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ABSTRACT

The current global energy scenario has led scientists to look for more sustainable fuels.
Hydrogen is an option, but it implies big challenges like changing the current dominant
fossil fuel based production system. In this context, hydrogen production via
photocatalytic routes is an interesting option. However, the reported yields have been

disappointingly low, so it is crucial to focus research on improving these processes.

This doctoral thesis seeks to identify the operational conditions with highest effect on the
production of hydrogen and valuable by-products via photoreforming of alcohols using
TiO, nanoparticles, among five factors and their interactions: presence of gold as a co-
catalyst, type of alcohol, intensity of light, concentration of alcohol and concentration of
nanoparticles. Special focus was given to exploring the influence of these factors in a low
range of catalyst concentrations. TiO,-Au nanoparticles synthesized via sol-gel method
were fully characterized (UV-Vis, SEM-EDS, ICP-AES, DLS, TEM). Hydrogen,
formaldehyde and formic acid were produced. The presence of gold as a co-catalyst, the
intensity of UV light and their interaction showed the highest effect. The best

configuration allowed reaching a catalyst productivity of 2,900 pmol-g™h™.

Keywords: Photocatalysis * Hydrogen ¢ Photo-reforming of organic compounds ¢ Titanium

dioxide nanoparticles ¢ Gold nanoparticles * Formaldehyde ¢ Formic acid

XV



RESUMEN

El actual escenario energético mundial ha llevado a los cientificos a buscar combustibles
mas sustentables. El hidrégeno destaca como alternativa, pero implica grandes desafios
como el cambio del actual sistema de produccion a partir de combustibles fosiles. La
produccién de hidrégeno via fotocatalisis destaca como opcion, pero los rendimientos
reportados han sido bajos, siendo crucial enfocar esfuerzos en mejorar estos procesos. Esta
tesis doctoral busca identificar las condiciones operacionales con mayor efecto en la
produccién de hidrégeno y de subproductos valiosos, a través del fotorreformado de
alcoholes utilizando nanoparticulas de TiO,, entre cinco condiciones y sus interacciones:
presencia de oro como cocatalizador, tipo de alcohol, intensidad de la luz, concentracion
de alcohol y concentracion de nanoparticulas. Se prestd especial atencion a explorar la
influencia de estos factores en un rango de bajas concentraciones de catalizador. Las
nanoparticulas de TiO,-Au sintetizadas mediante un método sol-gel fueron completamente
caracterizadas (UV-Vis, SEM-EDS, ICP-AES, DLS, TEM). Se logro6 generar H,, CH,O y
CH,0,. La presencia de oro como cocatalizador, la intensidad de la luz UV y su
interaccion fueron los factores de mayor peso. La mejor configuracion permitié alcanzar

una productividad de catalizador de 2,900 umol - g™ - h™",

Palabras clave: Fotocatalisis ¢ Hidrégeno ¢ Fotorreformado de compuestos organicos ¢

Nanoparticulas de didéxido de titanio » Nanoparticulas de oro * Formaldehido « Acido formico

XVi



1 CONCEPTUAL FRAMEWORK
1.1 Problematic and selected approach
1.1.1 Energy needs and hydrogen as an option

Humanity faces a huge challenge: to deal with and fight climate change. Even when there
is not total agreement about its origin, the scientific community considers greenhouse
gases (GHG) accumulation as the main cause behind this phenomenon, especially those

with anthropogenic source, linked to the use of fossil fuels.

The problem is complex considering that: 81% of the world's primary energy matrix is
based on fossil fuels (IEA, 2017a), 65% of anthropogenic GHG emissions come from
energy consumption (Stern, 2006), and the strong signs of a growing oil shortage (IEA,

2017D).

In this scenario, hydrogen has a relevant role as a sustainable fuel with several positive
features, such as its high energy content per mass unit (IEA, 2007) (141,850 kJ-kg™ H.
gas, standard), and its clean usage, which just generates water as by-product. These virtues

make hydrogen an interesting choice in the technology road to a more sustainable society.

However, the current scenario does not have the necessary conditions for massive
production of hydrogen for energy purposes: 96% worldwide hydrogen production is
based on fossil fuels (IEA, 2007); almost 100% of global production is used as raw

material for the petrochemical industry (C. A. Grimes, Varghese, & Ranjan, 2008); the



current electrolytic hydrogen costs twice as much as the cost goal of 2-3 USD kg, which
does not make it competitive (Turner et al., 2008); its productive chain has important
technological barriers; it requires a profound technological and social transformation, and

a renewal of the existing infrastructure.

Despite all these challenges, leading countries have developed a roadmap to make
hydrogen a competitive fuel against traditional the fossil fuels (IEA, 2015; US DOE,
2002). In this plan, the development of production technologies is crucial, and it is
required to expand the understanding of the phenomena involved in hydrogen generation.
So, experimental and mechanistic studies are key factors in this route to a sustainable

hydrogen based system.
1.1.2 Technologies for hydrogen production

Hydrogen production technologies can be classified according to the raw material used in
the process: fossil fuels, water or biomass (Balat, 2008; IEA, 2006; Turner et al., 2008).
Among the technologies based on fossil hydrocarbons, methane steam reforming (SMR) is
the dominant technology, followed by partial oxidation (POX), autothermal reforming
(ATR) and coal gasification. However, they have high carbon, water and energy
footprints. In the case of biomass, thermochemical and biological processes are used. This
is the least mature technology and is mostly at laboratory level. Water-based methods are
considered a more sustainable option, but electrolysis is the only industrial-scale

technology commercially available. Other systems under development with good



projections are the thermochemical cycles and those that use solar energy such as

photoelectrolysis and photocatalysis.

There are currently many challenges in the development of technologies for the
production of hydrogen. The efficiency of production plants must be improved and the
capital costs reduced. In processes based on fossil fuels and biomass, the main limitation
is related to its CO, emissions and the intensive use of energy (Balat, 2008; Brentner,
Peccia, & Zimmerman, 2010; Janusz Nowotny & Veziroglu, 2011). In the case of
electrolytic processes, the problem is the high cost of electricity and the intensive use of
energy (Zeng & Zhang, 2010). Biological processes and those that use solar energy must
face various challenges before being able to scale-up, due to their low production rates and

low efficiencies (Dincer & Acar, 2015; H.-S. Lee, Vermaas, & Rittmann, 2010).

1.1.3 Hydrogen production by photocatalysis using nanosized semiconductors

Water-splitting, the generation of hydrogen using solar energy based on water as raw
material and semiconductive catalysts has become the Holy Grail process (Serpone et al.,
2016). Therefore, many researchers have focused their efforts on photocatalysis using
particulate systems, becoming one of the most promising energy solutions in the near
future. This method relies on the photoelectric effect, which was discovered in the 70s by
Fujishima and Honda (Fujishima & Honda, 1972). When a semiconductor suspended in
water is excited by light, the electrons of its valence band receive enough energy to

overcome its band gap and pass to the conduction band, generating electron-hole (e/h")



pairs, also called charge carriers. Therefore, the photogenerated holes oxidize water
molecules in the surface forming O, and the electrons reduce protons to H,, without
changing the semiconductor composition (Osterloh & Parkinson, 2011). Unfortunately,
although this method may seem technically simple, it involves a complex reaction where
inverse reactions are involved, and usually good photocatalysts for H, production are good

catalysts for their recombination too (Osterloh & Parkinson, 2011).

An alternative approach for solar hydrogen generation is photoreforming of aqueous
solutions containing oxygenated organic compounds. Photoreforming could be viewed as
an intermediate process between photocatalytic water splitting and photooxidation.
Compared to pure water splitting, photocatalytic reforming has emerged as a more
efficient light-promoted hydrogen production. Kawai and Sakata first achieved
photocatalytic hydrogen production from a liquid mixture of methanol and water in 1980
(Kawai & Sakata, 1980). It has been reported that the oxygenated organic compounds
such as hole scavengers are capable of reacting with the photogenerated holes to inhibit
charge carrier recombination and preventing oxygen production to suppress the back-
reaction between H, and O, in turn enhancing H, production (Carraro et al., 2014; Chao
Wang et al., 2017). Photoreforming can even be a sustainable method, and many biomass-
derived compounds as renewable sources have been proposed for photoreforming

hydrogen production (Gallo et al., 2012; Puga, 2016; Chao Wang et al., 2017).

The advances in nanosized materials have contributed to the technological development of

applications in photocatalysis. It is more effective to work at nanometric scale, increasing



the photoefficiency of the systems where the transfer of charges is the limiting step (S.
Gupta & Tripathi, 2011), because in small sized particles, the charge carriers are always

near the surface, where the reactions take place (Osterloh & Parkinson, 2011).

1.1.4 Photocatalysts: Titanium dioxide

The photocatalysis is generally defined as the catalysis of a photochemical reaction on a
solid surface, usually a semiconductor. There must be at least two reactions occurring at
the same time in a balanced way: oxidation and reduction. If such a balance does not exist
its composition would change, and one of the basic requirements of any catalyst would not

be fulfilled (Fujishima, Zhang, & Tryk, 2008).

The basic criterion for defining a good photocatalyst to produce H, is to have an
appropriate band gap, where the lowest energy level of the conduction band, also called
LUMO (lowest unoccupied molecular orbital), must be more negative than the redox
potential for H*/H, (-0.41 V), and that the highest energy level of the valence band, also
called HOMO (highest occupied molecular orbital), should be more positive than the
redox potential for the oxidation reaction. In case of water-splitting, it should be more
positive than O,/H,0 (+0.82 V) (Kudo, 2007). Moreover, an ideal semiconductor should
be simple to produce and use, cost-effective, photostable, harmless for the health of people
and the environment, respond to sunlight, and be able to catalyze the reaction effectively
(Carp, Huisman, & Reller, 2004; S. Gupta & Tripathi, 2011). However, most

photocatalysts have limitations. For example, Ge, GaAs, PbS and CdS are not stable



enough for catalysis in aqueous media, suffering photocorrosion and in some cases
presenting toxicity; ZnO dissolves in water; and Fe;O3, SnO, and WOj3 have incompatible

conduction bands with H; generation (Fujishima et al., 2008; S. Gupta & Tripathi, 2011).

Titanium dioxide (TiO,) stands out for several reasons: its 3.2 eV gap satisfies the basic
requirement in relation to the redox potentials; it is photostable in aqueous environments;
it is not toxic; its holes are strongly oxidizing and selective; and it is more abundant than
other photosensitive materials; and it has a high refractive index resulting in an efficient
dispersion of diffuse light through the pores of the material (S. Gupta & Tripathi, 2011; J.

Nowotny, Bak, Nowotny, & Sheppard, 2007).

In spite of the mentioned virtues, the production rates of H, and the solar-to-hydrogen
conversion efficiencies are still modest, due to mainly three reasons: i) the rapid
recombination of its charge carriers; ii) the rapid reverse reaction of recombination of H,
and Oy; and iii) that it only can capture UV light photons (4% of solar energy, while

visible light represents 50%) (Ni, Leung, Leung, & Sumathy, 2007).

1.1.5 Improvement techniques and factors affecting H, production

The main problem affecting hydrogen productivity is that the time scale of the different
reaction steps in photocatalytic hydrogen production is very different. The photoinduced
generation of an electron-hole couple occurs in femtoseconds, meanwhile their
recombination in 10-100 ns. Reduction reactions mediated by the excited electrons need a

longer time, in the range of ms, whereas the oxidative reaction carried out by holes takes



ca. 100 ns. Therefore, electrons need to be preserved for a longer time by trapping them
into a metal where they can migrate, or by making holes react with a suitable hole
scavenger, also called electron donor or sacrificial agent (Hoffmann, Martin, Choi, &
Bahnemann, 1995; Melo & Silva, 2011; Rossetti, 2012). This second technique is the

reason behind the better results in photoreforming than water-splitting.

Regarding the metal deposition on the semiconductor surface, the Schottky barrier (B.
Gupta, Melvin, Matthews, Dash, & Tyagi, 2016; Rajeshwar, Chenthamarakshan, Ming, &
Sun, 2002) formed at the interface between metal and semiconductor can serve as an
electron trap, increasing the lifetime of charge carriers and enhancing the efficiency of the
photocatalytic reaction. The metal also serves as an active site to reduce protons to H,

(Rossetti, 2012).

Other modification techniques are the ion-doping to reduce the band gap of the
semiconductor and expand the captured spectrum of light, and the use of sensitizing dyes,
which have the ability of injecting more electrons to the conduction band of the

semiconductor.

Besides the already mentioned techniques, researchers have shown interest in how
different factors affect hydrogen production. Most of them are operational conditions like
concentration and type of electron donors, concentration and type of nanoparticles,

geometry and size of nanoparticles, wavelength and intensity of light, among others.



However, most of these studies analyze the effect of these factors independently, skipping

the possible joint effect when several of them interact.

1.2 Contribution of this research

Based on the necessity to develop new sources of clean energy and that we must move
towards H, production methods that are neither dependent on fossil fuels nor intensive in
energy use, this research seeks to contribute to the a better understanding of the effects of
several operational conditions on the H, production via photoreforming of alcohols using

TiO, and TiO,-Au nanoparticles.

Many studies in this field provide valuable information about the effect of an isolated
factor on hydrogen production, but as is typical in nanosized applications, there exists a
long list of factors affecting it, with very different experimental conditions too. This
makes it very difficult to compare the impact of different factors and identify which is the

best route to higher productivities and higher efficiencies.

In this scenario, this work provides an evaluation and quantification of the combined
effects of five factors on hydrogen production and its by-products, formaldehyde and

formic acid, in particulate systems:

- The presence of gold as a co-catalyst
- The type of alcohol to be photoreformed
- The intensity of UV-light supplied to the photoreactor

- The concentration of alcohol



- The concentration of nanoparticles

Based on these analyses, statistical models are proposed for hydrogen, formaldehyde and
formic acid production and their catalyst productivities estimations. This tool can help to

estimate these responses when a change in these five factors is made.

As a secondary contribution, this work explores the photo-reforming of alcohols in a range
of nanoparticle concentrations never reported before (below 0.1 g-L™*) under high levels of
UV-light intensity (above 10 mW-cm™), providing valuable experimental data, which
could be used for validation of different theorical models and for comparing with isolated

factors analyses.
1.3 Hypothesis and objectives

The hypothesis:

Adding gold nanoparticles over the surface of titanium dioxide
nanoparticles is the main factor affecting the production of hydrogen
and by-products in the photoreforming of alcohol processes. The
magnitude of this effect can be affected by the combined influence of
changes in operational conditions, such as type of alcohol, intensity of

light, concentration of alcohol and concentration of nanoparticles.

The general objective is:
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To identify the operational conditions with the highest effect on the production of

hydrogen and by-products via photoreforming of alcohols using TiO, nanoparticles among

five factors and their interactions: presence of gold as a co-catalyst, type of alcohol,

intensity of light, concentration of alcohol and concentration of nanoparticles.

The specific objectives are to:

1)

2)

3)

4)

5)

6)

synthesize and characterize nanoparticles of TiO, modified with gold as a co-
catalyst.

produce hydrogen via photoreforming of alcohols using the synthesized TiO,-Au
nanoparticles.

quantify and prioritize the main and interaction effects of the selected operational
conditions on the hydrogen production, on its catalyst productivity, and its alcohol
productivity.

propose and validate a statistical model to predict the hydrogen production and its
catalyst productivity.

quantify and prioritize the main and interaction effects of the selected operational
conditions on the production of valuable by-products — formaldehyde and formic
acid — and its catalyst productivity.

propose and validate a statistical model to predict the formaldehyde and formic

acid production, and their catalyst productivities.
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1.4 Outline of the thesis

This thesis is organized in six chapters. They contribute as follows:

- Chapter 1 is titled “CONCEPTUAL FRAMEWORK?, it presents the problematic
and motivations behind this work, a brief status of art, the proposed hypothesis and
objectives, and the general methodology used to achieve the objectives.

- Chapter 2 presents the article “Hydrogen productivity analysis using low
concentration of TiO,-Au nanoparticles on a UV-LED based photocatalytic
reactor”. It covers the synthesis and full characterization of the nanomaterial and
evaluates the feasibility of hydrogen production via photoreforming. It contributes
to the achievement of the specific objectives 1) and 2).

- Chapter 3 presents the article “Operational conditions affecting hydrogen
production via photo-reforming of organic compounds using TiO2-Au
nanoparticles”. It is the main chapter of this work, directly related to the hypothesis
verification. It contributes to the achievement of the specific objectives 3) and 4).

- Chapter 4 presents the article “Operational conditions affecting formaldehyde and
formic acid formation as by-products of hydrogen production via photoreforming
of methanol”. It analyzes four factors affecting the production of intermediaries. It
contributes to the achievement of the specific objectives 5) and 6).

- Chapter 5 shows the Conclusions of doctoral work.

- Chapter 6 presents the Bibliography used in this document.
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1.5 General methodology

The methodology used in this research consists of three analytical stages and six

experimental stages. They follow the sequence showed by the diagram in Figure 1.

Identification of
main factors
affecting H,

production

Design of
experiments

1 Data analysis

Figure 1. Flowchart with the general methodology. Blue: experimental stage; light blue: analytical stage.
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The stages are briefly described as follows:

Identification of main factors: the first stage considered a bibliographic review to
identify the main factors affecting hydrogen production in photocatalytic
processes, and a further selection of controllable factors to include in the study.
Synthesis: commercial P25 TiO, nanoparticles were modified with gold using a
sol-gel approach described in detail in section 2.2.3. The method was adjusted
iteratively until gold deposition and nanometric scale were reached.
Characterization: the resultant particles were analyzed by several techniques
described in section 2.3.
= UV-Vis spectroscopy to obtain the characteristic absorbance spectrum of
the nanomaterial modified by gold.
= Scanning electron microscopy + electron dispersive spectroscopy (SEM-
EDS) to obtain the proportion of gold in the composite nanomaterial via
elemental analysis.
= Inductively coupled plasma - atomic emission spectrometry (ICP-AES) to
verify the proportion of gold via elemental analysis.
= Dynamic light scattering (DLS) to obtain the particle size distribution of
the nanomaterial.
= Transmission electron microscopy (TEM) to obtain nanoscale images of

the nanomaterial.
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= Image processing analysis using software ImageJ (Rasband, n.d.) to obtain
the particle size distribution of the gold nanoparticles over the titania
surface.

Design and implementation of the photoreactor system: the fourth stage was to
design the experimental set-up for photocatalytic reactions. Batch photoreactors
were selected as the particulate system; located within an environment with
temperature control at known atmospheric pressure. They were illuminated by UV-
LED lamps (375 nm) at known intensities. More details in sections 2.2.2.
Preparation of methods for measurement of main products: Hydrogen production
was measured using gas chromatography (GC) and a U-tube manometer to follow
in time the changes of gas pressure in the headspace of the reactor. A calibration
curve was prepared for H, production by GC and reported colourimetric methods
were selected to measure the formaldehyde and formic acid production. Details
about these methods are presented in sections 2.2.5 and 4.2.6.
Photocatalytic experiments for characterization of the reaction dynamic:
Photocatalytic hydrogen production was confirmed and monitored during 6 hour
experiments. This stage considered evaluation of kinetic rates, productivities and
efficiencies. More details in sections 2.2.4 and 2.3.6.
Design of experiments (DOE) for factorial analysis: a half-fraction factorial
completely randomized experimental design was selected to configure a set of

possible combinations of factors to evaluate their influence on the hydrogen,
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formaldehyde and formic acid production. Every factor had two levels (high and
low) and the selection of factor’s levels was based on literature review. More
details in sections 3.2.4 and 4.2.4. Level selection and chosen combinations of
factors are presented in sections 3.3.2 and 4.3.2.

Photocatalytic experiments for factorial analysis: based on the set-up resulting
from the previous stage, selected experimental combinations were run under UV
illumination for 11 hours. After that, the main products were quantified. Summary
of results are shown in sections 3.3.2 and 4.3.2.

Data analysis: data analysis of the experimental results was made via statistical
analyses such as linear regression, analysis of variance (ANOVA) and the specific

DOE package of Minitab 17®.
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2 HYDROGEN PRODUCTIVITY ANALYSIS USING LOW
CONCENTRATION OF TiO,-Au NANOPARTICLES ON A UV-LED

BASED PHOTOCATALYTIC REACTOR

2.1 Introduction

The current global energy scenario has led the scientific community to look for more
sustainable fuels as an attempt to decrease the anthropogenic CO, emissions. Hydrogen
has a relevant role in this task, but it implies big challenges. One of these tasks is to
develop a sustainable production system, from the current fossil fuel based system which
dominates the world’s hydrogen production. 95% (Balat, 2008) of hydrogen production is
mainly based on gas steam reforming, oil reforming and coal gasification (Dincer & Acar,

2015).

The photocatalytic hydrogen production via semiconductor nanoparticles that use sunlight
as an energy source is an interesting option. Literature reports in this field are focused on
the synthesis, characterization of properties and testing of nanomaterials able to
photocatalyze the degradation of pollutants (Bansal, Chaudhary, & Mehta, 2015; Ling et
al., 2015; Majidnia & Idris, 2015; Saud et al., 2015), water splitting reaction (Ahmad,
Kamarudin, Minggu, & Kassim, 2015; Ortega Méndez et al., 2014; Rosseler et al., 2010)
or photo reforming reaction (Daskalaki & Kondarides, 2009; Gunlazuardi & Dewi, 2014,
Ni, Leung, & Leung, 2007; Oros-Ruiz, Zanella, Lopez, Hernandez-Gordillo, & Gdémez,

2013), but information about catalyst performance in a very low range of concentrations
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(< 0.1 g-L™Y) is scarce, which is a relevant factor to reduce costs in future real applications

for hydrogen photo-production.

Among the photocatalysts, the most studied material is titanium dioxide (Bowker et al.,
2014; Clarizia et al., 2014; B. Gupta et al., 2016; S. Gupta & Tripathi, 2011; Jose,
Sorensen, Rayalu, Shrestha, & Klabunde, 2013; Linsebigler, Lu, & Yates, 1995; Y. Wang,
He, Lai, & Fan, 2014) thanks to its availability, corrosion resistance, non-toxicity, low
price, high photoactivity and stability (Taboada, Angurell, & Llorca, 2014a), however its
photocatalytic activity is limited to the ultraviolet region (B. Gupta et al., 2016). Catalytic
properties of titania are improved using sacrificial agents or modification techniques.
Organic species, like alcohols (Al-Azri et al., 2015; D’Elia et al., 2011; Dosado, Chen,
Chan, Sun-Waterhouse, & Waterhouse, 2015; Taboada, Angurell, & Llorca, 2014b) and
glycerol (Chang, Huang, Chen, Chu, & Hsu, 2015; Fujita, Kawamori, Honda, Yoshida, &
Arai, 2016; Lyubina, Markovskaya, Kozlova, & Parmon, 2013; Sadanandam, Lalitha,
Kumari, Shankar, & Subrahmanyam, 2013), are typical sacrificial agents to be used as
electron donors or hole scavengers. Between the usual modification techniques to improve
the photocatalytic process, three of them stand out: combination with metals (Pt (Beltram,
Romero-Ocafia, José Delgado Jaen, Montini, & Fornasiero, 2015; Jung et al., 2015; Lu et
al., 2015), Pd (Gomathisankar, Yamamoto, Katsumata, Suzuki, & Kaneco, 2013; X. Liu,
Zhao, Domen, & Takanabe, 2014; H. Yan et al., 2009), Cu (Clarizia et al., 2014,
Gomathisankar, Hachisuka, et al., 2013; Jung et al., 2015), Ni (Balcerski, Ryu, &

Hoffmann, 2015; Xiying Li, Wang, Chu, Li, & Mao, 2014; Melian et al., 2014; Y. Xu &
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Xu, 2015), Rh (Gomathisankar, Hachisuka, et al., 2013; D. Wang et al., 2015; F. Zhang,
Maeda, Takata, Hisatomi, & Domen, 2012), Ag (Ansari, Khan, Ansari, & Cho, 2015; S.
Yang et al., 2016), Au (Al-Azri et al., 2015; Jovic, Chen, et al., 2013; Ortega Meéndez et
al., 2014, Sinatra et al., 2015), etc.), combination with other semiconductors (Cu oxides (J.
Chen et al., 2014; Sinatra et al., 2015; Q. Wang et al., 2013), Ni oxides (Melian et al.,
2014; Y. Xu & Xu, 2015), ZnO (Bel Hadjltaief, Ben Zina, Galvez, & Da Costa, 2016;
Nsib, Naffati, Rayes, Moussa, & Houas, 2015; Roy, Lingampalli, Saha, & Rao, 2015),
WOQO; (Bai et al., 2015; Lam, Sin, Abdullah, & Mohamed, 2015; Chao Wang et al., 2015)),

and cation or anion doping (Fujita et al., 2016; R. Liu, Yoshida, Fujita, & Arai, 2014).

In recent years, gold nanoparticles have received great attention as co-catalysts due to
their effectiveness in degrading and mineralizing organic compounds (Ayati et al., 2014)
.They are comparatively cheaper than platinum, and their inherent plasmonic oscillation
makes them photoactive in the visible region (B. Gupta et al., 2016). The gold loading,
after deposition on semiconductor surfaces, exhibits movement of the Fermi level towards
a more negative direction, which is a key factor for increasing the Schottky barrier effect
or efficiency of charge-transfer, which in turn suppresses the e-h" recombination (B.

Gupta et al., 2016; Rajeshwar et al., 2002).

In addition to the materials, a non-energy intensive synthesis method is necessary to
project real size applications of this process. Considering the low rates of hydrogen
production in these kinds of processes, compared with mature technologies, the use of

atmospheric pressure and room temperature to modify titania nanoparticles is relevant for
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increasing the chance of economic feasibility and a positive net energy balance. Several
methods are reported to synthesize gold supported catalysts. Some of them are
impregnation, coprecipitation, deposition—precipitation, deposition—reduction,
hydrothermal, photodeposition, gas phase grafting, solid grinding, physical vapor
deposition, and cathodic arc plasma deposition (B. Gupta et al., 2016; Takei et al., 2012).
Between this range of options, a conventional sol-gel chemistry approach was used, which
was reported for antimicrobial coatings and surface-enhanced Raman scattering (SERS)
tags (Fu, Vary, & Lin, 2005; W. Li, Guo, & Zhang, 2010a). This method stands out due to
its low energy requirements, as opposed to methods with heat treatments, such as
impregnation or hydrothermal treatments, high vacuum requirements, gas phase grafting
or methods involving electrical demands, such as cathodic arc plasma deposition or

sonochemical reduction (Mizukoshi et al., 2007; Takei et al., 2012).

In this context, the goal of this study is to prepare and characterize TiO, particles partially
coated with gold nanoparticles synthesized with a conventional sol-gel method under mild
conditions to explore the active mechanism of hydrogen photo-production via photo-
reforming of organic compounds and the catalyst productivity using a low concentration
of nanoparticles in a methanol-water solution. Elemental composition, agglomeration
status, and shape and size analyses are reported. The photocatalytic experiments use a
batch experimental setup with 375 nm UV-light supplied by a low-consumption LED light
based system, which can deliver seven times the UV intensity of light supplied by the sun

(considering 1 sun = 100 mW-cm? and 3% of the sun radiation on the UV range
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(Chowdhury, Gomaa, & Ray, 2011)) to increase the performance of particles synthesized
at routine level. Photocatalytic experiments under visible light irradiation from cold-white
LED lights with different amounts of gold are also given for comparing and analyzing the

active mechanism.
2.2 Experimental
2.2.1 Reagents

For TiO,-Au synthesis, Aeroxide® P25 Titanium(I\V) oxide nanopowder (TiO,, 80%
anatase, 20% rutile, Sigma Aldrich™), gold(I11) chloride hydrate (HAuCl4+3H,0, Sigma
Aldrich™), sodium borohydride (NaBH., Merck™), and tri-sodium citrate dehydrate
(CsHsNaz07+2H,0, MerckTM) were used as received without further purification.

Hydrochloric acid fuming 37% for analysis (Merck ™

) was used in a solution 0.1 N. Also,
for photocatalytic reactions, methanol (CH;OH, Merck™ analytical grade ACS, ISO,

Reag. Ph Eur) was used without further purification.
2.2.2 Instruments

Composites were characterized using an UV-VIS photodiode array spectrophotometer
Shimadzu, model MultiSpec-1501. Particle size distribution was measured using dynamic
light scattering (DLS) analysis on a Malvern Zetasizer Nano ZS instrument. Microscopic
images were obtained using a Philips Tecnai 12 Biotwin transmission electron microscope

(TEM). Elemental analysis was done using a LEO 1420VP scanning electron microscope
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(SEM) with an electron dispersive spectroscopy (EDS) detector. The inductively coupled
plasma - atomic emission spectrometry (ICP-AES) was made using a Varian Liberty
Series Il Axial. Image processing for determination of gold particle size distribution and
morphological analysis was carried out using software Imagel (Rasband, n.d.). The
statistical analyses were conducted using software Minitab™ 17. Radiation measurements
were developed using a PCE Instruments UVA-UVB radiation sensor, model PCE-UV34
and a StellarNet Miniature UV-VIS Spectrometer, model Black Comet Super Range

Concave Grating Series.

The photocatalytic reactor system was implemented within an incubator (Shin Saeng,
model SBOD-201) as a controlled temperature chamber. The system is based on: two 50
mL Erlenmeyer flasks (total volume 68 mL) with GL18 screw caps with hole and septum
of silicone as batch reactors; a humidity, temperature and barometric pressure USB
datalogger Extech, RHT50; four 50 W UV-LED lights of 375 nm, Justar, model JX-
50UV10X5G, each one with aluminum heatsink, fan of 12 V for cooling and a LED
driver; and four 3 W cold-white LED lights, model JDRE27 (emission spectrums in

Figure - S 1 in annex I).

Determination of hydrogen was made using a gas chromatograph DANI, model Master
GC, equipped with a fused silica capillary column with molecular sieve of 5 A° Supelco,
model Mol Sieve 5A PLOT, and a micro-volume thermal conductivity detector VICI,
model TCD-NIFED-220DI. Evolution in real time of hydrogen concentration was

calculated using a USB thermocouple datalogger Pico Technology, model TC-08, with
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two type K thermocouples, and a U-tube manometer (Range 250-0-250 mm H,O,

resolution 1 mm H,0) with water as fluid.
2.2.3 Synthesis method

An adjusted method for synthesizing TiO,-Au nanoparticles was used, proposed by Fu (Fu
et al., 2005) and Li (W. Li et al., 2010a). It is based on the chemical reduction of [AuCl,]
over TiO, surface using NaBH, as a reducing agent. It works at room temperature and
pressure. First, 100 mL of 0.2 mM TiO; and 0.2 mM HAuUCI, colloidal suspension was
prepared. HAuCI, works as a gold precursor giving [AuCl,] ions to the solution. After 5
minutes of an ultrasonic bath to avoid agglomeration, pH of the reaction media was
adjusted to 2.2 by dropwise addition of 0.1 M HCI solution, to obtain a negative electric
charge on the surface of TiO, particles. After 5 more minutes of the ultrasonic bath, 1 mL
of a 25 mM sodium citrate solution was added to the colloidal suspension in a round-
bottom flask. After stirring for 5 minutes, 3 mL of 25 mM citrate and 0.1 M NaBH,
solution were added, showing a change of color from white to purple, and thus the reduced
Au® over the TiO, particles surface was obtained, with a pH 4.5. After stirring for 10
minutes, the TiO,-Au obtained was analyzed to check if the expected UV-vis spectroscopy
pattern (Jovic, Chen, et al., 2013; W. Li et al., 2010a) was obtained. Finally, after 5

minutes of the ultrasonic bath, the colloidal suspension was stored in darkness at 4°C.
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The described procedure leads to composites with TiO,:Au molar ratio 1:1. The full
procedure was repeated to obtain nanoparticles in a molar ratio 20:1, increasing the

amount of TiO,, keeping the amount of gold constant.

2.2.4 Photocatalytic experiments

The experimental unit was integrated by two batch reactors partially covered with
aluminum foil with two 11 cm? square windows. Both were filled with 63 mL of 1.2 M
methanol-water solution, with a 4 mL headspace filled with argon gas at barometric

pressure of 950 kPa (see Figure 2-left).

Set temperare]_5°c_|
Adual temperature| 20°C |

Cooler fan Temperature
(12v) Datalogger
% 25°C

heatsink
UV-LED light chip
(50 W - 375nm)

Siliicone Thermocouple

septum

950 kPa
4 mL Argon Headspace

LU 63 mL H,0:CH;0H
foil cover

‘Without NP's

U-tube manometer

—
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) = ! T° Datalogger
Magnetic stirrer

Magnetic bar

Figure 2. Experimental setup for hydrogen generation: (left) batch reactor; (center) UV-LED setting; (right)

system configuration within the incubator

One of the reactors had a concentration of nanoparticles of 0.056 g-L™ and the second one

did not have nanoparticles to catalyze the reaction. Both reactors were illuminated with
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two 375 nm UV-LED lights focusing on the windows, parallel to their surfaces, receiving
an intensity of light of 20 mW-cm™ (3.78-10% photons-s™-cm™) during 6 hours under slow
stirring (see Figure 2-center). The headspaces on both reactors were connected by a glass
manifold with a U-tube manometer to measure the differential pressure produced by the
generated gases on the reactor with nanoparticles, which under these conditions, is
proportional to the gas concentration. The manifold also had a by-pass valve in the middle
to set the same initial pressure on both reactors (see Figure 2-right). The experiment was
performed within the incubator with a temperature set at 5°C to increase the radiation
delivered by the UV-LED lamps. The heat released by the lamps raised the temperature of
the chamber to 20°C, and the temperature of the reactors to an average of 25°C. Intensity

of light was regulated by the distance between the surface and the LED lamp.

After 6 hours of reaction, the final hydrogen concentration was measured using gas
chromatography in triplicate of 250 pL from the headspace of each reactor using the
method described in next section. Evolution in real time of hydrogen concentration was

calculated based on temperature and differential pressure.

The same procedure was repeated using cold-white visible light, just changing the light

source, keeping the intensity of light constantly at 20 mW-cm™.
2.2.5 Measurement of hydrogen

A gas chromatographic method was developed for determining the amount of hydrogen

gas using argon as a carrier gas. It consists in: oven temperature at 40°C, isotherm during
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13 minutes, injector temperature at 40°C, thermal conductivity detector at 60°C, column
flow at 1 mL/min constant during 12 minutes, and 1 minute at 50 mL/min. The calibration

curve is given by Equation 1.

ny, = 0.001576 Agc + 0.5460 Equation 1

Where ny; is the amount of moles of hydrogen gas in pumol and Agc is the area of the first
peak obtained in the chromatogram, which appears at a retention time of 8.6 min. This
method also allows the measurement of O,, N, and CO. The concentration of H; gas in the
headspace of the photocatalytic reactor is obtained dividing ny, by the volume of the

syringe used for sampling; in this case, 250 pL.
2.3 Results & discussion
2.3.1 Synthesis

Gold ions (Au®) can be deposited over the surface of TiO, particles by anionic
adsorption. The amphoteric nature of TiO, allows changing its surface electric charge with
the change of pH value. This method uses acidic pH (2.2) under the TiO, isoelectronic
point (IEP), pH=6.0 (Zanella et al., 2002), as TiO, surface becomes positively charged
(with TiOH," as main surface species). The positive charges over the TiO, induce the
adsorption of [AuCl,]” anions. When the reducing agent is added (NaBH4), Au®* from
[AuCl,] anions is reduced to Au® over the TiO, (Gomez-de Pedro, Puyol, Izquierdo,

Salinas, & Alonso, n.d.). The reaction is shown in Equation 2 and Equation 3.
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Equation 2

TiO, + HAuCl, > TiOZ-[AUC|4]- +H"
Equation 3

TiOp-[AUCIL] +4NaBH4+12H,0 > TiO»-Au+4NaCl+4B(OH)3+29H"

2.3.2 UV-Vis Absorption spectroscopy

Figure 3 shows the absorption spectra for TiO, and TiO,-Au composites synthesized using
two different molar ratios for [TiO,]:[Au]. Bare TiO, did not show peaks at visible light
region, unlike Au nanoparticles which presented a peak at 540 nm (W. Li, Guo, & Zhang,
2010b). After reduction of gold ions over the TiO, surface, the TiO,-Au absorption
spectrum presented a peak at 530 nm. Composites with a higher proportion of gold
nanoparticles showed a higher peak and higher maximum peak wavelength. This is
explained by the size of the gold nanoparticles and its influence on the surface plasmon

resonance effect (SPR).

As the size of gold nanoparticles increased, the maximum peak wavelength and its
intensity also increased (Hong & Li, 2013), which agrees with the reported conclusion that
the maximum peak wavelength red-shifts as the relative particle size increased
(Cyrankiewicz, Wybranowski, & Kruszewski, 2007). The size of the gold nanoparticles is
presented in the section about image processing analysis. These spectra are consistent with
reported information in studies based in similar synthesis methods (Fu et al., 2005; W. Li

et al., 2010b), being a first confirmation of metallic gold coating.
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Figure 3. Normalized UV-visible absorption spectra of TiO,, TiO,-Au synthesized using molar ratio 1:1

([TiOz]=0.2 mM), and TiO,-Au synthesized using molar ratio 20:1 ([TiO,]=4 mM)

2.3.3 Elemental analysis via EDS and ICP-AES

Figure 4 shows the EDS spectra for a sample of TiO,-Au synthesized in a molar ratio
20:1, ratifying the presence of Ti (46.54%wt), O (47.02%wt) and Au (6.45%wt). The
results show that the measured content of Au was half the nominal value (12.3%wt)
calculated with the quantities used during the synthesis. ICP-AES analysis indicates that in
particles 20:1, 9.1%wt of the total mass is gold and 90.9%wt is TiO,. For particles 1:1

69.5%wt is gold and 30.5%wt is TiO..
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Figure 4. EDS spectra of TiO»-Au 20:1, confirming presence of Ti, O and Au.

2.3.4 Particle size distribution of the aggregates by DLS analysis

Figure 5 shows the particle size distribution (as a function of the radius) from a DLS
analysis on TiO,-Au aggregates synthesized using two different molar ratios and pH

values.

Results show that particle size of agglomerates increased with the amount of gold and pH.
This supports the reported evidence which affirms that agglomerate size increases both
with ionic strength and as the pH of the solution approached the IEP (H. H. Liu,
Surawanvijit, Rallo, Orkoulas, & Cohen, 2011). This is because pH alters the colloidal
stability of the nanoparticle system by modulating the protonation/deprotonation
equilibrium and further altering the electrostatic repulsion (Dunphy Guzman, Finnegan, &
Banfield, 2006; French et al., 2009; Zhou et al., 2013). For composites synthesized using a

molar ratio 20:1, the peak in the particle size distribution shifted from 46 nm to 110 nm
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when pH changed from 2.2 to 4.5, closer to the IEP of TiO,. Synthesis using a lower
molar ratio of 1:1 resulted in bigger agglomerates, with a peak at 71 nm when pH was 2.2,
which shifted to 142 nm when pH was 4.5. Higher pH also increased the variability on the
radius of agglomerates in a factor by 2.5, from 439 nm when pH was 2.2, to 1081 nm

when pH was 4.5.
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Figure 5. Particle size (radius) distribution results from DLS analysis for TiO,-Au aggregates synthesized

with molar ratios 20:1 and 1:1, with synthesis pH level adjusted to 2.2 and 4.5
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2.3.5 Aggregates and gold coating characterization using TEM and image

processing analysis

The TEM images in Figure 6 show TiO,-Au aggregates synthesized using [TiO,]:[Au]
molar ratios 1:1 (left) and 20:1 (center) at pH 2.2 during the synthesis. It also shows an
agglomerate of bare TiO, (right). The images highlight the gold nanoparticles detected by
Imaged, which can be recognized by a smaller and more rounded shape than bare TiO..
Since particles are irregular, particle size is represented by the Feret’s diameter, the
longest distance between any two points along the selection boundary, also known as
maximum caliper (Ferreira & Rasband, 2012). The aggregate using 20:1 molar ratio has a
Feret’s diameter of 175 nm and the one using 1:1 molar ratio, 362 nm, both within the
range of values shown in Figure 5. In both cases, the shape analysis shows low circularity
near 25% (1.0 indicates a perfect circle; 0.0 indicates an increasingly elongated shape),
medium solidity around 80%, and high aspect ratio, highest in the case of 1:1 synthesis.
Specific values of these descriptors are presented in Table 1. Image processing analysis
showed similar TiO, area covered by gold nanoparticles, both around 14%. It is important
to highlight that ImageJ gives an area that represents the projection of the three-
dimensional particle over a plane, serving as an approximation to the actual percentage of

surface covered by the gold particles.
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Figure 6. TEM images for agglomerates TiO,-Au synthetized using a molar ratio [TiO,]:[Au] 1:1 and 20:1,

analyzed with ImageJ, and an agglomerate of bare TiO,

Table 1. Size, area, and shape descriptors from image processing analysis

pH 2.2
Molar ratio 20:1 1:1
Size and area descriptors
Aggregate Feret’s diameter (nm) 175 362
Equivalent spherical diameter (nm) 275 252
Total area (nm?) 14,088 49,993
Area used by gold 13.2% 14.6%
Shape descriptors
Circularity 0.285 0.253
Aspect ratio 1.38 1.71
Solidity 0.817 0.803
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The images show a big difference between the sizes of gold particles deposited over the
TiO, when different molar ratios are used in the synthesis method; when lower molar ratio
was used, there were bigger nanoparticles and less dispersion over TiO, surface. Image
processing analysis allowed dimensioning a sample of 180 nanoparticles in image type
20:1 and 280 nanoparticles in image type 1:1 to address a statistical analysis. The results
are summarized on the histograms in Figure 7 and Table 2. The chart shows the particle
size distribution for gold nanoparticles on the surface of TiO, with normal distribution in
both cases, centered on mean values 3.9 nm and 11.5 nm, respectively. The statistical
significance of this 7.6 nm of difference was corroborated by applying an independent 2

samples t-test with a 95% confidence level.

The fact that higher molar ratios resulted in smaller gold particles is consistent with earlier
results from characterizations of gold coated TiO, where authors used the same gold
precursor, varying the molar ratio, but in a different synthesis method (lliev, Tomova,
Bilyarska, & Tyuliev, 2007; Jovic, Chen, et al., 2013), or even using a different core

material (Lkhagvadulam, Kim, Yoon, & Shim, 2013).

Also, in relation to the spreading of sizes in both distributions, it is clear that 20:1
synthesis ends in a much more homogeneous particle size than the 1:1 synthesis, which
can be observed in the standard deviation (o611 = 4.0 nm ; 6201 = 1.0 nm). The kurtosis
near 0 is consistent with the normality of both distributions, and the not too flat, not too
sharp peaks, and the positive but near to zero skewness, agree with the almost symmetrical

shape of distributions.
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Figure 7. Particle size distribution for gold nanoparticles on the surface of TiO,-Au synthesized using molar

ratios 20:1 and 1:1, with fitted curves for normal distribution centered on 3.9 nm and 11.5, respectively.

Table 2. Measures of central tendency and dispersion for particle size distributions (Feret’s diameter) of

gold nanoparticles from ImageJ analysis.

Molar ratio 20:1 11 20:1 11
Mode/peak (nm) 3.8 104 Coefficient of variation (%) 25% 34%
Mean (nm) 39 115 Skewness 0.3 0.5
Median (nm) 39 113 Kurtosis 0 0.15
. 4.7 19.2
Standard deviation (nm) 1.0 40 Range (nm) (1.9-6.6) (3.7-22.9)
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2.3.6 Photocatalytic hydrogen production

TiO,-Au aggregates obtained with 20:1 and 1:1 molar ratios were tested in photocatalytic
experiments (described in Figure 2) during 6 hours, by triplicate, under UV light and then
under cold-white visible light. The H, generation profile is shown in Figure 8 with a linear

fitting through linear regression and a +95% confidence prediction band.

150

Hydrogen generation (pmol)

Reaction time (h)

Figure 8. Cumulative hydrogen generation profile showing zero-order kinetics with respect to H, using UV-

light for nanoparticles synthesized in ratios 20:1 and 1:1.
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This linearity with time is indicative of high stability of the material related to the
photocatalytic activity. UV-Vis absorption spectra for particles before (Figure 3) and after
(Figure - S 2-S3) photocatalysis showed signs of a small degradation for the particles
20:1, decreasing the intensity of the Au-related peak, while a small shift toward lower
energies was observed with the 1:1 nanoparticles This behavior can be sign of
agglomeration too, but TEM images obtained after experiments (Figure - S 6 and S9) did

not show big aggregation, only a reduction in gold presence.

The linear behavior indicates a zero order kinetics in relation to the H, production, which
is consistent with a Langmuir-Hinshelwood mechanism, typical on heterogeneous
catalytic systems (Dickinson, James, Perkins, Cassidy, & Bowker, 1999) where the
photocatalytic reaction rate is independent of the reactants’ adsorption coverage (lliev et
al., 2007). Equation 4 shows a Langmuir-Hinshelwood kinetic model, modified to

describe reactions occurring on the solid-liquid interphase surface:

dc _ krKCeq Equation 4
dt ~ 1+ KCeq

To =
Where 1, is the initial rate of appearance of the product, k, is the limiting step rate
constant of reaction at maximum coverage degree under the given experimental
conditions, K is the reactant adsorption constant and C, is the equilibrium bulk-solute
concentration. Independence of reactant adsorption means a KC., » 1, so the active

center of the catalyst is almost saturated with the reactant, thus the adsorbed form is in

equilibrium with the reactant in the solution (Dickinson et al., 1999).
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For particles synthesized using molar ratio 20:1 under UV-light, the rate of hydrogen
generation for the reactor was 24 pumol-h, which leads to an estimated reaction rate of
370 pmol-L ™ -h™. In terms of yields, the mass productivity of the catalyst (also called
turnover rate (Maschmeyer & Che, 2010)) reached 6700 pmol-h™-g*. This value
represents a fifth of the highest value reported in recent literature using a similar catalyst
with ethanol as a sacrificial agent, but using 6 times higher catalyst concentration and 11
times higher alcohol concentration. Also, this result represents a third of the highest
reported value using the same sacrificial agent, methanol, which used 18 times higher
catalyst concentration, 5 times higher alcohol concentration, and a different type of titania
as catalyst, 100% anatase and photoactive under visible light. The molar productivity of
methanol was 310 pmol-h™-mol™. The overall energy conversion efficiency (Taboada et
al., 2014a), defined as the energy stored as hydrogen divided by the incident photon
energy was 0.5% and the apparent quantum yield (AQY) (Maschmeyer & Che, 2010) was
1.0% (formulas are shown in annex I). This low value could be tentatively ascribed to the
high intensity of light supplied to the system, and to the high volume of free water within

the reactor.

When the photocatalytic system used particles with a higher proportion of gold (1:1, under
UV-light), hydrogen production decreased a 72%: rate of hydrogen generation was 7
pmol-h™, estimated reaction rate was 100 pmol-L™-h™, mass productivity of the catalyst
was 1900 pmol-h™-g™, molar productivity of the methanol was 90 pmol-h™-mol™, overall

energy conversion efficiency was 0.1% and AQY was 0.3%.
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For both types of particles, the cold-white visible light from the LED lamp source was not

able to catalyze the reaction.

These results support a mechanism where the titanium dioxide is the one which captures
the photons with enough energy to excite their valence electrons. Gold nanoparticles on
the titania surface just helps to decrease the recombination of charge carriers, but they do
not make the material photoactive under visible light. The observed gold loading
dependence, with higher production rates on composites with smaller but more abundant
gold particles (20:1), and the fact that both types of particles have similar TiO, area
covered by gold, support the reported thesis (Bowker et al., 2014) that active sites are

located on the perimeter length around the metallic nanoparticles, in the TiO,-Au junction.

An extra test with particles 20:1 was run using a higher concentration of particles under
the same experimental conditions. It showed that hydrogen production is not proportional
to the catalyst amount. With 10 times higher concentration (0.56 g-L™?), the system
generated only 6.9 times more hydrogen. The screening effect between particles led to a
lower mass productivity of the catalyst (4,600 pmol-h™-g™). Nonetheless, the system used
the same light supply in a better way: the overall energy conversion efficiency increased

to 3.2% and the AQY to 7.2%.

Figure 9 and Table 3 compare the highest catalyst productivity obtained in this work, with
reported data from recent literature about photocatalytic hydrogen generation using TiO»-

Au nanoparticles, distinguishing the type of sacrificial agent used in each experiment.
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Figure 9. Catalyst productivity, also called turnover rate, reported in the literature for photocatalytic

hydrogen generation using TiO,-Au catalysts, compared to the results of this work.
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Table 3. Comparative summary of experimental conditions and main results for recent literature reporting

photocatalytic hydrogen generation using TiO,-Au nanoparticles, organized by catalyst productivity.

Catalyst Sacrificial Sacrifi-  Type of titania ~ Sacrificial ~Catalyst Gold Modifi- Primary Light AQY
Reference productivi-  agent cial (Anatase/Rutile)  agent concen-  loa- cation wave- intensity ~ ***

ty productivity agent concen- tration ding method length

tration
mol-h™-g" mol-h~-mol” ovol. L owt m mw.cm™ )

pmol-h*.g*  pmol-ht-mol™ M/ %vol. g-L? % i n W-cm? %
g;’l"?:)c Chen, etal., 34,000 860 EtOH ?8255/3959;“& 137/80% 0347 1% DPU+C 365 65  NR
(Jovic, Al-Azri, et P25pegussa 0 0
al, 2013) 33,400 845 EIOH oo 13.7/80% 0347 2%  DPU+C 365 6.5 NR
(Dosado et al., 2015) 32,200 764 EtOH ?8255/3959;5“ 13.7/80% 0325 15%  DPU+C 365 6.5 NR
(Al-Azi et al., 2015) 29,800 7,079 Glycerol ?g;ieg;ssa 14/10% 0325 1% DPU+C 365 5 NR
(Ortega Méndez et Anatasexonosvip _
al. 2014) 20,572 3329 MetOH (15009 6.2/25% 1 08% PD+D 365 17.6%
(Suetal,, 2014) 19,600 11,460 Glycerol E’E/S_E’;g“m 3.4125% 2 1% SHD 365 27 70%
(Al-Azi et al., 2015) 17,600 2314 MetOH ?g;ieg;ssa 25/10% 0325 1% DPU+C 365 5 NR
(Sinatra et al., 2015) 12,000 7,804 Ethylene  AnataSesyninesics g g/ 5oy, 056 2%"  GR 365 8 %

glycol (100/0)

g%g;;e'er etal, 7,200 29,127 MetOH (ngfz’g) 0.2/1% 1 2% DAE+C  Vis 30 NR
%{'{;’“h etal, 6,930 234 EtOH ngtfg)eswmeﬂze“ 39/23% 013 4% DPU+C 350 15  NR
This work 6,700 310 MetOH (Pgésé‘%m)“'d"ch 1.2/5% 0.056  9.1% SG 375 20 1.0%
(Jose et al., 2013) 6,275 5,495 EtOH ?7255/359) 0.9/5% 075 1% SMAD+C - - NR
(Gomathisankar, P25
Yamamoto, et al., 5,000 2,500 Glucose (75/3%‘;553 1.0/-- 0.5 5ppm PD 365 5 NR
2013)
(Bamwenda, P25 !
Tsubota, Nakamura, 4,059 1380 EOH /_J_a)*’a"’*‘”“" 5.0/29% 17 1% PD+VD  276-342 30 NR
& Haruta, 1995)
(Jose et al., 2013) 3,200 1,042 MetOH (Pfégeg;m 1.2/5% 075 1% SMAD+C - - NR
g;‘;’R“'Z etal, 1,866 75 MetOH (P_?/S_E’)eg“ssa 12.4/50% 05 05% DPU+C 254 22 NR
(Oros-Ruiz, Zanella,
Collins, Hernandez- P25pegussa o o
Gordillo, & Gomes, 1,204 3 MetOH e 17.1/69% 05 05% DPU+VD 254 2.2 NR
2014)
gﬁ‘;‘)‘da etal, 948 36 EtOH g’;?;se”“‘"“‘le“ 13.1/76% 05 1% IWIHC 365 02%  208%
g‘ﬁ%‘;"a etal, 900 103 EtOH g;?;a)seswmesized 13.1/76% 15 1% IWHC 365 0.2¢  38%
(Taboada et al., Anatasesyntesized o o - o
2014) 849 74 MetOH g7 17.1/69% 15 1%  IWI+C 365 0.2 36%
g‘g’l""é;’rhouse etal. 400 1362 EtOH z”‘/’e’fe oal 01719 029 2% DPU+C UVsVis 035  80%
(Cihlar & Anatasesynthesized 0
Bartonickova, 2013) 399 12 MetOH (g7 5.9/ 24% 1.67 002% GAR+C 300-700  14.4 NR
(Melvin et al., 2015) 307 25 MetOH ?3/5_5’)99“5“ 6.2/25% 05 1% PD+D  370-640 100  15%
(J.-J. Chen, Wu, Wu, P25Degussa 0, 0, f 3O(UV)
& Tsai, 2011) 8 -- None () 0/0% 1.43 3% PD+VD  UV+Vis 16804 NR

(--) No information available

(*) per fiber

(**) Methods: DPU = Deposition-precipitation with urea; PD = Photodeposition; SI = Sol-immobilization; GR = galvanic replacement; DAE = direct anionic
exchange; SG = sol-gel; SMAD = solvated metal atom dispersion; IWI = incipient wetness impregnation; GAR = glucose-assisted reduction; C = calcination; D
= Drying; VD = vacuum drying.

(***) AQY: apparent quantum yield. AQY = 100 x 2 x H, molecules out / photons in. NR = not reported, nor estimable due to the lightened reactor surface is
not reported.

(*) Cocatalyst: Au+Pd (**) Cocatalyst: Au+Cu,0
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The catalyst productivity reached in the present work represents a 20% of the highest
reported productivity, which used ethanol as sacrificial agent. However, Figure 9 does not
show a clear incidence of the type of sacrificial agent on the catalyst productivity. For
example, ethanol shows the highest reported productivities, but also appears between the
lowest results. Table 3 is more helpful for the analysis, but not enough to identify direct

incidence of some factors on catalyst productivity.

Table 3 shows how reduction processes by calcination could help to increase the
productivity, compared to the conventional and low-energy demanding sol-gel approach
used in this work. However, calcination implies a big energy cost during the surface
modification process. Moreover, calcination reduction was used in works with lower
productivities too, so, its influence seems to be a result of the combination of several
experimental factors. These results show that experimental setup and the mix of operation
conditions in the photoreactor can be as relevant as the preparation method. Here, particles
modified by conventional sol-gel methods at routine level get high productivity under high
intensity of light and low particle concentration, especially due to the high supply of
photons with the right energy level to activate the material and the minimum screening

effect between particles.

As expected, Table 3 also confirms low sacrificial agent productivity and low AQY due to
the extremely low catalyst concentration used during the experiment, one order of

magnitude below the lowest concentration of nanoparticles reported in the literature.
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Reported information is not enough to analyze the effect of the radiation source or the
intensity of light. What is clear is that many factors can affect the productivity and
efficiencies of this process, so multifactorial studies are needed to quantify the effect of

each factor and manipulate the system in a more effective way to optimize it.
2.4 Conclusions

It was feasible to produce nanoscale aggregates of TiO,-Au particles using a synthesis
method under room conditions. They were appropriate for generating hydrogen gas using
a system based on low-consumption UV LED-lights (375 nm; 20 mW-cm2), but not under
visible white LED-lights. The simple reactor design and experimental setup based on
gauge pressure-temperature measurement, not previously reported, allowed observing the

kinetical behavior on hydrogen photo-production without online gas chromatography.

Higher proportion of gold during the synthesis does not generate more gold nanoparticles
and it does not affect the proportion of area covered by gold, but makes bigger and more
isolated gold particles. An apparent zero order Kinetics was corroborated, a sign of
saturation of active catalytic centers. The sol-gel approach for surface modification
resulted in catalyst productivities of 6,660 umol-h™-g. This analysis shows that
conditions used in this work were suboptimal for a compact H, production system. The
influence of different factors is still not clear, such as radiation, type and concentration of
electron donor, and nanoparticle concentration. Further research on the influence of more

factors and their interactions is necessary.
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3 OPERATIONAL CONDITIONS AFFECTING HYDROGEN
PRODUCTION VIA PHOTO-REFORMING OF ORGANIC COMPOUNDS

USING TiO,-Au NANOPARTICLES

3.1 Introduction

3.1.1 Hydrogen role in energy scenario

Hydrogen is considered an attractive alternative to improve the human energy system due
to its clean emissions. However, one of the barriers to expanding the use of hydrogen is its
current non-sustainable production process, mainly based on fossil fuels: steam reforming
of methane and gasification of coal share 96% of the world market (C. Grimes, Varghese,

& Ranjan, 2008).

Besides the cleaner electrochemical processes (Bhandari, Trudewind, & Zapp, 2013;
Fischer, 1986; Kelly, 2014; Koj, Schreiber, Zapp, & Marcuello, 2015; M. Wang, Wang,
Gong, & Guo, 2014), numerous production ways have been studied looking for a more
sustainable production system such as thermochemical processes using biomass,
gasification (G. Chen, Yao, Liu, Yan, & Shan, 2015; Deniz et al., 2015; Haarlemmer,
2015; Hamad, Radwan, Heggo, & Moustafa, 2016; Liao & Guo, 2015; Mikulandri¢,
Loncar, Bohning, Béhme, & Beckmann, 2015; B. Zhang et al., 2015) and pyrolysis
(Alipour Moghadam, Yusup, Azlina, Nehzati, & Tavasoli, 2014; Alvarez et al., 2014;
Kim, Lim, & Chun, 2013; Shaomin Liu et al., 2014; X. Xu, Jiang, Wang, & Xu, 2015),

and biological processes by dark (Cheng et al., 2015; X. M. Guo, Trably, Latrille, Carrere,
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& Steyer, 2010; Han, Ye, Zhu, Zhao, & Li, 2015; Hsu & Lin, 2015; Wong, Wu, & Juan,
2014) and photo fermentations (Cheng et al., 2015; Ghirardi, Dubini, Yu, & Maness,
2009; B.-F. Liu et al., 2015; Zagrodnik & Laniecki, 2015; Z. Zhang, Wang, Hu, Wu, &
Zhang, 2015) using bacteria and microalgae. Considering solar energy as a front-running
clean, abundant and secure energy source, some researchers have faced the rising energy
demand by proposing a photocatalytic hydrogen production process (Bolton, 1996; C. A.
Grimes, Varghese, & Ranjan, 2008; Ohta & Veziroglu, 1976) as a way to store solar

energy in chemical energy (Teets & Nocera, 2011).

3.1.2 Factors affecting photocatalytic hydrogen generation

Most papers in the field of photocatalysis are focused on the synthesis, characterization of
properties and testing of nanomaterials able to catalyze the degradation of pollutants
(Ayati et al., 2014; Bansal et al., 2015; Dlugosz et al., 2015; Fan, Li, Liu, Yang, & Li,
2015; Gar Alalm, Ookawara, Fukushi, Sato, & Tawfik, 2015; H. Gupta & Gupta, 2015;
Ling et al., 2015; Majidnia & Idris, 2015; Saud et al., 2015; Sood et al., 2015), the water
splitting reaction (Ahmad et al., 2015; Bell, Will, & Bell, 2013; S. Guo et al., 2015;
Xiying Li et al., 2014; Ni, Leung, Leung, & Sumathy, 2007; Ortega Méndez et al., 2014;
Rosseler et al., 2010; Y. Yan, Cai, Song, & Shi, 2013) or photo-reforming of organic
compounds (Daskalaki & Kondarides, 2009; Gunlazuardi & Dewi, 2014; Ni, Leung, &

Leung, 2007; Oros-Ruiz et al., 2013).
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Some materials used for these applications are: transition metal oxides (Chang et al., 2015;
Du & Lu, 2014; Gomathisankar, Hachisuka, et al., 2013; He, Yang, Wang, Zhao, & Duan,
2012; K. Gurunathan, P. Maruthamuthu & Sastri, 1997; M. M. Khan, Adil, & Al-Mayouf,
2015; Xiangging Li, Zhang, Kang, Li, & Mu, 2014; Pai, Tsai, & Fang, 2013; Sampaio et
al., 2015; Sasikala et al., 2009; Shen et al., 2012); oxynitrides (W. Chen et al., 2015;
Grigorescu et al., 2014; Hara, Takata, Kondo, & Domen, 2004; Y. Li et al., 2015; X. Liu
et al., 2014; Lu et al., 2015; Maeda, Terashima, Kase, & Domen, 2009; Maegli et al.,
2012; Matsukawa et al., 2014; Pan et al., 2015; Yokoyama et al., 2011); oxysulfides
(Ishikawa et al., 2003, 2004; Jia, Yang, Zhao, Han, & Li, 2014; Pacquette, Hagiwara,
Ishihara, & Gewirth, 2014; Tang, Ye, & Hu, 2013; F. Zhang, Maeda, Takata, & Domen,
2011; F. Zhang et al., 2012); metal sulfides (Balcerski et al., 2015; Chang et al., 2015; M.
Liu, Du, Ma, Jing, & Guo, 2012; Shan Liu, Wang, Wang, Lv, & Xu, 2013; Majeed et al.,
2016; H. Yan et al., 2009; J. Yang et al., 2012; Zhao & Yang, 2016); and perovskite
oxides (Grabowska, 2016). However, the most studied material is titanium dioxide
(Bowker et al., 2014; Clarizia et al., 2014; B. Gupta et al., 2016; S. Gupta & Tripathi,
2011; Jose et al., 2013; Linsebigler et al., 1995; Ni, Leung, Leung, et al., 2007; Y. Wang
et al., 2014). Usually, the catalytic properties of these materials are improved using
sacrificial agents or modification techniques. Organic species like alcohols (Al-Azri et al.,
2015; Choi & Kang, 2007; D’Elia et al., 2011; Dosado et al., 2015; Gomathisankar,
Hachisuka, et al., 2013; Hara et al., 2004; Taboada et al., 2014a) and glycerol (Beltram et

al., 2015; Daskalaki & Kondarides, 2009; Fujita et al., 2016; Gunlazuardi & Dewi, 2014;
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Jung et al., 2015; R. Liu et al., 2014; Lyubina et al., 2013; Sadanandam et al., 2013) are
typical sacrificial agents used as electron donors or hole scavengers. There are three main
usual modification techniques to improve the photocatalytic process: the combination with
metals (Al-Azri et al., 2015; Ansari et al., 2015; Ayati et al., 2014; Balcerski et al., 2015;
Beltram et al., 2015; Bowker et al., 2014; Choi & Kang, 2007; Clarizia et al., 2014,
Daskalaki & Kondarides, 2009; Dosado et al., 2015; Gomathisankar, Hachisuka, et al.,
2013; B. Gupta et al., 2016; Jose et al., 2013; Jovic, Chen, et al., 2013; Jung et al., 2015;
K. Gurunathan, P. Maruthamuthu & Sastri, 1997; W.-S. Lee, Wan, Kuo, Lee, & Cheng,
2007; Xiying Li et al., 2014; Lin, Shi, Yoshida, Li, & Zou, 2013; Shan Liu et al., 2013; Lu
et al., 2015; Melian et al., 2014; Murdoch et al., 2011; Oros-Ruiz et al., 2014, 2013;
Ortega Méndez et al., 2014; Pai et al., 2013; Rosseler et al., 2010; Sampaio et al., 2015;
Sinatra et al., 2015; Sun, Liu, Liang, Hu, & Fan, 2015; Taboada et al., 2014a, 2014b; D.
Wang et al., 2015; Y. Xu & Xu, 2015; H. Yan et al., 2009; J. Yang et al., 2012; S. Yang et
al., 2016; Y. Yang et al., 2014; YANG, CHANG, & IDRISS, 2006; F. Zhang et al., 2012;
Y. Zhang, Ligthart, Quek, Gao, & Hensen, 2014), the combination with other
semiconductors (Bai et al., 2015; Bel Hadjltaief et al., 2016; J. Chen et al., 2014; Du &
Lu, 2014; Hussein & Shende, 2014; Lam et al., 2015; Lu et al., 2015; Melian et al., 2014;
Nsib et al., 2015; Pérez-Larios et al., 2012; Roy et al., 2015; Sinatra et al., 2015; Chao
Wang et al., 2015; Q. Wang et al., 2013; Y. Xu & Xu, 2015; Z. Yan et al., 2014), and

cation or anion doping (Fujita et al., 2016; R. Liu et al., 2014).
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So many options create a very wide net of possible combinations, making it difficult to
optimize and quantify the effect of the numerous variables affecting hydrogen
productivity. Some of the most studied factors influencing hydrogen production are the
presence, type, particle size and loading amount of co-catalysts (Al-Azri et al., 2015;
Ayati et al., 2014; Du & Lu, 2014; Lu et al., 2015; Majeed et al., 2016; Murdoch et al.,
2011; Subramanian, Wolf, & Kamat, 2004; J. Yang et al., 2012), and the presence, type
and concentration of sacrificial agents (Al-Azri et al., 2015; Beltram et al., 2015; W.-T.
Chen et al., 2015; Kandiel, Dillert, Robben, & Bahnemann, 2011; Kawai & Sakata, 1980;
Lopez et al., 2015; Lyubina et al., 2013; Oros-Ruiz et al., 2013; Sadanandam et al., 2013;
Taboada et al., 2014b). Less studied but equally relevant for bigger scale applications are
the effects of light intensity (Bell et al., 2013) and photocatalyst concentration (Nsib et al.,
2015) because of the possible screening effect on the bulk of the reaction media. Most
researches vary one or two factors independently to define the best combinations of

factors, so interaction effects are usually not involved in these studies.

The effect of several factors affecting hydrogen productivity simultaneously can be
studied by using a factorial design of experiments (DOE), an empirical modelling
technique used to evaluate the relationship between experimental variables and
corresponding responses (Chowdhury et al., 2011; Krishna Prasad & Srivastava, 2009).
Few papers in this field have used this statistical method for analysis with more than three
factors such as Chowdhury et al (Chowdhury et al., 2011). They studied the potential for

hydrogen generation using Eosin Y-sensitized TiO,/Pt catalyst under visible solar light in
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the presence of triethanolamine as an electron donor, employing a 2* full factorial design,
where visible light irradiation time and initial Eosin Y concentration showed the highest
positive effect, also proposing a regression function that satisfactorily predicts hydrogen
generation. Bastos et al (Bastos, Lopes, Santos, & Silva, 2014) used a 2°* fractional
factorial experimental design, followed by a Box—Behnken design, to set the reaction
conditions of a photoinduced reforming of a glycerol aqueous solution over Pt/hex-CdS
under visible light irradiation for the enhancement of hydrogen production. They assessed
irradiation time, mass of photocatalyst, concentration of glycerol, pH and electrolyte
concentration (NaCl) as the main factors. They found that all five factors have a

significant effect on hydrogen production; pH being the most important parameter.

In this context, this paper will focus on the quantification of the effect of five basic factors
and their combinations by using a design of experiments technique to have a better
understanding of hydrogen productivity as a tool for further optimization of operational
conditions in photocatalytic reactors. Factors under analysis will be: (A) presence of gold
as co-catalyst, (B) type of alcohol as electron donor, (C) intensity of UV-light, (D)

electron donor concentration, and (E) nanoparticle concentration.
3.1.3 TiO, modification by gold and alcohols as a sacrificial agent

The ability of a semiconductor to undergo photoinduced electron transfer to adsorbed
species on its surface depends upon the respective positions of the band edges for the

conduction and valence bands and the redox potential levels of the adsorbate species
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(Linsebigler, Lu, & Yates, 1995). The relevant redox potential level of the acceptor
species is thermodynamically required to be below (more positive than) the bottom of the
conduction band of the semiconductor. The redox potential level of the donor species
needs to be above (more negative than) the top of the valence band of the semiconductor
in order to donate an electron to the vacant hole (Al-Azri et al., 2015; W.-T. Chen et al.,

2015; Jovic, Al-Azri, et al., 2013; Linsebigler et al., 1995; Rossetti, 2012).

TiO, has received great attention because it accomplishes this requirement for water
splitting and photo-reforming of several organic compounds. Also, it is stable,
noncorrosive, harmless, abundant and inexpensive (Oros-Ruiz et al., 2013). TiO; is indeed
one of the most widely used semiconductors employed for photocatalytic applications.
However, its photocatalytic activity is limited to the ultraviolet region (B. Gupta et al.,

2016).

In recent years, catalysis and photocatalysis processes using gold nanoparticles have
become popular due to their effectiveness in degrading and mineralizing organic
compounds (Ayati et al., 2014) because they are comparatively cheaper to Pt, and because
their inherent plasmonic oscillation makes them photoactive in the visible region (B.
Gupta et al., 2016), depending upon its particle size, morphology and dielectric constant of
the medium (Bashir & Idriss, 2017; M. A. Khan, Sinatra, Oufi, Bakr, & Idriss, 2017). In
this state, electrons are transferred from surface-plasmon-stimulated gold nanoparticles to
the conduction band of TiO, (Aiboushev et al., 2013; Kochuveedu, Kim, & Kim, 2012;

Xing et al., 2016).
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The flow of electrons is different under UV light. Here, the gold loading on a
semiconductor surface under UV light acts as an electron sink, exhibiting movement of
the Fermi level towards a more negative direction, sitting it around -0.27 eV, between the
bottom of the TiO, conduction band and the H*/H, redox couple (W.-T. Chen et al.,
2015), which is a key factor for increasing the Schottky barrier effect (B. Gupta et al.,
2016; Rajeshwar et al., 2002). Thereby, electrons photoexcited into the conduction band
of TiO, migrates onto the supported gold nanoparticles, suppressing electron hole pair
recombination in TiO,, whilst the metal nanoparticles themselves function as active
surface sites for H, evolution (W.-T. Chen et al., 2015). On the other hand, holes migrate

to the surface where they oxidize the adsorbed molecules (Rossetti, 2012).

This phenomenon makes the metal particle size a key factor affecting the hydrogen
production, but its fundamental understanding still requires considerable work (Al-Azri et
al., 2015; Lopez-Tenllado et al., 2017). Several research teams have faced this topic and
agree that correlation between Au NP size and photocatalytic activity is still unclear. They
have found that both the properties of titania and gold are crucial for resultant
photocatalytic activity, but a direct correlation between size and photocatalytic activity has
not be obtained since all structural properties changed simultaneously when conditions of
photocatalyst preparation are modified (Al-Azri et al., 2015). Murdoch et al. (Murdoch et
al., 2011) found that reaction rates under UV light increased with Au particle size up to
around 12 nm, and that the normalized reaction rate per Au atom is independent of Au

particle size up to 12 nm, with a decrease of the normalized reaction rate at higher Au
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sizes, most likely due to a geometric rather than an electronic effect. Wei and his group
(Wei et al., 2017) found that under visible light this correlation between photocatalytic
activity and the size of gold NPs is clearer than for UV illumination and it indicates that
gold properties are decisive for visible light activity rather than titania properties. This

factor is not under analysis on this work, but it needs to be mentioned and characterized.

Also, to project real size applications of this process a non-energy intensive synthesis
method is necessary. The use of atmospheric pressure and room temperatures to modify
the titania nanoparticles is very relevant for increasing the chance of economic feasibility
and a positive net energy balance. Several methods are reported to synthesize TiO,-Au
nanoparticles. Some of them are sol-gel, photodeposition, deposition—precipitation,
simple reducing and dispersion (B. Gupta et al., 2016). Among this range of options, an
adjusted sol-gel method for TiO,-Au partially covered nanoparticles synthesis is used (Fu
et al., 2005; W. Li et al., 2010a) based on the reduction of gold ions over TiO, surface due
to its low energy requirements and its effective performance. Refer to section 3.2.3 for

additional details.

Hydrogen production rates can be increased by several orders of magnitude using
renewable sacrificial agents, like alcohols (Dosado et al., 2015), amines or sulphite salts
(Osterloh & Parkinson, 2011). Their oxidation potentials, lower than water, further
suppresses the electron hole pair recombination in TiO,. In such systems the process
cannot be claimed water splitting, but photo-reforming of organic compounds, even when

there could be decomposition of water (Serpone et al., 2016). Some researchers claim
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these additives are not viable for any practical system for sustainable energy production
(Osterloh & Parkinson, 2011) because they are costly or industrially irrelevant (Tachibana,
Vayssieres, & Durrant, 2012). However, the prevailing idea is to use organic compounds
currently found in industrial wastewaters (Clarizia et al., 2014), like methanol, ethanol,
glycerol, ethylene glycol and formic acid. There is a trend that uses biomass-derived
compounds as sacrificial agents for the enhancement of photocatalytic hydrogen
production, first investigated by Kawai and Sakata (Kawai & Sakata, 1980; Ldpez et al.,
2015). In this sense, many studies on the use of methanol as a sacrificial agent consider it
a model molecule in the application of photocatalysis in photoreforming (Kandiel et al.,
2011; Lopez et al., 2015) because it captures the holes more rapidly than ethanol or 2-
propanol(Lépez et al., 2015; Tamaki et al., 2006); it has a high hydrogen/carbon ratio and,
like ethanol, can be obtained from biomass (Hamelinck & Faaij, 2002; Lépez et al., 2015).
Recent works emphasize the influence of physical properties of the alcohols on the H,
productivity, like polarity and redox potential. Polarity is critical to the interaction of the
alcohol with the TiO, surface, where high polarity alcohols will interact strongly with the
semiconductor surface, resulting in the injection of more electrons into the TiO, valence
band, and the larger the potential separation between the alcohol oxidation potential and
the TiO, valence band, the higher the H, production rate (Al-Azri et al., 2015; W.-T. Chen

etal., 2015; Puga, 2016).

The lack of comprehensive studies simultaneously examining the effect of changes in low

concentrations of nanoparticles on the H, production rates in TiO,-Au systems is a gap in
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the current literature. Also, it is unclear whether the relative activities of photocatalysts are
altered by the type of alcohol hole scavenger used in the photocatalytic tests (W.-T. Chen
et al., 2015). So, in this work, methanol and ethanol are compared as sacrificial agents for
the oxidative half-reaction, and gold as a co-catalyst for the hydrogen-reduction part
(Diebold, 2011). Although the literature is clear about the relevant effect of gold presence
as a co-catalyst, this work will help to compare its relative importance versus other

operational conditions and to understand their interaction.
3.2 Experimental Section
3.2.1 Reagents

For the synthesis of TiO,-Au composites, Aeroxide® P25 Titanium(lV) oxide
nanopowder (TiO,, 80% anatase, 20% rutile, Sigma Aldrich™), gold(l11) chloride hydrate
(HAuUCIl4+3H,0, Sigma AldrichTM), sodium borohydride (NaBH4, Merck™), and tri-
sodium citrate dehydrate (CsHsNazO7+2H,0, MerckTM) were used as received without

further purification. Hydrochloric acid fuming 37% for analysis (Merck™

) was used in
solution (0.1 N). Also, for photocatalytic reactions ethanol (C,HgO, Merck'™) and

methanol (CH.O, Merck ™) were used without further purification.
3.2.2 Instruments

The photocatalytic reactor system was implemented within a Shin Saeng, model SBOD-

201 incubator, as a controlled temperature chamber. The system was based on: four 50 mL
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Erlenmeyer flasks (total volume 68 mL) with GL18 screw caps with hole and septum of
silicone, as batch reactors, each one over a magnetic stirrer; a USB thermocouple
datalogger Pico Technology, model TC-08, with four type K thermocouples; a humidity,
temperature, and barometric pressure USB datalogger Extech, RHT50; four 50 W UV-
LED light chips of 375 nm, Justar, model JX-50UV10X5G, each one with an aluminum

heatsink, fan of 12 V for cooling and a LED driver.

Composites were characterized using an UV-VIS photodiode array spectrophotometer
Shimadzu, model MultiSpec-1501, DLS analysis on a Malvern Zetasizer Nano ZS
instrument and an ICP-AES Varian Liberty Series Il Axial. Microscopic images were

obtained using a Philips Tecnai 12 Biotwin TEM.

Radiation measurements were developed using a PCE Instruments, model PCE-UV34

UVA-UVB radiation sensor.

Determination of hydrogen was done using a fast gas chromatograph DANI, model Master
GC, equipped with a fused silica capillary column with molecular sieve of 5 A° Supelco,
model Mol Sieve 5A PLOT, and a VICI, model TCD-NIFED-220DI micro-volume

thermal conductivity detector.

3.2.3 Synthesis of partially covered TiO,—Au nanoparticles

A method for synthesis of TiO,@Au core-shell nanoparticles synthesis was used,
proposed by Fu, Vary and Lin (Fu et al., 2005), and Li, Guo and Zhang (W. Li et al.,

2010a). It was based on the reduction of [AuCl,]” over TiO, surface using NaBH, as a
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reductive agent. It works at room temperature and pressure. First, a colloidal suspension
(100 mL) was prepared with TiO, (4 mM) and HAuUCI, (0.2 mM). HAuCl, worked as a
gold precursor giving [AuCly] ions to the solution. After an ultrasonic bath (5 min) to
avoid agglomeration, pH of the reaction media was adjusted (2.2) by dropwise addition of
HCI solution (0.1 N) to obtain a negative electric charge on the surface of TiO, particles.
After a second ultrasonic bath (5 min), sodium citrate solution (5 mL, 25 mM) was added
to the colloidal suspension in a round-bottom flask. After stirring (5 min), a solution (5
mL) of citrate (25 mM) and NaBH, (0.1 M) was added, showing a change of color from
white to purple, and thus obtaining the reduced Au® over the TiO, particles surface. After
stirring (10 min), the TiO,-Au composites were analyzed to obtain the expected UV-vis
spectroscopy pattern (Jovic, Chen, et al., 2013; W. Li et al., 2010a). Finally, after a third
ultrasonic bath (5 min), the colloidal suspension was stored in darkness at a low

temperature (4°C).
3.2.4 Design of experiment

The 2°* half-fraction factorial completely randomized experimental design used in this
work, has a V resolution, where main effects are aliased with four-factor interactions and
two-factor interactions are aliased with three-factor interactions. Based on the sparsity-of-
effects principle, three-factor or higher interactions are negligible, so the five main effects
and the ten two-factor interactions do not confound with other main effects and two-factor

interactions (Montgomery, 2012). The design was constructed by selecting | = ABCDE as
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the generator, and setting the levels of the fifth factor to E = ABCD (see Table 5 in section
3.3.2). Blocking was not used in this design to avoid confounding two-factor effects with
block effects, even when the photocatalytic system allows running just four experimental
units at a time. It was verified that batching of experiments was not a significant source of
nuisance, keeping temperature and pressure under control, with the same operator,
equipment, and reagents for every photocatalytic essay and measurement routine in the

whole experiment.

Reduced regression models for mean response were proposed as transfer functions
between the factors and the three mentioned responses. They were constructed by analysis
of variance (ANOVA) and backward elimination or forward selection of factors with a
level of confidence (o) between 95% and 85%, to identify a useful subset of predictors.
This process systematically adds the most significant variable or removes the least
significant variable during each step (Minitab, 2014). The adjusted coefficient of
determination (adj-R?) was used to compare models with a different number of predictors,
and the predicted coefficient of determination (pred-R?) to determine how well the model

predicted new observations and the overfitting of the model (Frost, 2013).
3.2.5 Photocatalytic experiments

Each experimental unit was integrated by a batch reactor covered with aluminum foil with
a square window (7 cm?). The reactor was illuminated with a 375 nm UV-LED light

focusing on the window, parallel to the surface of the reactor, during 11 hours under slow
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stirring. Intensity of light was regulated by the separation distance between the surface and

the LED chip (see Figure 10-a).

Each reactor contained a volume of solution (63 mL), and a headspace (4 mL) filled with
argon gas at barometric pressure (950 kPa). It was sealed with PTFE tape and purged with
argon (10 min) through the silicon septum using needles under stirring (see Figure 10-b).
The solutions of each reactor and the setting of the required light were prepared according
to the combinations detailed in Table 5 in the levels described in Table 4, with previous
randomization. The experiment was developed within the incubator with temperature
control, with space for four experimental units running at the same time. The temperature
of the incubator (5°C) was set to increase the radiation delivered by the UV-LED lights.
The heat released by the lights raised the temperature of the chamber (20°C) and the

temperature of the reactors (25°C average) (see Figure 10-c).

Control
Cooler fan o
(12v)
Aluminium
hesteink Siliicone
UV-LED light chip Temperature septum

(50 W - 375 nm) Datalogger
25°C

Set temperature  5°C
Actual temperature 20°C

INCUBATOR

Thermocouple
4 mL Argon Headspace

63 mL NP’s suspension

Magnetic stirrer

°
=

a) b) ©)

Figure 10. Experimental setup: a) experimental unit configuration; b) batch reactor; c) system configuration

with four experimental units running at the same time.
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3.3 Results and Discussion
3.3.1 Characterization of the photocatalyst

The photocatalytic experiments used both bare Aeroxide® P25 titanium oxide
nanopowder and the same P25 TiO, modified with gold nanoparticles on the surface. Gold
presence was verified by UV-vis spectroscopy comparing absorption spectra of bare and
modified TiO; in Figure 11, where the spectrum for TiO,-Au shows the characteristic
peak around 530 nm for gold nanoparticles over TiO,. This spectra are consistent with

reported information (Fu, Vary, & Lin, 2005; W. Li, Guo, & Zhang, 2010b).

Absorbance

—Tio,

- = =TiO,-Au 20:1
0.2 4=+ T

Wavelength (nm)

Figure 11. Normalized UV-visible absorption spectra of bare TiO, (without peak) and TiO,-Au synthesized

using a molar ratio 20:1 (with localized surface plasmon resonance peak around 530 nm)
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Also, inductively coupled plasma atomic emission spectroscopy (ICP-AES) to the gold
modified titania, synthesized with a molar ratio [Ti]/[Au] = 20:1, ratified the presence of

Ti (6.12 mg L) and Au (1.00 mg L), which is equivalent to a metal loading of 8.9 wt.%.

Dynamic light scattering (DLS) analysis showed a particle size distribution for modified

titania with a peak around 46 nm of radius, which is shown in Figure 12.

The particle size distribution for gold nanoparticles on the surface of titanium dioxide was
obtained by analysis with ImageJ (Rasband, n.d.) of images taken by transmission electron
microscopy (TEM). One of them is shown in Figure 13. The metal particle size

distribution had a peak around 4.5 nm of diameter and it is shown in Figure 14.
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Figure 12. Particle size distribution results from DLS analysis for TiO,-Au agglomerates, with a peak of

particles at 46 nm.
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Figure 13. TEM image for an agglomerate TiO,-Au synthesized using a molar ratio 20:1, where the small

rounded spots are the gold nanoparticles over the Titania surface.
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Figure 14. Particle size distribution for gold nanoparticles on the surface of TiO,-Au with a diameter peak
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3.3.2 General results from the factorial experiment

This section contains the results of a 2°* half-fraction factorial completely randomized
experimental design with five factors and three responses. Five operational conditions
were investigated as factors which could affect the production of hydrogen: presence of
gold as co-catalyst over TiO, surface (A: Gold); the type of alcohol used as an electron
donor (B: eDonor); the level of intensity of UV-light used as an energy source (C:
Intensity); concentration of electron donor (D: eDonor concentration); and concentration
of nanoparticles in suspension within the reactor (E: NPs concentration). Two levels were
defined for each factor and the original measurement units of each factor were
transformed into coded units. The factor levels were coded as -1 (low) and 1 (high).
Factors, coded and uncoded values are shown in Table 4, and the design of the experiment
is shown in Table 5 with the average results for each response: total hydrogen generation

(H), catalyst productivity (H/cat) and electron donor productivity (H/eDon).

Main and interaction effects on the responses are analyzed, and reduced models are
proposed for their mean prediction. Potential variability adjustment factors are proposed,
and finally, the productivities space is analyzed to show the effect of factors and the best

treatments.
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Table 4. Coded and uncoded values of the factors used in the experiment for H.

Factors Coded low Uncoded low Coded Uncoded high
level value high level value
A:  Gold -1 No 1 Yes
B:  Electron donor -1 Methanol 1 Ethanol
C: Intensity -1 10 mW cm™ 1 20 mW cm
p; ebonor 1 1.2 M 1 22M
concentration
E:  NPs concentration -1 0.05gL™ 1 0.10gL™

Table 5. 2°%, Design of the experiment and results

] ] H H/cat H/eDon
Basic design _— -
pumol pmol g~ h° pmol mol™h’

Run ABCD E=ABCD Treat-ment Mean Std.dev. Mean Std.dev. Mean Std. dev.

1 - + e 10.0 0.2 144 3 12.0 0.3
2 +-——= - a 40.4 0.2 1165 5 48.5 0.2
3 —+—- - b 21.7 1.9 628 54 26.1 2.2
4 ++-—= + abe 73.4 9.7 1060 140 88.3 11.6
5 ——+- - C 13.3 0.8 383 24 16.0 1.0
6 +—+- + ace 99.6 6.0 1438 87 119.8 7.2
7 —++- + bce 235 15 339 22 28.3 1.9
8 +++- - abc 87.7 5.3 2532 152 105.5 6.3
9 ———+ - d 16.9 11 488 32 111 0.7
10 +——+ + ade 66.2 5.0 955 72 43.4 3.3
11 —+—+ + bde 241 2.2 348 32 15.8 1.4
12 +4+—+ - abd 76.9 8.5 2220 245 50.5 5.6
13 ——++ + cde 15.0 11 217 16 9.9 0.7
14 +—++ - acd 97.6 13.7 2817 395 64.0 9.0
15 —+++ - bcd 34.7 5.0 1002 145 22.8 3.3
16 ++4++ + abcde 113.8 4.1 1642 59 74.6 2.7

Global mean 50.9 1086 46.0
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3.3.3 Total hydrogen generation
3.3.3.1 Main and interaction effects on total hydrogen generation and its variability

Figure 15-a presents the main effects plot of total hydrogen generation (H) measured in
umol of H, produced in the headspace of the photoreactor (4 cm?®) after 11 hours of
reaction. Please be aware that this type of plot is not a linear adjustment with two points.
A main effects plot is a commonly used chart type for statistical analysis which shows
data means when you have multiple factors. The points in the plot are the raw data means
of the response variable at the two levels of each factor, with a reference dashed line
drawn at the global mean (51 umol in this case) of the response data. This plot helps to
compare magnitudes of main effects of each factor (Minitab Inc., 2015). To better
understanding, the individual value plots with the raw data used in the construction of the

main effect plot are shown in the supporting information (Figure - S 10).

The gold presence as a co-catalyst (A) showed the strongest effect obtaining, in average,
more than quadruple the amount of gas when gold was present (from 20 to 82 umol). Gold
nanoparticles on titania surface act as electron sinks and have the ability to entrap the
excited electrons because of its lower Fermi energy level (Subramanian et al., 2004),
promoting charge carrier separation and accumulation, reducing electron/hole
recombination and increasing their lifetime, inhibiting the backward reaction in addition to
its important role in the creation of active sites for H, evolution (X. Chen, Shen, Guo, &

Mao, 2010; Linsebigler et al., 1995; Serpone et al., 2016).
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Figure 15. Main effects plot for a) total hydrogen generation (H) and b) for its variability (H-StdDev).

It should be noted that the magnitude of this increment in hydrogen generation could
change depending on the metal particle size, shape, metal loading, dispersion over the
TiO, support and synthesis method of gold nanoparticles (Al-Azri et al., 2015; Bowker et
al., 2014; Oros-Ruiz et al., 2013; Ortega Méndez et al., 2014) too — factors which are not

under analysis in this study.

Second, the intensity of UV light supplied to the system (C) had a big effect too on

hydrogen production when its level changes from 10 to 20 mW cm, increasing by 48%
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the total H, generation (from 41 to 61 pumol). Beside the logical assumption of having
more available photons to react, this behavior is explained by Serpone and Emeline groups
(Serpone et al., 2016), who analyze how the formation of molecular hydrogen competes
with back reactions such as back electron transfer from hydrogen atom to the conduction
band of the photocatalyst, and with side reactions like the external electron-hole
recombination process. The authors explain that at moderate light intensities, back
reactions are more efficient compared to the production of hydrogen. So, higher intensities
can help to generate an excess number of electrons to compete with back and side

reactions, increasing the hydrogen production.

Moderate and similar average effects were observed with the change of type of electron
donor (B) and its concentration (D), rising the average response by 27% (from 45 to 57
umol) when methanol was replaced with ethanol, and 20% (from 46 to 57 umol) when its
concentration increased from 1.2 M to 2.2 M. This increment with alcohol concentration
agrees with results from literature, where hydrogen production showed dependency on
alcohol concentration for diluted solutions (Rossetti, 2012) up to 6-7 M (L6pez et al.,
2015; Melian et al., 2015) and where direct oxidation of alcohol molecules by
photogenerated holes occurs at the TiO, surface with concentrations above 0.12 M (0.47
vol.%) (Ahmed, Kandiel, Ivanova, & Bahnemann, 2014; Chuan-yi Wang, Groenzin, &
Shultz, 2004). Its influence is related with its sequential process and the lifetimes of the
photogenerated electron-hole pairs. First, photodegradation of organic molecules is

typically a multielectron loss from a sequential process that involves the formation of
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intermediate products, without effective back reactions. On the other hand, recombination
of trapped electrons with free holes is about 10 times faster than hole trapping, thus, there
is a need for a fast removal of free holes (Rothenberger, Moser, Graetzel, Serpone, &
Sharma, 1985; Serpone et al., 2016). As organic compounds that are easily oxidized
photocatalytically, they act as hole scavengers and favor the separation of photogenerated

electron-hole pairs, increasing charge lifetimes (Melian et al., 2015).

As the least relevant effect, doubling the nanoparticles concentration (E) from 0.05 g L™
t0 0.1 g L™ just raised the response by 9% (from 49 to 53 umol), even when this change of
level doubles the available surface. This result agrees with literature where slight increase
in hydrogen production can be observed up to a catalyst loading of 1.5 g-L™*. At higher
loading, the rate decreased likely due to catalyst particle aggregation, with reduction of
active surface area, and to radiation scattering, which impedes transmission of the
radiation throughout the photoreactor and therefore impedes the radiation from reaching
the active centers of the catalyst particles (Chowdhury, Malekshoar, Ray, Zhu, & Ray,
2013; Kaur & Singh, 2007; Melian et al., 2015; Pulido Melian, Gonzalez Diaz, Dofia

Rodriguez, Arafia, & Perez Pefia, 2013).

It is important to indicate that conclusions about effects of C, D and E are valid just in the
space bounded by the values of each level, which were chosen without knowing the
saturation levels of each factor. This means that extrapolation of these conclusions must

be verified beyond these limits.
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Figure 15-b exhibits the main effects on the variability of total hydrogen generation
represented by its standard deviation (H-StdDev). This estimator was calculated based on
the repetitions of the measurement of gas generation on each experimental run. The plot
allows identifying factors A, B and D as the strongest potential variance adjustment
factors, factor C as a factor with moderate weight, and factor E with almost null effect on

the variability of total hydrogen generation.

Assertions previously exposed are supported by the full matrix of interaction effects in
Figure 16. The distance between lines in the first row makes the big effect of factor A
visible on the mean response H. Smaller but still visible effects on the mean can be seen
on rows of factors B, C and D. Graphically, the relevance of two-factor interactions is
defined by the lack of parallelism between the lines, and it is highlighted with cells on a
white background. Interactions AC and AE endorse the thesis that factor A has a
significant effect on the variability of H, showing certain sensitivity in the response
depending on the value of factors C and E. When gold was not present on TiO,, to double
the intensity of light, the mean increased only by 19%, but when there was gold as a co-
catalyst, the light increased the response H by 55%. Semiconductors like TiO, usually
show increments on the charge carriers’ recombination rate when intensity increases (Bell
et al., 2013). This could explain why a double amount of photons hitting the surface does
not double the H, generation, but presence of gold on the titania surface seems to
successfully make recombination slower than in pristine TiO,, due to its ability to entrap

the excited electrons inside of gold nanoparticles (X. Chen et al., 2010). The metal
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presence increases the efficiency of parallel multielectron transfer events, providing
efficient charge separation and accumulation of charge owing to the Schottky barrier

(Serpone et al., 2016).
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Figure 16. Interaction effects plot for total hydrogen generation (H), where white boxes show significant

interactions.

AE and DE interactions seems to contradict the almost null average effect of nanoparticle
concentration (E) on H observed on Figure 15-a. Both showed smaller but still significant
differences between levels of A and D. When E increased from 0.05 to 0.1 g L™, TiO, and

TiO,-Au showed different responses, hydrogen production increased by 17% when gold
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was present and slightly decreased when it was not, which It is also ascribed to the

electron sink effect of gold particles.

When the alcohol concentration (D) increased from 1.2 M to 2.2 M, the effect was
positive but its magnitude depended on nanoparticle concentration (E) too. So, hydrogen
generation is more sensitive to changes in alcohol concentration when the nanoparticle
concentration is low. The reason behind this behavior is unclear and requires further
research, but one possibility could be related to the collision frequency and diffusional

processes between the bulk of solution and the surface of the NPs.
3.3.3.2 Reduced model for total hydrogen generation

The use of all terms of an unreplicated experiment derives in a saturated model, which
does not allow distinguishing between unsystematic and systematic variation, and
therefore its predictive power is unknown (Lewis-Beck, Bryman, & Liao, 2004). A better
fit can be done with a reduced model, releasing degrees of freedom through stepwise
regression. Forward selection process adds the most significant factors for each step,
stopping the process when all factors that are not in the model have greater p-values than

the specified alpha-to-enter value (Minitab, 2014).

A reduced and hierarchical fixed effects model was developed for the total hydrogen
generation (H) response with an alpha-to-enter value of 0.05 (Equation 5). The regression
analysis shows a good fit to the data (adj-R*=98.64%) and high power prediction without

symptoms of overfitting (pred-R?=96.68%). The ANOVA shows a sum of squares that
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accounts for over 99% of the total variability in total hydrogen generation. Main factors

contribute to a 92% of total variability, and two-factor interaction terms just 7%.

Equation 5. Regression equation in uncoded units for a reduced model for total hydrogen generation (H)

H = —333-5.064+6.06B+1.946C +2839D +520E + 1.601 AC + 161.0 AE — 252.6 DE

The Pareto chart of Figure 17 presents the factors considered significant predictors of H,
arranged by standardized effect from largest to smallest, allowing to compare the relative

weight of main and two-factor interactions between them.
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Figure 17. Pareto chart of the standardized effects for the reduced model of H.



70

As Figure 15-a anticipated, the presence of gold as co-catalyst (A) had the strongest effect
on the total hydrogen generation (H). Standardization clarifies that, in the studied range, A
had up to three times a bigger effect than C, and almost four times bigger effect than their
interaction AC. It also reaffirms the deduction extracted from Figure 15-a, defining the
four mentioned single factors as significant, and the inferences from the plot of interaction
effects on Figure 16, with AC, AE and DE as significant predictors too. Factor E is also
included in the model because it is a hierarchical model. The normal probability plot in
Supporting Information (Figure - S 11) shows that just interaction DE had a negative

significant effect with a small relative weight, 10 times smaller than the main effect A.

Well behavior of residuals is analyzed with plots for verification of normality,
homoscedasticity and independency assumptions behind ANOVA and regression analysis.
They show a good fit to normal distribution. Goodness-of-fit tests for normal distribution
corroborate it: Anderson-Darling (AD=0.173; p-value=0.912), Ryan-Joiner (RJ=0.992; p-
value> 0.1) and Kolmogorov-Smirnov (KS=0.100; p-value>0.15). The plot of
standardized residuals versus the predicted values does not show any symptom of
heteroscedasticity. Randomness in the plot of residuals versus observation order is
observed, without apparent evidence of runs, trends or correlation. The standardized
residuals plot shows how the size of residuals changed as a function of a predictor's
settings, especially by factor E. This is not a serious symptom to question the statistical
validity of the ANOVA output, but a good reason to analyze the variability adjustment

factors on H (see section 3.3.6).
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3.3.4 Catalyst productivity
3.3.4.1 Main and interaction effects on catalyst productivity and its variability

Since the main cost of any catalytic process is generally given by the cost of the catalyst
and the loaded metal (Gololobov et al., 2009), it is very important to analyze its massic
productivity. Figure 18-a presents the main effects plot on the mean of the catalyst
productivity (H/cat) measured in umol of H, gas per gram of catalyst per hour of reaction.
The global average productivity for all treatments was 1086 pmol g™ h™. Consistent with
the total hydrogen production analysis of section 3.3.3.1, the gold presence as a co-catalyst
(A) showed the strongest positive effect, quadrupling the average productivity from 444 to

1729 umol g™* h™* when gold was loaded on titania surface.

In this case, nanoparticle concentration (E) had a strong effect too, as would be expected.
The productivity decreased by 45% from 1404 to 768 umol g h™* when E duplicated from
0.05 to 0.1 g L™. This could be explained by the possible blocking made by the particles,
decreasing the available light for each particle in suspension, even when these values were
set far below the usual reported experiences (Jose et al., 2013; Oros-Ruiz et al., 2013,
Ortega Méndez et al., 2014). Moreover, it is possible to observe that the average
productivity increased by 50% (from 876 to 1296 pumol g™ h™) when the intensity of light

(C) duplicated. Doubling the photons availability did not generate a double amount of H..
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Figure 18. Main effects plot for a) catalyst productivity (H/cat) and b) for its variability (H/cat-StdDev).

This non-proportional increment needs more analysis to be clarified, but possible
explanations include the mixed effect of having a faster recombination when more charge
carriers are present inside the titania, or some limitation on a diffusional process when

more charge porters are available.

This last fact could be coherent with the thesis of hydrogen active sites that are mostly
located over the metal nanoparticles or in the metal/support interface (Daskalaki &

Kondarides, 2009; Dickinson et al., 1999). So, the adsorption of reagents, the reaction and
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desorption of products in such a limited and small zone defined by the gold NPs could be
limiting the process. The saturation of the material was discarded as a possible cause when
higher intensities were used (above the range of this experiment), and higher catalyst
productivities were reached. Factors B and D had lower, but not negligible, positive
effects raising the productivity by 27% (from 951 to 1,221 pmol g™ h™) and 26% (from

961t0 1,211 pmol g™* h'™"), respectively.

Figure 18-b exhibits the main effects on the variability of the catalyst productivity
represented by its standard deviation (H/cat-StdDev). The plot shows five factors as likely
significant variance adjustment factors, with factors A, B and D standing out. Deeper

analysis is required to identify which factor is the strongest.
3.3.4.2 Reduced model for catalyst productivity

A reduced and hierarchical model was developed for the catalyst productivity (H/cat) with
an alpha-to-remove value of 0.10 (Equation 6). The regression analysis shows a good fit to
the data (adj-R?=94.99%) and high power prediction without symptoms of overfitting
(pred-R*=87.79%). The ANOVA shows a sum of squares that accounts for 98% of the
total variability in the H, productivity of catalyst. Main factors contribute an 89% of total

variability, and two-factor interactions terms just 9%.

Equation 6. Regression equation in uncoded units for a reduced model for catalyst productivity (H/cat)

H/cat = —=59 + 547 A+ 135.2B +42.04C + 865D + 1,199 FE + 33.68 AC — 5,468 AE — 8,194 DE
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The same factors are included in models for H/cat (Equation 6) and H (Equation 5), with
significant effects from the five main factors and interactions AC, AE and DE, but their
relative weights (Figure 19) and the sign of effects (Supporting information, Figure - S 12)

show changes.

a) (Response is H/cat. a = 0.10)
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Figure 19. Pareto chart of the standardized effects for the reduced model of H/cat.

The biggest change appears on NPs concentration (E) with a strong negative effect, which
is 50% of the effect of factor A, which is the strongest again. So, unlike increasing

concentrations of catalyst that led to a higher production of hydrogen, the massic
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productivity of catalyst decreased, most likely due to the shielding effect. The negative

effect of E could be another reason for the change of sign shown by interaction AE.

The same analysis presented in section 3.3.3.2 shows the well behavior of residuals,
validating normality, homoscedasticity, and independency assumptions behind ANOVA

and the regression analysis.
3.3.5 Electron donor productivity
3.3.5.1 Main and interaction effects on electron donor productivity and its variability

Another relevant input to this process is the electron donor, since these organic
compounds are currently found in industrial wastewaters, they could represent a
significant chance to reduce costs in future real scale applications. This fact makes it
relevant to analyze the productivity of the electron donor (H/eDon), measured in pmol of
H, gas per mol of electron donor per hour of reaction. Figure 20-a shows the global
average productivity for all treatments, which reaches 46 pmol mol™ h™. This value is
lower than that of other works. This could be linked to the very high ratio between moles
of the electron donor and catalyst availability, since a very low nanoparticle concentration
was used, there could be an excess of alcohol for this low amount of available NPs. In this
experiment, this ratio went from 12 to 44 mol g™ and a maximum of 120 pmol mol™ h*
was reached on treatment ace when the ratio was 12 mol g™*. For example, Ortega Méndez
(Ortega Méndez et al., 2014) reach productivities of around 590 pmol mol™ h™, using a

ratio of 6 mol g™* on NPs P25 type.
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Figure 20. Main effects plot for a) electron donor productivity (H/eDon) and b) for its variability (H/eDon-

Std Dev).

Following the same behavior of sections 3.3.3 and 3.3.4, the stronger positive effect
corresponded to the gold presence as co-catalyst (A), quadrupling again the average
productivity from 17.7 to 74.3 umol mol™ h™. As expected, electron donor concentration
(D) and intensity of UV light (C) had strong effects too, very similar in magnitude, but
with opposite signs. Doubling C generated a raising of 49%, from 37 to 55.1 pmol mol™ h°

! but when D increased from 1.2 to 2.2 M, the alcohol productivity decreased by 34%,
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from 54.6 to 36.5 umol mol™ h™. We could assume that the increment in available surface
of catalyst used in this experiment was not enough to equate the increment in availability
of reactant, and the link between the available area of catalyst and amount of alcohol
molecules requires deeper analysis. Smaller effects were observed with the change of
electron donor (B), which raised productivity by 27% (from 40.6 to 51.5 umol mol™ h™)
when ethanol replaced methanol, and doubling the concentration of nanoparticles (E) from
0.05 to 0.1 g L™, increasing productivity just by 14% (from 43.1 to 49.0 umol mol™ h%),
which differs from recent works where methanol (Lépez et al., 2015) and glycerol (W.-T.

Chen et al., 2015) show a bigger influence on hydrogen production rates.

Figure 20-b presents the main effects on the variability of the electron donor productivity
represented by its standard deviation (H/eDon-StdDev). The plot shows factors A, B and
C as likely significant variance adjustment factors. Factor E has a null effect on the

variability of alcohol productivity, and it is not clear the significance of D.
3.3.5.2 Reduced model for electron donor productivity

A reduced and hierarchical model was developed for the electron donor productivity
(H/eDon) with an alpha-to-remove value of 0.10 (Equation 7). The regression analysis
shows a good fit to the data (adj-R?=91.02%) and moderately high power prediction with
low symptoms of overfitting (pred-R?=82.97%). The ANOVA shows a sum of squares
which explains 95% of the total variability in the H, productivity of catalyst. Main factors

contribute with an 86% of total variability, and two-factor interaction terms, just 9%.
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Equation 7 - Regression equation in uncoded units for a reduced model for the hydrogen yield of the

electron donor (H/eDon).

H/eDon =51.2+282A+545B+ 1814 C —19.06 D + 1.518 AC — 13.34 AD
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Figure 21. Pareto chart of the standardized effects for the reduced model of H/eDon.

Unlike the previous models for H (Equation 5) and H/cat (Equation 6), in this case

nanoparticle concentration (E) is not significant, neither are their interactions. Supremacy

of A as the main factor is still observable (Figure 21). Also, the negative effect of electron

donor concentration (D) stands out (See supporting information, Figure - S 13). AC and

AD are the only significant two factor-interactions with similar relative weights, both
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linked to the interaction of A with the next two most important factors. Similar to what
happened with nanoparticle concentration in section 3.3.4.2, even when increasing
concentrations of electron donor leads to a higher production of hydrogen, the productivity

of the electron donor decreases.

The same analysis presented in section 3.3.3.2 shows a well behavior of residuals,
validating normality, homoscedasticity, and independency assumptions behind ANOVA

and regression analysis.

3.3.6 Variability adjustment factors

The analysis of variability done for these three responses showed a ratio effect indicating
that standard deviation increased in a factor of 3.9, 2.7, 1.9, 2.6 and 1.0 when A, B, C, D
and E changed from lower to higher levels, respectively. Interaction effects AE, BC, BD

and DE also had relevant ratio effects of 1.8, 0.5, 0.6 and 0.6, respectively.

Figure - S 14-S16 in the supporting information shows the Pareto chart visualizing the
magnitude of the standardized effects on variability of total hydrogen generation (H-
StdDev), variability of catalyst productivity (H/cat-StdDev), and variability of electron
donor productivity (H/eDon-StdDev). They clarify how A and B had the strongest effects
on variability, which is consistent with observations based in Figure 15-b, Figure 18-b and
Figure 20-b. As a conclusion, single factors A, B, C and D are a good set of possible
variance adjustment factors for total hydrogen generation. The five factors are

significantly related to differences in the variability of catalyst productivity, and only A, B
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and C are relevant to adjust the variability of electron donor productivity. Interactions BC

and AE need to be considered for the three responses under analysis.

3.3.7 Analysis of productivities space

As a half-fraction factorial experimental design, only half of the total possible treatments
were run, so the second half fraction was predicted using the adjusted models in Equation
6 and Equation 7. These values are presented in Figure 22, which shows the space formed
by productivities of catalyst (X axis) and the electron donor (Y axis), where best
treatments can be easily detected: Treatment abcd can maximize the catalyst productivity;
treatment ace maximizes the electron donor productivity; and abc treatment has the best
compromise between both types of productivities. Figure 22 also shows two experimental
points for validation, with less than 9% of difference in the worst case. Figure 23-A to E
show how the change of level in each single factor generates a jump in the responses in
the productivities space, where the positive effect of factors A and C are visually relevant.
We may also see the negative effect of factor D on electron donor productivity and factor
E on catalyst productivity. As mentioned in the previous analysis, the effect of factor B

was smaller than other single factors, so it is not visually clear in the productivities space.
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3.4 Conclusions

The presence of gold as co-catalyst (A) is definitely the factor with the highest weight on
each of the three responses under analysis, followed by the intensity of light (C) and their
interaction (AC). In every case, factor A has a weight three times higher than C, and
almost four times higher than AC. Concentration of catalyst (E) and concentration of
electron donor (D) become relevant for their respective productivities, in similar
magnitude to the intensity of light. Relative to the type of alcohol (B), ethanol showed
slightly better average productivities than methanol, which disagrees with some sources
(W.-T. Chen et al., 2015; Ldpez et al., 2015), and its effect is comparatively smaller and

less clear than other single factors.

Treatment abcd maximizes the catalyst productivity reaching 2,925 umol g™ h', treatment
ace maximizes the electron donor productivity with 120 pmol mol™ h™*, and abc treatment
has the best compromise between both type of productivities, resulting in productivities of
2,532 umol g* h™* and 106 pumol mol™ h™*. Further work is necessary to realize target
productivities of 2-3 mmol g* min™ under direct sunlight to attract industry interest

(Dosado et al., 2015).
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4 OPERATIONAL CONDITIONS AFFECTING FORMALDEHYDE AND
FORMIC ACID FORMATION AS BY-PRODUCTS OF HYDROGEN

PRODUCTION VIA PHOTOREFORMING OF METHANOL

4.1 Introduction

4.1.1 Relevance of formaldehyde and formic acid

Formaldehyde is the simplest aldehyde which is manufactured on an industrial scale due
to its widespread applications (Transparency Market Research, 2013). It is used for
production of urea formaldehyde (UF) resin, phenol formaldehyde (PF) resin, melamine
formaldehyde (MF) resin and rigid polyurethane (PU) foams (ICIS, 2008; Transparency
Market Research, 2013). Most of them are widely used in the construction industry and
automotive industry. UF and PF account for over half of the world’s total formaldehyde
consumption (McGregor group, 2014). Commercially, it is sold in liquid form as formalin
(Transparency Market Research, 2013), a 37% aqueous solution with 10% methanol

(ICIS, 2008).

The global production capacity of formaldehyde surpassed 46.4 million tons in 2012, and
in 2017, it is anticipated to exceed 52 million tons (McGregor group, 2014). The Asian-
Pacific region held a share of 56% of the world’s total formaldehyde capacity and it is also
the main consumer (57% of global consumption), and just China accounts for over 51% of

the global capacity (McGregor group, 2014).
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It is expected that the revenue generated by the global formaldehyde market will reach

USD 18,000 million by 2018 (Transparency Market Research, 2013).

Two important routes are used in the industrial production of formaldehyde via a
combination of partial oxidation and dehydrogenation of methanol. Both are catalytic
methods and are highly energy demanding, working at temperatures between 400°C and
650°C. Nowadays, about 55% of the industrial production is based on silver catalyst

(Maldonado, Fierro, Birke, Martinez, & Reyes, 2010).

Likewise, the global formic acid market was valued at USD 517 million in 2016 and is
expected to be valued at USD 879 million by the end of 2027. The Asia-Pacific region is
the largest market for formic acid too, with more than 35% of the volume share in the
global market. Formic acid is mostly produced via carbonylation of methanol and it is
mainly used in animal feed, silage preservatives, dyeing and finishing textiles, rubber &

leather production and others (Market research Future, 2017).

In this market context, it is worthy to evaluate new production systems for formaldehyde
and formic acid, both to reduce energy consumption and to find potential savings in
catalyst production. Therefore, the generation of formaldehyde and formic acid as
intermediate byproducts in the photocatalytic hydrogen generation via photoreforming of
methanol is of great interest as an alternative production system of these compounds for

the future.
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4.1.2 Formaldehyde and formic acid as by-products of photocatalytic hydrogen

Some researchers have faced the rising energy demand by proposing a photocatalytic
hydrogen production process (Bolton, 1996; C. A. Grimes et al., 2008; Ohta & Veziroglu,
1976) as a way to store solar energy in chemical energy (Teets & Nocera, 2011) using

nano-sized semiconductors (Varas-Concha, Guzman, Isaacs, & Saez-Navarrete, 2017).

Titanium dioxide is the most widely used semiconductor for photocatalytic applications
because it is stable, noncorrosive, harmless, abundant, inexpensive (Oros-Ruiz et al.,
2013), and able to generate the water splitting reaction and photo-reforming of several

organic compounds (Varas-Concha et al., 2017).

Many studies use methanol as a sacrificial agent because it captures the positive charge
carriers more rapidly than other alcohols (Lépez et al., 2015; Tamaki et al., 2006); it has a
high hydrogen/carbon ratio and it can be obtained from biomass (Hamelinck & Faaij,

2002; Lopez et al., 2015) (Varas-Concha et al., 2017).

The main intermediaries involved in methanol photoreforming are formaldehyde, formic
acid and CO,. The first and second are valuable by-products and increase the chances of

economic feasibility in this type of photocatalytic systems.

As reference, formaldehyde solution at 37% purity costs 2-3 times more than pure
methanol, and formic acid at 98% purity can cost 200 times more than the pure methanol
(Merck Group, 2017). Actually, these prices could lead to change the focus, leaving the

hydrogen generation as a secondary by-product. Methane, methyl formate, acetaldehyde,
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dimethyl ether and ethane are other by-products, but they appear in insignificant amounts

(Melian et al., 2015).

In general, the main accepted mechanism for the methanol reforming reaction takes place
in two stages: involving formation of formaldehyde first (1), then formic acid (2), and

finally CO; (3) (Ortega Méndez et al., 2014):
CH30H + (hv + TiO2-Au) —» CH,O + H, (1)
CH,0 + (hv + TiO,-Au) —» HCOOH + H, (2)

HCOOH + (hv + TiO»-Au) — CO + H,  (3)

4.1.3 Factors affecting formaldehyde and formic acid generation

Reported vyields of hydrogen produced via photocatalytic methods have been
disappointingly low (Serpone et al., 2016), so it is crucial to focus research on the
development of materials science and strategies to achieve significant progress both in

water splitting as in photoreforming.

Formaldehyde and formic acid formation are usually correlated with the hydrogen
production levels, so the operational conditions impacting the hydrogen yields affect the

generation of by-products too.

Among the strategies and operational conditions under study to improve the productivities
of hydrogen, depositing noble metal nanoparticles on the photocatalyst surface stands out.

The formation of a Schottky barrier at the metal/TiO, interface helps the photopromoted



88

electrons migrate preferentially from the conduction band of the semiconductor to the
metal, resulting in a decrease in electron-hole pair recombination. Various metals have
been used as co-catalysts on a titanium surface including Pt (Beltram et al., 2015; Jung et
al., 2015; Lu et al., 2015), Pd (Gomathisankar, Yamamoto, et al., 2013; X. Liu et al.,
2014; H. Yan et al., 2009), Cu (Clarizia et al., 2014; Gomathisankar, Hachisuka, et al.,
2013; Jung et al., 2015), Ni (Balcerski et al., 2015; Xiying Li et al., 2014; Melian et al.,
2014; Y. Xu & Xu, 2015), Rh (Gomathisankar, Hachisuka, et al., 2013; D. Wang et al.,
2015; F. Zhang et al., 2012), Ag (Ansari et al., 2015; S. Yang et al., 2016) and Au (Al-
Azri et al., 2015; Jovic, Chen, et al., 2013; Ortega Méndez et al., 2014; Sinatra et al.,
2015). Of these, the best yields in terms of photocatalytic production of H, have been

obtained with Pt/TiO, and Au/TiO, (Naldoni et al., 2013)(Ortega Méndez et al., 2014).

Another way of increasing efficiency is by varying the concentration of the alcohol
submitted to the photoreforming process. These sacrificial agents are easily oxidized
photocatalytically and so they act as hole (h+) scavengers in the photocatalysis process.
They favor the separation of photogenerated electron-hole pairs, increasing charge
lifetimes and enabling the migration of electrons to the photocatalyst surface. An
extensive number of organic compounds have been tested, with the best results apparently
being obtained with C1- C3 alcohols in water-alcohol mixtures (Dal Santo, Gallo,
Naldoni, Guidotti, & Psaro, 2012; Gallo et al., 2012; Melian et al., 2015; Mizukoshi, Sato,
Konno, & Masahashi, 2010), where methanol has provided the highest rates of H, gas

(Melian et al., 2015). Pulido Melian et al. (2015) found that in their photocatalytic system,
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the amounts of both formaldehyde and formic acid increased with methanol concentration

up to 6.1 and 9.8 M, respectively.

Both the presence of noble metals and the use of alcohols as hole scavengers are widely
studied factors influencing hydrogen production as independent factors. Particle size and
loading amount of co-catalysts (Al-Azri et al., 2015; Ayati et al., 2014; Du & Lu, 2014;
Lu et al., 2015; Majeed et al., 2016; Murdoch et al., 2011; Subramanian et al., 2004; J.
Yang et al., 2012), type and concentration of sacrificial agents (Al-Azri et al., 2015;
Beltram et al., 2015; W.-T. Chen et al., 2015; Kandiel et al., 2011; Kawai & Sakata, 1980;
Ldpez et al., 2015; Lyubina et al., 2013; Oros-Ruiz et al., 2013; Sadanandam et al., 2013;
Taboada et al., 2014b) have been studied too. Less studied but equally relevant for bigger
scale applications are the effects of light intensity (Bell et al., 2013) and photocatalyst
concentration (Nsib et al., 2015) because of the possible screening effect on the bulk of the

reaction media (Varas-Concha, Guzman, Isaacs, & Séez-Navarrete, 2017).

So many options create a very wide net of possible combinations, making it difficult to
optimize and quantify the effect of the numerous variables affecting hydrogen productivity
and the productivity of their by-products. Most of these factors have been studied as
isolated and independent factors, but not as interactive elements with possible synergies or

counterproductive effects.

In this context, this work studies the joint effect of four relevant factors: (A) presence of

gold as co-catalyst, (B) intensity of light, (C) concentration of methanol and (D)
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concentration of nanoparticles. Our last published work (Varas-Concha et al., 2017)
deeply analyzed their effect on the hydrogen production using low concentrations of
nanoparticles, since a gap exists in the knowledge about photocatalysis using
concentrations of nanoparticles below 0.1 g-L™. Along the same lines, this present work
explores their combined effect on the formation of formaldehyde and formic acid as
potential valuable by-products of the hydrogen production process via photoreforming of

methanol, in a low range concentration of nanoparticles.

The factorial design of experiments (DOE) is an empirical modelling technique used to
evaluate the relationship between experimental variables and corresponding responses
(Chowdhury et al., 2011; Krishna Prasad & Srivastava, 2009; Varas-Concha, Guzman,
Isaacs, & Saez-Navarrete, 2017). This technique allows quantifying the effect of several
factors affecting a response simultaneously. In this case, we evaluate the main and
interaction effects of these four mentioned factors on four responses: production of
formaldehyde (F), production of formic acid (FA), catalyst productivity for formaldehyde

formation (F/cat) and catalyst productivity for formic acid formation (FA/cat).

Finally, we explore the relation between hydrogen and by-product generation.
4.2 Experimental Section

More details about the experimental conditions used in this work can be found in our

previous publication (Varas-Concha et al., 2017).
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4.2.1 Reagents

For the synthesis of TiO,-Au composites, Aeroxide® P25 Titanium(lV) oxide
nanopowder, gold(lll) chloride hydrate, sodium borohydride, and tri-sodium citrate
dehydrate were used as received without further purification. Hydrochloric acid fuming

37% for analysis was used in solution (0.1 N).

For photocatalytic reactions, methanol was used without further purification. For
formaldehyde and formic acid determination, chromotropic acid
((HO),C10H4(SO3Na)»*2H,0, Sigma Aldrich™) was used in a solution 1% wiw,

kTM

hydrochloric acid was used in a solution 2 M, powder magnesium (Merck ™) and sulfuric

acid (Merck™) were used as received.
4.2.2 Instruments

The photocatalytic reactors were implemented within a Shin Saeng, model SBOD-201
incubator with temperature control. The system used: four 50 mL Erlenmeyer flasks with
septum of silicone on their caps, over magnetic stirrers; a USB thermocouple datalogger
Pico Technology, model TC-08; a USB datalogger Extech, RHT50 to record humidity,
temperature, and barometric pressure; four 50 W UV-LED light chips of 375 nm, Justar,

model JX-50UV10X5G.



92

Characterization of composites used: an UV-VIS photodiode array spectrophotometer
Shimadzu, model MultiSpec-1501; a Malvern Zetasizer Nano ZS instrument; an ICP-AES

Varian Liberty Series Il Axial; a Philips Tecnai 12 Biotwin TEM.

Radiation measurements were taken using a PCE Instruments UVA-UVB radiation sensor,

model PCE-UV34.

Determination of hydrogen was done using a fast gas chromatograph DANI, model Master

GC, with a VICI thermal conductivity detector, model TCD-NIFED-220DI.
4.2.3 Synthesis of partially covered TiO,—Au nanoparticles

The synthesis procedure is based on the proposed methods by Fu, Vary and Lin (Fu et al.,
2005), and Li, Guo and Zhang (W. Li et al., 2010a), which works at room temperature and
pressure. First, a colloidal suspension (100 mL) was prepared with TiO, (4 mM) and
HAuUCI,4 (0.2 mM). After an ultrasonic bath (5 min), pH of the reaction media was adjusted
(2.2) by dropwise addition of HCI solution (0.1 N). After a second ultrasonic bath (5 min),
sodium citrate solution (5 mL, 25 mM) was added to the colloidal suspension. After

stirring (5 min), a solution (5 mL) of citrate (25 mM) and NaBH, (0.1 M) was added.
4.2.4 Design of experiment

The 2** half-fraction factorial completely randomized experimental design used in this
work has a IV resolution, where no main effects are aliased with any other main effect or

2-factor interactions, but some 2-factor interactions are aliased with other 2-factor
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interactions and main effects are aliased with 3-factor interactions. Based on the sparsity-
of-effects principle, three-factor or higher interactions are negligible, so the four main
effects do not confound with other main effects and two-factor interactions (Montgomery,
2012). The design was constructed by selecting | = ABCD as the generator, and setting the
levels of the fourth factor to D = —~ABC (Table 7). Blocking was not used in this design to
avoid confounding two-factor effects with block effects. It was verified that batching of
experiments was not a significant source of nuisance, keeping temperature and pressure
under control; with the same operator, equipment, and reagents for every photocatalytic

essay and measurement routine in the whole experiment.

Regression models for mean response were proposed as transfer functions between the
factors and the four responses mentioned in section 4.1.3. They were constructed by
analysis of variance (ANOVA) with a level of confidence o = 95%. The adjusted
coefficient of determination (adj-R?) was used to compare models with a different number
of predictors, and the predicted coefficient of determination (pred-R?) to determine how

well the model predicted new observations and the overfitting of the model (Frost, 2013).
4.2.5 Photocatalytic experiments

Each experimental unit was integrated by a batch reactor covered with aluminum foil with
a square window (7 cm?). The reactor was illuminated with a 375 nm UV-LED light

focusing on the window, parallel to the surface of the reactor, during 11 hours under slow
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stirring. Intensity of light was regulated by the separation distance between the surface and

the LED chip (see Figure 24-a).

Each reactor contained a volume of solution (63 mL), and a headspace (4 mL) filled with
argon gas at barometric pressure (950 kPa). It was sealed with PTFE tape and purged with
argon (10 min) through the silicon septum using needles under stirring (see Figure 24-b).
The solutions of each reactor and the setting of the required light were prepared according
to the combinations detailed in Table 7 and the levels described in Table 4, with previous
randomization. The experiment was developed within the incubator with temperature
control, with space for four experimental units running at the same time. The temperature
of the incubator (5°C) was set to increase the radiation delivered by the UV-LED lights.
The heat released by the lights raised the temperature of the chamber (20°C) and the

temperature of the reactors (25°C average) (see Figure 24-c).

4.2.6 Formaldehyde and formic acid measurement

Determination of formaldehyde and formic acid concentrations was done following
reported colourimetric methods (Garcia Morgado, 2013; Guzman, 2016; Paul et al., 1998;

Ramos Sende et al., 1995).

For formaldehyde determination, 500 pL of solution after photocatalysis, 500 uL of
chromotropic acid solution, and 4000 pL of sulfuric acid reacted during 45 minutes

between 80-100°C. Then, 2000 pL of nanopure water was added, and after 20 minutes the
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UV-vis spectra was recorded, measuring the absorbance at 575 nm. The concentration of

formaldehyde was calculated using a calibration curve represented by the equation 8:
[CH,0]=(Abs-0.01)-0.191"" mg-L"! Equation 8

For formic acid determination, 500 pL of solution after photocatalysis, 500 pL of
hydrochloric acid solution, and a spatula tip of powder magnesium reacted during 10
minutes under constant stirring. Then, the procedure for formaldehyde determination was
repeated on the resultant solution, but the concentration of formic acid was calculated

using a different calibration curve represented by the equation 9:

= s-0. -0. mg- Equation 9
[CH,0,]=(Abs-0.026)-0.274" mg-L"

Control

Cooler fan
(12V)
Aluminium
heatsink Siliicone

5°C
septum INCUBATOR Set temperature

UV-LED light chip Temperature
(50 W - 375 nm)

Datalogger
25°C

Actual temperature 20°C

Thermocouple

4 mL Argon Headspace

63 mL NP's suspension
Aluminium
foil cover

Magnetic stirrer

To
Datalogger

a) b) <)

Figure 24. Experimental setup: a) experimental unit configuration; b) batch reactor; c) system configuration

with four experimental units running at the same time.
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4.3 Results and Discussion
4.3.1 Characterization of the photocatalyst

The photocatalyst used in the experiments was Aeroxide® P25 titanium oxide
nanopowder. For some experimental runs the P25 TiO, was modified with gold
nanoparticles on the surface using a molar ratio Ti:Au=20:1, and gold presence was
verified by UV-vis spectroscopy. The absorbance spectrum for TiO,-Au showed the
characteristic peak around 530 nm and was consistent with reported information (Fu,
Vary, & Lin, 2005; W. Li, Guo, & Zhang, 2010b). Inductively coupled plasma atomic
emission spectroscopy (ICP-AES) ratified the presence of Ti (6.12 mg L™) and Au (1.00

mg L™), which is equivalent to a metal loading of 8.9 wt.%.

In terms of particle size, dynamic light scattering (DLS) analysis showed a distribution
with a peak around 46 nm of radius for the TiO,-Au agglomerates. For the gold
nanoparticles, the size distribution had a peak around 4.5 nm of diameter. Images were
obtained by transmission electron microscopy (TEM) and analyzed using Imagel

(Rasband, n.d.). One of them is shown in Figure 25.

Normalized UV-visible absorption spectra, particle size distribution from DLS analysis for
agglomerates, and particle size distribution for gold nanoparticles from ImageJ analysis
were reported in full in our last published work (Varas-Concha, Guzman, Isaacs, & Saez-

Navarrete, 2017).
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Figure 25. TEM image for an agglomerate TiO,-Au. The small rounded spots are the gold nanoparticles

over the titanium dioxide surface.

4.3.2 General results from the factorial experiment

This section contains the results of a 2** half-fraction factorial completely randomized
experimental design with four factors and four responses. Four operational conditions
were investigated as factors which could affect the production of formaldehyde and formic
acid as by-products in the photoproduction of hydrogen: presence of gold as co-catalyst
over TiO, surface (A: Gold); the level of intensity of UV-light used as an energy source
(B: Intensity); concentration of methanol (C: Conc. MetOH); and concentration of
nanoparticles in suspension within the reactor (D: Conc. NPs). Two levels were defined
for each factor and the original measurement units of each factor were transformed into

coded units. The factor levels were coded as -1 (low) and 1 (high). Factors, coded and
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uncoded values are shown in Table 6, and the design of the experiment is shown in Table
7 with the average results for each response: total formaldehyde generation (F), total
formic acid generation (FA), catalyst productivity for formaldehyde (F/cat) and catalyst

productivity for formic acid (FA/cat).

Table 6. Coded and uncoded values of the factors used in the experiment for CH,0 and CH,0,.

Factors Coded low Uncoded low Coded Uncoded high
level value high level value
A: Gold -1 No 1 Yes
Intensity -1 10 mW cm 1 20 mW cm?
c; MetoH 1 12M 1 22M
concentration
D:  NPs concentration -1 0.05gL™ 1 0.10gL™

Main and interaction effects on the responses are analyzed, and statistical regression
models are proposed for their mean prediction. The production space for formaldehyde
and formic acid is analyzed to show the effect of factors and the best treatments. Finally,

the relation between catalyst productivity of formic acid and hydrogen is studied.



Table 7. 2**,, Design of the experiment and results.
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Basic F FA H Flcat FA/cat H/cat

design umol pumol pumol pmolg*h?  pmolg*h®  pmolg?h?

Run  ABC _2; c T]::?]tt- Mean j:i Mean ::j/ Mean 32(\1/ Mean j:\j/ Mean ::/ Mean ::/
1 ——- + d 73 06 28 04 100 02 105 8 41 6 144 3
2 +—- - a 101 0.7 53 00 404 02 292 19 152 0 1165 5
3 —+- - b 83 03 21 29 133 08 239 8 60 85 383 24
4 ++- + abd 279 0.7 155 0.0 1029 27 402 9 224 0 1485 40
5 ——+ - c 101 15 43 00 169 11 292 45 123 1 488 32
6 +-+ + acd 298 20 120 00 66.2 50 431 29 174 0 955 72
7T —++ + pcd 112 08 61 00 153 13 161 11 88 0 221 19
8 +++ - abc 315 04 161 00 1051 6.0 909 11 465 0 3034 172
ﬁL‘;bna' 170 103 80 55 463 389 354 242 166 132 984 924

4.3.3 Formaldehyde generation

4.3.3.1 Main and interaction effects on formaldehyde generation

Figure 26 presents the main effects plot of total formaldehyde generation (F) measured in

umol of CH,O produced in the liquid phase of the photoreactor after 11 hours of reaction.

Please be aware that this type of plot is not a linear adjustment with two points. A main

effects plot is a commonly used chart type for statistical analysis that shows data means

when you have multiple factors. The points in the plot are the raw data means of the
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response variable at the two levels of each factor, with a reference dashed line drawn at
the global mean (17.0 umol in this case) of the response data. This plot helps to compare
magnitudes of main effects of each factor (Minitab Inc., 2015). To better understand, the
individual value plots with the raw data used in the construction of the main effects plot

are shown in the supporting information (Figure - S 17 and Figure - S 18).

The gold presence as a co-catalyst (A) showed the strongest effect obtaining, in average,
2.7 times the amount of formaldehyde when gold was present (from 9.2 to 24.8 umol).
The other factors had effects on the response with similar magnitudes. The concentration
of methanol (C) increased the formaldehyde production in 50% (from 13.4 to 20.7 pumol)
when it passed from 1.2 M (5%vol) to 2.2 M (10%vol). Intensity of light (B) and
concentration of nanoparticles (D) followed it, increasing the formaldehyde production a

38% (from 14.3 to 19.7 umol) and a 27% (from 15.0 to 19.1 umol) when they were

doubled.
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Figure 26. Main effects plot for the total formaldehyde generation (F).
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The main effect plot for the catalyst productivity of formaldehyde (F/cat) presented in
Figure 27 shows similar magnitude of effects to those in Figure 26 for factors A, B and C.
Otherwise, the effect is different for factor D, where doubling the nanoparticles

concentration from 0.05 to 0.10 g-L™, reduced the productivity a 36% (from 433 to 275

umol-g™*-h™).
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Figure 27. Main effects plot for the catalyst productivity of formaldehyde (F/cat).

Figure 28 shows the half matrix of interaction effects on F. The relevance of factor A is
evident in the first column, where it is possible to observe the big change on the mean
response of F between the absence and presence of gold as a co-catalyst, independently of
their interactions with other factors. Graphically, the relevance of two-factor interactions
is defined by the lack of parallelism between the lines. Based on that, interactions AB, AC
and AD show a visible sensitivity in the mean response depending on the level of factor A.

When gold was not present on TiO,, a change in the intensity of light or concentration of
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nanoparticles did not generate an effect on the mean response, and meanwhile a change in

concentration of methanol had a small effect of 35%. On the other hand, when there is

gold on the surface of TiO,, the effect of the same changes on B, C and D levels generate

much more observable effects, increasing a 49%, 62% and 40%.
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A —e— 0,05
20 4 — e —m— 0,10
/ L —
7
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Tio2 Ti02-Au 10 20 12 22
Gold Intensity Conc. MetOH
A gray background represents a term not in the model.

Figure 28. Interaction effects plot for total formaldehyde generation (F)

4.3.3.2 Model for total formaldehyde generation and its catalyst productivity

A fixed effects model was developed for the total formaldehyde generation (F) response

with an alpha value of 0.05. The regression analysis showed a good fit to the data (adj-
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R?=99.03%) and high power prediction without symptoms of overfitting (pred-
R?=97.92%). The ANOVA showed a sum of squares that accounted for over 99.4% of the
total variability in total formaldehyde generation. Main factors contributed to 86% of total
variability, and two-factor interaction terms just 14%. Equation 10 shows the regression

equation in uncoded units for response F.

Equation 10.

F=-946—-1223-A+0.5379-B+7.263-C +81.0-D + 0.4349 - AB + 4.415- AC + 80.1
-AD

The same analysis was run to generate a fixed effects model for the catalyst productivity
of formaldehyde (F/cat). Equation 11 shows the regression equation in uncoded units for
this response. It showed a good fit to the data (adj-R?*=99.23%) and high power prediction
(pred-R?=98.35%). The sum of squares in the ANOVA accounted for 99.5% of the total
variability, main factors explained 81% of total variability, and two-factor interaction

terms 18%.

Equation 11.

F/cat =481 —2548-A+1483-B+188.6-C —3161-D + 14.65-AB +134.4- AC — 519
-AD

The Pareto chart shown in Figure 29 allows comparing the standardized effects for each
main and interaction factor included in the regression model for the formaldehyde
production (F). After standardization it is possible to observe the strong effect of including

a noble metal such as gold to the TiO,.
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Figure 29. Pareto chart of the standardized effects for the F model.

Incorporating gold has an effect on the formation of CH,0, it is twice as effective than
increasing the concentration of methanol (C) and three times more effective than
increasing the intensity of light (B). Its relevance is also reflected in the interaction factors
AC and AB, which have a slightly higher effect than increasing the concentration of
nanoparticles (D). It is widely agreed that this big effect is due to the metal nanoparticles
acting as electron sinks, trapping the excited electrons because of its lower Fermi energy
level (Subramanian et al., 2004) and thereby reducing the electron/hole recombination and

increasing their lifetime (Bahruji, Bowker, Davies, & Pedrono, 2011). With this, they



105

inhibit the backward reaction and create active sites for photoreactions (X. Chen et al.,
2010; Linsebigler et al., 1995; Serpone et al., 2016; Varas-Concha et al., 2017). The
literature reports that hydrogen production, and indirectly intermediates production, are
dependent on alcohol concentration for diluted solutions (Rossetti, 2012) up to 6-7 M
(Lopez et al., 2015; Melian et al., 2015) and where direct oxidation of alcohol molecules
by photogenerated holes occurs at the TiO, surface with concentrations above 0.12 M
(0.47 vol.%) (Ahmed, Kandiel, lvanova, & Bahnemann, 2014; Chuan-yi Wang, Groenzin,
& Shultz, 2004). Methanol, as an organic compound that is easily oxidized
photocatalytically, acts as a hole scavenger and favors the separation of photogenerated
electron-hole pairs, increasing charge lifetimes (Melian et al., 2015; Varas-Concha,

Guzman, Isaacs, & Saez-Navarrete, 2017).

4.3.4 Formic acid generation

4.3.4.1 Main and interaction effects on formic acid generation

Just like Figure 26 does for formaldehyde, Figure 30 shows the main effects plot of total
formic acid generation (FA) measured in umol of CH,0O, produced in the liquid phase of
the photoreactor after 11 hours of illumination with UV-light, which had a global mean of
8.0 umol. The individual value plot with the raw data used in the construction of the main

effects plot is shown in the supporting information (Figure - S 19 and Figure - S 20).
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Figure 30. Main effects plot for the total formic acid generation (FA).
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Figure 31. Main effects plot for the catalyst productivity of formic acid (FA/cat).

The effect of the studied factors is similar to the one observed for formaldehyde
generation in section 4.3.3.1; in this case, the presence of gold as a co-catalyst (A) showed
the strongest effect again. Nanoparticles with gold over the surface showed in average, 3.2
times more formic acid than those with no gold (from 3.8 to 12.2 umol). The other three

factors showed similar effects, smaller than factor A.
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The intensity of light (B) supplied to the photoreactor follows factor A in importance,
increasing the CH,0O, production a 62% (from 6.1 to 9.9 umol) when it passed from 10 to
20 mW-cm™, showing a higher impact in formic acid formation than in formaldehyde
production. The concentration of methanol (C) affected the formic acid production in the
same proportion that it impacted the formaldehyde formation, increasing its production a

50% (from 6.4 to 9.6 umol) when it was doubled.

Finally, concentration of nanoparticles (D) was the minor main effect, increasing FA

production a 32% (from 6.9 to 9.1 umol) when it passed from 0.05 to 0.10 g-L™.

In terms of catalyst productivity for formic acid, the effects are in the next decreasing
order: A>>C > B > D. A, B and C increased the productivity in 226%, 78% and 71%
respectively, with a change from low to high level. For its part, factor D decreased the
productivity a 52% (from 200 to 132 umol-g™*-h™) when the concentration of particles was

doubled.

The half matrix of interaction effects on FA is shown in Figure 32. Between the three 2-
factor interaction effects considered by the model, only the AB interaction shows an
observable significant effect, with a notorious lack of parallelism between the lines. In this
case, the response of formic acid production was much more reactive to changes in the
intensity of light when there were gold nanoparticles present on the catalyst. So, to double
the light intensity raised the formic acid formation 7.2 units (84%) with the presence of

gold and only 0.5 units (15%) with bare TiO,.
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Figure 32. Interaction effects plot for total formic acid generation (FA).

Instead, AC and AD interactions seemed to have similar response, either with presence of
gold or not. A change in the concentration of alcohol generated a change of 3.7 units with
gold and 2.7 units with no gold, and doubling the concentration of nanoparticles produced

a change of 3.1 units with gold and 1.3 units with no gold.
4.3.4.2 Model for total formic acid generation and its catalyst productivity

Likewise in section 4.3.3.2, a fixed effects model was developed for the total formic acid
generation (F) using an alpha value of 0.05 (Equation 12). The regression analysis showed

a good fit to the data (adj-R?*=96.42%) and good power prediction (pred-R?=93.37%). The



109

ANOVA showed a sum of squares that accounted for over 98.1% of the total variability in
total formic acid generation: 87.6% due to main factors and 10.5% due to two-factor

interaction terms.

Equation 12.

FA=-6.49 — ZEE-A +0.3854-B +3.194-C + 44.0- D + 0.3319- AB + 0.482 - AC + 18.2
The same analysis was run to generate a fixed effects model for the catalyst productivity
of formic acid (FA/cat). Equation 13 shows the regression equation in uncoded units for
this response. It showed a good fit to the data (adj-R*=94.85%) and good enough power
prediction (pred-R?=89.00%). The ANOVA showed a sum of squares which explains a

97.3% of the total variability: main factors accounted for 78.8% of total variability, and

two-factor interaction terms 18.5%.

Equation 13.

FA/cat = —20.6 —579-A+8.69-B+93.1-C—1364-D +9.49-AB + 38.2- AC — 822
-AD

Figure 33 presents a Pareto chart which compares the standardized effects for each factor
affecting the formic acid generation (FA). This chart corroborates the observations from
Figure 30, showing factor A with the strongest effect. Similar to the case of formaldehyde
formation, to include gold in the nanoparticles is twice as effective as the second relevant

factor. But in this case, the second one is factor B, so doubling the intensity of light and

their AB interaction seem to be more important than increasing the concentration of
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methanol (C) or nanoparticles (D). The AD and AC interactions show very small effects

on the formic acid production.

Term 2.31
A 16.1
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Figure 33. Pareto chart of the standardized effects for the FA model.

The literature reports that the formation of molecular hydrogen and intermediaries, such as
formaldehyde and formic acid, compete with back reactions like back electron transfer
from hydrogen atoms to the conduction band of the photocatalyst, and with side reactions
like the external electron-hole recombination process. At moderate light intensities, back
reactions are more efficient compared to the production of hydrogen. So, higher intensities

can help generate an excess number of electrons to compete with back and side reactions,
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increasing the hydrogen and intermediaries production (Serpone et al., 2016; Varas-

Conchaetal., 2017).

4.3.5 Analysis of productivities space

The chart in Figure 34 graphically shows the positive effect of the factors on the studied
responses as a displacement of each possible treatment in the space formed by the
production of formaldehyde (F, X axis) and formic acid (FA, Y axis). As a half-fraction
factorial experimental design, only half of the total possible treatments were run (see
Table 7), so the second half fraction was predicted using the adjusted models in sections

4.3.3.2and 4.3.4.2.

The best treatment, abcd, can be easily detected, which can maximize the total production
of both compounds. Figure 34 A to D highlight the jump in the responses generated by a
change of level in each factor, where the positive effect of factor A is visually relevant.
The other three factors show smaller displacement than factor A, but still visually
significant. In accordance with the Pareto charts in Figure 29 and Figure 33, the
scatterplots B, C and D in Figure 34 also allow observing how a change in factor A affects
the response with factors B, C and D. Therefore, the diagonal displacement is much more
notorious when the gold is present as a co-catalyst, both to formaldehyde production and
formic acid production. A different behavior is observable when there is no gold on the
catalyst’s surface (points in the lower-left corner), where the movement of treatments is

weaker, even in case D the translation is unidirectional.
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Figure 34. Space of responses for each possible combination of factors of total production of formaldehyde

(F) and formic acid (FA), showing the displacement for a level change in factors A, B, C and D.

The four scatterplots in Figure 35 present a similar analysis in the productivity space for

formic acid and hydrogen, with similar behavior: Factor A generates the more significant

jump for all the treatments and its interaction with other factors is also visible in charts B,

C, and D, being more sensitive when the gold is present, producing bigger translations in

the productivity space. The main difference is the negative effect of factor D in the

responses, decreasing the productivity when the concentration of particles increases.
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Figure 35. Space of productivities for each possible combination of factors of catalyst productivity of

formic acid (FA/cat) and hydrogen (H/cat), showing the displacement for a level change in factors A, B, C

and D.

According to this, the treatment which maximizes hydrogen and formic acid productivity

is abc.

Figure 36 presents how a level change in each factor generates a displacement in terms of

selectivity (F/FA) and catalyst productivity for hydrogen generation (H/cat). A high ratio
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Figure 36. Space of selectivity (F/FA) vs catalyst productivity of hydrogen (H/cat) for each possible

combination of factors, showing the displacement due to a level change in factors A, B, C and D.

F/FA shows a tendency to produce more formaldehyde than formic acid. That is the case

for treatment 1, which represents bare TiO, under low levels of intensity, methanol and

nanoparticle concentrations. Due to the economic value, formic acid is more interesting

than formaldehyde. This makes treatment ab the most interesting. It shows an inclination

to produce more formic acid than the other treatments, with the lowest ratio F/FA

producing 1.60 mol of formaldehyde per mol of formic acid, beside a high catalyst
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productivity for hydrogen generation of 2365 umol-g™*-h™. Factor abc which maximizes
the catalyst productivity of hydrogen and formic acid (see Figure 35) shows an interesting

selectivity too, generating 1.96 mol of formaldehyde per mol of formic acid.

Figure 36-A shows how the presence of gold affects more the catalyst productivity of
hydrogen than the selectivity, where it is not clear its influence affecting differently each
treatment. Figure 36-B shows how an increment in the intensity of light improves catalyst
productivity and selectivity, only when gold is present on the TiO,. When TiO, does not
have gold on its surface, no significant changes are observed. Figure 36-C shows how an
increment of methanol concentration generates an increment in the catalyst productivity,
but a different response in selectivity depending upon the gold presence. When there is
gold present on the nanoparticles and the methanol concentration increases, the reaction
tends to favor the production of formaldehyde, increasing the ratio F/FA. Unlike when
there is not gold presence, to increase the amount of methanol favors the formic acid
generation. Finally, Figure 36-D shows how an increment on the nanoparticle
concentration decreases the hydrogen productivity, but only affects in a significant way
the selectivity on bare TiO, nanoparticles. When gold is present only marginal changes in

selectivity can be observed.
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4.4 Conclusions

The presence of gold as a co-catalyst (A) is definitely the factor with the highest weight on
each of the four responses under analysis. Nanoparticles with gold produce 2.7 times more
formaldehyde and 3.2 times more formic acid than those without gold. In every case, it is

twice as effective as the second relevant factor.

Concentration of methanol (C) and intensity of light (B) are relevant factors too. An
increment of methanol concentration increases both the formaldehyde and formic acid
production by 50%. Doubling the intensity of light is more effective in formic acid
production; it increases 38% the formaldehyde production and 62% the formic acid

generation.

Interaction effects where factor A is involved are significant, generating more sensitive
responses to changes in B, C and D when gold is present. Factors AB and AC affect the
selectivity; when gold is present, a high intensity of light and a low concentration of
methanol can decrease the ratio F/FA, favoring the formic acid generation. It is important

to study this effect more deeply due to their mechanistic repercussions.

Finally, the concentration of nanoparticles (D) is the minor main effect increasing the
production of formaldehyde 27% and formic acid 32%. This is the only factor with a
negative effect, decreasing the catalyst productivity of formaldehyde and formic acid
when the concentration is doubled, 36% and 52% respectively. This makes necessary to

explore the shielding effect between particles, especially the dependence of light
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penetration in the aquous media varying the concentration of nanoparticles and gold

loading.

Treatment abcd maximizes the total production for both compounds, and abc maximizes
both catalyst productivities with an interesting selectivity which favors the formic acid
generation. It is important to emphasize that these conclusions are valid only in the studied
range of factors, and extrapolations need experimental validation. Further work is
necessary to explore the combination of factors in more ideal conditions, optimizing the

gold loading, the particle size, pH and concentrations of alcohol and nanoparticles.
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CONCLUSIONS OF DOCTORAL WORK

5.1 Conclusions based on objectives

As a main conclusion, it was corroborated that adding gold over the surface of titanium

dioxide nanoparticles is the main factor affecting the production and productivity of

hydrogen and by-products in photoreforming of alcohol processes. Its effect can be 2-3

times higher than the effect of the second most relevant factor included in the study

(usually, the intensity of light). Also, the magnitude of its effect can be affected by the

combined influence of changes in operational conditions, especially by changes in the

intensity of light or in concentration of alcohol. Therefore, the proposed hypothesis was

validated and the main objective was accomplished.

In terms of specific objectives it is possible to conclude:

Nanosized particles of TiO, modified with gold as a co-catalyst were synthesized
and well-characterized with their particle size distribution, their shape parameters,
their UV-Vis absorption spectra, and gold loading via elemental analysis.
Hydrogen gas, formaldehyde and formic acid in solution were produced, via
photoreforming of methanol and ethanol using the synthesized TiO,-Au
nanoparticles.

The main and interaction effects of the selected operational conditions on
hydrogen production, catalyst productivity, and alcohol productivity were

quantified, detecting that the main factor is the presence of gold, strongly
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interacting with the intensity of light. A list of factors organized by magnitude of
their effects was presented.

- A reduced fixed effects model was proposed and validated to predict hydrogen
production, catalyst productivity, and alcohol productivity, within the range of
values considered in the study, defined by the chosen levels for each factor.

- The main and interaction effects on the production of formaldehyde and formic
acid, and their catalyst productivities, were quantified.

- A reduced fixed effects model was proposed and validated to estimate the
formaldehyde and formic acid production, and their catalyst productivities, within
the range of values considered in the study, defined by the chosen levels for each

factor.

Next subsections present a summary of the main conclusion of the resultant papers of this
work. It is important to emphasize that these conclusions are valid only in the studied

range of factors, and extrapolations need experimental validation.

5.2 Conclusions paper 1

It was feasible to produce nanoscale aggregates of TiO,-Au particles using a synthesis
method under room conditions. Hydrogen gas was made using a UV-LED based system.
Visible white light did not produce the photocatalytic reaction. The kinetical behavior was
monitored without online gas chromatography using an experimental setup based on

gauge pressure-temperature measurement.
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A higher proportion of gold during the synthesis does not generate more gold

nanoparticles.

An apparent zero order kinetics was corroborated and catalyst productivities were around

6,700 umol-h™.g™,
5.3 Conclusions paper 2

The presence of gold as a co-catalyst (A) was the factor with the highest weight on
hydrogen production, followed by the intensity of light (C) and their interaction (AC).
Factor A showed a weight three times higher than C, and four times higher than AC.
Concentration of catalyst (E) and concentration of electron donor (D) become relevant for
their respective productivities. The effect of alcohol type (B) was comparatively smaller
and less clear than other single factors, but ethanol showed slightly better average

productivities than methanol.

Treatment abcd maximizes the catalyst productivity reaching 2,900 umol g™ h', treatment
ace maximizes the electron donor productivity with 120 pmol mol™ h™*, and abc treatment

has the best compromise between both type of productivities.
5.4 Conclusions paper 3

The presence of gold as a co-catalyst (A) is the factor with the highest weight on each of

the four responses under analysis, producing 2.7 times more formaldehyde and 3.2 times
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more formic acid when gold is present. In every case, it is twice as effective as the second

relevant factor.

Concentration of methanol (C) and intensity of light (B) are relevant factors too. An
increment of methanol concentration increases both the formaldehyde and formic acid
production by 50%. Doubling the intensity of light is more effective in formic acid
production; it increases 38% the formaldehyde production and 62% the formic acid

generation.

Interaction effects where factor A is involved are significant, generating more sensitive
responses to changes in B, C and D when gold is present. Factors AB and AC affect the
selectivity; when gold is present, a high intensity of light and a low concentration of
methanol can decrease the ratio F/FA, favoring the formic acid generation. It is important

to study this effect more deeply due to their mechanistic repercussions.

Finally, the concentration of nanoparticles (D) is the minor main effect increasing the
production of formaldehyde 27% and formic acid 32%. This is the only factor with a
negative effect, decreasing the catalyst productivity of formaldehyde and formic acid
when the concentration is doubled, 36% and 52% respectively. This makes necessary to
explore the shielding effect between particles, especially the dependence of light
penetration in the aguous media varying the concentration of nanoparticles and gold

loading.
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Treatment abcd maximizes the total production for both compounds, and abc maximizes
both catalyst productivities with an interesting selectivity which favors the formic acid
generation. It is important to emphasize that these conclusions are valid only in the studied
range of factors, and extrapolations need experimental validation. Further work is
necessary to explore the combination of factors in more ideal conditions, optimizing the

gold loading, the particle size, pH and concentrations of alcohol and nanoparticles.

5.5 Recommendations and future perspectives

The diminution of catalyst productivities with the increment of light intensity defines the
need of further work on the shielding effect in suspensions of nanoparticles. It makes
relevant studying the penetration of UV and visible light in aquous media with colloidal

suspensions at different depths and concentrations of nanoparticles.

Also, it is recommended to study more deeply the relation between the catalyst selectivity
and some operational conditions, like intensity of light and gold presence, to favour the

production of more valuable products such as formic acid.

Finally, it is important to extend this analysis to wider parameter ranges than were studied

in this thesis.
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ANNEX I. SUPPORTING INFORMATION FOR PAPER 1

1.0 White LED light
i UV LED light
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Figure - S 1. Measured emission spectrum for the light sources used in the photocatalytic reactor: UV-LED
light with a peak on wavelength 378 nm (red and solid line) and cold-white visible LED light with its typical

spectrum with peaks at 447 and 560 nm.
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Figure - S 2: Normalized UV-visible absorption spectra of TiO,-Au synthesized using molar ratio 1:1
([TiO,]=0,2 mM), before catalysis experiments, after catalysis using UV light, and after catalysis using
white visible light. The spectrums after experiments show a small red-shift, moving the surface plasmon

resonance peak from 530 to 580 nm. Catalysis with UV light shows a higher decrement in intensity, which

could indicate signs of aggregation and degradation of gold nanoparticles.
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Figure - S 3: Normalized UV-visible absorption spectra of TiO,-Au synthesized using molar ratio 20:1
([TiO,]=4 mM), before catalysis experiments, after catalysis using UV light, and after catalysis using white
visible light. As in Figure-S2, for both types of light, the spectre after experiments shows a red-shift, moving
the surface plasmon resonance peak from 530 to 550 nm. Catalysis with UV light and visible light show

signs of aggregation and degradation.
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Figure - S 4: TEM image for TiO,-Au synthetized using a molar ratio [TiO,]:[Au] 1:1 in low volumes (100

mL) of colloid, before the catalysis
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Figure - S 5: TEM image for TiO,-Au synthetized using a molar ratio [TiO,]:[Au] 1:1 in high volume (500

mL) of colloid, before the catalysis
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Figure - S 6: TEM image for TiO,-Au synthetized using a molar ratio [TiO,]:[Au] 1:1 in high volume (500

mL) of colloid, after 6 hours of catalysis under UV light
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Figure - S 7: TEM image for TiO,-Au synthetized using a molar ratio [TiO]:[Au] 20:1 in low volumes (100

mL) of colloid, before the catalysis
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Figure - S 8: TEM image for TiO,-Au synthetized using a molar ratio [TiO,]:[Au] 20:1 in high volume (500

mL) of colloid, before the catalysis
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Figure - S 9: TEM image for TiO,-Au synthetized using a molar ratio [TiO,]:[Au] 20:1 in high volume (500

mL) of colloid, after 6 hours of catalysis under UV light
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Photocatalytic hydrogen production: Formulas and calculations

¢ Rate of hydrogen generation (vy,)

Ny, 140.91 umol 1
Vy, = Y 23.5umol-h

Where:
Ny, Total amount of hydrogen produced in time At (umol)

At: Reaction time (h)

e Estimated reaction rate (ry,)

v 23.5 yumol - h1
i 23O RMOT R 255 9 wmol L1 b1

TH: = ol ~ 63 mL

Where:

vol: Liquid volume of reaction (mL)

e Mass productivity of the catalyst or turnover rate (Pcqem)

vy, _ 23.5pmol-h7' 6661 T
Peatm = ¢ 0l 0.056g-L-1-63mL pmo 9

Where:

C.q:: Concentration of catalyst in reactor volume (g - L™1)

¢ Molar productivity of methanol (poy M)

vy, _ 23.5umol-h’!

= = =311 .p1. -1
PouM = ol = 1.2M-63mL  S11pmol k™" mol

Where:

My Concentration of methanol (M)

e Overall energy conversion efficiency (e)

ener vy, - HHV 23.5 umol - h~'-285.8 kJ - mol™!
o= 9YHyout _ VH, Hy _ u h . ] -100% = 0.46%
energyightin 1-A-(1—a) 20mW-cm=2-22cm*-(1-0.09)

Where:
HHV y,: Higher heating value of hydrogen (kJ - mol™?)
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I Intensity of light supplied to the reactor (mW - cm=2)
A: llluminated surface (cm?)

a: Reflective fraction for borosilicate (0.09)

e Apparent qguantum yield (AQY)

2Ny, out 2-vy 2-23.5umol - h!
AQY = == = -100% = 1.039
¢ Nppotonsin 14 -(1—a) 20mwW -cm=2:22 cm?- (1 - 0,09) % %

€375nm " Na 5.29719-10719]-6.022141 - 10%3mol-1

Where:

Ny, ous: Mole dihydrogen produced

Nphotons,in: Mole of incident photons

e375nm: Energy in a photon with wavelength 375 nm (J)

N,4: Avogadro constant (mol ™)
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ANNEX Il. SUPPORTING INFORMATION FOR PAPER 2

Figure - S 10. Individual value plots with the
generation (H) for each factor under analysis.

raw data behind the main effects plots of total hydrogen
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Figure - S 11. Normal plot of the standardized effects for the reduced model of H.
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Figure - S 12.Normal plot of the standardized effects for the reduced model of H/cat.
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Figure - S 13. Normal plot of the standardized effects for the reduced model of H/eDon.
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Figure - S 14. Pareto chart of the standardized effects for the variability of H.
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(Response is H/cat-StdDev. a = 0.10)
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Figure - S 15. Pareto chart of the standardized effects for the variability of H/cat.

(Response is H/eDon-StdDev. a = 0.10)
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Figure - S 16. Pareto chart of the standardized effects for the variability of H/eDon.



ANNEX I11. SUPPORTING INFORMATION FOR PAPER 3

Figure - S 17. Individual value plots with the raw data behind the main effects plots of total formaldehyde

generation (F) for each factor under analysis.
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Figure - S 18. Individual value plots with the raw data behind the main effects plots of catalyst productivity

of formaldehyde (F/cat) for each factor under analysis.
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Figure - S 19. Individual value plots with the raw data behind the main effects plots of total formic acid

generation (FA) for each factor under analysis.
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Figure - S 20. Individual value plots with the raw data behind the main effects plots of catalyst productivity

of formic acid (FA/cat) for each factor under analysis.
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