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Abstract

Our thesis presents the photocatalytic (PC) and photoelectrocatalytic (PEC) oxidation of
glycerol into high value-added products via WO; catalysts synthesized by a hydrothermal
process (with and without calcination), and compares its performance with commercial
materials TiO, anatase (A), rutile (R), A/R and A/5% WOs. By photocatalysis, the acidity of
WO; promotes the formation of glyceraldehyde by selectively activating C-O bonds and
facilitating its desorption into the liquid phase. Selectivity towards glyceraldehyde around 30%
was obtained with WOs-based catalysts, while TiO»-based materials favoured the undesired
mineralization of glycerol. The PEC study in the traditional single-chamber three-electrode cell
showed an enhancement of glyceraldehyde and dihydroxyacetone (DHA) production to 4.5
and 11.5 times, respectively, at 1.5 V vs. Ag/AgCl, with a stable faradaic efficiency greater
than 50%. Finally, an advanced dual-compartment cell (allowing temperature control) with a
proton exchange membrane (PEM) and a WOs-based photoanode was designed and developed
in order to generate H> on the cathode side and valorize glycerol on the anode side.
Glyceraldehyde and DHA production rates of 11.1 and 5.2 mmol m? h! at 60 °C and 1.2 V of
cell voltage, together with a production of 44 mmol H, m™ h'! were achieved, respectively.

Résumé

Nos travaux de theése présente 1’oxydation photocatalytique (PC) et photoélectrocatalytique
(PEC) du glycérol en produits a haute valeur ajoutée en présence de catalyseurs WOs3
synthétisés par procédé hydrothermal (avec et sans calcination) et comparent leurs
performances avec des matériaux commerciaux TiO» anatase (A), rutile (R), A/R et A/5% WO:s.
Par photocatalyse, ’acidit¢ de WO; favorise la formation du glycéraldéhyde en activant
sélectivement les liaisons C-O et en facilitant sa désorption en phase liquide. Des sélectivités
d’environ 30% sont obtenues avec les matériaux a base de WOs. Les catalyseurs purement
TiO, favorisent quant a eux la minéralisation du glycérol. L’étude PEC dans la cellule
traditionnelle a trois électrodes a permis de montrer une augmentation du rendement en
glycéraldéhyde et dihydroxyacétone (DHA) d’un facteur de 4,5 et 11,5 respectivement en
présence de 1,5 V vs. Ag/AgCl avec une efficacité faradique stable supérieure a 50%.
Finalement une cellule & double compartiments avec une membrane échangeuse de protons
(PEM) et une photoanode WO; permettant le control de la température a été congue afin de
générer Hy du coté cathodique et valoriser le glycérol du co6té anodique. Des vitesses de
production de glycéraldéhyde et DHA de 11,1 ; 5,2 mmol m? h! simultanément avec la
production de 44 mmol m?2 h'' d” hydrogéne a 60 °C avec une tension de cellule de 1,2 V sont

respectivement obtenues.
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General Introduction

The generation of high-value-added chemical energy from sustainable sources by the means of
an efficient and cheap process is a huge challenge for the replacement of petroleum products.
Biomass, one of the most considerable renewable sources of carbon available in large quantities
in nature, is regarded as a carbon-neutral sustainable resource for bioenergy and bio-material
fabrication. In particular, biodiesel, an attractive alternative to fossil fuels, is generated more
and more from biomass, of which production increases year by year and is forecasted to remain
at a high level. However, glycerol is a considerable byproduct of biodiesel formation. For each
1 ton of biodiesel produced, approximately 100 kg of glycerol is generated. So how to well
utilize glycerol to avoid waste of resources, air pollution, and CO, emission caused by simply
burning or unselective oxidation of glycerol is of great significance.

Glycerol oxidation products are various, such as dihydroxyacetone (DHA), glyceraldehyde,
glyceric acid, tartronic acid, formic acid, efc. Among them, Cs products like glyceraldehyde
and DHA are more valuable than other C; products like formic acid. To selectively oxidize
glycerol to C; products rather than other C»/Ci products and limit CO; emissions has been the
research hotspot.

A lot of research via catalytic processes is performed to generate valuable products from
glycerol. However, the extensive functionalization of the glycerol molecule with hydroxy
groups of similar reactivity renders its selective conversion particularly difficult, costly and
non-environmentally friendly.

Photocatalysis (PC) could be an interesting process to elaborate valuable products from
glycerol. Actually, photocatalysis allows redox reactions at room temperature, and atmospheric
pressure by using a semiconductor activated with energy equal to or higher than its bandgap.

This technology has already shown its potential in the treatment of toxic refractory organic
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pollutants by completely oxidizing the organic pollutants. However, few publications deal with
photocatalytic glycerol oxidation and most of them use only pristine TiO2 as photocatalysts
with the main objectives, the investigation of the reactional pathways for glycerol
mineralization rather than optimizing the photocatalyst and the experimental conditions to
generate valuable products with good selectivity. In addition, WO3 with well-known acidity
could be a good option to valorize glycerol due to the fact that acidity plays an important role
in the selective oxidation of organics. Hence, it is of necessity and feasibility to investigate the
valorization of glycerol into high-added-value products by photocatalysis over WOs-based
materials.

As we know, photocatalytic efficiency is generally hindered by the fast recombination of
photo-induced carriers. Photoelectrocatalysis (PEC) which combines electrochemistry
technology to provide an external bias to accelerate the directional movement of electrons to
further separate photo-generated charges has emerged as a promising way for biomass
conversion with simultaneous hydrogen production. However, very few PEC studies have
successfully produced value-added oxidation products such as glyceraldehyde or DHA,
especially under near-neutral conditions. Furthermore, most of the studies performed in 3-
electrode cells only focused on one of the half-reactions, using anodes containing noble metals,
or strongly acidic or basic media, which entails a lack of overall efficiency and chemical
separation. Therefore, in this study we proposed, for the very first time, to systematically
perform the PC or PEC oxidation of glycerol towards added-value products with WOs-based
materials.

In Part I, the homemade WO3 and commercial WO3/TiO; (DTWS5) were compared with state-
of-the-art TiOz-based photocatalysts (Anatase, Rutile, and P25) on their performance of PC
glycerol valorization. It is found that TiO; favours the mineralization of glycerol to undesired

gas product CO, while WOs-based materials exhibit an outstanding selectivity towards one of
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the most valuable oxidation products: glyceraldehyde. It was attributed to their enhanced
acidity, which selectively activates C-O bonds in glycerol and facilitates the further desorption
of glyceraldehyde to the liquid phase. Due to the good crystallinity and electronic properties,
the commercial DTWS5 possesses superior kinetics and considerable glyceraldehyde selectivity.
Thus, this work establishes a new starting point toward the development of advanced WO:s-
based materials for an efficient valorization of glycerol.

In Part II, a monoclinic defect-engineered WOs3 catalyst was synthesized by a simple
hydrothermal and post-calcination method for the selective PEC glycerol oxidation for the
generation of these C3 chemicals in a 3-electrode cell under natural conditions. Its outstanding
PEC activity and stability were observed compared to the commercial catalyst DTWS5. Among
all liquid products, the joint selectivity of glyceraldehyde and DHA remained above 87% in
the potential range of 0.5-2.0 V vs. RHE. Additionally, the effect of the electric polarization
on the PEC glycerol valorization has been investigated. We found that glyceraldehyde and
DHA synthesis was enhanced up to 4.5 and 11.5 times, respectively, by means of the external
bias with a stable faradaic efficiency above 50% of the additional holes hypothetically
generated, in the whole studied potential range. Furthermore, by comparison with DTWS5, the
influence of the applied potential and the catalyst activity for water oxidation in the glycerol
reaction mechanism are discussed, as well as the key role of the sub-stoichiometric tungsten
oxide content and the corresponding catalyst oxygen vacancies along with suitable acid sites,
which together confer unpreceded properties to WOs-based materials for the selective PEC
valorization of glycerol.

In Part III, a pioneering dual-compartment PEC cell with a proton-exchange membrane
(PEM) and a WO; photoanode under near-neutral conditions to address all mentioned
bottlenecks of traditional PEC cell at once for PEC valorization of glycerol to generate

hydrogen and value-added organics. The influence of light irradiation, external bias and cell
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temperature has been studied, leading to maximum glyceraldehyde and DHA production rates
of 11.1 and 5.2 mmol m?2 h! at 60 °C and 1.2 V at the anodic side, along with the production
of 44.0 mmol H, m? h! at the cathodic side. Besides, the long-term stability of the PEC cell
has been evaluated and the results have been discussed by disclosing the PC, electrocatalytic
(EC) and thermocatalytic (TC) effects on the overall performance of solar to chemical energy
conversion. PEC has proved to be the most promising among the explored technologies,
opening significant prospective for developing biomass valorization processes with

simultaneous H» generation.
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Chapter 1

Basic Comprehension and Future Trends in

Photoelectrocatalysis: a mini-review

Jie Yu, Jests Gonzalez-Cobos, Frederic Dappozze, Philippe Vernoux, Angel Caravaca,” Chantal

Guillard *

Univ Lyon, Université¢ Claude Bernard Lyon 1, CNRS, IRCELYON, F-69626, Villeurbanne, France

E-mail: angel.caravaca@ircelyon.univ-lyonl.fr, chantal.guillard@ircelyon.univ-lyonl.fr

1. Introduction

Photocatalysis (PC) technology has attracted the attention of scientists since it was discovered
by Fujishima and Honda in 1972, aiming to produce O> and H». [1] Under the irradiation of
light, semiconductor materials could harvest the light energy to activate electrons that transited
from the valance band (VB) to the conduction band (CB) and accordingly generate positive
charge carriers (holes) in the VB. The photogenerated electrons and holes could react with
oxidants (e.g., Oz in air conditions) and reductants (e. g., H>O or organics), respectively, to
produce free radicals and together conduct redox reactions. Up to now, PC technology has been
widely used in many fields such as pollutant degradation, [2,3] chemicals photosynthesis, [4,5]
energy production, [6,7] and sterilization, [8—10] among others. Its efficiency depends on many
parameters: physicochemical properties of materials, light source, environmental conditions
such as temperature, humidity, pH, etc. Among them, the physicochemical properties of the
semiconductors is the key point. To this date, the physical design of these materials and their
chemical modifications have been widely developed, mainly in order to enhance the lifetime
of the photogenerated charge carriers (electrons and holes), and the light response of the
photocatalysts.

Regarding the physical design, introducing special structures like 1-dimensional (1D) quantum
dots, [11-13] 2-dimensional (2D) nanowires, [14,15] 3-dimensional (3D) photonic crystals,
[16,17], etc. are common approaches. As for the chemical modifications, a wide variety of

different approaches have been already reported, [18] including the loading of metals onto the
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surface of the semiconductors. [19] These modifications generally lead to the change in the
surface area, bandgap, crystallinity and particle size, defects, acidity or basicity, etc., which
could significantly affect the PC performance.

On the other hand, in recent decades, except for these two traditional methods (physical and
chemical modifications), photoelectrocatalysis (PEC) technology has emerged to function as
an extremely efficient tactic to considerably improve the PC performance. It utilizes an electric
field to foster the electrons shifting directionally for the purpose of hindering the recombination
of the photo-generated carriers [20,21] The PEC approach exhibits the following significant
advantages: 1) environmentally friendly; ii) high-efficiencys; iii) it could be used for a wide
variety of applications. [22,23] First of all, it uses clean energy (potentially sunlight) to drive
the reactions based on the principles of PC. Secondly, the combination of electrochemical
methods via applying an external bias, together with the traditional modification procedures of
photocatalysts, can drastically improve the overall catalytic efficiency. Thirdly, its applications
could cover all applications of PC like water splitting [24-34] and artificial photosynthesis
[35] and extend to multiple functions based on oxidation half-reactions such as organic
pollutant removal, [36,37] water oxidation, [38,39] biomass valorization [40,41] or reduction
half-reactions like hydrogen generation, [42—46] CO> reduction, [47-49] N fixation. [50-52]

Although lots of surveys of PEC have been reviewed, most of them focused on a selected
application [24-27,30,32,33,35,46,53], the sole modification of photoelectrodes [20,22,54—-57],
or on the use of a wide variety of photocatalytic materials like WO3, [58] CuO, [59] ZnO,
[60,61] ZrO», [62] g-C3N4, [10,63,64] TiO2, [65] Au-TiOz, [66] BiVOs, [67,68] rGO/BiVOs,
[69] Bi20O3/Ni-Bi203, [70] FeO, [71] hematite, [ 72] polyoxometalate, [ 73] ternary metal oxides,
[74], etc. To the best of our knowledge, none of these studies review a systematic appraisal of
the whole PEC process: from principles, experimental setups and materials, towards their
applications. Thus, in this review, a comprehensive and brief discussion is presented to assist
the readers to apprehend the fundamental aspects of this emerging technology, and to provide

an effectual reference and inspiration for green solar-to-chemical conversion.
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Fig. 1. 1. A brief description of the whole content of this review on the photoelectrocatalysis
(PEC) system.

1. 1 Technology principle

PEC reactions operate based on the same principle of photo-generated interfacial charge

transfer as PC. Under light irradiation (as long as the light energy = Semiconductors’ bandgap

energy), photo-generated electrons and holes are formed in the bulk of the semiconductor
material used as a photocatalyst, and then separated and shift to the surface of photocatalysts
to participate in redox reactions. Up to here, there is no difference between PEC and
conventional PC. However, due to the external voltage, the directional movement of the
charges is promoted, with a subsequent better separation rate in the PEC system, where at least
two electrodes are required to be immersed into an electrolyte solution, and be connected to an
external bias to close the electrical circuit, similar with electrocatalysis but exposed to the light
irradiation. Therefore, the main difference between PC and PEC is that reactants and
photocatalysts in the PC process are mixed in the same reactional environment, while PEC
could be divided into two half-reactions (oxidation and reduction). Such reactions could
happen separately in an anodic and a cathodic media, where the photocatalysts act as
photoelectrodes (photoanode or photocathode).

The semiconductor that constitutes the photoelectrode is commonly the focus of research. It

can be classified into two types: n-type semiconductor and p-type semiconductor. The
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difference between them is that the electrons in n-type semiconductors undergo transitions and
move directionally under photoexcitation. On the other hand, p-type semiconductors exhibit
the movement of photogenerated holes due to the lack of free electrons. Therefore, the direction
of the current generated by the two will be diametrically opposite (Fig. 1. 2). [75] Thus,
generally, n-type semiconductors are served as photoanodes, whereas p-type semiconductors
are applied as photocathodes. [27] Owing to the limited availability of p-type materials, at
present, the most investigated photoelectrodes are n-type semiconductor materials, e.g.,

TiO2, WOs3, BiVO4 and Fe;0s. Therefore, a common PEC system generally consists of an n-

type semiconductor photoanode and a metallic cathode.
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Fig. 1. 2. Mechanism of PEC for (a) n-type semiconductor, (b) p-type semiconductor from ref.
[75] and the roles of these two types of materials in the PEC cell from ref. [27]

In a typical PEC system, oxidation reactions occur on the anodic photoelectrode (photoanode),
where for instance, organic compounds are consumed to produce target chemical substances
or mineralization of pollutants; on the cathode photoelectrode (photocathode), reduction

reactions take place to generate molecules like H,, CH;OH or NH;. Owing to the same
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principle basis of PC, the PEC process also involves three vital steps: 1) the light-harvesting, i)
separation and migration of photogenerated carriers and iii) the reactions between substrates
and photo-electrons/holes as well as their derived radicals. Thus, PEC setups and experimental
parameters consist of the light source, photoelectrocatalysts as electrodes and reactional

chambers, efc., which will be discussed in the sections 1.2 and 1.3.

1. 2 Setups

PEC technology combines PC and electrochemistry. Although its principle is similar to that of
PC, regarding the experimental setups, they are similar to those used for electrocatalysis
purposes (EC). As opposed to the photovoltaics+eletrolyzers technology, with significant
energy loss and complexity, PEC setups are more cost-efficient, and relatively simple.
Conventional PEC tests are conducted in a three-electrode electrochemical setup including the
working electrode (usually the anode/photoanode), the reference electrode such as a calomel
electrode or an Ag/AgCl electrode, and the counter electrode (usually the
cathode/photocathode), typically a Pt electrode with a large surface area, all of them submerged
in an electrolyte solution to provide ionic conductivity. With these traditional reactors, research
is mainly focused on the development of photoelectrocatalysts. To this date, the traditional
three-electrode reactor has been unable to meet the needs of practical applications due to the
fact that cathodic and anodic reactions occur in the same space. In other words, the reaction
products obtained at the two electrodes are mixed in the same environment. Therefore,
functional assemblies and separation of oxidation and reduction reactions by separators have
been gradually developed.

In summary, PEC cells can be divided into four configurations: wired dual or single
compartment(s), and wireless dual or single compartment(s), as shown in Fig. 1. 3a, named
Conf. 1-4, respectively. Some details of those configurations are summarized on Table 1. 1.
Among them, we consider that Conf. 1, i.e., wired-dual compartments is the most promising
PEC cell, owing to the following merits on account of the presence of an external electrical
circuit, and two separated compartments: 1) ability to apply and measure (photo)currents and
potentials, as well as to separately analyze the reaction products of both electrode
compartments; ii) large electron pathlength; iii) electrode placement is flexible; iv) redox
reactions are molecularly and spatially separated (Table 1. 1). [76] In this sense, both the H-
cell and the proton exchange membrane (PEM) PEC cells are the most representative wired

dual-compartment configurations. The former utilizes a fritted-glass to eliminate/reduce the
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crossover of bubbles and the products recombination, while the latter uses a polymeric
membrane with ability to conduct H* ions, in order to favor the ionic exchange, and to separate
anodic and cathodic reactions. Due to the remarkable ohmic losses resulting from the typical
larger distances between the electrodes of the H-cell, the PEM PEC cell is considered a more
advanced and promising cell, in which the ionic transport distance is much shorter, on account

of the so-called membrane electrode assembly (MEA) (Fig. 1. 3b).
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Fig. 1. 3. (a) Schematic representation of Conf. 1-4 as well as electrodes and molecular
separators in PEC cells. Anode, cathode and separator is marked in Red, blue and green,
respectively; (b) a typical Conf. 1 PEC cell; (¢) side and top view of Conf. 1 PEC cell and (d)
Assembled PEC cell from ref. [76]

A PEM PEC setup is typically composed of i) a translucent glass such as Pyrex® and quartz to
allow visible and UV-light illumination irradiating onto the photoelectrode; ii) Chemically
inert joints made of polymer materials such as Teflon® (or PolyEther Ether Ketone) to separate
the two modular half-cells; iii) O-rings to seal the window; v) metal-based connectors to link
the electrodes to a potentiostat-galvanostat (Fig. 1. 3c, d). As for the MEA, it generally consists

of a H" conducting Nafion® membrane sandwiched between the anode and cathode. Usually,
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a few drops of Nafion® suspension are added on each side, acting as an adhesive and enhancing

at the same time the overall ionic conductivity at the electrode/membrane interface. To prepare

the MEA, the elements are placed between two chemically inert plates and pressed at a certain

pressure (at least 1 ton) and relatively high temperature (~120 °C) to achieve the vitreous

transition of the membrane material, leading to the fusion of the electrodes with the membrane.

With separator

separated

[77,78]
Table 1. 1. Comparison of 4 configurations of PEC cell
Configurations Characteristic Advantage Disadvantage
1) Able to measure
(photo)currents and
potentials
Wired dual i1) Large electron
Conf. 1 compartments pathlength Assembly is relatively
onf.
With separator  1iii) Electrode placement is complicated
flexible
1v) Redox reactions are
molecularly and spatially
separated
Wired single o _
1-111) Redox reactions,
compartment _
Same with 1st-4th merits of cathodic and anodic
Conf. 2 Without )
Conf.1 reaction products are
separator ) .
iv) Easy to assemble mixed
1) Electron pathlength is
minimized while the
ionic pathlength is
Wireless dual enhanced
1) Redox reactions are .

compartments i1) Unable to measure

Conf. 3 molecularly and spatially

(photo)currents and
potentials
(Characterization is
limited to product

analysis)
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Configurations Characteristic Advantage Disadvantage

ii1) Monolithic structure
requires relatively

complicated assembly

i-ii)

Wireless single Same with 1st-3rd
compartment ‘ ‘ drawbacks of Conf.3
1) The overall structure is ] )
Conf. 4 Without ‘ ‘ iv) Redox reactions,
relatively simple _ ‘
separator cathodic and anodic

reaction products are

mixed

1. 3 Key parameters of PEC operation

A PEC system combines light absorption, generation and separation of electron-hole pairs,
transport of charge carriers, together with ionic and molecular reactions. Once a PEC device is
selected, together with the choice of the photoelectrocatalyst, the reaction conditions become
the main factor affecting PEC performances. Typically, experimental parameters include
irradiation wavelength and intensity, electrolyte composition (concentration and pH), reactant
flow rates, applied potentials and environmental factors (temperature and pressure). It is
unneglectable for researchers to optimize the reaction system according to the different
study/production goals combined with the environmental and economic efficiency to achieve
the best activities with the lowest possible energy consumption.

Firstly, regarding the semiconductor materials for the photoelectrodes, they respond to
different ranges of light according to their bandgap (Fig. 1. 4). [79] For example, TiO: electrode
just absorbs UV light due to the wide bandgap of ~3.2 eV, while WO; semiconductor could
expand light responding range to visible light because of its narrow bandgap (~2.6 eV).
Generally speaking, the same-composition light source with higher intensity induces more
photo-induced h* and e, resulting in better PEC performances. A more profound review of

photocatalytic materials will be explained in section 2.
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Fig. 1. 4. Band-edge positions of typical semiconductors relative to the energy levels of the

redox couples where NHE stands for normal hydrogen electrode from ref. [79]

Secondly, the electrolyte plays a vital role in the exchange of the ionic species involved in the
PEC system. Except for membrane-based electrolytes (e.g., Nafion in PEM, which is doped
with H2SO4 to favor H" conductivity), most liquid electrolytes are acid (e.g., H2SO4, H3PO4)
or alkaline solutions (e.g., KOH, NaOH), which shift the system pH, and it could eventually
affect the stability of the photoanode. In this sense, for instance, WO3 is not stable in alkaline
media, while BiVO; stability is favored in it. Also, it has been reported that strong acidic
conditions with abundant H* ions may enhance the hydrogen production at the cathode
(Hydrogen Evolution Reaction, HER) and generate additional super-oxidants (e.g., H202,
depicted in equations (2-3) in section 3. 1. 2), hence generally benefiting, for instance, the
oxidation of organic species. [80] However, the use of strong acids or bases increases the safety
risks of storage and transportation in view of the further industrialization of the PEC technology.
Regarding reactant flow rates, a higher flow improves the mass transfer and eventually
enhances the kinetics for the redox reactions. However, an excessively high reactant flow rate
leads to the catalyst-drag from the (photo)electrodes, eventually decreasing the PEC
performances.

Thirdly, the applied potential is of great significance to the PEC process. Given any external
applied potential, the electrocatalytic (EC) activity, proportional to the obtained electrical
current, could be remarkably improved upon irradiation. Likewise, the PC performance is
enforced by the enhanced separation rate of photo-generated charge carriers. For traditional

three-electrode PEC cells, the applied voltage needs to be modified and calculated based on
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the pH and the used reference electrode, according to the Nernst function, to be compared with
the Reversible Hydrogen Electrode (RHE), commonly used as a reference state. For instance,
if an Ag/AgCl reference electrode is used:

E (RHE) = Eag/agct + 0.059 pH + E%g/agc (1
Where E%Ag/agc1 = 0.1976 V at 25 °C and Eagagci is the applied potential.

However, for two-electrode PEM PEC cells (where the reference electrode is removed), the
applied potential in the reaction system (anode vs cathode) is an absolute cell voltage. It should
be pointed out that the application of high external potentials (as well as high temperature) may
cause the water electrolysis reaction (thermodynamically possible from cell potentials higher

than 1.23 V at room temperature, as shown in Fig. 1. 5).
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Fig. 1. 5. Pourbaix diagram of two half-reactions in the water splitting under standard
conditions. SHE stands for the standard hydrogen electrode and RHE stands for the reversible
hydrogen electrode from ref. [80]

Similarly, the selection and optimization of parameters such as temperature, pressure and the
concentration of dissolved oxygen need to be carried out according to the type of PEC
application. High pressure enhance gas molecule concentration per unit volume and thus
enhance its transfer and contact with the photoelectrocatalysts, increasing therefore the kinetics
of PEC gas-phase reactions, such as N> fixation and CO; reduction. On the other hand, an
increase of the reaction temperature may accelerate the charge recombination of the PC process,
which could be generally counterproductive for the overall PEC performance. Also, high
temperature generally decreases the solubility of the reactant gases in the solvent and
consequently hinders the production rate of target products. [81] Dissolved oxygen is beneficial

for the generation of -O2, which are proved to be essential to decompose antibiotics in PEC
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processes, [82] but O, as a scavenger of photo-induced electrons, consumes H" during
reduction consequently competing with HER. [83]
In summary, many factors can remarkably affect both EC, PC and PEC processes with respect
to redox efficiency, operational cost, system complexity and practical safety. Reasonable
optimization of parameters to meet actual needs is a crucial part of PEC research.
2. Catalysts

The current research on PEC is mainly focused on the design and modifications of the
photoelectroatalysts, which are the core of the PEC system. According to the composition, we
will classify the photocatalytic materials as single-component catalysts, binary hybrid
cocatalysts, and multi-component cocatalysts. Table 1. 2 shows a selection of photocatalyst
representatives for PEC systems. Their classification, applicability and modification methods
will be discussed in this section.
2. 1 Single-component catalysts
In this family of Single-component catalysts we will include the supported noble metal
catalysts, metal oxide catalysts and non-metal-based catalysts. Generally speaking, upon the
activation of light, the transition of electrons occurs, resulting in the generation of free radicals
and/or promoting the occurrence of redox reactions. However, photogenerated electrons and
holes are prone to recombine, and the recombination rate affects in a significant manner the
performance of PEC. Supported noble metal-based catalysts, such as gold (Au), silver (Ag),
platinum (Pt), palladium (Pd), rhodium (Rh), ruthenium (Ru), etc., due to the existence of
localized surface plasmon resonance (LSPR), possess high PEC performance (superior kinetics
and selectivity). [84] LSPR is an optical phenomenon that the light excites conductive
nanoparticles to form collective electron charge oscillations, that is to say, the deposited
electric field from light can collectively excite electrons of a conduction band to form coherent
localized plasmon oscillations with a resonant frequency, resulting in enhanced optical
properties: i.e., improved the electric field intensity, light scattering and absorption, as well as
surface-enhanced scattering from adsorbed molecules. [85][86] Usually, the interaction
between the nano-scale noble metal particles and the support enhances the catalysts’ surface
properties, including geometry and surface electrons, thus exhibiting high
(photoelectro)catalytic activity. However, the expensive prices and limited reserves of noble
metal catalysts force researchers to shift attention to other non-precious metal catalysts.
TiO2, a classic metal oxide photocatalyst, has been used since the initial attempts of PEC,
aiming for the photolysis of water, in 1972. [1] Due to the mature, simple and non-toxic

preparation procedures, it has become the most extensively developed catalyst in the fields of
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PC and PEC. In addition, other metal oxides such as WO3, ZnO, SnO, Fe>O3, CuO and CuO
are also widely used as photoeletrocatalysts (Table 1. 2). [§7-93] Due to their different bandgap
and band-edge positions (Fig. 1. 4), the corresponding photo-response ranges and capabilities
of redox reactions are also very large. Therefore, a suitable selection of catalysts to meet the
requirements of a given practical application is a vital step for the construction of a satisfactory
PEC system. For instance, WOs3 is good for oxygen production due to the suitable VB position
while Cuz0 is used for CO> reduction thanks to its adequately negative CB position.

Besides, binary oxides single-component semiconductors, such as BiVOs, [94,95] CuWOs,
[96,97] CaFe;04, [98,99] CuFeO,, [100,101] CuNbOs3, [102,103] LaFeOs, [104,105] Fe,TiOs,
[106,107] and BioWOg [108,109] are emerging to overcome the drawback of high price of
noble metal catalysts and high recombination rate of photo-induced charges of metal oxides
like TiO2 or WOs3. Most of them could be used as photocathodes for PEC reduction reactions.
[27] Among them, BiVOy is the most successful catalyst which could achieve 90% of solar-to-
current capability. [110]

As for non-metallic catalysts, the carbon family, such as graphene, [111,112] C nanotubes,
[113] etc. are the most popular materials. Additionally, N [114,115] and P [116,117] series
catalysts also attract more and more attention.

The morphology and composition of these materials are highly related to light-harvesting,
charge transfer and separation, and the surface reaction kinetics, thus affecting the photon-to-
product (or current) conversion efficiency of the photoelectrode. [118,119] Therefore, as
discussed in the introduction section, many strategies including physical and chemical
modification methods have been taken to adjust the morphology (thickness, size, shape, efc. )
and compositions (bandgap range, bandgap position, etc.), which deeply influence carrier-
diffusion length, adsorption/desorption of chemicals, light response range, light path and its
capability of passing reaction energy barriers. For instance, when the thickness and dimensions
of catalysts have the same range as their carrier-diffusion length, the charge collection
efficiency would be favorable.

The composition-tuning, including doping, defect engineering and crystal engineering, is
proven to improve the physicochemical properties and the low charge carrier mobility of
catalysts. Suitable dopants would benefit PEC reactions via enhancing their electrical and
optical properties. Take BiVOs as an example, Gd** is introduced to substitute Bi** in BiVO4
photoelectrode, ~2-fold photocurrent intensity for water splitting was achieved due to the
enhanced carrier separation without affecting its catalytic and optical properties, since the

charge carriers mobility of BiVOs is increased by 50 % (measured by time-resolved microwave
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conductivity). It results from a higher degree of monoclinic lattice distortion of Gd-doped
BiVO;4 (Fig. 1. 6a-b). [120] Additionally, partially replacing Bi** in BiVOsis in favor of PEC
performance, as reported by Zhou et al.. 7% In**-doped BiVO4 photoelectrode shows the
optimal photoelectrochemical performance of water oxidation at 1.23 V vs. RHE, and a
photocurrent density of 1.56 mA c¢m™ was obtained over this catalyst, which is more than ~2

folds compared to the undoped BiVO4 (Fig. 1. 6¢). [121]
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Fig. 1. 6. (a) X-ray diffractograms for undoped BiVO4 and Gd doped BiVO4 films on FTO
substrates where the FTO peaks are marked with a star (*); (b) 260 = 18°-19.5° and 20 = 46°-48°
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density with time for pure BiVO4 and 7% In*" doped BiVOj films from ref. [121]

Except for substituting the elements of a single-component catalyst, the introduction of oxygen
vacancies as well as porous structure, and the adjustment of crystal facets are also efficient
strategies. [122] Take WOs as an example, Can Li’s group fabricate WO3 photoanodes with
surface oxygen vacancies via a two-step flame heating approach (Fig. 1. 7a). Tuning the surface
and bulk oxygen vacancies improved both the conductivity and trapping state density, thus
resulting in 10 times increase in photoelectrochemical performance of WO; for water oxidation.
[123] Morphology modification is a physical way to improve the PEC performance of
photoelectrode, which generally results in a high surface area and enhanced capabilities
regarding light-harvesting, charge separation and transfer. The common nanostructures include
quantum dots, nanowires, nanotubes, nanosheets, nanospheres, mesoporous structures,
photonic crystals and so on. [11-18] Chandra et al. prepared mesoporous structure WO3 by an
in-situ  surfactant-thermal-carbonization method. The wvaried alkyl chain length of 2-
(alkylaminomethyl)pyridine surfactant templates results in different size mesoporous
structures of WQOs, as presented in Fig. 1. 7b. All modified WO3 photoanodes obtained 5-7
times higher incident photon to current efficiency (IPCE) (24%-36%) than that (5%) of WOs
without the introduction of porous structures. [124] Also, crystal engineering, which adjusts

the exposure of certain crystal facets of catalysts shows the superiority of high selectivity and
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yield rate of PEC redox reactions. Wang et al. combined the strategy of physical structure
control with facet crystal engineering to fabricate (200) and (002) facets enriched WO3
nanoplate arrays (Fig. 1. 7c) and obtained a remarkably high photocurrent density of 3.7 mA
cm? at 1.23 V vs. RHE.
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Fig. 1. 7. (a) Schematic illustration of the fabrication of defect engineered WOs3 via a two-step
flame heating method; [123] (b) TEM images of as-prepared crystalline WO;3; with tunable
mesoporous structure; [124] (¢) XRD patterns and scheme of crystal facet exposure of crystal
facet engineered WO;3 photoanode. The left sample is obtained via one-step hydrothermal
treatment at180 °C for 16 h, the middle sample is via one-step hydrothermal treatment at 180
°C for 8 h, and the right sample is via two-step hydrothermal treatment at 180 °C for 8 h twice
[125]

Although a single-component catalyst system seems strategically convenient regarding the
synthesis and development point of view, it couldn’t simultaneously provide suitable band edge
positions, broad solar responding range and efficient charge separation and transport, thus
requiring further improvement. In addition to the physical modification, one of the important
strategies is to combine several strategic materials by chemical means, i.e., to couple a

photocatalyst with a cocatalyst to form binary hybrid cocatalysts or multi-component
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cocatalysts. The introduced component(s) participate in the catalytic reactions in some
situations or just function to trap photo-induced charge carriers. In the latter situation, the co-
catalytic components have two categories: reduction cocatalysts which trap electrons and
provide active sites for the reduction half-reactions, and oxidation cocatalysts which can accept
holes and supply reaction sites for oxidation half-reactions. [126]

2. 2 Binary hybrid cocatalysts

Noble metals are the most widely used and most effective reduction cocatalysts due to their
excellent electron trapping capability, low overpotential for surface reaction, outstanding
conductivity, and high durability. For instance, Esposito ef al. modified WO; surface via the
electrodeposition of Pt particles and applied this photoanode to the Methanol oxidation PEC
process (aiming for the production of H»). A significant increase in H> production rate (62 pumol
h! cm?) was obtained at 0.8 V vs. RHE by Pt-WOs3, compared to pure WO3 photoanode (21
umol h'! cm?) as shown in Fig. 1. 8a. [127] In addition, noble-metal-based alloys also have
proved to be excellent reduction cocatalysts. For example, PtCu alloy with (730) facets was
loaded on C3N4 nanosheets to improve the PC activity and selectivity of CO; reduction to CHa.
[128] In this case, (730) high-index facet possesses more low-coordinated metal active sites
which increase the adsorption and activation of CO,, while the introduction of Cu to Pt results
in the synergistic effects between these two metals for high selectivity towards CHs (Fig. 1.
8b). However, as mentioned in the previous section, noble metals are scarce and expensive and
suffer from the loss of stability in long-term reactions. Thus, low-cost and earth-abundant
transition metals have already attracted researcher’s attention to act as cocatalysts for reduction
reactions. Mo, Ni, and Co-based photoelectrodes are good for HER. [129] Cobalt phosphide
with hollow spheres was combined with silicon nanowire (SiNW) to obtain a binary hybrid
SiNW/Co-P, which takes the advantages of morphology modification and composition-tuning.
It leads to an enhanced performance of solar-driven H, evolution, presented by 18.2 mA c¢cm™

at 0 V vs. RHE, 91 times higher than that of the bare SINW. [130]
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Fig. 1. 8. (a) Linear sweep voltammograms measured in 0.33 M H,SO, (blue curves) and 1.0 M
CH;OH/0.33 M H,SO. (black curves) over pure WO3 and reduction cocatalyst Pt-WO3. The
non-zero dark current observed for the Pt-WOs3 in the CH3OH-containing solutions is due to
methanol oxidation under the simulated solar light source from ref. [127]; (b) Photocatalytic
Hz, CO, and CH4 evolution rates with C3N4, C3N4-PtCu NCs and C3N4-PtCu CNCs in the
CO2 reduction reaction under visible light irradiation from ref. [128]; (c) Photocurrent density
of oxidation cocatalyst of BiVO4/Co-Pi, BiVO4+/NiFeOOH, BiVO4/NiFeOOH/Co-Pi,
compared to pure BiVO4 photoelectrode from ref. [131]; (d) the oxidation cocatalyst function

of CoNiO»-BiVOy4 for enhancing PEC water splitting performance from ref. [132]

Cobalt phosphates exhibit great performance for PEC oxidation reactions, where Co?"/Co** of
Co-Pi can be oxidized to a higher valence state of Co*" after accepting holes, and then the
obtained Co*" could be further reduced to Co**/Co*" quickly after participating in the PEC
water/organic molecules oxidation reactions. Thus, PEC oxidation reactions could be improved
by this redox cycle. [133] It was proven by Fang ef al.’s research that the Co-Pi layer consumed
the holes efficiently for the water oxidation in a binary hybrid BiVO4/Co-Pi photoelectrode. Its
activity was two times as high as that of pure BiVOs, although the obtained photocurrent
density (1.05 mA cm™) by this binary hybrid cocatalyst is not as good as the ternary
multicomponent cocatalysts BiVO4/NiFeOOH/Co-Pi (2.03 mA c¢cm?) at 1.23 V vs. RHE (Fig.
1. 8c). [131] In addition, Fang ef al. also investigated the functions of cocatalyst CoNiO; for

enhancing PEC water splitting performance on BiVO4 photoelectrode, proving that the novel
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system allows: 1) decreasing photo-induced hole-electron recombination centers; ii) acting as
trapping sites to enhance charge separation; iii) improving the stability of the PEC system; iv)
increasing active sites for reactions, and v) providing a lower overpotential of hydrogen
generation (Fig. 1. 8d). Via this strategy of cocatalyst modification, a higher photocurrent
density of 1.16 mA cm at 1.23 V vs. RHE and a lower onset potential of ~0.06 V vs. RHE
were observed over BiVO4/CoNiO; photoanode, showing the superiority of the binary hybrid
cocatalysts compared to the single-component catalysts BiVO4 of which photocurrent density
is 0.5 mA cm™ at 1.23 V vs. RHE and onset potential is ~0.24 V vs. RHE. [132]

2. 3 Multi-component cocatalysts

Depending on the applications, the fundamental limitations of single-component or binary-
hybrid catalysts related to bandgap energy, stability, and charge separation/transport, accelerate
researchers to systemize ternary even multi-component hybrid cocatalysts to ensure efficient
and stable PEC performances. [134] Some examples were already mentioned in the previous
section. Additional conductive components could serve as strong binders to noble metals for
enhanced catalytic stability and prevent the undesirable cation exchange between the
semiconductors and noble metals. For instance, ZnO/Ag/AgzWO4 was prepared via a
successive 1onic layer adsorption and reaction (SILAR) method by Nur et al., where
Ag/AgaWO4 was deposited on the ZnO nanorods. [135] In this case, both the semiconductors
absorb light and the well-constructed heterostructure of AgoWO04/ZnO ensures the photo-
induced electrons in the VB migrate to a higher potential of AgoWO4 (-0.07 eV) from ZnO (-
0.34 eV) where Ago nanoparticles in the three-component cocatalyst acts as a bridge via the
surface plasmon resonance (SPR) effect to achieve the effective charge separation and transfer

(Fig. 1. 9a).
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Fig. 1. 9. (a) ZnO/Ag/Ag2WO4 system; [135] (b) photo-electrocatalysis-assisted PEC/PMS
system Pt@CeO,@MoS;, from ref. [136]; (c) the charge transportation in WOs3-Pt-CdS
composite (d) comparison of hydrogen evolution rate between single component/binary

cocatalysts and the trinary cocatalyst from ref. [137]

On the other hand, combined with morphology modifications and a reasonable reactional
system design, a hollow-structured Pt@CeO2@MoS: was fabricated by Dong et al. and applied
in a photo-electrocatalysis-assisted peroxymonosulfate (PEC/PMS) system. [136] Pt was
selected due to its excellent conductivity and good accumulation of photo-generated electrons
in PEC process. The change of surface valence states (Ce*" to Ce*") of Ce element and (Mo**
to Mo®") of Mo element in this ternary catalyst contribute to enhancing the PEC performances
of degrading pharmaceuticals and personal care products (PPCPs) by promoting the PMS
activation. Besides it is found that photogenerated radicals as O2-7, SO4-~ and -OH play
dominant roles in the reactions (Fig. 1. 9b). In addition, a ternary WO3-Pt-CdS composite was
synthesized by Akple et al. where a Z-scheme was constructed due to the well-matched
bandgaps of WO3/CdS. Meanwhile, Pt acted as a bridge to accelerate the charge transportation
between WO3 and CdS (Fig. 1. 9¢), resulting in higher hydrogen generation rate (390 umol h-
' ¢’ than that of a single catalyst CdS (27 umol h'! g!), as well as binary cocatalysts WO3-
CdS (55 pmol h'! g'!) and CdS-Pt (135 umol h'! g'!) (Fig. 1. 9d). [137]
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Table 1. 2. Selected single-component or modified photoelectrocatalysts for PEC electrode

Photoelectro PEC
Roles Classifications Modifications Ref.
-catalyts applications
. Single- o
T102 Photoanode / Water splitting [1]
component
Water treatment
TiO2 Single- ‘
Photoanode Physical & H>On [138]
nanotube component ‘
production
g-C3N4/TiO2 . ' Physical &
Photoanode  Binary hybrid Water treatment  [139]
Nanotubes Chemical
Pt-TiO» Physical &
Photoanode  Binary hybrid Artificial
nanotubes _ ‘ Chemical . [140]
Photocathode  Binary hybrid photosynthesis
Pt-rGO Chemical
N doped Binary hybrid (87]
WO3 Photoanode Single- Chemical Water splitting 1231
WOx component
Ti02/WOs Photoanode  Binary hybrid Chemical Air treatment [88]
Single-
ZnO Photoanode / Water splitting [89]
component
_ _ Physical & o
CuO/ZnO Photoanode  Binary hybrid Water splitting [90]
Chemical
Cu/Cu,O/- Multi- . Hydrogen
Photocathode Chemical . [91]
Cd(OH): component generation
SnO»- . . Physical & Hydrogen
. Photoanode  Binary hybrid . . [92]
Ti02/QD Chemical generation
‘ Single-
BiVO4 Photoanode / Water treatment  [141]
component
‘ Biomass
| Single- | o
BiVO4 Photoanode Physical valorization & [40]
component
HER
FeCoOx/- . . _ o
BIVO Photoanode  Binary hybrid Chemical Water splitting  [142]
1 4
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Photoelectro PEC
Roles Classifications Modifications Ref.
-catalyts applications
a-Fe:05/- | | | -
Photoanode  Binary hybrid Chemical Water oxidation  [93]
NiOOH
SnS,-Pt . ‘ Physical & S
Photoanode  Binary hybrid ) Water oxidation  [143]
Nanoplates Chemical
RuO,/- . . . Hydrogen
Photocathode  Binary hybrid Chemical i [144]
NaTaOs3 generation
Au/CeO;- Multi- Biomass
Photocathode Chemical [145]
TiO, component valorization
Bi;WOe/-
Photocathode  Binary hybrid Chemical CO2 reduction  [146]
BiOCl
CuBi2,04/-
O Photocathode  Binary hybrid Chemical CO2 reduction  [147]
102
Graphene-
carbon Multi- Physical &
Photoanode Water oxidation [148]
nanotube/- component Chemical
Fex0s
Ag/Ni- Multi- Physical &
Photocathode N> fixation [149]
MOF/Cu,0 component Chemical
MoS,/CdSe/- Multi- _ Hydrogen
. Photocathode Chemical . [150]
NiO component generation
Pd/TiO; . . Physical &
Photoanode  Binary hybrid . Water treatment  [151]
nanotubes Chemical
CoNiFe/- . Biomass
. . Physical & o
TaszN;s Photoanode  Binary hybrid . valorization &  [152]
Chemical
nanotubes HER
Biomass
NiPi/Pi/- . ‘ . o
FerO Photoanode  Binary hybrid Chemical valorization &  [153]
€203
HER
ZnFe;04/CdS ' ‘
Multi- Physical & Hydrogen
/ZnO Photoanode ‘ ‘ [154]
component Chemical generation
nanorods

34



Photoelectro PEC

Roles Classifications Modifications Ref.
-catalyts applications
TiOs- Multi- . Water treatment
Photoanode Chemical . [155]
Cu20/Ru component & N fixation

3. Applications

In this section, several applications of the PEC technology will be highlighted. Considering
that oxidation and reduction reactions occur separately, the PEC applications will be classified
according to the aim of the process. This way, in sections 3.1 and 3.2 we will discuss the
features of some applications focusing either on oxidation and reduction processes,
respectively, while section 3.3 deals with applications where both, oxidation and reduction
reactions are efficiently valorized.

3.1 PEC focused on oxidation reactions

3. 1. 1 Water or Air treatment

PEC water or air treatment is used to efficiently oxidize organic pollutants (e.g. antibiotics,
dyes, efc.), aiming for their total mineralization into CO,. The target oxidation process takes
place in the anode of the PEC system, as depicted in Fig. 1. 10. In 1993, a pioneer study of
PEC technology for organic pollutant treatment was published. The research results dealt with
the efficient degradation of 4-chlorophenol by TiO;-based thin film electrodes under ultraviolet
irradiation. [36] Afterwards, great progress on PEC water or air treatment has been achieved
gradually. In these applications, it has been proved that reactive oxidation species (ROS) play
a crucial role for pollutant removal. For instance, Dong et al. developed MoS» nanoflakes as
photoelectrode to degrade rhodamine B, chlorpyrifos, 4-chlorophenol, and ciprofloxacin under
visible-light irradiation in a three-electrode system with Pt foil as a cathode and Ag/AgCl as a
reference, where hydroxyl radicals were the relevant ROS. Besides, a series of reaction
parameters was studied, including the applied bias, the pH, dissolved oxygen concentration,
molecular structure and properties of the pollutants, showing that acidic conditions are favored
in most cases. [37] Cao et al. fabricated an AgzPO4/BiVO4 photoanode for PEC degradation of
a typical antibiotic norfloxacin in a three-electrode cell where a Pt wire serves as the cathode
and a saturated calomel electrode acts as the reference electrode. Under the irradiation of visible
light, at low applied bias (0.5 V), the composite AgzPO4/BiVOs totally oxidized Norfloxacin
(Co=5mg/L) in 90 min through hydroxyl radicals and holes attacking the piperazine ring and
causing the decarboxylation process. The further increased applied bias potential (0.75-1.0 V)

showed relatively insignificant improvement for the degradation efficiency of norfloxacin,
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most likely due to the competitive O generation, favored at high applied potentials. [156] PEC
air treatment requires a more complicated setup to introduce and separate gas. Thus, it’s an
emerging and challenging future trend of PEC applications. Liu et al. designed a flat-plate type
device composed of Au interdigital electrode and printed TiO2/WO3 nanocomposite catalyst
film used for organic gas degradation. This composite material could largely reduce the
external bias needed compared to pure TiO, PEC process. Under UV light (365 nm) irradiation,
at only 0.2 V bias, the PEC degradation rate of 300 ppm acetone gas was about 12.28 x 1073

min!, which is 2.42 times as high as that of the PC process. [88]

Bias potential —_L

Organics * =

<
BiVO, photoanode Cathode

Fig. 1. 10. Scheme of water treatment involving reactive oxidation species (ROS) like hydroxyl
radicals, from ref. [157]

3. 1. 2 Water oxidation

PEC water oxidation reaction (WOR) aims to oxidize water to generate oxygen (O2) or
hydrogen peroxide (H20z). Their pathways involve either a 4-electron or 2-electron transfer,
and of course, as an oxidation process, it happens at the anode. The former is called oxygen
evolution reaction (OER): as part of the water splitting process (aiming to separately produce
H> and O»), it is the limiting step of the whole photoelectrochemical process. Thus it will be
discussed together with the hydrogen evolution reaction (HER, the other half-reaction of water
splitting) in section 3.3. Here we will focus on the latter PEC generation of H,0,, as depicted
in Fig. 1. 11a, which could not only be used in the field of environment, like in advanced
oxidation processes (AOPs) for wastewater treatment, but also in the domain of energy to serve

as a liquid fuel in a fuel cell alternative to H> and Oo.
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Fig. 1. 11. Scheme of the 2-electron water oxidation for H,O, formation derived from (a)

anodic water oxidation reaction (WOR) and cathodic oxygen reduction reaction (ORR) from

ref. [158]

Anodic WOR or water oxidative H,O» formation is based on equation 2, which requires a high
positive potential (1.77 V vs. RHE). [159-161] A separated dual-compartment setup could
protect the generated H,O, from being reduced in the cathode. Low temperature is vital to
prevent the thermal decomposition of H,O> to H>O and O». Fuku et al. designed a binary
catalyst WO3/BiVOs4 as a photoanode with an improved charge separation rate as well as a
good visible light response. An excellent selectivity of H>O» (ca. 54%) was obtained in a two-
compartment cell at 5 °C. [162] Furthermore, Fuku and his co-workers introduced MeOx (Me
=S4, Zr, Ti, Al, or Co) onto the WO3/Bi1VO4 surface to fabricate multi-component cocatalysts.
[163] ALLOs is proved to significantly facilitate the anodic HO> generation presented as
unprecedented selectivity (ca. 80%) by inhibition of the oxidative degradation of the formed
H>0O, whereas CoOx is the worst one among these five selected cocatalysts because of its high
efficiency towards H>O» decomposition or O> generation.

2H,0 — 2H>0, + 2H" + 2¢~ E(H2O/H20,)=+1.77 V vs. RHE (2)
Oz + 2H" + 2e” — H202 E(O2/H202)=+0.68 V vs. RHE (3)
It should be noted that compared to anodic H>O» generation, the OER is thermodynamically
more inclined to occur due to the lower requirement of external potential (+1.23 vs. RHE).
Besides, cathodic H>O; generation by the oxygen reduction reaction (ORR) is more common
based on equation 3, and is depicted in Fig. 1. 11b. [158] Thus the design of efficient and low-
price photoelectrode or seeking alternative reactions of WOR is a critical issue considering the

economic and social benefits.

37



3. 1. 3 Biomass valorization

Biomass valorization allows upgrading biomass-based products, like glycerol, lignin, and sugar,
to some high value-added chemicals like glyceraldehyde, dihydroxyacetone, efc. (Fig. 1. 12,
13). [164] It differs from mineralizing organic compounds to CO: in the case of PEC water or
air treatment, and requires a thermodynamically lower applied potential than the above
described OER to generate valuable chemicals. In other words, this technology could be

translated into lower energy input to create a higher economic profile.

C; Products C; and C4 Products
2-hydroxypropenal
-t ' g Bl e
/?\/0 i I
lactic acid HO
W\/t/’ pyruvakdehyde Ho\)kon \N)LOH
OH glyceraldehyde ; ) :
HO_A_OH —= 1 | — glycolic acd cwaic acd
w\j\/‘”‘ i Ho 0
ghyceric acid 1BAMOMC B £

Fig. 1. 12. Simplified general glycerol PC/EC/PEC oxidation pathway from ref. [164]
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Fig. 1. 13. Scheme of PEC biomass valorization on photoanode (TiO2/WOs3 binary hybrid

cocatalyst in this case) from ref. [165]

The difficulties of this application lie in the identification of the products and the construction
of a highly selective catalytic system. Here, we take glycerol PEC oxidation as an example. As

the main byproduct of biodiesel which is the ideal alternative to fossil fuel and is forecasted to

38



stay at a high consumption level of ~50 billion L in the future decade, [166] glycerol is
oversupplied in the market. Because 1 ton of biodiesel production generates around 100 kg of
glycerol (~110 kg of crude glycerol). [167] Thus, the economic value of glycerol is seriously
wasted because most of them are converted into thermal energy by simple combustion with a
large amount of CO> emission rather than being used to produce more valuable chemical
energy. Therefore, glycerol valorization which can not only increase huge economic benefits
but also cater to the global low-carbon and energy-saving environmental protection needs,
becomes a research hotspot. Its oxidation products include 3C products such as glyceraldehyde,
dihydroxyacetone, glyceric acid, tartronic acid, 2C products like oxalic acid, lactic acid,
glycolic acid, acetic acid and 1C liquid products formic acid as well as gas product CO:
(Fig.13). [164] Of course, the economic values of those oxidation products are quite different.
For example, the primary 3C products of glycerol oxidation, dihydroxyacetone and
glyceraldehyde, which could be used in the fields of cosmetics and pharmaceuticals, have much
higher commercial value than that of 1C product formic acid, which is industrialized as a
commodity at a large scale. Thus, selectivity towards high value-added chemicals is one of the
most important evaluation indicators for PEC biomass valorization. Gu et al. constructed a
microfluidic platform using WO3/TiO, as the photoanode for the oxidative upgrading of
various chemicals: biomass-based glycerol, cyclohexane, and inorganic substrate HSO4 . As
for glycerol oxidation, glyceraldehyde and 1,3-dihydroxyacetone were obtained as the main
products, with a total selectivity of 85 %, together with a small amount of formic acid, glycolic
acid, and CO; as gas by-products were observed at 1.2 V vs. RHE in a mixture solution of
0.1 M glycerol, 0.5 M NaxSOy4, and 0.1 M borate buffer (pH = 6). [165] In Schichtl et al.’s study,
AuPtBi-Ni as the anode was developed for crude glycerol oxidation to replace OER in the
alkaline electrolyte of 2 M KOH. Although the oxidation products including glyceraldehyde,
dihydroxyacetone, formic acid, efc. were well detected by proton nuclear magnetic resonance
(1H NMR) spectroscopy, this study lacks of discussion regarding the selectivity of these
valuable products. [168] It focused mainly on hydrogen generation, in a similar way to most
research on PEC glycerol upgrading/reforming, [154,168—179]. This reveals, to some extent,
one of the main difficulties for the glycerol upgrading towards value-added products: the
analysis of the obtained products.

For other biomass resources, like lignocellulose, mainly composed of complex bio-polymers
like cellulose (40—50 wt.%), hemicellulose (20-30 wt.%), and lignin (15-25 wt.%), their PEC
valorization seem more complicated and requires more in-deep investigation of the reactions

and mechanisms. [181] In summary, transformation of biomass to desired products with
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considerably efficient yield, high selectivity, and mild reactional conditions are highly
demanded in large-scale industrial production.

3.2 PEC focused on reduction reactions

3. 2.1 CO; reduction

Highly selective conversion of CO; into chemical fuels (CO, CHs, CH30H, efc.) with added
value by solar energy attracted a large number of scientific researchers in recent years due to
the world consensus goal of carbon neutrality. CO, molecules are firstly adsorbed on a
(photo)cathode and then, with the help of light irradiation and upon the application of an
external potential, they are converted into HCOO" as well as other chemicals via the PEC
process, as depicted in Fig. 1. 14. [182] Generally, the reduction of CO> demands a highly
negative potential, i.e., -1.9 V vs. NHE at neutral pH. Therefore, the catalysts which possess
low bandgap, high electron conductivity, and high CO, adsorption capacity (high surface area)
are preferred for PEC CO; reduction. [183] For instance, Wang et al. synthesized a ternary
composite Ag-g-C3N4/BN-C and used it for PC CO» reduction to CO. The doping of Ag helps
the charge separation and increases the utilization of light energy i.e., the SPR effect. Thus, a
highly enhanced yield of 166.5 umol-g! was obtained via the path of CO; — "*COOH —
*CO— CO.[184]

Macroporous

L

Cu-Coa0uNTs

PEC CO, reduction
Fig. 1. 14. Scheme of PEC CO; reduction on photocathode (Cu-Co0304 nanotubes binary
hybrid cocatalyst in this case) from ref. [185]

Also, for PEC COz> reduction, p-type metal oxides such as CuxO are commonly applied as
photocathodes. [48] Md. Maksudur RahmanKhan’s group conducted PEC reduction of CO> to
methanol over a p-type CuFe2O4 and hybrid photocatalyst 5% Polyaniline(PANI)@CuFe>O4
in the cathodic compartment. [186][49] CuFe;O4 acts mainly as a light harvester while PANI
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possessing CO» binding capacity, electron conductivity and visible light sensitivity, contributes
to CO, adsorption and serves as reduction sites for achieving a high rate (49.3 pmol g'! h'') and
high selectivity of methanol formation. The selection and optimization of catalysts are vital to
this application. Shen ef al. designed a metallic Cu decorated Co3O4 nanotubes photocathode
used for CO» reduction where Co foil acts as the substrate. Co3O4 nanotubes were grown
directly in the substrate via one-step anodization method, which minimizes the contact
resistance between them. Nearly 100% of selectivity of formate and high yield up to 6.75
mmol-L!-cm™ was obtained in a homemade gastight chamber with 0.1 M Na>SOs as the
electrolyte after PEC reduction for 8 h. [185]

3. 2.2 N> fixation

Due to the surge in the world's population, natural synthetic ammonia (NH3) has been unable
to meet the needs of the modern fertilizer industry, so the pursuit of industrial-grade ammonia
synthesis technology is crucial. The high energy consumption and high pollution characteristics
of industrial nitrogen fixation via the Haber-Bosch process under harsh reaction conditions
(650-750 K, 150-350 bar) hinder the development of synthetic ammonia. [187] PEC has
emerged as a promising solution to produce NH3 by photo-generated electrons to activate and
convert N> into NH3 in the cathode, which is called PEC N fixation, as depicted in Fig. 1. 15.
[188] Altering hydrogenation pathways of PC/PEC N; fixation have been put forward and
widely accepted as shown in Fig. 1. 16. [189][50] The difficulties of this PEC application lie
in low activity and insufficient selectivity of NH3; because of the high charge-carrier
combination and the slow N activation kinetics. To further explain the latter, nitrogen
molecules possess the high bond energy of the triple bond (941 kJ mol!). [190] The addition
of the first H atom to N is endothermic (AHo=37.6 kJ mol'), so N, fixation is
thermodynamically unfavored. [191,192] Besides, the large energy gap (10.82 eV) between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) of Nz is not conducive to the electron transfer process, which results in the

thermodynamic constraints of the reaction intermediates.
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Fig. 1. 15. Scheme of PEC N fixation on photocathode (single-component catalyst BiVO4 in
this case) from ref. [193]
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To the best of our knowledge, the optimal rate is about 100 umol g™ h!, and the PC conversion
efficiency is only 0.1% at the highest. [194] The advantage of PEC is that the energy of
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electrons can be changed by adjusting the external potential, which can break through the
restriction of the redox potential of photocatalysts, which is determined by its bandgap and not
easy to be tuned. PEC Nz reduction reaction (NRR) usually exhibits remarkable performance
due to the synergistic effect of PC and electrochemistry in NH3 synthesis where photoelectrode
design is key to this application. Thanks to the fact that vanadium nitrogenase could effectively
inhibit HER, the rival of NRR, BiVOs-based photoelectrocatalysts are favored by researchers.
[193] Shi et al. developed a Z-scheme heterojunction of BiVO4+/PANI photocathode where the
staggered band structure and perfect interface accelerated the separation and transfer of
photogenerated carriers, resulting in an NH3 yield rate of 0.93 ug h! em™2 at -0.1 V vs. RHE.
[51] Li et al. combined crystal facet engineering, defect engineering with morphology
modification to fabricate BiIOBr nanosheets with oxygen vacancies on the exposed (001) facets
and transfer N> to NH3 upon monochromatic light (420 nm) irradiation for 1 h under room
temperature and atmospheric pressure via the PEC process. [52] Owing to the gas-liquid
interface reaction, the experimental parameters such as temperature, pressure, and the
photoreactor structure (photon flux, the maximum light absorption, the separation of products,

etc.) need to be well considered to achieve an excellent rate of NHs synthesis with high
selectivity. This field is still in its infancy at this stage.

3. 3 PEC focused on both, oxidation and reduction reactions

As previously discussed, most studies focused their attention to one of the half-reactions in the
PEC system and neglect the other, which greatly reduces economic efficiency. With the
development of PEC research, it is strongly beneficial to observe the trend to combine both
side reactions to achieve a more completed and profitable PEC system. Except for the most
intensively investigated water splitting, there are emerging technologies, including artificial
photosynthesis, dual-functional environmental treatment with simultaneous energy production,
biomass valorization and hydrogen generation, and so on.

3.3 .1 Water splitting

PEC water splitting is a chemical reaction in which water is split into oxygen and hydrogen,
including therefore the hydrogen evolution reaction (HER) at the cathode, and the oxygen
evolution reaction (OER) at the anode, requiring a minimum applied thermodynamic voltage
of 1.23V vs. RHE, as depicted in Fig. 1. 17. For water splitting, the separation of two half-
reactions (HER and OER) has high concern on the safety risks, and the efficient

semiconductors’ design with proper bandgap for both reactions is the vital factor to improve
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their limitation towards practical applications, which have been well discussed in several

reviews. [33-43]
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Fig. 1. 17. Scheme of PEC water splitting where oxygen evolution reaction (OER) happens on
the anode and hydrogen evolution reaction (HER) happens on the cathode from ref. [113]
OER, as a oxidation reaction on the anode, involves four electrons in the process (equations 4
and 5) thus generally showing sluggish kinetics. [195]

Acid medium: 2H,O — O, + 4H" + 4e~ E(H20/02)=+1.23 V vs. RHE 4)

Alkaline medium: 4OH™ — Oz + 2H,0 + 4e” E(H20/02)=+1.23 V vs. RHE (5)

Noble metal materials such as Ru/Ir-based catalysts are highly active for OER. A possible
mechanism is that the active sites of catalysis (marked by catalyst”) react with a hydroxyl group
(OH) to form a catalyst”OH intermediate (step 1, equation 6 ) followed by the generation of
catalyst “O intermediate (step 2, equation 7), which further form a catalyst‘OOH intermediate

(step 3, equation 8) and eventually an oxygen molecule is produced (step 4, equation 9). [196]

Catalyst” + OH- — Catalyst’OH + ¢ (step 1) (6)
Catalyst"'OH + OH- — Catalyst"O + H,O + ¢ (step 2) (7)
Catalyst"O + OH- — Catalyst"‘OOH + e” (step 2) (8)
Catalyst"'OOH + OH"— Catalyst” + O, + H>O + ¢ (step 4) 9)

Compared to the limitation OER of water splitting with an inferior economic value, HER, as a

reduction reaction in the cathode, for high-value-added fuel H> generation is a research hotspot
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in recent years due to the increasing demand for clean energy, which involves two electrons
(equations 10 and 11). [197]

Acid medium: 2H" + 2e- — Hz E(H20/H2)=+0.00 V vs. RHE (10)
Alkaline medium: 2H>O + 2e¢~ — H> + 20H E(H2O/H2)=+0.00 V vs. RHE (11)
Noble metal Pt has excellent performances towards HER. Zong et al. [198] utilized an Ar-
plasma etching technique and took the strategies of morphology modification and defect
engineering to fabricate controllable surface oxygen vacancies onto three-dimensional (3D)
nanoporous BiVOs photoanodes. They recorded a high photocurrent of4.32 mA cm 2 at 1.23 V
vs. RHE and obtained excellent Faraday efficiency (FE) of ~100%, solar-to-hydrogen (STH)
efficiency of 1.8 % at 0.66 V vs. RHE in a neutral electrolyte under 1 sun illumination (1000
W m and 25°C standard cell temperature), which is 7 times higher than that of the pristine
BiVO4 counterpart. Zhao et al. prepared WOs thin films with oxygen vacancies (chemical
defects) by a simple post-annealing method at 450 °C for 1 h (heating rate: 5 °C min') at
different atmospheres (air, N> and O,) and observed a promoted PEC efficiency of HER,
contrast to the WOs3 photoanodes with physical defects (e.g., microsized holes or cracks)
obtained by atomic layer deposition (ALD) and a sputtering method. It is found that the WO3
films (sputtered WO3 and ALD WO3) annealed in air show the highest photocurrent density
(0.06 and 0.1 mA cm?) than those obtained in N> (0.04 and 0.08 mA ¢m?) and in O, (0.05 and
0.09) at 1.23 V vs. RHE in 0.5 M H2SO4 (pH ~ 0.3). [199] Yang et al. synthesized a CuxO/CuO
bilayered composite via electrodeposition and subsequent thermal oxidation method and
applied it as the photocathode for HER in a three-electrode PEC cell where a Pt sheet is the
counter (anode) and a saturated calomel electrode is the reference. As-prepared Cu,O/CuO
photocathode possesses the extended utilization of solar energy red-shifted to ca. 900 nm, and
enhanced electron-hole separation capability. Thus an excellent photocurrent density of
3.15 mA cm was obtained at the applied potential of 0.40 V vs. RHE in 1.0 M KOH solution.
[200] Besides the photoelectrocatalyst itself, the experimental operating conditions play a
crucial role in the production of hydrogen. Acid electrolyte, high temperature, and dissolved
oxygen-free environment are beneficial to obtaining an outstanding hydrogen generation rate.
Take the acid environment as an example, Monfort et al. found that using H>SO4 solution
(pH=2) instead of NaHCO3 (pH=8.2) in the cathode compartment led to a boost in hydrogen
production rate from 0.18 mmol h™! to 0.27 mmol h™! due to the fact that the availability of

protons in the acidic environment facilitates hydrogen generation via H" reduction. [201]
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3. 3. 2 Attificial photosynthesis

PEC artificial photosynthesis is a combination of water oxidation (OER or H,O> generation)
and CO; reduction reaction (CO2RR), which mimics the behavior of natural plants, bacteria
and algae capturing light and oxidizing water to generate O> in the anode meanwhile reducing
CO; to produce hydrocarbons in the cathode (Fig. 1. 18). Selectivity and efficiency are the
main handicaps in this study. Design of setups, modification of photoelectrodes, and
optimization of experimental parameters are efficient strategies to overcome these difficulties.
Nath et al. designed a PEC artificial photosynthesis system using WOs/dye-sensitized solar
cell (WOs3/DSSC) as the photoanode and CuxO wire arrays as the cathode. Under irradiation
with simulated sunlight, the dual-absorber photoanode exhibits promising electrocatalytic
activity presented as a gained potential of ~0.7 V, which makes CO, conversion to CO at
cathode possible without an external power supply. OER simultaneously happens on
photoanode WOs3 for O2 generation. [202] Bharath et al. replaced anodic OER by the oxidation
of furfural to 2-furoic acid and 5-hydroxyfuroic acid and constructed a novel PEC artificial
photosynthesis system using Au/a-Fe>O3/rGO photocathode and Ru/rGO/Pt anode, separated
by a proton exchange membrane (Nafion N-117). In the photocathode, CO» was converted to
CH3;OH with high yield (63 pmol L' cm™) with a FE of 91 % at -0.6 V under the irradiation
of visible light. In the anode, furfural oxidation with a FE conversion (82 %) to 2-furoic acid
and 5-hydroxyfuroic acid were obtained. [203] Similar to water splitting, the two semi-
reactions need to be well separated, and suitable semiconductors need to be selected to
overcome the energy barriers. Also, as discussed in the first section of this review, the
experimental conditions, including temperature and pressure, with significant effects on mass
transfer and ionic conductivity of the PEC system need to be considered for a high efficient

PEC artificial photosynthesis system.
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Fig. 1. 18. Schematic of artificial photosynthesis (photoanode: WOs/dye-sensitized solar cell
(WO3/DSSC) and cathode single-component catalyst CuxO wire arrays in this case) from ref.

[202]

3. 3. 3 Environmental treatment and hydrogen production

H> generation has the lowest requirement for the potential compared with other already
discussed reduction reactions (CO; reduction and NH3z synthesis). Therefore, it seems
convenient to combine H, generation with other oxidation reactions like environmental
pollutant removal. Although each application alone has been extensively investigated, the dual
functional systems combined with water treatment and HER in spatial separation mode are still
rare. As depicted in Fig. 1. 19, environmental treatment occurs in the anode and hydrogen
production happens in the cathode. Generally, the water treatment part is driven by the hole
oxidation power and the generation of reactive oxidation species (ROS), while the counterpart
H> generation utilizes the electron reduction power based on the mechanism of multiple
electron transfer. Lo et al. investigated the role of sulfate radicals, being the dominant species
in the PEC degradation of benzophenone-3 over BiVO4 upon visible light radiation. The
addition of 1.5 mM of Na,SOs3 greatly improved the PEC water treatment performance and
hydrogen generation due to the strong oxidant radical -SO4” being formed and holes scavenged
to generate H'. [204] In Choi et al.’s study, PEC degradation of phenolic, acid contaminants
and the inactivation of E. coli were remarkably improved by in situ reactive chlorine species

(RCS) generated in PEC reactions using Pt as the counter electrode, Ag/AgCl as reference
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electrode and WO3 as the photoanode in a single-compartment 3-electrode reactor. In the
contrast, the activities of the PC, as well as EC processes, were negligible. Besides, the
efficiency and stability of the PEC chlorination system should be further improved to meet
practical needs. [205]

PEC Cell |

CO,+H,0
C Organics

-

Fig. 1. 19. Schematic of dual-functional PEC system for environmental treatment and energy

production from ref. [206]

As we discussed in section 3.1.1, ROS such as superoxide radical ion (O2™), hydrogen peroxide
(H203), and hydroxyl radical (-OH) as well as photo-induced electrons and holes participate in
water and air treatment. In this process, dissolved oxygen is required to act as the precursor of
ROS and a reagent to conduct pollutant mineralization. However, Oz is a scavenger of photo-
induced electrons, which eventually might hinder the hydrogen production. In the PC process,
several well-designed photocatalysts like F-TiO-Pt [207] and P-TiO-Pt [208] have been
developed for dual-functional PC water treatment and simultaneous hydrogen production. In
these materials, the noble metal Pt acts as surface electron trapping (enhancing the HER) while
F or P anions decrease the concentration of the surface -OH group (the hole trapping) via ligand
exchange, thus favouring more h* to increase the amount of free -OH radicals to participate in

pollutant destruction (in the absence of dissolved O2). However, spatial separation of oxidation
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and reduction reactions cannot be achieved in the pure PC process, thus it requires the
additional procedures to recycle catalysts and collect gas/liquid substances. Therefore, the PEC
process could be a promising solution where two reactions happened in the anode and cathode
separately at the same time. [206,209] However, PEC cells applied in the above two cases are
traditional 3-electrode cells that could not achieve real spatial redox reactions and separately
meet the requirements for each half-reaction at the same time. Thus, the optimization of
reactional conditions and a well-designed PEC system including the modifications of
photoelectrocatalysts and the separation of reactions are essential due to the fact that single
hole transfer for water treatment and multiple electrons transfer for H> generation should be
enhanced simultaneously.

3. 3. 4 Biomass valorization and hydrogen generation

Replacing anodic OER reactions of water splitting by biomass valorization and keeping HER
in the cathode to generate high value-added chemicals and clean energy H> is the objective of
this technology, as depicted in Fig. 1. 20c. Although biomass valorization (via
photoelectrooxidation) could be achieved with simultaneous H» production, to the best of our
knowledge, just a few studies reported such concept. Huang et.al utilized the single-component
catalyst BiVOs4 to replace the OER reaction for the oxidation of glycerol, one of the most
important biomass derivatives, where formic acid (85%) and dihydroxyacetone (15%) are the
main products (Fig. 1. 20a). In that study, a remarkable H, generation (Fig. 1. 20b) was
observed in a three-electrode configuration with an alkaline solution of 0.1 M Na;B4O7
(pH=9.4), resulting in an outstanding incident photon-to-current efficiency (IPCE) of 55%. [41]
Liu et al. investigated the BiVO4 photoelectrode for glycerol valorization to form the initially
oxidized product dihydroxyacetone, and the acid environment was proven to contribute to the
formation of this initial product. 3.7 mA c¢cm of photocurrent density was obtained at 1.2 V
versus RHE at pH=2, showing the good capability of simultaneous hydrogen generation. [40]
Two significant drawbacks for the above two cases are non-neutral reactional conditions and
non-spatial-divided configuration. Luo et al. used a heterogeneous photoanode of Bi2O3/TiO>
binary cocatalyst (Bi2O3 nanoparticles on TiO> nanorod arrays) for PEC oxidation of glycerol
to DHA in a H-type quartz cell with 0.5 M Na>SO4 (pH = 2) containing 0.1 M glycerol. At 1.0
V vs RHE, a high selectivity of 75.4 % with a glycerol conversion of ~18 % was achieved in
this photoanode under AM 1.5G illumination (an incident power of 1000 W m2) for 1 h. [210]
PEM PEC cell (Conf. 1) which used solid electrolyte and possesses shorter electrode distance

and separated compartments could be a good option for this dual-functional PEC application.
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Fig. 1. 20. (a) Plot giving the concentration and selectivity of formic acid and dihydroxyacetone
vs. time; (b) H2 and O» obtained during the glycerol oxidation on BiVO4 photoanode at 0.7 V
vs. RHE; (c) Schematic representation of the dual-functional PEC process of biomass

valorization and hydrogen generation from ref. [41]

Since the research on the reaction of cathodic H» production is well established, the biomass
conversion and optimization of experimental parameters is the future research direction of this
bifunctional system. The selection of efficient and stable photocatalysts, and the choice of
reaction parameters to simultaneously produce high-value organics in the liquid phase and

green energy hydrogen in the gas phase remain to be studied.
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Table 1. 3. Summary of PEC applications based on oxidation and reduction reactions

Type of
Applications Reaction phase = Main products  Requirements
reaction
. . . (Dissolved) Oz
Water or Air o Mineralized
Liquid or Gas to generate
treatment products and CO»
ROS
Water
o oxidation for Liquid or Efficient
Oxidation o H>Oz or O
H>0: or O2 Liquid-Gas catalysts
generation
. Alcohols, Selectivity to
Biomass o )
o Liquid (mostly) aldehydes, acids, valuable
valorization
etc. products
Hydrogen or
Liquid-Gas H» Efficient
H202 . .
‘ or Liquid or H,O» catalysts
generation
Selectivity to
CHa4, CH30H,
valuable
_ COz reduction Liquid-Gas HCHO, CO,
Reduction products, mass
HCOOH, etc.
transfer
Selectivity to
o o valuable
N> Fixation Liquid-Gas NH;3
products, mass
transfer
- o Anode: Oz Efficient
Water spliting Liquid-Gas
Cathode: H» catalysts
Anode: O
Overall Redox o Cathode: CHa, Selectivity to
Artificial
. Gas CH30H, HCHO, valuable
photosynthesis
CO, HCOOH, products
etc.

ol



Type of
Applications Reaction phase = Main products  Requirements

reaction
Environmental Anode: High
treatment and o Mineralized mineralization
Liquid-Gas
energy products, CO» rate and H»
production Cathode: H» generation rate
Biomass Anode: Alcohols, o
o ‘ Selectivity to
valorization o aldehydes, acids,
Liquid-Gas valuable
and energy etc.
_ products
production Cathode: H»

4. Summary and prospective

This review aims to provide a comprehensive and brief guide to PEC research including
technology principles, setup developments, operational parameters, catalysts and their
modifications, applications, and indicate the future research direction: bifunctional PEC
appliance. According to the above discussion, it comes to the below conclusions.

Firstly, PEC technology is an intriguing technology that combines photocatalysis and
electrochemistry. In order to obtain excellent performances to meet the requirements of
experimental and practical industrialization, well-designed setups, optimized reactions and
modified catalysts are of remarkable significance. In detail, four types of setups (wired or
wireless and single compartment or dual compartment), show different complexity and
applicability; reactional conditions including electrolytes, temperature, pressures, etc.
significantly affect PEC activities; various catalysts suit for different redox reactions and
electrodes due to diverse bandgaps and physicochemical properties which require further
modifications via chemical or physical methods to shift material’s band edges’ position and
enhance their activities; PEC applications are abundant but the research is limited to several
ones such as water splitting and most of them just focus on one-half reactions, thus dual-
functional applications should arise more attention;

Secondly, some insufficiency of PEC research needs to be overcome in the future. Most of the
experimental setups used in nowadays’ studies are still 3-electrode one compartment wired
configurations, which could not separate spatially the two half-redox reactions and leads to the
lack of deep investigation of both anodic and cathodic systems. Besides, how basic parameters,

such as temperature, affect the PC, EC and PEC reactions separately and jointly is still not
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clear, which needs to be surveyed more meticulously. Efficient and stable photoelectrodes with
noble metal-free material are still rare, and the study on photocathodes is relatively less than
on photoanode. In addition, newly-developed PEC applications such as biomass valorization,
N> fixation and artificial photosynthesis with high selectivity toward chemical products and
fuels are still not mature enough to be applied to real industrial markets, which call for more
in-depth and precise research. Furthermore, to the best of the authors’ knowledge, some
electrocatalytic application such as urea synthesis [211] is also waiting for researchers in the
field of PEC to explore.
Thirdly, we believe that constructing a cost-effective, efficient, easy-to-operate, mild PEC
system could be a promising and environmentally-friendly strategy to solve the energy crisis
and pollutant problem, which requires the collaboration of researchers from multiple fields
including chemistry, environment, engineering, materials, etc. With the continuous progress
stemming from a wide range of scientific research, the ideal PEC system with fully functional
devices, efficient and durable photoelectrodes, as well as optimized working conditions, will
gradually come out in the near future.
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Objectives and Strategies

According to the above literature review, we clearly found that photoelectrocatalytic (PEC)
technology is an efficient, green and environmentally friendly technology with great prospects.
Anodic CO»-free valorization of biomass via PEC is potentially one of the best routes to convert
biomass-based molecules as glycerol into valuable products due to the effective promotion of
the separation of photogenerated electrons and holes via the combination of an externally
applied electric bias. Meanwhile, cathodic hydrogen evolution reaction (HER) allows for
obtaining potential energy carrier H> with high energy capacity and environmental friendliness
in a clean and rapid way. Due to the fact that most current studies where photocatalyst materials
are limited to mineralization with low selectivity towards high value-added products, leading
to CO; emission, it is attractive and feasible to establish dual-compartment PEC setups to
achieve valuable chemicals formation with limited or without CO, yielding in one anodic
compartment coupling with spatially separate pure gaseous H» production in the other cathodic
compartment. Thus the ideal bifunctional PEC technology potentially mitigates the current
energy crisis and decreases environmental pollution. In order to further promote the
development of PEC technology for solar-to-chemical energy conversion, we developed the
research target of this thesis: Photocatalytic and photoelectrocatalytic glycerol valorization
with simultaneous hydrogen generation.

The objectives of this research are as follows:

I) To explore the relationship between the PC or PEC activity for the glycerol
valorization towards value-added products, and the physicochemical properties of
single-component TiO»-based catalysts, WOs-based catalysts as well as their binary
co-catalyst DTWS5 (5% WO; on TiO»). Kinetics and selectivity/yield to high-value
products will be the main evaluation indicators of glycerol PC or PEC oxidation.

1) To compare the performances, and to establish the global reaction mechanism of
PC and PEC technology for the selective oxidation of glycerol towards 3C products
(glyceraldehyde and dihydroxyacetone).

IIT)  To develop and construct an advanced bifunctional PEM PEC reaction system with
separated dual-compartments (Conf. 1). It will allow to explore the influence of key
parameters of PEC operation such as temperature and external voltage on the two
half-reactions aiming for the final goal of PEC glycerol valorization with

simultaneous hydrogen generation.
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According to the above objectives, the research strategy of this thesis is as follows:

In the first part of the work, we selected a series of single-component TiO»-based catalysts
(Anatase, Rutile and P25) and a WOs-based catalyst (Homemade monoclinic WO3) for
comparison. The optimal catalyst was determined based on the selectivity towards 3C products
and the reaction kinetics of PC biomass conversion. Besides, a commercial binary cocatalyst
DTWS5 (5% WOs on Anatase) was also studied in order to understand the merits of binary
cocatalyst compared to single-component catalysts. The specific surface area, crystal phase
composition and other structural characteristics of the materials were analyzed by various
characterization methods such as X-ray diffraction (XRD), scanning electron microscopy
(SEM), high-resolution transmission electron microscopy (HRTEM), Brunauer-Emmett-Teller
(BET), and Raman spectroscopy; the photophysical properties of the materials are
characterized by UV-vis diffuse reflectance spectroscopy (UV-vis DRS) measurements; the
acidity of catalysts was characterized via Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and their basic electrochemical properties were studied by
photocurrent experiments in a commercial single-compartment photoelectrochemical cell
(supplied by redox.me ®). A Shimadzu SPD-M20A prominence ultrafast high-performance
liquid chromatography (HPLC) is applied for the detection of oxidation products. Through
analyzing the physicochemical properties of materials, together with the detection and
selectivity of glycerol oxidation products, the PC glycerol valorization mechanisms of different
types of catalysts was properly understood, which laid the foundation for the study of the PEC
process.

In the second part of the work, we further modified and improved the homemade single-
component photocatalyst WO; by defect engineering and compared it with the commercial
binary cocatalyst DTW5. We attempted the PEC conversion of glycerol in a conventional 3-
electrode PEC cell, where the above-mentioned photocatalysts were coated on an indium-tin-
oxide (ITO) glass, acting therefore as the photoanode (with Pt and Ag/AgCl serving as the
cathode and reference electrode, respectively). By applying different external voltages (0.3,
0.6, 0.9, 1.2 and 1.5 V), the activities of PEC glycerol valorization were explored. During the
reaction, the Faradaic efficiency of the product was used to understand the electron transport
process. Furthermore, the role of oxygen vacancies introduced by defect engineering, the effect
of external voltage on photogenerated charge separation, and the mechanism of PEC reaction
combined with possible OER formation was also investigated.

In the third part of the work, a truly bifunctional PEM PEC system is constructed, where the

proton exchange membrane (PEM) acts as a solid electrolyte for proton transport and
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simultaneously separation for the two half-reactions (i.e., selective glycerol oxidation at the
anode, and hydrogen production at the cathode). The best performing catalyst from the
previous two parts was assembled and used as a photoanode in this system to convert glycerol,
and a Pt/C catalyst was used as the cathode to generate hydrogen. Notably, temperature, an
important reaction parameter, is explored together with the external voltage. The energy
production efficiency and the reaction mechanism were evaluated by electrochemical methods
such as linear sweep voltammetry (LSV), cyclic voltammetry (CV) and photocurrent. Thus,
photoelectrocatalytic glycerol valorization with simultaneous hydrogen generation was
achieved under mild conditions.

This study systematically explores the selective conversion and mechanism of PC and PEC
glycerol valorization from 1) the selection, modification and thorough characterization of
different catalysts, ii) the optimization of operational parameters, and iii) towards the
development of a state-of-the-art bifunctional PEC system for the simultaneous production and
separation of high-value chemicals and hydrogen. This study provides a very meaningful

reference for the practical application of PEC technology.
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Glyceraldehyde production by photocatalytic oxidation of

glycerol on WQOs-based materials
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Abstract

Valorization of glycerol into high added-value products by photocatalysis can not only create
good economic benefits, but also cater to the global low-carbon and energy-saving
environmental protection needs. In this study we proposed, for the very first time, to perform
the photo-oxidation of glycerol towards added-value products with WOs-based materials
(homemade WO3 and commercial WO3/TiO2 (DTWS)). Their performance was compared with
that of state-of-the-art TiO»-based photocatalysts (Anatase, Rutile, and P25). We found that,
while TiO; favours the total oxidation of glycerol, WOs-based materials exhibit an outstanding
selectivity towards one of the most valuable oxidation products: glyceraldehyde. It was
attributed to their enhanced acidity, which selectively activates C-O bonds in glycerol and
facilitates the further desorption of glyceraldehyde to the liquid phase. This study establishes
therefore a new starting point towards the development of advanced materials for an efficient
valorization of glycerol.

Keywords: photocatalysis, valorization, glycerol, glyceraldehyde, WO3
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1. Introduction

The current development of the economy has nowadays a significant ecological impact.
Therefore, the generation of clean energy, together with the production of high-value chemicals
to replace the utilization of petroleum-derivate products via efficient/non-expensive
technologies, has become a major challenge for human beings. In particular, the current energy
sector in this world mainly depends on limited sources of fossil fuels, which limits the long-
term development of the economy. Thus, the production of biodiesel fuel derived from a
renewable biomass source has become one of the main strategic alternatives to overcome these
issues. As a matter of fact, according to the report provided by the Food and Agriculture
Organization of the United Nations (OECD/FAO), the production of biodiesel is increasing
year by year and it is forecasted to remain at a high level. [1,2] However, the production of
biodiesel is accompanied by a significant co-production of glycerol. Around 100 kg of glycerol
(~110 kg of crude glycerol) is generated from 1 ton of biodiesel production, [3] leading to a
significant devaluation of this product on the market. As a consequence, an important amount
of glycerol is finally incinerated for heat energy production. Nevertheless, considering that
biomass is the only alternative to fossil fuels for the production of chemicals, it would be more
interesting to convert glycerol into value-added products. Therefore, a better valorization of
glycerol will have great economical and environmental benefits.

Glycerol, with three hydroxyl groups, can be transformed into a wide variety of value-added
products, including dihydroxyacetone, glyceraldehyde, glyceric acid, tartronic acid, glycolic
acid, formic acid and oxalic acid. [4,5] All these products, except for oxalic acid and formic
acid, with high production volumes, are economically more interesting than glycerol. For
example, glyceraldehyde could be applied in the domains of cosmetic and pharmaceutical
industries as well as organic chemistry. [6] Dihydroxyacetone could be used in cosmetics as
an ingredient in tanning lotions. [7] Glyceric acid has found applications in the field of
medicine to cure skin disorders. [8] Glycolic acid could be utilized in daily necessities such as
degreasing agents, tanning agents, and skincare products. [9] Tartronic acid and oxalic acid are
used as an agent of chelating in fine chemistry. [10] Nevertheless, among them, glyceraldehyde
is one of the most value-added products. [11,12] Thus, selective catalytic oxidation of glycerol
to glyceraldehyde possesses great commercial value.

To achieve the production of high value chemicals, different technologies have been applied
in glycerol oxidation, such as thermo-, [13—15] photo-, [16-18] electro-, [19-21] and

photoelectrocatalytic technologies. [22] Among them, photocatalysis is considered a green and

78



energy-saving technology that attracts scientists’ attention all over the world, since it utilizes
light (potentially sunlight) to generate charge carriers (holes and electrons) and active species,
which can activate the target molecules. [23-25] In this sense, most photo-oxidation reactions
usually take place at room temperature and atmospheric pressure, by using a semiconductor
with the proper band gap to ensure a good potential application prospect. [26] Since V. Maurino
et al. [27] firstly reported the photocatalytic oxidation of glycerol as a possible route to
produced added-value chemicals in 2008, many studies have been carried out to investigate
this reaction over different catalytic materials. Most of them were performed on the most
popular photocatalytic material, i.e., TiO>. As an example, some of those works focused on the
performance of glycerol oxidation over TiO; or TiOz-doped with noble metals such as Au or
Pt. [28,29] V. Augugliaro and co-workers [30] used commercial and home-made TiO; samples
in the anatase, rutile or anatase-rutile phases to investigate the glycerol oxidation products in
an aqueous solution and showed thatl,3-dihydroxyacetone (DHA), glyceraldehyde, formic
acid and carbon dioxide are the main products. In their study, the highest selectivity of the
value-added glyceraldehyde was 13% and that of DHA was 8% at a 35% glycerol conversion.
C. Minero et al. [31] used two different commercial TiO> powders (Degussa P25 and anatase
Merck TiO») to investigate the photocatalytic oxidation mechanism of glycerol and found that
various TiO; specimens could lead to different selectivities of products.

WO;s is an excellent metal oxide semiconductor photocatalyst, [32,33] with better visible light
response than TiO». [34] However, to the best of the authors” knowledge, although it has been
widely used in many fields such as H» evolution by glycerol electro-reforming, [35,36] the
degradation of pollutants, [37,38] gas sensor [39] and electrochemical energy storage, [40] the
photocatalytic oxidation of glycerol towards high-value chemicals has never been investigated
on WOs. Therefore, this work aims to study and thoroughly characterize a series of WO3-based
materials for the photocatalytic oxidation of glycerol towards added-value chemicals. An
outstanding performance was found towards the production of glyceraldehyde, one of the most
valuable derivatives of glycerol. The activity and selectivity provided by such materials were
compared with those of commercial TiO2-based photocatalysts.

2. Experimental

2.1 Photocatalytic materials and photocatalytic activity measurements

Several WOs- and TiO»>-based materials were used in this study. First of all, a pure WO3
photocatalyst was prepared by a simple hydrothermal method. Firstly, 0.6 g of WCls was
dissolved in 120 mL of Ethanol solution under constant stirring at room temperature for 10 min.

Then, the obtained solution was transferred to a Teflon-lined stainless-steel autoclave (200 mL)
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and kept in an oven for 12 h (180 °C). Finally, after cooling down to room temperature, WO3

powder was withdrawn, washed with Ethanol (3 x 90 mL) and deionized water (3 x 90 mL),

and dried at 80 °C in air overnight. This material was tested as prepared. For comparison
purposes, the as-prepared WOs3 catalyst was also calcined at 450 °C.

In addition, a series of TiO-based materials were acquired commercially, including Anatase
(HPX-200), Rutile (HPX-400C) and DTWS5 (5 wt% WO3/TiO,), all of them provided by
Tronox®, while P25 (a very well-known heterojunction of anatase/rutile) was supplied by
Evonik®.

A typical photocatalytic experiment was carried out according to the following protocol: 7.5
mg of the catalyst were introduced in a quartz reactor containing 30 mL of glycerol (in aqueous
solution concentration of 1.10 mmol L1). The photocatalytic reactions were conducted under
ultraviolet light with a UV lamp (UV-A PL-L, 18 W) which delivers an irradiation intensity of
5.60 mW cm™. The reactor is open to the air without bubbling. Prior to the photocatalytic
reaction, the suspension was stirred for 30 min in the dark to achieve the adsorption-desorption
equilibrium of glycerol on the surface of catalysts. Every 30 min, a sample (0.5 mL) was taken
from the mixture solution and immediately filtered by a Millipore 0.45 um (hydrophilic PVDF)
membrane using a plastic syringe. In the case of WOs3, the sampling interval is 2 h and its
photooxidation performance is tested by two parallel experiments owing to its low kinetic. The
concentrations of glycerol and derivate products were analysed by a Shimadzu SPD-M20A
prominence ultrafast high-performance liquid chromatography (HPLC) assembled with a
Transgenomic ICSep ICE-COREGEL-87H3 organic acid column. The mobile phase is 5
mmol/L of H>SOj4 and its flow rate is 0.7 mL/min. The temperature of the oven is 30 °C. The
products of glycerol oxidation could be determined by the ultraviolet detector at the wavelength
of 210 nm except from glyceric acid which is identified at 240 nm. Glycerol could be analyzed
by the refractive index detector (RID).

The Glycerol conversion (in %) was calculated according to equation (1):

Glycerol conversion (%) = (CO glyceml_ctglyceml) X 100 (1)

Co glycerol
where Cp giyeeror and Cy giyeeror stand for the initial and real-time concentrations of glycerol,
respectively.

The Yield (in %) of every product was calculated according to equation (2):

Yield (%) = (=224 x 100 X n )

C
Co glycerol
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where C; proauc: stands for the real-time concentration of the product and » is the ratio of the
carbon number present in the product divided by the number of carbon present in the glycerol.

The Selectivity (in %) of every product was calculated according to equation (3):

Selectivity (%) = (— Uty 5 100 x n (3)

Co glycerol-Ct glycerol
where all the parameters were already defined in equations (1) and (2).
2.2 Characterization
X-ray diffraction (XRD) was conducted with a Bruker D8 diffractometer using Cu Ka (A=
0.15406 nm) radiation equipped with a 1-D fast multistrip detector (LynxEye, 192 channels on
2.95°) and a Ni filter. Other test conditions included a current of 100 mA, an operating voltage
of 40 kV, a scanning range between 20 = 4-80°and a scan rate of 0.02°/ s. Phase, crystallinity
and average crystallite size identification were carried out using the Diffrac.Eva software
(Bruker) and the ICDD-PDF4+ database.
Scanning electron microscopy (SEM) was conducted by FEI-XL30. Each sample was sprinkled
on a conductive tape and sprayed with gold under a 15 kV work voltage. The high-
resolution transmission electron microscopy (HRTEM) was performed on a JEOL-2010
microscope equipped with an EDX detector.
The Brunauer—Emmett—Teller (BET) surface area of the catalysts was measured via nitrogen
adsorption at =196 °C (Micromeritics ASAP 2020). The catalysts were degassed at 160 °C for
3 h under vacuum. The porous volume and the pore size distribution were calculated via the
Barrett-Joyner-Halenda (BJH) method.
UV-vis diffuse reflectance spectroscopy (UV-vis DRS) measurements were conducted using
an AvaSpec-2048 Fiber Optic Spectrometer. Spectra were recorded from 200 to 600 nm using
a 2048 pixel CCD detector array. Barium sulfate (BaSQO4) was used as a blank reference.
The electrochemical photocurrent experiments were carried out in a photoelectrochemical cell
(supplied by redox.me ®) with a standard three-electrode system consisting of a Pt wire as the
counter electrode, a saturated Ag/AgCl as the reference electrode and a working electrode
prepared by the following process: 5 mg of the catalyst (as-prepared WO3 or commercial
samples) were dispersed in 0.5 mL ethanol. Then, 20 pL of that dispersion were impregnated
over an indium-tin oxide (ITO) substrate, with an active area of ca. 1 ¢cm?, and dried at room
temperature. Different electrical potentials were applied with a potentiostat-galvanostat

(VoltaLab PGZ402).
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The concentrations of total organic carbon (TOC) of the solutions before and after the
photocatalytic tests on different materials were measured using a Shimadzu TOC-VCPN
analyzer equipped with an auto-sampler.

Acid properties of the different samples were determined by using pyridine as a probe molecule.
Pyridine adsorption was followed by Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), which were carried out on a Fourier-transform infrared spectroscopy
(FTIR) instrument (Perkin Elmer Frontier) equipped with an environmental chamber (Harrick
HVC-DRM). A resolution of 4 cm™ was used with 125 scans averaged to obtain a spectrum
from 4000 to 400 cm’!. Prior to each experiment, pyridine adsorption was carried out at 100 °C
for 45 min allowing the saturation of the catalyst surface. The physically adsorbed pyridine
was then removed from the surface with an air flow (50 mL-min™"). Finally, the IR spectra were
recorded at 100 °C. Bands at 1448 and 1537 cm™! (corresponding to Lewis and Bronsted acid
sites, respectively) were integrated and acidity was determined using the corresponding molar
extinction coefficients.

3. Results and discussion

3.1 Catalysts characterization

First of all, the physicochemical properties of the materials proposed in this study were
characterized by XRD and microscopy techniques (SEM and HRTEM). Fig. 2. 1a shows the
XRD patterns for Anatase, Rutile and P25, while Fig. 2. 1b shows the patterns for the as-
prepared WOs catalyst, together with the commercial DTWS5 (5 % WOs on TiO3). As expected,
pure Anatase and Rutile samples only exhibit corresponding pure crystalline phases (PDF #89-
4921 and #77-0440, respectively). In addition, P25, well known as a very efficient
heterojunction of anatase and rutile for a wide variety of photocatalytic processes, exhibits

diffraction peaks corresponding to both crystalline phases.
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Fig. 2. 1. X-ray diffraction (XRD) patterns of commercial catalysts (Anatase, Rutile, P25 and
DTWS5) and as-prepared WOs.

Fig. 2. 1 b indicates that the as-prepared WOs3 catalyst exhibits a rather amorphous behavior,
although a well-defined peak at 20 = 23.1° could be identified, which belongs to the (001)
phase of a monoclinic structure of WO3 (PDF #72-0677). [41] Its low crystallinity (48.6 %,
Table 2. 1) compared to the commercial catalytic materials (80 — 85 %, Table 2. 1) could be
attributed to the hydrothermal synthesis method, which was performed at low temperature (180
°C) without any additional calcination step. For comparison purposes, a similar WO3 material
was calcined at 450 °C in air (1 h, 5 °C min™! heating rate), and the XRD patterns are shown in
Fig. S2. 1. After the calcination step, the material evolved to a highly crystalline monoclinic
catalyst. Finally, regarding the DTW5 sample, the titanium oxide phase belongs to anatase, and
no peaks related to any WOs3 crystalline phase could be identified by XRD. In principle, this
could be attributed to a very high dispersion of small WO3; nanoparticles on the TiO (anatase)
support, and/or to a very low crystallinity of WO3 compared to TiO.. All materials and phases

present similar crystallite sizes in the range of 16-33 nm (Table 2. 1).

Table 2. 1. BET specific surface area, pore volume, pore size, crystallinity and average

crystallite size of the photocatalysts
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Porous Mean

SBET Crystallinity® Crystal size®
Sample volume Pore Size
(m*g™) (%) (nm)
(em’g™)  (nm)
Anatase 92 0.43 15.2 82.0 17
Rutile 85 0.39 16.9 80.8 16

23 (Anatase)

P25 63 0.17 10.5 81.6
33 (Rutile)
DTW5 78 0.31 13.8 84.9 20 (Anatase)
WO; 33 0.07 13.3 48.6 17

Calculated from XRD spectra

To get more insights into the structural parameters of these catalysts, they were further
characterized by HRTEM. Fig. 2. 2 reveals sharp and clear lattice fringes for all the materials,
regardless of the crystallinity level. The lattice spacing of Anatase and Rutile is 0.367 nm and
0.249 nm, respectively, in good agreement with theoretical values of (101) plane of the anatase
phase [42] and (101) plane of the rutile phase. [43] It is worth noting that for the commercial
DTWS sample, although there are no significant peaks of WO3 in the XRD pattern, the lattice
spacing of 0.388 nm was found, corresponding to the (001) plane of WOs. [44] This clearly
revealed the existence of well-dispersed WOs3 with the size of ~14 nm on the TiO; (anatase)
matrix. Finally, the as-prepared WOs3 synthesized using WCls as the precursor possesses a
similar lattice spacing of 0.381 nm, which matches well with the (001) plane of the monoclinic
WOs previously reported with a similar precursor. [44] In addition, the overall morphology of
the catalyst grains was observed by SEM. As shown in Fig. S2. 2, it was found that anatase,
P25, DTWS and WO; presented spherical shapes while rutile shows rods-like shape

agglomerates.
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Fig. 2. 2. High-resolution transmission electron microscopy (HRTEM) images of Anatase,

Rutile, DTWS5 and as-prepared WOs catalysts.

N> adsorption-desorption was carried out to determine the specific surface area (Sger, Table 2.
1) together with the pore size and the porous volume of each material. These parameters could
eventually affect their performance for glycerol conversion, owing to the fact that the catalyst
active sites along with the adsorption of glycerol as well as its oxidation products usually
positively relate to the specific surface area. As shown in Fig. S2. 3, type IV isotherms were
obtained with a small hysteresis loop at a relative pressure of 0.7—1.00. Therefore, all materials
exhibit, as expected, a mesoporous structure with pore sizes between 10-15 nm (Table 2. 1). In
addition, while Anatase, Rutile and DTW35 showed the highest St (78 — 92 m? g!), this value
was slightly lower for P25 (63 m? g'') and drastically decreased for the as-prepared WOs (33
m? g'h).

Allin all, it seems that in general, the commercial materials exhibit a more crystallized structure
with higher specific surface areas compared to the as-prepared WOs catalyst. Therefore, in
principle, a lower overall catalytic performance could be expected for the latter to a certain
extent. Nevertheless, other important features, such as their electronic properties (band gap,
charges separation), and concentration of acid sites are known to play a key role in the
performance of such photocatalytic materials.

The electronic properties of these materials were first investigated by diffuse reflectance

spectroscopy (DRS) in the UV-Vis range. The obtained spectra of samples are shown in Fig.
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2. 3a. Comparing Anatase and Rutile samples, a slightly higher adsorption towards the visible
range could be observed for the latter, as previously reported. [45] In addition, as expected, it
was found that all the samples could absorb UV light while the as-prepared WO3 could respond
to not only UV light but also partially to visible light.

(@) (b) 50

— P25 L —P25
= Anatase 2'5.' —Ana.tase
:. Rutile 2.0k —— Rutile
3 WO, =l
z ——DTW5 B
2 =
a - 1.0
a 3
-« — 0.5
1 i 1 0‘0 M ey 1 i N N
300 400 500 600 20 25 30 35 40 45 50
Wavelength (nm) hv (eV)

Fig. 2. 3. (a) UV-Vis diffuse reflectance spectroscopy (DRS) spectra and (b) Tauc plot for band
gap determination for commercial catalysts (Anatase, Rutile, P25 and DTWS5) and as-prepared

WOs.

Fig. 2. 3b shows the Tauc plots for band gap calculations using the Kubelka—Munk equation.
Briefly, an extrapolation of the linear part of the curve (a-hv)”? (where o is the absorption
coefficient) as a function of Av defines the band gap energy of the samples considered as
indirect band gap semiconductors. [46] As previously mentioned, all the commercial TiO»-
based materials exhibit a band gap compatible with the use of UVA light (> 3.0 eV). Anatase
and DTWS5 showed an almost identical band gap value, which seems to indicate that the
addition of 5 % WOs on TiO; (anatase) does not significantly affect its electronic properties.
In addition, P25, with an anatase/rutile heterojunction, exhibited a slightly smaller band gap,
closer to that of rutile. Finally, for the as-prepared WOj3 catalyst, its band gap was 2.61 eV, in
good agreement with previous studies, which indicates that its response range to
photoirradiation could be expanded to visible light. [22] According to these results, we chose
UV light to compare the performance of glycerol photocatalytic oxidation as all catalysts
respond to UV light.

In a new effort to characterize the electronic properties of the materials, photocurrent
experiments were performed. These tests were carried out in the photoelectrochemical cell
described in the experimental section, in neutral media (0.5 M Na>SO4 liquid electrolyte, in

order to avoid any potential degradation of the materials in acid or alkaline media), upon the
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application of a constant potential of 0.9 V vs Ag/AgCl reference electrode. All materials were
subjected to UV irradiation in step changes of 30 seconds. The higher the photocurrent intensity
usually indicates the better separation situation of photo-generated electrons and holes, which
generally contributes to the progress of photocatalytic oxidation. [47,48] As shown in Fig. 2.
4, the photocurrent intensity obtained upon irradiation follows this rank: P25 >
Anatase~RutilexDTW5>WOs;. These results indicate that a better separation rate of photo-

generated charges (electrons and holes) upon irradiation could be expected on TiO>-based

materials.
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Fig. 2. 4. Transient photocurrent response for commercial catalysts (Anatase, Rutile, P25 and
DTWS) and as-prepared WOs. Conditions: neutral reaction media (0.5 M Na>SOs), applied
potential: 0.9 V vs Ag/AgCl. The experiments were performed in a photoelectrochemical cell,
where the catalyst was supported on an ITO glass (working electrode), and a Pt counter

electrode was used for polarization purposes.

Therefore, the addition of WOs seemed to have a detrimental effect on such a phenomenon. If
the separation of these photo-generated charges is related to the overall activity of oxidation
on these materials, we could expect a higher glycerol photo-oxidation rate on TiO> than on
WOs-based catalysts.

Finally, the nature and relative amount of acid sites of P25, DTWS5 and WOs were characterized

by adsorption of pyridine followed by diffuse reflection infrared spectroscopy (DRIFT).
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Fig. 2. 5. Pyridine-DRIFTS spectra of P25, DTW5 and WOs. B and L denote Bronsted and

Lewis acid sites, respectively.

Fig. 2. 5 depicts the spectra of pyridine chemisorbed at 100 °C. The bands obtained at 1448
and 1542 cm™! could be attributed to Lewis acid sites and to protonated pyridine molecules
bound to surface Bronsted acid sites, respectively. [49,50] In addition, Table 2. 2 presents the
calculated quantitative values of both acid sites, the overall amount and the ratio between them.
If we compare the results for P25 (TiO2) and WOs3, it can be clearly observed that WO;
possesses the highest percentage of Bronsted and total acid sites. This is expected considering
that tungsten-based catalysts are well-known for their acidic properties. For instance, Ganji et
al. [51] reported an overall higher acidity of WO3 and WO3/Ti0, materials compared to TiO»,
obtained by both pyridine-FTIR and NH3-TPD (temperature programmed desorption). That
could explain that the DTWS5, compared with P25, also exhibited a higher amount of Bronsted
and total acid sites. These acidic properties are expected to play a very important role in the
photocatalytic activity of these materials towards glycerol activation. For instance,
Pt/WO3/Al>03 catalysts have been reported as one of the most successful catalytic systems for
the effective conversion of glycerol to 1,3-propanediol by thermal-hydrogenolysis, [52] where
Bronsted acid sites are considered to play a key role in the adsorption/activation of the

secondary C-O bond in glycerol. [53] Also, in a previous study by Checa et al. dealing with
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the same reaction, [44] it was found that the addition of tungsten to a Pt/ZrO; catalyst enhanced
its selective performance of the target product 1,3-propanediol, most likely due to the creation
of a higher concentration of Bronsted acid sites.

Table 2. 2. Comparison of Lewis, Bronsted and total acid sites of P25, DTW5 and WOs3,
obtained by pyridine-DRIFTS

pmol Py - g'1- m2Cat.

Catalyst Lewis Bronsted Total L/B
P25 0.87 0.21 1.08 4.2
DTWS5 0.95 0.50 1.45 1.9
WO; 0.64 3.33 3.97 0.2

To summarize this section, the characterization results exhibit overall enhanced
physicochemical properties of TiO;-based materials compared to WOs catalysts in terms of
specific surface area, crystallinity, and photo-generated charge separation. However, the WOs3-
based materials are much more acidic, containing a higher amount of Bronsted acid sites.

3. 2 Photocatalytic activity

All the catalysts previously characterized were tested for photocatalytic oxidation of glycerol.
Fig. 2. 6 shows the evolution of the glycerol conversion with time upon irradiation. Regarding
all the TiO-based materials, significant oxidation of glycerol was achieved after 5 hours (Fig.
2. 6a). However, for the as-prepared WO3 catalyst, the glycerol consumption rate is lower, and
therefore the reaction time was extended up to 22 h (Fig. 2. 6b). In order to prove that the
activity was due to photocatalysis, blank experiments over P25, DTW5 and WOs3 (in the dark,
Fig. S2. 4a-c) and direct photolysis of glycerol (without any catalyst in the light, Fig. S2. 4d)

were performed, where the glycerol conversion was negligible.
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Fig. 2. 6. Glycerol conversion over commercial catalysts (Anatase, Rutile, P25 and DTW5)
and as-prepared WO3. Reaction conditions: Room temperature, Glycerol initial concentration:

1.10 mmol L', Volume of glycerol solution: 30 mL, UV irradiation intensity of 5.60 mW cm?.

As observed in Fig. 2. 6a, P25 seemed to be the most active material, achieving a complete
glycerol conversion after 4 h. Therefore, the photocatalytic activity obtained upon irradiation
for glycerol oxidation obeys the order P25> Anatase > Rutile>DTW5>WO;. With regards to
P25, its outstanding activity has been already proven for a wide variety of photocatalytic
processes, including glycerol photooxidation. [24,27,28] P25 consists of a mixed phase of
anatase and rutile in a ratio of about 4:1. In the so-called anatase/rutile heterojunctions, upon
UV irradiation, the photogenerated electrons from the anatase phase are transferred to the rutile
phase on account of its lower conduction band energy. [54] This results in more efficient
separation of the photogenerated charge carriers, as observed in the photocurrent experiments
(Fig. 2. 4). Another evidence of the creation of this heterojunction was observed in the DRS
experiments, where the band gap for P25 was in-between that of anatase and rutile (Fig. 2. 3b).
One may expect a similar behavior for the DTWS5 material. As a matter of fact, WO3/TiO>
composites have been previously developed and reported to enhance the separation of
photogenerated charge carriers on the heterojunctions between both phases together with a
modification of the band gap of TiO, towards a more visible-light range. [55] However, in this
case, we could not observe a significant heterojunction, since the band gap for DTWS5 was

found to be almost identical to that of anatase (Fig. 2. 3b). Furthermore, the photocurrent
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obtained for DTWS5 was even slightly lower than that for Anatase (Fig. 2. 4). Therefore, we
conclude that the low loading of WO3 (5 %) on anatase can neither enhance the separation of
charge carriers nor the conversion of glycerol. It is worth noting therefore that the photocurrent
activity observed in Fig. 2. 4 obeys the same order as the overall glycerol conversion activity
after 5 h of irradiation observed in Fig. 2. 6. This suggests that the photocatalytic degradation
of glycerol is strongly related to the separation of the electrons and holes produced upon
irradiation.

This study aims to enhance the production of added-value products by photocatalytic oxidation
of glycerol. Fig. 2. 7 shows the distribution of products with time for all the materials. The
main oxidation products observed were glyceraldehyde, DHA, glycolic acid, tartronic acid,
oxalic acid, formic acid and acetic acid. Nevertheless, the amount and distribution of each of
these products are highly influenced by the nature of the photocatalytic material. Starting with
the most active material, P25, we can clearly observe that some of the main oxidation products,
including glyceraldehyde, DHA and formic acid are produced during a short period of around
1 h. A similar effect was observed in the Anatase catalyst, although the products distribution
and amount were different, as expected in view of the observed lower overall conversion (Fig.
2. 6). On the other hand, the Rutile catalyst seemed to produce a significant amount of formic
acid.

Our results for both, P25 and Anatase photocatalysts are in good agreement with the model
proposed by Jedsukontorn et al. [51,52] for glycerol conversion on TiO> (anatase). According
to those studies, upon UV irradiation, glycerol acts as a hole scavenger of the photogenerated
holes, [56] or reacts with the reactive oxidizing species, [57] oxidizing it to both glyceraldehyde
and DHA. Minero et al. [31] also proposed that the formation of these species could be
mediated by ‘OH radicals. Glyceraldehyde is produced when the primary —OH group is
adsorbed and oxidized, while DHA is produced upon the oxidation of the secondary —OH group
of glycerol. The glyceraldehyde could be then oxidized to produce glyceric acid, while the
DHA could be rearranged into glyceraldehyde. [56] It could be expected afterward that the
products keep evolving into smaller organic molecules, such as tartronic acid, oxalic acid, and
as observed in this study, formic acid. These reaction routes are in good agreement with the
results obtained for Anatase and P25, since the observed reaction products evolved with time

and then disappeared.
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Fig. 2. 7. Evolution of products with time over commercial catalysts (Anatase, Rutile, P25 and
DTWS) and as-prepared WOs. Reaction conditions: Room temperature, Glycerol initial
concentration: 1.10 mmol L, Volume of glycerol solution: 30 mL, UV irradiation intensity of
5.60 mW cm™.

However, for Rutile, the main product seemed to be formic acid, and we could not observe a
similar evolution for the other TiO; catalysts. In this sense, Augugliaro et al. [30] proposed a
mechanism where all the species are produced in parallel on P25, anatase and rutile catalysts,
including glyceraldehyde, DHA, formic acid and CO,. Minero et al. [31] also suggested a
model where C2 + C1 products could also be produced in parallel by direct electron transfer

(in this case over P25). We believe that these mechanisms are in good agreement with the

92



results obtained for Rutile, where the formation of formic acid seemed to be the product of a
parallel process.

The most interesting results were obtained with the WO3-based materials. Starting with the as-
prepared WO3, a completely different behavior was observed. In this case, as opposed to
Anatase and P25, the concentration of reaction products gradually increased with time. The
main product was glyceraldehyde, followed by DHA and then by smaller quantities of further
oxidized products. These results suggest a similar first oxidation step as previously explained
for TiO2, where glycerol undergoes the first oxidation towards glyceraldehyde and DHA.
Considering that the former is the result of the oxidation of primary (terminal) —OH groups of
glycerol and that we have two primary -OH groups its likelihood to be produced is much higher
compared to that for the production of DHA, which is the result of the oxidation of the
secondary -OH group in glycerol. Moreover, on the one hand, in presence of WOs3, the ratio
glyceraldehyde/DHA is higher than 2. It suggests that in the presence of WOs3, a fraction of the
DHA formed is probably converted into glyceraldehyde and on the other hand, these high
added-value products seemed to desorb in the liquid phase, rather than to undergo further
oxidation towards smaller molecules. These photocatalytic properties are of paramount
importance for the development of novel catalysts with high selectivity towards glyceraldehyde.
However, as discussed in Fig. 2. 6, the photocatalytic reaction on this material is rather slow
compared to that of Anatase, Rutile and P25, and longer reaction times were required with this
system for practical purposes.

Before discussing the photocatalytic behavior of the DTWS5 material, two parameters will be
introduced to compare the performance of pure TiO-based materials (Anatase, Rutile and P25)
and the as-prepared WOs. Fig. 2. 8 shows the variation of the selectivity of products while Fig.
2. 9 shows the variation of the yield of products, both of them as a function of the glycerol

conversion.
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Fig. 2. 8. Variation of the selectivity of products with respect to the glycerol conversion over

commercial catalysts (Anatase, Rutile, P25 and DTWS5) and as-prepared WOs. Reaction

conditions: Room temperature, Glycerol initial concentration: 1.10 mmol L', Volume of

glycerol solution: 30 mL, UV irradiation intensity of 5.60 mW cm,
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Fig. 2. 9. Variation of the yield of products with respect to the glycerol conversion over
commercial catalysts (Anatase, Rutile, P25 and DTWS5) and as-prepared WO;. Reaction
conditions: Room temperature, Glycerol initial concentration: 1.10 mmol L', Volume of

glycerol solution: 30 mL, UV irradiation intensity of 5.60 mW cm.

These figures allow us to compare the production of the added-value products of interest (in
this case glyceraldehyde) at glycerol isoconversion conditions. As expected for P25 and
Anatase according to the results discussed in Fig. 2. 7, high selectivities and yields to oxidation
products are only achieved at low conversion levels. Unfortunately, there was only one

products analysis below 40% of conversion due to the fast kinetics on P25. As the system
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evolved in time, the conversion increased but the production of valuable products decreased.
In addition, since the sum of all the liquid products selectivity is far from 100 % at all the
conversion levels, it could be assumed that CO2 could be also produced. This hypothesis is

confirmed considering the TOC measured after about 45% of conversion (Fig. 2. 10).
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Fig. 2. 10. Total organic carbon (TOC) measurement of the liquid solutions for commercial
catalysts (Anatase, Rutile, P25 and DTW5) and as-prepared WOs, after the achieved glycerol
conversion was ~45 %. Reaction conditions: Room temperature, Glycerol initial concentration:
1.10 mmol L' (TOC: 40.4 + 2 mg/L), Volume of glycerol solution: 30 mL, UV irradiation
intensity of 5.60 mW c¢m™.

This was also the case for the Rutile catalyst which predominantly produces formic acid.
Therefore, none of the pure TiO>-based catalysts exhibited a significant performance towards
the production of glyceraldehyde.

Nevertheless, in these figures, we could clearly observe that the as-prepared WO; catalyst
exhibited an outstanding activity towards the production of the desired product, glyceraldehyde,
even under high conversion levels. As a matter of fact, with a relatively constant selectivity
towards this product, its yield gradually increased with the overall glycerol conversion. In
addition, the overall selectivity of liquid organic products over this catalyst is much higher than
that of the TiO; materials, which indicates that the total glycerol oxidation towards CO; is
much more unlikely as confirmed by TOC analysis (Fig. 2. 10). Besides, WO3 post-treated via
calcination at 450 °C exhibited a slightly superior glycerol conversion owing to its higher
crystallinity (Fig. S2. 1), with similar values of glyceraldehyde selectivity and yield (Fig. S2.
5). Therefore, TiOz-based materials (mainly Anatase and P25) exhibited, as expected, a great
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overall catalytic performance for the oxidation of glycerol, but a rather poor selectivity to
glyceraldehyde, while the as-prepared (and calcined) WOs catalysts exhibited an interesting
selectivity/yield towards this product, even under high conversion levels. The main issue of
this material is related to the rather slow kinetics, which could lower the added value of this
material for practical purposes.

To overcome this issue, the DTWS5 catalyst was tested for the photocatalytic oxidation of
glycerol. In Figs. 7-9 we can clearly observe that the presence of a small amount of WO3 (5 %)
in the anatase support led to completely different behavior in the desired direction. Hence, as
opposed to the Anatase photocatalyst, the reaction products formed on DTWS5 did not seem to
disappear with time, but rather to increase in a similar way to that obtained with the as-prepared
WOs3 material. In addition, the selectivity/yield towards glyceraldehyde was much higher for
DTWS5 compared to the TiO; catalysts. Table 2. 3 shows the values for glyceraldehyde
selectivity and yield at similar glycerol conversion values (43-47 %) over all the photocatalysts.
While both parameters are rather low for TiO, materials in our study (< 5 %) and for other
noble metal-free TiO>-based photocatalysts in publications, [30,31,58,59] glyceraldehyde
yields/selectivities of 13 %/29 % and 8 %/19 % were obtained for the as-prepared WO3 and
for DTWS5, respectively.

Table 2. 3. Comparison of glyceraldehyde Yield and Selectivity for all the photocatalysts at

similar levels of glycerol conversion

Glycerol Yield of Selectivity of
Sample
conversion (%) glyceraldehyde (%) glyceraldehyde (%)

Anatase 43 2 4
Rutile 44 / /
P25 47 3 5
DTW5 43 8 19
WOs3 44 13 29

Homogeneous TiO>

[27]

35 5 13
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Glycerol Yield of Selectivity of

Sample
conversion (%) glyceraldehyde (%) glyceraldehyde (%)
P25 [28] 36 5 13
Lab-made TiO> [53] 97 5 5
Black TiO; [54] 92 3 3

In addition, total organic carbon analysis (TOC) of the liquid solutions was performed for the
different photocatalytic systems when the glycerol conversion achieved a value ~ 45 %. The
obtained values were compared with the initial concentration of glycerol (Fig. 2. 10). The
results obtained allowed us to confirm the level of mineralization of glycerol over the different
catalysts upon irradiation. In addition, as we discussed in the previous figures, the modification
of anatase with WO3 (DTWS) allowed avoiding the mineralization compared to the Anatase
catalyst, in good agreement with the higher selectivity exhibited by this material towards liquid
added-value products, mainly glyceraldehyde.

Therefore, the photocatalytic activity results obtained in this study clearly demonstrated, for
the first time in literature, an outstanding performance of WOs-based materials for the selective
photocatalytic oxidation of glycerol to glyceraldehyde. In particular, the commercial 5 %
WOs/Ti0; (anatase) catalyst allows combining the main features of anatase (fast kinetics for
glycerol conversion) and WOs3 (high selectivity towards glyceraldehyde). These results are in
good agreement with the characterization study described in section 3.1. The textural
parameters (crystallinity, crystal size and specific surface area, Table 2. 1) for Anatase, Rutile,
P25 and DTWS5 were relatively similar and cannot explain the differences observed in
photocatalytic properties. Nevertheless, the overall activity for glycerol conversion was
strongly correlated with the electronic properties of these materials, namely the separation of
photogenerated charge carriers (as observed by the photocurrent characterization tests, Fig. 2.
4). This phenomenon was previously observed in many photocatalytic processes, since an
enhanced separation of e and holes is indeed one of the most common strategies to improve
the overall performance of the photocatalytic system. This is usually managed either by doping
the semiconductor catalyst with a metal (e trap), or by the formation of heterojunctions

between different materials or different phases of the same material. [54]
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However, the enhanced glyceraldehyde selectivity observed for DTWS catalyst compared to
Anatase (or any other TiO»-based catalyst) could not be explained by its electronic properties.
Considering that both materials exhibit an almost identical band gap (Fig. 2. 3b), and the fact
that DTW5 shows lower photocurrent activity (i.e., worse separation of photogenerated carriers,
Fig. 2. 4), the formation of a successful heterojunction between TiO> and WO3 could be
disregarded. We believe therefore that the outstanding performance of DTWS5 towards
glyceraldehyde production could be attributed to its enhanced surface acidity.

In this sense, previous studies dealing with the thermal catalytic hydrogenolysis of glycerol
already proved that WOs plays a role of paramount importance due to the presence of Bronsted
sites, which allow for the selective activation of C-O bonds in glycerol. [52] Furthermore, the
obtained results could be correlated with a previous study by Lopez-Tenllado et al. [60] dealing
with the selective photooxidation of organic molecules (crotyl alcohol to crotonaldehyde). This
reaction was performed on titania, ceria and bismuth tungstate catalysts, where the latter was
the most selective. This phenomenon was attributed to the lowest adsorption of the aldehyde
reaction product on the tungsten-based catalyst. In other words, this material seemed to favor
the desorption of the desired product, avoiding its further photooxidation. Therefore, according
to the obtained results and the above-mentioned studies, we suggest that the higher
selectivity/yield achieved by the WOs-based catalysts can be attributed to the incorporation of
additional acid sites to the anatase semiconductor. These new sites would allow enhancing the
selective activation of primary C-O bonds in glycerol towards the production of glyceraldehyde
and, on the other hand, to quickly desorb aldehyde products in the liquid phase. A possible path
of reactions over TiO;-based and WOs-based materials has been put forward according to the
above discussion (Scheme 2. 1).

Desorption to liquid phase :
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Scheme 2. 1. A possible path for photocatalytic glycerol oxidation
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All in all, this study demonstrates that WO3-based materials are active for the valorization of
glycerol towards a high added-value product: glyceraldehyde. All these materials exhibit
outstanding advantages. On the one hand, the as-prepared WOs catalyst leads to a high yield
of glyceraldehyde even at very high conversion levels. However, its applicability could be
compromised by its slow overall kinetics. In this sense, the calcined WO3 catalyst, with
improved crystallinity, seemed to enhance the kinetics without compromising the
glyceraldehyde yield, although the calcination step could eventually increase the overall
production cost of this material. Finally, commercial DTWS5 led to lower glyceraldehyde yields
than pure WO3 catalysts (but still much higher than those for pure TiO2-based materials), and
overall faster kinetics. Therefore, further studies could optimize the composition and synthesis

procedure of the photocatalyst for practical purposes.

4. Conclusions

In this study, we demonstrated, for the first time in literature, the high performance of WOs3-
based catalysts for the selective photooxidation of glycerol towards glyceraldehyde. By
comparing the activity of pure TiO, (Anatase, Rutile and P25anatase/ruiite) and pure WO3
(prepared by a simple hydrothermal method), we can conclude that: 1) TiO» catalysts allowed
for a higher overall conversion of glycerol, where the selectivity to glyceraldehyde was
hindered by its further photooxidation, and 11) WOs catalysts exhibit slower kinetics for
glycerol oxidation, but show an outstanding selectivity and yield of glyceraldehyde. While the
activity of TiO» was attributed to electronic effects (better separation of photogenerated charge
carriers), the high glyceraldehyde selectivity of WO3 was linked to its enhanced acidity, which
selectively activates C-O bonds in glycerol, and facilitates the desorption of glyceraldehyde
(avoiding its further photooxidation). Hence, a commercial WO3/Ti0> material (DTWS5) was
proven to combine the best features of both semiconductors, with high levels of glycerol
conversion and selectivity to glyceraldehyde. This study opens therefore a new field dealing
with the development of advanced photocatalytic materials for an advanced valorization of
glycerol into high added-value products.
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Fig. S2. 1. X-ray diffraction (XRD) patterns of WOs obtained after calcination at 450 °C.
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Fig. S2. 2. Scanning electron microscopy (SEM) images of commercial (Anatase, Rutile, P25

and DTW5) and as-prepared WOs catalyst.
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Abstract

The application of photoelectrocatalysis (PEC) to glycerol oxidation has emerged as a
promising technology for the simultaneous valorization of this biomass waste and hydrogen
production. However, very few PEC studies have accomplished the selective production of
value-added oxidation products such as glyceraldehyde or dihydroxyacetone (DHA),
especially under near-neutral conditions. Herein, we report the outstanding photocatalytic (PC)
activity and stability of a monoclinic WOs3 catalyst synthesized by a simple hydrothermal
method for the selective generation of these Cs; chemicals. The joint selectivity of
glyceraldehyde and DHA, among all liquid products, remained above 8§7% in a wide potential
range (0.5-2.0 V vs. RHE). Besides, for the first time, the effect of the electric polarization on
the PC glycerol valorization has been investigated. Glyceraldehyde and DHA production was
enhanced up to 4.5 and 11.5 times, respectively, by means of the external bias, with a stable
faradaic efficiency above 50% of the additional holes hypothetically generated, in the whole
studied potential range. Through different characterization techniques and the comparative

analysis of the results obtained with a commercial WO3/Ti0: catalyst, the influence of the
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applied potential and the catalyst activity for water oxidation in the glycerol reaction
mechanism are discussed, as well as the key role of the sub-stoichiometric tungsten oxide
content and the corresponding catalyst oxygen vacancies along with suitable acid sites, which
confer very advantageous properties to WOs-based materials for the selective PEC valorization
of glycerol.

Keywords: photoelectrocatalysis, valorization, glycerol, glyceraldehyde, WO3

1. Introduction

Photoelectrocatalytic (PEC) technology, as an electrochemically assisted photocatalytic (PC)
system, has been widely identified as a superior alternative to conventional PC technology.
This is due to the effective promotion of the separation of photogenerated electrons and holes
via the application of an externally applied electric bias [1,2] However, up to now, most PEC
research has been limited to water splitting [3], H> evolution [4] and organic pollutant
degradation [5]. Furthermore, the necessary semiconductor material is commonly doped with
high-cost precious metals such as platinum [6—8], gold [9-11] and palladium [12—14] to achieve
excellent PEC performances. Therefore, the application of PEC technology to highly cost-
effective selective reactions, such as the chemical valorization of organic renewable wastes
under mild conditions, has attracted increasing interest.

According to a recent report in Nature, by 2050, around 90% of coal, 60% of oil and fossil
methane gas, must be kept unextracted to limit global warming [15]. Thus, the restructuring of
the energy framework via the replacement of fossil fuels by renewable sources is vital to
achieving the targets of carbon neutrality that have already been put forward by more than 120
countries around the world [16,17]. In this sense, biofuels such as biodiesel are a potential
alternative to fossil fuels [18]. However, every ton of biodiesel derived from biomass generates
100 kg of glycerol as a by-product, which is usually used to generate energy through processes
such as combustion or pyrolysis. Nevertheless, there are some associated problems like the
low/moderate heating value of glycerol or the potential release of toxic products such as
acrolein into the atmosphere [19]. Glycerol is also a side waste of soap manufacturers and its
annual production exceeds the demand of around 1 million tons per year [20]. Thus, the CO»-
free valorization of this oversupplied glycerol to produce high-value renewable chemicals such
as glyceraldehyde and dihydroxyacetone (DHA) is of great economic and environmental
significance [21,22]. Currently, the most widely studied catalysts for glycerol selective

oxidation are still noble metals and their metal alloys, which have been applied in
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photocatalysis, thermal catalysis and electrocatalysis [23-25]. The application of PEC to
glycerol oxidation has also emerged as a promising technology for the selective synthesis of
value-added chemicals and, besides, the simultaneous generation of pure hydrogen [26]. Few
PEC studies can be found in literature, where Pt- [27] or Au-based catalysts [28,29] were
utilized in strongly alkaline electrolytic solutions using KOH or NaOH, which are prone to
safety risks during storage and transportation. In recent years, some research groups have also
studied the PEC oxidation of glycerol by using non-noble metal materials such as BiVO4
[30,31], W-BiVOs [32], NiOx(OH)y/W-BiVO4 [32], WO3 [33], WO3/TiO; [34], TiO2/CsPbBrs3
[35], Co-ZnO [36] or a-Fe>O3 [37], although only a few of them were carried out in neutral or
near-neutral electrolytic operation conditions [30,32,33,35]. For example, Dong Liu et al. [30]
found that the BiVO4 semiconductor was highly selective towards DHA at low pH, due to the
acid environment preventing the further oxidation of this product, while, at neutral conditions,
BiVOs-based photoanodes preferentially oxidized glycerol to formic acid [30,32]. The group
of Qu [34] has prepared WO3/TiO; heterostructures and found that the microfluidic platform
results in higher glyceraldehyde selectivity than the conventional planar configuration.
However, the role of the acidic properties of WOs3 in the PEC activity is still not clear. Another
study has explored the PEC glycerol oxidation on WO3 but was mainly focused on the
hydrogen evolution reaction at the cathode without quantifying the glycerol conversion at the
anode [33].

In our previous work, TiO2- and WOs-based materials were investigated for the selective PC
oxidation of glycerol [38]. It was found that homemade pseudo-amorphous WOs3 with high
acidity synthesized by a simple hydrothermal method shows an outstanding selectivity to
glyceraldehyde but the kinetics were not high enough for practical application. This limitation
was attributed to the low crystallinity of the oxide and to a high recombination rate of photo-
generated carriers. Therefore, in this work, a commercial WO3/TiO2 (DTWS5) and a pure
monoclinic WO3 with upgraded physicochemical properties were investigated for the PEC
valorization of glycerol in a neutral electrolytic solution. Our results demonstrate that the
coupling of the green PEC technology (to accelerate the separation of photo-generated charge
carriers) with the merits of crystallized tungsten trioxide materials can lead to outstanding
selectivity towards glyceraldehyde and DHA production. In addition, several different
characterization techniques were used to unravel the mechanism of PEC glycerol oxidation

over WOs-based materials.
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2. Experimental
2.1 Preparation of monoclinic WO;

Firstly, 0.6 g of WClg as precursor was dissolved in 120 mL of Ethanol solution, transferred to
a Teflon-lined stainless-steel autoclave (200 mL) and kept in an oven for 12 h at 180 °C. Then,
low-crystalline WO3; powder was withdrawn, washed with Ethanol (3 x 90 mL) and deionized
water (3 x 90 mL), and dried at 80 °C in air overnight. Finally, the calcination of the well-
grinded pseudo-amorphous WO;3 at 450 °C in air (1 h, 5 °C min™! heating rate) allowed
obtaining a pure monoclinic WOs (hereafter referred to as WOs3 or calcined WO3). Commercial
DTWS (5 wt.% WO53/TiOz) material was provided by Tronox®.

2.2 Characterization

X-ray diffraction (XRD) was conducted with a Bruker D8 diffractometer using Cu Ka (A=
0.15406 nm) radiation equipped with a 1-D fast multistrip detector (LynxEye, 192 channels on
2.95°) and a Ni filter. Other test conditions included a current of 100 mA, an operating voltage
of 40 kV, a scanning range of 20 = 4-80° and a scan rate of 0.02° s*'. Phase, crystallinity and
average crystallite size identification were carried out using the Diffrac. Eva software (Bruker)
and the ICDD-PDF4+ database. X-ray photoelectron spectra (XPS) were conducted via a
Thermo Scientific ESCALAB 250 spectrometer equipped with a monochromatic Al Ka
radiation source. C 1s peak at 284.6 eV was used as a reference to correct the binding energy.
High-resolution transmission electron microscopy (HRTEM) was performed on a JEOL-2010
microscope equipped with an EDX detector. The Brunauer—Emmett—Teller (BET) surface area
of the catalysts was measured via nitrogen adsorption at —196 °C (Micromeritics ASAP 2020).
Prior to these measurements, the catalysts were degassed at 160 °C for 3 h under vacuum. The
porous volume and the pore size distribution were calculated via the Barrett-Joyner-Halenda
(BJH) method. UV-vis diffuse reflectance spectroscopy (UV-vis DRS) measurements were
conducted via an AvaSpec-2048 Fiber Optic Spectrometer. A 2048 pixel CCD detector array
was used to record the spectra from 200 to 600 nm and Barium sulfate (BaSOs) served as a
blank reference.

The acidity of the catalysts was determined by using pyridine as a probe molecule. Pyridine
adsorption was recorded by Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) by using a Fourier-transform infrared spectroscopy (FTIR) instrument (Perkin
Elmer Frontier) equipped with an environmental chamber (Harrick HVC-DRM). A resolution
of 4 cm™ was used with 125 scans averaged to obtain a spectrum from 4000 to 400 cm™'. Before

each test, pyridine adsorption was conducted at 100 °C for 45 min to achieve the saturation of
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the catalyst surface. The physically adsorbed pyridine was then removed from the surface with
an air flow (50 mL min!). Finally, the infrared radiation (IR) spectra were recorded at 100 °C.
Bands at 1448 and 1537 cm™! (corresponding to Lewis and Bronsted acid sites, respectively)
were integrated and acidity was determined using the corresponding molar extinction
coefficients. The Electron Paramagnetic Resonance (EPR) spectra of solids were recorded on
a Bruker EMX micro instrument operating at a frequency of 9.75 GHz. The acquisition
parameters were as follows: the center field: 3480 G, the sweep time: 60 s, the number of points:
4200, the modulation amplitude: 4 G, the power: 0.6 mW and the field frequency modulation:
100 kHz. All the measurements were carried out at -173.25 °C to avoid the fast recombination
of electron-hole pairs. Spectra were recorded without illumination and upon illumination with
a solar simulated light radiation. The Raman spectra were recorded on a Jasco NRS-5500 with
an excitation wavelength of 514 nm. The scanned wavenumber range was from 1000 to 100
cm-1 and gathered 25 scans. In the case of DTWS5, an additional Raman spectrum focusing on
the 750-850 cm™! region was performed.

The electrochemical (EC) and photoelectrocatalytic (PEC) properties of the catalysts were
investigated with an Origalys OGBOSA electrochemical station (OrigaLys ElectroChem SAS),
via cyclic voltammetry (CV) and transient photocurrent tests at room temperature. A
photoelectrochemical cell (supplied by redox.me®) with a standard three-electrode system,
which consists of a DTWS5 or WO; working electrode (deposited on a Indium Tin Oxide (ITO)
support), with a geometric area of ca. 1 cm™ and a catalyst loading of ca. 1 mg cm™, a Pt wire
as the counter electrode and a KCl-saturated Ag/AgCl acting as the reference electrode, was
filled with 15 mL of either 0.5 M Na>SOj4 solution or the mixed solution of 0.1 M glycerol and
0.5 M NaxSO4 (pH 5.5). CV was recorded from 0 to 1.5 V vs. Ag/AgCl at a scan rate of 20 mV
s'! in dark conditions (EC) or with the light irradiation (PEC) from a LED UV lamp (350 mW
cm?). Photocurrent tests of the catalysts were also carried out at different applied potentials
from 0.3 V to 1.5 V vs. Ag/AgCl with 15 seconds of irradiation interval. Unless otherwise
stated, all potential values reported in this work are referred to KCl-saturated Ag/AgCl
reference electrode and the current density values are normalized per electrode geometric area.

2.3 Photocatalytic and photoelectrocatalytic performances

PEC experiments of glycerol valorization were carried out at room temperature using the same
setup employed for the photoelectrochemical measurements above described. Firstly, 30 min
of dark reaction was required to achieve a steady-state. Then, different external potentials (0.3,

0.6,0.9,1.2,and 1.5 V vs. Ag/AgCl) were successively applied for 5 h each. During this process,
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0.6 mL of solution was sampled from the glycerol/Na;SOs solution in dark conditions (at a
time denoted as -30 min) and every 1 h during the PEC experiments, and immediately filtered
via a Millipore 0.45 pm (hydrophilic PVDF) membrane in a plastic syringe. The concentrations
of oxidized products were analyzed through an ultrafast high-performance liquid
chromatography (HPLC) (Shimadzu SPD-M20A) assembled with a Transgenomic ICSep ICE-
COREGEL-87H3 organic acid column. 5 mM H>SOj4 served as the mobile phase at a flow rate
of 0.7 mL min! and the temperature of the oven was 30 °C. The nature and concentration of
the products of glycerol oxidation were determined using the UV detector at the wavelength of
210 nm. For the evaluation of EC and PC performances, analogous measurements were carried
out without any light irradiation (i.e., only driven by external polarization) and without any
applied potential (i.e., only driven by illumination), respectively.

From the quantified amounts of liquid products obtained by PC/PEC, the yield and the
selectivity of each of them have been calculated, as well as the corresponding faradaic
efficiency (FE) values. Furthermore, to better discriminate the contribution of pure PC from
the overall PEC performance, the faradaic efficiencies have also been calculated after
subtracting to the quantified chemicals production from the PEC tests, that from the
corresponding purely PC measurement. In this way, the modified parameters, FE*, will stand
for the chemicals production hypothetically only derived from the additional effect of the
external polarization. A detailed description of all parameter’s calculations can be found in
Electronic Supplementary Information (ESI, Section S1).

3. Results and discussion
3.1 Structural characterization

N> adsorption-desorption was performed on the commercial DTWS5 (5 wt.% WOs3 on TiOz) and
homemade WOs catalysts to survey the specific surface area (SBET) along with the porous
volume and the pore size distribution of the catalysts, which usually play important roles in
glycerol conversion for the adsorption and reaction of chemicals. Type IV isotherm can be
observed in both cases in Fig. S1 (ESI), and DTW5 shows higher SBET (78 m? g'!) and pore
volume (0.31 m? g'!) than WO3 (20 m? g' and 0.07 m?® g1, respectively). However, WOj3 surface
area and pore volume were not significantly affected by the high-temperature calcination (i.e.,
450 °C), with respect to the pseudo-amorphous WOs3 catalyst previously reported [38], which
was not calcined (see Table 3. 1). The main impact of the calcination was the growth of the
crystallites. From HRTEM images presented in Fig. 3. 1, it can be observed that DTW5 and

WO; catalysts consist of globular particles with average sizes of 25 nm and 59 nm, respectively.
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The lattice spacings of 0.3752 and 0.3564 nm found in DTWS5 represent WO3 (020) and TiO»
(101), respectively [39,40]. Besides WO3 (020), WO3 (002) with a lattice spacing of 0.3840
nm is also observed in WOs3 catalyst, similarly to the previously reported pseudo-amorphous
WO3, which retain the same [001] facet [38,41,42].

Table 3. 1. BET specific surface area, pore volume, mean pore size, crystallinity and average

crystallite size of catalysts.

Mean
Pore Crystal
SsET Pore Crystallinity®
Sample volume size? Ref.
(m2g™) Size (%)
(em® g7) (nm)
(nm)
20
DTW5 78 0.31 13.8 84.9 This work
(Anatase)
WO3 20 0.07 13.0 82.6 49 This work
Uncalcined
33 0.07 13.3 48.6 17 [38]
WOs3
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Fig. 3. 1. High-resolution transmission electron microscopy (HRTEM) images of (a, b) DTW5
and (c, d) WOs catalysts.

The XRD patterns for DTWS5 and WO; are shown in Fig. 3. 2a. The commercial WO3/TiO>
catalyst possesses a good crystallinity up to 84.9% and its diffractogram matches PDF #89-
4921 of anatase. WOs3 catalyst exhibits pure monoclinic crystalline phases (PDF #72-0677)
with a similar crystallinity of 82.6% (Table 3. 1). The average crystallite size of this catalyst
(49 nm) is much higher than that observed on the commercial DTWS5 (20 nm) as well as on our
previously reported uncalcined WOs catalyst (17 nm) [38]. However, a superior crystallinity is
obtained in the present work, which is in agreement with the reported beneficial effect of

calcination at temperatures above 400 °C on the crystallinity of WO; materials [43,44].
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Fig. 3. 2. (a) X-ray diffraction (XRD) patterns of commercial catalyst DTWS5 and as-prepared
WO:s. (b) Ols, (c) W4f and W5p regions in X-ray photoelectron spectroscopy (XPS) spectra of
WOs.

The surface chemical states of both catalysts were estimated using XPS analysis. Ols spectra
(Fig. 3. 2b) present a peak at 530.5 eV characteristic of the lattice oxygen in stoichiometric
WOs. The band at 532.0 eV could be attributed either to adsorbed OH groups [45,46] or to
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oxygen atoms in sub-stoichiometric WOs.x structures [47-49]. Fig. 3. 2¢ shows the W4f spectra,
where the peaks at 37.9 eV and 35.8 eV belong to W4fs, and W4fy,, respectively, of Wo*
oxidation state, and two characteristic orbital spins of W>*, centred at 36.8 eV and 34.6 eV, can
be also observed [47,50]. These Ols and W4f spectra demonstrate the presence of W>" and,
thus, of oxygen defects on the surface of the WO3 catalyst, with a ratio of W>*/W®" of 0.18,
calculated from the area of the respective peaks. Among the different nonstoichiometric
tungsten oxide phases, also known as Magneli phases, the obtained surface composition
corresponds to monoclinic W25073 (or WO2.92) [51]. On the other hand, Fig. S3. 2 (ESI) shows
the XPS spectra obtained for the commercial DTWS5 catalyst. In this case, one can observe the
characteristic Ti2ps/2, Ti2p12 and Ols bands of TiO> [52,53] as well as also those attributed to
W and W3, with a similar W3*/W®" ratio as in the previous case (i.e., 0.16). However, it must
be noted the much lower surface tungsten concentration in this sample, 0.9 at.% W, with respect
to that in pure WOs3, 22.1 at.% W. Besides, the similar or even higher actual content of W on
the surface of DTWS5 with respect to its nominal value (c.a. 0.4 at.%) agrees with the
assumption of the likely arrangement of WO3 as particles dispersed on the surface of anatase,
as opposed to pure WOs catalyst, where the determined surface content of W is consistent with
its nominal bulk concentration (i.e., 25.0 at.%). The presence of sub-stoichiometric WO3.x on
the surface will likely play a key role in the PEC performance of these materials for the
selective glycerol photo(electro)oxidation. In addition, the surface oxygen defects are supposed
to benefit the reaction kinetics thanks to the enhancement of the adsorption capability of
reactant molecules onto the surface of catalysts [54].

The structure of WO3 and DTWS5 catalysts has also been investigated by Raman spectroscopy
(Fig. S3. 3, (ESI)). In the first catalyst, one can observe the main peak at c.a. 800 cm™,
attributed to the v (W—-O-W) stretching of the monoclinic phase, along with all other
characteristic peaks of WOs3 [55]. Instead, the WO3/TiO; catalyst shows the four bands
attributed to anatase (146, 395, 516 and 639 cm™') [56], whereas a very weak band of WO3 can
be also observed at 797 cm! (see the inset in Fig. S3. 3 (ESI)). Thus, the amount of oxygen
vacancies linked to the WO; phase is expected to be much more significant in the pure
monoclinic WO3 catalyst than in commercial DTWS5. Besides, given the broadening and left-
shifting of the peaks observed in the uncalcined pseudo-amorphous WOs3 catalyst, one could
hypothesize that the amount of oxygen vacancies is even higher in this latter case [57]. A
similar trend in terms of oxygen defects can be deduced by Electron Paramagnetic Resonance
(EPR) (Fig. S3. 4 (ESI)). Given that the signal at g-factor of 2.002-2.005, which is typically

attributed to the presence of electrons trapped in oxygen vacancies [34,58], is present in all
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samples, it can be attributed to WOs rather than to TiO.. Besides, despite the likely higher
amount of oxygen vacancies and W>" (signal at g = 1.82) on the uncalcined WOs in dark
conditions, its signals are unaltered upon irradiation, while those of DTWS5 and calcined
monoclinic WO3 evidenced the photogeneration of electrons or holes in these catalysts. These
results suggest the likely detrimental effect of an excessive amount of oxygen vacancies and
explains low photocurrents reported in our previous work with pseudo-amorphous WO3 [38].

Diffuse reflectance spectroscopy (DRS) of samples was performed in the UV-Vis range, as
shown in Fig. 3. 3a. Both DTWS5 and WOs catalysts could absorb UV light, while the latter
could expand its response range to photoirradiation with visible light at a wavelength close to
500 nm. Tauc plots for bandgap calculations using the Kubelka—Munk equation are shown in
Fig. 3. 3b, where the extrapolation of the linear part of the curve (a-hv)"? (a: absorption
coefficient) as a function of hv determines the optical bandgap energy of these semiconductor
catalysts [59]. The measured bandgap of DTWS5 of 3.28 eV can be explained according to its
main component, i.e. anatase, which generally shows an indirect bandgap of 3.2 eV [60].
However, for monoclinic WOs3, the obtained bandgap is 2.66 eV, which is much narrower than
in the case of DTW5 and among the lowest values found in WOs3-based photoelectrocatalysts
(2.6-3.0 eV) [34,38,44]. The low bandgap and thus the wide light harvesting of the WO3
catalyst is likely linked to the important presence of oxygen vacancies in this material, in
agreement with some previous studies on WO3; semiconductors [44,61]. Given that both DTW5

and WOs catalysts are sensitive to UV light, a LED UV lamp was used in all PC and PEC

measurements.
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Fig. 3. 3. (a) UV-Vis diffuse reflectance spectroscopy (DRS) spectra and (b) Tauc plot for band

gap determination for commercial DTWS5 and as-prepared WOs.
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Catalyst acidity was proven to play a key role in the increase in selectivity of C3 products from
glycerol oxidation [38], due to the activation of the C-O bond and enhanced desorption of the
target chemical [62,63]. Acidity measurements have also been carried out in this work by
pyridine chemisorption. Fig. S3. 5 (ESI) depicts the DRIFT spectra obtained for DTWS5 and
WO; catalysts and Table S3. 1 (ESI) shows the acid sites quantification. Although the
calcination of the WOj; catalyst removed part of the adsorbed OH groups and caused a decrease
in the acidity, the resultant Bronsted and total acidity of homemade WOj3 remains similar to
that of DTW5 and much higher than that of other TiO»-based catalysts [38], where Lewis and
Bronsted acid sites can be generically ascribed to the surface Ti*" species and to the WOs3
clusters, respectively [64].

To summarize this section, calcined WO3 exhibits a monoclinic phase while the commercial
DTWS catalyst shows a structure close to anatase in the bulk (by XRD, Raman spectroscopy
and EPR) and the presence of low amounts of WO3 just on the surface (by XPS and pyridine-
DRIFT). Accordingly, with respect to DTWS5, the WO3 catalyst shows a similar acidity whereas
it seems to present a wider light response and a likely higher overall amount of sub-
stoichiometric WOs (i.e., of oxygen vacancies).

3.2 Electrochemical characterization

Upon light irradiation (4v) on a semiconductor like WO3; or DTWS5, electrons are excited to the
conduction band (CB), leaving an equal number of holes (%£") in the valence band (VB)
(reaction (1)). Then, a part of these holes diffuses to the WO3 or WO3/TiO> surface and
participate in the PC oxidation of glycerol/water, and another part is lost by fast recombination
with the electrons.

Catalyst + hv — Catalyst(egg) + Catalyst(hyg) (1)

In order to evaluate the separation efficiency of photo-generated carriers in DTWS5 and WO;
catalysts, transient photocurrent response and cyclic voltammetry measurements were
performed. Generally, the higher the current intensity obtained upon illumination, the better
the separation rate of carriers, i.e., electrons and holes, thus the lower their recombination rate
and the more efficient the PC/PEC oxidation performance. Transient photocurrent response
tests were conducted with both catalysts in nearly neutral media (0.5 M Na>SO4, pH 5.5), in
the presence (Fig. 3. 4a and b) and in the absence (Fig. S3. 6a and b (ESI)) of 0.1 M glycerol.
In all cases, one can observe that the obtained current density is weak in every interval under
dark conditions, which anticipates that the purely electrocatalytic activity of both catalysts is

almost negligible. However, every time that the light is switched on, photocurrent is sharply
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generated with values up to 150-800 pA cm2, depending on the catalyst and on the applied
potential, and it is stable for several cycles. The overall photocurrent intensity obtained in the
mixed solution (0.5 M Na»SOs and 0.1 M glycerol) on both DTWS5 (Fig. 3. 4a) and WOs (Fig.
3. 4b) is higher than that obtained in the absence of glycerol (Fig. S3. 6a and b (ESI)). In this
latter case, the obtained current density is attributed to the PEC water oxidation while, in the
former case, it is also due to the PEC oxidation of glycerol, which acts as highly efficient hole
scavenger to prevent the recombination of electron-hole pairs [65,66]. For instance, Huang et
al. found a remarkable cathodic shift of the onset potential for oxygen evolution reaction (OER)

on BiV Oy, after glycerol was introduced into the PEC system [67].

DTWS DTWS 0.5M Na_SO_ + 0.1M glycerol Light
(A) 1000 (O) 650 2 Byt e
LIght on —03V —1.2v —
& ol /off —— 0.6V ——1.5V E 600
4:‘1 N ™ NN i
3 600F N R N B N < 550
e S N R NN| 2
5 =
5 400 - = 500
-
= =
S 200} = 450 i
5 L 5
o 0 — L ) L L .L ) D L |L O 400 " 1 A 'l " 1 A '} " L i '} " '}
0 50 100 150 200 250 300 00 02 04 06 08 1.0 12 14
Time(s) Potential (V vs. Ag/AgCl)
WO WO, 0.5M Na SO, + 0.1M glycerol Light
(B) 700—2 D) : =
Light on — 0.3V —— 1.2V 500 |
o~ 600F e —0.6V —— 1.5V o«
| — g 400
g 500 F \/ N B~ N M~ \(1'9"7 M, I~ ©
< 3
2 400} <= 300
2 N MMM —~ M Q
s MHMAMAEBRME]| E 20
= 200l V1 M M A M A o f\' a =
E E 100
E 100} u)
CEn | 5 0
NERCE=EC A== — = O ) . \ , . ; )
0 50 100 150 200 250 300 0.0 02 04 06 08 1.0 1.2 14
Time (s)

Potential (V vs. Ag/AgCl)

Fig. 3. 4. (a, b) Transient photocurrent response at different applied cell voltages (i.e., 0.3, 0.6,
0.9, 1.2, 1.5 V vs. Ag/AgCl) and (c, d) cyclic voltammetry under light irradiation (20 mV s!,
10 cycles) on commercial DTWS5 and as-prepared WOs3 catalysts supported on ITO glass
(working electrode). Pt wire was used as counter electrode. Conditions: neutral reaction media

(0.5 M NazSO4 and 0.1 M glycerol).

DTWS performs with relatively higher photocurrent intensity than WOs, especially at low
applied potentials in the presence of glycerol (Fig. 3. 4a and b), which denotes that the carriers
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generated in DTWS5 are more difficult to be recombined than in pure WO3. Composition
differences aside, the obtained photocurrents likely depend on the morphological and textural
properties of the catalysts [55,68,69] which are certainly different in DTWS5 and WOs3, as
previously discussed (i.e., lower particle size and higher surface area for DTWS5). However,
whilst the photocurrent density obtained in a previous study with pseudo-amorphous WOs3 in
0.5 M Na»SO4 was negligible with respect to that of DTWS5 [38], those obtained herein with
monoclinic WO3 and DTWS catalysts are comparable, or even superior for WO3 upon 1.5 V
(Fig. S3. 6 (ESI)). Some studies have directly correlated the different photocurrents on WO3
catalysts with their crystallinity [43] and their amount of oxygen vacancies [44,70]. For
example, Wei et al. showed that WOs with defects in its structure could generate more electron
trapping states during the PC process, which greatly inhibited the direct recombination of
photogenerated carriers resulting in the enhancement of PC oxygen evolution performance [71].
However, the role of oxygen vacancies is still under debate because some authors warn that
these defects may also deteriorate the carrier mobility and act as recombination sites for e” and
h*, thus decreasing the PEC performance of the semiconductors [61,72,73]. In other study using
WO; photoanodes, Corby et al. [74] showed that oxygen vacancies can actually help to form
trap sites and to promote the separation of photogenerated electrons and holes, but the proper
amount of oxygen defects seems to be the key point. A moderate oxygen vacancy concentration
related to a W>*/W®" ratio between 0.1 and 0.2 exhibited the best performance for PEC water
oxidation [74]. Thus, it is reasonable that the calcined WOs3, with good crystallinity and oxygen
vacancies concentration in this range (i.e., W>*/W®" ratio of 0.18) possesses enhanced
photocurrent performance compared to the pseudo-amorphous WOs. Regarding the influence
of the applied potential in the generated photocurrent, the increase from 0.3 to 1.5 V vs.
Ag/AgCl in Fig. 3. 4a, b and Fig. S3. 6 (ESI) leads to higher photocurrents with both DTWS5
and WOs catalysts, which can be attributed to an accelerated charge transfer and, thus, an
enhanced separation of electrons and holes [1,2]. Besides, it can be noticed a stronger influence
of the applied potential on WO; and a particularly strong enhancement of photocurrent density
at a potential above 1.2 V vs. Ag/AgCl, which can be well explained on the basis the cyclic
voltammetry (CV) results.

All CVs performed without any illumination show negligible activities of both catalysts in
either glycerol (Fig. S3. 7a and b) or water (Fig. S3. 7c and d) electrooxidation, i.e., by purely
electrocatalytic (EC) route, at least, in the studied potential range of 0-1.5 V vs. Ag/AgCl.
Indeed, the onset oxidation potential found in all these cases is as high as 1.3-1.4 vs. Ag/AgCl,
which corresponds to 1.8-1.9 V vs. reversible hydrogen electrode (RHE). The main features
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that can be observed on WO3 in dark conditions are a cathodic and an anodic peak at potentials
below 0.3 V vs. Ag/AgCl, which are derived from the reduction/oxidation of the redox couple
W3*/Wb detected by XPS and, most likely, from the intercalation/de-intercalation of cations
in the WO3 network (i.e., H" or Na* from the electrolyte) [51,75,76]. On the contrary, upon UV
irradiation, both materials are active for the PEC oxidation of glycerol (Fig. 3. 4c and d) and
water (Fig. S3. 8a and b). In agreement with the above discussion, the generated photocurrents
increase with the potential and are far above those obtained under purely EC conditions, in the
whole studied potential range. The glycerol oxidation onset potential seems to be below 0 V
vs. Ag/AgCl (i.e., below 0.5 V vs. RHE) with both DTW5 and WOs catalysts and the obtained
currents are slightly higher in the former case, as expected from the previous transient
photocurrent tests. However, WO3 is more active than DTWS5 for PEC water oxidation (Fig.
S3. 8 (ESI)). The higher amount of oxygen vacancies in the former would favor the dissociation
of H,O molecule and the overall performance of the PEC OER process, which is typically
divided into reactions (2-4) [77-79].

H,0 + h{g - H* + OH" (2)
OH"+ hig > H*+ 0 (3)
0" + H,0 + 2h{z —» 2H' + 0, 4)

The influence of water oxidation reaction in the overall PEC glycerol oxidation process is
especially evident at high applied potentials. A turning point takes place at 1.0-1.2 V vs.
Ag/AgCl in the voltammograms from Fig. 3. 4c and d, which is attributed to the competition
between PEC reactions, glycerol oxidation and OER. Thus, the electrochemical results prove
that the triggering factor for the PEC glycerol oxidation is the light irradiation. The application
of external bias helps separate the photogenerated carriers leading to higher photocurrents and,
with respect to the commercial WO3/TiO; catalyst, the homemade WO3 generates slightly
lower currents in the PEC glycerol oxidation, but higher ones in the PEC water oxidation.

3.3 PC/PEC valorization of glycerol

The same photoelectrochemical cell was used for carrying out experiments of photocatalytic
(PC)/photoelectrocatalytic (PEC) glycerol oxidation with both catalysts. We focused on the
liquid products and, especially, on glyceraldehyde and dihydroxyacetone (DHA) due to their
higher industrial interest. Fig. 3. 5 shows the evolution of the concentration of the products
detected in the electrolyte solution during these tests with the homemade WOj catalyst, while
Fig. S9 (ESI) shows the results obtained with the commercial WO3/TiO; catalyst. One can
observe that the light irradiation without any applied potential (Fig. 3. 5a and S3. 9a (ESI))
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immediately drives the glycerol oxidation on both catalysts, proving their PC activities, as
expected in view of our previous work [38]. Under these PC conditions, glycerol is selectively
oxidized to glyceraldehyde on both catalysts, along with lower amounts of dihydroxyacetone

(DHA), formic acid, oxalic acid and tartronic acid (Reactions (5-8)).

C3HgO3 + 2h{z — 2H" + C3H405 (glyceraldehyde/DHA) (5)
C3HgO5 + 2H,0 + 8h{y —» 8H*+ C3H, 05 (tartronic acid) (6)
2C3Hg0; + 6H,0 + 22hiy, — 22H* + 3C,H,0, (oxalic acid) (7)
C3HgO3 + 3H,0 + 8h{z = 8H* + 3CH,0, (formic acid) (8)
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Fig. 3. 5. Evolution of liquid products concentration in the cell with time during (a)
photocatalytic and (b-f) photoelectrocatalytic oxidation of glycerol on WO3 catalyst. Reaction
conditions: Room temperature; glycerol initial concentration: 0.1 M; Na>SO4 concentration:

0.5 M; UV irradiation intensity: 350 mW c¢m™.

The main difference, in terms of product distribution, is found under PEC conditions (Fig. 3.
5b-f, and S9b-f (ESI)). On DTWS5, formic acid becomes the main obtained product in the
potential range of 0.3-1.2 V vs. Ag/AgCl, likely owing to the presence of TiO> as the main
component of the catalyst, which previously showed to further oxidize initial C; products to C;
products, such as formic acid and CO; [38]. However, WO; can selectively produce
glyceraldehyde and DHA under all explored PEC conditions, with the preferential oxidation of
the primary alcohol group. In these figures, it is generally observed that the concentration of

the target C3 products (i.e., glyceraldehyde and DHA) reaches much higher values during PEC
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glycerol oxidation than during the first PC process, which could be attributed to the enhanced
separation rate of photogenerated carriers by the external voltages. The higher the applied
potential, the slower the e/h* recombination rate and the more the holes available for glycerol
oxidation. Thus, despite the poor activity shown by these anodes under purely electrocatalytic
(EC) conditions (see, for instance, the negligible production of glyceraldehyde by EC at 1.2 V
vs. Ag/AgCl in Fig. S3. 10 (ESI)), these results illustrate the essential role of the external
applied potential in the overall PEC process to overcome the PC glycerol valorization.
Interestingly, the linear increase in C3 products concentration in the cell with time denotes fairly
constant production rates of these chemicals, even at higher potentials, i.e., 1.2 and 1.5 V vs.
Ag/AgCl, where the PEC OER is also expected to take place. Furthermore, the enhancement
of target C3 molecules production by PEC, with respect to PC, is more pronounced on the
homemade WO3 catalyst than on DTWS5.

To understand the different product distributions obtained with the two catalysts, it must be
noted that glycerol photoelectrooxidation may take place through two main routes [80,81]: 1)
the direct reaction by photogenerated holes (reactions (5-8)), and ii) an indirect pathway, where
glycerol or its derived molecules react with some oxidant species, for instance, adsorbed
hydroxyl radicals generated from the PEC water oxidation process (reaction (2)), thus leading
to the generic oxidation reaction (9).

OH" + Organic — Oxidized product )
Among the two pathways, the indirect one is expected to lead to more oxidized reaction
products, e.g., formic acid or CO;, given the strong oxidizing character of the OH radicals. This
is the reason why these species are typically used, for example, in electro- and
photoelectrocatalytic processes for the removal (full oxidation) of organic pollutants [81,82],
for which an OER onset potential as high as possible is preferable. In our case, it seems that
the relatively higher PEC activity shown by WOs for water oxidation, compared to DTWS5 (Fig.
S3. 6 and S3. 8 (ESI)), likely favors the consumption of the adsorbed hydroxyl groups for the
oxygen evolution, thus decreasing their availability for glycerol-derived molecules oxidation
and then increasing the selectivity to Cs products (Fig. 3. 5). On the opposite, the lower OER
activity of the commercial WO3/TiO; catalyst could promote the hydroxyl-mediated glycerol
oxidation, explaining its high production rate of formic acid (Fig. S3. 9 (ESI)) at low cell
voltages. As expected, the application of a high enough potential (e.g., 1.5 V vs. Ag/AgCl)
slows down the production of C; and C; chemicals and boosts the production of Cs together
with the very likely formation of CO», as OH radicals are consumed by OER upon those

polarizations.
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In order to deeper evaluate the potential of these catalysts for the selective glycerol valorization
to glyceraldehyde and dihydroxyacetone, the influence of the operation conditions on the yield
and liquid selectivity values, after 5 hours test, has been investigated (Fig. 3. 6). The
corresponding values obtained for the other liquid products can be observed in Fig. S3. 11
(ESI). It must be noted that, for both catalysts, a glycerol conversion below 2% was roughly
estimated. In spite of the low % yield values reached in Fig.3. 6a and b, i.e., lower than 1% of
glyceraldehyde, one can clearly observe that the PEC glycerol oxidation outperforms the purely
PC process. For instance, in the potential range of 0.3 to 0.9 V vs. Ag/AgCl, the glyceraldehyde
yield is enhanced by c.a. 1.6 times, with respect to PC conditions, on both DTW5 and WOs,
while the DHA yields increase by 1.1-2.4 and 2.9-3.3 times, respectively. Then, upon applying
higher potentials, the production of both target compounds on WOs3 experiences a further
improvement, with glyceraldehyde and DHA yield enhancements of 4.5 and 11.5 times,
respectively, by PEC at 1.5 V vs. Ag/AgCl. Under the same conditions, these yields are
increased by 4.2 and 6.7 times, respectively, on the commercial DTWS5 catalyst. Thus, the
obtained results confirm the higher improvement of the PEC performance on the homemade

WO; with respect to DWTS5 for the production of both target chemicals. This is particularly the
case for DHA, given its sluggish PC production rate.
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Fig. 3. 6. Variation of (a-b) the yield and (c-d) the liquid product selectivity of glyceraldehyde
and DHA on DTWS5 and WOs catalysts as a function of the applied potential during
photoelectrocatalytic experiments after 5 h of operation in all cases. For comparison, the
photocatalytic properties at open circuit potential (OCP) are also reported. Same reaction

conditions as in Fig. 3. 5 and S3. 9.

The better PEC performance of WOs is also proven in terms of catalyst selectivity towards
glyceraldehyde and DHA production, among all liquid products (Fig. 3. 6¢ and d). The
commercial WO53/TiOz catalyst shows a slight decrease of both product selectivities by PEC at
low potentials, with respect to PC conditions, with minimum glyceraldehyde and DHA
selectivity values 0f 49% (at 0.9 V vs. Ag/AgCl) and 12% (at 0.3 V vs. Ag/AgCl), respectively,
and maximum values of 60% and 30% at 1.5 V vs. Ag/AgCl. However, in the case of
homemade WOs3, the glyceraldehyde selectivity remains between 62 and 67%, regardless of
the operation conditions, and DHA selectivity is more than twice as high, from 14% (PC
conditions) to 32% (PEC at 1.5 v vs. Ag/AgCl). On the other hand, regarding formic acid
selectivity, both catalysts show a very similar selectivity of c.a. 6% under purely PC conditions
but, interestingly, under PEC conditions, DTWS5 experiences an increase of this value up to a
maximum of 23%, at 0.6 V vs. Ag/AgCl, while in the case of WOs3, formic acid selectivity
decreases below 2% (Fig. S3. 11 (ESI)). The high selectivity of these catalysts for Cs3
compounds and, specifically, for glyceraldehyde, is likely influenced by their strong acidity,
which can enhance the desorption of these products from the catalyst surface, as previously
reported on glycerol oxidation and dehydrogenation reactions [83,84]. Indeed, different TiO--
based photocatalysts with lower acidity than these WO3; and DTWS5 catalysts obtained a lower
glyceraldehyde selectivity in previous work [38]. Besides, the high selectivity towards primary
Cs products of WOs is also linked to its high activity for the PEC oxygen evolution, which
could promote the direct glycerol oxidation mechanism, as previously discussed. The high
selectivity towards glyceraldehyde and DHA production reached on the WOs catalyst also
contrasts with the few published works on PEC glycerol oxidation under neutral or near-neutral
operation conditions, where catalysts based on BiVOs4 [30,32] were rather selective to formic
acid, with estimated glycerol conversion values ranging from 1% to 20%. In the case of DHA,
one can find few cases where a higher selectivity (i.e., above 50%) was reached [30,31,35], but
they were performed under strongly acidic conditions (i.e., pH 2), which are expected to
suppress DHA over-oxidation. Regarding glyceraldehyde selectivity, the only study with

comparable results is the one from Gu et al. [34], where an absolute selectivity for
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glyceraldehyde+DHA of 88% was reached on WO3/TiOz, for a similar glycerol conversion of
c.a. 2%, by using a microfluidic photoelectrochemical architecture with 3-D microchannels. In
the present work, a joint selectivity for glyceraldehyde and DHA between 87% and 95% is
obtained in the studied applied potential range although we did not consider the plausible
gaseous side products like COs».

3.4 Evaluation of electron transfer efficiency

The electrochemical measurements provide another perspective to explain the activities of the
PEC glycerol oxidation. Fig. 3. 7a and b show the current evolution with time in the
chronoamperometry (CA) measurements performed during the PEC glycerol oxidation tests.
It can be observed that the measured current density values are especially enhanced at
potentials above 0.9 V vs. Ag/AgCl, which is in agreement with the transient photocurrent
response (Fig. 3. 4a and b) and cyclic voltammetry (Fig. 3. 4c and d) measurements. This is
due to the contribution of the photoelectrochemical oxidation of water at higher potentials. In
general, both DTW5 and WOs catalysts show a sharp decrease of the current for the first
seconds of each CA, due to the fast decay of capacitive current, followed by a progressive loss
of current. PEC measurements did not significantly affect the structure and the crystallite size
of the catalysts, as shown by XRD (Table S3. 2 (ESI)). Therefore, the current decrease can be
ascribed to the glycerol consumption and/or to the catalyst deactivation, mostly by the
accumulation of adsorbed reaction intermediates on the surface active sites. However, the most
striking difference between the two electrodes is that even though DTWS5 shows higher initial
current densities than WOs in all cases, as it was also observed during the short transitions of
Fig. 4a and b, interestingly, the latter catalyst shows a better stability that allows keeping higher
current densities after 5 hours at 1.2 and 1.5 V vs. Ag/AgCl. This improved photostability could
be attributed to the formation of sub-stoichiometric WOs.x, since it is expected to be highly
resistive to photocorrosion induced by peroxo-species generated during water oxidation, as
previously reported [85]. Moreover, the hydroxyl and oxygen species generated during the
photoelectrochemical water oxidation (reactions (2-3)) likely helped remove adsorbed
intermediates and prevent the deactivation of both catalysts at increasing potentials, which is
expected to affect WO3 more, given its higher activity for OER (Fig. S3. 6 and S3. 8 (ESI)).
For example, for the last 3 hours operating at 1.2 and 1.5 V vs. Ag/AgCl, the current obtained
with DTWS5 decreases in 27 and 30%, respectively, while the WOs catalyst losses only 10% of

current in the former case and, at the highest potential, it even gains a 10% of activity.
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Fig. 3. 7. (a, b) Current density evolution with time during photoelectrocatalytic measurements
performed at different applied potentials on DTWS5 and WOs catalysts. (c, d) Faradaic
efficiency (FE,) and modified Faradaic efficiency (FE,") of all liquid products and (e.f) FE;"
values for the two main target products, after 5 h, on both catalysts. Same reaction conditions

as in Fig. 3. 5 and S3. 9.

To better understand the mechanism of PEC glycerol valorization, Faradaic efficiency values
have been calculated for each liquid product (FE;) as well as for the sum of all of them (FE,).
These parameters allow correlating the overall amounts of obtained products during the PEC
tests (Fig. 3. 5b-f and S3. 9b-f (ESI)) with the transferred electric charges obtained from the

corresponding current vs. time curves (Fig. 3. 7a and b). Besides, modified Faradaic
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efficiencies have also been calculated (FE;* and FE,"), after subtracting to the overall quantified
PEC products the contribution from those quantities obtained by pure PC under analogous
conditions. Fig. 3. 7c and d show both the overall PEC faradaic efficiency (FEp) and the
modified faradaic efficiency (FE,") for the sum of liquid oxidation products, after 5 hours, on
DTWS5 and WOs catalysts, respectively. It can be observed that, under most operation
conditions, the overall PEC faradaic efficiency values (FE;) are well in excess of 100%,
especially in the case of WOs3 catalyst, which is a sign of the important contribution of the
purely PC reactions to the formation of liquid oxidation products from glycerol in these PEC
processes. In the lower potential regime (i.e., 0.3-0.9 V vs. Ag/AgCl), the liquid products
faradaic efficiency even reaches 200% on this catalyst, with a value between 113% and 124%
for glyceraldehyde+DHA. This means a great yield-to-charge efficiency, even if the glycerol
valorization, in absolute terms, is very low under these conditions, as it was observed in Fig. 3.
6b.

Then, by considering the modified faradaic efficiencies for liquid products (FE,"), i.e., after
subtracting, in each case, the product quantities hypothetically obtained via pure PC, we can
gain insight into the PEC performance improvement attributed to the charge transfer under
external bias. This analytical approach is totally innovative since the PEC studies on glycerol
oxidation cited in the introduction did not even perform purely PC (blank) measurements to
know the performance obtained by those materials in the absence of external bias. The FE,"
parameter obtained for DTWS5 catalyst is stable at 63-70% in the potential range from 0.3 to
0.9 V vs. Ag/AgCl, and increases up to 90 % at an optimum potential of 1.2 V, to finally
decrease to 56% upon further increasing the potential to 1.5 V vs. Ag/AgCl. On the other hand,
in the case of homemade WOj catalyst, the modified faradaic efficiency for liquid products
reaches a maximum value of 78% at the lowest applied potential, i.e., 0.3 V vs. Ag/AgCl, then
it decreases to 41% at 0.6 V and it finally stabilizes at 69-70% at 1.2-1.5 V vs. Ag/AgCl. After
jointly analyzing the two types of faradaic efficiency parameters shown in Fig. 3. 7d for WOs3,
one can suggest that, upon increasing the applied potential, the overall faradaic efficiency of
the PEC glycerol valorization and the specific contribution from the purely PC process, are
strongly altered by competing side reactions like the over-oxidation of glycerol-derived
chemicals to molecules not considered herein (e.g., CO2) and, most likely, the oxygen evolution
from water. However, the fact of obtaining fairly stable values of the modified faradaic
efficiency indicates that, under PEC conditions, additional available holes can be efficiently
valorized for the formation of liquid products from glycerol oxidation, even at the highest

applied potentials.
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Fig. 3. 7e and f show the individual modified faradaic efficiency values (FE;") obtained with
both catalysts for the main glycerol valorization products, i.e., glyceraldehyde and
dihydroxyacetone. The corresponding FE;" values estimated for the other detected liquid
products are also shown in Fig. S3. 12a and b (ESI). It can be clearly observed that, in the
overall studied potential range, WOs3 presents significantly higher and less potential-dependent
FE" values for glyceraldehyde (30-41%) and DHA (20-26%) than DTW5 (11%-27% for
glyceraldehyde and 1-15% for DHA). This can be explained, at least in part, on the basis of its
higher activity towards OER, which hinders the OH-mediated glycerol oxidation pathway, thus
avoiding further oxidation reactions to Cz or C; compounds. Indeed, in the case of WOs3, the
joint FE” values for glyceraldehyde+DHA are much closer to those estimated for the overall
liquid products (FE,") than in the case of DTW35, where formic acid is also produced in a high
extent. Beyond this, by analyzing the influence of the applied potential on all the individual
PC-subtracted faradaic efficiency (FE") values (Fig. 3. 7e, f and S12 (ESI)), one can observe
that: 1) the faradaic efficiency of the additional holes, generated under PEC conditions, for
glyceraldehyde and DHA generally increases on both catalysts with the applied potential (Fig.
3. 7e and f), proving that the strongest improvement of the performance for PEC glycerol
valorization, per unit of charge transferred, is achieved under OER conditions; and 1ii) the
corresponding FE" values for formic acid do not increase but decrease with the external
polarization, i.e., from 44% to 11% at 0.3 and 1.5 V vs. Ag/AgCl, respectively, on WO3/TiO,
and formic acid production was even lower under PEC conditions (vs. PC) in the case of WO3
catalyst (Fig. S3. 12 (ESI)). All these insights demonstrate the promoting effect of water
oxidation reaction at increasing potentials on the glycerol oxidation mechanism and, thus, on
the product selectivity. Finally, it is also interesting to analyze the time evolution of the different
faradaic efficiency parameters during PEC glycerol oxidation (Fig. S3. 13 (ESI)). The overall
PEC faradaic efficiencies, FE,, as well as the individual glyceraldehyde and DHA FE values
are rather stable during the 5-hour tests performed on both catalysts. However, the modified
FE" values (i.e., PC-subtracted) generally increase with time, which is especially pronounced
in the case of WO; catalyst. This indicates that the impact of PC processes diminishes with
time.

3.5 Mechanism for photoelectrocatalytic glycerol valorization

According to the above analysis, we propose a reaction mechanism (Scheme 3. 1) for the
selective PEC oxidation of glycerol on WOs catalyst, mainly focusing in four key points: 1) the

light irradiation as initiator; ii) the effect of the external electrical polarization; iii) the role of
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surface oxygen vacancies; and iv) the influence of the catalyst activity for water

electrooxidation.
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Scheme 3. 1. Mechanism of photoelectrocatalytic glycerol valorization to high value-added

chemicals and simultaneous hydrogen production using WO3 catalyst under mild conditions.

In first place, the results obtained from chronoamperometry (CA) and cyclic voltammetry (CV)
measurements undoubtedly prove that, in the studied potential range (potential < 1.5 V vs.
Ag/AgCl), WOs is inactive for glycerol oxidation by purely electrocatalytic (EC) means, and
photocatalysis (PC) is the basis of the reaction, since illumination is an indispensable trigger.
Indeed, WOs is a promising photocatalyst for selective glycerol oxidation to glyceraldehyde,
even in the absence of any electric polarization. When light is irradiated with a photonic energy
at least as high as the band gap of the catalyst, electron (e”)/hole (h") pairs are generated in the
bulk and the formers are excited from the valence band (VB) to the conduction band (CB),
leaving an equal number of holes (reaction (1)). In this regard, one of the strengths of this

catalyst is its low band gap, of only 2.66 eV, which provides a wide light gathering, allowing
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to operate with UV light (from 3 to over 100 eV), like in this work, but also with part of visible
light (2-2.75 eV). Instead, with the other catalyst tested in this work, i.e., WO3(5 wt.%)/TiO»,
with a band gap of 3.28 eV, the latter option would not be possible. Then, under conventional
PC conditions (with light irradiation as the only driving force), e and h* migrate to the catalyst
surface and the former participate in the hydrogen evolution reaction (HER, reaction (10))
while the latter are involved either in glycerol oxidation (e.g., reactions (5-8)) or in water
dissociation to form hydroxyl radicals (reaction (2)) which, in turn, may either lead to oxygen
evolution (reactions (3-4)) or participate in the oxidation of glycerol or derived organic
molecules (reaction (9)). Unfortunately, a part of the photogenerated holes and electrons are
often rapidly lost by their recombination, generating either heat or photoluminescence. Then,
in the PEC configuration, i.e., by introducing an external bias, the performance of both WO3
and DTWS5 catalysts is enhanced, because the transfer of electrons to the Pt cathode (where
HER takes place) helps the charge carriers separation at the anode, decreasing their
recombination rate. In other words, by PEC, additional holes become available for oxidation
reactions. Then, the higher the applied potential, the more accelerated the charge transfer and
the higher the generated photocurrent density.

2H* + 2egg — H, (10)
The glycerol oxidation photocurrents obtained with WOs are slightly lower than those obtained
with the commercial DTWS5, at least for short operation times. This is likely influenced by
some convenient morphological properties, like a smaller average grain size (25 nm vs. 59 nm
on WOs) and a higher BET surface area (78 m? g*!' vs. 20 m? ¢! on WO3). However, for longer
operation times, the homemade WOs catalyst displays higher and more stable photocurrents.
In this sense, the presence of sub-stoichiometric WO3. and of certain amount of oxygen defects
on the catalyst surface, in greater quantity than DTWS5, seems to play a key role. These oxygen
vacancies could act as electron trapping sites, thus improving the charge carriers separation,
the light response, as previously mentioned, and the electrical conductivity of the catalyst. The
promising photocurrent densities obtained in this work contrast with those previously reported
with a pseudo-amorphous WOs3 catalyst synthesized without any calcination step, even if the
latter presented much higher amount of oxygen vacancies. The particular behavior of the
WO; catalyst proposed herein likely arises from the superior crystallinity achieved and the
presence of a moderate amount of oxygen defects, related to a W>*/W¢* ratio of 0.18 while, in
the case of the pseudo-amorphous WO3 catalyst, the oxygen vacancies in excess could even
behave as recombination centers and hinder the carriers mobility. Thus, although the beneficial

properties of the homemade WOj affects its PC performance, they acquire a further relevance
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upon the application of an external potential (i.e., in a PEC configuration). Finally, the
outstanding selectivity of the WOs3 towards glyceraldehyde and dihydroxyacetone can be
linked with its acidic properties and good activities for water PEC oxidation. Indeed, water
dissociation and oxygen evolution reaction are known to be favored by the presence of oxygen
vacancies, as confirmed by PEC tests performed in the absence of glycerol. Thus, beyond
improving the overall PEC performance and stability of the catalyst, this feature is also likely
responsible for the particularly high glyceraldehyde and DHA selectivities and the great usage
of the additional holes generated by PEC in this work. This would also explain the big
differences found between the proposed WOs catalyst and the commercial WO3/TiO, in terms
of selectivity. Among the two mechanisms for glycerol photoelectrooxidation mentioned above,
the additional high activity of this WO; catalyst towards oxygen evolution reaction could
hinder the availability of surface hydroxyl radicals for the indirect glycerol oxidation
mechanism, and thus the production of C> and C; chemicals. In this way, the more selective,
direct oxidation pathway to primary Cs chemicals is favored on the WO; catalyst and is
enhanced by increasing the applied potential.

4. Conclusions

We have investigated the photoelectrocatalytic (PEC) performance of a monoclinic WO3
catalyst for glycerol valorization to high value-added chemicals achieving very promising
results in terms of dihydroxyacetone (DHA) and, especially, glyceraldehyde selectivity under
ambient conditions and near-neutral pH. With respect to a previously tested uncalcined WO3
catalyst, the one synthesized herein by a simple hydrothermal method and calcined in air at
450 °C shows a much higher crystallinity and much better photogenerated current densities
upon light irradiation. This catalyst also shows a wider light harvesting and a higher and more
stable PEC activity for glycerol oxidation, in terms of generated current density and C;
chemicals production, than a commercial DTWS5 catalyst (WO3(5 wt.%)/Ti02) at potentials
above 0.9 V vs. Ag/AgCl. On both materials, the PEC oxidation of glycerol shows to be
triggered by the light irradiation and boosted by the application of an external bias, due to a
more efficient charge carriers (h*/e”) separation, thus hindering their recombination and
providing more holes available for glycerol (and water) oxidation. However, the presence of
sub-stoichiometric WO;3.x, which in the case of DTWS5 catalyst is likely limited to the outermost
surface, and the corresponding amount of oxygen vacancies seem to be the key feature of the
pure tungsten oxide catalyst. The presence of proper oxygen defects may explain the better

light response, charge carrier separation and electrical conductivity. These characteristics are
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likely responsible for the better WO3 PEC activity for glycerol oxidation and also for the water
oxidation reaction. Therefore, the selectivity towards Cs products, already favored by the
strong acidity of this catalyst, is further upgraded under PEC operation conditions by the OER
influence. This can be explained by the lower availability of strongly oxidant OH species for
the over-oxidation of glycerol or its derived products unlike, for instance, the commercial
WO3/TiO> catalyst, which shows a lower oxygen evolution activity and much higher formic
acid selectivity. Besides, the proposed monoclinic WOs catalyst (actually WO .92) shows a joint
selectivity for glyceraldehyde/DHA of 87-95%, among liquid products, that is nearly-stable
(potential-independent) in the studied potential window of 0-1.5 V vs. Ag/AgCl (pH 5.5).
Indeed, after carefully disclosing the quantitative liquid products obtained under purely PC
conditions and those hypothetically derived from the assistance of the external polarization, we
found that the additional active holes are employed for the Cs selective production with an
efficiency (50-64%) that is stable or even slightly increases with the applied potential. Thus,
the obtained results show the great potential of this kind of WOs catalyst for the PEC
valorization of glycerol, especially taking into account its wide margin of improvement in
terms of overall performance. For example, by enhancing its morphological and textural
characteristics (such as particle size, surface area, film thickness) or by using dopants that
further improved the band edge positions, higher photocurrents and product yields could be
expected, while maintaining such a high Cs selectivity.
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Chapter 3

Electronic Supplementary Information

Section S1. Calculation of glycerol photoelectrocatalytic oxidation parameters.

Glycerol oxidation has been studied on WOs-based catalysts through electrocatalytic (EC),
photocatalytic (PC) and photoelectrocatalytic (PEC) processes, i.e., driven by electric bias,
light irradiation of both, respectively. In the first case (EC), according to the liquid products

experimentally detected, the following electrocatalytic reactions should be considered:

C3HgO5 —» 2H + 2e” + C3Hg05 (glyceraldehyde/DHA) (S1)
C3;HgO5 + 2H,0 — 8H™ + 8e + C3H, 05 (tartronic acid) (S2)
2C3HgO05 + 6H,0 —» 22H* + 22e” + 3C,H,0, (oxalic acid) (S3)
C3HgO5 + 3H,0 —» 8H* + 8e” + 3CH,0, (formic acid) (S4)

In the case of PC and PEC glycerol oxidation processes, analogous reactions to (1-4) can be
considered, but driven by the excitation of electrons to the conduction band (CB) of the catalyst
upon illumination (4v), thus leaving empty holes (4") in its valence band (VB) (reaction (S5)),

which could be available for interacting with the glycerol molecules (reactions (S6-S9)).

Catalyst + hv — Catalyst(ecg) + Catalyst(hyg) (S5)
C3HgO3 + 2h{z = 2H" + C3Hg05 (glyceraldehyde/DHA) (S6)
C3HgO03 + 2H,0 + 8h{ —» 8H'+ C3H,0; (tartronic acid) (S7)
2C3Hg05 + 6H,0 + 22hig —» 22H* + 3C,H,0, (oxalic acid) (S8)
CsHg05 + 3H,0 + 8hiy — 8H* + 3CH,0, (formic acid) (S9)

The produced amount (N;;, in mmol) of each liquid product, i, at a given time, ¢, which is
defined as an integer number of hours, was calculated from the concentration values quantified
by HPLC, according to equation (S10):

Nei = Ve X (Ci-Cos) + Vs X Xf20(Cei-Coy) (S510)
where Cy; and Cy; (in mM) stand, respectively, for the concentration of the target product, 7, in

the cell at a given time and before the test starts (in principle, Co; = 0), V; (in L) is the solution

volume in the cell at sampling time, V is the sample volume (i.e., 6 x 10* L) and, thus, the
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term [Vg X ZEQO(Ct_i-CO_i)] stands for the accumulated amount of product collected in previous
samplings.

Then, the yield (in %) of each target product, i, was calculated at a given time, ¢, according to

equation (S11):
. _ N¢j
Yield; = ExVorCo %X 100 (S11)

where V) (in L) and C, (in mM) stand for the initial electrolytic solution volume and the
glycerol concentration in the cell, respectively, and f; stands for the stoichiometric factor of the
product i with respect to glycerol in the corresponding reaction among reactions (S1-S4) or
(S6-S9).

The liquid product selectivity (in %) of each target chemical was calculated with respect to the
overall production of the » liquid organic compounds detected by HPLC, according to equation
(S12):

_ Yield;
© ¥R vield;

N¢i

Selectivity; = ——x— % 100
f

n ti
=17

x 100 (S12)

On the other hand, the number of electrons electrochemically transferred during the EC/PEC
measurements, N, (in mmol), can be calculated according to Faraday’s law, from the electric
charge, QO (in C), transferred at a given time, i.e., from the integration of the current (/, in mA)
vs. time (¢, in h) curve, via equation (S13).

t
d
Ne = 2x 1000 = 21

x 3600 (S13)
Where F is the Faraday constant (96485 C mol..™!). Then, the faradaic efficiency of each target
product, FE; (in %) and the overall faradaic efficiency of the liquid products, FE, (in %), can

be calculated through equations (S14) and (S15), respectively:
FE; = "2 x 100 (S14)

e

FE, = % x 100 = ¥, FE; (S15)

Where N,,; and N, (in mmol) stand for the number of electrons/holes that would be transferred
for the electrocatalytic/photoelectrocatalytic production of the quantified amounts of product i
and all liquid products, respectively, and they can be calculated, at a given time, through
equations (S16) and (S17):

Npi = DNej X Nij (S16)

Np = Zii Ny, (817)
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Where 7, (in mole- mol;!) is the number of moles of electrons/holes theoretically transferred
for the production of each mol of target product, i (i.e., according to reactions (S1-S4) or (S6-
S9)).

To better discriminate the contribution of pure PC from the ultimate PEC performance, the
faradaic efficiencies have also been calculated by using modified values of accumulated
amounts of products, N;;* (in mmol), obtained after subtracting to the quantified production

from the PEC test, N jpg(), that from the corresponding purely PC measurements, i.e., without
any external potential, N¢;pc) (equation (S18)). Thus, analogously to equations (S14-S17), the

modified parameters FE;", FE,", N,;" and N," are defined, respectively, by means of equations
(S19-S22), which refer to the chemicals production hypothetically derived only from the

additional effect of the external polarization.

Nii = Neieeoy-Neicpo) (S18)
FE; = “Lp x 100 (S19)
FE, = ';" x 100 = Y1, FE (S20)
Npi = Nei X N; (S21)
Np = XL Ny, (S22)
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Section S2. Characterization of the catalysts.
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Fig. S3. 1. (a) N2 adsorption/desorption isotherms and (b) the pore diameter distribution for
DTWS5 and WOs catalysts.

Classical type IV isotherms with a small hysteresis loop in the range of 0.7-1.00 of relative
pressure can be observed, which denote that both WO3 and DTWS5 catalysts possess a
mesoporous structure. BET surface areas, pore volumes and mean pore sizes are shown in

Table 3. 1 in main text.
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Fig. S3. 2. XPS spectra of DTWS5 (a) Ols, (b) Ti2p and (d) W4f regions spectra of DTWS5.

The Ti2ps/2 and Ti2pi» peaks found on DTWS at 459.1 eV and 464.7 eV, respectively, along
with the satellite separated from the former one in c.a. 14 eV and the Ols band at 530.0 eV,
are a fingerprint of TiO> [1,2]. One can also observe the W4fs, and W4f;,, peaks attributed to
W6 (38.2 eV and 36.0 eV, respectively) and to W>* (36.8 eV and 34.7 eV) [3.4].
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Fig. S3. 3. Raman spectra of DTWS5, as-prepared WO3 along with that of uncalcined WO3 and

Anatase for comparison.

The spectrum of the WO3 catalyst proposed herein exhibits some characteristic peaks at 275,
328, 718, and 809 cm™'. The first two signals are assigned in the literature to the § (O-W-0)
bending mode whereas the two latter are attributed to the v (W—-O-W) stretching of the
monoclinic phase [5]. Raman peaks of an uncalcined pseudo-amorphous WOj3 catalyst like that
used in a previous study [6], are comparatively broader and shifted to lower wavenumbers,
which suggests a higher amount of defects in the structure of this catalyst, in the form of WO3-,
and thus the presence of more oxygen vacancies with respect to the monoclinic WO3. On the
other hand, the Raman spectrum of DTW35 exhibits four bands at 146, 395, 516 and 639 cm’!
attributed to the active modes of anatase with the symmetries Eg, Blg, Alg and Eg,
respectively [7]. The presence of WOs is also confirmed in this sample with a very weak band

atca. 797 cm ™.
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Fig. S3. 4. Electron paramagnetic resonance (EPR) spectra of DTW5, WO3, and uncalcined
WOs in dark conditions and with light illumination. In the case of DTWS5, the spectrum
obtained by subtracting data (light-dark) has also been included to show new bands appearing

upon illumination.

Electron paramagnetic resonance (EPR), also known as electron spin resonance (ESR), is
generally utilized to detect the unpaired electrons in semiconductor materials [8]. In the case
of DTWS5, the spectrum obtained in dark conditions was similar to that of the pure anatase [9]
with no evidence of W3, unlike XPS spectra, which are limited to the outermost surface. After
light irradiation, some new EPR signals appeared at g =2.023, g = 2.008 and g =2.003, which
are typical of O?~ generated upon illumination [10]. Considering the dark spectra of WO3 solids,
uncalcined pseudo-amorphous WOs3 exhibited a symmetrical EPR signal at g =2.002, assigned
to electrons trapped in oxygen vacancies [11,12], and a broader EPR signal at g = 1.82, ascribed
to W3*[10]. After the calcination at 450 °C, both EPR signals in the WO3 sample disappeared,
which can be attributed to the higher crystallinity of the calcined WOs3 structure, with fewer
existing oxygen defects, and to the presence of W>* below the detection limit of this technique.
Upon irradiation, the EPR spectrum of uncalcined WO3 was barely affected, thus evidencing
the low amount of generated electrons or holes and explaining therefore the low photocurrent
reported elsewhere with this material [6]. On the contrary, illumination of the calcined WOs
sample resulted in the appearance of a new EPR signal at g = 2.005 due to unpaired electrons
captured by oxygen defects of W-O, which suggests a higher stability of the photogenerated

electron-hole pair on the calcined WO3 as compared to the uncalcined one.
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Fig. S3. 5. Pyridine-DRIFTS spectra of DTWS5 and WOs. B and L denote Bronsted and Lewis

acid sites, respectively.

In the Diffuse reflectance infrared Fourier transform (DRIFT) spectra obtained on DTWS5 and
WOj catalysts, bands centered at 1448 and 1542 cm™! are attributed to Lewis and Bronsted acid
sites, respectively [13,14]. Data summarized in Table S3. 1 evidence that calcination of WO3
resulted in a decrease in total acidity, mainly at the expense of Bronsted acids which were
partially transformed into Lewis ones. Nevertheless, the density of both acid types remains in

the same order (in the case of Lewis even higher) than in DTWS catalyst.

Table S3. 1. Comparison of Lewis (L), Bronsted (B) and total acid sites of DTWS5, WO3 and
uncalcined WOs3 obtained by pyridine (Py)-DRIFTS.

pmol Py - g1 - m2 Cat.

Catalyst L/B Ref.
Lewis Bronsted Total
DTWS5 0.95 0.50 1.45 1.9 This work
WO;3 1.13 0.46 1.59 2.5 This work
Uncalcined
0.64 3.33 3.97 0.2 [6]
WO3
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Fig. S3. 6. Transient photocurrent response at different applied potentials (i.e. 0.3, 0.6, 0.9, 1.2,
1.5V vs. Ag/AgCl) on (a) commercial DTWS5 and (b) as-prepared WOs catalysts supported on
ITO glass (working electrode). Pt wire was used as counter electrode. Conditions: neutral

reaction media (0.5 M NaxSOa).

In the absence of glycerol, these measurements show the transient photocurrent response for
water oxidation on both catalysts. In the potential range of 0.3-1.2 V vs. Ag/AgCl, the obtained
photocurrent densities are slightly higher on commercial WO3/TiO; catalyst than on homemade
WOs. However, the influence of the applied potential is stronger in the latter case, reaching

even higher photocurrents than DTWS5 at 1.5 V vs. Ag/AgCl.
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Fig. S3. 7. Cyclic voltammetry on DTW5 and WO; catalysts without light irradiation.
Conditions: (a,b) 0.5 M Na>SOsand 0.1 M glycerol; (c,d) 0.5 M NaSOs. Scan rate: 20 mV s

! number of cycles: 10.

The CVs recorded under dark conditions show a negligible electrocatalytic (EC) activity of
both WO3; and DTWS catalysts below 1.5 V vs. Ag/AgCl, both in the presence and in the
absence of glycerol. The cathodic and anodic peaks observed at potentials below 0.3 V vs.
Ag/AgCl, especially on the homemade WOs catalyst, are attributed to the reduction/oxidation
of the redox couple W>*/W®" and/or the intercalation/de-intercalation of cations in the WOs
[15-19], through reaction (S23).

WO; + xM* + xe" & M;WO; (0 <x<1) (S23)

Where M* can be H' or Na* from the electrolyte.
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Fig. S3. 8. Cyclic voltammetry on (a) DTWS5 and (b) WO;3 catalysts in the absence of glycerol
(electrolyte of 0.5 M Na2SO4) under light irradiation. Scan rate: 20 mV s!; number of cycles:
10.

The CVs performed in the absence of glycerol show the photoelectrocatalytic activity of each
catalyst for water oxidation, which shows to be higher in the case of homemade WOs3, unlike
in the presence of glycerol, where the highest photocurrents are obtained on DTWS5 (Fig. 3. 4c,

d from main text).

158



Section S3. Evaluation of the photocatalytic and photoelectrocatalytic performances
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Fig. S3. 9. Evolution of dihydroxyacetone (DHA), glyceraldehyde, formic acid, oxalic acid
and tartronic acid concentration in the cell with time during (a) photocatalytic and (b-f)
photoelectrocatalytic oxidation of glycerol on DTWS5 catalyst. Reaction conditions: Room
temperature; glycerol initial concentration: 0.1 M; Na>SO4 concentration: 0.5 M; UV

irradiation intensity: 350 mW cm™.

The concentration evolution observed during the different PC/PEC tests performed with the
commercial DTWS5 show lower glyceraldehyde and DHA production rates and higher formic
acid production rate than in the case of the WOs catalyst (Fig. 3. 5 from the main text). Besides,
on DTWS5, one can also observe that the use of PEC conditions and the increase in the applied
potential favours the glycerol oxidation to C; products and, at high enough potential (i.e., 1.5

V vs. Ag/AgCl), the formic acid production rate decreases (see the main text for the discussion).
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Fig. S3. 10. Evolution of glyceraldehyde concentration with time on (a) DTWS5 and (b) WOs
catalysts during the electrocatalytic test (without light irradiation) at 1.2 V vs. Ag/AgCI.
Reaction conditions: Room temperature; glycerol initial concentration: 0.1 M. NaxSOs

concentration: 0.5 M.

This figure shows a clear example of the negligible activity of both DTWs and WOs3 catalysts
with the sole driving force of electric bias at potentials as high as 1.2 V vs. Ag/AgCI.
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Fig. S3. 11. Variation of (a-b) the yield and (c-d) the liquid product selectivity of oxalic acid,
tartronic acid and formic acid on DTW5 and WOs catalysts as a function of the applied potential
in the photoelectrocatalytic tests as well as in the photocatalytic test (denoted as open circuit

potential, OCP), after 5 h in all cases. Same reaction conditions as in Fig. 3. 5 and Fig. S3. 9.

The much higher yield and liquid selectivity values obtained for formic acid with the

commercial DTWS5 catalyst with respect to the homemade WOs contrast with the results shown
in Fig. 3. 6 from the main text, regarding glyceraldehyde and DHA yield and selectivity, which
are higher for WOs;. It is also interesting to note the significant decrease of the Ci and Cz

selectivity observed upon increasing the applied potential (see the main text for the discussion)
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Table S3. 2. Average crystallite size of catalysts before and after photoelectrocatalytic tests
obtained from XRD spectra.

Sample Crystal size Sample Crystal size
(nm) (nm)
DTWS (fresh) 20 WOs (fresh) 49
DTWS (0.3V) 20 WOs (0.3V) 48
DTWS (0.6V) 21 WO; (0.6V) 52
DTWS (0.9V) 19 WO; (0.9V) 52
DTWS (1.2V) 21 WO; (1.2V) 53
DTWS (1.5V) 19 WO; (1.5V) 53

The XRD analysis on DTWS5 and WOs catalysts after the PEC tests performed under different

applied potentials show a stable crystallite size in both cases.
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Fig. S3. 12. (a-b) Modified Faradaic efficiency (FEi") of liquid products other than
glyceraldehyde and DHA, on (a) DTWS5 and (b) WOs catalysts at different applied potentials

after 5 h. Same reaction conditions as in Fig. 3. 5 and Fig. S3. 9.

This figure shows the modified faradaic efficiency (FE") values, i.e., after subtraction of the
PC contribution, calculated for all liquid products except glyceraldehyde and DHA (shown in
Fig. 3. 7e, f from main text). The negative values are due to the production of higher quantities
of certain products under PC conditions than under PEC conditions. The high FE* values for
formic acid reached with DTWS5 catalyst contrast with the results obtained for the preferred Cs
compounds, whose FE" values are higher in the case of WOjs catalyst. It is also very interesting
to note the great decrease of the formic acid and oxalic faradaic efficiencies at 1.5 V vs.

Ag/AgCl (see the main text for the discussion).
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Fig. S3. 13. Evolution of Faraday efficiency (FE, columns 1 and 3) and modified Faraday

efficiency (FE, columns 2 and 4) for DHA, glyceraldehyde and the sum of all liquid products

with time at different applied potentials on DTWS5 and WO; catalysts.

The time evolution of the FE and FE* values shows that the former values are rather constant

during the tests while the latter ones have an increasing trend, which denotes the increasing

influence of the electric bias with time and the initiator character of the light irradiation in the

PEC glycerol valorization.
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Abstract

The photoelectrocatalytic (PEC) valorization of glycerol is emerging in the last decades as a
way to generate hydrogen and value-added organics like glyceraldehyde or dihydroxyacetone
(DHA). However, most of the studies reported in literature are only focused on one of the half-
reactions, use anodes containing noble metals, or strongly acidic or basic media. Besides, all
fundamental studies performed in 3-electrode cells entail a lack of overall efficiency and
product separation. In this work, we have addressed all mentioned bottlenecks at once, by
designing and optimizing a pioneering PEC cell with a proton-exchange membrane (PEM) and
a WOj3 photoanode under near-neutral conditions. The influence of light irradiation, external
bias and cell temperature has been studied, leading to maximum glyceraldehyde and DHA
production rates of 11.1 and 5.2 mmol m h'! at 60 °C and 1.2 V, along with the production of
44.0 mmol H, m? h'!. The long-term stability of the PEC cell has been evaluated and the results
have been discussed by disclosing the photocatalytic (PC), electrocatalytic (EC) and
thermocatalytic (TC) effects on the overall performance. PEC has proved to be the most
promising among the explored technologies, opening important prospective for developing
simultaneous H> generation and biomass valorization processes.

Keywords: photoelectrocatalysis, PEM, valorization, glycerol, glyceraldehyde, WO3
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1. Introduction

Glycerol is an important by-product of the production of biodiesel as an alternative to fossil
fuels, and its valorization is not only encouraged for the global consensus on carbon
neutralization, but also highly economically profitable. This is especially relevant when dealing
with the selective production of its primary 3C oxidation products, glyceraldehyde and
dihydroxyacetone (DHA), which are key precursors in the synthesis of cosmetics, polymers
and biodegradable emulsifiers. [1-5] Besides, green hydrogen is regarded as one of the most
important energy carriers for global energy transformation and development, given its high
gravimetric energy density and environmental friendliness. [6,7] In this sense, a promising
pathway for simultaneous glycerol valorization into value-added chemicals and hydrogen is
the photoelectrocatalysis (PEC). This technology possesses better performance than
photocatalysis (PC), by promoting the separation of photogenerated electrons and holes
through external voltage, and has gradually attracted the attention of academia and industry in
recent years. [8—10]

Glycerol-upgrading by PEC generally possesses two half-reactions: glycerol oxidation/oxygen
evolution reaction (OER) on the anodic side, and hydrogen evolution reaction (HER) on the
cathodic side. Despite several achievements in glycerol oxidation or reforming, the current
research on PC and PEC glycerol oxidation has four main bottlenecks:

1) In the case of PEC, there is insufficient attention on both half-reactions simultaneously,
1.e., glycerol oxidation and hydrogen evolution. The chemical generation in the anode
is commonly neglected [11-16] and, when studied, this reaction has not always
resulted in the production of the desired primary products. For example, in some cases,
the selectively obtained product is glyceric acid [17,18] or formic acid/formate. [19—
22]

i1) The utilization of precious metals like Pt, [23—-26] Au, [27-29] and Pd, [30-32] either
as main active phase or as co-catalyst, decreases the PC and PEC economic
competitiveness.

i) Most of the studies are carried out under non-mild reaction conditions, i.e., using acid
(e.g., H2SO4) [22,33,34] or alkaline solutions (e.g., KOH, NaOH) [17-19] as
electrolytes, which leads to safety risks of storage and transportation and
environmental hazards in large-scale production. For instance, Wang et al. proposed a
CoNiFe-LDHs-decorated TasNs nanotube array for the simultaneous generation of
anodic formate and cathodic hydrogen in a 1.0 M NaOH electrolyte, [19] while the
highest DHA selectivities (above 50%) have been reached by using solutions with pH
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=2.[22,33,34] There are only two PEC studies under neutral or near-neutral conditions,
performed by Gu et al. [35] and by this group. [Chapter 3] In both cases, WOs-based
anodes showed to be excellent materials for the selective glycerol oxidation, with
selectivities up to c.a. 90% for glyceraldehyde+DHA.
1v) The separation of glycerol oxidation products from the liquid electrolyte, as well as
from gaseous hydrogen, is complicated in the traditional 3-electrode PEC cells. [36,37]
This is the case of the above-mentioned works, where both anodic and cathodic half-
reactions took place in the same gas/liquid space. In view of its practical application,
this configuration would increase the process complexity and economical cost due to
the need for products post-purification operations.
Proton exchange membrane (PEM) cells using a thin solid electrolyte membrane to separate
anode and cathode electrodes show several advantages with respect to liquid electrolyte cells,
such as the separation of the oxidation products from the hydrogen effluent, their lower ohmic
resistance, and their compactness and typically superior fluid dynamics, which lead to
improved durability and efficiency. [38,39] PEM cells have been widely used in the field of
electrocatalytic hydrogen generation from alcohols. [40—45] In particular, glycerol electrolysis
was studied in PEM configuration with a Nafion membrane by Marshall and Haverkamp [46]
and Kim et al. [47] There are also two works using an anion-exchange membrane, by
Bambagioni et al. [48] and de Paula et al. [49] However, in all these cases, platinum-group
metal (PGM) catalysts were employed in the anode and either glycerate [47,48] or tartronate
[48,49] were the products selectively generated from the anodic reaction. Thus, to the best of
our knowledge, this is the first work using a PEM cell configuration for the simultaneous
hydrogen production and selective glycerol valorization to glyceraldehyde or
dihydroxyacetone, and also the first attempt to carry out these processes in a PEM cell via the
photoelectrocatalytic route.
In this work, a PEM PEC cell was designed to perform the separated glycerol oxidation to high
value-added products in the anode compartment, together with the simultaneous green H»
generation in the cathodic compartment. Monoclinic WOs3 synthesized by a simple
hydrothermal method with proper crystallinity, acidity and a certain amount of oxygen
vacancies (a ratio of W>*/W®" of ~18%) was selected as the photoanode electrode due to its
precedent high selectivity observed towards glyceraldehyde under near-neutral pH conditions
in our previous work. [Chapter 3] The operation parameters of this cell have been optimized,
focusing not only on the applied potential but also on the cell temperature. The latter is a key

parameter that could significantly affect the reaction kinetics, mass transfer and photo- or
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electro-induced charge separation rate, but it has not been deeply studied in a three-electrode
cell configuration. Besides, the operation parameters have been optimized to enhance both, the
selective glycerol valorization and hydrogen production. For this purpose, the bifunctional
PEM system has also been studied under (thermo)catalytic (TC), photocatalytic (PC),
electrocatalytic (EC) and combined PEC conditions. A highly selective generation of Cs3
primary products and considerable photocurrents were achieved, along with long-term stable
faradaic efficiencies, without employing any noble metals at the anode. The superiority of PEC
over other technologies (TC/PC/EC) for the simultaneous production of H» and targeted Cs;
chemicals is proved, and the synergy between photo- and electro-induced mechanisms is
discussed. Thus, we believe that this study provides a meaningful reference for PEC technology
in the solar-to-chemical energy conversion in academic research and industrial application.

2. Experimental section

2.1 Preparation of WQO; photoanode

The synthesis procedure of monoclinic WO3 was based on that reported in a previous study.
[50] Typically, 0.6 g of WClg (Sigma-Aldrich) was firstly dissolved in Ethanol (99.8% purity,
Sigma-Aldrich) solution (120 mL) and transferred to a 200 mL of Teflon-lined stainless-steel
autoclave for hydrothermal treatment at 180 °C for 12 h. Then, the light-blue WO3; was
carefully withdrawn and washed using Ethanol and deionized water 3 times. The collected
powder was dried at 80 °C overnight. Finally, the bright yellow monoclinic WO; with high
crystallinity (82.6%) and suitable oxygen defects (with a ratio of W3/W¢" of ~0.18) was
obtained by post-calcination treatment at 450 °C for 1 h (5 °C min’' of heating rate) in air.
Samples were well-grinded before use. A catalyst ink was prepared by mixing the obtained
WOs catalyst powder with a 5 wt.% Nafion (Sigma-Aldrich) perfluorinated resin solution in
aliphatic alcohols and water (to reach a WOs;:Nafion wt. ratio of 1:1) and 5 mL isopropanol
(HPLC-isocratic grade, Carlo Erba Reagents). Then the ink was sprayed with an aerograph on
a Carbon Cloth (W1S1011, FuelCellStore) electrode-support with a thickness of 410 pm and
an area of 5.3 cm?. The alcohol/water solvent was evaporated at 80 °C, and the catalyst loading
on the Carbon Cloth was controlled by weight measurement, reaching a value of 3.5 mg cm™.
A detailed physicochemical characterization of this WO; material can be found in previous
work from this group. [Chapter 3]

2.2 Membrane Electrode Assembly (MEA) and PEM cell setup

The synthesized carbon cloth-supported WO3 was used as the photoanode, and a commercial
carbon cloth-supported Pt (20% wt.)/C (Fuel Cell Store) with a loading of 0.2 mg-cm™ was
used as cathode. In the latter case, the carbon cloth behaves as gas diffusion layer (GDL) with
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microporous layer (MPL) and a thickness of 365 pm. A NafionTM 117 membrane was used
as the proton-exchange membrane (PEM) with a thickness of 183 um, which does not only
serve as the solid electrolyte, but also as the separator for the obtained redox products. Prior to
assembly, the membrane was pretreated by successive immersions in 3 different 150 mL-
solutions, 3% wt. H,O2, 0.5 M H»SO4 and deionized water, in that order. The membrane
electrode assembly (anodic photoelectrode/PEM/cathodic electrode) was prepared by hot-
pressing under 1 metric ton at 120 °C for 3 min.

The employed (photo)electrochemical cell was adapted from a 5 cm?-commercial
electrochemical cell (Dioxide Materials), by designing and constructing one of the two bipolar
plates, i.e., the anode side, to house a suitable quartz window for the PEC measurements. The
PEC was also modified to introduce heating resistance rods (see Fig. S4. 1 in Electronic
Supplementary Information). The MEA was held between two Teflon gaskets to ensure the
correct sealing of the PEC cell, and it was placed so that the catalyst on the photoanode faces
the cell window (3.8 cm?), while the catalyst on the cathode faces the membrane. As depicted
in Fig. 4. 1, a temperature control system was used, and 30 mL-solutions of 0.1 M glycerol and
pure water (pH 5.5 both) were continuously fed (recycled) by means of a peristaltic pump
(ISMATEC SA, Switzerland) through the anode and cathode sides of the cell from the

respective reservoirs at a flow rate of approximately 3 mL min™' each.
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Fig. 4. 1. Scheme of the Proton-exchange membrane (PEM) photoelectrocatalytic (PEC) cell
set-up employed in this study.

2.3 Electrochemical characterization

An Origalys OGBOSA electrochemical station (Origalys ElectroChem SAS, Rillieux-la-Pape,
France) was used to measure the photoelectrochemical properties of the PEC PEM system, by
feeding either 0.1 M glycerol (or pure water) to the anodic side of the cell, while feeding pure
water to the cathodic side. Photocurrent, linear sweep voltammetry (LSV), cyclic voltammetry
(CV), and open circuit potential (OCP) measurements were performed. The transient
photocurrent tests were carried out at different applied cell voltages from 0.3 V to 1.5 V with
15 seconds of irradiation interval, using a LED UV lamp as the light source (41 mW cm?),
with an incidence area of 1 cm?. Prior to these measurements, the system was kept in dark
conditions for 2 min to stabilize the current derived from the external bias. CV was recorded
between 0 and 1.5 V (cell voltages) at a scan rate of 10 mV s for 10 cycles under light
irradiation. All the tests presented in this study were carried out in the same system, without
changing the electrodes nor the membrane.

2.4 TC/PC/EC/PEC glycerol oxidation

PEC experiments were carried out under ultraviolet light using the same setup and LED UV
lamp above mentioned. The PEC was measured under different applied cell voltages, between
0.3 and 1.2 V, and at different temperatures between 25 and 80 °C. Purely PC, EC and TC
experiments were also carried out at different cell temperatures in the absence of either external
bias, light irradiation or both, respectively. Prior to all measurements, the anolyte and catholyte
solutions were flowing through the cell for 30 min under dark and open-circuit conditions, at
room temperature to achieve the adsorption-desorption equilibrium of glycerol on the surface
of the catalyst. Then, the PEC/PC/EC/TC measurements were initiated and, every hour, a
sample (0.6 mL) was collected from the anode solution and immediately filtered by a Millipore
0.45 pm (hydrophilic PVDF) membrane using a plastic syringe. The reaction time was
generally 6 h, except for the long-term experiment (27 h). The concentrations of glycerol and
derived products were analyzed by a Shimadzu SPD-M20A ultrafast high-performance liquid
chromatography (HPLC) equipped with a Transgenomic ICSep ICE-COREGEL-87H3 organic
acid column. 5 mmol L' of H,SO4 with a flow rate of 0.7 mL min™! served as the mobile phase
and the column temperature was 30 °C. The products of glycerol oxidation were determined
by the ultraviolet detector at the wavelength of 210 nm. Glycerol was analyzed by the refractive

index detector (RID). The concentration of total organic carbon (TOC) of the solutions before
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and after the PEC tests were measured using a Shimadzu TOC-VCPN analyzer equipped with
an auto-sampler.

According to the liquid products detected, the photo- (or electro-)catalytic reactions (1-5) were
assumed to take place on the WOj; catalyst surface, by considering the transfer of either holes
left in the valence band (h*vg) upon illumination (under PEC or PC operation conditions) or

electrons (e, under EC conditions).

C3HgO5 + 2h{g(-2e) » 2H* + C3H405 (glyceraldehyde/DHA) (D)
C3HgO3 + 2H,0 + 8h{(-8e’) » 8H*+ C3H,05 (tartronic acid) (2)
2C3HgO5 + 3H,0 + 10hy{g(-10e”) - 10H*+ 3C,H,05 (glycolic acid) 3)
2C3HgO5 + 6H,0 + 22h{g(-22€7) - 22H* + 3C,H,0, (oxalic acid) 4)
C3HgO3 + 3H,0 + 8h{(-8e’) » 8H* + 3CH,0, (formic acid) (5)

The total amount (/;;, in mmol) of unreacted glycerol and each produced chemical, i, at a given
time (i.e., sampling time), 7, was calculated from the concentration values quantified by HPLC,
according to equation (6):

Nii = Ve X Ci + Vs X Xt Gy, (6)
where V; (in L) and C; (in mM) are the solution volume and the concentration of the chemical
i in the cell, respectively, at the time ¢, V is the sample volume (i.e., 6 x 10* L) and, thus, the
term [Vg X N Ci;] stands for the accumulated amount of product or unreacted glycerol
collected in previous samplings.

The Glycerol conversion (in %) at a given time was calculated according to equation (7):

VoxCo g1 1-Ne gl 1
glycero glycerol o 100 (7)
VoxCo glycerol

Glycerol conversion (%) =
Where Vo (in L) and Coglycerot (in mM) stand for the initial electrolytic solution volume and
glycerol concentration, respectively, and Niglycerol 1S the unreacted amount of glycerol at a given
time, t.

The Yield (in %) and the Selectivity (in %) of every product were calculated at a given time, t,

according to equations (8) and (9), respectively:

. _ N
Yield (%) = T — %X 100 (8)
N¢j

Selectivity (%) =

x 100 )

(VoxCo glycerol"Nt glyceroD)Xfj
where f; is the stoichiometric factor of the product i with respect to glycerol (i.e., according to
reactions (1-5)).

Then, the faradaic efficiency of each target product, FE (in %) was calculated through equation
(10).
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FE = l’:— x 100 (10)

Where N; and N. (in mmol) stand, respectively, for the number of electrons/holes that would
be transferred for the EC/PEC production of the quantified amounts of product i, and those
electrochemically transferred according to the measured electric charge, Q (in C), which can
be calculated, at a given time, through equations (11) and (12):

Ni = ne;i X Ng; (11)

N, = 2% 1000 = @ X 3600 (12)
Where ne;i is the number of mol of electrons/holes theoretically transferred for the production
of each mol of target product i (i.e., according to reactions (1-5)), F is the Faraday constant
(96485 C mole-!) and I (in mA) is the current obtained at a given time, t (in h).

3. Results and discussion

3.1 Photoelectrochemical characterization

The homemade WO3 photoanode was coated on a commercial carbon cloth and tested in the
PEC proton-exchange membrane (PEM) cell shown in Fig. 4. 1 and Fig. S4. 1, where a
commercial Pt/C electrode behaved as the cathode. Through the quartz window, the UV light
with a radiation density of 41 mW cm activates the photocatalyst to excite electrons to the
conduction band (e'cg), leaving the same number of holes in the valence band (h*vg), which
may participate in the glycerol valorization (reactions (1-5)) and/or water oxidation (reactions
(13-14)). Meanwhile, the resultant protons and electrons are transferred to the cathode through
the proton-exchange membrane and the external circuit, respectively, leading to the hydrogen
evolution reaction (HER, reaction (15)). Hence, the external bias contributes to separating the
photo-generated electrons from the holes, thus avoiding their recombination and increasing the

holes availability for oxidation reactions, while the PEM configuration is expected to improve

the EC performance and to allow the elution of a purified H> cathodic stream from the cell.

H,0 + 2hi > 2H* + 1/20, (13)
2H,0 + 2h{y - 2H* + H,0, (14)
2H* + 2ecg — H, (15)

Transient photocurrent response tests were performed at different applied cell voltages (0.3,
0.6, 0.9, 1.2 and 1.5 V) and temperatures (25, 40, 60 and 80 °C) to investigate the
photoelectrochemical performance of the synthesized photoanode in 0.1 M glycerol (Fig. 4. 2).
Both the resultant currents and photocurrents showed to be enhanced by increasing the cell

voltage at any reaction temperature. One can observe that this PEM PEC system is
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electrocatalytically active in a potential range in which the previously published works on
WOs-based photoanodes, [16,35,50][Chapter 3] tested in 3-electrodes cell configuration,
showed a negligible activity under dark conditions. It suggests that, in terms of overall activity,
the PEM configuration implies an especially important upgrading from the electrocatalytic
(rather than photocatalytic) point of view. It could be attributed to the compactness of the MEA
configuration, which leads to presumably much lower ohmic losses between anode and cathode.
Also, the use of carbon cloth as catalyst support and gas diffusion electrode herein increases
the electrode roughness and enhances the diffusion of reactants and products, thus favouring
their access to the catalyst active sites. For instance, at 60 °C the obtained current (in the dark)
was enhanced from 0.4 to 3.1 mA at cell voltages from 0.3 to 1.5 V, with photo-induced current

increments from 0.1 to 0.5 mA, respectively, upon illumination.
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Fig. 4. 2. Transient photocurrent response at different cell voltages (0.3-1.5 V) and
temperatures (25-80 °C). Anode: WOs/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth;
Membrane: Nafion 117; anodic solution: 0.1 M glycerol (30 mL); cathodic solution: water (30
mL). UV light irradiation pulses: 41 mW c¢m™.
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The rise of the temperature also favored the obtained currents, reaching a value at 1.5 V that
was four times higher at 80 °C than that at 25 °C. However, this influence was much less
pronounced on the photo-generated currents, with similar current increases upon illumination
above 40 °C, which can be attributed to a likely detrimental temperature effect on the charge
carriers’ separation. [51,52] On the other hand, if we compare these transient photocurrent tests
in the presence of glycerol (Fig. 4. 2) with those performed in pure water at the same
temperatures and applied potentials (Fig. S4. 2), we can observe that the obtained current
intensities are very similar in both cases, which denotes that the high baseline current obtained
in this system under dark conditions is strongly related to a large capacitive current of the
photoanode, as typically found on carbon-supported photoanodes, [53] and maybe also to its
EC activity for water electrooxidation in the experiments performed at 1.5 V. However, very
interestingly, there is a significant increase in the photo-generated current upon irradiation in
the presence of glycerol, which acts as a hole-scavenger and benefits the separation of photo-
induced charges. [54,55]

Cyclic voltammetry (CV) tests have also been performed upon UV irradiation, and the 10
cycle obtained at each temperature is shown in Fig. 4. 3, both in the presence and in the absence
of glycerol. At low cell voltage (0-0.3 V), apart from some cathodic hydrogen on the WO3
electrode, cathodic and anodic peaks were expected due to the reduction/oxidation of the redox
couple W3*/W*%" [56] and, mostly, the intercalation/de-intercalation of H' in the WO3. [57-59]
Then, during the forward scan in pure water (Fig. 4. 3a), an increase in the anodic current can
be observed at 0.5-0.6 V, likely due to the intercalation of oxygen into the vacancies of the
photoanode oxide network, [60,61] followed by the oxygen evolution curve at higher potentials.
On the other hand, in the presence of glycerol (Fig. 4. 3b), the anodic peaks obtained at low
potentials were likely overlapped with the current increase derived from glycerol oxidation.
Indeed, under cell voltages below c.a. 0.7 V, the obtained currents are higher in glycerol
solution than in pure water, which can be attributed to the much lower onset oxidation potential
in the former case. Then, there is an intermediate potential range where the currents obtained
in the presence of glycerol are lower likely due to the partial poisoning of the catalyst surface
by adsorbed reaction intermediates. However, as the potential is further increased and these
surface species are desorbed/oxidized, the currents obtained in glycerol solution reach again
similar or even higher values than those obtained in pure water, likely due to the contribution

from oxygen evolution reaction and the oxidation of fresh glycerol and its derived molecules.
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Fig. 4. 3. Cyclic voltammetry (CV) performed in the PEC cell at different temperatures (25-80
°C) under UV light irradiation (41 mW cm™) using (a) water or (b) 0.1 M glycerol as anodic
solution, and water as cathodic solution. Scan rate: 10 mV s*'. The 10" cycle is shown in each

case. Anode: WOs/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth; Membrane: Nafion 117.

Thus, from the transient photocurrent and CV measurements, it is clear the beneficial influence
of both the cell voltage and temperature in the overall photo-electro-catalytic activity of the
proposed PEM PEC cell. It is worth noting that, under given PEC operation conditions, the
expected hydrogen production rate in this PEM cell is directly related to the obtained current
intensity, since both glycerol oxidation and water oxidation reactions at the anode imply the
reduction of protons at the cathode. Thus, regardless of the products obtained in the anodic side
of the cell, an increase in both parameters, i.e., potential and temperature, was found to be
beneficial when dealing with the maximization of the obtained current intensity and, therefore,

of the hydrogen production on the cathode side (reaction (15)). However, for the optimization
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of the bifunctional PEC cell, the anodic performance for biomass valorization (in terms of
products selectivity) must be also evaluated.

3.2 Glycerol valorization by PEC

The operation conditions of the PEM PEC system have also been optimized for the selective
glycerol valorization to produce high-value-added products, by focusing on the obtained liquid
products, and with special interest in glyceraldehyde and dihydroxyacetone (DHA), which are
the most valuable ones.

3. 2. 1 Effect of cell temperature

Fig. 4. 4 shows the effect of cell temperature on the PEC performance, in the range from 25 to
80 °C, at a fixed applied cell voltage of 1.2 V. In all the tests, under light irradiation on the
WOs3 photoanode, glyceraldehyde and DHA were obtained as the main products, along with
some formic acid and trace amounts of glycolic, tartronic, and oxalic acids. Besides these, other
unknown product was detected by HPLC in some cases and, given that the overall liquid
products selectivity remained below 100% in all cases, significant amounts of CO; were also
expected to be evolved, derived from glycerol mineralization, according to the carbon mass
balance. In Fig. 4. 4a-d, one can observe that the concentration of the main products in the cell
linearly increased with time in all cases. However, their production was only slightly enhanced
by heating, and it even decreased at 80 °C. Although there are very few publications about the
effects of reaction temperature on PC and PEC performances, in general terms, the temperature
increase is expected to enhance the reaction kinetics, as reported for water splitting [62,63] and
organic matter degradation. [64,65] For instance, Velazquez et al. [63] found a positive effect
of the cell temperature in the PC production of H> from water and water/methanol solutions.
However, the rise of the temperature may also disfavor the charge carriers’ separation, as
recently reported, for instance, by Chen et al. [S1]. These authors observed that the PC activity
of TiO»-based materials for the degradation of methylene blue decreased at temperatures higher
than 70 °C. Moreover, the temperature may also strongly influence the products’ desorption
and reactants’ adsorption, which are typically considered the rate-limiting steps in PC systems
at temperatures below 20 °C and above 80 °C, respectively. [52,66] For these reasons, the
temperature range of 20-80 °C seems to be optimum for the PEC oxidation of organic matter.
In the present work, the glycerol conversion values reached after 6 hours-test slightly increased
from 3 to 5% in the studied temperature range, 25-80 °C, with moderate glyceraldehyde and
DHA yields of 1.0-1.3% and 0.4-0.6%, respectively (Fig. 4. 4e-h).
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Fig. 4. 4. Influence of the PEC cell temperature. (a-d) Evolution of liquid products
concentration in the anodic solution with time; evolution of (e-h) yield and (i-1) selectivity of
liquid products with glycerol conversion. Anode: WOs/carbon cloth; cathode: Pt (20
wt.%)/C/carbon cloth; Membrane: Nafion 117. Cell temperature: 25, 40, 60 and 80 °C. Cell
voltage: 1.2 V. Initial glycerol concentration in anodic solution: 0.1 M. Initial volume of anodic

solution: 30 mL. UV irradiation intensity: 41 mW c¢m™.

Regarding the selectivity obtained for the identified liquid products (Fig. 4. 4i-1), very stable
overall values of 50-60% were obtained in the 6-hours test performed between 25 and 60 °C.
In particular, stable selectivity values of 25-35% and 10-15% were obtained for glyceraldehyde
and DHA, respectively. The obtained liquid product selectivity values also denote a significant
overoxidation of glycerol and its derived products to CO> or other organic compounds,
especially at 80 °C. In this latter case, the Cs product selectivity clearly shows a decreasing
trend with time. Indeed, the amount of the aforementioned unknown liquid product detected by
HPLC increased with the temperature (see Fig. S4. 3). Likewise, the obtained current after 6
hours seemed to find an optimum at 60 °C (Fig. S4. 4a). As previously mentioned, this current
can be directly related to the production of hydrogen at the cathode, and therefore one can
expect an enhanced production of this valuable product at this temperature. Thus, in view of

these experiments, we can conclude that the maximum operating temperature to enhance both,
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the hydrogen generation (at the cathode) and the selective glycerol valorization (at the anode)
by PEC should be 60 °C.

3. 2. 2 Effect of cell voltage

In our previous study using a similar WO3 photoelectrode for the selective glycerol oxidation
in a conventional PEC reactor, the light showed to be the trigger of the reaction, and the external
voltage seemed to promote the separation of photogenerated electrons and holes in the
photocatalyst, thus raising the PEC activity and the glyceraldehyde and DHA yields, in
particular. [Chapter 3] The WOs catalyst has also shown the enhancing effect upon the external
bias in this PEM PEC cell, as can be observed, for instance, at 60 °C in Fig. 4. 4c and Fig. 4.
5b-d. Under purely PC conditions, i.e., without any electric polarization (Fig. 4. 5a),
glyceraldehyde and dihydroxyacetone were already selectively generated. Their production
was very similar under PEC conditions at 0.3 V (Fig. 4. 5b), but it increased upon the
application of higher cell voltages, i.e., 0.6-1.2 V (Fig. 4. 5c-d and Fig. 4. 4c). Indeed, as
opposed to the cell temperature, the applied potential had a significant promoting effect on the
PEC glycerol valorization. Although similar glycerol conversions were reached under all
applied potentials after 6 hours-test, i.e., 4.5-5.0%, glyceraldehyde and DHA yields were
increased by up to more than 2 and 3 times, respectively, from 0.3 V to 1.2 V (Fig. 4. 5e-h and
Fig. 4. 4g). Consequently, the glyceraldehyde+DHA selectivity gradually increased with the
applied potential from c.a. 15% (0.3 V) to 40% (1.2 V) (Fig. 4. 5j-1 and Fig. 4. 4k). With respect
to purely PC conditions, the glyceraldehyde and DHA selectivity slightly increased, but the
corresponding glycerol conversion more than doubled by PEC at 1.2 V. This explains the
enhanced yield of the desired products at 1.2 V compared with the purely PC conditions.

180



(a) PC 60°C (b) PEC 0.3V 60 °C (c) PEC 0.6V 60°C (d) PEC 0.9V 60 °C
M 4 45 4 —pna
+~ 1.2} ——glyceraldehyde +~ L2} ——glyceraldehyde +~ 1.2 ——glyceraldehyde +~ 1.2} ——glyceraldehyde
= | = formic acid = | o[ — formic acid = ;L —formic acid = | g| — formic acid
g | ——tartronic acid g "7} ——tartronic acid g "1 —— tartronic acid ] | —— tartronic acid
£ 0.8} —— glycolic acid £ 0.8} —— glycolic acid £ 0.8F — glycolic acid g 0.8} —— glycolic acid
= 0.6 ——oxalic acid = 0.6L ——oxalic acid T 0.6 —— ovalic acid = 0.6] ——oxalic acid
@ g g T
F 04 T 04 F 04 E04f
g 02 502 g 02 g2
g g g g e
50.0 500 500 61].!)-
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 g 6
Time (h) Time (h) Time (h) Time (h)
(e) rcen’c (f) PEC03 V60 'C (g) recosveo'c (h) PEC 0.9V 60°C
ur— 14 14 4
+ DHA = DHA + DHA = DHA
1.2} o glyceraldehyde 1.2} s glyceraldehyde 12} o glyceraldehyde 1.2} s glyceraldehyde
1] ¢ formicacid o] ¢ formicacid 10l ¢ formicacid Lof ¢ formicacid
* o tartromic acid e o tartronic acid & o tartronic acid B o tartronic acid
& 08 o glycolic acid & 08 = glycolic acid & 08 o glycolic acid & 08 - glycolic acid
S g6l o ovalicacid < gl o oxalicacid < gl o oalicacid < g ° osalicacid
27 27 = -
= - = =
S 04 N S S 04 . B S 04t = 04f 5
0.2 LR 0.2 Lo 02f oo 0zt . 3
N
ool o 6 i 8 00f HEIEIN 0.0F o @ aousl 0.0f § o o 0 02
0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6 0 1 2 3 4 5 6
Glycerol Conversion (%) Glycerol Conversion (%) Glycerol Conversion (%) Glycerol Conversion (%)
1 b 1 ; o o , o
i) rceoc () recosven‘c (K) pEc 06 veo°'c (1) PEC 0.9V 60°C
100 i 100 100 100
[ 1 w-hc‘md_ B oxalic acid N oxalic acid [ oxalic acid
I giyeolic acid I gy colic acid [ glycolic acid I glycolic acid
- tartronic acid 80 B tartronic acid 80+ B tartronic acid 80 I tartronic acid
P, I formic acid oy B formic acid P B formic acid o [ formic acid
o3 I glyceraldehyde| 2 60 B glyceraldehyde| 58 sof B glyceraldehyde | 32 601 [ glyceraldehyde
s I DHA > I DHA = B DHA = I DHA
£ £ £ :
5 Z 40 £ 40f Z 40
& 20 & 2 @ 20f & 20
0 0 0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6 [] 1 2 3 4 5 6 0 1 2 3 4 5 6
Glycerol Conversion (%) Glycerol Conversion (%) Glycerol Conversion (%) Glycerol Conversion (%)

Fig. 4. 5. Influence of the PEC cell voltage. (a-d) Evolution of liquid products concentration in
the anodic solution with time during PC and PEC experiments; evolution of (e-h) yield and (i-
1) selectivity of liquid products with glycerol conversion. Anode: WOs/carbon cloth; cathode:
Pt (20 wt.%)/C/carbon cloth; Membrane: Nafion 117. Cell temperature: 60 °C. Cell voltage:
open circuit potential (PC) and 0.3-1.2 V (PEC). Initial glycerol concentration in anodic

solution: 0.1 M. Initial volume of anodic solution: 30 mL. UV irradiation intensity: 41 mW cm’
2

Given the important competition of glycerol overoxidation reactions expected in the studied
potential range, the enhanced Css selectivity by PEC upon increasing potentials is of especial
relevance. Besides, the influence of the potential was even greater on the obtained current
intensities, and therefore on the hydrogen production at the cathode (Fig. S4. 4b). Thus, among
all the studied PEC operation conditions, the best PEM cell performance, from both glycerol
valorization and H» generation points of view, has been obtained at 1.2 V and 60 °C, with stable
glyceraldehyde and DHA production rates at the anode side of 11.1 and 5.2 mmol m? h!,
respectively, and a simultaneous H» production rate at the cathode side of 44.0 mmol m? h'!,
as estimated from a steady-state current intensity of c.a. 1.25 mA (Fig. S4. 4b).

3.2.3 Stability evaluation

In order to evaluate the stability of the system, another PEC measurement was performed under

relatively harsh conditions (1.2 V, 80 °C) for three successive days, with operation periods of
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9 hours (27 h in total) (Fig. S4. 5). Reproducible results were obtained after 6 hours (as
compared to Fig. 4. 4d) and, interestingly, the targeted value-added products, glyceraldehyde
and DHA, were still the main obtained products for 27 h, reaching yields of c.a. 4% and 1.5%,
respectively, with an increase in the glycerol conversion to ~45%, i.e., around 8 times higher
than that reached in the short-term experiment (6 h). According to the continuous increase in
glycerol conversion and the stable current intensity (with a decrease of c.a. 0.1 mA in the last
24 hours) observed during this test (Fig. S4. 5), the proposed PEM PEC cell using a WO;
photoanode showed not only the capability for simultaneous hydrogen generation and glycerol
valorization, but also an outstanding stability in long-term operation. However, it should be
noted that, under the studied operation conditions, the glyceraldehyde and DHA production
rates slowed down for the last operation hours while that of formic acid gradually increased,
reaching a yield of c.a. 1% after 27 hours, as well as also likely that of CO,. Consequently, the
joint selectivity of the targeted C3; compounds continuously decreased for the 27 hours-test,
down to c.a. 13%. In view to the practical application of the PEC PEM cell for the selective
glycerol valorization, higher solution volumes should be treated, thus operating under low-
conversion conditions and, preferably, the targeted products should be continuously separated
from the anode effluent and collected, in order to avoid their recycling and overoxidation.

3. 3 Technology comparison with EC, TC and PC

The PEC performance of the PEM cell for glycerol valorization has also been evaluated in a
broader context by comparing the above-discussed results with those obtained at different
temperatures under purely electrocatalytic (EC), photocatalytic (PC) and thermocatalytic (TC)
conditions, i.e., by removing the light irradiation, the external bias, and both effects,
respectively. An overview of the results obtained with the different technologies can be found
in Fig. S4. 6. Among them, the only technology capable to produce value-added organics and
pure hydrogen gas separately, apart from PEC, is the electrocatalysis. In this way, glycerol
oxidation (reactions (1-5)) takes place on the WOs catalyst surface releasing protons and
electrons that are transferred through the proton-exchange membrane and the external circuit,
respectively, to the Pt cathode, where H» evolves. Fig. 4. 6a-d show the liquid products
distribution obtained by EC glycerol oxidation at different temperatures between 25 and 80 °C
under an applied cell voltage of 1.2 V. The temperature increase is expected to enhance the
reaction kinetics, the mass transport and the membrane electrical conductivity. Indeed, the
PEM cell configuration has been widely employed for hydrogen production from alcohols

electro-reforming at temperatures closed to 80 °C. [43—46,49] However, in the present case,
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although a significant EC activity for glyceraldehyde production was observed at room
temperature, the heating showed a clear detrimental effect on the selective glycerol valorization,
which became negligible at 80 °C. Instead, the obtained currents increased with the temperature
(Fig. 4. 6e-h), as expected from the previous results on transient photocurrent measurements in
dark conditions (Fig. 4. 2). This enhanced EC activity can be mainly attributed to glycerol
overoxidation reactions to gaseous CO- or other compounds which, in turn, are expected to be

favored by hydroxyl or oxygen radicals generated from water. [67,68]
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Fig. 4. 6. Evolution of (a-d) liquid products concentration in the anodic solution and (e-h)
current intensity with time during EC experiments (in the absence of light irradiation). (i-1)
Evolution of current intensity with time during PEC experiments (UV irradiation intensity: 41
mW cm?). Anode: WOs/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth; Membrane:
Nafion 117. Cell temperature: 25-80 °C. Cell voltage: 1.2 V. Initial glycerol concentration in

anodic solution: 0.1 M. Initial volume of anodic solution: 30 mL.

The EC behavior is therefore different from that observed in PEC measurements, in which both
the glyceraldehyde/DHA production rates (Fig. 4. 4) and the obtained currents (Fig. 4. 6i-1)
were slightly enhanced with temperature up to 60 °C. Hence, if this dual compartment cell were
to be used for pure EC reactions, a high temperature is favorable for hydrogen production,
while a low temperature is beneficial for selective glycerol valorization. Besides, a suitable

external voltage is also necessary for the hydrogen generation by EC. For instance, at a low
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cell voltage of 0.3 V, the obtained current was negligible, even at 60 °C (Fig. S4. 7), and the
observed glycerol oxidation products were likely derived from a purely thermocatalytic (TC)
process, as can be observed in Fig. S4. 6. Glycerol can be fully converted into DHA, glyceric
acid or other organic compounds by TC at temperatures between 25 and 160 °C by using 1-10
bar oxygen, as reviewed by Dodekatos et al. [69] In this work, the measurements carried out
in the absence of any light irradiation or external bias showed a negligible TC activity of the
WO; catalyst at room temperature, but significant glyceraldehyde production rates were
observed upon increasing the temperature, likely involving dissolved oxygen in the glycerol
solution (Fig. S4. 6a-d).

Regarding pure PC reactions (Fig. S4. 6e-h), the WO3 photoanode showed an important
production of glyceraldehyde, with an optimum temperature of 40 °C, in this case. As discussed
in section 3.2.1, the sensitivity to temperature in the range of 25-80 °C mostly stems from the
influence on the recombination efficiency of photogenerated electrons and holes in WOs.
[51,52] This was also evidenced in the PEC measurements performed at different temperatures
(Fig. 4. 4) although, in this operation mode, the optimum value was 60 °C. Another sign of the
temperature effect on the PC activity was noticed by analyzing the time response of the open
circuit potential (OCP) upon illumination (Fig. S4. 8). At 25 °C, the decay in the OCP for the
first seconds under light irradiation was higher than that observed at 80 °C, which could be
linked to a higher photoactivity in the former case due to a higher accumulation of
photogenerated electrons. [53,70] More interestingly, after this pioneering analysis of the
glycerol oxidation results obtained in all operation modes, i.e., PEC, PC and EC, one can state
that the PEC performance for glycerol valorization is not only better than that obtained by pure
PC, due to the promotional effect of the external bias on the charge carriers separation, but also
better than the sum of the individual yields obtained by PC and EC, at a given cell temperature.
The superior PEC performance was especially evident at high temperatures. In fact, at 80 °C,
the production rates of glyceraldehyde, DHA and all other identified liquid products were
negligible in all configurations except in PEC.

The synergistic effect between photo- and electro-catalysis was also found in terms of obtained
current intensity, and thus hydrogen generation. For instance, in Fig. 4. 6 one can observe that
the steady-state current intensities obtained by PEC at 1.2 V at different temperatures were
higher than those obtained by EC in all cases. From this, one can deduce that not only the
application of an external potential facilitates the separation of the charge carriers and thus
increases the availability of the photogenerated holes for the glycerol oxidation reactions, but

also the light irradiation and the consequent generation of those charge carriers results in an
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increase in the overall number of electrons transferred between the photoanode and the cathode,
for their consumption in HER. In other words, PEC technology proves to be the most promising
among the explored technologies for the synthesis of both hydrogen and value-added C;
compounds.

3.3.1 Electron transfer efficiency assessment

In order to get more insights into the reactions preferably taking place on the WO3 photoanode,
the faradaic efficiency (FE) obtained under the different PEC and EC operation conditions has
also been evaluated, along with the total organic carbon (TOC) measurements. Fig. 4. 7a shows
the electric charges transferred in the EC and PEC measurements performed for 6 h-each at
different temperatures, as calculated from the intensity vs. time curves shown in Fig. 4. 6. The
accumulated charges transferred in the PEC reactions were 4.53, 6.93, 7.62 and 7.79 mA-h at
25, 40, 60 and 80 °C, respectively, which are 1.77, 2.54, 2.10 and 1.32 times higher than those
obtained in pure EC processes. The charge enhancement observed by increasing the
temperature, and also by operating in the PEC cell configuration with respect to EC, can be
linked to an increase in the consequent hydrogen production as above discussed. The
improvements in the production rates of glyceraldehyde and DHA by PEC vs. EC observed in
the previous section were even greater than the respective increases in the transferred charges,
which denotes that the faradaic efficiency values of the selective glycerol valorization reactions

were higher by PEC than by EC, as can be observed in Fig. 4. 7b, c.
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PEC (c) experiments. These data are associated with those shown in Fig. 4 and 6.

The influence of the temperature on faradaic efficiency was different depending on the
operation mode, i.e., EC or PEC. The FE values obtained for the targeted C; products by pure

electrocatalysis strongly decreased with the temperature, from 25% at room temperature, to
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only 1%, at 80 °C (Fig. 4. 7b). On the other hand, the total organic carbon content found in the
anodic solution after each EC test showed a decreasing trend with the temperature (Fig. S4.
9a). This denotes that, in dark conditions, the increase in the electric charge transferred from
the WO;3 catalyst upon increasing the temperature (Fig. 4. 7a) is mostly attributed to the
enhancement of glycerol overoxidation reactions and that CO; is the main obtained product,
especially at high temperature. However, in the tests performed under both light irradiation and
external bias (Fig. 4. 7c), the FE values obtained for glyceraldehyde+DHE were higher and
much more stable with the temperature, decreasing from 50% (25°C), to 30% (80 °C). At this
high temperature, the C; FE even increased to 4% when the measurement was extended from
6 to 27 hours. On the other hand, unlike in the case of EC configuration, the TOC values
obtained under PEC conditions were generally much more stable, and only in the
measurements performed at 80 °C the TOC showed a clear decrease, likely due to CO»
evolution at this high temperature (Fig. S4. 9b). Thus, the results obtained in this operation
mode seem to indicate that the increased number of electrons transferred under PEC conditions
by increasing the temperature from 25 to 60 °C is derived from both selective glycerol oxidation
and water oxidation reactions. One can conclude that, from the energy efficiency point of view,
the PEC cell is also more favorable for the simultaneous hydrogen generation and glycerol
valorization than the conventional EC configuration.

4. Conclusions

A photoelectrocatalytic (PEC) cell with a proton-exchange membrane (PEM) configuration
has been applied, for the first time, to the simultaneous glycerol valorization and pure green
hydrogen generation under near-neutral conditions. For this purpose, a WO; catalyst
(supported on a carbon substrate) with suitable properties for the selective glycerol oxidation
to value-added products such as glyceraldehyde and dihydroxyacetone (DHA) has been
employed as photoanode. The PEC performance of the system has been evaluated under
different temperatures and cell voltages, and it has been compared with that obtained under
electrocatalytic (EC), photocatalytic (PC) and thermocatalytic (TC) conditions. The following
main conclusions can be drawn from this study:

- An increase in either the cell voltage or the temperature leads to an enhancement of the
obtained current in the PEC cell, and thus of the hydrogen production rate at the cathode
although, in the case of temperature, its promotional effect is limited by the concurrent
acceleration of the charge recombination. The cell voltage has also a positive effect on the

selective glycerol oxidation to C3 compounds at the anode, due to the enhanced photogenerated
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charge carriers’ separation, but in the case of the temperature, its increase also favours the
overoxidation of glycerol and derived molecules.

- Under optimum PEC operation conditions, 60 °C and 1.2 V, stable glyceraldehyde and DHA
production rates of 11.1 and 5.2 mmol m? h'! are obtained, respectively, along with the
simultaneous production of 44.0 mmol H, m™ h'!. Under such conditions, the selectivity of
glyceraldehyde+DHA reaches 40% after 6 hours operation, corresponding with 4.5% glycerol
conversion. The system also proved a remarkable stability even at 80 °C for 27 hours. However,
for its practical application at a larger scale, the targeted Cs products should be online collected
from the anode effluent to avoid their recycling and overoxidation.

- In this PEM configuration, the WO3 photoanode shows a much higher EC activity in dark
conditions than other conventional PEC systems reported in literature, but it is mainly
attributed to glycerol mineralization. In this case, the increase of either the temperature (up to
80°C) or the cell voltage (up to 1.2 V) specifically favours the EC hydrogen production at the
cathode but hinders the selective glycerol valorization at the anode. However, at low applied
potentials, the EC glycerol oxidation is significant and can be attributed to the purely TC
reactions.

- Under purely PC conditions, the catalyst performs a high selectivity for glyceraldehyde
production with an optimum operation temperature of 40 °C. Thus, in the studied temperature
and cell voltage ranges, while the direct electron transfer from the anode under EC conditions
favours the deep oxidation of glycerol and its derived molecules, likely to CO,, the holes
photogenerated by PC seem to be rather involved in the selective glycerol oxidation reactions
to produce the targeted Cas.

- The PEC performance shows to be better than the sum of the individual PC and EC
performances, which is likely attributed to a strong synergistic effect found between both
electro- and photo-catalytic effects. Thus, PEC proves to be the most promising among the
explored technologies studied for the synthesis of both hydrogen and glyceraldehyde/DHA in
a PEM cell, as well as from the energy efficiency point of view, given the higher faradaic
efficiency values obtained by PEC.
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Fig. S4. 1. Pictures of the (a) inner and (b) outer sides of the commercial cathodic bipolar plate
(5 cm?-electrolysis cell from Dioxide Materials) used in the PEM cell; (¢) drawing and (d)
schematics of the anodic bipolar plate designed and constructed in this work to be adapted to

PEC measurements.
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Fig. S4. 3. Evolution of the concentration of the unknown liquid product detected by HPLC in

the anodic solution with time in PEC experiments performed at 1.2 V at different temperatures:

25, 40, 60 and 80 °C. Same reaction conditions as in Fig. 4. 4.
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4.5, respectively.
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mL. UV irradiation intensity: 41 mW cm™,
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Fig. S4. 6. Evolution of products concentration in the cell with time in experiments performed
at different temperatures (25-80 °C), under (a-d) thermal catalytic (TC), (e-h) photocatalytic
(PC), (i-1) electrocatalytic (EC) and (m-p) photoelectrocatalytic (PEC) conditions. EC and PEC
at 1.2 V. Catalyst/anode/photoanode: WOs/carbon cloth. Cell voltage: open circuit potential
(TC, PC); 1.2 V (EC, PEC). UV irradiation intensity: 0 mW c¢m? (TC, EC); 41 mW cm™ (PC,
PEC). Initial glycerol concentration in anodic solution: 0.1 M. Initial volume of anodic solution:
30 mL.
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Fig. S4. 7. Evolution of (a) current intensity and (b) liquid products concentration in the cell
with time in EC experiment. Anode: WOs/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth;
Membrane: Nafion 117. Cell temperature: 60 °C. Cell voltage: 1.2 V. Initial glycerol

concentration in anodic solution: 0.1 M. Initial volume of anodic solution: 30 mL.
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Fig. S4. 7. Open circuit potential (OCP) response with time upon light irradiation at 25 and 80

°C. Anode: WOs/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth; Membrane: Nafion 117,

anodic solution: 0.1 M glycerol (30 mL); cathodic solution: water (30 mL). UV light irradiation

pulses: 41 mW cm. These data are associated with those shown in Fig. S4. 7e, h.
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Fig. S4. 9. Total organic carbon (TOC) measured after (a) EC (in the absence of illumination)
and (b) PEC experiments (UV light irradiation pulses: 41 mW cm™) at 1.2 V, including short-
term experiments (6 h) at different temperatures (25-80 °C), and long-term PEC experiment
(27 h) at 80 °C. Anode: WOs/carbon cloth; cathode: Pt (20 wt.%)/C/carbon cloth; Membrane:
Nafion 117; anodic solution: 0.1 M glycerol.
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Conclusions

In this study, we demonstrated, the high performance of WO;-based catalysts for the selective
photo- or photoelectron-catalytic glycerol oxidation towards glyceraldehyde with simultaneous
hydrogen generation.

In part I, by comparing the activity of pure TiO (Anatase, Rutile and P25anatase/rutile) and pure
WOs (prepared by a simple hydrothermal method), we found that: i) TiO> catalysts allow for a
higher overall conversion of glycerol, where the selectivity to glyceraldehyde is hindered by
its further photooxidation, and ii) WOj catalysts exhibit slower kinetics for glycerol oxidation,
but show an outstanding selectivity and yield of glyceraldehyde. While the activity of TiOz is
attributed to electronic effects (better separation of photogenerated charge carriers), the high
glyceraldehyde selectivity of WOs is linked to its enhanced acidity, which selectively activates
C-O bonds in glycerol, and facilitates the desorption of glyceraldehyde (avoiding its further
photooxidation). Hence, a commercial WO3/TiO> material (DTWS) is proven to combine the
best features of both semiconductors, with high levels of glycerol conversion and selectivity to
glyceraldehyde. This study opens therefore a new field dealing with the development of
advanced photocatalytic materials for an advanced valorization of glycerol into high added-
value products.

In part I, we have investigated the photoelectrocatalytic (PEC) performance of a monoclinic
WO; catalyst obtained by a post-calcination method for glycerol valorization to high value-
added chemicals achieving very promising results in terms of dihydroxyacetone (DHA) and,
especially, glyceraldehyde selectivity under ambient conditions and near-neutral pH. With
respect to a previously tested uncalcined WOs catalyst, the one synthesized herein with the
proper oxygen defects (~18%) shows a much higher crystallinity and much better
photogenerated current densities upon light irradiation. This catalyst also shows a wider light
harvesting and a higher and more stable PEC activity for glycerol oxidation, in terms of
generated current density and Cs chemicals production, than a commercial DTWS5 catalyst at
potentials above 0.9 V vs. Ag/AgCl. On both materials, the PEC glycerol oxidation shows to
be triggered by the light irradiation and boosted by the means of an external bias, due to a more
efficient charge carriers (h*/e”) separation, thus hindering their recombination and providing
more holes available for glycerol (and water) oxidation. However, the presence of sub-
stoichiometric WOs.x, which in the case of DTWS5 catalyst is likely limited to the outermost

surface, and the corresponding amount of oxygen vacancies seem to be the key feature of the
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pure tungsten oxide catalyst. The presence of proper oxygen defects probably contributes to
the better light response, charge carrier separation and electrical conductivity. These
characteristics are likely responsible for the better WO3; PEC activity for glycerol oxidation
and also for the water oxidation reaction. Therefore, the selectivity towards Cs; products,
already favoured by the strong acidity of this catalyst, is further upgraded under PEC operation
conditions by the OER influence. This can be explained by the lower availability of strongly
oxidant OH species for the over-oxidation of glycerol or its derived undesired products. For
instance, the commercial WO3/TiO catalyst shows a lower oxygen evolution activity and
much higher formic acid selectivity. Importantly, the proposed monoclinic WO; catalyst
(actually WOz,02) shows a joint selectivity for glyceraldehyde/DHA of 87-95%, among liquid
products, which is nearly stable (potential-independent) in the studied potential window of 0-
1.5 V vs. Ag/AgCl (pH 5.5). Indeed, after carefully disclosing the quantitative liquid products
obtained under purely PC conditions and those hypothetically derived from the assistance of
the external polarization, we found that the additional active holes are employed for the C3
selective production with an efficiency (50-64%) that is stable or even slightly increases with
the applied potential. Thus, the obtained results show the great potential of this defect-
engineered WOs catalyst for the PEC valorization of glycerol, especially taking into account
its wide margin of improvement in terms of overall performance. For example, by enhancing
its morphological and textural characteristics (such as particle size, surface area, and film
thickness) or by using dopants that further improved the band edge positions, higher
photocurrents and product yields could be expected, while maintaining such a high Cs;
selectivity.

In part I1I, a bifunctional photoelectrocatalytic (PEC) cell with a proton-exchange membrane
(PEM) configuration has been applied to the simultaneous glycerol valorization and pure green
hydrogen generation under near-neutral conditions. For this purpose, the WO;3 catalyst with
suitable properties for selective glycerol oxidation to value-added products glyceraldehyde and
DHA has been employed as a photoanode. The PEC performance of the system has been
evaluated under different temperatures and cell voltages, and it has been compared with that
obtained under electrocatalytic (EC), photocatalytic (PC) and thermocatalytic (TC) conditions.
We found that:

-An increase in either the cell voltage or the temperature leads to an enhancement of the
obtained current in the PEC cell and thus the hydrogen generation rate at the cathode. The cell

voltage positively affects the selective glycerol oxidation to C; compounds at the anode, due
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to the enhanced photogenerated charge separation, but in the case of the temperature, its
increase may facilitate the acceleration of charge recombination.

- Under optimum PEC operation conditions, 60 °C and 1.2 V, stable glyceraldehyde and DHA
production rates of 11.1 and 5.2 mmol m? h'! are obtained, respectively, along with the
simultaneous production of 44.0 mmol H, m™ h'!. Under such conditions, the selectivity of
glyceraldehyde+DHA reaches 40% after the operation for 6 h, corresponding with 4.5%
glycerol conversion. The system also proved a remarkable stability even at 80 °C for 27 h.
However, for its practical application at a larger scale, the targeted Cs products should be online
collected from the anode effluent to avoid their recycling and overoxidation.

- In this PEM configuration, the WOs; photoanode shows a much higher EC activity in dark
conditions than other conventional PEC systems reported in literature, which is mostly
attributed to the water electrooxidation activity. In this case, the increase of either the
temperature or the cell voltage specifically favours the EC hydrogen production at the cathode
but hinders the glycerol valorization at the anode. However, at low applied potentials, the EC
glycerol oxidation is significant and can be attributed to the purely TC reactions.

- Under purely PC conditions, the catalyst performs a high selectivity for glyceraldehyde
production with an optimum operating temperature of 40 °C. Thus, while the direct electron
transfer from the anode under EC conditions favours the water electrooxidation reaction, the
holes photogenerated by PC seem to be rather involved in the selective glycerol oxidation
reactions.

The PEC performance is better than the sum of the individual PC and EC performances, which
is likely attributed to a strong synergistic effect found between electro- and photo-catalytic
effects. Thus, PEC proves to be the most promising among the explored technologies studied
for the spatially separated synthesis of hydrogen at the cathodic side and glyceraldehyde/DHA
at the anodic compartment in the bifunctional PEM cell and from the energy efficiency point

of view, given the higher faradaic efficiency values obtained by PEC.
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Appendix

Experimental
1. Material and chemicals
1.1 Organic compounds
Name Chemical formula Source
Glycerol C3Hs03 Sigma-Aldrich
Glyceraldehyde CsHeOs Sigma-Aldrich
Dihydroxyacetone C3HsO3 Sigma-Aldrich
Oxalic acid H2C:204 Sigma-Aldrich
Tartronic acid C3H405 Sigma-Aldrich
Glycolic acid C:H403 Sigma-Aldrich
Glyceric acid C3HsO4 Sigma-Aldrich
Formic acid CH:0: Sigma-Aldrich
Acetic acid CHsCOOH Sigma-Aldrich
Ethanol C>HsOH Carlo Erba Reagents
Isopropanol CsHz02 Carlo Erba Reagents

1.2 Photocatalysts and materials

Several WOs- and TiO»>-based materials were used in this study. First of all, a pure WO3
photocatalyst was prepared by a simple hydrothermal method. Firstly, 0.6 g of WCls was
dissolved in 120 mL of Ethanol solution under constant stirring at room temperature for 10 min.
Then, the obtained solution was transferred to a Teflon-lined stainless-steel autoclave (200 mL)
and kept in an oven for 12 h (180 °C). Finally, after cooling down to room temperature, WO3
powder was withdrawn, washed with Ethanol (3 X 90 mL) and deionized water (3 x 90 mL),
and dried at 80 °C in air overnight. It was used in the first project. A calcined WO; catalyst
used in the second and third projects was obtained by calcining the as-prepared WO; catalyst
at 450 °C for 1 hour in air with a heating rate of 5 °C min-!.

In addition, a series of TiO-based materials were acquired commercially, including Anatase
(HPX-200), Rutile (HPX-400C) and DTWS5 (5 wt% WO3/TiO,), all of them provided by
Tronox®, while P25 (a very well-known heterojunction of anatase/rutile) was supplied by

Evonik®.
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1.3 Elaboration of photoanodes

For the preparation of the photoanode in the second part of the work, the photoanode/working
electrode was prepared by the following process: 20 g L' of the catalyst-isopropanol solution
was sonicated for 10 minutes and dropped on the conductive side of the ITO substrate (20 pLx
3) and dried at room temperature until achieving 1 mg cm™.

For the preparation of the photoanode in the third part of work, a catalyst ink was prepared by
mixing the obtained WOs3 catalyst powder with a 5 wt.% Nafion (Sigma-Aldrich)
perfluorinated resin solution in aliphatic alcohols and water (to reach a WOs:Nafion wt. ratio
of 1:1) and 5 mL isopropanol (HPLC-isocratic grade, Carlo Erba Reagents). Then the ink was
sprayed with an aerograph on a Carbon Cloth (W1S1011, FuelCellStore) electrode-support
with a thickness of 410 pm and an area of 5.3 cm?. The alcohol/water solvent was evaporated
at 80 °C, and the catalyst loading on the Carbon Cloth was controlled by weight measurement,
reaching a value of 3.5 mg cm™.

2. Setups and protocols

The first part of the work was conducted in a homemade Pyrex reactor. A typical
photocatalytic experiment was carried out according to the following protocol: 7.5 mg of the
catalyst were introduced in the reactor containing 30 mL of glycerol (in aqueous solution
concentration of 1.10 mmol L!). The photocatalytic reactions were conducted under ultraviolet
light with a UV lamp (UV-A PL-L, 18 W) which delivers an irradiation intensity of 5.60 mW
cm2. The reactor is open to the air without bubbling. Prior to the photocatalytic reaction, the
suspension was stirred for 30 min in the dark to achieve the adsorption-desorption equilibrium
of glycerol on the surface of catalysts. Every 30 min, a sample (0.5 mL) was taken from the
mixture solution and immediately filtered by a Millipore 0.45 pm (hydrophilic PVDF)
membrane using a plastic syringe. In the case of WOs3, the sampling interval is 2 h and its
photooxidation performance is tested by two parallel experiments owing to its low kinetic.
The second part of the work was carried out in a traditional 3-electrode cell where Ag/AgCl
electrode acts as the reference electrode, Pt wire serves as the counter electrode and ITO glass
coated by catalysts is the working electrode. The electrochemical (EC) and
photoelectrocatalytic (PEC) properties of the catalysts were investigated with an Origalys
OGBOSA electrochemical station (OrigaLys ElectroChem SAS) at room temperature. The
working electrode is DTW5 or WOs3 deposited on a Indium Tin Oxide (ITO) support, with a
geometric area of ca. 1 cm and a catalyst loading of ca. 1 mg cm™. The PEC reactor was filled
with 15 mL of either 0.5 M Na>SO4 solution or the mixed solution of 0.1 M glycerol and 0.5
M Na;SOs4 (pH 5.5). A typical photoelectrocatalytic experiment was carried out according to
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the following protocol: Firstly, 30 min of dark reaction was required to achieve a steady-state.
Then, different external potentials (0.3, 0.6,0.9, 1.2, and 1.5 V vs. Ag/AgCl) were successively
applied for 5 h each. During this process, 0.6 mL of solution was sampled from the
glycerol/Na;SOs solution in dark conditions (at a time denoted as -30 min) and every 1 h during
the PEC experiments. For the evaluation of EC and PC performances, analogous measurements
were carried out without any light irradiation (i.e., only driven by external polarization) and
without any applied potential (i.e., only driven by illumination), respectively.

The third part of the work was taken place in an advanced proton exchange membrane (PEM)
PEC cell in the same Origalys OGBOS5A electrochemical station as above. The synthesized
carbon cloth-supported WOs3 was used as the photoanode, and a commercial carbon cloth-
supported Pt (20% wt.)/C (Fuel Cell Store) with a loading of 0.2 mg-cm™ was used as cathode.
The PEC system was fed either 30 mL of 0.1 M glycerol (or pure water) to the anodic side of
the cell, and fed 30 mL of pure water to the cathodic side. The photoelectrocatalytic
experiments were conducted under different applied cell voltages, between 0.3 and 1.2 V, and
at different temperatures between 25 and 80 °C. Purely PC, EC and TC experiments were also
carried out at different cell temperatures in the absence of either external bias, light irradiation
or both, respectively. Prior to all measurements, the anolyte and catholyte solutions were
flowing through the cell for 30 min under dark and open-circuit conditions, at room
temperature to achieve the adsorption-desorption equilibrium of glycerol on the surface of the
catalyst. Then, the PEC/PC/EC/TC measurements were initiated and, every hour, a sample (0.6
mL) was collected from the anode solution. The reaction time was generally 6 h, except for the
long-term experiment (27 h).

Some details about the PEM PEC cell are described below. The carbon cloth behaves as gas
diffusion layer (GDL) with microporous layer (MPL) and a thickness of 365 um. A NafionTM
117 membrane was used as the PEM with a thickness of 183 pum, which does not only serve as
the solid electrolyte, but also as the separator for the obtained redox products. Prior to
assembly, the membrane was pretreated by successive immersions in 3 different 150 mL-
solutions, 3% wt. H,O», 0.5 M H>SO4 and deionized water, in that order. The membrane
electrode assembly (anodic photoelectrode/PEM/cathodic electrode) was prepared by hot-
pressing under 1 metric ton at 120 °C for 3 min.

The employed (photo)electrochemical cell was adapted from a 5 cm?-commercial
electrochemical cell (Dioxide Materials), by designing and constructing one of the two bipolar
plates, i.e., the anode side, to house a suitable quartz window for the PEC measurements. The

PEC was also modified to introduce heating resistance rods. The MEA was held between two
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Teflon gaskets to ensure the correct sealing of the PEC cell, and it was placed so that the
catalyst on the photoanode faces the cell window (3.8 cm?), while the catalyst on the cathode
faces the membrane. A temperature control system was used, and 30 mL-solutions of 0.1 M
glycerol and pure water (pH 5.5 both) were continuously fed (recycled) by means of a
peristaltic pump (ISMATEC SA, Switzerland) through the anode and cathode sides of the cell
from the respective reservoirs at a flow rate of approximately 3 mL min™! each.

3. Characterization

X-ray diffraction (XRD) was conducted with a Bruker D8 diffractometer using Cu Ka (A=
0.15406 nm) radiation equipped with a 1-D fast multistrip detector (LynxEye, 192 channels on
2.95°) and a Ni filter. Other test conditions included a current of 100 mA, an operating voltage
of 40 kV, a scanning range between 20 = 4-80°and a scan rate of 0.02°/ s. Phase, crystallinity
and average crystallite size identification were carried out using the Diffrac. Eva software
(Bruker) and the ICDD-PDF4+ database. The % crystallinity which means the ratio of
crystalline to non- or nano-crystalline species in a material is evaluated by careful evaluation
of the baseline to peak separation in an extended scan range.

X-ray photoelectron spectra (XPS) were conducted via a Thermo Scientific ESCALAB 250
spectrometer equipped with a monochromatic Al Ka radiation source. C 1s peak at 284.6 eV
was used as a reference to correct the binding energy.

Scanning electron microscopy (SEM) was conducted by FEI-XL30. Each sample was
sprinkled on a conductive tape and sprayed with gold under a 15 kV work voltage. The high-
resolution transmission electron microscopy (HRTEM) was performed on a JEOL-2010
microscope equipped with an EDX detector.

The Brunauer—Emmett—Teller (BET) surface area of the catalysts was measured via nitrogen
adsorption at =196 °C (Micromeritics ASAP 2020). The catalysts were degassed at 160 °C for
3 h under vacuum. The porous volume and the pore size distribution were calculated via the
Barrett-Joyner-Halenda (BJH) method.

UV-vis diffuse reflectance spectroscopy (UV-vis DRS) measurements were conducted using
an AvaSpec-2048 Fiber Optic Spectrometer. Spectra were recorded from 200 to 600 nm using
a 2048 pixel CCD detector array. Barium sulfate (BaSO4) was used as a blank reference.

The electrochemical photocurrent experiments were carried out in a photoelectrochemical
cell (supplied by redox.me ®) with a standard three-electrode or PEM PEC system as described
above. For the first part of the work, 5 mg of the catalyst (as-prepared WO; or commercial
samples) were dispersed in 0.5 mL ethanol. Then, 20 pL of that dispersion were impregnated

over an indium-tin oxide (ITO) substrate, with an active area of ca. 1 cm?, and dried at room
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temperature. Different electrical potentials were applied with a potentiostat-galvanostat
(VoltaLLab PGZ402). For the second and third part of the work, the photocurrent measurements
were conducted at different applied potentials from 0.3 Vto 1.5V vs. Ag/AgCl with 15 seconds
of irradiation interval in the same 3-electrode using the working electrode as described in the
section of setups and protocols. Cyeclic voltammetry (CV) was recorded from 0 to 1.5 V vs.
Ag/AgCl at a scan rate of 20 mV s™! in dark conditions (EC) or with the light irradiation (PEC)
from a LED UV lamp (350 mW c¢m2). For the third part of the work, the transient photocurrent
tests were carried out at different applied cell voltages from 0.3 V to 1.5 V with 15 seconds of
irradiation interval, using a LED UV lamp as the light source (41 mW ¢m2), with an incidence
area of 1 cm?. CV was recorded between 0 and 1.5 V (cell voltages) at a scan rate of 10 mV s
! for 10 cycles under light irradiation.

The Electron Paramagnetic Resonance (EPR) spectra of solids were recorded on a Bruker
EMX micro instrument operating at a frequency of 9.75 GHz. The acquisition parameters were
as follows: the center field: 3480 G, the sweep time: 60 s, the number of points: 4200, the
modulation amplitude: 4 G, the power: 0.6 mW and the field frequency modulation: 100 kHz.
All the measurements were carried out at -173.25 °C to avoid the fast recombination of
electron-hole pairs. Spectra were recorded without illumination and upon illumination with a
solar simulated light radiation. The Raman spectra were recorded on a Jasco NRS-5500 with
an excitation wavelength of 514 nm. The scanned wavenumber range was from 1000 to 100
cm-1 and gathered 25 scans. In the case of DTWS5, an additional Raman spectrum focusing on
the 750-850 cm™ region was performed.

Acid properties of the different samples were determined by using pyridine as a probe
molecule. Pyridine adsorption was followed by Diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS), which were carried out on a Fourier-transform infrared spectroscopy
(FTIR) instrument (Perkin Elmer Frontier) equipped with an environmental chamber (Harrick
HVC-DRM). A resolution of 4 cm™ was used with 125 scans averaged to obtain a spectrum
from 4000 to 400 cm™'. Prior to each experiment, pyridine adsorption was carried out at 100 °C
for 45 min allowing the saturation of the catalyst surface. The physically adsorbed pyridine
was then removed from the surface with an air flow (50 mL-min!). Finally, the IR spectra were
recorded at 100 °C. Bands at 1448 and 1537 cm™! (corresponding to Lewis and Bronsted acid
sites, respectively) were integrated and acidity was determined using the corresponding molar

extinction coefficients.
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4. Sample analysis

The concentrations of glycerol and derivate products were analysed by a Shimadzu SPD-M20A
prominence ultrafast high-performance liquid chromatography (HPLC) assembled with a
Transgenomic ICSep ICE-COREGEL-87H3 organic acid column. The mobile phase is 5 mmol
L' of HoSO4 and its flow rate is 0.7 mL min™'. The temperature of the oven is 30 °C. The
products of glycerol oxidation could be determined by the ultraviolet detector at the wavelength
of 210 nm except from glyceric acid which is identified at 240 nm and DHA which could be
identified at 270 nm. Glycerol could be analyzed by the refractive index detector (RID).

In the first part of the work, the Glycerol conversion (in %) was calculated according to

equation (1):

_ c -C
Glycerol conversion (%) = (-2gceroltelyeeroly s 100 (1)
Co glycerol

where Co giyeeror and C giyeeror Stand for the initial and real-time concentrations of glycerol,
respectively.

The Yield (in %) of every product was calculated according to equation (2):

Yield (%) = (=2%"%) x 100 X n )

C
Co glycerol

where C; prodauc: Stands for the real-time concentration of the product and # is the ratio of the

carbon number present in the product divided by the number of carbon present in the glycerol.

The Selectivity (in %) of every product was calculated according to equation (3):

Selectivity (%) = (——Prdct 3 %100 x n 3)

Co glycerol‘ct glycerol

where all the parameters were already defined in equations (1) and (2).

In the second and the third part of the work, due to the less volume of glycerol solution (15 mL
or 30 mL) than that in the first part of the work (100 mL), glycerol conversion, yield and
selectivity were calculated based on the following formula.

The Glycerol conversion (in %) at a given time was calculated according to equation (4):

VoxCo glycerol-Nt glycerol
Blycerol Teglycerol ¢ 1) )
VoxCo glycerol

Glycerol conversion (%) =

Where Vo (in L) and Cogiycerol (in mM) stand for the initial electrolytic solution volume and
glycerol concentration, respectively, and Nigiycerol 1S the unreacted amount of glycerol at a given
time, t.

The Yield (in %) and the Selectivity (in %) of every product were calculated at a given time, t,

according to equations (5) and (6), respectively:

Yield (%) = N x 100 (5)

VoxCp glycerolei

214



N¢ i

Selectivity (%) = x 100 (6)

(VoxCy glycerol"Nt glyceroD)Xfj
where f; is the stoichiometric factor of the product i with respect to glycerol (i.e., according to
reactions (1-5) as shown below).

The concentrations of total organic carbon (TOC) of the solutions before and after the
photocatalytic tests on different materials were measured using a Shimadzu TOC-VCPN
analyzer equipped with an auto-sampler.

5. Faradaic efficiency (FE)

According to the liquid products detected, the photo- (or electro-)catalytic reactions (1-5) were
assumed to take place on the WOj catalyst surface, by considering the transfer of either holes
left in the valence band (h*vg) upon illumination (under PEC or PC operation conditions) or

electrons (e”, under EC conditions).

C3HgO3 + 2h{(-2e”) > 2H* + C3H¢0; (glyceraldehyde/DHA) (1)
C3HgO03 + 2H,0 + 8h{(-8e’) » 8H*+ C3H, 05 (tartronic acid) (2)
2C3HgO5 + 3H,0 + 10hy{(-10e”) - 10H*+ 3C,H,05 (glycolic acid) (3)
2C3HgO5 + 6H,0 + 22h{g(-22€7) - 22H* + 3C,H,0, (oxalic acid) 4)
C3HgO03 + 3H,0 + 8h{(-8¢’) » 8H* + 3CH,0, (formic acid) (5)

The total amount (V;;, in mmol) of unreacted glycerol and each produced chemical, i, at a given
time (i.e., sampling time), ¢, was calculated from the concentration values quantified by HPLC,
according to equation (7):

Npi = Ve X Ci + Vo X X2 Gy (7)
where V; (in L) and C;; (in mM) are the solution volume and the concentration of the chemical
i in the cell, respectively, at the time ¢, V is the sample volume (i.e., 6 x 10* L) and, thus, the
term [Vg X N Ci;] stands for the accumulated amount of product or unreacted glycerol
collected in previous samplings.

Then, the faradaic efficiency of each target product, FE (in %) was calculated through equation
(8).

FE = l’:— x 100 (8)

Where N; and N. (in mmol) stand, respectively, for the number of electrons/holes that would
be transferred for the EC/PEC production of the quantified amounts of product i, and those
electrochemically transferred according to the measured electric charge, Q (in C), which can
be calculated, at a given time, through equations (9) and (10):

Nj = ne; X Ny 9)
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N, = % x 1000 = X 3600 (10)

Where ne; is the number of mol of electrons/holes theoretically transferred for the production
of each mol of target product i (i.e., according to reactions (1-5)), F is the Faraday constant
(96485 C molc.!) and I (in mA) is the current obtained at a given time, t (in h).

Due to the electrocatalytic performance of glycerol oxidation being negligible, to better
discriminate the contribution of pure PC from the overall PEC performance, the faradaic
efficiencies have also been calculated after subtracting to the quantified chemicals production
from the PEC tests, that from the corresponding purely PC measurement. In this way, the
modified parameters, FE*, stands for the chemicals production hypothetically only derived
from the additional effect of the external polarization.

For more details, please refer to the section on experimental in chapters 2-4.
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