do work” does not clearly
define what this quantity is. Rather it is something that describes a given system, and particularly the energy
transfer from a system to another has deep practical involvement in our society, lifestyle, as well our life
itself [1]. The development of human society has had remarkably increased the energy demand: in the
modern, highly organized and developed society, the daily per capita energy requirement is two magnitude
orders higher than in the prehistoric epoch [2]. Furthermore, the huge size of human population in modern
era [3] contributes to make the overall energy demand, called total primary energy supply (TPES), a real big
number (5.8:10%° J in 2018 [4]) that grows continuously over the years as depicted in Figure 1 (green line).
Fossil fuels still dominates the energy scenario of our society, supplying 87% of the total amount of consumed

energy nowadays.
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Figure 1. World energy consumption by source in millions of tonnes of oil equivalent (MTOE). Green line: total amount
of consumed energy. Black line: total amount arising from fossil fuels. Red line: oil. Grey line: coal. Blue line: natural
gas [Errore. Il segnalibro non é definito.].

The successfulness behind fossil fuels relies on several features: their availability for the next decades
[Errore. Il segnalibro non é definito.], well established extraction and production technologies [5,6], high
energy return on energy invested index (EROEI) [7] and the high energy density [8]. However, the massive
exploitation of these energy resources, have led to the emission of several harmful by-products for human
and the environment, such as sulfur oxides (SOy), nitrogen oxides (NOy), polycyclic aromatic hydrocarbons

(PAHSs), and since the 70’ several strategies have been adopted to reduce the release of such pollutants [9].

Besides that, the massive consumption of fossil fuel generates a huge amount of carbon dioxide (CO,), which

in turn cause another effect: the greenhouse effect [10]. This phenomena is related to the capability of the



so-called greenhouse gases (GHGs), to absorb the infrared (IR) fraction of the sunlight that reaches the Earth,
thus warming up the planet’s surface, and is mainly caused by to water vapor (66%), followed by CO,,
methane (CH.), ozone (0s) and dinitrogen oxide (N,0) [11]. This effect is essential to sustain the existence of
liquid water on the Earth surface, and thus the life itself, but an excessive warming is detrimental for the
biosphere [12]. This extra heating effect arises from anthropogenic emission of GHGs, mainly CO, (77% of
the overall warming effect), CH4 (16%) and N,O (6.2%) [10]. The concentration of the GHGs, has rose
remarkably in the last two centuries and, in particular, CO; has reached 413.30 ppm in 2020 [13], the highest

recoded value in the last half-million of years [14].

Since the rate of these anthropogenic GHGs emissions exceed the natural capability of the Earth surface to
buffer them [15], these gases accumulate in the atmosphere and lead to a warming of the planet surface: a
+0.84 °Cincrease of the average temperature has occurred from 1880 to 2012 [10]. The correlation of GHGs
emissions and global warming, have been denied by some scientist in early 2000s [16], and recently with the
famous letter signed in 2019 by 500 experts [17]. These admission are in opposition with the scientific
community majority: as reported in Figure 2, the sole effect of natural causes (solar and volcanic activity) can
be ruled out and the atmosphere warming, can be ascribed to human society activities only, in particular

GHGs emissions.
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Figure 2. Measured (black line) and calculated (red and blue line) Earth surface temperature due to human-related
and natural causes (left) and natural causes only (right) [14].

The global warming has several effects on Earth’s climate and biosphere, such as a change in water cycle
(precipitation frequency and distribution), glaciers and ice cup melting, sea level rising and ocean acidification
[18], permafrost melting, cyclones, droughts, heatwaves and floods [10,19]. Predictions obtained by means
of climate models suggested that, in the next decades, the human society (i.e. food and water supply, health)
and the biosphere will be strongly affected by climate changes [10]. Indeed, some recent facts such as the
Ophelia hurricane in 2017 [20], the Venice city floods in 2019 [21] and the dramatic 2019-2020 Australian
bushfires [22], ascribable to the effects of global warming [23-26], can give us a taste of what climate change

really means.



The first policy makers attempt to mitigate the detrimental effect of GHGs occurs with the Kyoto Protocol in

1997 [27]. Later, the Paris agreement (2015) stated clearer aims [28]:

1. Keep the global average temperature below 2 °C with respect to pre-industrial levels;
2. Increase the adaption to adverse effect of climate change (climate resilient development);

3. Forcing the finance toward a more sustainable economy and climate resilient development.

As answer for climate change mitigation, the scientific community also drawn its attention on CO,, the main
GHG, and specifically its capture, either from the atmosphere [29] or flue gases (i.e. power stations) [30],
sequestration [31,32] and its utilization for fuels or chemical production [33,34]. Moreover, several efforts
have also done on alternative energy development in order to substitute fossil fuels as main energy source,

and thus directly avoid CO; emission [19].

However, this is not all the story. Besides warming the atmosphere, a fraction of the IR radiation in sunlight
is also absorbed by waterbodies (mainly seas and oceans), rising their temperature and making them a huge
thermal energy sink [14]. Due to their thermal inertia, this heat is then slowly released in the atmosphere
[18], eventually affording a long-term global warming phenomenon, that continued even if all anthropogenic
CO; (and GHGs) emissions would suddenly stop [35]. A simulation by Zickfeld et al., shows it could be
theoretically possible to keep the global warming below + 2.0 °C through a fast and huge effort, however this
must face the socio-economical and technological inertia of human society, making it less feasible [36]. It is
clear new strategies are required to face comprehensively the climate change: indeed, as pointed by Paris
agreement, the human society has not only to mitigate its impact on the environment, but also to adapt to
the effects of this change. This general approach has been eventually defined as climate change adaptation

strategies [37].

Extreme climatic events, likely to be more and more common in the next future, should be faced with
appropriate strategies [38], together with a good and effective communication to a general audience [39], in
order to make such approaches effective and useful. Moreover, the equity requirement should not be
forgotten: poor nations and communities will suffer more the effect of climate change [40]. On the more
practical point of view, climate change adaptation involves several aspect of our society, such as agriculture
and food supply [41,42], water management [43], preservation of ecosystems and biodiversity [44],
healthcare [45], urban development [46,47], cultural heritage management [48], the already mentioned

energy sector, as well as social and personal aspects of our lifestyle [49].

Climate change adaptation is something really complex: a network among science, policy, environment,
society, economy and ethics [37]. Anyway, it is probably the only chance we, human beings, have to survive

to global climate and environment alteration that we have created ourselves.



1.2. THE SUN POWER

One of the most promising alternative primary energy source to fossil fuels is certainly the solar energy [50]:
the power (energy per unit time) irradiated by the Sun on Earth surface (9.2:10® W) [18], is three magnitude
order bigger than the power consumed by the entire human society in 2018 (1.8-10'* W) [4]. Besides the
abundancy, some key features such as (i) cheapness, (ii) time-limitless and (iii) wide-spreading, even in
remote areas, make solar energy an attractive energy source, required for human activities, as a tool in

climate change adaptation strategies [51].

The sunlight is composed of several types of electromagnetic radiations (Figure 3): ultra-violet (UV) light (5%
of overall intensity and 270 + 400 nm wavelength fraction); visible light (44% and 400 + 760 nm wavelength)
and infra-red (IR) (51% and above 760 nm wavelength) [52]. The knowledge of the spectral distribution of
solar energy is important since the different technologies involved in its utilization, exploit different region

of solar spectra [19].
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Figure 3. Solar spectrum at the top of the atmosphere (red trace), at sea level considering only direct radiations (green
trace) and accounting both scattered and direct radiation (blue trace) [53]; adsorption band for the main atmospheric
gases is highlighted on the spectra [54].

The solar energy utilization experienced a huge growth in the last decade [4], but it is mainly used in
commercial electricity or heat production [19]. The electric power can be obtained either through a direct
light-to-electricity conversion, namely photovoltaics (PV) or indirectly by means of concentrated solar power
(CSP). The former use semiconductor (SC) p-n junction devices, in which a photo-induced voltage is generated
upon the absorption of photons, mainly part of the visible or to the near-IR (NIR) (below ca. 1100 nm
wavelength), yielding an electric current [55]. The CSP technology, on the contrary, works by exploiting the
whole spectra (also the IR fraction), which is concentrated through optical devices (i.e. mirrors or lenses) to

a receiver, where the energy is then transferred in form of heat to a fluid [56], and eventually used to run
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thermal engines [57]. Koberle et al. esteemed a technically recoverable power through either CSP or PV of
2.0-10* W and 1.1-10'* W, respectively [58]. Despite these values are comparable with the previously
mentioned worldwide power consumption [4], social and policy issues have to be also considered, making

them less feasible for large-scale project.

Besides electric power, another appealing sunlight-exploiting approach is the solar thermal energy (STE),
relying on the direct utilization of solar heat, thus resembling CSP systems but without converting it into
electricity. The produced heat can be then used by residential [59] and industrial [60] users, reaching in 2015,
an installed capacity of 4.35-10* W [61]. Still concerning solar heat, another attractive exploitation approach

is solar cooling, in which the heat is used to run evaporative-absorption refrigerators [62].

Solar energy can be also involved in water resource management, and this approach is very attractive since
water scarcity will growly affect human society in the next future due to climate change [63]. Solar
desalinization is an attractive way to utilize solar energy, as both heat or electricity, to produce freshwater
from seawater [64,65]. Another interesting process is solar water disinfection (SODIS) [66]. The UV fraction
of sunlight is used to deactivate pathogenic microorganisms, by generating reactive chemical species within
the cells, affording in the degradation of biochemical component of cells and eventually killing the
microorganism [67]. The interesting feature of this method is its cheapness and simplicity, requiring only
plastic bottles and sunlight, allowing its utilization in under-developed countries: in 2009 4.5 million people

in 55 different countries was using this technology for their drinkable water supply [68].

SODIS is a nice example of how a renewable, abundant and free energy source like solar energy, can be
exploited on a cheap and easy way, to face a social problem (water shortage) that affected mainly under-
developed countries, and it is expected to become more and more serious due to climate change. Moreover,
it also represent an example of how sunlight can be involved in running chemical reactions, thus paving the

way on new applications for solar energy.
1.3. SOLAR-TO-CHEMICALS

The chemistry plays an important role in human society, and several chemical reactions are used for different
purposes, such as the synthesis of chemical substances [6], the removal of harmful compounds from the
environment [9] as well as the production of energy, nowadays mainly by burning fossil fuels. Due to the
advantages of solar energy highlighted in section 1.2., the utilization of light to run chemical reactions seems

an appealing approach in the contest of climate change adaptation.

Heat and electricity are widely used as energy source to run several commercial chemical processes, such as
methane steam reforming (MSR), an important thermal process in hydrogen, ammonia and methanol

synthesis [69], or the chlorine manufacturing through brine electrolysis [70]. Solar heat (CSP) [71] and
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electricity (PV, CSP) [72] can be involved in these processes, thus indirectly utilized sunlight to run chemical
reaction. However, these processes have several disadvantages such as harsh required conditions [73], bulky

equipment for energy harvesting and storage [74], or expensive energy source (i.e. PV electricity) [75].

An appealing alternative is the direct light-to-chemical conversion. Specifically, in a light-driven chemical
reaction (Figure 4), the light absorption by the system affords in an excited state, which eventually leads to
the desired products [76]. These reactions can take place in very mild conditions (room temperature and
atmospheric pressure), using light (potentially sunlight) as the only energy source. A photochemical process
can be driven if the systems itself is capable to efficiently absorb the incoming light and convert the excited

state to a reaction intermediate [77].

hv
R R* P

Figure 4. Reaction scheme of a photochemical reaction. R = reagent; R* = reagent in the excited state; P = product; hv
= light.

However, the reagents themselves can be unsuitable for an efficient light absorption and conversion, or
require short wavelength radiation to be excited [78]: a light-activated catalyst or photo(electro)catalyst

(Figure 5), in this case exhibits the key role to absorb the radiation and converts the reagents into products

[77].

R C*
Figure 5. Reaction scheme of a photocatalyzed chemical reaction. C = catalyst; C* = catalysts in the excited state; R =
reagent; P = product; hv = light.

As in the case of traditional catalysis (thermally-activated), the use of solid materials (heterogeneous

catalysts) have the significant advantage to be easily separated and recycled from the reaction medium [79].
1.4. FUNDAMENTALS OF HETEROGENEOUS PHOTO(ELECTRO)CATALYSIS

A light-activated material is essentially a SC. According to the band theory, the molecular orbitals (MOs)
within a solid can be arranged in ensembles of energetically close orbitals named bands. As reported in Figure

6, three situation can be drawn, depending on how these bands are arranged [80]:

1. Conductors, in which an empty band is overlapped with an electron-occupied band.
2. Semiconductors (SCs), in which empty and filled band are energetically separated by a relatively small
gap region (1 + 6 eV), called bandgap (E).

3. Insulators, in which the empty and filled bands are separated by a wide energetic gap (> 6 eV).

12



Conductor Semiconductor Insulator

Figure 6. Energy band structure of materials. Redrawn from [80].

The band occupied by electrons is named valence band (VB), while the empty one is the conduction band
(CB); the upper and lower energetic edges are named Ey and Ec, for VB and CB, respectively (Figure 6), and

these band edges position depends on the type of SC [81].

A SC can be further classified depending on the charge carrier mainly contributing to the electrical
conductivity, free electrons (e”) or holes (h*), and the relative position of the Fermi energy (Eg) [55]. Eris an
important parameter in SC science and it is defined, within the Fermi-Dirac distribution, as the energy level
at which the probability to being occupied by an electron (fermion on a more general concept), is 0.5 [82].

As reported in Figure 7, three kinds of SCs can be identified [55]:

1. i-type orintrinsic, in which the conductivity is driven by both electrons and holes. Eglies between Ec
and Ey, in the middle of the energy gap. Example: non-doped Si [55].

2. n-type, in which donor impurities increase the concentration of electron, boosting the electron
conductivity. These impurities induce also intra-gap energy levels or states (Ep) just below the Ec
edge, and E¢ is upward shifted, close to Ec. Examples: TiO,, ZnO, WOs, Fe;0s, BiVOa., CdS or g-C3N4
[83,84].

3. p-type, in which acceptor impurities improve the concentration and the conductivity of holes. These
impurities induce intra-gap levels (Ea) just above Ey, and Ef is downward shifted, close to Ey. (i.e.

Cu;0, CuFe0,, Cu(In,Ga)S; or WSe; [84]).
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i-type n-type p-type

Figure 7. Energy band structure of i-type (a), n-type (b) and p-type (c) SCs. Redrawn from [55].

When a SC is irradiated by photons with energy larger or equal the Eg, electrons can be promoted from the
VB to the CB, accumulating holes in the latter, and affording in two charge carrier populations. Under these
non-equilibrium conditions, these can be described by two different quasi-Fermi energy (Ef’): one for the
electrons (,Er’) and one for holes (,E¢"), as reported in Figure 8b. In case of n-type SC, the ,E¢ is almost equal
to the pristine value E¢ (dark conditions) while the ,E:" lies closer to Ec, since the electron population does

not remarkably change upon irradiation. A similar concept can be defined for p-type SC [85].

When the irradiated SC is put in contact with a liquid solution (Figure 8c) containing active redox species, a
redox process can potentially occur, transferring the electron to a suitable acceptor species (A) within the
solution, and filling the hole with an electron donate by a suitable donor species (D) in solution. This lead to
an overall redox process to occur on the SC-solution interface [80]. On a thermodynamic point of view, this
charge transfer across the SC-solution interface, requires two conditions to be fulfilled. The quasi-Fermi level
of electrons (nEr") has to lie above the acceptor Fermi level in solution, namely its redox potential (E°aa-),
while the quasi-Fermi level of holes (,E¢’) has to lie below the donor redox potential (E°p/o+), as reported in

Figure 8c.

dark SC/vacuum SC/solution

Figure 8. Energy band diagram of a n-type SC in dark (a), under irradiation in vacuum (b) and in contact with a solution
(c). Redrawn for [85] and [80].

14



If one of the thermodynamic conditions to run the redox process cannot be fulfilled, the reaction can be run
anyway. This can be achieved by supplying the extra energy as an external applied potential (AE), thus driving
the overall redox reaction, and named photoelectrochemical (PEC) process [86]. Two main other differences

can be distinguished from a photocatalytic (PC) process:

1. The two half-reaction occurs separately, thus the reaction setup requires two different components,
namely a photoelectrode and a counter-electrode in the simplest setup, immersed in the solution
with redox active species, and externally wired to allow electron transport as reported in Figure 9
[86].

2. The charge transfer across SC/solution interface depends on the type of SC. Specifically, oxidation
processes can occur on n-type SC surfaces, while reduction processes occur on p-type SC surfaces

[83].

I EF,m
I- AE

Photoelectrode Counter-electrode

Figure 9. Energy band diagram of an n-type SC under both irradiation and applied potential in a PEC device. Electron
path is reported as straight arrows.

Besides charge carrier transfer at SC/solution interface, a side process can also occurs: charge carrier
recombination. This phenomenon involves the reaction of a photoexcited electrons with a hole, losing the
photon absorbed energy as heat (non-radiative recombination) or light (radiative recombination) [87], rather
than being reacted with redox species. The process can occur through a direct band-to-band transition
(Figure 10a) or, most commonly, through trap levels (E) (Figure 10b), due to i.e. impurities or defects [55].
Such recombination process can either occurs at the surface, due to defects inducing the so-called surface

states (SSs) [88,89] or within the bulk, due to poor charge carrier mobility [90] or bulk defects [91].
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Figure 10. Charge carrier recombination (red dashed arrow) and generation (black straight arrow) in n-type SC. (a)
Direct band-to-band recombination. (b) Recombination in trap state.

Besides charge and light-related processes, as in traditional heterogeneous catalysis, mass transfer of
reactant and products, as well as adsorption/desorption phenomena and reaction intermediates stabilization
play an important role [79] and are required to be considered in the overall catalytic phenomenon. The
general mechanism of a photocatalytic process is reported in Figure 11, summarizing all the concepts

previously exposed.

Ec | e e cle‘ el‘ e“\ A+ y A
------ a ;-: @ e )
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v v D+*

Ev o
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Figure 11. Overall mechanism of photocatalysis. (1) light absorption and charge carrier generation. (2) Direct band-to-
band and (3) trap state recombination. (4) Electron transfer to adsorbed electron acceptor (A*) (reduction half-
reaction). (5) Electron transfer from adsorbed electron donor (D*) (oxidation half-reaction). (6),(7) Diffusion,
adsorption and desorption of electron acceptor (A) and reduction product (A7). (8),(9) Diffusion, adsorption and
desorption of electron donor (D) and oxidation products (D?).

1.5. APPLICATIONS OF PHOTO(ELECTRO)CATALYSIS

The chemical reactions that can be carried out through photo(electro)catalysis, are redox processes, and
depend on the used electron acceptor (A) and donor (D). The first studied photocatalytic reactions were the
oxidation, with molecular oxygen (O3) as electron acceptor, of simple molecules such as ammonia (NHs) [92]
and carbon monoxide (CO) [93], later extended to a large variety of organic and inorganic compounds [94].
Oxidation reactions with molecular O, are characterized by a negative free Gibbs energy (A:G°2s:c < 0), and

can thus easily proceed. They have been proposed as attractive tool for environmental remediation, such as
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wastewater purification from pollutants [95] or pathogens [96], or air purification [97]. Others appealing
applications, in virtue of the mild conditions required in PC reactions, are surfaces with PC self-cleaning and
self-sterilizing properties [98]. Upon irradiation, these surfaces can remove by themselves organic deposits
by oxidative degradation [99] and inactivate microorganisms [100]. Furthermore, through a non-redox light-
induced phenomenon (superhydrophilicity), the water wettability is improved and dirty deposits can be
further washed away [98]. These self-cleaning and self-sterilizing features can be also exploited in the field

of conservation of cultural heritage [101].

When water (H20) is involved as electron acceptor, hydrogen (H,) can be produced. The water splitting
reaction, using water as both electron acceptor and donor (yielding respectively H, and O,), was first reported
by Honda and Fujishima [102], and is nowadays one of the most studied PC and PEC reaction [86,103]. The
conversion of an abundant and low-value product like H,O into more compound potentially exploitable as
fuel or chemical raw material (H,) with the sole exploitation of sunlight, is a really attractive process. This
reaction, however, is characterized by a big and positive A/G° (A/G°2s:c = + 237 kJ-mol™?) [104], thus requiring
a large energy input to proceed. The utilization of an organic compound in place of water as electron donor
species remarkably reduce the energy demand (Reaction 1), and is known to boost up the hydrogen
production compared to pure water [105]. The great potentiality of H, production through this process,
named photoreforming, is to exploit a low-cost and largely available raw material such as ligno-cellulose

[106].
(1) CHs0H + Hy,0 — CO, + 3H, A,.G°soc = + 9 kJ -mol™ [104]

Besides water splitting, another appealing reaction is the conversion of CO; and H,0 into carbon-based fuels
or chemical raw materials, namely the so-called artificial photosynthesis [107]. As for water splitting, the
reaction would be able to convert abundant and low-value raw materials into marketable products, with the
advantages of a wide variety of attainable useful compounds (i.e. CO, CH4, CH30H) [108] and the higher
energy density of carbon-based fuels, compared to H, [5]. However, generally the conversion of CO; into
more valuable products requires a large energy input (Reaction 2), more than the water splitting.
Furthermore, while H,O-rich sources are readily available as waterbodies (i.e. rivers, lakes, seas), CO; is
mainly accessible as diluted streams (i.e. atmospheric CO,), requiring technologies to capture and enrich this

gas, eventually contributing to make more expensive the overall process of large-scale CO, conversion [109].
(2) CO, + 2H,0 - CH, + 20, A,G°soc = + 817 kJ - mol™ [104]

Some examples of photo(electro)catalyzed reactions are reported in Table 1.
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Table 1. Example of redox reactions carried out by PC or PEC processes. Products within bracket are not directly
detected but supposed to be formed due to reaction pathway. T: photooxidation exploited for photocatalytic self-
cleaning of surfaces.
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1.6. SEMICONDUCTORS AND MATERIAL DESIGN

Titanium dioxide (TiO3) is the most popular semiconductor material in PC [121-123]. Besides it several other
materials have been explored, such as zinc oxide (ZnQO) [124], strontium titanate (SrTiOs) [125], sodium
tantalate (NaTaOs) [126], cerium oxide (Ce0,) [127], tungsten trioxide (WOs) [128], cadmium sulphide (CdS)
[129], zinc sulphide (ZnS) [130], graphitic carbon nitride (g-CsN4) [131],tantalum nitride (TasNs) and oxynitride
(TaON) [132]. Concerning material for PEC application, n-type SC employed in oxidation reactions are
hematite (Fe;0s) [115], tungsten trioxide (WQs) [133] and bismuth vanadate (BiVO4) [134]. On the other
hand, p-type SC such as copper (I) oxide (Cu,0) [135], copper iron delafossite (CuFeO>) [136], copper indium
gallium sulphide (Cu(Ga,In)S;) [137], gallium phosphide (GaP) [138] or tungsten diselenide (WSe,) [139].

The selection of a SC material depends on the desired redox reaction. As previously mentioned, one (PEC) or
both (PC) the thermodynamic requirements have to be fulfilled in order to allow the charge transfer at
SC/reaction medium interface. For instance, as reported in Figure 12, the overall water splitting can
potentially occur if TiO, or ZnO are used as PC, while it cannot if WOs is used. Nonetheless, WOs can be used

in water oxidation as photoanode.
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Figure 12. Band edge position vs RHE at of some SC materials, respect to the redox potential for proton reduction and
water oxidation (blue and red line, respectively). Redrawn from [140,141]. CBs are represented as white boxes, while
VBs as blue boxes; quasi-Fermi level position are not reported, but assumed to be close to CB and VB.

Thermodynamics is, however, just one part of the story. As reported by Li and Wu, several other parameters

should be considered when selecting a SC. Indeed, a good material should have [142]:

1. AEgasnarrower as possible, in order to both maximize the harvestable photons of the solar spectrum
(highly energetic UV photons compose a small fraction of the spectrum) and allow the highest solar-

to-chemical energy efficiency.

19



2. A good light penetration within the material, namely a narrow optical penetration depth (6s), to
maximize the generation of charge carriers in proximity of the surface.

3. An efficient transport of charge carrier, namely a charge carrier diffusion length (Lp) larger than the
6p, in order to reduce the recombination occurring in the bulk of the SC and allow an effective transfer
to the surface, where the reaction occurs.

4. A good stability in the reaction medium, in order to avoid corrosion and/or photocorrosion
phenomena that induce a fast loss of activity.

5. A strong catalytic activity, namely a low reduction (nrep) and/or oxidation (nox) overpotential, to
exploit as much as possible the energy of the photoexcited charge carriers, in turn improving the
solar-to-chemical energy efficiency. If more products can be formed, the material should also be able
to selectively direct the reaction toward the desired products (selectivity).

6. Be made of earth-abundant and safe elements, in order to be cheap and safe to produce and handle.

7. Be synthetized with approaches as mild as possible, and avoiding harmful and expensive reagents,

to allow a feasible large-scale production.

The ideal SC fulfilling all these requirements does not exist, and each material has some drawbacks limiting
a large-scale application. TiO,, for instance, is a cheap, chemically and photochemically stable, non-toxic
material, and due to the energetic location of Ec and Ey, a wide variety of electron acceptors and donors can
potentially react on its surface [122,142]. However, given its large Eg (3.0-3.2 eV) only UV photons can excite
this material, limiting the harvestable fraction of sunlight and the attainable solar-to-chemical energy
efficiency [142]. Furthermore, the poor charge carrier mobility hinder an effective transfer to the surface,

and further reduces its photocatalytic activity by improving recombination phenomena [143].

Besides the SC selection, several strategies can be exploited to minimize the impact of a SC drawbacks. One
of the simplest strategies is the design of material morphology. The crystallinity of a material, is an important
parameter to facilitate the charge carrier transfer to the surface and reduce their recombination [91].
However, a higher crystallinity is usually associated with a low specific surface area (SSA), essential to allow
the reagent adsorption and subsequent interfacial charge transfer, thus a compromise between crystallinity
and SSA is usually desired [144]. Other strategies rely on the shape of the material (i.e. 1D or 2D
nanomaterials), which can improve the light harvesting (charge carrier generation) and maximize the charge
transfer to the surface [142]. The exposed facets engineering, namely how superficial atoms are organized,
can further contribute in enhancing the material activity, by exposing the most catalytically active facets (i.e.

{001} facets on anatase TiO;) [145], or even improves the material stability [146].

An important role could be played also by the presence of defects. Despite as previously stated they could
facilitate the charge carrier recombination, superficial defects can be a useful tool in improving the material
activity. In details, they potentially act either as charge carrier trapping sites, hampering the recombination
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processes [147,148], or as adsorption site, which further facilitate the charge transfer phenomena (redox

reaction) [149].

Besides the engineering of the bare material, other strategies involve the surface modification in order to
improve the visible-light harvesting capability, activity, selectivity or the stability of the SC. One of the most
popular strategies is to exploit a heterojunction, namely an interface between two (or more) SCs that improve
the charge carrier separation and, consequently, reduce their recombination [150]. As pictured in Figure 133,
the type-Il heterojunction (the most popular one), acts by a selective transfer of the photoexcited electron
from the high-lying (Ec1) to the low-lying (Ec2) conduction band edge (pathway 1). The holes left on the first
SC, cannot cross the junction due the unfavourable energetics of the valence band edges (pathway 2): being
the charge carrier physically separated, their recombination is hampered and their lifetime improve,
eventually potentially improving the activity as well [151]. Both Er and quasi-Fermi levels (nEf* and ,E¢*) of
the heterojunction, are different from those of the original SCs: this means the two (or more) SCs interact

each other [152].

Heterojunctions have been widely exploited both in PC and PEC systems. In PC, heterojunctions have been
used either to improve the sole charge carrier separation, when using SCs with comparable E; (i.e. ZnO/Sn0,)
[153], or to sensitize the material to visible photons, by using a SC with a narrow Eg (i.e. CdS/TiO>) [154]. In
PEC, heterojunctions are generated by top-coating a SC with a layer of another SC (overlayer) [155], and used
to improve the charge carriers separation [137], to improve the stability of a SCin the reaction medium [156],
or to passivate some defects located on the surface, which would increase the charge carrier recombination

[136].

Another appealing strategy of surface functionalization is the utilization of a co-catalyst [157]. This

component has two main effects, as depicted in Figure 13b:

1. Improve the charge carrier separation (pathway 6) [158]
2. Act as true reaction site, reducing the overpotential for a given reaction (pathway 7 vs pathway 5)

[159]

The co-catalysts can reduce the overpotential either of the reduction [160] or of the oxidation [161] half-
reactions, and often represent a key tool in enhancing the selectivity of the reaction, when more products
can be obtained [162,163]. In PC application, where oxidation and reduction half-reaction occurs on the same
particles, the utilization of both reduction and oxidation co-catalyst can further improve the activity by

improving the rates of the two half-reactions at the same time and suppress side processes [112,164].
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Finally, a key feature when dealing with surface modification such as heterojunctions or functionalization
with co-catalysts, is to ensure a good quality of the solid-solid interface in term of interfacial defects, those
represent an obstacle to an efficient charge transfer by improving, as for bulk SC, the recombination

phenomenon [1%°,168],

Figure 13. (a) Heterojunction scheme. SC; and SC; are the to SCs, Ec1, Ec2 and Ey 1, Ev,2 are the respective conduction
and band edges. nE*, ;Ee* and Ef respresent the electron and holes quasi-Fermi level, and the Fermi level of the
heterojunction. (1) charge carrier transfer at SC;/SC; interface; (2) (hindered) interfacial charge carrier recombination;
(3) and (4) SC/reaction medium charge carrier transfer. (b) Effect of a reduction co-catalyst (overpotential of the
oxidation half-reaction is neglected). ,E¢* and .E*® are the quasi-Fermi levels of bare and co-catalyst modified SC
surface. A/G° is the Gibbs free energy of the overall reaction and n; and n; are the co-catalyst free and co-catalyst
modified overpotential of the SC surface, respectively. E>**5a- and E*?*,/a- are the redox potential of the reduction
process at bare and co-catalyst modified surface. (5) direct SC-to-acceptor charge transfer; (6) SC-to-co-catalyst charge
transfer; (7) co-catalyst-to-acceptor charge transfer.
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1.7. AIM OF THE WORK

Climate change is a phenomenon that will strongly affect human society. To face this, the sole strategies of
mitigation CO, emissions are not suitable alone to solve the problem, because thermal inertia of climate
system will keep the global warming for a long period. The most appropriate way to face climate change is
to embrace adaptation strategies. In this contest, solar energy can be a useful tool being inexpensive,
unlimited and widespread all over the world. Specifically, it can be used as energy source to directly run
chemical reactions, with the additional advantages of very mild operative conditions, namely room
temperature and atmospheric pressure. These reactions can be potentially exploited for several purposes
within the climate change adaptation concept: from fuel production, to environmental or cultural heritage

application.

This work is aimed thus to study different light-driven chemical reactions, in particular fuel production and
cultural heritage conservation, by using diverse SCs, characterized by different physico-chemical properties
(i.e. Eg, carrier mobility, surface acidity/basicity). Specifically, earth-abundant oxide-based SC materials have
been chosen for this work. Each SCs has its own drawbacks, thus aiming an improvement of the
photo(electro)catalytic performances, several strategies have been exploited, ranging from the design of
material morphology, to approaches of surface modification such as heterojunction formation and
functionalization with co-catalyst.
In details, the work is divided into four chapters:

e Chapter 1: Ti-based powdered photocatalysts for hydrogen production from biomass.

e Chapter 2: Zn-bases powdered photocatalysts for gas-phase CO, reduction.

e Chapter 3: Cu- and Fe-based photocathode for CO; photoelectrochemical reduction.

e Chapter 4: Ti- and Zn photocatalytic-modified plaster (Venetian marmorino) for self-cleaning

application in cultural heritage conservation.
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CHAPTER 1: HYDROGEN PRODUCTION BY GLUCOSE
PHOTOREFORMING WITH TiO,-BASED PHOTOCATALYSTS
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1. INTRODUCTION
1.1. THE POWER OF HYDROGEN

Hydrogen (H;) is a low density and flammable gas currently used in chemical industry, mainly in ammonia
(NHs) synthesis, methanol (CH3OH) synthesis and oil refining [1]. It has also been proposed as energy vector
due to the possibility to directly produce electricity through highly efficient devices, namely fuel cells [2].
Besides the energy efficiency, modularity, static nature and prompt load can be ranked as advantageous
features of fuel cell over other devices such as thermal engines or batteries [3]. Unfortunately, the utilization

of hydrogen as energy vector suffers of important drawbacks:

1. Large-scale hydrogen availability [2]
2. Feasible storage and delivery methods [4]
3. Fuel cell expensiveness [5]

4. Safety issues in hydrogen handling [4]

Nonetheless, hydrogen can be indirectly used as fuel by the chemical conversion of less valuable substances
into marketable fuels or fuel precursors [6]. An example is the therbmocatalytic reduction of CO,, a waste
gas of human activities with a potential huge availability, into CH3OH [7], methane (CH4) [8] or carbon
monoxide (CO) [9]. Hydrogen can be also used in the upgrading of other raw materials to valuable fuels or
fuels additives, such as hydrodeoxygenation of vegetable oils [10] or bio-oils for biomass pyrolysis [11,12].
These approaches allow hydrogen to be converted into fuels directly usable into traditional thermal engine
or burning equipment, avoiding the aforementioned issues of hydrogen storage and expensiveness of fuel

cells. However, a large scale, feasible and cheap hydrogen source is still required in this scenario.
1.2. HYDROGEN PRODUCTION: STRATEGIES AND CHALLENGES

Currently 70 million tonnes of hydrogen are produced each year [13], mainly arising from fossil fuels (natural
gas, coal, liquid hydrocarbons) [2]. Methane steam-reforming (MSR) is currently the leading technology in
hydrogen production and consumes 6% of natural gas production [13]. The process relies on an endothermic
high-temperature catalytic reaction (800-900 °C) that converts CH4 into syngas, a mixture of H, and CO,
(Reaction 1) followed by the exothermic catalytic conversion of CO through the water-gas shift reaction

(WGSR) at lower temperature (200-350 °C) (Reaction 2) [14].
(1) CH, + H,0 - CO + 3H, A,G°5-c =+ 150 kJ - mol™1 [15]
(2)CO+ H,0 - CO,+H, AG°soc =—20kJ-mol™1[15]

Several alternative processes have been developed, aiming improvement in energy efficiency, gas separation
or hydrogen purity [4]. After the 1970s oil crisis, more attention has also been drawn to solid feedstocks such

as coal, biomass or solid waste, which are abundant and less sensitive to market price changes, through
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gasification technologies [16]. However, due to the high temperature involved in all of these processes,
expensive and special equipment are often required, which increase the overall cost of the process [16].
Agueous phase reforming (APR) has been proposed as alternative hydrogen production technology,
operating at lower temperature (200-250 °C) but requiring higher pressure to maintain the liquid state (2-5
MPa) [17]. Another key advantage over the high-temperature reforming processes, is that non-vaporizable
feedstock such as glucose [18], cellulose [19], raw biomass [20] as well as wet feedstock such as industrial
wastewater [21], can be used. However, selected materials are required to handle high-pressure hydrogen
[22]. Furthermore catalyst deactivation, reactants conversion, product selectivity and mass-transfer

limitations are issues still affecting a large-scale application [17].
Electrocatalytic water-splitting is an interesting alternative to thermocatalytic processes because of:

1. High purity of produced hydrogen (> 99.8%) [23]
2. High energy efficiency (55-70%) [24]
3. Very mild operative conditions (T < 90°C, P < 2 MPa) [23]

The main drawback of this technology is the requirement of an expensive energy source (electricity), making
electrolysis uncompetitive with fossil-based technologies, especially if solar or wind power are involved

[25,26].
1.3. SOLAR-TO-HYDROGEN: THE PHOTOCATALYTIC APPROACH

An appealing alternative technology to water electrolysis is the photocatalytic water splitting, because still
capable of operating in mild conditions (T < 90°C), directly using sunlight as energy source, without the
requirement of expensive electric energy [27]. In 1972 Honda and Fujishima observed a TiO; crystal to be
able to split water into H, and O upon irradiation of UV light on an electrochemical setup [28], opening the
way for the photo(electro)chemical hydrogen production [29]. The efficiency of overall water splitting
(Reaction 3) is however limited by the relatively large overpotential required for both hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) [30], as well as by hydrogen and oxygen back reactions

[31].
(3) 2H,0 - 2H, + 0,  A,G°s-¢ = +237 kJ - mol~1 [15]

In 1980, Kawai and Sakata observed a remarkable improvement in hydrogen yield upon addition of an organic
compound (carbohydrates) to the reaction medium, leading to faster oxidation kinetics because the facile
oxidation of carbohydrates rather than water, and suppressing back reactions due to the lack of O, formation
[32]. This reaction can be carried out with different organic substrates such as alcohols and polyols [33,34],

organic acids [35,36], aldehydes [37], as well as more complex feedstock like fossil fuels [38], or lignocellulosic
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biomass [39]. Since the complete reaction should yield CO, and H, (Reaction 4) thus resembling the

thermocatalytic reforming [40,41], this reaction has been termed photoreforming [42].
(4‘) C6H1206 + 6H20 - 6C02 + 12H2 Araozsoc =49 k] ' mOl_l [15]

Carbohydrates (i.e. glucose and cellulose) are an appealing class of organic substrates for photoreforming,
because the higher intrinsic reactivity due to the large number of hydroxyl moiety [43] and the huge potential

availability as relatively cheap feedstock [44].

Besides the choice of the reactant, the material design plays an important role in determining the
effectiveness of the photoreforming process. Several semiconductor materials have been proposed as
photocatalysts, such as strontium titanate (SrTiOs) [45], tantalum oxynitride (TaON) [46], cadmium sulphide
(CdS) [39] or graphitic carbon nitride (g-C3N4) [47]. Titanium dioxide (TiO3) is certainly the most reported and
studied due to its cheapness, earth-abundancy, safety, chemical and photochemical stability. This material
exhibits four main crystal phases (anatase, rutile, TiO,(B) and brookite), characterized by different physical
and chemical properties [48]. The TiO; crystal phase strongly affects the photocatalytic activity: anatase is
generally recognized as the most active one [43], due to the highest specific surface area [49] and the highest
charge carrier mobility, which in turn reduces the recombination probability [50,51]. Two or more crystal
phases in intimate contact, as in the case of the benchmark TiO, P25 (rutile-anatase mixture), are known to
improve the charge carrier separation and lifetimes, thanks to the favourable band alignment [52], eventually
improving the photoactivity [51]. The hydrogen yield can be remarkably increased by the addition of a co-

catalyst [53,54], which acts by two mechanisms:

1. Photoexcited charge carrier sink, improving their lifetimes and reducing the recombination [55]

2. True active site, reducing the kinetic barrier for the reaction [56]

The co-catalyst usually involved in photoreforming affects the reduction pathway, thus extracting electrons

from the photoexcited semiconductor (SC) [55] and acting on the hydrogen evolution reaction [56], as
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pictured in Figure 1.
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Figure 1. Energy band diagram of SC/reaction mixture interface in presence of organic electron donor (RH) (a) without
and (b) with a co-catalyst. The energy levels are labelled according to the Preface section. Electron pseudo-Fermi level
(nE¢*) is shifted toward higher energy due to co-catalyst/SC band alignment according to [55].
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Noble metals such as platinum (Pt) [57], palladium (Pd) [33] and gold (Au) [54] are reported to be effective
co-catalysts, however their expensiveness makes them less appealing candidates for large-scale applications.
Cheaper non-noble transition metals such as copper (Cu) [58] and nickel (Ni) [59] have been reported as
alternative co-catalysts, maintaining a comparable activity with noble ones. Fujita et al. reported an improved
hydrogen evolution activity, in order, CuO > NiO > CoOy on TiO; [60]. Besides the choice of the co-catalysts,
also the loading technique plays an important role: Yoong et al. observed an increased photoactivity by
loading CuO through precipitation rather than impregnation, because of the higher dispersion of the co-
catalyst [61]. Alloying two metals was observed to be another effective approach to increase the
photoactivity, thanks to the synergic role that the two involved metals can play each other [62], however

such bimetallic systems usually contains at least one noble metal [63,64].

Finally, the co-catalyst affects also the selectivity of the photoreforming: the stoichiometric reaction yield H;
and CO;, but in practice several side-products can be found, such as CO [65], oxygenated compounds (i.e.
aldehydes) [66] or hydrocarbons [60]. Chiarello et al. found a decreased selectivity to CO and oxygenates,
along with an increased H; yield, in order, Pt > Au > Ag on TiO; [65], while Fujita et al. observed on CuO co-

catalyst, the most active sample, the highest yield of CH, [60].

Some examples of TiO,-based photocatalysts modified with different co-catalysts are listed in Table 1.

36



Table 1. Examples of TiO»-based photocatalysts used for photoreforming reactions.

Reference Photocatalyst Organic substrate Reaction conditions Comments

40 - 60°C; 0 — 1.086 M glycerol;

0.66 — 2.66 g-L™! photocatalyst; Effect of reaction
[57] Pt/TiO, Glycerol
pH 3 — 10; Xe lamp; 3.79-:1077 parameters on activity.
Einstein-s™
r.t; 1.0 M MeOH; 1.5 g-L™? Effect of Au NPs size
Au/TiO; 3-10 nm
[37] MeOH photocatalyst; pH 4 — 12; Xe effect on activity and
Au NPs
lemp; light intensity not given selectivity to CO
r.t.; 80% — 20% v/v EtOH; 0.34
CuO/TiOy; 0-15% Effect of CuO loading on
[58] EtOH g-L™! photocatalyst; native pH;
wt. CuO activity
UVA Imap; 65 W-cm™
Pt, Pt3Co, PtsAu, r.t.; 10% v/v lactic acid; 0.2 g:L”* | Effect of alloying metal
[63] Pt3Ni, Pt3sCu on TiO; Lactic acid photocatalyst; native pH; Xe on Pt co-catalyst on TiO,
and CdS lamp; light intensity not given and CdS
Effect of reaction
30°C; 0— 0.5 g-L™* glucose; 0.25
parameters, metal co-
Pt, Pd, Au, Rh, Ag, g-L™! photocatalyst; pH 1 - 13;
[67] Glucose catalyst and catalyst
Ru on TiO, high pressure Hg lamp; light
thermal treatment on
intensity not given
activity.
r.t; 15 g-L* sucrose or 3 g-L™?
starch or a cutted cellulose
Effect of substrate and
Sucrose, Starch, filter; 7.5 g-L™! photocatalyst;
[32] Ru0O,/Pt/TiO; strong alkaline medium
Cellulose pH neutral or pH > 14 (NaOH 6
on activity.

M); Xe lamp; light intensity not

given
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1.4. AIM OF THE CHAPTER

The aim of this chapter is to study the activity and selectivity of glucose photoreforming with different TiO,
materials and evaluate the effect of different non-noble metal oxide co-catalysts (CuO, NiO and their mixture)
and their loading technique on the reaction performances. The reactivity results are then correlated to
structural, optical and chemical properties of the synthetized materials. This work was performed in
collaboration with the Chemical Plants and Industrial Chemistry Group, headed by Professor llenia Rossetti,

of the University of Milan (Milan, Italy).
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2. MATERIALS AND METHODS
2.1. REAGENTS

The following reagents were used as-received: P25 (TiO,, Evonik), titanium (IV) oxysulphate sulphuric acid
hydrate (TiOSO4-xH,0-yH,S0,, Ti assay > 29%, Sigma Aldrich), sodium hydroxide (NaOH, assay > 97%, Carlo
Erba), copper nitrate trihydrate (Cu(NOs),:3H,0, assay > 99%, Sigma Aldrich), nickel nitrate trihydrate
(Ni(NOs),-6H,0, assay >, Sigma Aldrich), 1,3-propanediol (C3HgO,, assay > 98%, Sigma Aldrich), citric acid
monohydrate (C¢HsO7-H,0, assay > 99%, Sigma Aldrich) and glucose (C¢H1206, assay > 99.5%, Sigma Aldrich).

2.2. SYNTHESIS
2.2.1. LAB-TiO2 SYNTHESIS

Laboratory made TiO; was synthetized according to a previously reported procedure [68]. A 1.2 M TiOSO4
solution was added dropwise to a beaker containing deionized water under vigorous stirring. The pH was
kept constant at 7 by the addition of a 9 M NaOH aqueous solution. The as-obtained suspension was aged at
60°C for 20 hours, then vacuum filtered, washed with deionized water to remove dissolved ions and air-dried
at 110°C for 18 hours. The dried product was finally annealed at 400°C for 4 hours (ramp: 2 °C-min™?) in air
flow (30 mL-min'). The sample is labelled LAB-TiO,.

2.2.2. CO-CATALYST LOADING BY WETNESS IMPREGNATION.

CuO and NiO was loaded by wetness impregnation according to a previously reported procedure [69]. The
metal precursors Cu(NOs),-:3H,0 and Ni(NOs),:6H.0 were dissolved in deionized water and added dropwise
to P25 powder to afford 1.0 wt. % and 0.5 wt. % metal loading for the monometallic and the bimetallic co-
catalysts, respectively. The impregnated powder was air dried at 110°C for 18 hours and finally annealed at

400°C for 1 hour (ramp: 2 °C-min™?) in air flow (30 mL-min). The samples were labelled as follow:

1. ICuP25, 1.0 wt. % wt. loaded Cu
2. INiP25, 1.0 wt. % wt. loaded Ni
3. INiCuP25, 0.5 wt. % Cu and 0.5 wt. % Ni loaded

2.2.3. CO-CATALYST LOADING BY COMPLEX-ASSISTED PRECIPITATION

Complex-assisted precipitation was involved for CuO loading, according to a previously reported procedure
[69]. The P25 powder was first dissolved in 200 mL of deionized water, then a solution of Cu(NOs),:3H,0 with
the organic ligand was added to the suspension, to afford a 1.0 wt.%. metal loading. A molar ligand/metal
ratio of 3.0 was used with 1,3-propanediol, while 2.0 was used with citric acid. Then the pH of the solution
was gradually risen up to 12, by the addition of a 0.5 M NaOH aqueous solution. After stirring for 1 hour the

suspension, it was vacuum filtered, washed with deionized water to remove dissolved ions and residual
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ligand, and air-dried at 110°C for 18 hours. Finally, the material was annealed at 400°C for 1 hour (ramp: 2

°C-min?) in air flow (30 mL-min™?). The samples were labelled as follow:

1. DCuP25, 1.0 wt. % loaded copper and 1,3-propanediol as ligand
2. CCuP25, 1.0 wt. % loaded copper and citric acid as ligand

2.3. CHARACTERIZATIONS

The phase composition and crystallite size were measured by X-ray diffraction (XRD) using a Bruker D8
Advance DaVinci powder diffractometer using a sealed X-ray tube (copper anode; operating conditions, 40
kV and 40 mA) and a linear array detector (LynxEye), set to discriminate the Cu Ka radiation, coupled with a
Ni filter to completely remove the Cu K component. Data scans were performed in the 26 range 5-90° with
0.02° step size and point-detector equivalent counting times of 5 s/step. Quantitative phase analysis and
crystallite size determination were performed using the Rietveld method as implemented in the TOPAS v.5
program (Bruker AXS) using the fundamental parameters approach for line-profile fitting. The determination
of the crystallite size was accomplished by the Double-Voigt approach and calculated as volume-weighted

mean column heights based on integral breadths of peaks.

Specific surface area (SSA) was determined using nitrogen (N2) physisorption with a TriStar Il Plus
(Micromeritics) analyzer. The samples were outgassed at 200°C in vacuum for 2 hours to clean the surface
before the analysis. The N, adsorption-desorption isotherms were then acquired at — 196 °C and the SSA

determined by the Brunauer-Emmet-Teller (BET) equation [70] fitted in the 0.04 — 0.3 P/P° range.

Sample reducibility was assessed through temperature-programmed reduction (TPR) with a lab-made
equipment. The dried sample (50 mg) was heated from r.t. to 800 °C (ramp: 2 °C-min~?) in a flow of 5% v/v
H,/Ar gas mixture (40 mL-min?t). The outlet gases were pass through a MgClO, trap to remove humidity and

analyzed by a Gow-Mac thermoconductivity detector (TCD).

Optical absorbance was measured through an integration sphere equipped Caryl00 UV-vis
spectrophotometer (Agilent). The spectra was reported through the Kubelka-Munk function (Equation 1),

where R, is the reflectance at an infinite thick layer of the sample [71].

(1 - Roo)z
f(Rs) = TR,

Equation 1. Kubleka-Munk function.

The bandgap (Eg) of the material was determined by the Tauc relation (Equation 2), where the Kubelka-Munk
function (f(R.)) is used in place of the absorption coefficient (a), h the Plank constant (6.626:107%* J-s), v
the photon frequency in s}, C a constant and E; the bandgap energy. For direct allowed optical transition the
exponent is set to n = %, while for indirect transitions is set to n = 2. The E; was determined as intercept

plotting (f (Re )hv)Y" vs hv [72].
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f(Ro)hv = C(hv —E,)"
Equation 2. Tauc relation.
The Urbach energy (Ey), related to the density of states of defects [73], was assessed by the Urbach relation
(Equation 3), where f(R,,) is used in place of the optical absorption coefficient (a), h the Plank constant
(6.626-1073* J-s), v the photon frequency in 573, oo and Eo are temperature-dependent constants.

hv — EO)

FR) = agexp (<5

Equation 3. Urbach relation.
The Ey is assessed from the near absorption-edge slope of In(a) vs hv [74].

The morphology was examined through high-resolution transmission electron microscopy (HR-TEM),
performed with a JOEL 3010-UHR microscope, operating at 300 kV. Digital microphotographs were acquired
by a Gatan (2k x 2k)-pixel Ultrascan1000 CCD camera and processed by Gatan digital microphotograph. A

copper grid coated with lacey carbon was used to support the powder samples.

Actual metal concentration of the sample was determined through flame atomic absorption spectroscopy
(FAAS) with a PerkinElmer Analyts 100 analyzer. The samples were previously dissolved in boiling aqua-regia

and the metal quantified by means of calibration curves from standard solutions.
2.4. REACTIVITY TESTS

A high pressure photoreactor and optimized conditions previously reported for glucose photoreforming were
used [75]. An AISI 316 stainless steel photoreactor with an internal capacity of 1.3 L and an axial UVA lamp
(125 W) was used, with a spectral range from 254 nm to 364 nm and a light intensity ranged between 153
and 171 W-m™, probed with a Delta OHM HD2012.2 photoradiometer. The vessel was filled with 1.2 L of the
reaction mixture composed of 5 g-L™* of glucose and 0.25 g-L™* in deionized water, the stirred (400 rpm) at
r.t. for 18 h to achieve a stable suspension. The system was outgassed with a N, flow for 15 minutes to remove
dissolved air. The reaction was carried out at 80°C and 4 bar, for an overall time of 5 hours. The gaseous
reaction mixture was sampled each 30 minutes and analyzed through an 7890 Agilent gas-chromatographer
(GC), equipped with an HP Plot Q and molecular sieve (MS) packed columns, and a TCD. The product was
guantified by means of calibration curves of H,, CO,, CO, CH,, ethane (C;H¢) and ethylene (CoHa). The activity
was expressed as turnover frequency (TOF), as reported in Equation 4, where mole are the detected moles
of reaction product in the gas phase after 5 hours of reaction, mcar the mass of the used photocatalysts and

T the overall reaction time.

molp
TOF =
Mear T

Equation 4. TOF determination.
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The photoactivity was expressed as turnover frequency (TOFyn) considering the total amount of photoexcited
electrons required to run all the reductive pathways, namely two electrons for one H, molecule (Reaction 5),
four electrons for one C;Hs molecule (Reaction 6) and six electrons for one C;Hs molecule (Reaction 7). mcar

and t are, as for TOF, the amount of used catalyst and the reaction time.

moly, - 2 + molc,y, - 4 + molc,y, - 6

TOF,, =
ph Mear T

(5) 2H* + 2e~ — H,
(6) C6H1206 + 12H™ + 12e™ - 3C2H4_ + 6H20
(7) C6H1206 + 18H+ + 18e™ — 3C2H6 + 6H20

The stoichiometric hydrogen-to-carbon oxides ratio (Sk/co), was calculated from the moles of detected gas-

phase products, as reported in Equation 5, taking in consideration the stoichiometry of Reaction 4 and

Reaction 8.

moly,

S =
H/co 2 mOlCOZ + mOlCO

Equation 5. Sy/co determination.

(8) CyHyy04 = 6CO + 6Hy A,G°soc = —32 kJ - mol~1 [15]
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3. RESULTS AND DISCUSSION

3.1. BARE TiO2 MATERIALS

The XRD analyses of the bare materials, namely LAB-TiO, and P25, are reported in Figure 2a. The LAB-TiO; is
an anatase phase-pure material (ICDD PDF card no. 21-1272), with a crystallite size of 14 nm. Conversely, P25
is a mixture of anatase (89%) and rutile (11%) (ICDD PDF card no. 21-127), with an average crystallite size of
18 nm. The N; adsorption isotherms of the TiO,-based photocatalysts (Figure 2b) revealed a hysteresis loop
at P/P° > 0.3, feature characteristic of mesoporous materials (type IV isotherm according to IUPAC
classification). Furthermore, the hysteresis loop close to P/P° = 1.0 suggested some macropores (type I
isotherm according to IUPAC classification) to be present on these materials as well [76]. The SSA calculated
with the BET method are reported to be 101 m?-g™* and 50 m?-g~* for LAB-TiO, and P25, respectively, in good

agreement with the average crystallite size detected by XRD.
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Figure 2. (a) XRD diffractograms of LAB-TiO, and P25; A = anatase and R = rutile. (b) N, physisorption isotherms of LAB-
TiO, and P25.

The UV-vis spectra in Figure 3a reveals a blue shift of the absorption edge of LAB-TiO; compared to P25,
further confirmed by the narrower indirect E; of the two materials: 3.26 eV vs 3.01 eV, respectively (Figure
3b). Such blue shift can be related both to the presence of rutile in P25, which is known to have a narrower
E; than anatase [48], and to the smaller crystallites in LAB-TiO, potentially being affected by quantum

confinement effects [77].
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Figure 3. (a) UV-vis spectra of P25 and LAB-TiO,. (b) Tauc plots of P25 and LAB-TiO,.

The logarithmic plot of the absorption coefficient can give useful information regarding to the density of
defect states, which in turn can affect the photoactivity by improving the recombination. The slope reciprocal
of the linear part of the plot is termed Urbach Energy (Eu), and is related to intra-gap defect state density:
the lower Ey, the narrower is such density [78]. The Ey assessed from Figure 4 is comparable for both samples

(ca. 0.09 eV), suggesting a comparable defect state density.

In(f(Re0))

hv V)

Figure 4. Urbach plots of P25 and LAB-TiO..

The reactivity tests were carried out in an oxygen-free aqueous solution, using glucose as organic substrate
for hole scavenging, working under UVA irradiation at 80°C and 4 bar, for 5 hours [75]. The two samples
revealed remarkable differences in term of both activity and selectivity. Indeed, as reported in Figure 5a, the
activity toward H, production is higher for P25 (black bar) than for LAB-TiO, (pink bar). Moreover,
hydrocarbons are detected in the gas phase on LAB-TiO,, while on P25 the only carbon-based gases are CO,
and CO (Figure 5b). The Sy,co ratio, involved to assess the stoichiometry of the photoreforming reaction, was
almost 1.0 for P25. This suggests H, to be selectively produced from Reaction 4 and Reaction 8 and affording
only CO, and CO as reaction co-products. On the contrary, the Sy/co ratio of 0.3 esteemed for LAB-TiO; points

out a lower amount of H, to be formed, in good agreement with the detected hydrocarbon by-products:
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hydrogenative side-pathways are likely to consume protons and photoexcited electrons to yield these rather

than H; only.
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Figure 5. (a) Activity for the detected gas-phase products and (b) selectivities of C-based products in the gas phase.

Since different reduction pathways occurred at the photocatalyst surface (Reaction 5—7), leading to different
products, the overall photoactivity should be evaluated in term of photoexcited charge carriers involved in
all the redox processes. In Figure 6 this overall photoactivity (TOFgh), expressed as mole of photoexcited
electrons involved in reduction reactions, is compared with the activity toward H; evolution (TOFy.). Itis clear

that LAB-TiO,, despite yielding less H,, was actually more active in running reduction reactions.

[ TOF,,
77 I TOF,,

Activity (umol-g™h™)

P25 LAB-TIO,

Figure 6. Activity of pristine TiO, photocatalysts expressed as TOF of H, production and TOFg .

The better performances of LAB-TiO, in term of overall photoactivity (TOFgn) can be ascribed to its higher SSA
compared to P25. Interestingly, both TOF,, and SSA follow the same trend on the bare TiO; being doubled
on LAB-TiO,. Despite the different structural properties of the two materials (i.e. phase composition and
crystallite size), the SSA seems to be the main parameter that affects the photoactivity. However, when
considering the activity toward H; production only and the reaction stoichiometry (Sn/co), P25 performed
better. The two materials was observed, in a previous work, to have a different surface: P25 contains Ti*
Lewis acid sites, while only Ti-OH moiety (free or H-bonded with water) were found on LAB-TiO; [68]. The Ti*
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surface sites are known to improve glucose adsorption and subsequent conversion [79], thus P25 surface is
likely to catalyze more efficiently than LAB-TiO, the complete oxidative decomposition of glucose. This

hypothesis, however, requires to be further explored.

The presence of CO as by-product in glucose photoreformingis not a big issue, since it can be easily converted
into H, and CO, by a photocatalyzed water-gas shift reaction (Reaction 2) [80], still in the concept of a whole
light-driven chemical process. On the contrary, hydrocarbons are less easily converted by photoreforming
[81] and passively consume hydrogen and/or photoexcited electrons, thus representing an unwanted by-

product in glucose photorefoming.

To summarize this section, two bare TiO, materials were compared, observing that LAB-TiO; is actually the
most photoactive material due to its larger SSA, however lacking in selectivity. On the contrary, P25 despite
being less active, is more selective toward H; production, completely suppressing hydrocarbons formation.
The higher selectivity was supposed to arise from a different nature of the surface (i.e. Ti** Lewis acid sites),

despite further studies would be required to better understand this effect.
3.2. CO-CATALYST-LOADED TiO>, MATERIALS

Non-noble transition metal oxides, namely CuO, NiO and CuNiOy, were selected as co-catalysts and loaded
onto P25 using two different technique, aiming an improvement of its photoactivity. LAB-TiO, was excluded
because, as previously observed on gas-phase ethanol photodehydrogenation, the co-catalyst was likely to
become less reactive due to a strong interaction with TiO; as observed by TPR analyses [69]. The co-catalyst
metal loading (Table 2) was assessed to be close to the theoretical value (1.0 wt. % for monometallic and for
0.5 wt. % bimetallic co-catalysts). Such low amount of metal oxides are generally undetectable by XRD [58],
so the diffractograms look like the bare P25 reported in Figure 2a. Furthermore, the porosity of co-catalyst
loaded samples was comparable to the pristine P25, as revealed by physisorption isotherms in Figure 7 and
the SSA values reported in Table 2. Thus, the structural and morphological features of the material is almost

unchanged by loading a low amount of co-catalyst.
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Figure 7. No-physisorption isotherms of P25-based materials.

The UV-vis spectra (Figure 8a), revealed a redshift of the absorption band-edge upon loading the co-catalyst,
further confirmed by the indirect E; extraplated from Tauc plots (not shown) and reported in Table 2. This
suggests the Cu®* or Ni** d orbitals of the metal co-catalyst to interact with TiO, band edges [82]. In the
spectral region at A > 550 nm (inset in Figure 8a), the d-d transition band of Cu®* [83] and Ni** [84] species
can be observed, differing from the absorption band of both bulk CuO [83] and NiO [85], suggesting the
presence of narrow-sized oxides, likely to decorate the P25 surface. The 3.30 — 3.50 eV range of the Urbach
plot (Figure 8b) reveals a change in the slope upon loading the metal oxide co-catalysts, and the Ey values
are summarized in Table 2. The Ey was found to follow the order: INiP25 > INiCuP25 > ICuP25 > DCuP25 =
CCuP25 > P25. The increased Ey upon loading the metal oxide co-catalysts, can be ascribed to the presence
of the density of intra-gap states due to the co-catalysts, which in turn can affect the photoactivity [86]. UV-
vis spectroscopy cannot give precise details concerning the location of such intra-gap states, so that they can
be placed both close to the Ec or the Ey (conduction and valence band edge, respectively). However, as

discussed later, some of them are likely to be located close to the Ec.
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Figure 8. (a) UV-vis spectra of P25-based materials. (b) Urbach plots of P25-based materials.

The TPR analyses show a strong and sharp reduction peak for complex-precipitated samples (DCuP25 and

CCuP25), while is weaker and broader for the impregnated one (ICuP25), suggesting a more reactive CuO to

be present in the latter. Concerning the Ni-based samples, the bimetallic co-catalyst reveals a profile similar

to the monometallic ones (INiP25 and ICuP25), and only a new weak reduction peak at 250°C was found.

These observations indicate the two metal oxides to chemically interact each other only on a small extent,

meaning they do not form a mixed CuNiOy phase.
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Figure 9. TPR profiles of P25-based samples.
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The morphology (Figure S1), evaluated through HR-TEM, revealed no remarkable differences upon loading

the Cu co-catalyst, regardless the introduction method. This suggested the presence of tiny particles of co-

catalyst on the samples surface.
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In Table 2 the main physico-chemical features of the P25-based photocatalysts are summarized.

Table 2. Summary of the main physico-chemical properties of the P25-based materials.

SSA (m2-g™) Indirect E; (eV) Eu (eV) wt. % metal loading
P25 50 3.01 0.18 -
ICuP25 46 2.89 0.28 0.9 (Cu)
DCuP25 55 2.91 0.26 1.0 (Cu)
CCuP25 49 291 0.26 1.0 (Cu)
INiP25 53 2.84 0.35 0.7 (Ni)
INiCuP25 48 2.86 0.31 0.5 (Cu), 0.4 (Ni)

The glucose photoreforming activity tests show a remarkable difference respect to the bare material, and
further differences depending on the type of co-catalyst. As reported in Figure 10a, the highest overall
photoactivity (TOFg) was achieved by loading monometallic CuO co-catalysts, which were also the most
active toward H, production. A slight higher activity, for both TOF,, and H, evolution, was observed on
CCuP25 (blue bars). On the contrary, Ni-based co-catalysts despite still having an higher activity (both as
TOFph and H; production) than bare P25, performed worse than the monometallic CuO. Concerning the
selectivity, all the co-catalysts yielded hydrocarbons that are unwanted by-products. As pictured in Figure
10b, there are however some differences in hydrocarbon selectivity (green bars): the lowest one was

achieved on DCuP25 sample, the highest one on INiP25, while the other samples gave similar selectivities.

%0- (b)
100
(@) I P25 I c H
B icuP2s ] CH
25 [ bcup2s a
Bl ccuP2s I cH,
N B P25 751 Eco
T [ INiCuP25 . I co,
\(?_’ El
g 15 g 50
2 8
> &
= 104
5
< 25
5
0-
TOF, H, CO, CO CH, GCH, CH, P25  ICuP25 DCuP25 CCuP25 INiP25 INiCuP25

Figure 10. (a) Overall activity (TOFyn) and activity toward the products in the gas phase. (b) Selectivities of C-based
products in the gas phase.

The Su/co reported in Table 3, exceed the unity for all the co-catalyst loaded samples. A ratio Syco > 1
suggested that intermediate of glucose conversion are probably present in the liquid phase, and the

photocatalyst is more active on hydrogen evolution reaction (HER) than on the glucose oxidation.
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Furthermore the Su/co > 1, suggested hydrogenative side pathways to contribute only a little extent in
consuming photogenerated electrons and protons, making HER the main reaction occurred on the co-catalyst

surface.

Table 3. Sy/co ratio of P25-based photocatalyst.

Sample Sh/co |

P25 1.0
ICuP25 1.8
DCuP25 1.8
CCuP25 2.0
INiP25 14
INiCuP25 1.5

The presence of these intra-gap states due to the co-catalyst, were useful in improving the activity, likely by
improving the photoexcited charge carriers lifetime. However the most effective photocatalysts
(monometallic Cu-based) revealed the lowest redshift of E; and the lowest Ey values compared to Ni-based
ones. Above an optimal density of such intra-gap states, defect-mediated recombination phenomena are
likely to occur, reducing the overall activity as observed on Ni-based sample. Furthermore, besides the metal
co-catalyst selection, the two strategies used for co-catalyst design, namely a different loading technique and
mixing two phases, was observed to be ineffective in improving the activity. In details, the complex-
precipitation used to load CuO, despite affording a more reactive co-catalyst as observed by TPR, revealed
only a slight improvement in activity. The bimetallic co-catalyst did not exhibited any activity enhancement
compared to the monometallic NiO, and this features is ascribable to the lack of a well mixed CuNiOy phase,
as evidenced by TPR. The most relevant parameter that affects the photoactivity, in this study, is the nature
of the metal co-catalyst. The effect on selectivity is more difficult to be interpreted. Generally, the highest
selectivity toward hydrocarbons (Figure 10b) obtained on INiP25, can be interpreted by an improvement of
side hydrogenation pathways due to Ni well-known activity as hydrogenation catalyst [14]. As for the bare
TiO, materials, Lewis acid sites (i.e. Ti**) could potentially affect the activity and selectivity of the reaction,

however further studies would be required in this direction.

The remarkable improvement of HER by loading the co-catalyst, as evidenced by Si/co > 1 and the data
reported in Figure 10a, can suggested some of the Cu- and Ni- derived intra-gap states to be located close to

the Ec, in order to allow protons to be reduced to molecular hydrogen.
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On the basis of gas-phase detected products, a general mechanism of glucose conversion is proposed (Figure
11). As observed by Bellardita et al., the glucose undergoes a step-by-step C-C bond cleavage (pathway 1), in
which a hole (h*) react with the sugar, leading to formic acid, protons and a sugar with one carbon atom less
[87]. The formic acid can be then oxidized to CO, (pathway 2), or dehydrated to CO (pathway 3), which can
be further oxidized with water to CO, (pathway 6) [37,88]. Formic acid and simpler sugars are supposed to
be the intermediate of glucose conversion that accumulates in the liquid phase when using co-catalyst loaded
P25. All the oxidative reaction steps yield protons, then reduced by photoexcited electrons (e”) affording
molecular hydrogen (HER, not shown). A competitive reduction reaction is the hydrogenation of adsorbed

CO to C; hydrocarbons (pathways 4 and 5) [89], which consumes photoexcited electrons and protons.
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Figure 11. Mechanism of glucose conversion by photoreforming. (1) Step-by-step oxidative C-C bond cleavage. (2)

Formic acid oxidation to CO,. (3) Formic acid dehydration to CO. (4), (5) CO hydrogenation to C;H4 and C;He. (6) CO
oxidation to CO..

To summarize this section, a general scheme of the photocatalytic process is pictured in Figure 12. In the
absence of co-catalyst, glucose is oxidized to CO; and CO, while only H; is produced on the reductive side of
the reaction on P25. The addition of Cu- and Ni-based co-catalysts induce some intra-gap states (nEr,c,* and
nEeni* reported on the picture) which stabilize the photoexcited electrons and allows their transfer to
electron acceptors, protons or CO, affording H, and hydrocarbons, respectively. Anyway, HER is likely to be
the most relevant reduction pathway occurring on the photocatalyst. The oxidative pathway, besides CO and
CO,, is likely to afford also formic acid and simpler sugars, as evidenced by the Sy/co > 1, because the scarce

ability of the co-catalyst to improve the oxidative pathway.

It can be concluded that the addition of the co-catalyst allowed a remarkable improvement the overall
photoactivity, in term of photoexcited charge carriers involved in redox processes, and in particular the
activity toward H, evolution. However, hydrocarbons and soluble by-products (i.e. formic acid and simpler
sugars) were also produced, representing a limitation in the potential yield of hydrogen from glucose

photoreforming.
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Figure 12. General scheme of the photocatalytic phenomena on (a) bare P25 and (b) co-catalyst modified P25,
according to the data shown in this work. The energy levels are labelled according to the Preface section. The intra-
gap states due to Cu and Ni are pictured as electron quasi-Fermi levels (nErcu® and nErni®*).
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4. CONCLUSIONS

Through this work, earth-abundant co-catalysts (Cu- and Ni-based) were used on TiO, in the glucose

photoreforming reaction for a renewable H; production process. In details:

1.

P25 was observed to be less photoactive than LAB-TiO, due to its lower SSA, however being more
selective toward H; production and allowing an efficient oxidative degradation of glucose.

Loading the metal co-catalyst afforded a remarkable improvement of the overall photoactivity, with
monometallic CuO being the most efficient co-catalyst due to a favourable intra-gap state density,
likely to be partially located close to the Ec. The co-catalyst loading technique was observed to have
only a slight effect on the activity, while no beneficial effect in activity improvement was obtained
by mixing CuO and NiO.

HER was greatly enhanced upon loading the co-catalysts, and the activity toward H, production
follows almost the same trend of photoactivity, with CuO being the most efficient one. Furthermore,
the co-catalysts afforded hydrocarbons as reduction side-products in all the cases, with the highest
selectivity on INiP25. Soluble intermediate of glucose oxidative degradations (i.e. formic acid and

simple sugars) was also supposed to accumulate in the liquid phase.

4. A general mechanism of glucose photoreforming was proposed.
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5. SUPPLEMENTARY INFORMATION

Figure S1. HR-TEM images of (a) P25, (b) ICuP25 and (c) DCuP25.
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1. INTRODUCTION
1.1. CO2 AS SOURCE OF CHEMICALS AND FUELS

The carbon dioxide (CO,) is the most important waste gas produced by human activities: in 2018 almost 40
billion tonnes were released in the atmosphere [1]. As already discussed in Preface, it is the main responsible
of the climate changes occurring on our planet. Unfortunately, decreasing the CO, emissions would not
mitigate on a large extent such climate changes, due to the thermal inertia of waterbody [2], and a more
complex climate change adaptation strategy is required [3]. Nonetheless, due to its cheapness and large
availability, CO; represents a potentially huge source of carbon. Currently, the largest application of CO; as
chemical feedstock is the synthesis of urea and inorganic carbonates [4]. Furthermore, it can be also involved
in the synthesis of organic carbonates, polycarbonates and carboxylic acids [5]. These reactions, however,
either keep unaltered the carbon oxidation state (C**) or require an organic compound as co-reactant, thus

limiting the variety of substances potentially achievable from CO..

Hydrogenation is an appealing way for CO, valorization to a large variety of compounds, useful as fuels or
chemicals [6], such as methane (CH4) [7], methanol (CHsOH) [8] or carbon monoxide (CO) [9]. These simple
molecules can be further converted into a large variety of products: CO can be hydrogenated to liquid alkanes
by Fischer-Tropsch reaction [10], while methanol can be dehydrated to olefins [11], gasoline [12] or
converted into other chemicals (i.e. formaldehyde or chloromethanes) [13]. Furthermore, carbon-based fuels
are more advantageous than pure hydrogen due to easier storability (higher energy density) and having less

safety issues [14].

Despite CO, represent an appealing platform molecule for a huge variety of substances, the main bottleneck

of its valorization is the current lack of a cheap and feasible hydrogen source, as highlighted in Chapter 1.
1.2. CO2 REDUCTION WITH H20: FROM NATURAL TO ARTIFICIAL PHOTOSYNTHESIS

Plants and cyanobacteria are able to convert CO; and H,0, abundant raw materials on Earths, into organic
compounds (biomass) using sunlight as energy source [15], producing a huge amount of organic compounds.
Unfortunatelt, the overall efficiency of this process is very low [16]. Mimicking artificially this approach, using
H,0 as reductant, would avoid the requirement of H, for CO, reduction. However, the reactions are strongly

endothermic (i.e. Reaction 1 — 3) and an external energy source is thus required.
(1) CO, + 2H,0 - CH, + 20, A,G°soc = +817 kJ - mol™1 [17]
(2) CO, + H,0 - HCOOH + 1/2 0, A,G°coc = +270 kJ - mol™1 [17]

(3) 2C0, — 2CO + 0, A,G°soc = +257 kJ -mol~1 [17]
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Renewable thermal energy (i.e. solar) can be used in thermochemical CO, reduction [18], needing however
special equipment due to the high temperature (T > 1000°C) involved in these processes [19]. Electrocatalytic
CO; reduction is a potential alternative operating in mild conditions (T < 100°C) [20] and using aqueous
solvent [21]. The main drawback of electrolytic technologies, as mentioned in Chapter 1 for water splitting,

is the requirement of electric energy, which is usually an expensive energy source.

Resembling the natural reaction, in the artificial photosynthesis concept the CO; can be reduced with water
in mild conditions exploiting an abundant, cheap and widespread energy source: sunlight [22,23].
Photocatalytic and photoelectrocatalytic processes have been proposed for light-driven CO, reduction [24],
but the latter will be explained in Chapter 3. The reaction involves the oxidation of water by the photoexcited
holes and the reduction of CO, by photoexcited electrons, as reported in Figure 1. Hydrogen evolution
reaction (HER) can also occur during this process, because its redox potentially is similar to those of CO,
reduction. However, being not the main target of the reaction, HER is considered a side pathway in CO;

photoreduction [25].

HCOOH

CO, + H
€O+ H,0

E°co,/ncoon = —0.20 V vs RHE

EOCOZICO = —0.12V vs RHE

: ’/= O, + H'
H,
£ . E%y+ j, = 0.00 V vs RHE
H

CH, + H,0

o s Fcomjcn, = +017V vs RHE
2

H,0

o spr  Emojo, = +1.23V vs RHE
2

Figure 1. Energy band diagram of SC/reaction mixture interface for CO, photocatalytic reduction with water. The
energy levels are labelled according to the Preface section. Redox potentials for CO, (H,0) reduction and H,O
oxidation half-reaction are reported in the reversible hydrogen electrode (RHE) scale according to [26].

The overall CO, photoreduction mechanism is not still fully understood, but some proposed pathways are
generally accepted. The water oxidation is supposed to take place either by surface-stabilized hydroxyl
radicals (HO:) or peroxo species, those yields O by a four-step electron transfer [27]. The reduction pathway
is more interesting, but also more complex due to the large variety of attainable products [28,29]. Two main
mechanisms are generally reported in literature for CO; reduction: the carbene pathway and the
formaldehyde pathway [30]. The former (Figure 2a) involves the formation of an adsorbed carboxyl radical
(COOH:-, 1) [31], which undergoes a rapid C-O bond breaking to adsorbed CO (2), which can either desorbs or
be further deoxygenated to surface adsorbed carbon atoms (3), which finally are hydrogenated to CH,4 (4).

The formaldehyde mechanism (Figure 2b) affords a two-step reduction of CO, to adsorbed formate (HCOO,
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7), either by a bidentate intermediate (CO, ™) adsorbed through O atoms (6) or by a monodentate carboxyl
intermediate adsorbed through C atom (5). The latter is generally recognized to be stabilized in medium with
a high dielectric constant such as water [32], thus is the favored mechanism in liquid phase. The formate can
be desorbed as formic acid (HCOOH) or, by further hydrogenation (8,9), converted to other oxygenates like
formaldehyde (HCHO) and methanol (CH30H).
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Figure 2. (a) Carbene pathway and (b) formaldehyde pathway mechanisms for CO, photoreduction [30].
Hydrogenation is designated to occur with both hydrogen atoms (H) or proton-electron couple (H*e7).

The activity and selectivity of CO, photoconversion is affected by several reaction conditions such as the
reaction medium (liquid-solid vs gas-solid), the light intensity, the reaction mixture composition and the
reactor geometry, in turn affecting parameters such as CO; availability, light and mass transfer [23]. In

particular, the gas-solid reaction systems have more advantages over the liquid-solid ones, because:

1. More efficient light transfer in gas CO,-H,0 than liquid H,0 (lower refractive index) [33,34]

2. More efficient mass transfer of reactant or products in gas than in liquid phase (higher diffusion
coefficient) [35]

3. Tunability of CO,/H,0 ratio with no solubility limits, affecting both activity and selectivity (in
particular the HER) [25]

4. Easier product recovery and facile scale-up [36]

Concerning the photocatalyst, several semiconductors (SC) has been proposed for CO, photoreduction. The
most reported materials are wide-bandgap (E; > 3 eV), able to harvest only UV photons, such as titanium
dioxide (TiO,) [25], zinc oxide (ZnO) [37], gallium oxide (Ga,0s) [38], zinc germanate (Zn,GeO4) [39] or zinc
sulphide (ZnS) [40]. Beside those, several narrow-bandgap materials (Eg < 3 eV), which are able to harvest
visible photons too, like tungsten trioxide (WOs) [41], indium tantalate (InTaOs) [42], germanium-zinc
oxynitride (Zn17GeN;s0) [43] or cadmium sulphide (CdS) [40], have been studied. Furthermore, besides the

choice of the photocatalyst itself, several material design strategies have been proposed to improve the
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activity or the selectivity, such as heterostructures [44], surface decoration with co-catalysts [39] or base

additives [45], scaffolding on porous transparent materials (i.e. mesoporous silica) [46].

Despite the huge research effort, several issues affect the large-scale application of CO, photoreduction. The

most challenging one is certainly the activity, still very low [47].
1.3. ZINC OXIDE AS PHOTOCATALYST

Zinc oxide as a n-type SC, characterized by a large direct Eg (3.37 eV), that allows an efficient harvesting of
UV photons, a large exciton binding energy (60 meV), which improves the photoexcited charge carriers
lifetime [48] and electron mobility (115-205 cm?V1-s7%), that allows a fast transfer of the charge carriers
across the SC [49]. These features make ZnO a promising material for electronic and optoelectronic
applications such as light emitting diodes (LED) [50], thin film transistors (TFT) [51] and solar cells [52].
Photocatalysis represents another appealing application [37,53]. Some works revealed a superior
photocatalytic performance of ZnO compared to TiO; [53,54], both being wide band-gap materials, but the
latter exhibiting worse electronic properties than ZnO (excitonic binding energy and electron mobility)

[55,56].

Despite its appealing properties, ZnO is known to suffer of photocorrosion, in which the lattice oxygen is
oxidized by photoexcited holes (Reaction 4) [57]. This process affords in a reduced activity of the
photocatalyst over time, thus limiting its re-usability [58]. Besides the photostability, ZnO is a delicate

material, being consumed both in acid and strong alkaline aqueous medium [59].
1
(4) ZnO + 2h* > Zn?*t + 502

Besides its intrinsic optoelectronic characteristics, other properties such as the morphology (exposed facets)
and native defects, can strongly affect the photocatalytic activity. ZnO can exhibit three crystal structures:
the cubic zinc-blende, which grows only on certain substrates (i.e. ZnS), the cubic rocksalt, which is stabilized
by high pressure, and the most common hexagonal wurtzite, the most thermodynamically stable [49]. As
reported in Figure 3, the latter is characterized by three main surfaces: the non-polar (10-10) plane, the most
stable; the Zn-terminated (0001) plane and the O-terminated (000-1) plane, which are characterized by an
accumulation of positive and negative charges respectively, and are defined as polar surfaces [60]. The latter
are generally recognized to boost up the photocatalytic activity [61,62], thanks to the internal electric field
induced by these surfaces, affording reductions reaction to occur on positively charged (0001) surfaces, while
oxidations on negatively charges (000-1) surface [63]. The different surfaces also exhibited a diverse response
to photocorrosion, being strong and more uniform on (000-1), where photoexcited holes are likely to

accumulate, while weaker and localized on defects on (0001) and the non-polar (1010) [64].
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Figure 3. (a) SEM image of hexagonal ZnO morphology; (b) main surfaces of hexagonal ZnO; (c) ball and stick atomic
structure of hexagonal ZnO [60].

Zn0 is a material strongly affected by intrinsic point defects, due to atoms in improper position within the
lattice such as vacancy, a lacking atom, and interstitial defects, atom occupying interstitial position, empty in
a perfect crystal. In the specific case of ZnO, oxygen vacancy (Vo) and interstitial zinc (Zn;) are generally
favored in Zn-rich ZnO, while zinc vacancy (Vz.) and interstitial oxygen (O;) are favored in O-rich ZnO [48].
Such defects induce the formation of intra-gap energy levels, which are the responsible of the well-known
luminescence of this material [49], even though the exact location of such levels is largely debated in
literature and several interpretations have been proposed [65-67]. Native point defects are also recognized
to play an important role on the photocatalytic activity as well [68]. Surface defects have been suggested to
improve the photoexcited charge carrier lifetime by trapping, eventually allowing a facile transfer to the
reactant [69]. Bulk defects, on the contrary, are supposed to mainly act as recombination center [70].
Furthermore, Vo are generally known to acts as active site for several kind of reactions, allowing the
adsorption of the reactant on the surface [71,72].

Zn0O was observed by Inoue et al. in 1979 to be active in the CO, photoreduction in aqueous suspension [73].
Few reports (Table 1) can be however found in literature concerning the utilization of ZnO in CO;
photoconversion. However, it is known the reaction to proceed through the formation of surface carbonates,
upon CO, adsorption, [37] furthermore both {0001} surfaces (polar surfaces) [74] and native point defects
[37] have been observed to play an important role in determining the photoactivity for CO, conversion, as
mentioned before. Finally, ZnO was also involved in a highly photoactive heterostructure such as the
Cu,0/Zn0 composite, which is able to harvest both UV and visible photons, selectively converting CO, to CHa.
Such behavior has been ascribed to the favorable band alignment and the minimal lattice mismatch between

Zn0 and Cu,0, which reduces the interfacial recombination probability [47].
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Table 1. Example of ZnO-based photocatalysts used for CO, conversion.

Ref. [\ EYCGE]

(37]

(47]

[75]

[74]

ZnO nanoparticles
(NP), nanorods (NR)

and nanosheet (NS)

Zn0-Cu,0

heterostructure

Cu-ZnOl.xNx

Zn0

Conditions

150-250°C; ca. 0.1 MPa;

gas CO,/H,O (ratio not

reported); UV Hg-lamp

rt.;, O.

26 MPa; CO»-

saturated 0.2 M Na,COs

aqueous solution; sunlight

simulated Xe-lamp

50°C;

0.2 MPa; gas

CO,/H,0 (6.7 molar ratio);

UV fluorescent lamp; 70

W-m=

20°C;

0.1 MPa; gas

CO,/H,0 (ratio not given);

sunlight

lamp

simulated  Xe-
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Products

CO, CHg, H2

CH, (1080 pmol-g”
1'h_1)

H (0.29 pmol-g*-h-
1), CO (0.49 pmol-g
1'h_1), CHg, CH30H

CO (3.81 umol-g*-h~
")

Comments

Basic zinc carbonate
[Zns(OH)6(CO3)2] as reaction
intermediate; activity
enhancement by native point
defects; increased activity by
increased temperature.
Apparent quantum yield (AQY)
1.5%; 100% selectivity to CHa.
Simultaneous excitation of
Zn0 and Cu,0 (Z-scheme) with
efficient interfacial charge
transfer (small lattice
mismatch Cu,0-Zn0)
Combusion-synthetized ZnO
performed worse than the
hydrothermal one due to the
lower specific surface area and
higher recombination. Cu co-
catalyst promotes an
enhancement of products
yield.

More polar {0001} surfaces
improves and larger surface
area the photoactivity; effect
of synthesis contaminants
(organic compounds) not well

assessed



1.4. THE ISSUE OF CO, SUPPLY

Despite the large potential availability of CO,, large-scale utilization is limited by the fact that highly
concentrated CO; sources (i.e. offgas from hydrogen chemical plants) are quite scarce, while the most
abundant diluted sources (i.e. air or power station flue gas) require a large energy input to capture and enrich
CO; [76]. Several technologies have been studied for CO, capture and purification [77,78], but all of them
represent an extra step and require an extra energy input in the CO; utilization chain.

An appealing strategy to overcome this issue, is the coupling of both capture and conversion technologies in
a same process. Reller et al. studied the CO; reduction to CH3;OH with an ethanolamine to capture CO; in
liquid phase [79], while Min Kim et al. proposed a Ni-based catalyst mixed with a CaO sorbent, for the dry
reforming of methane[80]. Only two cases have been reported in literature for photocatalysis. Wu et al.
utilized a mesoporous TiO,-SiO, material as photocatalyst, and an ethanolamine solution as CO; absorbent
and reductant (hole scavenger) [81], similarly to the strategy used by Reller et al. This strategy, however, was
limited to the liquid phase and used an organic reductant, more expensive than water. Another work
reported the utilization of a composite material made of a double layer hydroxide as absorbent and TiO;
nanoparticles as photocatalyst. CO, was captured from the gas-phase in dark, followed by its the
photoconversion with H,O under UV irradiation at 150-200°C [82]. ZnO represent a promising material in this
contest of hybrid materials, due to its basic properties which allow CO; capture [83] and the previously
mentioned photocatalytic activity in CO; reduction. To the best of our knowledge, no work has been reported

yet on ZnO.
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1.5. AIM OF THE CHAPTER

The aim of this chapter is to develop ZnO-based photocatalysts by wet chemistry approaches for the gas-

phase CO, photocatalytic reduction with water. Specifically, the work is divided in three sub-sections:

1.

Evaluation of the effect of the synthetic parameters (precipitation conditions, ageing, annealing and
TiO, promotion) on the main morphological and structural properties of the materials, such as shape,
size and porosity.

Evaluation of the effects of the synthetic parameters on the nature of the surface composition, and
the optical absorption and emission features, aiming a more detailed picture of their electronic
structure.

Assessment of the impact of the aforementioned materials properties on the activity toward gas-
phase CO; photoreduction, and assessment of the hybrid CO, capturing-photoconverting behavior

of ZnO.
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2. MATERIALS AND METHODS
2.1. REAGENTS
The following reagents were used as-received: zinc sulphate heptahydrate (ZnSO4-7H,0, assay > 99%, Sigma
Aldrich), zinc nitrate hexahydrate (Zn(NOs),-6H,0, assay > 99%, Sigma Aldrich), titanium isopropoxide
(Ti(O'Pr)s, assay > 97%, Sigma Aldrich), sodium carbonate (Na,COs, assay > 99.5%, Sigma Aldrich), sodium
hydroxide (NaOH, assay > 97%, Carlo Erba), polyvinylpyrrolidone (PVP, MW = 40000 g-mol™?, Sigma Aldrich),
isopropanol (i-PrOH, assay > 99.7%, Sigma Aldrich) and ethanol (EtOH, assay > 99.9%, VWR).
2.2 SYNTHESIS
2.2.2. WET CHEMISTRY ZnO SYNTHESIS
The pristine ZnO materials were synthetized starting from a previously reported procedure [84]. A 1.1 M
ZnS04 aqueous solution was added dropwise to a beaker containing deionized water under vigorous stirring.
The pH was kept constant at 9 by the addition of a 9.0 M NaOH or a 1.0 M Na,COs aqueous solution. The as-
obtained suspension was aged at 60°C for 20 hours, then vacuum filtered, washed with deionized water to
remove dissolved ions and air-dried at 110°C for 18 hours. The dried product was finally annealed at 400°C
or 600°C for 4 hours (ramp: 2 °C-min~?) in air flow (30 mL-min~?). The annealed samples were labelled as
follow:

1. 4SZ, precipitated with NaOH and air annealed at 400°C

2. 4CSZ, precipitated with Na,COs and air annealed at 400°C

3. 6CSZ, precipitated with Na,COs; and air annealed at 600°C
The un-annealed sample precipitated from carbonate, was labelled CSZ.
2.2.3. LOW-TEMPERATURE HYDROTHERMAL ZnO SYNTHESIS
The hydrothermal synthesis was carried out with PVP as stabilizing agent [85]. 14.2 g of PVP were dissolved
in 200 mL of a 0.18 M Zn(NOs); solution. The resulting solution was then added dropwise a beaker containing
deionized water under vigorous stirring. The pH was kept constant at 10 by the addition of a 10.0 M NaOH
solution. The as-obtained suspension was aged at 60°C for 18 h in a sealed Teflon tube, then vacuum filtered,
washed with deionized water to remove residual compounds and air-dried at 110°C for 18 hours. The dried
product was finally annealed at 400°C for 8 hours (ramp: 2 °C-min~?) in air flow (30 mL-min™?). The sample
was labelled 4PNZ.
2.2.4. TiO2-PROMOTED ZnO SYNTHESIS
The TiO, was loaded by wetness impregnation. The Ti(OiPr)4 precursor was dissolved in i-PrOH and added
dropwise either to CSZ or to 4CSZ powder, to afford a 0.5 wt. % Ti loading. The impregnated powder was air
dried at 110°C for 18 hours and finally annealed at 400°C for 1 hour or 4 hours (ramp: 2 °C-min~!) in air flow

(30 mL:min7%). The samples were labelled as follow:
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1. TACSZ, Ti precursor loaded on 4CSZ and air-annealed at 400°C for 1 hour (post-annealing TiO,
addition)

2. ATCSZ,Tiprecursor loaded on CSZ and air-annealed at 400°C for 4 hour (pre-annealing TiO, addition)
2.3. CHARACTERIZATION
The phase composition and crystallite size were measured by X-ray diffraction (XRD) using a Bruker D8
Advance DaVinci powder diffractometer using a sealed X-ray tube (copper anode; operating conditions, 40
kV and 40 mA) and a linear array detector (LynxEye), set to discriminate the Cu Ka radiation, coupled with a
Ni filter to completely remove the Cu K component. Data scans were performed in the 26 range 5-90° with
0.02° step size and point-detector equivalent counting times of 5 s/step. Quantitative phase analysis and
crystallite size determination were performed using the Rietveld method as implemented in the TOPAS v.5
program (Bruker AXS) using the fundamental parameters approach for line-profile fitting. The determination
of the crystallite size was accomplished by the Double-Voigt approach and calculated as volume-weighted

mean column heights based on integral breadths of peaks.

The specific surface area (SSA) was determined using nitrogen (N2) physisorption with a TriStar Il Plus
(Micromeritics) analyzer. The samples were outgassed at 200°C in vacuum for 2 hours to clean the surface
before the analysis. The N, adsorption-desorption isotherms were then acquired at — 196 °C and the SSA

determined by the Brunauer-Emmet-Teller (BET) equation [86] fitted in the 0.04 — 0.3 P/P° range.

The morphology was evaluated with a Field Emission Electron Scanning Microscopy (FE-SEM) LEO 1525 ZEISS
equipped with in-lense detector. The chemical composition was determined using a Bruker Quantax EDS. The

samples were deposited onto conductive carbon adhesive tape and metallized with chromium.

The optical absorbance was measured by diffuse-reflectance spectroscopy (DRS), through an integration
sphere equipped Caryl00 UV-vis spectrophotometer (Agilent). The spectra was reported through the

Kubelka-Munk function (Equation 1), where R, is the reflectance at an infinite thick layer of the sample [87].

(1 - Roo)2
f(Rs) = TR,

Equation 1. Kubelka-Munk function.

The bandgap (Eg) of the material was determined by the Tauc relation (Equation 2), where the Kubelka-Munk
function (f(R.)) is used in place of the absorption coefficient (a), h the Plank constant (6.626-107%* J-s), v
the photon frequency in s, C a constant and E; the bandgap energy. For direct allowed optical transition the
exponent is set to n = %, while for indirect transitions is set to n = 2. The E; was determined as intercept

plotting (f(Re )hv)Y" vs hv [88].

f(Ro)hv = C(hv — E,)"
Equation 2. Tauc relation.
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The Urbach energy (Ey), related to the density of states of defects [89], was assessed by the Urbach relation
(Equation 3), where f(R,,) is used in place of the optical absorption coefficient (a), h the Plank constant
(6.626:1073* J-s), v the photon frequency in s%, ap and Eo are temperature-dependent constants.

hv — EO)

F(Rw) = agexp (<5

Equation 3. Urbach relation.

The Ey is assessed from the near absorption-edge slope of In(a) vs hv [90].

The optical emission (photoluminescence, PL) was measured at r.t. using a spectrofluorimeter Edinburg
Instrument FLS-980 in the 350-750 nm range, using a 300 nm excitation source. The spectra were processed,

after baseline correction, by means of a non-linear fitting using a Gaussian function (Origin 9.0 software).

The surface functional groups through Fourier-transform IR (FTIR) spectroscopy using attenuated total
reflectance (ATR), by means of a Bruker Vertex 70 spectrophotometer equipped the Harrick MVP2 ATR cell,
with resolution 4 cm™. The spectra were further processed, after baseline correction, through a non-linear

fitting by means of a Gaussian function (Origin 9.0 software).

The carbonate thermal decomposition un-annealed materials, was evaluated through thermal gravimetric
analysis (TGA) coupled with differential thermal analysis (DTA) with a NETZSCH STA 409 PC/PG instrument in

air flow (20 mL-min™) in the temperature range r.t.-1000°C (ramp: 10°C-min?).

The surface composition was analyzed by X-ray photoelectron spectroscopy (XPS), using a Perkin-Elmer ©
5600ci spectrometer. The samples were analyzed using a non-monochromatic Al Ka radiation (1486.6 eV) in
the 107 Pa pressure range. The analyzed sample area was around 0.5 mm?2. In addition to the wide range
survey spectrum, single spectra were recorded for Zn2p, ZnLMM, O1s, Ti2p and O1s regions. All the binding
energy (BE) values are referred to the Fermi level. The correct calibration of the BE scale was verified by
checking the position of both Au4f;/, and Cu2ps/; bands (from pure metal targets), falling at 84.0 eV and 932.6
eV, respectively. The raw spectra, after a Shirley-type background subtraction, were fitted using a non-linear
least-square fitting program adopting Gaussian—Lorentzian peak shapes for all the peaks (XPSPEAK41
software). Because of surface charging, samples presented a shift of the bands toward higher BEs (of around
2 eV): the charging effect was corrected by using an internal reference (Zn2ps/, band centered at 1021.4 eV
in ZnO compound [91]). The uncertainty of the determined BE values was not larger than 0.2 eV. The atomic
composition of the sample analyzed region (about 5-10 nm of thickness from the surface) was evaluated
using sensitivity factors as provided by 6 V5.4A software, after a non-linear least-square fitting process to
calculate the area of the different XPS bands. The uncertainty of the atomic composition of the different

elements is lower than 10%. A benchmark ZnO (assay > 99.99%, Carlo Erba) was used as reference material.
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2.4. REACTIVITY TEST

The reactivity tests were carried out with the rig schematized in Figure 4, following a previously reported
procedure [29]. A borosilicate glass flat-type photoreactor was used, with an inner volume of 1.9 mL and an
exposed active area of 6 cm?2. The photocatalyst (10 mg) was dispersed in EtOH, then immobilized onto the
inner wall of the photoreactor, by a dropwise addition of the suspension to the heated photoreactor and
completing the solvent evaporation at 110°C for 1 h in an oven. The prepared photoreactor was set on the
rig (c). The reaction was carried out with a 13.3 molar ratio CO,/H,0 or He/H,0 gas mixture, obtained by
flushing the gas (CO; or He) in a bubbler filled with milliQ water and kept at 40°C (b). After having purged the
air from the rig and having reached a constant gas mixture composition, the photoreactor was closed, locking
62 umol of CO; (or He) and 5 pmol of H,0 vapor within it. A Helios Italquartz 125 W medium pressure Hg
lamp was used as light source (d), with a main emission line at 365 nm and an intensity of 60 W-m™,
monitored by a Delta Ohm HD 2302.0 photo-radiometer and a LP 471 probe. No extra heating or cooling was
supplied, and the inner temperature of the photocatalyst-coated photoreactor upon irradiation was ca. 70°C.
The reaction was carried out for 6 h. The reaction mixture was finally analyzed through a 6890 HP
gaschromatographer, equipped with a Porapak Q packed column and a thermal conductivity detector (TCD).

The products were quantified by means of calibration curve of H,, CHs and O..

(a)
(e)

(c)

W o

(d)

Figure 4. Scheme of the lab-made rig for gas-phase CO; photoreduction.

The photocatalytic activity was expressed as turnover frequency (TOF) (Equation 4), where mole are the
detected moles of reaction product after 6 h of reaction, mcar the mass of the used photocatalyst and t the

reaction time.

molp
TOF =
Mear T

Equation 4. TOF determination.

The photocatalytic activity was also normalized by the SSA of the photocatalyst and defined as TOF*

(Equation 5), where Sger is the SSA.
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molp 1
TOF* = ———-

Mcar * T SpeT
Equation 5. TOF* determination.
The efficiency of photon utilization, namely the apparent quantum yield (AQY), was expressed as reported in
Equation 6. Here, molcis and moly, are the detected moles of products; 8 and 2 are the photoelectrons
required to reduce CO; to CHs and H,0 to Hy, respectively; h the Plank constant (6,626:10734 J-s); c the light

velocity (2,998-10% m-s™1); | light intensity; A the exposed photoreactor wall and t the reaction time.

B molcy, -8 + moly, - 2 B (molCH4 -8+ moly, - 2)-h-c-NA

AQY =

mOIincoming photons [-A-T

Equation 6. AQY determination.
The energy efficiency, namely the solar-to-fuel efficiency (STF), was expressed as reported in Equation 7.
Where molcus, moliz, |, A and T are the same values of Equation 6, while AcH*?* ¢y, (— 888 kJ-mol™) and

AcH°?>"%, (- 241 kJ-mol™?) are the enthalpy of combustion of CHs and H,, respectively.

. 025°C . 025°C
Eour _molCH4 AcHCy, +moly, - AcH®R,

STF =
EIN I'A'T

Equation 7. STF determination.
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3. RESULTS AND DISCUSSION
3.1. STRUCTURAL AND MORPHOLOGICAL CHARACTERIZATION OF ZnO MATERIALS

The ZnO materials were synthetized by a wet-chemistry method, namely precipitation, widely used for the
preparation of porous materials used in traditional heterogeneous catalysis [92]. Synthetic parameters such
asthe precipitating agent and the annealing temperature can strongly affect the properties of a photocatalyst
[93]. For this reason the effect of two precipitating agent (NaOH vs Na,COs, samples 4SZ and 4CSZ
respectively), commonly reported for wet-synthetized ZnO [94], and two annealing temperature (400°C vs
600°C, samples 4CSZ and 6CSZ respectively) were studied. Furthermore, the presence of a small quantity of
a different material, named promoter, potentially affects the properties of photocatalyst (i.e. TiO; on ZnO)
[54]. Thus, TiO; (0.5 wt. % of elemental Ti), chosen as promoter, was added either on annealed ZnO (post-
annealing TiO; addition, sample T4CSZ) or on un-annealed precipitated Zn-based material (pre-anneling TiO>
addition, sample 4TCSZ) to evaluate its effect. Eventually, a hydrothermal method was involved as

comparison to precipitation, using PVP as capping agent aiming to tune the shape of ZnO (sample 4PNZ) [85].

The XRD patterns of the annealed samples are reported in Figure 5a. All the materials contained the
hexagonal wurtzite ZnO structure (zincite, ICDD PDF card no. 36-1451), characterized by three main
diffraction planes: (10-10), (0002) and (10-11). Two samples exhibited some more differences. 4SZ (black
line) was a mixture of two phases: zincite (57 wt.%) and zinc oxide sulphate (Zn30(S0.),, 43 wt. %) (ICDD PDF
card no. 31-1469), the latter ascribable to the weak peaks at 26 < 30°. 4PNZ contained a fraction of
amorphous material, related to the hump at 26 < 20°. No peaks ascribable to TiO, were detected on T4CSZ
and 4TCSZ, suggesting being present as very small NPs or as amorphous material. The N, physisorption
isotherms in Figure 5b, can be ascribed to mesoporous material (type IV isotherms according to IUPAC
classification). Being the hystereses close to P/P® = 1.0, these materials contained also a fraction of

macropores [95].
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Figure 5. (a) XRD diffractograms and (b) N, physisorphtion isotherms of ZnO-based materials. The asterisks indicate
the Zn3;0(S04), phase (black) and the amorphous phase (blue) on the XRD diffractograms.

73



XRD and N; physisorption can give some more details on the structural properties of the material. In
particular the average size of crystallites, the specific surface area (SSA) and the intensity ratio of (10-10) vs
(0002) peaks (l10-10)/1(0002). A higher value of the latter is usually related to a larger amount of polar {0001}
planes composing the material surface [74]. All these structural parameter are summarized in Table 2.
Generally, the trend of crystallites size followed that of SSA: smaller crystallites, obtained by either low
temperature annealing or the pre-annealing TiO, addition, were associated with larger SSA. Two exceptions
to this trend were observed when using a different precipitating agent (4SZ) or a different synthetic
procedure (4PNZ). The l{10-10)/l(0002) ratio was observed to change. The highest values were obtained by using
NaOH as precipitating agent (4SZ) or higher annealing temperature (6CSZ), while the lowest ones by means
of the hydrothermal synthesis (4PNZ) or pre-annealing TiO, addition (4TCSZ). Finally, as expected, post-

annealing TiO, addition (sample T4CSZ), had no appreciable effect on crystallite size, exposed facets or SSA.

Table 2. Summary of crystallite size, l10-10)/l(0002) and Sger of ZnO-based materials.

Crystallite size (nm) l(10-10)/l{0002) ratio Seer (m?-g7?)
457 11 1.50 19
4CSZ 18 1.20 35
T4CSZ 17 1.20 33
4TCSZ 14 1.15 51
6CSZ 42 1.35 13
4PNZ 37 1.15 6

The morphology was further examined through SEM. The 4SZ sample was composed of micrometer-sized
flakes with a rough surface (Figure 6c), in turn forming bigger agglomerates (Figure 6a and Figure 6b). As
observed by XRD, EDX, these micro flakes contains sulfur (Figure 6g), which was highly dispersed over the

flakes (Figure 6f), suggesting both ZnO and Zns0(S0,); crystallites to be well dispersed on this microstructure.
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200nm

Figure 6. (a), (b), (c) SEM images of 45Z at different magnification. (d) O, (e) Zn, (f) S EDX elemental mapping. (g) EDX
spectrum.

The samples prepared using Na,COs as precipitating agent revealed a different morphology: regardless the
annealing temperature or the addition of TiO,, the particles are boxy shaped (Figure 7). This clearly point out
the role of the precipitating agent not only in determining the composition of ZnO, but also the shape. As
observed for crystallite size determined through XRD analyses, the size of such boxy-shaped particles
changed as well, depending on the synthetic procedure. The post-annealing TiO, addition keep almost
unchanged the size (Figure 7b andFigure 7b). The pre-annealing TiO; addition, slightly reduced the particle
size (Figure 7f), while increasing the annealing temperature, enlarged the NPs (Figure 7h). The amount of
elemental Ti by EDX analyses in both T4CSZ (Figure S1d) and 4TCSZ (Figure S2d) was 0.5 at. %, roughly half of
the expected 1.0 at % (0.5 wt. %). Furthermore, the elemental mapping (Figure S1 and Figure S2) evidenced

the TiO; to be highly dispersed over both the agglomerates, as supposed from XRD diffractogram.

100 nm

200 nm

Figure 7. SEM images at different magnification of (a),(b) 4CSZ; (c), (d) T4ACSZ; (e), (f) 4TCSZ; (g), (h) 6CSZ.

The hydrothermal-synthetized sample, 4PNZ, exhibited another different shape: micro-spindles ca. 1.0 um
long and 200-300 nm thick (Figure 8). Furthermore, the l{0-10)/l(0002) ratio suggested a preferential growth
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along the [0001] direction (z-axis of the hexagonal wurtzite structure), as expected by the addition of PVP as
capping agent [85]. Nevertheless, as observed by XRD analysis, this elongated micro-particles was

hypothesized to be composed of ZnO NPs (ca. 37 nm) mixed within an amorphous matrix.

Figure 8. (a), (b), (c) SEM images at different magnification of 4PNZ.

To summarize this section, the most relevant morphological and structural difference was observed by using
a different precipitating agent (4SZ) or a hydrothermal synthesis (4PNZ). The former afforded plate-like
particles, with a higher fraction of {0001} surface planes but also Zn30(S0.), impurity, while the latter formed
micro-sized spindle-like elongated particles, with a higher content of amorphous ZnO. On the contrary, using
carbonate as precipitating agent crystalline, phase-pure, boxe-shaped ZnO NPs were obtained. Their size and
porosity were easily tuned by changing the annealing temperature, affording larger NPs with a lower SSA and
higher temperature, or by pre-annealing TiO; addition, which decreased the size of the NPs and improves the
SSA. Moreover, the amount of polar {0001} planes on the surface was slightly increased by increasing the
annealing temperature or decreased by pre-annealing TiO, promotion. Finally, post-annealing TiO;

promotion kept almost unchanged the structural and morphological features.
3.2. SURFACE AND OPTICAL CHARACTERIZATION OF ZnO MATERIALS

The samples (except for 4SZ) were further characterized aiming a comprehensive knowledge of their surface

and optical properties.

The XPS survey spectra (not shown), suggested the presence of Zn, O, C and Ti on the surface (the first 5-10
nm) of the samples. The atomic fraction of each element is summarized in Table 3. The presence of ZnO was
confirmed through the Auger parameter (Equation 8), equal to 2010.0 eV for all the samples, which

correspond to Zn?* in ZnO lattice [96].
a = Ex(Zn LMM) + Egp(Zn2p3/2)

Equation 8. Auger parameter (a) relation. Ex(ZnLMM) is the kinetic energy of LMM Auger electrons; Ege(Zn2ps,,) is the
binding energy of Zn2ps/, line.

Titanium was found only on T4CSZ and 4TCSZ (Figure S3), and its BE (458.4 eV for both samples)corresponds
to Ti** in TiO, lattice, with no appreciable presence of Ti** [97]. The atomic fraction of Ti on the surface (Table

3) was twice than those detected by EDX analyses, suggesting TiO, to be mainly located on the first - nm
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above the surface. Along with XRD and SEM-EDX analyses, it was supposed tiny TiO, NPs to uniformly
decorate the surface of both TACSZ and 4TCSZ.

The surface stoichiometry of ZnO (O/Zn ratio in Table 3) was observed to be strongly affected by the
annealing temperature. Indeed, despite being performed in an oxidative medium, the lower annealing
temperature (4CSZ, TACSZ, 4TCSZ, 4PNZ) afforded a Zn-rich surface (0/Zn < 1), becoming O-rich (O/Zn > 1) at
higher temperature (6CSZ). On the contrary, the benchmark ZnO reference had a stoichiometric surface

(0/zn =1).
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Table 3. Atomic surface composition of ZnO samples.

Sample % at. Zn % at. O % at. C % at. Ti 0/Zn ratio
Zno 4 45 9 - 10
4CSz 52 41 7 - 0.80
T4CSz 53 40 5 1 0.75
4TCSZ 53 40 5 1 0.75
6CSZ 44 50 5 - 1.10
4PNz 45 42 12 - 0.90

All the samples exhibited two different types of O signals (Figure 9a), namely O, (530.0 eV) ascribable to
lattice 0% ions [98], and Oy (531.7 eV) ascribable to O*” ion in defective matrix [99], hydroxyl moiety, H,O or
inorganic carbonates [100]. The relative amount of these two type of oxygen atoms, evaluated by the
deconvolution of the O 1s band (Figure S4 to Figure S9), was observed to be comparable for all the prepared
samples, with the only exception of the reference ZnO (Table S1). This suggested a similar concentration of

surface defects in all the synthetized materials.

Three types of C signals can be also observed (Figure 9b): C, (285.0 eV) which is ascribable to adventitious
hydrocarbons; Cy, (286.0 eV) ascribable to organic oxygenates compounds, and C. (289.0 eV), ascribed to
inorganic carbonates (CO3%) or hydrogen carbonates (HCO3™) [101]. The latter was likely to arise from the
adsorption of atmospheric CO; over the surface of ZnO, being a material with basic properties able to react
with an acid gas such as CO; [102,103]. The carbonate anions involved in the synthesis was less likely to
contribute to the observed species, because the annealing temperature exceeded the decomposition
temperature of Zn carbonate species (ca. 250-270°C) [104]. The strong endothermic peak at 265°C observed
in the TG-DTA thermogram (Figure S10) of the carbonate-precipitated un-annealed material (CSZ), further

confirms the carbonate removal by means of the air annealing treatments used in this work.

As for oxygen, the relative amount of these three type of carbon atoms was evaluated through the
deconvolution of the C 1s band (Figure S4 toFigure S9). As reported in Table S1, the C, component was found
only on 4PNZ, suggesting an incomplete burning of the PVP used during the synthesis, while the

concentration of surface (bi)carbonates (C.) was comparable for all the sample.
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Figure 9. (a) O1s and (b) C1s XPS signals of ZnO samples.

The FTIR spectra (Figure 10a) revealed the surface to contain two different moiety. The large band at v > 3000
cm™ (O-H stretching, vo-u) [105] and the shoulder at 1630 — 1640 cm™ (O-H bending, 8o0-1) [106] evidenced
the presence of hydroxyl groups or adsorbed water. The two bands at 1250 — 1750 cm™ (symmetric and
asymmetric O—C-0 stretching, vo-c-o) indicated the presence of carbonates [102]. Furthermore, on 4PNZ the
two sharp peaks at 1327 cm™ and 1520 cm™ (asterisks in Figure 10a), can be generally ascribed to C-C or C-

O bonds in organic compounds [107], confirming the presence of unburnt organic residues due to PVP.

The vo-n band revealed some more information concerning the nature of facets on the surface. Indeed the
“truncated” shape of this band at v > 3370 cm™ on 4PNZ and 4TCSZ (black arrows in Figure 10b) compared
to the other samples, pointed out a lower fraction of polar {0001} planes to compose the surface of the

formers [105], in good agreement with the XRD analyses.
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Figure 10. (a) wide-range ATR-FTIR spectra and (b) high wavenumber range ATR-FTIR spectra of ZnO-based samples.

Further details on the composition of the surface were obtained by the deconvolution of the 1200 — 1800
cm™! spectral region (Figure S11 to Figure S13), identifying the 8o-4 band (1631 — 1644 cm™), the symmetric
Vo-c-o band (1366 — 1407 cm™) and the asymmetric one (1508 — 1536 cm™) [102]. The relative amount of
carbonate vs hydroxyl moiety on the surface was qualitatively esteemed as ratio between the areas of voc-

o (symmetric and asymmetric) and &o-4 bands and summarized in Table 4. On 4PNZ, it was not possible to
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clearly identify the 80-1 band. The most relevant differences were observed by the two TiO; loading method.
When compared to the un-promoted material (4CSZ), the post-annealing TiO, addition (T4CSZ) revealed a
surface richer in hydroxyl groups. Since TiO, exhibits a lower affinity for CO, (carbonates) [45], this suggested
TiO, NPs to be mainly located on the surface. On the contrary, the pre-annealing TiO, addition (4TCSZ)
showed a surface similar to 4CSZ. This can be ascribed either to TiO, NPs partially buried within the sub-
surface layer (10 nm), since the Ti amount found by XPS was the same regardless its loading method, or more
spaced on the surface, due to the larger SSA on 4TCSZ. The intermediate value found by high temperature
annealing (6CSZ) can be related to the O-rich surface, supposed to reduce the amount of O-vacancy, generally

as the CO; adsorption sites [72].

Table 4. Areas ratio of vo_c-o (symmetric and asymmetric components) vs 8o-y of ZnO-based samples.

Sample Ve-0-¢/60-H ‘

4CSZ 8
T4CSZ 3
4TCSZ 10

6CSZ 6

The optical properties of absorption and emission of the ZnO materials were further investigated. The optical
absorption revealed a sharp band in the UV region (A < 400 nm) (Figure 11), typical of a wide-bandgap

material such as ZnO.
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Figure 11. UV-absorption spectra of ZnO-based materials.

The Eg, esteemed from Tauc plots (Figure S14a) and summarized in Table 5, was equal to 3.27 eV for all
samples, excluding quantum confinement effect to affect its value [108]. The Ey parameter, assessed from
the Urbach plots (Figure S14b), was found to be comparable for all the sample, with a slightly higher value
for 4PNZ (Table 5). Being related to the density of intra-band states [108], a comparable defects density for

all the samples was suggested, in good agreement with the hypotheses drawn by XPS analyses. A slight higher
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Ey was observed on 4PNZ, in agreement with the presence of amorphous ZnO, in turn increasing the intra-

band states density.

Table 5. Eg and Ey values for ZnO-based samples.

Sample E; (eV) Ey (meV)
4CSZ 3.27 69
T4CSZ 3.27 76
4TCSZ 3.27 70
6CSZ 3.28 79
4PNZ 3.27 93

The optical emission revealed two type of bands (Figure 12a). The peak at A < 400 nm (inset in Figure 12a) is
the near-band edge emission (NBE), related to the direct Ec-to-Ey radiative relaxation of photoexcited charge
carriers. The weakness of this band is typical of nanomaterials, where surface defects play a major role in the
luminescence [109]. Nonetheless, the strongest NBE observed on 6CSZ can be ascribed to a bigger and
crystalline core of the ZnO NPs, as evidenced by XRD, compared to the other materials. The stronger emission
in the visible range was ascribed, as already anticipated, to intra-gap states between Ec and Ey, arising from
native point defects on the surface on the materials [66]. The spectra deconvolution of the visible region
(Figure S15 to Figure S17), allowed three emission bands to be recognized: a red (1.73 — 1.80 eV), an orange
(2.02 — 2.10 eV) and a green one (2.40 eV), the latter observed only on 6CSZ. The luminescence intensities
for both the red and orange bands (Figure 12b), can be ranked as follows: 4PNZ > 6CSZ > 4TCSZ = T4CSZ >
4CSZ.

The observed visible emission of the ZnO materials were supposed to arise from a radiative transition
between the same energy level, thus involving the same type of defects. Furthermore, since the density of
surface defects was supposed to be comparable for all the samples, as evidenced by XPS and the Ey, it was
proposed only a fraction of such defects to be involved in radiative relaxation of the photoexcited charge
carriers, so that competitive non-radiative relaxation phenomenon was likely to occur. The different
treatment on the samples, had different effect. The addition of TiO,, either on pre- or post-annealed ZnO
(4TCSZ and T4CSZ, respectively), improved the emission intensity. TiO, was hypothesized to form a
heterojunction with ZnO [110], acting as electron sink for photoexcited electrons which were then
transferred to the ZnO luminescence centres, eventually reducing the non-radiative recombination
probability. Increasing the annealing temperature (6CSZ), further enhanced the luminescence: as observed
by the appearance of a NBE, the bigger and crystalline NPs core of ZnO was supposed to allow a more efficient
charge carrier generation and subsequent transfer to the surface, where the emission take place. The

strongest visible emission on ZnO (4PNZ) could be linked to the presence of the amorphous phase, likely to
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induce a massive radiative recombination phenomenon in the bulk rather than on the surface. Indeed, the
intra-gap states density was higher than the other samples, but the amorphous component was hypothesized

to be buried within the elongated micro-particles of this material.
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Figure 12. (a) Photoluminescence spectra (Aex = 300 nm) and (b) green, orange and red contribution to the overall
visible luminescence of ZnO-based materials.

Despite a clear interpretation of the luminescence phenomena in ZnO is still debated in litaerature, a general
energetic picture of the synthetized ZnO was proposed and represented in Figure 13. The Ec position on RHE
scale can be esteemed using Equation 9, where X is the ZnO electronegativity (5.79 eV), 4.5 is the free electron
energy on RHE scale and Eg the bandgap evaluated by Tauc plots [111]. Since the E; was observed to be
constant for all the samples, — 0.34 V vs RHE and + 2.92 V vs RHE were the energetic position of Ec and Ey,

respectively.

Ec=xy—45- 0.5Eg
Equation 9. Empirical equation for Ec determination.

It is generally accepted the n-type behaviour of ZnO to originate from interstitial zinc (Zn;) states located just
below (0.2 — 0.4 eV) the Ec [112], assessing their position between —0.14 V vs RHE and + 0.055 V vs RHE. The
red and orange emission was ascribed to oxygen vacancy (Vo) states (pathways 2 and 3), as proposed by
some authors [65], favoured in a Zn-rich surface and supposed to be located ca. 1.75 eV below Zn; states.
Interstitial oxygen (O;) states (pathway 4) could also induce the orange-red emission [113]. Xu et al. proposed
such levels to be located below Vo states [114] and, despite O; are likely to be favoured in O-rich surface
(6CSZ), they could be present also in the other samples. They was supposed to be located ca. 2.05 eV below
Zn; states. The effect of TiO,, previously described and pictured in pathway 5, was to act as temporary
photoexcited electron sink, then transferring them to Zn; states, finally affording a radiative relaxation to Vo
or O; states. The green emission that appeared on 6CSZ was likely to arise from zinc vacancy (Vz.) states

(pathway 6) [67], defects favoured on O-rich surfaces and located ca. 2.40 eV below Zn;states. According to
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this proposed energetic picture, Zn; states are always involved in the radiative transition of ZnO, supposing

them to act as intermediate sink for photoexcited electrons.
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Figure 13. Energetic picture of ZnO-based materials. (1) NBE. (2) Zn;-to-Vo red emission. (3) Ec-to-Vo orange emission.
(4) Orange (red) Zn;-to-O; emission. (5) ZnO/TiO, heterojunction. (6) Zn-to-Vz, green emission. Energy levels are
qualitatively located according to [114].
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Summing up this section, all the samples were observed to contain carbonates, likely to arise from the
exposure to atmospheric air, and 4PNZ contains some organic impurities. A diversity on the relative amount
of carbonate vs hydroxyl moiety on the surface, was also observed to depend on the synthetic approach. The
samples annealed at lower temperature, revealed a Zn-rich surface, becoming O-rich by increasing the
annealing temperature, while the amount of lattice oxygen vs defective oxygen is almost comparable,
suggesting a similar defects content. The lower surface exposure of polar {0001} planes on 4TCSZ and 4PNZ,
hypothesized in section 3.1, was further confirmed by FTIR analyses. TiO, was proposed to be located mainly
on the surface on post-annealing TiO, promotion (T4CSZ), while sub-surface (up to 10 nm depth) is more
likely on pre-annealing promotion (4TCSZ). The optical absorption properties were almost the same for all
the samples. Concerning the optical emission, all the materials revealed a red and orange emission band,
with different intensity depending on the sample, and a green band appeared after high temperature
annealing (6CSZ). Finally, an energetic picture of the prepared ZnO materials was proposed and the observed
improvement on the emission intensity was supposed to arise from TiO; in T4CSZ and 4TCSZ, acting as
photoexcited electron sink, the higher crystallinity of ZnO core in 6CSZ or a massive bulk radiative

recombination due to the amorphous fraction, in 4PNZ.

3.3 CO, PHOTOREDUCTION WITH H,O AND HYBRID CO; CAPTURE/PHOTOCONVERSION

The prepared materials were finally assessed in the photocatalytic reduction of CO,. The reactions were
carried out in the gas phase, due to the advantages listed in Section 1.2. A low light intensity (60 W-m™2) and
a flat-type photoreactor was used, aiming to maximize the overall efficiency of the reaction, as previously

observed by CATMAT group [115,116].
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The detected reaction products were CHs and O,, while CO and H,, despite being commonly reported
reduction products in solid-gas reaction systems [28], were not found. Furthermore, as reported by Xin et al.,
the CO, photoreduction on ZnO surfaces is known to proceed through carbonate species, formed by the
adsorption of CO, on such material [37]. As reported in Figure 14a, the ZnO materials prepared by
precipitation with carbonates, exhibited a comparable activity toward CH, production (ca. 0.2 umol-g™*h™),
while 457 and 4PNZ, were unactive. Another interesting parameter is the O, evolution, since it is both a
reaction co-product (Reaction 1), from water oxidation, and comes from ZnO photocorrosion (Reaction 4).
On a qualitative basis, some samples produce more O;: 4CSZ and 4TCSZ exhibited an almost doubled yield of
this gas compared to the other, while 4PNZ revealed a four-fold enhancement in O, evolution. Such
differences can be ascribed to the ZnO photocorrosion and a general trend of photostability can be proposed:

457 = TACSZ = 6CSZ > 4CSZ = 4TCSZ > 4PNZ.

Since the sample exhibited a diverse SSA, the activity toward CH,4 evolution was also expressed as TOF per
unit of surface (TOF*), as reported in Figure 14b. In this contest, the most active sample was 6CSZ: its surface
was almost as reactive as P25. Conversely, 4CSZ and T4CSZ revealed a halved activity compared to 6CSZ,

while 4TCSZ, despite having the higher SSA, has a very poorly active surface, one-fourth than 6CSZ.
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Figure 14. (a) TOF of CH4, O, H; and (b) TOF of CH4 normalized by the SSA (TOF*) of P25 and ZnO-based samples.

The lack of activity toward CO, reduction, as well as the limited photocorrosion, on 4SZ was related to the
remarkable amount of sulfates in this material, supposed to act as holes scavenger or interfere with radical
intermediates [84]. On 4PNZ, the inactivity was ascribed to the low SSA, the lower fraction of surface polar
{0001} planes and, in particular, the presence of amorphous ZnO which boost up bulk charge carrier
recombination. Furthermore, the higher intrinsic reactivity of amorphous compared to the crystalline phase,

probably induce more photocorrosion to occur.

The active ZnO were crystalline and phase-pure, obtained by the carbonate-precipitation method. The
addition of TiO,, despite reducing the non-radiative recombination and allowing, in principle, more charge

carriers available for the conversion of CO; to CH4, had no enhancement compared to the bare material
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(4CSZ). In details, the surface of TACSZ (post-annealing TiO, addition) was supposed to be partially covered
by tiny TiO, NPs, which was not able to stabilize superficial carbonates, the species formed upon CO,
adsorption on ZnO. This was supposed to have two effects (Figure 15a): a reduced amount of carbonate
moiety on the surface limited the producible CHs, and less ZnO at the solid-gas interface allowed less O* ions
to be oxidized by the photoexcited holes, improving its photostability. The surface 4TCSZ (pre-annealing TiO,
addition) was different, because being richer in carbonates and poorer in TiO, NPs. The latter were probably
more spaced on the surface itself, and/or partially buried within the sub-superficial layer (ca. 10 nm). As
consequence TiO, was less effective in protecting the material against photocorrosion (Figure 15b). However,
despite containing more carbonates, the material did not performed better than T4CSZ due to the lower

fraction of polar {0001} planes, the most photoactive in ZnO.

Figure 15. Effect of TiO, on activity and photostability in (a) TACSZ and (b) 4TCSZ. (1) carbonate reduction pathway; (2)
photoexcited charge transfer from Ec of ZnO, to Ec TiO, and Zn;; (3) oxidative photocorrosion pathway.

The higher annealing temperature (6CSZ) afforded the most active surface. The superior photoactivity of this
material can be either ascribed to the more efficient photoexcited charge carriers generation and transfer to
the solid-gas interface, thanks to the crystalline core of the NPs, as well as by the higher fraction of superficial
polar {0001} planes. The good stability toward photocorrosion was ascribed to the higher crystallinity of this
material, which reduced the amount of amorphous region where this side reaction is likely to occur (surface

of the NPs).

The best performing ZnO material in term of both activity and photostability, namely T4CSZ, was compared
to a benchmark TiO2, namely P25, characterized in Chapter 1. As reported in Figure 16 (red bars), the TiO;
was three times more active than ZnO when using a CO,/H,0 reaction mixture. This superior performance
was ascribed to the absorption of CO, as molecular uncharged species on TiO; surface [117], while it formed
charged carbonate upon absorption on ZnO surface, as observed by FTIR and XPS. The superficial electron
transfer to a neutral acceptor molecule (CO,.4s) is more favorable than negatively charged acceptor (COs%),
due to the electrostatic barrier [118], explaining the better performances of TiO,. However, when the
reaction mixture contained water vapor only, a drastic decrease in activity was observed on TiO,, while ZnO
revealed a comparable activity (Figure 16, orange bars). It is known carbon-based contaminats, to affect the

products yield in CO; photoreduction [119]. However, on TiO; a contamination during the immobilization of
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the catalyst (i.e. residues of the solvent or contaminants in the used gas) probably occurred, while on ZnO

the surface inorganic carbonates, which in turn arose from absorption of atmospheric CO,, was likely to be

converted.
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Figure 16. TOF of CH4 on P25 and T4CSZ, in CO,/H,0 and H,0 gas-phase reaction media.

Despite being less active than TiO,, the supposed capability of ZnO to photoconvert air-adsorbed CO; in a
CO,-free reaction medium would suggest another appealing application: a hybrid CO, capture-
photoconverting material. This would allow not only avoiding the requirement of a CO»-rich reaction

medium, but also the direct exploitation of diluted CO; sources.

For this reason, this property was assessed through the reaction scheme reported in Figure 17, using T4CSZ
as photocatalyst. Briefly, a first reaction with H,O vapor only was run for 6 h (1), then letting the used
photocatalyst on a 10 mol. % CO; flow in inert gas, for 14 h in dark (2), aiming the regeneration of surface
carbonates. The photoreduction with H,O was run again (3) and regenerated with CO; in dark, again (4). The
process was repeated for two more times (5 — 7).

(2) (4) (6)
(1) co, (3) co, (5) co, (7)

(10 mol. %) (10 mol. %) (10 mol. %)
| AN N N

00 = () = (00— () — () = () = ()
’\ ’\ HO’\ HO;O

Figure 17. Hybrid CO, capture-photoconverting reaction scheme.

The photocatalyst successfully captured the CO, from a diluted stream and photoconverted it to CHs, under
irradiation with H,O vapor (Figure 18). A slight improvement in CH, yield was observed after the 1%
regeneration with CO;, probably due to a surface richer in carbonates after the exposure to a 10% mol. CO,
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gas mixture. A CO,/CH, ratio bigger than one was obtained in the outlet stream after every reaction run,
suggesting only a fraction of the dark-adsorbed CO; to be photoconverted. The O, yield was stable over the

four reaction run, pointing out a good photostability of TACSZ after 48 h of UVA irradiation.
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Figure 18. Recyclability of TACSZ in gas-phase photoreduction with H,0 and dark CO; adsorption.

This ZnO material exhibited a poor efficiency in harvesting both photons and energy from the incoming light,
affording an apparent quantum yield (AQY) of 0.008 % and a solar-to-fuel (STF) efficiency of 0.003%, despite
still comparable with values usually reported in literature [120]. Despite this fact, the ZnO photocatalyst
exhibited the appealing property to be a dual CO; capture/photoconverting material in very mild conditions.

The current work, compared to recent literature [82], has some key advantages:

1. A basic semiconductor such as ZnO was used in the current work as hybrid capture/photoconverting
system, while a composite of a basic insulating material and a TiO, photocatalyst was previously
required.

2. Milder conditions (T < 100°C) were involved in absorption and photoconvertion of CO; in the
present work, contrarly to the higher ones (150 — 200 °C) previoulsly used with the TiO, composite.

3. A multi-electronic reduction pathway was favored in the present work, yielding the most reduced

carbon compound (CH4), while only CO was previously reported as reduction product.

To summarize his section, the photoactivity of ZnO-based material was assessed in the gas-phase CO;
photoreduction with H,0. Crystallinity and phase-purity were observed to be key parameters those allowed
the photoreaction to occur and CH, to be produced. TiO; post-annealing addition was beneficial in reducing
the photocorrosion. However, the scarcity of superficial carbonate, which acted as electron acceptor, do not
allow an improvement in CH, yield. Increasing the annealing temperature, despite the reduced SSA and
available active sites, had a beneficial effect due to an enhanced photoexcited charge carriers generation and

transfer to the surface, as well as the favorable presence of superficial polar {0001} planes. Finally, ZnO due
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to the basic nature of its surface, it was successfully involved as hybrid material capable to absorb the CO; in
dark, then photoconverting it in a CO,-free reaction medium, with the sole presence of H,0 as reagent in the

gas phase.
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4. CONCLUSIONS

In this work, some ZnO materials were synthetized by a wet chemistry approach, and assessed in the gas-
phase CO; photoreduction to solar fuels. The the capability of hybrid CO, absorption/photoconvertion was

evaluated too. In details:

1. The structural and morphological properties of the synthetized ZnO were investigated, observing a
remarkable change in shape and composition of the ZnO material when changing the precipitating
agent or using a hydrothermal synthesis, while annealing temperature and promotion with TiO,,
affected mainly the size of the particles. The fraction of surface {0001} planes was also affected by
the synthetic procedure.

2. The surface was observed to be composed of both carbonates and hydroxyl moieties, and their ratio
changes depending on the synthetic parameter. The surface was Zn-rich at lower annealing
temperature (400°C), becoming O-rich ah higher temperature (600°C), while the defects
concentration was comparable. Furthermore, the surface of the hydrothermal synthetized material,
was observed to contain organic residues.

3. The absorption optical properties were comparable on all the samples, while the optical emission,
related changed remarkably depending on the synthetic parameter. The samples had a similar
concentration of surface defects, but the different emission intensity was ascribed to a different
capability to reduce the non-radiative recombination phenomena, and thus a different ability to
stabilize the photoexcited charge carriers.

4. An energetic picture, based on the optical properties of ZnO, was proposed.

5. The CO; photoreduction occurred on all the material composed of crystalline and phase pure ZnO,
since the presence of impurities was detrimetal. The presence of TiO, was not beneficial for the
activity enhancement but increased stability against photocorrosion, while a large crystalline core
improved the amount of photogenerated charge carriers able to run the reaction, despite having a
lower active surface.

6. Thanks to the adsorption of CO; as superficial carbonates, ZnO was successfully used as hybrid CO,
adsorber/photoconverter. This property avoided the requirement of a CO»-rich reaction medium

and, at the same time, allowed the exploitation of a diluted CO; stream as raw material.
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5. SUPPLEMENTARY INFORMATION
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Figure S2. (a) SEM images of 4TCSZ. (b) Zn and (c) Ti EDX elemental mapping. (c) EDX spectrum.
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Figure S3. Ti2p XPS signal of TACSZ and 4TCSZ samples.
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Figure S4. Deconvolution of ZnO (a) O1s and (b) C1s high-resolution XPS signals.
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Figure S5. Deconvolution of 4CSZ (a) O1s and (b) C1s high-resolution XPS signals.
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Figure S6. Deconvolution of T4CSZ (a) O1s and (b) C1s high-resolution XPS signals.
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Figure S7. Deconvolution of 4TCSZ (a) O1s and (b) C1s high-resolution XPS signals.
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Figure S9. Deconvolution of 4PNZ (a) O1s and (b) C1s high-resolution XPS signals.

Table S1. Fraction of surface O bands (O,, Oy) and C bands (C,, Cy, C.). Percentage values are reported respect to O and
C at. % values in Table 3.

Sample C. (%) Co (%) C. (%) 0. (%) Oy (%)
Zn0O 71 - 29 48 52
4CSz 77 - 23 70 30
T4CSZ 74 - 26 69 31
4TCSz 74 - 26 73 27
6CSZ 73 - 27 67 33
4PNz 73 12 15 65 35
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Figure S12. Deconvolution of (a) 4TCSZ and (b) 6CSZ ATR-FTIR spectra.
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Figure S16. Deconvolution of (a) 4TCSZ and (b) 6CSZ visible emission spectra.
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CHAPTER 3: CO, PHOTOELECTROCHEMICAL REDUCTION BY
PHOTOCATHODES BASED ON EARTH-ABUNDANT ELEMENTS
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1. INTRODUCTION
1.1. INSIGHTS IN PHOTOELECTROCHEMICAL LIGHT-TO-CHEMICAL CONVERSION

A general overview of how a photo(electro)catalyst works was given in Preface. In the specific case of
photoelectrochemistry, the physical fundamental behind is a bit more complex. When a solution, a liquid
electrolyte in the case of PEC systems, is put in contact with a photoelectrode, an equilibration process
occurs. The Fermi level (E¢) of the semiconductor (SC) equilibrates with the Fermi level of the solution (Eregox)
(Figure 1a,b), through a charge transfer of majority carriers (holes in a p-type SC) from the SC to the solution.
After reaching the equilibrium, the so-called depletion or space charge layer is formed, where the majority
carriers have moved away. This layer is characterized by a width (W), usually in the range of tens or hundreds
of nm, and a potential drop, also referred as band bending (Esc), which inhibits further SC/electrolyte charge
transfer. As reported in Figure 1b, Esc is graphically represented as a bending of both conduction (Ec) and
valence (Ev) band edges at SC/electrolyte interface. Interestingly, in photocatalysis the Esc can be usually
neglected because the nanostructured particles typically used, having a size lower than W, lie completely

within the space-charge layer [1].

(a) (b) (c)

Figure 1. Band energy diagram of a p-type SC in vacuum (a); in contact with a liquid electrolyte in dark (equilibrium
conditions) (b); in contact with a liquid electrolyte under irradiation (photoexcited state) (c). Redrawn from [2].

When the SC/electrolyte system is irradiated with photons having a suitable energy, electrons are promoted
from the valence band (VB) to the conduction band (CB), affording photoexcited charge carriers population
described by the quasi-Fermi levels (,Ee* and nE¢*), as already described in Preface. The limited photon
penetration depth within the material, generates photoexcited charge carriers close to the SC/electrolyte
interface, thus affording the photo-induced splitting of Er in proximity of SC surface (dashed yellow line in
Figure 1c). The photoexcitation at SC/electrolyte interface, induces a remarkable increase of minority charge
carriers population, electrons in the case of a p-type SC, while the majority carriers are almost unchanged

compared to the dark. Such increase in minority carriers lead to two effects:

1. Reduces the band bending in the excited SC (Esc* < Esc) (Figure 1c)
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2. Allows the minority carrier to be transferred from SC surface to a suitable redox couple (an electron

acceptor, Ea/a-, in case of p-type SC), yielding a photocurrent, otherwise negligible in dark conditions.

The difference between band bending in dark and under irradiation is named photopotential or photovoltage

(AEph), as reported in Equation 1 [2].
AEph = |Esc - E§c|

Equation 1. Definition of photovoltage.

A PEC setup requires two different components to work: a photoelectrode and a counter-electrode (or
another photoelectrode), where the two redox pathways take place independently [3]. As reported in Figure
2, a third component named transparent conductive oxide (TCO), usually serves as mechanical support for
the photoelectrode allowing both the transmittance of the incoming light and the charge harvesting [4].

Three main kinds of PEC setup exist [3]:

1. Photocathode-based cell, where a photocathode is photoexcited leading to a reduction reaction at
SC/electrolyte interface, while the oxidation occurs at the counter-electrode/electrolyte interface.
(Figure 2a)

2. Photoanode-based cell, where a photoanode is photoexcited leading to an oxidation reaction, while
the reduction occurs at the counter-electrode (Figure 2b)

3. Photocathode-photoanode tandem cell, where the incoming light is first absorbed by the
photoanode, affording in an oxidation reaction, then the residual light is absorbed by the
photocathode, leading to a reduction reaction. It is worth to note that this configuration requires a

wider band-gap (Eg) for the first absorber (photoanode) respect to the second one (photocathode)

(Figure 2c).

Ep/pe

Tco  p-type SC Counter-electrode n-type SC p-type SC n-type SC

Photoelectrode

Figure 2. PEC setups. Photocathode-based cell (a), photoanode-based cell (b), photocathode-photoanode tandem cell
(c). Transparent conductive oxide (TCO), photoelectrode and counter-electrode are highlighted in (a). Redrawn from
[3] and [5].
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The PEC tandem cells represent an ideal device to run a redox process, since the energy required is fully

supplied by the incoming light, avoiding an external potential to be applied.

The development of photoanodes has been focused mainly on four oxide-based SCs: titanium dioxide (TiO,)
[6], hematite (Fe;0s) [7], bismuth vanadate (BiVO,) [8] and tungsten trioxide (WQs) [9]. Due to extensive and
detailed studies over the last decades, a comprehensive knowledge about these materials is now available
[10-13]. Contrary, plenty of different materials have been proposed as photocathode, ranging from oxides
such as cuprous oxide (Cu,0) [14], copper-iron delafossite (CuFeO,) [15] or copper niobate (CuNbOs) [16];
chalcogenides like copper gallium indium sulphide (Cu(Ga,In)S;) [17], copper zinc tin sulphide (Cu2ZnSnS,)
[18] or tungsten diselenide (WSe;) [19]; phosphides like gallium phosphide (GaP) [20] or indium phosphide
(InP) [21], as well as silicon (Si) [22]. The stability in irradiated aqueous medium is an issue affecting many p-
type SCs, requiring protecting overlayers to be stable, especially among non-oxide materials [21,23], but also

some oxides [24].
1.2. CO2; PHOTOELECTROCHEMICAL REDUCTION

Historically, PEC devices have been focused mainly on hydrogen (H.) production from water splitting [25,26].
However, as pointed in Chapter 1 and 2, H; suffers of two important drawbacks: the storage [27] and the
expensiveness of fuel cells [28]. The CO, reduction affords in several C-based products such as carbon
monoxide (CO), formic acid (HCOOH), formaldehyde (HCHO), methanol (CHs0H), ethanol (C;HsOH), methane
(CH.), ethylene (C;H4) and ethane (C;Hg) [29]. Some of these are already used as easily storable fuels (i.e. CHa,
CHsOH or C;HsOH) [30], or valuable intermediates for fuel (i.e. CO) [31] or for chemical production (i.e. C;Ha,

HCHO, HCOOH) [32], overcoming the above mentioned issues of H, storage and utilization.

The variety of attainable reduction products, makes the overall reaction mechanism complex, composed of
several pathways, and affected by several parameters (i.e. type of SC, nature of the electrolyte, presence and
nature of a co-catalyst) [33]. The utilization of co-catalysts is a commonly involved strategy to improve CO;
reduction activity. Indeed, such components usually decorate the SC surface and allow an efficient electron
transfer to adsorbed CO,: this reduces the kinetic barriers to charge transfer (overpotential), making them
the true catalytic active phase, while the SC works only as light harvester [34]. Different types of co-catalysts
are reported in literature, like metals [35,36], metal complexes [37,38], metal oxides [39], nitrides or

phosphides [40], carbon nanomaterials [41] and pyridine [42].

Different SCs have been proposed as both photoanodes and photocathodes in CO, PEC conversion. Despite

some photoanode-based (Figure 2b) [43,44] and a tandem cell (Figure 2c) [45] has been reported for this

reaction, photocathodes-based PEC cells (Figure 2a) are the most used for this application. Several p-type SC

have been studied for this purpose, such as Cu,O [38,46], Si [36, 39], InP [47], GaP [42], Cu,ZnSnS, [48],

CuzZnGeS, [49], CulnS, [50], ZnSe [51], ZnTe [52], CuFeO; [53] and CusNb,0s [54]. Despite being a promising
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technology, different issues still affect the performances of photocathodes for CO, conversion, such as the
previously mentioned photocorrosion in water-based medium [46], the still limited control in product
selectivity [39,47], the competition of hydrogen evolution reaction (HER), a generally undesired reaction
pathway [48,49] and the co-catalyst modification [38,53]. Nonetheless, some interesting examples of stable
and selective photocathodes have been also reported [42,53], even though still far from large-scale

applications. Some examples of photocathode-based devices are summarized in Table 1.
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Reference

(38]

[46]

(36]

(39]

(42]

[49]

(52]

(53]

CUzO

Cu,0

Si

Si

GaP

Cu2ZnGeS,

ZnTe

CuFeO,

Table 1. Examples of photocathodes used for CO, PEC reduction.

Co-catalyst

Re(bpy)(CO)sCl

Cu* species

Porous Au

Porous SnO,

Pyridine in
buffered
solution

ZnS

Au

CuO

Reduction
products and
faradic efficiency
(F.E.)

CO (80-95%)

CH3OH (50.7%)

CO (96%)

HCOOH (59.2%),
CO (11.4%), H,
(29%)
CHOH (88-100%)

CO (3.3%), H2

(80%)

CO (64%), H,
(32.5%)

HCOOH (90%)

106

Photocurrent

density (Jpn)

(mA-cm™2)

-25(@-19V
vs Fc/Fc*)

-0.47 (@0.3Vvs
RHE)

-92(@-10V
vs RHE); total
current
-10 (@ 0.25V vs
RHE)

-0.1(@-04V
vs RHE)

Not reported for
CO, PEC test

-3.14(@-0.11
V vs RHE)

-03(@-0.35V
vs RHE)

Co-catalyst deactivation
through structural changes;
TiO, protecting overlayer.
Cu,0 photocorrosion
despite TiO; protecting
overlayer. Only 27.6% of Jon
after 30 min.

Device stable for 4.5 h; thick
Au layer selective for H,,
porous Au layer for CO.
= 90% Jph after3h; E>-0.4
V vs RHE afforded 95% F.E.
in Ha.

Device stable up to 30 h;
effect of two wavelength
assessed.

Device stable up to 2 h; ZnS
claimed to act as co-
catalyst; predominant
hydrogen evolution reaction
(HER).

Stable up to 3 h;
aggregation, Au NPs
detachment,
electrochemical corrosion of
SC as suggested reasons of
stability loss.

Stable up to 7 days;
deactivation due to Cu(ll)
and Fe(lll) reduction after

prolonged utilization.



1.3. THE CASE OF COPPER-IRON DELAFOSSITE (CuFeO3)

Cu(l)-based oxides have recently emerged as p-type SC materials in PEC devices, due to wide range of
attainable band-gaps, the relative high carrier mobility and the high-lying Ec (Figure 3), that theoretically
allows the facile reduction of both CO; and H,0 [55].

1.5 Tasd:
w 107 Cu 4s —— Nb 4d° LA
z — .,
& -0.5— V 3d° Nb 4d° 0,/co
w Cu 3d° — €O,/COOH
> —4.C0,/
T H'/H,
=3 T NC0,/CH,
S 057
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£ 1.0+ T _— ——
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17 Linear - Octahedral ——
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Cu,0 CuO CuFeO, CuRhO, Cu;VO, CuNbyOg; Cu,NbgO,, Cu,Ta,0,, CusTa,,0,,

Figure 3. Band diagram of some CuO and some Cu(l)-based p-type SC [55].

Cu,0 is the simplest Cu(l)-based oxide, reported as effective photocathode in both water [14] and CO, [38]
reduction, however suffering of poor photostability in water [46], thus requiring a protective overlayer [24].
An appealing class of Cu(l)-based materials is represented by copper delafossites, with a general formula
CuMO,, where M is a trivalent cation such as Fe3*, Al**, Ga®*, Rh3* or Cr®* [56]. Most of these, like CuGaO,,
CuAlO; or CuCrO; have wide band-gaps (Eg > 3 eV), making them good candidate as transparent hole
transporting material [57], but not as visible-light activated photocathodes. CuRhO; has been proposed as
narrow band-gap SC (E; 1.9 eV) for water splitting [58], however the expensiveness and rarity of Rh [59]
makes economically unsustainable this material. CuFeO; is an appealing alternative to both Cu,0 and

CuRhO,, because:

1. Narrow band-gap (E; 1.45 eV), allowing the harvesting of a large fraction of solar spectrum and a
theoretical attainable photocurrent of 14.8 mA-cm™ [60]
2. Photostability in aqueous medium [53]

3. Composed of cheap and earth-abundant elements [61,62].

CuFe0, delafossite typically crystallizes with a rhombohedral structure [63], in which layer of octahedral FeOs
are joined through linearly coordinated Cu(l), as represented in Figure 4. The CuFeO; phase can be obtained
by thermal decomposition in inert atmosphere of Cu(ll) and Fe(lll) precursors at high temperature (T > 650°C)

[64], as well as through electrochemical deposition [53] or hydrothermal synthesis [63].
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Figure 4. Rhombohedral R3m crystal structure of CuFeO; [55].

This material has been studied as photocathode for both water reduction [15] and CO, reduction [65].
Regarding the latter process, HCOOH has been often reported as the main CO; reduction product reaching
high faradic efficiency (90%) with a CuO overlayer [66], while a lower one was observed on the bare surface
(10%) [65], suggesting a competition of HER on pristine surface. Interestingly, C> carbon product such as
acetic acid (CH3COOH) and ethanol (C;HsOH) were detected as main reduction products by using a Fe-rich
material [67] or titania nanotubes (TNT) scaffold [68], respectively. One of the most remarkable result in
photocathode-based CO, PEC conversion is a CuFeO;-based photoelectrode, achieving 1% of solar-to-fuel
(STF) efficiency and, in particular, an impressive stability for one month [66]. However, several drawbacks
still affect this material, such as the long term photostability [53,65], requiring periodic oxidative annealing

to regenerate the photocathode [66], metal leaching [67] and the poor attainable photocurrent [68].

1.4. CuFeO; INSIGHTS: SURFACE STATES AND OVERLAYERS

Despite the promising mentioned features, this material suffers also of another important issue limiting its
PEC performances: the surface states (SSs) [69]. These SSs cause the quasi-Fermi level (1E*) to be pinned at
the surface, acting as electron trap and allowing the SC/electrolyte charge transfer to occur only if the
acceptor redox potential, Ex/a-, lies at lower energy than the SSs; if it does not happen, the redox process
cannot take place (Figure 5b) [2]. SSs in CuFeO, were assessed to be energetically located slightly above its
Ev and thought to arise from a 10 nm layer composed of disordered Cu-Fe oxohydroxide [69]. These trap

states, placed at + 0.65 V vs RHE, make in principle impossible both the water reduction (EI(-)I+/H2 =
+0.00 V vs RHE) or CO, reduction, i.e. to CHa (E¢y, ¢y, = + 0.17 V vs RHE) or HCOOH (E2y, jucoon =

—0.20 V vs RHE) [29].
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A strategy to overcome the effect of SSs, is their passivation with a suitable overlayer that should possess

some key features [70]:

Stability in the electrolyte
Uniform coating

Transparency in the absorbing region of the SC

e A

Suitable band edge position to allow charge transfer to the electrolyte (i.e. only electrons in p-type
SC)

5. Minimum lattice mismatch to minimize the creation of interfacial defects

A graphical representation of how an overlayer acts in SSs passivation is reported in Figure 5c. It has been
proposed such overlayers to decrease the defects concentration on SC surface, responsible of SSs formation.
For instance, Le Formal et al. proposed a thin overlayer of Al,Os to saturate the oxygen vacancy, which was
supposed to originate the SSs, on Fe;0; photoanodes surface [71]. Similarly, on CuFeO, the overlayer would

decrease the concentration of superficial defects, even if the nature of these defects is still unclear.

(b)

Figure 5. Band diagram of an irradiated p-type SC/electrolyte interface without (a), with SSs (brown layer) (b) and
passivated with an overlayer (c).

A TiO2-ZnO overlayer was efficiently used to passivate CuFeO, SSs and, after surface functionalization with a
co-catalyst, allows a stable H, evolution [60]. TiO; is the actual overlayer in this specific strategy, while ZnO

was just enrolled as buffer layer to enable TiO, growth [24].

In the specific context of CO, PEC conversion ZnO is an interesting candidate as overlayer. Contrary to TiO,,
being a basic SC, CO, adsorption can be remarkably improved on its surface [72]. A Cu-ZnO was already
employed as co-catalyst on a Si/GaN photocathode, revealing a strong synergistic effect between Cu and ZnO
in enhancing both the CO, reduction activity and selectivity [35]. Moreover, the chemical and electrical
properties of ZnO can be tuned by heat treatments, aiming a higher crystallinity which improves the electrical
conductivity [73] or an increased surface defects concentration to induce active sites for CO; activation [74]
orimprove ZnO basicity [75]. Finally, despite bare ZnO surfaces have been reported to be photo-catalytically
active in CO; reduction [76], a co-catalyst is required to improve the conversion efficiency, and group 11

elements (Cu, Au, Ag) have been address as suitable materials acting in synergy with ZnO [35].
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1.5. AIM OF THE CHAPTER

This work was performed in the Molecular Engineering of Optoelectronic Nanomaterials Laboratory (LIMNO),
under the supervision of Professor Kevin Sivula, at the Ecole Polytechnique Fédérale de Lausanne (EPFL)
(Lausanne, Switzerland) from May to October 2019. The aim of this chapter is to design ZnO overlayer as
coating for CuFeO; photocathodes for CO, PEC conversion. Specifically, the chapter is divided in four sub-

sections:

1. Optimization of ZnO thin films on a model non-conductive glass substrate. These films were prepared
through a solution-based method aiming tunable thickness and structural properties (crystallinity,
defects).

2. Preparation of a CFO photocathode through a vapor-phase synthetic technique, aiming an active
photocathode with a sacrificial electron acceptor (sacrificial conditions).

3. Coating of CFO with optimized ZnO overlayers, assessing their effects on PEC performances in
sacrificial conditions.

4. Loading of a co-catalyst (Cu) on the photocathodes, and assessing its activity in non-sacrificial

conditions, namely with CO; as electron acceptor.
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2. MATERIALS AND METHODS
2.1. REAGENTS

The following reagents were used as-received: zinc acetylacetonate hydrate (Zn(acac),:xH20, Zn assay 23-
26%, Sigma-Aldrich), iron (lll) acetylacetonate (Fe(acac)s, assay > 97%, Sigma Aldrich), copper (ll) nitrate
trihydrate (Cu(NOs),:3H,0, assay > 99%, Sigma Aldrich), copper (IlI) acetate monohydrate (Cu(OAc),-H>0,
assay > 99.9%, Sigma Aldrich), sodium bicarbonate (NaHCOs, assay > 99.5%, Sigma Aldrich), sodium persulfate
(Na;S,0s, assay > 98%, Sigma Aldrich), sodium acetate (NaOAc, assay > 99%, Sigma Aldrich), europium (IIl)
nitrate hexahydrate (Eu(NOs);:6H,0, assay 99.9%, ABCR) and acetic acid (AcOH, assay > 99.7%, VWR).

The following solvents were used as-received: ethanol (EtOH, assay > 99.8%, VWR) and acetonitrile (MeCN,
assay > 99.9%, Merck), Hellmanex solution (HelmaAnalytics), acetone (assay > 99.5%, Sigma Aldrich) and

isopropanol (assay > 99.5%, Sigma Aldrich).
2.2. SYNTHESIS
2.2.1. SUBSTRATE PREPARATION

Borosilicate glass (Solaronix) or fluorine-doped tin oxide (FTO) coated aluminoborosilicate glass (Solaronix)
slabs, were cut into 25 x 25 mm pieces. The substrates were then cleaned through successive ultrasound-
assisted washing treatment with Hellmanex solution, acetone and isopropanol. The cleaned substrates were

kept in isopropanol.
2.2.2.Zn0O THIN FILMS SYNTHESIS

A proper amount of Zn(acac),-xH,0 was dissolved in a glass vial with a mixture of 8.5 mL of EtOH, 1.0 mL of
deionized H,0 and 0.5 mL of AcOH. Different solutions with a Zn concentration ranging from 25 mM to 400
mM were prepared. The Zn solution was spin-coated with a WS-650MZ-23NPP (Laurell) spin-coater, pouring
the Zn solution onto a cleaned glass substrate, at 2000 rpm for 1 minute, then air-dried on a heating pad at
110°C for 10 minutes. The as-coated substrates were finally annealed either in air at 300 °C for 1 hour, using
a hotplate (ramp rate: 10 °C-min™?) or under argon flow (ca. 300 mL-min™) at 400 °C or 600 °C for 1 hour

(ramp: 10 °C-min~?) with a OTF-1200X tubular oven. The annealed samples are labelled as follow:

1. XAZn, where X stands for the molar concentration of the Zn precursor solution (25, 50, 75, 100, 200,
300 or 400 mM). The samples were air annealed (A) at 300°C.
2. YArZn, where Y stand for the argon (Ar) annealing temperature, namely 400°C or 600°C. A 100 mM

Zn precursor solution was spin-coated before annealing.
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2.2.3. CuFeOz THIN FILM SYNTHESIS

Aerosol assisted chemical vapor deposition (AACVD) was used to prepare CuFeO; thin films. A solution of
0.06 M Fe(acac)s; and 0.04 M Cu(NOs),:3H,0, was prepared by dissolving the proper amount of the precursors
in 50 mL of MeCN. A vertically aligned nozzle was used to perform the deposition, equipped with an in-situ
ultrasound generator to afford micrometer-sized droplets. The solution was then sprayed in atmospheric
conditions (air, 101 kPa) through a lab-made spray-pyrolyzer, onto the conductive side of cleaned FTO
substrate, on a hotplate at 550 °C, with a feeding rate of 1 mL-min~* for 20 minutes. The samples were then
annealed under argon flow (ca. 300 mL-min™?) at 700 °C for 1 hour (ramp: 10 °C-min™) with a OTF-1200X
tubular oven. Finally, a mild air post-annealing at 300 °C for 1 hour using a hotplate (ramp rate: 10 °C-min™)

was performed [60]. The sample is labelled CFO.
2.2.4. ZnO OVERLAYER COATING ON CuFeO; THIN FILMS

Zn(acac),xH,0 solutions in EtOH/H,O/AcOH were prepared, spin-coated onto CFO and air/Ar annealed as

reported in section 2.2.2. The annealed samples are labelled as follow:

1. XAZn/CFO, where X stands for the molar concentration of the Zn precursor solution (0.5, 1.0, 2.5, 5,
10, 25, 50, 100, 200 mM). The samples were air annealed (A) at 300°C.
2. YArZn/CFO, where Y stand for the argon (Ar) annealing temperature, namely 400°C or 600°C. A 200

mM Zn precursor solution was spin-coated before annealing.
2.2.5. Cu CO-CATALYST LOADING ON CuFeO; THIN FILMS

A buffered solution of 1 mM Cu(OAc); and 10 mM NaOAc was prepared by dissolving the proper amount of
the precursors in 100 mL of deionized water. The resulting measured pH was 6.6. The photoelectrochemical
deposition (PED) was performed with a three-electrode “cappuccino” cell configuration and a computer
controlled SP-200 potentiostat (BioLogic). CFO or ZnO-coated CFO thin films were used as working electrodes,
with an active geometric area of 0.238 cm?, an Ag/AgCI/KCl (sat.) as reference electrode and a Pt wire as
counter electrode. The PED was performed in an Ar purged Cu precursor solution, previously air-evacuated
by bubbling Ar for 10 minutes, under front irradiation (electrolyte-side) and constant applied potential of
0.58 V vs RHE for 10 minutes. The as-deposed electrodes were finally rinsed with deionized water to remove
residual ions. The Cu PED samples were labelled as Cu/P, where P is one of the previously mentioned

photocathodes label, either CFO or the ZnO-coated ones.
2.3. STRUCTURAL AND OPTICAL CHARACTERIZATION

The optical absorbance was measured with an integration sphere equipped UV-vis-NIR UV-3600

spectrophotometer (Shimadzu). The bandgap (E;) of the materials were determined by Equation 2 (Tauc
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relation), where a is the absorption coefficient in cm™, h the Plank constant (6.626-1073* J-s), v the photon
frequency in s, C a constant and E, the bandgap energy. For direct allowed optical transition the exponent
is set to n =%, while for indirect transitions is set to n = 2. The E; was determined as intercept plotting (ahv)Y/"

vs hv [77].
n
ahv = C(hv — E;)

Equation 2. Tauc relation [77].

Phase composition was measured using an Xplora Plus Raman microscope (Horiba Scientific), using a Ar laser

(532.19 nm) as light excitation source.

Surface morphology was analyzed with a scanning electron microscopy (SEM) (Zeiss Merlin), using an in-lense

detector for secondary electrons (SE).

Surface morphology was also examined using atomic force microscopy (AFM), while Fermi-level mapping was
obtained through scanning Kelvin probe force microscopy (SKPM). Both analyses were carried out using an
Cypher instrument (Asylum Researcher) and Pt:lr-coated silicon tips (AC240TM, Olympus). For SKPM

analyses, the work function of the tips was calibrated using reference sample of Pt, Cu and Mo.
Thickness of films was verified by a Dektak XT (Bruker) optical profilometer.

Surface composition and chemical states of elements were measured through X-ray photoelectron
spectroscopy (XPS) using a PHI VersaProbe Il scanning XPS microprobe. The analyses were performed using
a monochromatic Al Ka X-ray source of a beam diameter of 100 um and a spherical capacitor analyzer at 45°
take-off angle with respect to the sample surface. Charge shift was corrected by calibration with adventitious
C1s peak set at 284.8 eV. High-resolution XPS analyses were carried out after a mild Ar* sputtering to remove
adventitious carbon interference. Peak deconvolutions were performed with Gauss function after Shirley-
type baseline correction. Depth-profiling XPS spectra were acquired at different depths after Ar* beam

sputtering.

Surface functional groups were analyzed through Fourier-transform IR (FTIR) spectroscopy using attenuated
total reflectance (ATR) Perkin-Elmer spotlight 200i system. Clean uncoated substrates (FTO or glass) were

taken as background spectrum.
2.4. PHOTOELECTROCHEMICAL CHARACTERIZATION

PEC measurements were carried out in a three-electrode cell setup connected to a computer-controlled SP-
200 potentiostat (BioLogic). An Ag/AgCI/KCl sat. electrode was used as reference, a Pt wire as counter

electrode and 12.5 x 25 mm coated-FTO as working electrodes, with an active geometric area of 0.238 cm?.
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The applied potentials in all the PEC measurements were referred to the pH-independent reversible

hydrogen electrode (RHE) (Equation 3).
VRHE = VAg/AgCl + 0059 X pH + 0197

Equation 3. RHE relation. Vag/agcl is the measured cell potential; 0.059 - pH is a correction term due to electrolyte pH;
0.197 is the potential of the Ag/AgCl/KCl sat. electrode vs NHE.

The PEC cell configuration is the “cappuccino-type” (Figure 6), made of polyetheretherketone (Erta Peek),
with a 20 mm fused silica spherical window (Robson Scientific) [78]. Specifically, reference and counter
electrodes, were put on the lateral holders (blue arrow, Figure 6), while the working FTO-coated electrode
was fixed in the central rectangular-shaped holder (red arrow, Figure 6), and the cell filled with an

appropriate amount of electrolyte solution (ca. 10 mL).

The light source was provided by an array of RGBW Star LEDs (Cree) calibrated using a Si photodiode to
provide a photon flux equal to the AM 1.5G spectrum (1000 W-m™2) for hv larger than the bandgap of CuFeO,.

Figure 6. Cappuccino cell [78].

2.4.1. Linear Sweep Voltammetry (LSV) and Chronoamperometry (CA)

The photoelectrodes current-voltage (J-V) response under irradiation, was measured through linear sweep
voltammetry (LSV), operating in a 0.0 — 1.0 VV vs RHE scan range, with a 10 mV-s™! scan rate using a chopped
light irradiation (2 s light — 1 s dark). The analyses were carried either in sacrificial conditions (0.1 M NaHCOs,
0.1 M NayS;0s, pH = 8.4), using an aqueous electrolyte containing Na;S;0s as electron acceptor

(Egzog—/sof— =+ 2.1V vs RHE) [79], or in non-sacrificial conditions, using an aqueous electrolyte (0.3 M

NaHCOs) purged by bubbling Ar (pH = 8.6) or CO; (pH = 7.4), previously air evacuated by bubbling the gases
for 10 minutes. The onset potential (Eonser), potential in the J-V curve at which the current start to rise, was

determined as the potential corresponding to a 5 pA-cm™ photocurrent density.

The photoelectrodes stability was assessed through chronoamperometry (CA), measuring the current density

(J) under a constant applied potential of 0.2 V vs RHE, chopped light irradiation (30 s light — 10 s dark) and
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using a CO-purged electrolyte (0.3 M NaHCOs, pH = 7.4), previously air-evacuated by CO, bubbling for 10

minutes.
2.4.2. Open Circuit Potential (OCP)

The photo-induced voltage in open circuit conditions (J = 0 mA-cm™2), namely the open circuit potential (OCP),
was measured using a two electrodes configuration cell with coated-FTO as working electrodes and
Ag/AgCl/KCl sat. as reference electrode. A 1.2 M Eu(NOs); aqueous solution (pH = 4.2) was used as electrolyte,

3+/2+

involving the Eu redox couple as electrochemical probe due to its negative redox potential (Ez(z)u3+/2+ =

— 0.35 V vs RHE) and fast charge transfer kinetics [80].
2.4.3. Electrochemical Impedance Spectroscopy (EIS)

Information about the acceptor density (Na) and flat-band potential (Efs) of a SC, those are related to charge
carrier mobility and the Ev position, respectively, were obtained through electrochemical impedance
spectroscopy (EIS). Measurements were carried out in dark conditions, in a 0.6 — 1.2 V vs RHE scan range,
100 mHz — 1 MHz frequency range using non-sacrificial electrolyte (Ar-purged 0.1 M NaHCOs), previously air-

evacuated by bubbling Ar for 10 minutes.

The impedance (Z) is defined in Equation 4, where E(t) is the applied voltage; I(t) the measured current; Eq
and lo are the corresponding voltage and current amplitude; i is the imaginary unity; w is the applied
frequency; @ is the phase shift between E(t) and I(t); t is the time; Z’ is the real part of impedance; Z” is the

imaginary part. Plotting the real part of impedance (Z’) vs imaginary part (Z"’), affords in the Nyquist plot.

E(t) Eoeiwt EO ; .
= = - — P — ! ip — I} 1"
1) lei@—ot [, ° Z'(w)e'? = 7' (w)Z" (w)

Equation 4. Impedance relation [81].

The space charge layer capacitance (Csc) of the electrochemical system was obtained by fitting the Nyquist
plot with an equivalent circuit already reported for CFO and reported in Figure 7. Specifically, Rs is the
resistance related to the external circuit and the bulk of the semiconductor; Cyyi is the capacitance depending
on the space-charge layer capacitance at the SC/electrolyte interface (Csc) and the Helmholtz layer
capacitance on the electrolyte side (Cy) (Equation 5); Riapping is the charge trapping/detrapping resistivity on
SSs; Cirap is the capacitance due to SSs; Cettrap iS the resistivity associated to SSs-to-electrolyte charge transfer

[69].
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Figure 7. Equivalent circuit used for CuFeO; EIS modeling [69].

1 _ 1 4 1
Couik  Csc  Cy

Equation 5. Bulk capacitance (Cpui) relation [69].

The acceptor density (Na) and the flatband potential (Ers) were obtained by plotting Csc vs E (Mott-Schottky
plot) and by fitting the linear part of the plot with the Mott-Schottky relation (Equation 6). In this eqution, e
is the elementary charge (1.602:107*° C); € the CFO relative permittivity (e = 20); £, the vacuum permittivity
(8.854-1072 F-m™); Na the acceptor density in cm™3; f, the roughness factor, defined as the ratio between the
actual electrode area (A) and the geometrical area (Ao) of the sample, and determined by AFM measurement
(1.6); E and Egs are the applied potential and the flatband potential, respectively, given as V vs RHE; kg the
Boltzmann constant (1.38:1072% J-K™); T the absolute temperature in K [69].
1 2 kgT
Gz~ ‘W(E‘EFB -%)

Equation 6. Mott-Schottky equation [69].
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3. RESULTS AND DISCUSSION
3.1. ZnO OVERLAYER

A solution-based method, namely spin-coating, followed by annealing to crystallize ZnO and remove organic
residues [82], was chosen as simpler and safer procedure than the already reported atomic layer deposition
(ALD) [60]. Air annealing is an effective thermal treatment for organic removal, however it must be carefully
kept at T < 300°C to avoid over oxidation of p-type CuFeO; to n-type CuFe,04, that could negatively affect the
PEC performances [60]. Annealing processes at higher temperature (T > 300°C), exploited to tune the
electrical properties (i.e. crystallinity and defect contents) of ZnO [73], were performed in inert atmosphere

in order to avoid the oxidation of CuFeO,.

The UV-vis absorption spectra of the air annealed sample 100AZn compared to the bare glass substrate
(Figure 8a), revealed an absorption band-edge in the UV region (A < 400 nm). A direct band-gap (E;g) of 3.30

eV, determined through Tauc plot analysis (Figure 8b), is in good agreement with literature reports [83].
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Figure 8. (a) UV-vis absorption spectra of 100AZn and glass; (b) Tauc plot of 100AZn.

The XPS analysis confirmed the presence of ZnO, through the Auger parameter (2010 eV, Equation 7), in

agreement with literature reports of Zn?* in ZnO lattice [84].
a = Ex(Zn LMM) — Egg(Zn 2p 3/2)

Equation 7. Auger parameter (a) relation. Ex(Zn LMM) is the kinetic energy of LMM Auger electrons; Ege(Zn 2p3/2) is
the binding energy of Zn 2p 3/2 line.

The O1s signal (Figure 9a) was composed of two main band: one at 530 eV ascribable to lattice oxygen ions
(0%) [85], and one at 531.5 eV, usually related to hydroxyl moiety (OH) [86] or 0% ions within an oxygen-
defective lattice [87]. Cl1s signal (Figure 9b) exhibited two bands: a stronger one a 284.7 eV, related to
adventitious carbon (C-C bonds) and a weaker one, at ca. 288.7 eV, ascribable to carboxylate impurities

from the precursor [88].
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Figure 9. (a) O1s and (b) C1s high-resolution XPS signals of 100AZn.

The film thickness was tuned by changing the Zn concentration in the precursor solution. The actual thickness
(t) was measured through profilometry and AFM profile on 400AZn, 300AZn and 200AZn. Through the
Lambert-Beer relation (Equation 8), the absorption coefficient (asso) was first extrapolated and assessed to
be 5.0 - 10 cm™. The film thicknesses were then determined for all samples through the Equation 8, knowing

the asso value and experimentally measuring Asso from UV-vis absorption spectra.
Asso = azso(ecm™) - t(nm) - 107

Equation 8. Lambert-Beer relation [89]. Assg is the absorbance at 350 nm; assg is the corresponding absorption
coefficient; t is the film thickness.

A linear relationship was found between Zn concentration in the solution precursor and the film thickness,
as reported in Figure 10: film thickness can be easily tuned from ca. 3 nm up to 60 nm by changing the Zn

solution concentration.
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Figure 10. Thickness vs Zn precursor concentration dependence.

Besides the composition and thickness, film morphology, and in particular its roughness, is investigated. AFM

images reveals that a lower precursor concentration affords in more flat films (Figure 11a and Figure 11b)
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while increasing the concentration results in rougher surfaces (Figure 11c), as already observed also on

ZnFe,04 photoelectrodes [90].

Figure 11. AFM images of (a) 50AZn; (b) 100AZn; (c) 400AZn.

The quantum confinement effect is known to affect the Eg of ZnO thin films [91], thus was extrapolated from
Tauc plots (Figure S1). Furthermore, the conduction ban edge (Ec) was determined through Equation 9, where

¥ is the electronegativity of ZnO (5.79 eV) and 4.5 is the energy of free electrons in RHE scale [92].
Ec=x—45-05E,

Equation 9. Empirical equation for Ec determination [92].

Plotting E; and Ec vs film thickness (Figure 12) reveals an almost constant value above 35 nm. Conversly,
thinner film exhibits quantum confinement, leading to a maximum increase of ca. 0.05 eV and — 0.025 V vs
RHE for Eg and Ec, respectively. A more negative Ec could be useful to enhance the reduction power of
photoexcited electrons extracted from CFO. The quantum confinement effect is affected by ZnO crystallite
size, which can differ from the film thickness [91], while the presence of intra-gap states due to intrsinsic
defects of ZnO are reported to do not significantly alter the Eg [93]. It can be supposed the ZnO grain size is
decreased on the thinner films but, without further characterization (i.e. XRD or TEM), no quantitative

assessment can be performed.
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Figure 12. ZnO thin films Eg and Ec vs thickness.

The effect of different annealing treatments, aiming a tuning of thin films electrical properties, was then
examined. In Figure 13a, the absorbance at 350 nm (Asso) on 400ArZn was observed similar to 100AZn,
suggesting a comparable thickness (ca. 15 nm). Conversely, 600ArZn exhibited a halved Asso: this could be
ascribed either to a partial diffusion of Zn** within glass, due to the reaction of silica with ZnO [94] and/or a
partial evaporation of ZnO itself [95], resulting in a thinner film (ca. 8 nm). E; and Ecz were determined as
previously shown, and observed to decreased (ca. 0.01 eV and — 0.005 V vs RHE, respectively) upon increasing
the annealing temperature above 300°C, but keeping an almost constant value at the two used temperature
(400°C or 600°C) (Figure 13b). As observed for ZnO film of different thickness, this was related to the

enlargement of ZnO crystallite size [96].
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Figure 13. (a) UV-vis absorption spectra and (b) Eg and Ecg vs annealing temperature of ZnO samples annealed in
different conditions.

The films morphology, examined through AFM, revealed a more flat surface upon inert annealing at 400°C

(Figure 14b) compared to the air annealing at 300°C (Figure 14a), while further increase of the annealing

temperature afforded a higher roughness of the film (Figure 14c). The flat surface on 400ArZn could be
120



ascribed to the crystallization and enlargement of ZnO crystallites, which resulted in a relatively smooth
surface [97], while on 600ArZn the roughness was supposed to arise from a inhomogeneous evaporation of

the ZnO [95], further supporting the thinning of ZnO through evaporative loss.

Figure 14. AFM images of (a) 100AZn; (b) 400ArZn; (c) 600ArZn.

The chemical effect of different annealing conditions was evaluated by the O1s signal deconvolution (Figure

S4 and Figure S6) of high-resolution XPS spectra. Three main O1s bands were recognized (Figure 15):

1. 0Oa.line (530 eV), ascribable to 0% lattice ions [85].
2. Oy line (531.5 eV), ascribable either to hydroxyl moiety [86] or 0%~ within O-deficient lattice matrix
[87].

3. Ocline (533 eV), mainly ascribable to adsorbed species such as H,0, CO; or organic carboxylate [86]

The different contributions of these three bands, as atomic %, are summarized in Table 2. The annealing
treatment had a remarkable effect on the 0./O, ratio, that can be ascribed to the crystallinity and defectivity
of the films. The lowest value on 300AZn, suggested a poorly crystalized material due to the low annealing
temperature and a residual amount of organics from the precursors, as evidenced both on the Cls band
(Figure 9b) and by the high amount of O, (9%). Annealing treatment at 400°C (400ArZn) led to the highest
0./0y value, ascribable to the improved crystallinity of the material. Further increasing the annealing
temperature (600ArZn) still mantain good crystallinity (67% Oa.), but a decreased 0,/Oy ratio suggested an
enhancement of defects concentration (i.e. oxygen vacancy), due to the preferential desorption of oxygen

during the O,-free thermal treatment [98].
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Figure 15. O 1s high resolution XPS signals of 100AZn, 400ArZn and 600ArZn.

Table 2. Contribution (atomic %) of Oa, Ob and Oc to the O 1s signal of 100AZn, 400ArZn and 600ArZn.

Sample 0. (%) O (%) 0. (%) 0./0s
100AZn 48 43 9 1.1
400ArZn 71 23 5 3.1
600ArZn 67 32 6 2.1

To summarize this section, the following conclusions can be drawn:

1. The thickness can be easily tuned from ca. 3 nm up to 60 nm by changing the Zn concentration in
the solution precursor. The morphology is also changed affording in more rough films when using
higher concentration Zn solutions. Quantum confinement effects can be finally observed in thinner
films (t < 30 nm), exhibiting E; increase up to 0.05 eV, with consequent increase of Ec.

2. The annealing conditions affected the morphology and chemical structure of ZnO thin films, as
graphically represented in Figure 16. A rough, amorphous-rich and organic-impure film is obtained
by air annealing at 300°C. A more flat and well-crystallized film was achivied by increasing the

temperature to 400°C (inert atmosphere). Higher annealing temperature, was supposed to lead to
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an enlargement of ZnO crystallites and a partial evaporation of ZnO, in turn affording a thinner and

rougher film, with an improved concentration of intrinsic defects.

(a) (b) (c)

‘.. Q.l

Figure 16. Scheme of the effect of annealing on ZnO thin film. (a) 300°C, air; (b) 400°C, Ar; (c) 600°C, Ar. Amorphous
Zn0 is represented as bright blue areas; crystalline ZnO as dark blue areas; defects (oxygen vacancy) as Vo.

3.2. CuFeO; PHOTOCATHODE

Chemical vapour deposition (CVD) was chosen as alternative CFO synthetic technique to the already reported
sol-gel method [60,69], because homogeneous, dense films, with good adhesion to the substrate, can be
achieve [99]. Aerosol-assisted chemical vapour deposition (AACVD) was utilized, because contrarily to
traditional CVD: (i) avoid the utilization of volatile precursors, often reactive and harmful and (ii) allow a high

mass transport of the precursor to the substrate [100].

Several parameters affect the AACVD process (i.e. precursor, solvent, spray flow etc.) [100], for this reason
the procedure used in this work was previoulsly optimized by Dr. F. Boudoire in order to get a phase-pure
CFO, with a proper thickness and the best PEC performances. After the AACVD, an amorphous layer of Fe;0;
and CuO was obtained. The inert atmosphere annealing led to the reduction of Cu(ll) to Cu(l) and the
crystallization of the delafossite phase [64]. Finally, a mild air post-annealing was experimentally observed to
improve the attainable photocurrent, probably due to improved p-type conductivity by oxygen intercalation

[60]. A scheme of the overall synthetic process is reported in Figure 17.
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Figure 17. Scheme of the synthetic procedure of CFO thin films. (a) AACVD, a-CuO and a-Fe,0s stand for the
amorphous oxides; (b) Ar annealing, CuFeO; is the crystallized phase; (c) air post-annealing, Cui.xFe;1xO; is the oxygen-
intercalated material.

The phase-purity was assessed through Raman spectroscopy (Figure 18a). The E; (346 cm™) and A1, (686 cm™
1) modes of CuFeO, delafossite, as well as disorder induced modes (187 cm™ and 502 cm™) [101], were
detected confirming the phase-purity of the synthetized film. No other phases such at 218 cm™, 290 cm™,
1300 cm™ can be detected, due to Cu,0 [102], CuO [103] and Fe,0s [104], respectively. The latter, especially,
was experimentally observed to negatively affect the PEC performance of CFO. The optical absorption (Figure
18b) revealed a broad band covering the whole visible region (400-800 nm). A 1.48 eV indirect E; (Figure S5a)
and a3.18 eV direct Eg (Figure S5b) evaluated by means of Tauc plot analysis, were in good in good agreement

with literature reports for CuFeO; [60].
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Figure 18. (a) Raman spectrum of CFO. Asterisks designates disordered induced non-zone centre modes [101]. (b) UV-
vis absorption spectrum of CFO.

The thin film morphology examined through SEM reveals a rough surface (Figure 19b) composed of globular
particles of average dimension between 100 and 200 nm (Figure 19a). The film thickness was esteemed to

be ca. 100 nm, as evidenced by the cross-sectional SEM (Figure 19).
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Figure 19. (a), (b) Top-view SEM images of CFO at different magnification; (c) cross-sectional SEM of the CFO
photoelectrode. The CFO layer is highlighted by the two red dashed lines.

The PEC performance of CFO was evaluated by LSV using an electrolyte containing a sacrificial electron
acceptor, namely NasS;0s, in order to maximize the attainable photocurrent by reducing kinetic charge
transfer limitations [79] and avoiding the SSs issue [60]. A representative LSV of CFO photoelectrode is
reported in Figure 20. The overall cathodic current (blue dashed line) is the sum of the dark current (black
dashed line) and the photocurrent (Jpn). Jon is the main parameter for performance assessment of a
photoelectrode, directly representing the amount of photogenerated charge carriers can move toward the
SC/electrolyte interface, usually referred to an arbitrary potential, chosen 0.2 V vs RHE in the present work.
Another important parameter is the onset potential (Eonser), defined as the potential at which the
photocurrent starts to rise. On an energetic point of view, this is the potential at which the electrolyte redox
potential (E°a/a-) and the SC Fermi level (Eg) align under irradiation, allowing the interfacial charge transfer to
occur. This value is related both to kinetic limitations at SC/electrolyte charge transfer processes
(overpotential), negligible if a sacrificial reagent (i.e. Na;S;0s) is used, or to the presence of SSs [105].
Averaged value of Jon @ 0.2 V vs RHE and Eonser, were assessed 1.4 0.2 mA-cm™ and + 0.83 + 0.02 V vs RHE,

respectively.
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Figure 20. LSV of CFO in 0.1 M NaHCOs3 + 0.1 M Na,S,0s.

The acceptor density (Na), related to the hole mobility and thus to the bulk charge separation efficiency, and

the flatband potential (Ers), related to the Ey position, were determined as reported in Section 2.4.3, by fitting

the Csc2 vs E plot (Figure 21a) with the Mott-Schottky relation. Na was assessed to be (7.1 £ 0.4) - 108 cm™3,

while Ers to + 0.934 £ 0.006 V vs RHE, the former being comparable to sol-gel CFO, while the latter is slightly

less positive [60]. The photovoltage (Equation 1) measured through OCP (Figure 21b) and affected by the

presence of SSs, was assessed to be 0.11 V, a lower value than those reported for sol-gel CFO [69].
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Figure 21. (a) Mott-Schottky (MS) plot and MS fit; (b) Open circuit potential (OCP) in 1.2 M Eu3*/?* electrolyte.

UV-vis, EIS and OCP analyses allow to design the energetic picture of CFO reported in Figure 22. In details, Es

(= Ef) is supposed to be located 60 meV above the Ey (+ 0.99 V vs RHE) [69]; Ec (— 0.49 V vs RHE) is assessed

as difference between indirect E; and Ey [60]; while the position of Ess (+ 0.82 V vs RHE) is determined as

difference between Ef and the measured OCP [69].
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Figure 22. Energetic picture of CFO.

Summarizing the results of this section, a CFO thin film was prepared through AACVD and its phase
composition, morphology and optical properties assessed. The opto-electronic performances in term of
photocurrent and onset potential was evaluated and, coupling optical absorption measurements with EIS

and OCP, and energetic picture of the CFO thin film was proposed.
3.3. ZnO/CuFeO,; COMPOSITE PHOTOCATHODES

The procedures optimized for ZnO thin films (Section 3.2) were used to coat the AACVD-synthetized CFO
photocathode (Section 3.3) and their PEC performance assessed in sacrificial conditions. Different amounts
of ZnO were loaded onto the CFO photocathode, ranging from 0.5 mM to 200 mM of Zn precursor solution
(0.5AZn/CFO and 200AZn/CFO samples, respectively), aiming to tune the overlayer thickness. No remarkable
differences in term of phase composition and optical properties were observed on CFO upon loading the ZnO

overlayer, as evidenced by Raman and UV-vis absorption spectra (Figure S6).

The film morphology examined by SEM reveals that the rough globular particles of CFO (Figure 23a) have
been coated with an apparently smoother and uniform layer of ZnO on the sample with the highest Zn loading
(200AZn/CFO, Figure 23b). Conversely, such differences cannot be clearly appreciate through AFM (Figure

24a, 27b and 27c), further supporting the quite homogeneous ZnO coating.
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Figure 23. SEM images of (a) bare CFO; (b) 200AZn/CFO.

Being an n-type SC, the ZnO overlayer should induce a p-n heterojunction being coupled with a p-type SC
[106]. Heterojunction formation was investigated through SKPM, probing the change in Ef at equilibrium in
dark conditions [107]. As reported in Figure 24d, 27e, 27f, a shift of the average Er value toward less negative
value upon loading ZnO overlayer was observed, reaching the largest difference with the highest ZnO loading
(200AZn/CFO, Figure 24f). No significant differences on topological distribution of Er by SKPM came up. These
results suggested that the ZnO overlayer, especially the thicker one, was effective in the generation of a p-n

heterojunction.

Figure 24. AFM of (a) CFO; (b) 5AZn/CFO; (c) 200AZn/CFO. SKPM of (d) CFO; (e) 5AZn/CFO; (f) 200AZn/CFO.

The film thickness was assessed through XPS depth-profiling and compared to ZnO/glass substrates. At low
Zn loading (Figure 25a), ZnO was barely detected, suggesting a very thin layer actually covered the surface.
At high Zn loading, namely on 200AZn/CFO, this element was still detected at 40 nm depth (Figure 25b). No
sharp change in Zn signal vs Cu or Fe ones, ascribable to a discrete ZnO/CuFeO; bilayer structure, was
observed (Figure 25b). This was motivated either as a preferential sputtering during depth profiling [108] or

due to an inhomogeneous thickness of the ZnO overlayer. Nonetheless, depth profiling results on
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200AZn/CFO can be considered in good agreement with thickness of 200AZn on glass (ca. 30 nm), confirming

the reliability of ZnO thickness assessed on glass substrates.
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Figure 25. XPS depth profiling of Fe2p3/2, Cu2p3/2, Zn2p3/2 lines on (a) 5AZn/CFO and (b) 200AZn/CFO.
The PEC performances were evaluated through LSV in sacrificial conditions. As reported in Figure 26, the ZnO
overlayer decreases the photocurrent, and such effect was more pronounced with increasing the Zn loading

(light-blue to dark-blue curves). Moreover, the Eonser shifted toward less positive potentials.
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Figure 26. LSV of CFO and ZnO-coated CFO in 0.1 M NaHCO; + 1 M Na,S,0s.

A more detailed screening of the impact of Zn loading on the attainable Jon @ 0.2 V vs RHE is reported in
Figure 27a. The Jon slightly decreases respect to bare CFO can be observed up to 10 mM Zn in the spin-coating
precursor solution. Further increases in Zn loading, have a remarkable effect in reducing the photocurrent
(Joh < 0.3 mA/cm?). Despite the formation of a p-n heterojunction observed through SKPM, that in principle
should enhance charge carrier separation, no improvement in Jon was observed upon loading ZnO. The
overlayer thus acts by hindering charge transfer. The remarkable differences observed between low (< 10

mM) and high (> 10 mM) Zn loading, can be ascribed either to the formation of an overlayer homogeneously

129



covering the CFO surface or a layer thicker than ca. 3 nm, increasing the resistance in charge transfer at

interfaces (CFO/Zn0O and ZnO/electrolyte).

Another interesting effect was the shift of Eonser toward less positive potentials. As pictured in Figure 27b,
the 0.5AZn/CFO sample, with the lower Zn loading (0.5 mM Zn), reveals no change in Eonser, supporting the
idea of a very thin ZnO layer and/or uncomplete surface coverage that barely affects the nature of the
surface. Conversely, increasing the Zn loading afforded a shift of Eonser toward less positive potential, up to
0.24 V with the highest Zn loading (200AZn/CFO). The Ef, as previously observed through SKPM
measurements, had shifted upon loading CFO with the ZnO overlayer and this was supposed to be reflected
on the Eonser as well, since this value is related to the alignment between electrolyte redox potential (E°a/a-)
and the SC Fermi level (Ef). The heterojunction was thus hypothesized to dictate the energetic picture at
SC/electrolyte interface of ZnO/CFO electrodes, while SSs on CFO were supposed to be passivated by the
overlayer. New SSs at ZnO interface could occur and further complicate the data interpretation, however

lacking in direct experimental evidence in this work, so they were neglected for simplicity.
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Figure 27. (a) Jon @ 0.2 V vs RHE dependence on Zn concentration in the precursor solution; (b) Eonser on CFO and ZnO-
coated CFO.

The effect of different annealing conditions was investigated on the highest ZnO loading. Despite the
measured Jpn was still low compared to bare CFO, an improvement was gained by annealing at 400°C
(400ArZn/CFO), reduced again by further increasing the annealing temperature at 600°C (600ArZn/CFO)
(black trace, Figure 28). As observed in Section 3.3., Ar annealing at 400°C improves the crystallinity of ZnO,
likely to improve the conductivity of the material [73]. Further increase of the annealing temperature
increased the amount of defects within ZnO, probably decreasing the conductivity [109]. The Eonser (blue
trace, Figure 28) exhibited a shift toward more positive potential by increasing the annealing temperature,
in particular at 600°C where. On 600ArZn/CFO, as suggested in Section 3.1, thinning of the overlayer due to
diffusion in the underlayer and/or evaporation of ZnO was also likely to occur. The change of Eonser was

related to a shift of Eg as previously observed through SKPM measurements, and the different nature of ZnO
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surfaces (Section 3.1), was hypothesized to affect the Fermi level equilibration within the p-n junction, even

though further studies would be required for a better understanding of the phenomenon.
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Figure 28. Jon @ 0.2 V vs RHE and Eonser of samples annealed in different conditions.

On the basis of the shown results, the energetic pictures of ZnO-coated CFO are proposed in Figure 29. Bare
CFO, being a p-type SC, was characterized by an Ef close to the Ey edge and SSs at 0.1 V above the latter
(Figure 29a). When loading a thin overlayer of ZnO (less than 3 nm, Figure 29b), the overlayer experienced a
guantum confinement effect as pointed out in Section 3.1, and the heterojunction Er was supposed to be
shift upward (ca. 0.35 eV) after the equilibration between CFO and ZnO. By thickening the overlayer (Figure
29c¢), the lack of a quantum confinement effects was suggested to move Ec toward less negative potentials
(ca. 0.02 V), while Ef was further shifted upward probably due to the larger contribution of ZnO in the
equilibration phenomena. Finally, the high temperature annealing (Figure 29d) did not afford a change in
band edges position, due to the lack of quantum effects on large ZnO crystallites. A similar Er was observed
by annealing the overlayer at 400°C while going further (600ArZn/CFO, not shown in the picture), a thinner
and defect-rich ZnO layer occurred, and the Er decreased of ca. 0.1 V. In any case, upon loading ZnO the Eonser
was hypothesized to be dictated by the Fermi level on the p-n heterojunction, and the original SSs on CFO

were thus supposed to be passivated.
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Figure 29. Energetic pictures of ZnO-coated CFO. (a) bare CFO; (b) 5AZn/CFO; (c) 200AZn/CFO; (d) 400ArZn/CFO. ZnO
Ec and Ey band edges were determined in Section 3.1.

One of the aim of using a ZnO overlayer was also to improve the adsorption of CO,. To assess this property,
ATR-FTIR spectra were measured on dry bare photoelectrode (CFO and 200AZn/CFO), after quick rinsing in
the sacrificial electrolyte (0.1 M NaHCOs + 0.1 M Na,S,0s) and after washing away the residual electrolyte.
All samples exhibited two peaks at 800-820 cm™ and at 508-517 cm™ (Figure 30) ascribable to FeOg octahedra
[110] and linearly coordinated Cu-O [111] vibrations, respectively. 200AZn/CFO reveals a new band at 561
cm™ that, ascribable to Zn-0 vibration in ZnO [112], supporting the composition previously observed by XPS.
Some more interesting differences, were observed at higher wavenumber in samples rinsed in the
electrolyte. In both, two weak overlapped bands at 1300 cm™ and 1270 cm™, can be assigned to 5,05 ions
[113] while in 200AZn/CFO a new band at 1482 cm™ can be assigned to COs*" ions [114]. Interestingly, both
bands disappear on both samples upon washing with water, suggesting a weak absorption of the ions on

both surfaces.

These results confirm that the ZnO overlayer can enhance CO, adsorption, in form of CO3%>". Moreover, the
competitive adsorption of both S;0s>~ and COs*~ over ZnO-modified surfaces can afford in an increased
resistance of ZnO/electrolyte charge transfer. This observation can suggest a relevant contribution of
competitive adsorption to the observed decrease, at high Zn loading, of Jon in Figure 27a, despite the presence

of a p-n heterojunction that should in theory enhance the charge carrier separation.
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Figure 30. ATR-FTIR spectra of (a) CFO and (b) 200AZn/CFO. Bare thin film (black trace), electrolyte-rinsed (red trace)
and water-washed (blue trace) spectra are reported.

Summarizing this section:
1. ZnO overlayers, coated with the procedure optimized in section 3.1., had a slightly effect on the
morphology of the film, retaining the globular shape of bare CFO. The thickness was assessed to be

comparable with that determined in section 3.1 and p-n heterojunctions formation were observed

on ZnO/CFO samples.
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The PEC performances in term of Jy, revealed a slight decrease at moderate ZnO loading, becoming
more pronounced at high ZnO loading. This effect can be related to charge-transfer resistance at
CFO/ZnO interface and, in particular, to ZnO/electrolyte interface, the latter due to a competitive
absorption of the sacrificial reagent and the bicarbonate ions in solution. The shift of Eonser was
related to a shift of E¢, further supporting the formation of a p-n heterojunction and suggesting SSs
on CFO to be passivated.

The effect of the overlayer annealing was observed to affect both J,» and the Eg position. Specifically,
increasing the annealing temperature afforded on well crystallized ZnO overlayer that allow a more
efficient charge transfer across ZnO/CFO interface and did not significantly alter the E¢ position
compared to the mild-annealed ZnO. Further enhanching the annealing temperature, a thinner and
defect-rich overlayer was obtained, which increases the charge transfer resistance and slightly shift

downward the E¢ of the p-n heterojunction.

3.4. Cu CO-CATALYST LOADED PHOTOCATHODES

Aiming an improvement of CO, reduction kinetics [35], Cu co-catalyst was loaded on both CFO and ZnO-

coated CFO. Photoelectrochemical deposition (PED) was selected as simple and fast loading technique,

widely used for Pt deposition as HER co-catalyst [24,60], but not reported yet for Cu co-catalyst.

The PED was performed using a precursor solution of 1 mM Cu(OAc),, buffered to pH 6.6 with NaOAc: an

almost neutral solution is required to limit the possible acidic dissolution of ZnO. The appropriate potential

to run the PED was determined through an LSV using bare CFO as working electrode. As reported in Figure

31a, at 0.58 V vs RHE a total current density of 0.147 mA-cm™ is obtained (red trace), with a negligible

contribution of the buffer alone (0.01 mA-cm™, blue trace). In Figure 31b, the chronoamperometry of PED

revealed a quite stable current density of 0.12 mA-cm™ for 10 minutes, with an insignificant contribution of

the buffer alone (blue trace), confirming what observed through LSV.
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Figure 31. (a) LSV and (b) chronoamperometry of Cu and Cu-free buffered solution for PED on bare CFO.
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The PEC performances in non-sacrificial conditions, aiming the actual CO; reduction, are known to be affected
by the type of purging gas, inert or CO, [53]. Thus, LSV were performed on both Ar- and CO-purged
electrolyte (0.3 M NaHCOs). As reported in Figure 32, an anodic feature (above ca. 0.7 V vs RHE) is observed
on the right side of both Ar-purged and CO»-purged LSV graphs when using Cu/CFO, immediately followed
by a cathodic light-induced, feature below such potential. This behaviour is likely to arise from the oxidation
and immediate reduction of Cu co-catalyst on the surface. Far away from this weird redox feature, a
noteworthy enhancement of Jy, is observed on both Ar- and CO,-purged electrolytes, affording Jon @ 0.2 V
vs RHE of 0.12 mA-cm™ in both cases. No significant differences can be appreciated, suggesting the purging

gas to do not play a crucial role on LSV measurements.
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Figure 32. LSV of CFO and Cu/CFO in (a) Ar-purged and (b) CO»-purged 0.3 M NaHCO3 electrolyte. CO,-purged LSV
were run after Ar-purged experiment.

The next step was to assess the stability of the deposed Cu co-catalyst. Unfortunately, as reported in Figure
33, Jonh suddenly decreases almost to zero after one minute of stability test, both on Cu/CFO and
Cu/200AZn/CFO, leaving only ca. 0.05 mA-cm™ contribution of dark current. The observed up and down
spikes, arise from transient capacitive current due to charge accumulation at SC/electrolyte interface, when

light is switched on or off, because slow charge transfer kinetics [60].
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Figure 33. Chronoamperometry @ 0.2 V vs RHE on chopped light (10 s dark — 30 s light) of Cu/CFO and
Cu/200AZn/CFO in CO,-purged 0.3 M NaHCOs.

Due to the poor stability and the very low attainable photocurrent, no further PEC tests were performed to

identify and quantify the obtained reduction products.

The AFM image of as-deposed Cu/CFO revealed some small globular particles (Figure S7a) that revealed some
differences in phase-contrast imaging as well (Figure S7b), an imaging technique that can highlight small
features on rough surface, like differences in composition (i.e. second phase materials) [115], pointing out
the actual surface decoration with Cu-based particles. After PEC utilization, these features disappeared from
the surface (Figure S7d and Figure S7e). A slight change in the average Er (ca. 50 mV) was also probed by
SKPM (Figure S7c and Figure S7f). Metals on SC are known to induce a Schottky barrier which changes the E¢
[116], so that this shift could further support the disappearance of the Cu-based particles observed on AFM
images. A possible explanation relies on the physical detachment of the co-catalyst, as already reported on

CFO [60], but a clear understanding of the phenomena would require further studies.

Nevertheless, it can be generally stated the co-catalyst to be weakly stabilized over the surface. This point
out a careful selection of co-catalyst, its loading technique [15] and the utilization of a suitable overlayer [60]

to be extremely important in affording a stable and effective co-catalysts.

Concluding this section, Cu co-catalyst was introduced over CFO-based photocathode and was observed to
improve the photocurrent in non-sacrificial conditions, but fails in stability tests, likely due to a weak

stabilization of the co-catalyst by the photoelectrode surface.
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4. CONCLUSIONS

Through this work, earth-abundant oxide-based photocathodes were synthetized and their PEC performance

in reduction reactions assessed. In details:

1.

A solution-based method was developed to prepare ZnO thin films with tunable thickness, by
changing the precursor concentration in solution, and structural properties (i.e. crystallinity and
defectivity), by annealing the thin films in different conditions.

A vapour-phase process, namely AACVD, was used to prepare CFO photocathodes. A phase-pure CFO
thin film composed of globular particles was obtained. Band edges (Ec and Ey) and SSs position were
evaluated through spectroscopic and electrochemical techniques, to design an energetic picture of
CFO.

ZnO thin films were coated, by the solution-based method, as overlayers on bare CFO
photocathodes. A homogeneous coating of CFO surface and the formation of a p-n heterojunctions
were achieved. Concerning PEC performance, low ZnO loading induces a slight decreases of Jph in
sacrificial conditions, becoming more pronounced at high loading due to a thicker film and/or a more
uniform coating of CFO surface. The competitive ion adsorption is also supposed to increase
SC/electrolyte charge transfer resistance at high ZnO loading. Different annealing conditions of ZnO
change the electrical conductivity of the overlayer, reaching the highest charge-transfer efficiency by
400°C inert annealing.

Cu co-catalyst was introduced on both CFO and ZnO/CFO photocathodes to improve CO, reduction
kinetics (non-sacrificial conditions). Despite a first Jon enhancement was observed, the co-catalyst
was not stable on the surface. This result suggested a careful selection of the co-catalyst, its loading

technique and the overlayer to be essential to achieve effective and stable CO; PEC reduction.
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5. SUPPLEMENTARY INFORMATIONS
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Figure S1. (a) UV-vis absorption spectra and (b) Tauc plots of ZnO thin films at different Zn precursor concentration.
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Figure S2. Tauc plots of ZnO thin films annealed in different conditions.
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Figure S3. XPS O1s band deconvolution of (a) 100AZn and (b) 400ArZn.
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Figure S6. (a) UV-vis absorption spectra and (b) Raman spectra of CFO and ZnO/CFO photoelectrodes.
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Figure S7. Figure 34. As-deposed Cu/CFO (a) AFM; (b) phase-contrast AFM; (c) SKPM. PEC-used Cu/CFO (d) AFM; (e)
phase-contrast AFM; (f) SKPM.
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1. INTRODUCTION
1.1 THE SURFACE DEGRADATION OF CULTURAL HERITAGE

The cultural heritage is largely composed of stone-based materials, which are affected by several kinds of
damaging processes, such as physical [1,2], chemical [3] or biological [4] ones. Such effects have a negative
impact on its aesthetic value and potentially affecting the local economy as well. For this reason, it is essential
to understand the mechanism of damaging processes [5] and to develop appropriate remediation strategies

[6,7].

Physical damage often affords morphological alterations [8], due to a change of the shape of the artifact
(Figure 1a), and could be very harmful because affecting the structural integrity of the artifacts itself.
Chemical [9] and biological [10] phenomenon, despite potentially affect the stone structure and morphology
as well, usually induces chromatic alterations by changing the color of the artifact (Figure 1b). Despite having
less serious effects, such alterations still negatively affect the aesthetic value of a material involved part of

the cultural heritage.

Figure 1. (a) Morphological alteration due to salt crystallization [8] and (b) Chromatic alteration due to algae growth
[10]. Increasing exposure time from left to right.

A well-known chromatic alteration on cultural-heritage is the formation of black crusts due to gypsum
formation (Reaction 1), especially on limestone or mortars [11]. Gypsum does not absorb in the visible light,
but undergoes dissolution and re-precipitation phenomenon which incorporate carbonaceous particulate

matter, giving the typical colour of such gypsum-based crust [9].

(1) CaCO; + H,SO, + H,0 - CaS0, - 2H,0 + CO,
Another important chromatic alteration is the growth of cyanobacteria or green algae, which form a biofilm

staining the stone material [12]. Beside the chromatic effect, this biofilm can also allow the growth of other
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microorganism, such as bacteria and fungi, which have a minor role in staining, but cause more severe

damaging due to acid metabolites and mechanical effects [12,13].

The climatic and environmental changes that our planet is experiencing, affect also the deterioration of stone
cultural heritages. Smith et al. pointed out a change in the staining phenomenon of stones, due to the
decrease amount of sulfur oxides (SOy) responsible of gypsum-based black crusts, and the improvement of
algae-based staining due to an increase in nitrogen oxides (NOy), representing a source of nutrient for the
microorganisms [5]. The rise of CO;, concentration and humidity in the atmosphere, further stimulate the

growth of algae, and the consequent staining of stone materials [10].

Finally, anthropogenic staining (i.e. graffiti vandalism, Figure 2) is another form of chromatic alteration of

stone materials, due to the intentional coating with an organic material (i.e. paints) [14].

Figure 2. Graffiti vandalism with a red paint on a lion statue in Venice in 2018 [15].

1.2. CULTURAL HERITAGE REMEDIATION: LIGHT-DRIVEN SELF-CLEANING

The removal of superficial deposits causing chromatic alteration of cultural heritage, can rely on different
methods, such as mechanical [16], physical (i.e. laser) [17], chemical [18,19], biological [19,20] or combined
approaches (i.e. physical-chemical) [21]. All these techniques, however, have the drawback to be effective

only once the material has been already damaged.

An alternative method is to prevent the formation and accumulation of these deposits, namely modifying
the surface aiming to get it a self-cleaning property. This feature can rely on a physical effect, allowing the
deposits to be easily washed away (i.e. superhydrophobicity or superhydrophilicity), but also on a chemical
one, through a chemical attack that oxidizes the deposit to simple and safe molecules (i.e. CO; and H,0) [22].
Photocatalysis is an appealing choice to achieve such chemical self-cleaning feature, because able to operate
in very mild conditions (r.t. and atmospheric pressure), using the atmospheric O, as bleacher and the light as
energy source, even with a low intensity such as in indoor environment [23], ideal conditions to easily and

cheaply prevent stain deposits on cultural heritage.
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The mechanism of the photocatalytic self-cleaning is pictured in Figure 3. As for other photocatalytic reaction,
it involves the generation of photoexcited charge carriers, electrons and holes, upon absorption of photon
of suitable energy by the semiconductor. Then, a superficial charge transfer occurs by the reaction of
photoexcited electrons with a suitable electron acceptor, O, in the case of a photo-oxidation, and holes with
an electron donor, organic compounds (RH) composing the stain deposit, which are eventually oxidized

(pathway 4) [24].

The organics oxidative decomposition occurs also through another pathway. Indeed, O, undergoes a multi-
step reduction by the photoexcited electrons (pathway 2) affording different intermediates such as
superoxide ions (02~ '), hydrogen peroxide (H,0,) and hydroxyl radical (HO ), the so-called reactive oxygen

species (ROS), finally involved in the oxidative degradation of organics (pathway 3) [25].

o, co, H.0 Ec ) (2) .
\\LC Pz" ) Hz'o2 [ 3 HO"
(1) K a)
RH RH
pEF*______fC €0, CO, + H,0
E (a) "

Figure 3. Mechanism of photocatalytic self-bleaching surface. (1) Excitation of the semiconductor (SC); (2) oxygen
reduction reaction to ROS; (3) Organic compounds (RH) oxidation by ROS; (4) Organic compounds oxidation by
photoexcited holes. The energy levels are labelled according to the Preface section.

Different materials have been used in the photooxidation of organic compounds. Titanium dioxide (TiO,) [26],
zinc oxide (Zn0O) [27] and strontium titanate (SrTiOs) [28] have been involved as wide-bandgap semiconductor
(SC), capable of harvesting UV photons only, while materials such as tungsten trioxide (WQOs) [29], bismuth
vanadate (BiVO,) [30], hematite (Fe,0s) [31], cadmium sulphide (CdS) [32] or graphitic carbon nitride (g-C3N4)
[33], having a narrower bandgap, are able to exploit also the visible light photons, more abundant in sunlight.
Besides pure materials, heterostructures such as TiO,/ZnO [34], Cu,0/Zn0O [35] or g-CsN4/WOs; [36], have
been reported too. These composites take advantages of the interfacial charge transfer (heterojunction)
from one material to another, reducing the photoexcited charge carrier recombination and eventually

boosting up the photocatalytic activity [34].

Despite the large amount of photocatalytic material available for organic photodegradation, few reports can
be found in literature (Table 1) concerning the exploitation of photocatalysis, mainly pristine TiO,, as self-
cleaning tool for stone-like materials in the cultural heritage field [37-39], making this appealing application

of photocatalysis a relatively unexplored field. In this context, an interesting candidate is a plaster, in which
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a photocatalyst could be incorporated easily in the formulation, like marmorino, a material used in Venice

building and part of the cultural heritage of the city.

Table 1. Examples of photocatalytic materials used for self-cleaning surfaces.

Ref. Surface
[37] Portland

cement mortar
and silicate-

coated mortar

[38] White cement —
metakaolin -
glass (inert)

mortar

[39] Travertine
blocks

(limestone)

Photocatalyst
TiO, (P25,
Evonik)

TiO, (pure
anatase and
P25 Evonik)
Colloidal

anatase TiO;

Conditions

r.t. and 0.1 MPa;

UVA light (315-400 nm); 3.7 W-m~>;

Rhodamine B as reactant; 25 h

irradiation; 2 — 4 wt. % TiO, within

the mortar and 5 — 20 wt. % TiO; in

the silicate coating

25 — 40 °C and 0.1 MPa; UVA light

(3.1 = 3.4 W-m™) and visible (0.5 —

0.6 W-m72); Rhodamine B

as

reactant; 4 or 26 h of irradiation;

weathering with 12 h of wet dark

(pumping water) and dry daylight

(UVA light source) conditions for 1

or 2 weeks

r.t. and 0.1 MPa; UVA (3.5 W-m™)

26 h of irradiation for Rhodamine B

degradation; UVA (20 W:m™2) for

NOy photooxidation (0.6 ppmv NO

in air, flow 1.5 L'‘min?)
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Comments

Comparable activity TiO, bulk

(within the mortar) vs TiO,
coating; loss in activity upon
recycling the former
(detrimental effect of reaction
intermediates uptake), activity
latter

enhancement in the

(decomposition of  organic
additives in the silicate coating,
acting as inhibitors).

Best performance with the
coated TiO; 50%

(ca. dye

removal); activity loss upon
weathering, more pronounced
with P25 suspension probably
due to catalyst physical
detachment; activity either on
UVA (direct excitation) or visible
(indirect excitation) light

Comparable activity toward dye
removal using a single layer or a
three-layer spray-coated TiOy;
slight better NO removal with
the three layers deposited TiO,

(35% vs 25%)



1.3. CASE OF STUDY: VENETIAN MARMORINO

Marmorino is a plaster traditionally used in Venice city as a coating for both inside and outside walls. This
stone-based material differs from other plaster due to its composition, being a mixture of marble powder
(CaC0s) and hydrated lime (Ca(OH)2), and the fresco su fresco coating technique, in which each layer of
plaster is applied over the previous one without waiting the full carbonatation process of Ca(OH),. This
process (Reaction 2) converts the hydrated lime into a solid layer of CaCOs, bounding the marble particles

each other, and gives both mechanical resistance and good water vapor permeability [40].
(2) Ca(OH)Z + COZ d CaC03 + Hzo

Historically, plaster with marble powders dates back to the ancient Rome, testified in the 1% century BC by
Vitrivius in the De Architectura book. During the Renaissance, along with the rediscovery of classical culture,
a revival of this material occurred, in particular in the Serenissima (Venetian Republic), dating back to the
seventeenth century AD. This material is still used nowadays in Venice (Figure 4), both in new buildings as
well as in the restoration of many buildings. A superficial treatment with of lime water, soaps, natural waxes

or vegetable oils is usually involved to protect marmorino against weathering [41].

As other stone-based material, this material suffers of several types of surface damaging phenomena
affording a chromatic alteration, as described in Section 1.1. This affects its aesthetic values and requires a
cleaning procedure to restore the original surface, or an appealing alternative procedure such as the
photocatalytic self-cleaning process. Nonetheless, to the best of our knowledge, no reports concerning the
addition of photocatalytic material in Venetian marmorino formulation, aiming a self-cleaning property, have

been reported yet.

Figure 4. (a) Indoor and (b) outdoor example of marmorino wall coating.
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1.4. AIM OF THE CHAPTER

The aim of this chapter is to develop some ZnO- and TiO,-modified Venetian marmorino aiming to obtain a
self-cleaning property on this material, while preserving its aesthetic features. The preparation of the
marmorino was performed in collaboration with Mr. Giorgio Berto (Uni.S.Ve company, Venice, Italy) and

Arch. L. Scappin (IUAV University of Venice, Venice, Italy). In details, the work is divided in two sub-sections:

1. Evaluation of how the main structural, morphological, optical and surface properties of Venetian
marmorino are modified by the addition of ZnO- and TiO;-based material.
2. Assessment of the photocatalytic self-cleaning property and the impact of the above-mentioned

properties on the material photoactivity.
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2. MATERIALS AND METHODS
2.1. REAGENTS

The following reagents were used as-received: zinc oxide (ZnO, assay > 99.99%, Carlo Erba) zinc nitrate
hexahydrate (Zn(NOs),-6H,0, assay > 99%, Sigma Aldrich), sodium carbonate (Na>COs, assay > 99.5%, Sigma
Aldrich), titanium isopropoxide (Ti(O'Pr)s, assay > 97%, Sigma Aldrich), titanium (IV) oxysulphate sulphuric
acid hydrate (TiOSO4-xH,0-yH,S04, Ti assay > 29%, Sigma Aldrich), ammonia NHs aqueous solution (assay 30-
33%, Sigma Aldrich), isopropanol (assay 99.8%, Sigma Aldrich), methylene blue chloride (dye content > 82%,
Sigma Aldrich), gallic acid monohydrate (assay > 98%, Sigma-Aldrich), iron (lll) nitrate nonahydrate
(Fe(NOs)3-9H,0, assay > 98%, Sigma-Aldrich) and sodium oleate (fatty acid > 82%, Sigma Aldrich).

The material required for the preparation of the Venetian marmorino, quicklime (CaO), spolverone marble
powder (CaCOs, grain size 1 — 3 mm), impalpabile marble powder (CaCOs, grain size 0.07 mm) and Aleppo

soap, were supplied by Uni.S.Ve company (Venice, Italy).
2.2. SYNTHESIS
2.2.2. PHOTOCATALYTS SYNTHESIS

Laboratory-made TiO,, was prepared through a wet chemistry approach (precipitation) according to the
literature [42]. A 1.2 M TiOSO, solution was added dropwise to a beaker containing deionized water under
vigorous stirring. The pH was kept constant at 5.5 by the addition of a 9 M NHs aqueous solution. The as-
obtained suspension was aged at 60°C for 20 hours, then vacuum filtered, washed with deionized water to
remove dissolved ions and air-dried at 110°C for 18 hours. The dried product was finally annealed at 400°C

for 4 hours (ramp: 2 °C-min™2) in air flow (30 mL-:min™). The sample was labelled LAB-Ti.

Laboratory-made ZnO, was prepared through a wet chemistry method (precipitation). A 1.1 M Zn(NOs);
aqueous solution was added dropwise to a beaker containing deionized water under vigorous stirring. The
pH was kept constant at 9 by the addition of a 1.0 M Na,COs aqueous solution. The as-obtained suspension
was aged at 60°C for 20 hours, then vacuum filtered, washed with deionized water to remove dissolved ions
and air-dried at 110°C for 18 hours. The dried product was finally annealed at 400°C or 600°C for 4 hours

(ramp: 2 °C-min7Y) in air flow (30 mL-min~t). The sample was labelled LAB-Zn.

A laboratory-made TiO,-ZnO composite was prepared by wetness impregnation of TiO,. In details, Ti(OiPr),
precursor was dissolved in i-PrOH and added dropwise either to LAB-ZnO powder, to afford a 6 wt. % Ti
loading. The impregnated powder was air dried at 110°C for 18 hours and finally annealed at 400°C for 4

hours (ramp: 2 °C:min~Y) in air flow (30 mL-min™!). The sample was labelled LAB-TiZn.
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2.2.3. MARMORINO PREPARATION

The Venetian marmorino was was coated on a 20 x 20 cm cotto (fired clay) brick. A first underlayer composed
of coarse sand and lime putty (1:3 weight ratio) was applied onto a moisten brick. Then, two layers of
marmorino were coated. They are composed of impalpabile, a tiny-sized marble powder (0.07 mm),
spolverone, a coarser marble powder (1-3 mm) and lime putty in 2:1:1 wight ratio. The third layer of
marmorino, prepared mixing 16 g of calcium-based mixture previously mentioned either with 4 g of
photocatalysts (20 wt. %) or 4 g of impalpabile. The coated bricks were let in air at r.t. for 20 days, in order
to dry them and allow the carbonatation of Ca(OH), to occur. The as-prepared marmorino-coated brick

appeared as in Figure 5.

Figure 5. Freshly-prepared marmorino coated-brick.

The samples were labelled as following:

e M, pristine marmorino

e  M-COM-Ti, 20 wt. % benchmark TiO, (P25, Evonik) in the upper layer
o  M-LAB-Ti, 20 wt. % LAB-TiO; in the upper layer

o  M-COM-Zn, 20 wt. % benchmark ZnO (Carlo Erba) in the upper layer
o  M-LAB-Zn, 20 wt. % LAB-ZnO in the upper layer

o M-LAB-TiZn, 20 wt. % LAB-TiZnO in the upper layer

2.3. CHARACTERIZATIONS

The phase composition and crystallite size were measured by X-ray diffraction (XRD) using a Bruker D8
Advance DaVinci powder diffractometer using a sealed X-ray tube (copper anode; operating conditions, 40
kV and 40 mA) and a linear array detector (LynxEye), set to discriminate the Cu Ka radiation, coupled with a
Ni filter to completely remove the Cu K component. Data scans were performed in the 20 range 5-90° with

153



0.02° step size and point-detector equivalent counting times of 5 s/step. Quantitative phase analysis and
crystallite size determination were performed using the Rietveld method as implemented in the TOPAS v.5
program (Bruker AXS) using the fundamental parameters approach for line-profile fitting. The determination
of the crystallite size was accomplished by the Double-Voigt approach and calculated as volume-weighted

mean column heights based on integral breadths of peaks.

The specific surface area (SSA) was determined using nitrogen (N2) physisorption with a TriStar Il Plus
(Micromeritics) analyzer. The samples were outgassed at 200°C in vacuum for 2 hours to clean the surface
before the analysis. The N, adsorption-desorption isotherms were then acquired at — 196 °C and the SSA

determined by the Brunauer-Emmet-Teller (BET) equation [43] fitted in the 0.04 — 0.3 P/P° range.

The morphology was evaluated with a field emission electron scanning microscopy (FE-SEM) LEO 1525 ZEISS
equipped with in-lense detector. The chemical composition was determined using a Bruker Quantax EDS. The

samples were deposited onto conductive carbon adhesive tape and metallized with chromium.

The optical absorbance was measured by diffuse-reflectance spectroscopy (DRS), through an integration
sphere equipped Caryl00 UV-vis spectrophotometer (Agilent). The spectra was reported through the

Kubelka-Munk function (Equation 1), where R, is the reflectance at an infinite thick layer of the sample [44].

(1 - Roo)2
f(Roo) = 2R.,

Equation 1. Kubelka-Munk function.

The bandgap (Eg) of the material was determined by the Tauc relation (Equation 2), where the Kubelka-Munk
function (f(R.)) is used in place of the absorption coefficient (a), h the Plank constant (6.626:107%* J-s), v
the photon frequency in s™*, C a constant and E; the bandgap energy. For direct allowed optical transition the
exponent is set to n = %, while for indirect transitions is set to n = 2. The E; was determined as intercept

plotting (f(Re )hv)Y" vs hv [45].

f(Ro)hv = C(hv — E,)"
Equation 2. Tauc relation.

The Urbach energy (Eu), related to the density of states of defects [46], was assessed by the Urbach relation
(Equation 3), where f(R,,) is used in place of the optical absorption coefficient (a), h the Plank constant

(6.626:1073* J-s), v the photon frequency in s}, ap and Eo are temperature-dependent constants.

hv — EO)

FRw) = agexp (<5

Equation 3. Urbach relation.

The Ey is assessed from the near absorption-edge slope of In(a) vs hv [47].
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The optical emission (photoluminescence, PL) was measured at r.t. using a Fluorolog F2 Horiba/ Jobin-Yvon

spectrofluorometer in the 350-750 nm range, using a 320 nm excitation source.

The surface functional groups were evaluated through Fourier-transform IR (FTIR) spectroscopy using
attenuated total reflectance (ATR), by means of a Bruker Vertex 70 spectrophotometer equipped the Harrick

MVP2 ATR cell, with resolution 4 cm™.
2.3.1. SOAP CHARACTERIZATION

The optical absorbance of Aleppo soap was measured by dissolving the soap in milliQ water (0.5 g-L-1), and

the resulting solution was analyzed with a Cary100 UV-vis spectrophotometer (Agilent).

The functional groups were evaluated through Fourier-transform IR (FTIR) spectroscopy, dispersing the
sample in a KBr pellet, by means of a Bruker Vertex 70 spectrophotometer equipped the Harrick MVP2 ATR

cell, with resolution 4 cm™.

The metal content (Fe and Cu) was analyzed by means of inductively-coupled plasma mass spectrometry
(ICPS-MS), using a Perkin-Elmer ICP NexION 350X instrument. The sample was first digested with
concentrated HNOs and H,0, in Ethos 1600 (Milestone) microwave oven. Before the analysis, the sample was
diluted with milliQ water and an internal standard aqueous solution (Re) was added. The metal concentration

was quantified by means of calibration curves from standard Cu and Fe solutions.
2.4. PHOTOACTIVITY ASSESSMENT
2.4.1. SELF-CLEANING PHOTOACTIVITY ON MARMORINO

The photocatalytic self-cleaning properties of the modified marmorino, were assessed using methylene blue
(MB), usually involved as model staining compound [48]. Since a superficial top-coating (i.e. soaps, waxes or
lime water) is usually applied on the surface of this material as protective overlayer [41] some samples were
coated with Aleppo soap, which is made by the saponification of olive and laurel berry oil. The coating
procedure relied on the brushing of 2.5 mL of a 20 g-L™! aqueous solution of Aleppo soap, on some of the

marmorino samples and dried at r.t. for 18 h in dark.

The MB was applied on both bare or Aleppo-coated samples by brushing 0.5 mL of a 0.56 mM aqueous
solution of MB and air-dried at r.t. for 3 h (Figure 6, steps 1 and 2). The stained samples were covered with a
black paperboard mask, equipped with three well-spaced circular holes (20 mm diameter) as probing spots
and irradiated with a 42 W Lexman halogen table lamp (Figure 6, step 3). The lamp emission spectrum,
compared to the absorption band of MB, is reported in Figure S1. The light intensity was set to 140 W-m™,
and measured with a Delta Ohm HD 2302.2 photoradiometer and a LP 471 probe for visible (400-1000 nm)

lightirradiation, and. The dye bleaching was evaluated through colorimetric analysis (Figure 1, step 4) [38,49]

155



each 30 minutes using a Konica Minolta CM-2006d portable colorimeter with D65 standard illuminant and

specular component excluded (SCE), recording the b* parameter (yellow-to-blue coordinate).

3)

) (2 — (4)

Figure 6. Procedure scheme for dye application and photodegradation assessment.
The dye degradation was probed each 30 min for 3 h, and reported as dye degradation percentage (Equation
4), where b*(to) is the b* value of the stained surface before starting the self-cleaning, b*(0) before the
staining with the dye and b*(t) after a given time t.

b*(to) — b*(v)

0 on=-——~———"——
%o MB degradation b*(0) — b* (o)

Equation 4. Determination of dye degradation.

2.4.2. LIQUID PHASE DYE PHOTODEGRADATION

The dye degradation was evaluated in the liquid phase using a lab-made equipment. A 0.056 mM aqueous
solution of MB (100 mL), was put in a crystallizing dish and top-irradiated at r.t. with a 42 W Lexman halogen
table lamp, with a 170 — 240 W-m~ light intensity, probed through a Delta Ohm HD 2302.2 photoradiometer
and a LP 471 probe for visible light (400-1000 nm). The reaction was monitored by sampling 2 mL of solution
each 30 minutes for 3 h and analyzed through a UV-vis Cary100 spectrophotometer (Agilent), in the 400-800
nm range. The results were graphed as A/Ao vs time, where A is the maximum absorbance at a given time,
and Ay is the absorbance att = 0.

The photoactivity was assessed with different additives in the MB aqueous solution, as summarized in Table

2.
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Table 2. Composition of the liquid reaction mixture. All the blends contains 0.056 mM of MB.

Aleppo Sodium oleate  Gallic acid Iron (lll) nitrate
soap (g-L™) (gL (mMm) (mMm)

Blank - - - -
Aleppo soap 5.0 - - -
Oleate - 5.0 - -
GA - - 3 -
Oleate + GA - 5.0 3 -
Fe - - - 3
Oleate + Fe - 5.0 - 3
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3. RESULTS AND DISCUSSION

3.1. MATERIALS CHARACTERIZATION

The XRD analyses (Figure 7a) revealed all the samples to contain portlandite (Ca(OH),, ICDD PDF card no. 05-
0586) and calcite (CaCOs, ICDD PDF card no. 01-1079), as expected since the raw materials used in marmorino
formulation. The TiO,-modified materials, namely M-COM-Ti and M-LAB-Ti, exhibited in both case a weak
peak at 25°, corresponding to the (101) reflection plane of anatase (TiO,, ICDD PDF card no. 21-1272), and
being more sharper in M-COM-Ti pointing out an higher crystallinity of TiO, in such sample. On ZnO-modified
materials, two phase were detected: zincite (ZnO, ICDD PDF card no. 36-1451) and calcium zinc hydroxide
(CaZn(OH)e:2H,0, ICDD PDF card no. 24-0222), labelled as CZH and known to arise from the reaction of ZnO
in a strongly Ca-based alkaline medium [50]. The amount and the crystallite size of the Zn-base phases
changed depending on the starting material, as summarized in Table 3. The ZnO crystallites size resulted
narrower in the case of lab-made materials added to marmorino (M-LAB-Zn and M-LAB-TiZn). On M-LAB-
TiZn, no TiO, peaks were observed, suggesting its higher dispersion and/or amorphous nature within the
matrix, but played a role in the partial protection of ZnO against alkaline corrosion, due to the higher amount

of this phase and the lower concentration of CZH.

Table 3. Amount and average crystallite size of ZnO and CZH in ZnO-modified marmorino.

Sample CZHwt. %  CZH crystallite size (hm) ZnO wt. %

M-COM-Zn 54 2200 11 - 4
M-LAB-Zn 49 4900 11 18
M-LAB-TiZn 13 6200 15 19

The N, physisorption analyses (Figure 7b) evidenced the presence of a hysteresis loop at P/P°> 0.6 and ending
up at P/P° =1, indicating the presence of both macro and mesopores in all the materials. The specific surface
area (SSA) is observed to be higher for TiO,-modified samples compared to the unpromoted one: 8 m?/g, 17
m?/g, 25 m?/g for M, M-COM-Ti and M-LAB-Ti, respectively. Conversely, all ZnO-promoted marmorino
exhibited no differences compared to the bare one. This suggested TiO, materials to partially change the

marmorino microstructure, while ZnO has no effect.
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Figure 7. (a) XRD diffractograms and (b) N> physisorption isotherms of marmorino-based samples. Crystal phases: P =
portlandite [Ca(OH),], C = calcite [CaCOs], A = anatase [TiO,], CHZ = calcium hydroxyzincate hydrate
[CaZn,(OH)e:2H,0], Z = zincite (ZnO).

The bare marmorino, M, was composed of roughly globular micrometer-sized particles (Figure 8a) and

contained Ca and O (Figure 8b), as evidenced by the EDX spectrum, uniformly composing such particles

(Figure 8c).
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Figure 8. (a) SEM image, (b) Ca EDX elemental mapping and (c) EDX spectrum of bare marmorino (M).

The TiO;-modified samples exhibited a slightly different morphology. M-COM-Ti revealed tiny TiO; particles

quite uniformly coating the surface of marmorino globular ones (Figure 9a, Figure 9b and Figure 9c). On M-

LAB-Ti, on the contrary, some dense micrometer-sized polyhedral particles of almost pure TiO, were

observed (Figure 9dFigure 9e and Figure 9f).
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Figure 9. (a) SEM image, (b) Ca and Ti EDX elemental mapping, (c) EDX spectrum of M-COM-Ti. (d) SEM image, (e) Ca
and Ti EDX elemental mapping, (c) EDX spectrum of M-LAB-Ti.

The ZnO-modified materials contained micrometer-sized triangular-shaped particles (Figure 10a, Figure 10b
and Figure 10c). Lozenge-like morphology, that have been previously ascribed to the CZH phase [51], thus it
was suggested the observed triangular particles to be fragments of lozenge ones. The plate-like shape is also
consistent with the strong preferred orientation exhibited by the CZH phase on the XRD patterns. From the
elemental mapping, Ca was found in Zn-rich zones (Figure S2 and Figure S3), further supporting the formation
of the CZH phase. On M-LAB-TiZn, TiO, was observed to be heterogeneously dispersed over the particles,
affording some Ti-rich spots (Figure S3d). These spots are overlapped by Zn-rich region, and this could further

support the protective role of TiO; against ZnO alkaline corrosion.

Figure 10. SEM images of (a) M-COM-Zn, (b) M-LAB-Zn and (c) M-LAB-TiZn.

The ZnO-modified samples exhibited a quite comparable morphology and composition, and further

spectroscopic characterization were performed to highlight some more differences.

The surface moiety were evaluated by means of FTIR spectroscopy (Figure 11a). The bare marmorino (M)
exhibited the signals ascribable to calcite (CaCOs), in particular the carbonate stretching modes at 1410 cm™
! (asymmetric v3), 872 cm™ (asymmetric v2), and 712 cm™ (symmetric v4) [52,53]. The signal at 3644 cm™

(O-H stretching in Ca—OH moiety, vcaon), was ascribed to portlandite (Ca(OH)3), while the on ZnO-modified
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materials some new signals at in the low-wavenumber region can be related to the CZH phase. In details, the
peak at 564 cm™, was ascribed to Zn—0 vibrations in Zn(OH)4%™ units (vzn-o0), and the peak at 1065 cm™,

ascribed to hydroxyl bending mode in Zn—OH moiety (8zno1) [54].

Some more differences concerning the surface composition can be drawn from the high-wavenumber region
(Figure 11b): the bands at 2895, 3020 and 3170 cm™ were assigned to stretching modes of OH moiety
involved in H-bonding, and were virtually absent on bare marmorino surface, pointing out a surface poorer
in hydroxyl groups. The two bands at 3616 cm™ and 3490 cm™ on ZnO-modified samples were attributable
to bridges hydroxyl modes of Ca—OH-Zn and Zn—-OH-Zn respectively [54], and could be related to the CZH
surface. Comparing these two modes with that of portlandite (vcaon), the CZH/Ca(OH), intensity ratio
decreased in the order: M-LAB-Zn > M-COM-Zn > M-LAB-TiZn. These observations suggested a different
amount on CZH to compose the surface: the richest one on M-LAB-Zn, decreasing on M-COM-Zn due to a
partial coverage by Ca(OH),, and further decreasing on M-LAB-TiZn. On the latter, the presence of superficial

TiO, nanoparticles (NPs) “masking” the CZH surface, cannot be totally excluded.
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Figure 11. (a) ATR spectra of M and ZnO-modified materials and (b) high-wavenumber region of ZnO-modified
material ATR spectra.

The absorption optical properties were evaluated through DRS. The reflectance spectra of ZnO-modified
samples (Figure 12), revealed the absence of features in the visible range (A > 400 nm), while a sharp edge
appeared in the UV range (A < 400 nm). This supported the presence of wide-bandgap SCs that did not alter
the aesthetic value of marmorino. Different materials previously detected, however, could contribute to the

UV adsorption edge: TiO, and ZnO, as shown in Chapter 1 and 3, as well as CZH [51].
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Figure 12. UV-vis reflectance spectra of M and ZnO-modified materials.

The Eg extrapolated from Tauc plots analysis (Figure S4a) and listed in Table 4, are almost comparable for all
the ZnO-modified materials. More relevant differences were observed through the Urbach plots analysis
(Figure S4b). The Ey value is usually related to the density of intra-gap states [55] and was observed to
decreased in the order M-LAB-TiZn > M-LAB-Zn > M-COM-Zn (Table 4). Comparing M-COM-Zn with M-LAB-
Zn, the lowest density of such states on the former, could be ascribed both to the larger amount of Zn-OH
moiety on the latter and the narrower ZnO NPs, evidenced by XRD analysis, which in turn improving the
Zn0O/CZH interface. Both the superficial Zn—-OH groups and the ZnO/CZH interface was thus supposed to
originate such intra-gap states. On M-COM-Zn, the presence of larger ZnO crystallites and an insulating
Ca(OH), overlayer supposed to passivate the Zn—OH moiety, were likely to decrease the intra-gap states
density. On M-LAB-TiZn, the narrow and abundant ZnO NPs and the presence of TiO, NPs were likely to
increase the interfaces among the SC materials (ZnO, TiO, and CZH), eventually enhancing the amount of

surface states.

Table 4. Eg and Ey values for ZnO-modified samples.

Sample E, (eV) Eu (meV) ]
M-COM-Zn 3.26 29
M-LAB-Zn 3.26 57
M-LAB-TiZn 3.25 80

Further differences were found on the optical emission of the ZnO-modified materials. As reported in Figure
13, both the intensities and the position of the emission bands changed. M-COM-Zn exhibited the a peak at
A < 400 nm, which is defined as the near band-edge emission (NBE) due to a direct Ec-to-Ey relaxation of
photoexcited electrons [56]. The strong band in the visible region centred at 520 nm (green emission), was

ascribable intra-gap defects states [57]. M-LAB-Zn exhibited a strong decrease in the emission intensity along
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with a redshift of the band to yellow emission (568 nm), while M-LAB-TiZn experienced a further

luminescence quench of such band. Both M-LAB-Zn and M-LAB-TiZn, had no NBE.
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Figure 13. Photoluminescence spectra (Aexc = 320 nm) of M and ZnO-modified materials.

On M-COM-Zn, the surface Ca(OH), layer was supposed to act as insulating layer blocking the excited charge
carriers flow [58], and allowing them to recombine in sub-surface defects (Figure 14a). Furthermore, the
presence of large ZnO crystallites within this material, was hypothesized to induce the observed NBE [57], as
already observed in Chapter 2. Moving to M-LAB-Zn, the presence of a Zn—OH-rich surface and the larger
Zn0O/CZH interface were supposed to reduce the radiative recombination. This was suggested to arise,
respectively, from surface trapping of excited charge carriers on hydroxyl moiety with a subsequent non-
radiative relaxation [59] (Figure 14b) and interfacial charge carriers separation at the ZnO/CZH interface
(heterojunction) [60], which was enhanced due to the narrower ZnO NPs. The redshift of the emission band
was ascribed to the radiative recombination phenomena occurring at the surface of CZH, likely on some Zn—
OH sites, contrary to the sub-surface one occurring on M-COM-Zn: probably, different types of defect states
were involved in these transitions. Finally on M-LAB-TiZn, despite the Ca(OH),-rich insulating surface, the
further quench in the luminescence, in particular the yellow band, was ascribed to heterojunctions formation
on a large extent. Indeed, the ZnO/CZH interface was supposed to be enlarged due to the higher ZnO/CZH
wt. ratio (Table 3), while the presence of TiO, afforded new interfaces with both ZnO and CZH, further
contributing to the interfacial charge carriers separation and consequent quench in the luminescence (Figure

14c) [60].
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Figure 14. Schemes of photoexcited charge carriers recombination processes on (a) M-COM-Zn, (b) M-LAB-Zn and (c)
M-LAB-TiZn. CZH/ZnO interfaces were neglected for simplicity.

Summarizing this section, the addition of TiO, materials within the marmorino formulation, had an effect in
the structural properties, increasing the porosity of the plaster, while preserving the anatase phase. On the
contrary, the addition of ZnO did not enhance the SSA, but a partial reaction of the photocatalyst with the
Ca(OH), afforded a new phase, namely CZH. More differences in term of surface and optical properties were
observed on ZnO-modified marmorino, depending on the type of added ZnO (M-COM-Zn, M-LAB-Zn or M-
LAB-TiZn). These features eventually affect the photoexcited charge carrier recombination processes, due to

the presence of heterojunctions or surface insulating layers.

3.2. PHOTOCATALYTIC SELF-CLEANING ACTIVITY ASSESSMENT

The photocatalytic materials were added within the marmorino (upper layer) because the higher reported
stability against physical detachment of the catalyst [27]. The photocatalytic self-cleaning was then evaluated
using a model molecule, namely methylene blue (MB), which mimicked a stain deposit over the surface.
Under irradiation, the bare surfaces (Figure 15a) gave a comparable performance with the bare marmorino,
able to remove up to 20% of the dye after 4 h. Only one sample, M-LAB-TiZn, allowed an almost doubled

efficiency in dye removal, with 40% dye degradation after 4 h.

Since a protective top-coating is usually used in traditional marmorino once applied on a wall, a natural soap
(Aleppo soap) was used and compared to the bare surface. As reported in Figure 15b, an improved efficiency
in dye bleaching was obtained upon using the soap top-coating, even for the un-promoted marmorino (ca.
47% dye removal). Two samples experienced a further enhancement: M-LAB-Zn and M-LAB-TiZn, which were

able to degrade 78% and 100% of the loaded dye in 4 h, respectively.
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Figure 15. Photocatalytic self-cleaning with visible-light of bare and photocatalyst-modified marmorino on (a) bare
surfaces and (b) Aleppo soap top-coated surfaces.

Both TiO,-modified samples (M-COM-Ti and M-LAB-Ti), despite the unaltered anatase phase detected within
the formulation and the enhancement of the SSA of the material, experienced no remarkable enhancement
on self-cleaning activity, either with or without the soap top-coating. The improved porosity of these
materials probably inhibited the light exposure [61] and/or reactant (atmospheric oxygen) mass transfer [62]
deep into the marmorino layer, in turn negatively affecting the photodegradation of the dye, which penetrate
deeply in the material during the staining, but it can be efficiently removed mainly in the outermost layer. A

scheme of this hypothesis is represented in Figure 16.

(a) (b)

Figure 16. Proposed effect of the porosity on the photodegradation efficiency on (a) TiO,-modified (higher SSA) and
(b) ZNO-modified (lower SSA) marmorino. Blue spots = methylene blue dye; DP = degradation products.

ZnO-modified materials revealed a different behaviour. The superior performances of M-LAB-TiZn, with or
without the soap top-coating, were ascribed to the multiple heterojunction within this material (ZnO/CZH,
Zn0/TiO, and CZH/TiOy), allowing a more efficient charge carriers interfacial separation and harvesting, in
turn boosting up the reaction [60]. M-LAB-Zn exhibited an improved performance compare to the reference
sample, M, only when using the soap top-coating. The hydroxyl-rich semiconductive surface (CZH) of this
sample probably hinder the photoactivity by trapping the excited charge carriers [63], but, upon using the
soap, a passivation of these detrimental OH group was supposed to occur, making the semiconductive
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surface active toward the dye degradation. On M-COM-Zn the Ca(OH); insulating overlayer was hypothesized

to hinder surface charge transfer process, resulting in no enhancement of the photoactivity.

The soap top-coating had a remarkable effect in enhancing the self-cleaning activity, and to shed light in the

reason of such improvement, the Aleppo soap was first characterized.

The FTIR spectra (Figure 17a) revealed the presence of aliphatic C—H stretching vibration (vc-n) at 2955 cm™,
2918 cm™ and 2850 cm™, as well as the bending vibrations (8c-+) at 1462 and 1455 cm™. The carboxylate
(COO") group was ascribed to the band at 1558 cm™ and 1423 cm™. The large band at v > 3000 cm™ was
ascribed to water within the sample, while unsaturated C=C bonds, pointing out the presence of unsaturated
fatty acids, were suggested due to the weak band at 3008 cm™ and the shoulder at ca. 1650 cm™ [64]. The
spectra resembled those reported in literature for sodium oleate [65], likely to be the main component of
the soap. The UV-vis spectra (Figure 17b) revealed an intense band in the UV region at A < 250 nm, which is
ascribable to the carboxylic moiety of the soap [66]. A shoulder at higher wavelength (ca. A = 275 nm) was
observed in sodium oleate reference and, especially, in Aleppo soap where it end up at ca. 450 nm. This
feature can be ascribed to electronic transitions of polyunsaturated molecules such as polyphenols, usually

contained in the olive oil used for Aleppo soap manufacturing [67].
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Figure 17. (a) FTIR spectrum of solid Aleppo soap; (b) UV-vis absorption spectra of 5.0 g-L™* Aleppo soap aqueous
solution (straight line) compared with a 5.0 g-L™ sodium oleate aqueous solution (dashed line).

Besides the organic constituents, the vegetable oils used as raw materials for soap manufacturing usually
contains transition metal ions such as iron (Fe) and copper (Cu) [68], which are known to be active as redox
catalysts in oxidation reactions [69,70]. These metals were thus analyzed through ICP-MS, finding both Fe

(0.202 g-kg™) and Cu (0.016 g-kg™?) within the Aleppo soap used for this work.

Some photodegradation tests of MB in liquid phase were then carried out (Figure 18), as described in Section
2.4.2, aiming a better understanding of the soap’s role. Aleppo soap (black line, Figure 18) was observed to
be able to bleach MB even in solution. The pure sodium oleate (blue line, Figure 18) was even more active
than Aleppo soap. Next, attempting to mimic the natural soap composition, a test with oleate and a model
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polyphenol compound (gallic acid or GA), was carried out (green straight line, Figure 18). The MB
photodegradation kinetic was slower than the pure oleate, due to the well-known anti-oxidant activity of
phenol derivatives [71], but was similar to Aleppo soap, pointing out a detrimental role of these compounds
in MB bleaching. The effect of a metal salt (Fe®*) was also evaluated: in this case, a faster photodegradation
kinetics was obtained (red straight line, Figure 18), in agreement with the well-known activity as redox
catalyst. However, it is worth to remind that the used amount of Fe (3 mM) was two magnitude order higher
than the Fe from dissolved soap (ca. 0.01 mM): this ruled out the role of redox active metal ions in the MB
degradation enhancement. Both GA and Fe*" without oleate (dashed green and red lines, respectively), had

no remarkable effect in MB photodegradation.
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Figure 18. Liquid-phase MB photodegradation tests. GA = gallic acid; Fe = iron (lll) nitrate. The pure MB solution was
stable against photodegradation (not shown).

These liquid-phase tests suggested oleate, the main component of Aleppo soap, to be the responsible of the

enhancement of photodegradation ruling out the effect of transition metal ions.

The anionic surfactant (sodium oleate) was supposed to have to different effect. An electrostatic interaction
between the positively charged dye and the negatively charged surfactant occurred in both solution and
air/solid interface of marmorino, leading however to two different effect. Indeed, a remarkable improvement
of actual dye concentration, due to the adsorption on micelles surface, was hypothesized to occur in solution
experiments [72], while a better dispersion of the dye at air/solid interface, due to the well known ability of
surfactant-modified oxides to adsorb dyes [73], was supposed. In both cases, the final effect was likely to be

a better exposure of the dye to the incoming light.

Beside this physical effect, also a chemical one was hypothesized. Indeed, anions are known to enhance the

charge carrier separation in solar cells, by interaction with excited holes [74]. Similarly, it can be supposed
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the anionic carboxylate head of the oleate to stabilize the holes, allowing a facile transfer of photoexcited

electrons to the acceptor (O2) or to the semiconductors, and limiting the charge carriers recombination.

The mechanism of self-cleaning reported in this study, relied on the excitation of the dye under visible light
irradiation, which thus act both as reactant and photosensitizer (or light harvester) [75]. In details (Figure
19), the methylene blue adsorbed a photon yielding an excited state (item 1). In the presence of a suitable
SC material (M-LAB-Zn or M-LAB-TiZn), the photoexcited electron was extracted by the SC (CZH, ZnO and/or
TiO,) (item 3), and potentially being further transferred from a SC to another thanks to heterojunctions (not
shown in the picture). The excited electron then underwent a surface charge transfer process that reduced
the adsorbed molecular O, to reactive oxygen species (ROS) such as O,™, H,0;, and HO* (item 4), which were
finally involved in the oxidative degradation of the dye. The excited hole left on the dye, was supposed to be

stabilized, or transferred, by the anionic carboxyl moiety of the surfactant (item 2).

If no suitable SC were present, like in the case of bare marmorino, a direct electron transfer from excited MB
to O, occurred and was hypothesized to be assisted by the anionic surfactant, which stabilized the excited
holes and, somehow, could push the excited electron away. This mechanism allowed the soap to enhance

the dye bleaching even in the absence of SCs.
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Figure 19. Soap-assisted photodegradation mechanism on ZnO-modified marmorino. TiO, was not reported for
simplicity.

Summing up this section, the structural and surface feature of the prepared materials were observed to have
a huge impact on the photocatalytic self-cleaning properties. The improved SSA of TiO,-modified materials
was unuseful for the activity enhancement, probably limiting an efficient light exposure and/or oxygen mass
transfer phenomena. On ZnO-modified materials the surface played an important role in determining the
photoactivity: an insulating surface or a hydroxyl-rich one hindered the self-cleaning, probably by inhibiting
the surface charge-transfer processes or boosting the charge trapping, respectively. The presence of
semiconductive phase on the surface, as well as a large amount of heterojunctions, improved the dye

photodegradation due to a more efficient charge transfer process, on the surface and at SC/SC interfaces.
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The soap top-coating, traditionally used as protective layer for marmorino, revealed a remarkable effect in
enhancing the self-cleaning activity, even without a photocatalyst in the formulation. Its effect was
hypothesized to arise, on one side to a better exposure of the dye to the incoming light, on the other to the
stabilization of excited holes by the anionic carboxylate moiety. On two sample, a synergistic effect between

the soap and the SC was observed, reaching an almost complete dye removal on the best one (M-LAB-TiZn).

Finally, the overall mechanism did not rely on the direct excitation of the SC, acting as a “traditional”
photocatalyst, rather through a photosensitization by the dye itself, which act both as reactant and light
harvester. Nevertheless, a material with good photo-induced self-cleaning ability was obtained in this work,
opening the way to further studies such as the long-term stability assessment, or the evaluation of the activity

under different light source (i.e. solar or UVA) and using different stains.
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4. CONCLUSIONS

In this work, the traditional Venetian marmorino formulation was modified with ZnO and TiO,-based
photocatalyst, in collaboration with Uni.S.Ve company (Venice, Italy), and the photocatalytic self-cleaning

properties of these modified materials were assessed. In details:

1. The addition of TiO; has a notable effect in enhancing the porosity of the marmorino, while ZnO
affect mainly the surface properties. On M-COM-Zn, where a benchmark ZnO was used, a Ca(OH)»-
rich insulating surface was achieved, while when a lab-made ZnO was used (M-LAB-Zn), an hydroxyl-
rich semiconductive surface was obtained. Modifying the lab-made ZnO with TiO,, afforded a
material with a TiO,-decorated surface and a large amount of heterojunctions.

2. The photocatalytic self-cleaning properties did not take advantages of the high porosity, probably
due to light and mass transfer limitations. No activity enhancement was also observed on ZnO-
modified material if insulating-rich (M-COM-Zn) or hydroxyl-rich (M-LAB-Zn) surfaces were present,
likely because hampering the charge transfer processes or improving the charge carriers trapping,
respectively. Surface TiO, SC NPs and improved interfaces between the SCs, were supposed to boost
up the charge carriers transfer, and thus the dye blaching.

3. The soap top-coating exhibited a remarkable improvement in dye removal, even without any SC. This
effect was ascribed on one side to the better dye exposure to the incoming light, on the other side
to a stabilization effect on the excited holes due to the anion moiety of the surfactant. In two cases,
a synergistic soap-SC effect was found, achieving an activity surface able to completely bleach the
dye in less than 4 h.

4. A mechanism of the self-cleaning was finally proposed. The light was absorbed by the dye itself,
acting thus as both photosensitizer and reactant, transferring the excited electrons to the SC(s),
finally affording O, reduction to ROS, which were involved in the oxidative degradation of the dye.
On the other side, the excited holes on the dye molecules were stabilized by the surfactant, further

improving the charge separation efficiency.
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5. SUPPLEMENTARY INFORMATION
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Figure S1. Emission spectra of the halogen lamp (orange line), compared with the absorption spectrum of MB (0.056
mM aqueous solution). The spectra intensities are not in scale.

Figure S2. (a) SEM image, (b) EDX spectrum, (c) Ca and (d) Zn elemental mapping of M-COM-Zn. (e) SEM image, (f) EDX
spectrum, (g) Ca and (d) Zn elemental mapping of M-LAB-Zn.
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Figure S3. (a) SEM image, (b) Ca, (c) Zn, (d) Ti EDX elemental mapping and (f) EDX spectrum of M-LAB-TiZn.
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Figure S4. (a) Tauc plots and (b) Urbach plots of M and ZnO-modified materials.
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CONCLUDING REMARKS

The climate change currently threating the human society could be faced through adaptation strategies, in
which the production systems, settlements and lifestyles are adapted to such change through several

approaches.

Chemical reactions are involved in several aspects of human society, from industrial to household application,
from fuel or chemicals production, to environmental remediation (i.e. pollutants or pathogens removal). In
the concept of adaptation strategies, these reactions could be run exploiting the sunlight as energy source,
with several advantages. Light-driven chemical reaction can be run in mild conditions of temperature and
pressure, potentially increasing the overall energy efficiency and requiring simpler and cheaper equipment.
Furthermore, besides avoiding the use of fossil fuels, being sunlight is abundant, widespread and cheap, light-
driven chemical reactions could be run even in remote regions and poor countries, key targets in sustainable
and equal adaptation strategies. Due to the poor optical absorption features, several reactions require a
light-activated catalyst (photocatalyst) in order to occur, able to both absorb the incoming light and efficiently

catalyze the desired reaction.

The aim of this work was to prepare, characterize and assess earth-abundant oxide-based materials, more
robust and cheaper than other (i.e. sulphides or carbon-based), in different kind of photocatalyzed reactions.
Specifically, the impact of the materials physical-chemical properties on a given reaction was assessed,

aiming to understand how to design an effective photocatalyst.

In Chapter 1, the effect of non-noble co-catalysts on a TiO,-based photocatalyst was evaluated in hydrogen
production by liquid-phase glucose photoreforming. CuO co-catalysts were observed to improve the
photoactivity, likely due to the favorable electronic properties of Cu-derived intra-gap states, allowing an
efficient charge transfer process with reduced recombination phenomenon. Furthermore, these co-catalysts
were observed to afford a selective improvement of the hydrogen evolution reaction (HER), playing an

important role in directing the reaction selecitivity.

In Chapter 2, ZnO-based materials were assessed in gas-phase CO, photoreduction, evaluating the impact of
structural, surface and optical properties on the reactivity. Crystallinity and phase-purity were observed to
be a key parameter in allowing an efficient charge transfer to the reactants, minimizing recombination
processes or interference with reaction intermediates. Furthermore, types and amount of defects, the nature
of the surface (photoactive exposed facets and hydroxyl vs carbonate superficial moiety) can further
contribute in the enhancement of photoactivity, by improving charge transfer processes and the relative
amount of reduction/oxidation surface sites. Due to its basicity, ZnO photocatalysts were also able to capture
CO; from diluted stream and photoconvert it in a CO,-free reaction medium, showing its capability to act as
hybrid capture-photoreducing system.
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In Chapter 3, it was tried to improve visible-light photons harvesting of ZnO, while keeping its CO, adsorption
properties, by coupling it with another material, CuFeO; delafossite, in a photoelectrochemical (PEC) setup.
Thin film composites of CuFeO; as light-absorbing layer and a ZnO as surface overlayer were prepared. The
impact of ZnO layer thickness and defectivity in the charge transfer across the electrode/reaction medium
interface was assessed, observing a decrease of photocurrent by increasing ZnO layer thickness, while it
increases by achieving a more crystalline material. Attempts in CO, photoreduction, by a co-catalyst (Cu-

based), however failed probably due to weak interaction with the surface.

In Chapter 4, ZnO and TiO;-based material were introduced as photocatalytic additives in the formulation of
a plaster used traditionally in Venice, marmorino, and the photocatalytic self-cleaning capability was
assessed. In a such mixture of insulators (calcium hydroxide and carbonate) and semiconductors, key
parameter for a photoactive material was found to be the presence of a semiconductor at the air-material
interface, and the presence of semiconductor-semiconductor interfaces (heterojunction), both allowing
facile charge transfer processes. Furthermore, top-coating the surface with a soap was observed further
enhance the photoactivity, likely by improving light exposure and charge transfer, synergistically acting with

some semiconductors.

In conclusion, as previously highlighted, light-driven catalyzed chemical reactions have appealing potential
application but several issues still affect a reliable and feasible large-scale application. Through this research
work, despite having involved different materials and reactions, an important consideration can be drawn:
the importance of both solid/reaction medium and solid/solid interfaces. A comprehensive knowledge of
how the opto-electronic, chemical and morphological properties of an interface affect both the solid/solid
and the solid/reagent charge transfer processes is a key point for the design of an active, selective and stable
photocatalyst, aiming to maximize an efficient exploitation of the photogenerated charge carriers. Future
perspectives should be thus oriented on interface design, focusing on strategies like nature of the pristine

surfaces (i.e. surface moiety, defects, facets), heterojunctions and co-catalysts.
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