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Preface

One of the main motivations of science is to understand nature. Research is the tool
to gain knowledge about its underlying principles, from the forces exerted by black
holes to the puzzling properties of subatomic particles. In between, the arguably
more fascinating and marvelous phenomenon we witness is the existence of life.
Primarily, life on Earth is possible thanks to the astonishingly sophisticated machin-
ery of natural photosynthesis, whereby sunlight photons are absorbed by a complex
biochemical system in the thylakoids of chloroplasts, and their energy is effectively
converted to chemical energy via an intricate bioelectrochemical process. The prod-
ucts of photosynthesis then serve as food, structural materials, and energy sources
for a plethora of dependent species, including us human beings. The most striking
beauty of natural photosynthesis lies in the fact that it takes place effectively, silently,
mildly, selectively, and spontaneously, simply as the right structures are exposed to
sunlight.

Strictly speaking, most forms of energy used by mankind today have their ori-
gins in sunlight. This includes fossil fuels, but they were generated, accumulated,
and preserved by chance in limited amounts that will not last for too long at the
pace we use them currently. Fuels are substances with a high density of chemical
energy that can be transported and used as required. Therefore, mimicking nature
with the aim to store solar energy into a fuel by a direct, convenient, straightforward
and efficient fashion represents a fantastic solution to replace fossil, finite energy
resources. This strategy is known as artificial photosynthesis. Giovanni Ciamician,
a pioneer in the art of photocatalysis, at the beginning of the twentieth century, sug-
gested that mastering photochemistry would enable the generation of solar fuels,
among which hydrogen from water may hold a prevalent position. Today, we are
starting to appreciate this as a perfectly suited approach to implement a sustainable
energy scheme for future generations.

It is highly comforting to verify that the use of solar photocatalysis has greatly
advanced in recent times, thanks to the efforts of many research teams worldwide.
In particular, the relatively elementary hydrogen molecule, which despite its small
size, carries a large amount of energy, can be formed by photocatalysis from water
resources and only under the action of sunlight, by a range of diverse processes.
This book aims at compiling the wealth of scientific knowledge on photocatalytic
hydrogen production, ponder on the current status of the related technologies, and

Xi



xii

Preface

foster further research. As the reader will note throughout its pages, the field of pho-
tocatalysis and its application in the context of sustainable energy is burgeoning.
Year after year, smarter materials able to utilize wider portions of the solar spectrum
at higher efficiencies are being discovered and reported. Hydrogen production by
solar photocatalysis, which is enticing due to its simplicity regarding practical and
technical aspects, is becoming more and more competitive. However, there is still a
long way to go before this will become a reality. Energy security and threats to the
environment require rapid action, and most likely solar photocatalytic hydrogen will
not solve all issues on time, but it is not anymore unreasonable to take it seriously
as one of the possible solutions.

Thanks to the renowned experts in the field that have contributed to this book,
the reader holds a rich and valuable source of information, not only for the scientific
research community, but for anyone interested in the fields of solar energy, hydro-
gen, environmental technologies, and water sciences. Prof. Ohtani and co-workers
are gratefully acknowledged for explaining the basic principles of photocatalysis in
an accessible and concise way. The chapter by Prof. Bahnemann’s team thoroughly
dissects the mechanistic pathways making photocatalytic hydrogen production
possible. In addition to an overview on overall water splitting by myself, Prof. Farras
and coworkers describe the complementary photoelectrochemical approach,
whereas Prof. Idriss’s chapter focuses on the adoption of photovoltaic materials
to obtain hydrogen from water. Dr. Albero and Prof. Garcia have reviewed the
development of disruptive metal-organic frameworks for hydrogen production,
providing a fantastic example of the ample room for advancements in materials
science. Prof. Fornasiero and co-workers draw our attention to the fruitful and
rather unexplored field of photocatalytic organic synthesis, entailing hydrogen
production. Regarding renewable feedstocks, Prof. Lee, Prof. Leem, and co-workers
produced a comprehensive account on hydrogen from biomass. In a similar realm,
the chapter by Prof. Kozlova’s team reviews the use of sulfide photocatalysts with
visible light activity. One particularly relevant photocatalytic hydrogen production
process entails the use of wastewaters as a feedstock, as summarized and discussed
in a sensibly analytical fashion by Prof. Contreras and Dr. Toledo Camacho. Finally,
the outstanding experience of Prof. Malato and co-workers on solar plants is
reflected in their chapter, providing a motivating perspective about the scale-up of
photoreactors for the eventual mass production of solar hydrogen. The profession-
ality and expertise of all authors is the cornerstone that makes this book a unique
and authoritative reference. My most sincere gratitude goes to all of them.

Tarragona (Spain) Alberto Puga
27 October 2022
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Photocatalytic Hydrogen Production in the Context
of Sustainable Energy
Alberto Puga

Universitat Rovira i Virgili (URV), Department of Chemical Engineering, Av. Paisos Catalans 26,
43007 Tarragona, Spain

1.1 The Transition to Sustainable Energy

1.1.1 Trends in Primary Energy Production

The production of energy has not ceased to increase during the last two centuries [1].
This fact is rooted in the Industrial Revolution since the machinery representing its
very heart was (and still is) powered by the exploitation of massive amounts of fossil
carbon resources [2]. One key consequence of the industrial economy has been the
improvement of living conditions, which, in turn, has resulted in sustained popu-
lation growth worldwide. A greater population then needs more energy, leading to
ever-increasing energy production. Therefore, it is not surprising that the general
trend is still clearly upward for the last few decades (Figure 1.1).

Despite transient declines due to contingencies such as the credit crunch of
2007-2008 or the coronavirus pandemic in 2020, this steady and relentless incre-
ment in energy demand experienced in recent times is expected to continue for
several more decades, in parallel to global demography. This is because world
population growth might not reach a plateau until the end of this century, even if
natural increase rates are slowing down. Although energy use is extraordinarily
unequal across the planet, the overall current trend is also one of increasing energy
demand in relative terms, that is, each generation consumes more energy per person
than the previous one. In terms of sustainability, and considering that an excess of
energy use above a certain threshold does not lead to improved living standards, an
optimal and reasonable average annual per capita energy consumption at 2.8 tons
of oil equivalent (toe) has been advocated [4]. Along these lines, global energy
production would have to almost double up to almost 3 x 10° TWh in 2050. It is
apparent that coping with demand from our near-future energy-hungry societies
will represent a gigantic challenge. Therefore, energy security will also require
judicious consumption and smart and efficient production, distribution, and use
systems [5].

Photocatalytic Hydrogen Production for Sustainable Energy, First Edition. Edited by Alberto Puga.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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Figure 1.1 Global primary energy supply by source since 1965. Traditional biomass
represents raw or gently processed solid fuels such as wood, peat, or charcoal. Modern
biofuels include biomass-derived liquid fuels such as biodiesel or bioethanol. Source:
OurWorldInData.org/energy, based on data from Refs. [1, 3]; Creative Commons 2022 Our
World In Data.

Regarding the shares of different sources in our energy mix, it is striking to note
that little has changed in the last half century besides the surge of nuclear power and
the rather modest development of renewables. In fact, fossil fuels represented almost
80% of all primary energy supply in 2019 (Figure 1.1). This situation is evolving along
a decarbonization pathway owing to the formidable improvement of solar and wind
energy technologies, which are becoming cost-competitive at a rapid pace, motivated
by the depletion of fossil fuels and the dreadful negative effects of CO, emissions on
the global climate (see following sections). However, it is naive to assume that the
enormous amounts of fossil fuel in use today (see Figure 1.1) will be easily replaced
with renewables.

1.1.2 Fossil Reserves

The depletion of reserves of carbon-based fossil fuels, chiefly natural gas, crude oil,
and coal, is proceeding at a rapid pace due to our obstinate dependence on them.
Proponents of persisting on their mass extraction and exploitation argue that tech-
nological advances are constantly enabling new discoveries. Therefore, the so-called
proven reserves —i.e. those accessible with current technologies — have been increas-
ing, being hitherto able to meet demand in a satisfactory fashion. It should be noted,
though, that most of the newly discovered oil and gas fields are nonconventional
and/or extremely difficult to reach, such as extra heavy crude, tar sands, shale oil
and gas, or deep offshore fields.

The data in Table 1.1 establish a comparison of reserves and consumption data.
Proven reserves in present times are significant, but somewhat lower than total
reserves by the end of last century. These numbers must be taken with care due
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Table 1.1 Comparison of total reserves, proven reserves, and consumption of fossil fuels.

Amounts of fossil fuels/Gt(C)

Total Proved reserves 1965-2020 Reserves-to-
reserves? in 2020 Consumption® production ratio®yy
Gas 140 96 60 49
0il 230 208 155 54
Coal 3510 752 162 139

a) According to geological inventories performed in the late twentieth century [6].
b) According to the BP Statistical Review of World Energy [3].

to the uncertainty in their estimation methods, but it is important to note that
most of the existing oil and gas (coal is an exception) can be accessed using current
means. What is even more relevant is assessing how much of the fossil fuel reserves
have been already used and how much is still left. Only during the last 55years, a
significant proportion of all initially available crude oil and natural gas has been
used by humanity (e.g. 155 and 60 Gt(C) equivalent, respectively, as compared
to 208 and 96 Gt(C) in predicted reserves as of 2020, see Table 1.1). It should be
emphasized that proven reserves are expected to be progressively more challenging
for future extraction, and hence, less efficient and more expensive. Another matter
of concern is their concentration in certain areas of the planet, creating dramatic
geopolitical tensions and conflicts for the control of production [7, 8].

Data in Table 1.1 clearly reveal that almost half of our underground battery of
stored fossil oil and gas energy is already gone, and for obvious reasons, it will not be
replenished to any practically meaningful extent on a human timescale. An unavoid-
able question follows: how long can we still rely on fossil fuels? One straightfor-
ward way to calculate this is the reserves-to-production ratio based on current data,
which points to only another half century until total depletion of oil and gas (54 and
49 years, respectively, Table 1.1), and somewhat longer for coal. Future events may of
course alter such projections, but based on all the above data, it would not be surpris-
ing if production of fossil fuels will stop being able to cope with world energy demand
at some not-so-distant point, probably within the next couple of generations.

1.1.3 Carbon Dioxide Emissions and Global Warming

The finite nature of fossil fuels should be a strong enough argument in itself to seri-
ously and strategically plan our economies ahead of their inaccessibility or depletion.
In addition to that, their mass consumption is noticeably affecting global carbon
cycles, especially with regard to emissions, and consequent atmospheric accumula-
tion, of carbon dioxide [6, 9]. As illustrated in Figure 1.2, anthropogenic emissions
pump more CO, into the atmosphere than nature is able to fixate into biomass or to
store into oceans (9 Gt(C) emitted, vs. 3 and 2 Gt(C) used by plants and algae to grow
or absorbed by oceans, respectively, Figure 1.2).
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Figure 1.2 Global carbon inventories and flows on Earth, showing natural carbon cycle
events and the influence of human activities. Source: P, Miiller [9]/with permission of Royal
Society of Chemistry.

Among the effects of CO, accumulation in the atmosphere, global warming is
the most threatening and worrisome. The correlation of average temperatures with
atmospheric CO, levels has been established even in a pre-industrial time frame
with little influence from human activities, confirming its greenhouse effect [10].
Moreover, the extraordinary buildup of carbon dioxide in the Earth’s atmosphere
from burning fossil fuels in recent times is now completely out of doubt [6, 11].
The extent to which this will affect global climate is a matter of intense debate,
but many different models predict a dangerous rise in temperatures, probably lead-
ing to other uncharted consequences such as extreme weather events.

1.1.4 Strategic Low-carbon Goals and Energy Sustainability

Both eventual shortages of fossil fuels and global warming due to the greenhouse
effect of anthropogenically emitted CO, will sooner or later force humankind to a
determined decarbonization. The sustainability of future energy schemes will thus
largely depend on a successful transition from the current overexploitation of fos-
sil fuels to the efficient and judicious use of renewable energy sources. Developing
low-carbon, circular-carbon, or carbon-free energy sources are in principle valid
options to strive on this ambitious goal.

The European Union has committed to become completely carbon-neutral,
that is, to reduce its CO, emissions to net-zero, by 2050 [12]. In this context, the
International Energy Agency has set out a comprehensive scrutiny of a range of
technological options to effectively transition to decarbonized energy schemes
within the same time span, emphasizing on the convenience of solar and wind
electricity generation as key tools [13]. It should not be forgotten that containment
of energy use to judicious per-capita amounts will be also crucial to achieve any
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sustainability goals, albeit equality should also be ensured in fairness toward
currently less favored communities, which require improvement of their living
standards, as stressed in the United Nations’ Sustainable Development Goals [14].

During such a challenging journey, the prevalence of natural gas over crude oil and
coal as a low-carbon - yet still fossil - fuel and a renewed focus on nuclear power as
an emissions-free way to produce electricity are also emerging as temporary means
to maintain CO, emissions as low as possible.

Whatever the route chosen, a significant portion of energy demand that is cur-
rently met by fossil fuels will most likely require a shift toward electrification sys-
tems. This is a grand challenge considering that this amounts to more than 80% of
global energy supply (Figure 1.1). Sectors such as transportation, especially by air
and waterborne means, are extremely difficult to electrify. A more realistic option
in this regard would be the use of nonfossil, low-carbon, storable chemical fuels of
sustainable origin, among which, hydrogen is expected to play a major role.

1.2 Hydrogen as Renewable Energy Carrier

1.2.1 The Colors of Hydrogen: Toward Clean Hydrogen

Hydrogen is regarded as a versatile and potentially cost-competitive energy carrier,
which may complement and even replace electrical grids and batteries for a number
of final applications, especially in heavy industry and transportation sectors [15].
Not surprisingly, both public institutions and private corporations (alone or allied)
are turning their efforts to consolidate hydrogen development projects. For example,
the European Green Deal decidedly relies on decarbonization via its Hydrogen
Strategy [16].

Most hydrogen currently produced is derived from fossil resources (ca. 95%),
whereas some is obtained by electrolysis, historically as a by-product of the
chlor-alkali process (ca. 5%) [7, 17]. This situation is rapidly evolving with the
advent of a myriad of new green hydrogen projects. But what do we mean by green
hydrogen? This term encompasses a set of technologies based on the production
of hydrogen using renewable energy sources and involving zero-carbon or at least
low-carbon emissions [15]. By contrast, hydrogen from fossil fuels has been given
other color codes depending on its source and production process (Figure 1.3),
such as:

- black hydrogen: from coal gasification,
- gray hydrogen: from natural gas reforming, or
- blue hydrogen: from natural gas reforming with carbon capture and storage.

Not further commented herein, other color codes have been proposed:

- brown hydrogen: by the gasification of lignite or other low-quality coal feedstocks,

- turquoise hydrogen: by thermal methane splitting (solid carbon as a by-product
instead of CO,),

- pink hydrogen: by water electrolysis using nuclear power, or

- yellow hydrogen: by water electrolysis using grid energy.
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Figure 1.3 Comparative diagram summarizing different hydrogen production technologies
according to the sustainability of the processes, defined by the H, color codes.
Sustainability increases from left to right. The feedstocks used as hydrogen precursors
range from fossil to waste, biomass, and ultimately pure water, representing the paradigm
of green hydrogen. Costs of hydrogen have been collected from Refs. [15, 18-22]; asterisks
indicate estimates based on techno-economic assessments.

Genuinely, green hydrogen refers to hydrogen that is produced by water electrol-
ysis using renewable electricity, chiefly derived from solar or wind energy. Other
renewable hydrogen production processes have not been unambiguously catego-
rized. It is herein proposed (see Figure 1.3) to code them as follows:

- forest green hydrogen: from biomass gasification,

- camouflage green hydrogen: from the gasification of solid waste (e.g. mixed
plastic, unrecyclable fraction of municipal solid waste, food waste, or dried
sludge),

- pond green hydrogen: produced by the photoreforming of wastewaters, and

- aquamarine hydrogen: produced by photocatalytic water splitting.

1.2.2 Costs of Hydrogen Production

Prices of green hydrogen are in the range of €3-7/kg(H,) in most common cases,
whereas hydrogen from fossil fuels is still somewhat cheaper, with levelized costs
as low as ca. €0.8-1.5/kg(H,) for production by steam reforming of natural gas, and
less than €2/kg(H,) for coal gasification (Figure 1.3). So-called blue hydrogen, that s,
produced by steam reforming of natural gas coupled with carbon dioxide capture and
sequestration, is around or slightly above €2/kg(H,) [15]. It is convenient to remark
here that, as global prices of fossil fuel raw energy materials are sharply rising as this
book is being written, the estimated costs of black, gray, and blue hydrogen listed in
Figure 1.3 are also expected to increase significantly. This might well be a transient
situation due to tensions in the geopolitical arena and, consequently, in the fossil
fuel market, but the unavoidable scarcity of natural gas, crude oil, and coal in the
mid-term future will most likely drive nonrenewable hydrogen costs to permanently
uncompetitive levels.

Current green hydrogen costs are rapidly approaching an acceptable target
for competitiveness as compared to processes fed with fossil fuels. With the
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formidable development in and deployment of solar photovoltaics and wind
turbines, renewable electricity is becoming cheaper than that obtained by power
plants based on the combustion of fossil fuels. Moreover, continued electrolysis
scale-up and optimization are bringing green hydrogen production costs down at
an unprecedented pace. In favorable situations, renewable hydrogen can be even
below €1.5/kg(H,) [15]. This represents a change of paradigm toward green energy
being more affordable than that produced from fossil fuels. Photocatalytic water
splitting, whereby direct conversion of solar energy into hydrogen takes place,
might represent a breakthrough in sustainable energy schemes given its simplicity.
The technology is still immature, and efficiencies are rather low. For a typical
solar-to-hydrogen efficiency at 0.75%, photocatalytic hydrogen would be expensive
using state-of-the-art materials and reactors (€17/kg(H,) [22]), but projections
indicate encouraging reductions in costs if performance and durability issues can be
overcome, especially in the case of photoelectrochemical approaches (Figure 1.3).

In an intermediate category of hydrogen production processes between fossil-
and water-derived, a series of alternative emergent approaches can be considered.
The most relevant examples are the gasification of either biomass or solid waste;
some initiatives have achieved commercialization of such technologies. The
reforming of organic matter, entailing its conversion into hydrogen and carbon
dioxide under anaerobic conditions, is a milder catalytic route enabling energy
recovery. Interestingly, the process can be activated by light in the presence of
photocatalysts, as further commented below (Section 1.3.3). These waste valoriza-
tion, circular-carbon, processes can result in remarkably competitive hydrogen
production (below €3/kg(H,), see Figure 1.3).

1.2.3 Solar Fuels and Synthetic Fuels

The production of solar hydrogen is a milestone of renewable green energy since
it unifies the harnessing of solar light as a primary energy source and the use of a,
theoretically, carbon-free fuel. Not only these sustainability credentials, but also the
fact that the relentless reduction in photovoltaic electricity generation costs encour-
ages investment, are resulting in a burgeoning wave of solar green hydrogen projects.
Therefore, the production of hydrogen by photovoltaics-electrolysis represents a per-
fect embodiment of solar fuel technologies.

Photocatalysis offers the advantage of using and/or converting solar irradiation
for the production of hydrogen in one step, that is, without the requirement of
firstly generating electricity and transporting it to an electrochemical device.
Unfortunately, overall efficiencies are still lower for photocatalytic hydrogen
production than for the two-step photovoltaics—electrolysis process [22]. Hybrid
photoelectrochemical systems are at a more advanced technology readiness level
than purely photocatalytic counterparts, although engineering complexity and
durability are still hurdles to overcome for their consolidation [23].

Other renewable solar fuel technologies are being investigated and on occasions
tested on pilot plant demonstration levels. The most relevant examples are summa-
rized herein. Thermosolar catalysis can be applied to water splitting and a range of
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other processes leading to solar fuels [22, 24]. Carbon dioxide reduction is a truly
sustainable option if performed from the artificial photosynthesis perspective [25].
The solar conversion of waste into fuels is an emerging field of research offer-
ing interesting energetic valorization and circular-carbon opportunities [26].
Finally, and obviously based on or inspired by natural photosynthesis, a myriad of
sunlight-powered photobiological processes can be designed to produce fuels [22].
Not all these processes involve carbon-free hydrogen production, but most are
aligned with a circular-carbon economy.

Green hydrogen is undeniably the cornerstone of decarbonization strategies.
However, carbon-based solar fuels may also hold a prevalent position in future
energy schemes. Circular-carbon strategies such as the capture and conversion of
CO, into fuels, or waste-to-fuels valorization, will be useful to achieve sustainability
goals. Moreover, the use of green hydrogen for the production of synthetic fuels
and chemicals (e.g. methane, methanol, liquid hydrocarbon fuels, olefins, or
ammonia) is gaining ground with the advent of affordable renewable energy. The
hydrogenation of CO, is reminiscent of Fischer-Tropsch processes and readily
leads to recycled carbon substances that can be stored more easily than hydrogen
itself [27-29]. For example, synthetic methane or methanol produced via this
route can thus be directly distributed by existing infrastructure such as pipelines
and tankers, and eventually utilized by chemical sites, other industries, or even
households [30].

1.3 The Opportunity for Photocatalytic Hydrogen

Hydrogen production by photocatalysis was completely unknown 50years ago.
Today, research activity in this area is burgeoning, as evidenced by an exponential
growth in the number of publications year-over-year [22]. This has been motivated
by the frantically and eagerly pursued goal of achieving the direct conversion
of solar energy into a chemical fuel using only water as the feedstock, that is,
overall water splitting [8, 31]. Hundreds, if not thousands, of new materials have
been synthesized and tested for such a purpose. Remarkably high photocatalytic
hydrogen production efficiencies have been attained for many different systems,
yet most often using reducible substances as electron donors, thus impairing the
elusive oxidation half-reaction to generate O, as the by-product. Conversely, overall
photocatalytic water splitting represents a grand challenge requiring sophisticated
materials and engineering design and/or activation by highly energetic photons
(mostly in the UV frequencies), which represent a relatively small fraction of solar
radiation energy. In view of this, the scientific community is striving to advance
on two fronts: one is to more decidedly investigate the feasibility of photocatalytic
hydrogen from water (aquamarine hydrogen, as defined herein, see Figure 1.3), and
the other to re-invent and re-define advantageous processes that produce hydrogen
from different feedstocks using light. The following subsections briefly introduce
such approaches, whereas the different chapters in this book delve into specific
examples on different areas.
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1.3.1 Photoelectrocatalytic Water Splitting

The electrolysis of aqueous solutions has been known and practiced widely, mostly
for the production of chlorine and caustic soda, since the end of the eighteenth
century [32]. A renaissance in electrolysis technologies is currently taking place
in the context of green hydrogen generation from pure water (see Section 1.2.1
above). The use of light to assist the electrolytic dissociation of water was firstly
discovered by Fujishima and Honda in the early 1970s, who succeeded in producing
O, from TiO, photoelectrodes under UV-visible irradiation at potentials remarkably
less positive (i.e. milder) than the standard potential [33]. Figure 1.4 shows the
original diagram of the photoelectrochemical cell designed, showing how a typical
electrolysis cell was adapted for irradiation of the photoanode through a suitably
transparent window, whereas the rest of the design was essentially unchanged.
This pioneering discovery marked the start of a formidably active field of research
based on the promoting effect of light (and electricity) for hydrogen production via
photo(electro)catalytic processes using mostly inorganic active catalytic materials.

Multiple variations of the photoelectrochemical cell shown in Figure 1.4, on
occasions entailing a high degree of sophistication, have been reported [22]. The
use of double light-activation (i.e. photocathode-photoanode systems) may lead to
effective unassisted photoelectrochemical water splitting, and this has encouraged
intense investigation. A detailed account of such systems is presented in Chapters 5
and 6 of this book.

A breakthrough in photoelectrochemical systems is the integration of photo-
voltaic materials with electrocatalysts [23]. The former absorb light and enable
separation of photogenerated charge carriers, whereas the latter provide kinetically
feasible pathways for charge transfer to water and the subsequent hydrogen and
oxygen evolutions. Integration of multijunction photovoltaics in photoanodes and
electrical connection to cathodes has generally led to superior activities, although
other combinations are also possible. Moreover, electrodes can be connected either

Figure 1.4 Scheme of the cell in the original article by Fujishima and Honda reporting the
first photoelectrochemical process for overall water splitting. Irradiation of a TiO,
photoanode (1) facilitated oxygen gas evolution, whereas a platinum black cathode (2) was
used for hydrogen evolution in the dark; a compartment separator (3) was used for ionic
transport; and an electrical circuit (4, 5) allowed electron transport from photoanode to
cathode. Source: Fujishima A, Honda K. [33]/with permission of Nature Publishing Group.
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Figure 1.5 Left: Diagram of a wireless photoelectrochemical cell constructed by a
back-to-back assembly of a triple junction amorphous silicon photovoltaic membrane as
the light-absorbing material, and cobalt-based oxygen evolution and Ni-Mo-Zn hydrogen
evolution catalysts (OEC and HEC, respectively). The OEC and HEC are inspired by
photosystem Il and photosystem | structures, respectively, found in natural photosynthetic
organisms. Right: An aspect of an artificial leaf based on the wireless photoelectrochemical
design. Source: Nocera DG. [34]/with permission of American Chemical Society.
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externally (wired configuration) or in an integrated fashion (wireless configura-
tion) [23]. A notable example of the wireless design is the artificial leaf developed
by Nocera and co-workers, whereby triple junction amorphous silicon semicon-
ductors were interfaced with appropriate Earth-abundant electrocatalysts, namely,
a self-healing cobalt-based oxygen evolution catalyst and a Ni-Mo-Zn hydrogen
evolution catalyst [34, 35]. The wireless photoelectrochemical cell design and an
artificial leaf based on such a concept are shown in Figure 1.5. Importantly, these
photoelectrocatalytic leaves split water with no electrical energy input or circuit,
and can be considered closer to photocatalytic systems in practical terms.

1.3.2 Photocatalytic Water Splitting

The photocatalytic approach is presumably a distinct possibility to harness solar irra-
diation by directly using it to activate chemical reactions. On the other hand, overall
water splitting is a convenient and clean way to store energy in a chemical fashion.
For these reasons, photocatalytic water splitting is fiercely sought after as a sustain-
able and clean pathway to store solar energy [36-38]. The downside of this approach
is that combining all efficiency requirements in a single photocatalytic material is
an elusive goal [39].

The simplest possible photocatalyst configuration consists of a particulate semi-
conductor furnished with redox active sites for hydrogen and oxygen evolution,
most commonly as deposited co-catalysts (see Figure 1.6). A clear limitation to
this is related to energy levels and thermodynamics, since valence and conduction
bands should lie more positive and more negative than the O,/H,0 and H,0O/H,
redox potentials, respectively. Moreover, overpotentials are generally required for
efficiency, and hence, photon energy must be higher than that of the free energy
change for water splitting plus those additional potentials. In practice, the band gaps
of photocatalysts tend to be large (>3 eV), thus limiting the portion of the usable
solar spectrum mostly to the UV region. An alternative solution is the combination
of two semiconductors in a Z-scheme configuration inspired by the biochemical
machinery of photosynthetic organisms [40]. One of the semiconductors may have
lower-lying energy levels than the other, so that they are appropriately aligned with
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Figure 1.6 Representation of single semiconductor (left) and double-semiconductor
Z-scheme (right) designs for overall water splitting photocatalysts incorporating dedicated
co-catalysts for H, and O, evolution. Reproduced with permission from Ref. [22]; Creative
Commons 2022 American Chemical Society.

oxygen and hydrogen evolution redox potentials, respectively, and the band gaps
may be smaller, in theory enhancing visible light activation.

Excellence in photocatalytic materials has led to impressive progress in water
splitting for both single particle and Z-scheme designs [41]. Record-breaking
solar-to-hydrogen efficiencies exceeding 1% are being reported in recent years [22],
motivating further research and development to improve performances. This is still
far away from the arbitrary 10% solar-to-hydrogen energy conversion target for cost
competitiveness [18], but a more reasonable medium-term goal at 5% might not be
so distant provided new disruptive knowledge on photocatalytic materials and cost
reductions upon scale-up can be attained.

1.3.3 Photocatalytic Hydrogen from Various Feedstocks by
Photoreforming

Beyond overall water splitting, other substrates can be transformed by photocatalysis
to generate hydrogen and other products. A recurring example is that of aqueous
halides, which can be also split into elemental hydrogen and halogen, the latter being
also a valuable commodity [42-44]. This is the case for chlorine and hypochlorite
typically produced by the electrolytic chlor-alkali process, as mentioned above (see
Sections 1.2.1 and 1.3.1).

In addition to halogens, nitrogen compounds are relevant since they are ubig-
uitous in water effluents from domestic, agricultural, and farming activities.
Photocatalytic decomposition of urea or even urine [45-47], ammonia [48], and
ultimately amino acids, proteins, or their metabolites [46] has been explored, also
aiming at selective transformation into elemental nitrogen and hydrogen gases.
Importantly, the reverse reduction of N, to NH, has also been observed [46, 49, 50].
Reduced sulfur species such as sulfides can be also used as substrates for the photo-
catalytic production of hydrogen [26]. Recovery of solid elemental sulfur has been
proposed as a convenient way to deal with waste streams containing sulfide [51].

Needless to say, employing alternatives to water (maybe more correctly, additional
substrates) as the electron donors in the overall redox reaction must be the result
of a sensible choice leading to advantageous outcomes. However, many reports on
photocatalytic production of hydrogen have relied on the use of sacrificial electron
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donors to accelerate hydrogen production rates (otherwise limited by the gener-
ally sluggish kinetics of O, evolution) without caring about their fate or recyclabil-
ity [52]. Examples include sulfides/sulfites and a range of model organic substances
such as alcohols or saccharides, most of which are too valuable per se to justify
their conversion into hydrogen. Notwithstanding this, if they constitute low-value
streams of challenging valorization, transformation into hydrogen might be a prof-
itable approach.

The photocatalytic production of hydrogen from organic substances under
anaerobic conditions can be categorized into the so-called photoreforming pro-
cesses [53, 54]. Ultimately, the organic carbon may be mineralized into CO,.
Oxidation of most organics is both thermodynamically and kinetically more
favorable and straightforward than oxygen evolution from water. Early discoveries
in this field using semiconductor photocatalysts were reported by Kawai, Sakata,
and coworkers from the late 1970s onward. They succeeded in generating hydrogen
from aqueous solutions of a range of organic compounds, and most surprisingly,
also from insoluble lipids or organic solids such as fats, carbon, cellulose, synthetic
polymers, algae, plants, and insects [46, 55, 56]. Photocatalysis appeared to be a
powerful tool to generate hydrogen from recalcitrant organic matter of diverse
origins, and under remarkably mild, nearly ambient, conditions.

Photoreforming of wastewaters [26], solid waste including plastics [19], raw
biomass [57], or biomass derivatives in a biorefinery concept [53, 58, 59] is currently
and increasingly considered as valorization options for otherwise challenging
streams. Chapters 9 and 10 in this book deal with the photocatalytic conversion
of biomass derivatives for hydrogen production, whereas Chapter 11 focuses on
the photoreforming of wastewaters. Projections suggesting room for commer-
cial opportunity are stimulating decided initiatives to develop photocatalytic
waste-to-hydrogen processes from a laboratory curiosity to real technology. Teams
such as those in the solar platform of Almeria (Spain) led by Malato and co-workers
have paved the way by adopting their concentrating sunlight reactors for hydro-
gen production [60, 61]. Reisner and co-workers performed a techno-economic
assessment for the photoreforming of solid plastic waste and hinted at what a solar
hydrogen production plant based on such a process might look like (Figure 1.7).
Finally, opportunities for photocatalytic organic synthesis giving rise to hydro-
gen as a co-product from diverse substrates have the incentive of generating
high-value substances by a sustainable and atom-economic process [62]. Chapter 8
by Fornasiero and co-workers delves into this topic.

The preceding paragraphs outline several useful classes of photocatalytic trans-
formations involving hydrogen production from tremendously variate substrates.
The solar option is the preferred activation mode given the virtually free energetic
cost, albeit the use of artificial light might prove useful or necessary in some
instances. Whatever the irradiation source, a benefit must be ensured regarding
the oxidation half-reaction, be it the degradation of an inconvenient waste or the
generation of a valuable co-product.
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Figure 1.7 Illustration of a projected solar pilot plant for the production of hydrogen by
photoreforming of solid waste in water. Source: Uekert et al. [19]/with permission of
Springer Nature Limited.

1.3.4 Photobiocatalytic Hydrogen

The term photocatalysis in its broadest dimension comprises any biological trans-
formations promoted by light, mostly sunlight, since these involve the absorption
of photons, their use to generate charge carriers, and the eventual catalytic action
of enzymes, thanks to an incredibly complex biochemical machinery [63]. Natural
photosynthesis is probably the most sublime example of photocatalysis, and maybe
also of solar energy use, allowing the creation of life on Earth. Compared with it,
even state-of-the-art artificial photosynthetic processes can be viewed as rather
rudimentary.

As a hybrid between photobiological and artificial photocatalytic systems, the
combination of synthetic materials and reaction setups with microorganisms
is a worthwhile and exciting field of research in its own right. The biological
part might play a role in absorbing light, promoting chemical reactions, or both.
At a lower degree of biotechnological implications, the coupling of enzymes or
biomimetic synthetic organometallic substances as co-catalysts into inorganic
photocatalysts has attracted significant attention [64, 65]. A typical example is the
use of hydrogenases to provide active sites for the hydrogen evolution reaction.

Photobiocatalysis is a relatively unexplored technology as compared to its other
photocatalytic counterparts [22, 23]. Curiously, the discovery of photobiological
hydrogen production by algae in a light-promoted fermentative process was the first
ever reported photocatalytic technology for the purpose, dating back to 1942 [66].
Two main approaches have been adopted: (i) biophotolysis, as a biochemical
embodiment of overall water splitting; and (ii) photofermentation, whereby
microorganisms thrive under sunlight irradiation in the presence of biomass-based
feed, enabling the evolution of hydrogen under anaerobic conditions.

The singularity of photobiological hydrogen production deserves attention from
the scientific community, although unfortunately, it is not further accounted for in
this book. It would be good news should an explosion in this fascinating field of
research be witnessed by future generations.
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1.4 Outlook

Photocatalysis requires essentially a source of light and an appropriate redox
photoactive material. On a fundamental level, electromagnetic energy is absorbed,
channeled, and harnessed to drive chemical reactions. Energy can be only utilized
for the activation of thermodynamically spontaneous processes (e.g. aerobic oxida-
tion of organics) or also stored in chemical products of endergonic ones (e.g. overall
water splitting or natural photosynthesis). The complexity of the photocatalytic
system may vary greatly depending on the specific transformation taking place,
but in general terms, activation by light proceeds under near-ambient conditions.
Additional energy might be also applied in the form of, inter alia, electricity or heat,
but mild operation conditions are a clear advantage of photocatalytic processes over
their classical thermocatalytic counterparts.

Generating hydrogen by photocatalysis is certainly possible in a formidable variety
of systems. However, an assessment of each process must be undertaken to ensure its
merits, be they economic, environmental, or energetic. Considering a specific case,
the production of hydrogen by the photoreforming of alcohols might proceed rapidly
and at an outstanding quantum efficiency close to 100%, but it may be meaningless
to do so since the value of the starting alcohols might be even higher than that of
the produced hydrogen. Notwithstanding this, one could consider a process of this
kind still useful if a simple alcohol such as methanol is used as a high volumetric
energy density carrier of hydrogen for eventual use in fuel cells. From a different
perspective, the photoreforming of a range of organic (or inorganic) substances can
make sense for the energetic valorization of waste streams or in high-added-value
synthetic processes.

The most popular and intensely sought objective of photocatalysis is the stor-
age of solar energy into chemical energy by artificial photosynthetic processes,
namely overall water splitting and carbon dioxide reduction. The former is
seen as the quintessence of renewable and sustainable energy schemes, since
it goes beyond the green credentials of hydrogen produced by photovoltaics
followed by electrolysis, due to its presumably enhanced simplicity and afford-
ability. Photocatalytic hydrogen by overall water splitting has been given here
aquamarine as a color code denoting extreme cleanliness. The bad news lies
in the fact that efficiencies using state-of-the-art systems are still far from the
desirable threshold (5%) for consolidation of the technology in terms of competi-
tiveness. Surpassing this landmark in the near future would be a game-changer,
provided the environmental and societal impact of mining and supplying mate-
rials for the required photocatalysts on a gigantic scale globally to meet energy
demand can be kept within reasonable levels. We should not be surprised if,
in addition to technological advancements, our exorbitant thirst for energy
will have to be restrained to some extent to maintain a peaceful balance with
energy production. Ultimately, humankind must assume that our planet has
its limits.
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2.1 Heterogeneous Photocatalysis

In this chapter, the authors are intending to describe the fundamentals of hydrogen
evolution through heterogeneous photocatalysis, which can be defined as the reac-
tions proceeding at the interface of a photoirradiated solid photocatalyst and gas
or liquid phase (therefore a term “heterogeneous” is included). In a strict scientific
sense, the requisites for heterogeneous photocatalysis (hereafter “photocatalysis™)
are (a) no (or not detectable) change in the structure of the photocatalyst by the
reaction and (b) that the reaction is initiated by photoabsorption of the photocatalyst.

The well-known principle (or mechanism) of photocatalysis includes (i) photoex-
citation of electron from the filled electronic state to the vacant electronic state,
(ii) transfer of excited electron to a surface-adsorbed substrate to result in its reduc-
tion as well as transfer of positive hole, i.e. from the vacant electronic state, to a
surface-adsorbed substrate to result in its oxidation, otherwise (iii) deexcitation to
the original state, i.e. recombination of the excited electron and the positive hole
occurs to give no chemical reaction. When a semiconductor is used as a photocat-
alyst, bandgap excitation from its filled valence band to its vacant conduction band
happens upon photoirradiation of light of energy higher than the bandgap, but pho-
tocatalysis is not limited to the reaction through bandgap excitation. As long as a
given reaction with a solid satisfies the requisites (a) and (b), the reaction can be
called as photocatalysis [1-3].

2.2 Thermodynamic Description

As a general description, photocatalytic reaction through (i) reduction of a substrate
adsorbed on the surface by photoexcited electron, i.e. a conduction-band electron,
and (ii) oxidation of another (or same) substrate adsorbed on the surface by
transferring an electron from the substrate to a photocatalyst, i.e. valence-band

Photocatalytic Hydrogen Production for Sustainable Energy, First Edition. Edited by Alberto Puga.
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Figure 2.1 Thermodynamic principle, i.e. Gibbs-energy change, of photocatalysis by
semiconducting materials. Photoexcited-electron (conduction band = CB) transfer and
positive-hole (valence band = VB) transfer proceed if partial Gibbs-energy change, AG, and
AG, respectively, is negative, even if overall Gibbs-energy change (AG) is positive, i.e.
uphill (energy-storing) electron transfer.

positive-hole transfer from a photocatalyst. For semiconductors (or insulators,
similar to semiconductors in electronic band structure), electrons in the conduction
band are relaxed to the bottom of the conduction band and positive holes in the
valence band to the top of the valence band, losing their energy even if electrons in
the middle energy part of the valence band are excited to the middle energy part of
the conduction band (Figure 2.1).

Then, the requisites are only two in thermodynamics: the energy of the
conduction-band bottom is higher than the standard electrode potential (SEP) for
a substrate to be reduced and the energy of the valence-band top is lower than the
SEP of a substrate to be oxidized.

Therefore, the SEP for reduction can be energetically higher than the SEP for
oxidation, i.e. even positive Gibbs energy-change reactions such as water photolysis
to hydrogen and oxygen can be driven by photoirradiation in the thermodynamic
sense. This is the reason why the famous paper published in 1972 in Nature [4]
has attracted much attention of scientists since solar energy can be converted
into chemical energy, hydrogen. In the chapter, titanium(IV) oxide (titania) single
crystal, rutile, was used as a photoanode and platinum as a counter cathode, and
thereby this system is not photocatalysis; an external circuit cannot be introduced
in the abovementioned photocatalytic-reaction systems. However, people, at that
time, noticed the probability of water splitting using photocatalysts, such as titania.
An important point is that the abovementioned Nature paper clearly claimed [5] as
the experimental results, though not explicitly, that bias application, electrically or
chemically (by differentiating the pH of two chambers), is necessary even though
the band position was expected to drive water splitting. In other words, a titania
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particle loaded with platinum, i.e. a short-circuited electrochemical cell composed
of a titania anode and a platinum cathode, does not work to drive water photolysis.

‘What does it mean? A possible explanation is that the photocatalytic water split-
ting is governed kinetically, but not thermodynamically, and the fast recombination
of electrons and positive holes retards the reaction. So many papers have been pub-
lished claiming that a photocatalyst can drive hydrogen or oxygen evolution from
water in the reaction system by including electron donor, i.e. reductant or electron
acceptor, i.e. oxidant, respectively, but no water splitting to produce hydrogen and
oxygen simultaneously proceeds without those sacrificial agents. However, a lim-
ited number of photocatalysts have been reported to be able to drive water splitting.
Such a difference in activity has been interpreted with the difference in the rate
of electron-positive hole recombination, though the recombination rate cannot be
measured directly. In other words, nobody knows the true reason that enables the
photocatalytic water splitting, and yet there is a possibility that a hidden thermody-
namic principle is there in the mechanism of photocatalytic water splitting. It should
be remembered that in the early stages of photocatalysis studies, the electric field
inside the semiconductor photocatalyst was assumed to be the “space-charge (deple-
tion) layer” since the transfer of electrons in donor levels in n-type semiconduc-
tors to the electrolyte is expected and the resultant electric field (potential slope)
might separate charge carriers, i.e. electron and positive hole [6], though in ordinary
metal-oxide particles the donor density seems negligible to form the space-charge
layer (Figure 2.2).

Standard
cB electrode
Fermi potential

level ; : l
i _.1._.:..;.
Schottky-

level type barrier

Energy
w)
o
=}
9

n-SC Electrolyte
Y Depletion layer /

(a) (b)

Figure 2.2 Schottky-type barrier created at the interface of n-type semiconductor (n-SC)
with donor levels and electrolyte (a) before and (b) after their contact to make the Fermi
level (the energy level at which the probability of taking that energy by electrons becomes
half, showing that electronic states below the Fermi level are filled with electrons; in
general, for n-type semiconductors, the Fermi level is located between the conduction-band
bottom and a donor level) of the semiconductor and the standard electrode potential of an
electrolyte to be the same. Electric field is formed inside of the semiconductor electrode
(material), and that part is called the depletion layer, where donor electrons are transferred
to the electrolyte. If light is absorbed in the depletion layer, an electron-positive hole pair is
separated spontaneously by the electric field in the layer. For n-type semiconductor
materials with low donor density, the depth of the depletion layer must be larger than the
size, i.e. such depletion layer cannot be presumed.
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2.3 Standard Electrode Potential

As is well-known, standard hydrogen electrode (SHE), so-called “redox potential”
for hydrogen evolution, is 0V in its definition, and the other SEPs are shown in ref-
erence to SHE. Here, the meaning of “standard” is the activity (concentration) of all
the species included in the equation,

H*+e =1/2H, (2.1)

protons and hydrogen, have activities of unity, while the activity of electrons
is defined as 1. It should be noted that the process of Eq. (2.1) seems to be a
one-electron process (electrochemical equilibrium shown by “=") and different
from the two-electron process as,

2H* 4+ 2e” = H, (2.2)

but both equations give the same SHE, 0V. In practice, a one-electron process pro-
duces hydrogen atom, as

H* +e =H- (2.3)

is not defined; if defined, its SEP should be higher (more negative/cathodic) due
to the energy of H, formation from two hydrogen atoms (H:s). Then, for hydrogen
evolution, we assume a two-electron process anytime. This is contrastive with
water oxidation reactions in one-, two-, or four-electron processes to produce
hydroxyl radical, hydrogen peroxide, or oxygen, respectively, as follows (it should
be noted that an electron must be on the left side in an equation of electrochemical
equilibrium):

H* +OH - +e” = H,0 (2.4)
2H* +2e” + H,0, = 2H,0 (2.5)
4H* +4e” + 0, = 2H,0 (2.6)

with SEP of 2.8, 1.77, and 1.23 V (vs. SHE [7]), respectively (Figure 2.3).

Figure 2.3 Standard
electrode potential (SEP) for
various redox couples related
to water oxidation, as well as
ol SEP of hydrogen evolution
Ho ov (OV). For titania and other
i metal oxides, valence-band
O, + 4H* +1.23V (VB) top energy may be deep
[ (more positive) enough to
e drive any reaction, one, two, or
S IOH- +Ht +28V four-electron process for
@ ! water oxidation may proceed,
and thermodynamically no
rule for the choice.

CB —
(e)e

TiO, e

VB
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In general, SEPs for further oxidation of hydroxyl radical and hydrogen peroxide
to produce oxygen are higher (more negative/cathodic), i.e. once those intermediate
species are produced, further oxidation into oxygen occurs spontaneously at that
electrode potential. In the discussion of photocatalysis by particulate photocatalysts
using SEPs, it should be noted that the number of electrons to be transferred
from one particle is limited depending on the light flux incident in the reaction
system and on the size of photocatalyst particles. Therefore, as is discussed later,
for multielectron processes such as oxygen production, the higher the number of
transferred electrons in a step, the easier it is to drive the reaction. In other words,
even if low-number electron transfer is difficult, high-number electron transfer can
proceed, as observed for oxygen reduction in photocatalytic organic decomposition
reactions [8]. On the other hand, for hydrogen evolution, no such situation is
assumed; the SEP to be compared to the conduction-bottom energy is always that
of SHE.

2.4 Photocatalysts for Hydrogen Evolution
Then, what kind of photocatalysts can produce hydrogen under photoirradiation?

For metal oxides, the answer has been already reported in 1980 [9], though this paper
has been almost neglected [5], as shown in Figure 2.4.
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Figure 2.4 Scaife’s plot reproduced from the original figure (Figure 2.3) in his original
paper: Source: Scaife [9], (Fig. 3)/with permission of Elsevier. Almost linear relation with the
slope of -1 suggests that only flat-band potential (potential at which no band bending is
there by applying external bias potential and the same as the Fermi level), almost the same
as conduction-band bottom energy, shifts upward with the increase in bandgap energy,
keeping the valence-band (VB) top position unchanged, probably due to that VB is
composed mainly of oxygen 2p orbitals.
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Except for several outliers, flat-band potential (FBP; in the unit of V; see the
caption of Figure 2.4), almost the same as the conduction-band bottom energy,
was reduced, i.e. the potential was shifted negatively along with the increase in
bandgap energy (in the unit of eV), indicating that the valence-band top position
of those metal oxides is almost the same and only the conduction-band position is
shifted by the change in bandgap. The FBP of titania (rutile) is a little higher (more
negative) than SHE, and thereby titania and the other metal oxides of bandgap
larger than c. 3eV have potential to drive hydrogen evolution from water, while the
narrow bandgap (<3 eV) metal oxides, which can be excited by visible light, cannot.
It should be reminded that the FBPs in the plot were measured (or calibrated) in
the electrolyte solution of pH 0, i.e. concentration of proton (H") to be 1 moll~!
(if activity coefficient is assumed to be unity) and the band position is shifted to
negative (cathodic) side by changing the pH of the aqueous electrolyte solution
by c. 60mV for 1 pH unit (Nernst’s law) [7] for metal oxides and sulfides (with
surface oxide layer), but the actual electrode potential for Eq. (2.1) is also shifted
similarly [7].

Therefore, getting a metal-oxide photocatalyst for hydrogen evolution under
visible-light irradiation seems challenging. One possible strategy is doping of het-
eroatoms to raise the position of the valence-band top, keeping the conduction-band
bottom energy higher than SHE (for example, [10]), though it seems that there were
no reports showing the valence-band position of doped metal oxides was raised even
when the absorption-edge wavelength corresponding to the bandgap was shifted
to the visible range [2]. Another strategy is the combination of two types of photo-
catalysts for hydrogen and oxygen evolutions, i.e. Z-scheme photocatalytic-reaction
systems (for example, [11, 12]), but this is also not straightforward [2] and not
discussed in this chapter.

If the scope is not limited to metal oxides, the probability of getting better
photocatalysts for hydrogen evolution increases since valence-band position can
be changed for non-oxides; metal sulfides and nitrides (or oxynitrides) may have
higher valence-band positions while keeping their conduction-band positions.
Therefore, cadmium sulfide (CdS) was used instead of metal oxides; the color of
cadmium oxide (CdO), which is white, is changed to yellow, blue color absorbing,
with CdS. Actually, as described in Section 2.6, CdS can be used for photocatalytic
hydrogen evolution in the presence of a strong electron donor such as methanol.
However, nonmetal oxides for hydrogen evolution are stable only in the presence of
strong electron donors and tend to be oxidized, at least partly, in their absence.

2.5 Co-catalysts for Hydrogen Evolution

In almost all the cases, photocatalysts having conduction-band top position higher
than SHE cannot produce hydrogen even in the presence of strong electron donors
such as methanol when used without co-catalyst loading. In the early stages of
photocatalysis studies in the 1970s and 1980s, the mechanism was understood by
assuming semiconductor photocatalyst particles to be micronized short-circuited
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electrochemical cells composed of semiconductor, titania in almost all the cases,
and platinum electrodes [13]. Therefore, loading of platinum or other noble metals
seems to be a requisite for photocatalysis. However, since bare semiconductor
photocatalysts were found to be able to drive oxidative decomposition of organic
compounds in the presence of air (oxygen) without noble-metal loading, platinum is
not an essential requisite for photocatalysis. Consequently, the loaded noble-metal
deposits have been recognized as a co-catalyst only for hydrogen evolution. Since
those noble metals have quite low or negligible hydrogen overpotential, i.e. the bias
potential required for actual hydrogen evolution in reference to SHE.

Then, why metal oxides (having conduction-band bottom higher than RHE)
cannot liberate hydrogen or show high hydrogen overpotential even though it is
thermodynamically possible to liberate hydrogen? For titania, it has been known
that titanium(IV) ions in the lattice are converted into titanium(III) (Ti**) ions
upon reduction, and a proton (H") is inserted to compensate for the reduced
positive charge to show blue-gray color by absorbing visible-near infrared light.
For example, measurements using double-beam photoacoustic spectroscopy
(DB-PAS) [14] revealed that ultra-bandgap ultraviolet irradiation onto commercial
titania powers under the methanol-saturated nitrogen atmosphere turned the color
from white to gray and absorption (photoacoustic signal intensity) at 530 nm was
increased with the time of irradiation, as shown in Figure 2.5.

The absorption increase was negligible under air even when methanol as a hole
scavenger was included in the atmosphere, suggesting that photoexcited electrons

Figure 2.5 Change in
photoacoustic-signal intensity, i.e. _ JRC-TIO-11
photoabsorption, at 530 nm by g o
photoirradiation of two commercial 5 5 UV irradiation
titania samples ((a) JRC-TIO-11 and % s Ar + CH,OH
(b) JRC-TI0-12) under methanol 2 %
saturated argon or oxygen S$s
atmosphere. Source: Murakami £E 0O, + CH3OH
et al. [14], (Fig. 9)/with permission of £
American Chemical Society.
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250 Figure 2.6 Correlation between total
density of ETs and specific surface area of
representative titania samples. Open
circles and squares denote anatase and
retile samples, respectively, and closed
circles and squares denote anatase-rich
and rutile-rich samples, respectively.
Rough estimation from the slope of this
plot suggests the surface density of
electron traps (ETs) to be c. 1ET nm~2.
Source: Nitta et al. [16], (Fig. S3)/Royal
Society of Chemistry/CC BY-3.0.
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can reduce titania itself to lead to the visible-light absorption in the presence of
a hole scavenger but in the absence of electron acceptors such as oxygen; water
or proton adsorbed on the surface of titania seems not to accept electrons. Since
the absorption increase was saturated by the prolonged irradiation, the number
(density) of titanium(IV) ions to be reduced may be limited. In other words,
electrons are captured by certain electronic states, “electron traps (ETs),” in/on
the titania samples and their number (density) seems limited. Recent results
obtained using newly developed reversed double-beam photoacoustic spectroscopy
(RDB-PAS), modified DB-PAS to fill up ETs with electrons excited directly from the
valence band, indicate that the measured ETs of titania samples are mainly located
on the surface with similar area density [15], as shown in Figure 2.6.

A significant finding is that the abovementioned electron-trap filling by photoir-
radiation becomes negligible when platinum is loaded on the surface of titania
samples, suggesting that platinum efficiently captures electrons and promotes
molecular-hydrogen (H,) production.

2.6 Role of Platinum

Can loaded platinum produce hydrogen anytime? The answer might be “No.” It
has been reported that platinum-loaded metal oxides with conduction-band bot-
tom position lower than SHE, such as tungsten(VI) oxide (WO,) [17] and bismuth
tungstate (Bi,WO,) [8] cannot liberate hydrogen even though the photoexcited elec-
trons could be transferred to platinum; those platinum-deposited metal oxides, WO,
and Bi, WOy, cannot induce photocatalytic hydrogen evolution but can drive oxida-
tive decomposition of organic compounds with reduction of oxygen in more feasible
two-electron mode (Eq. (2.7); 0.68 V vs. SHE) but not in one-electron mode (Eq. (2.8);
-0.13V vs. SHE) with the aid of platinum.

0, +2e” +2H* = H,0, .7

0,+e” +H" =HO, (2.8)
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The abovementioned results suggest that the (electrochemical) potential of plat-
inum is governed by the conduction-band bottom position of metal oxides in contact
with platinum. Therefore, one possible explanation for the role of platinum (and
probably the other noble metals) is storing electrons to drive a two-electron process
of hydrogen evolution (Egs. (2.1) and (2.2)).

While photocatalytic hydrogen evolution by bare titania is negligible [18],
cadmium sulfide (CdS) has been reported to liberate hydrogen even without
loaded noble metals [19] (photocatalytic activity enhancement was also observed
by noble-metal loading), probably due to the conduction-band bottom position
being higher than that of titania. It was also reported that capture of photoexcited
electrons by cadmium(II) ions, i.e. electron traps, leads to metallic cadmium
deposits, and the higher the density of ETs increases, the higher the photocatalytic
activity becomes [20]. If the hydrogen evolution from cadmium sulfide is assumed
to occur on those cadmium-metal deposits, the role of deposited metals for hydro-
gen evolution may be to store electrons, keeping their energy to be used in the
two-electron hydrogen-evolution process, but not an electrocatalyst reducing the
activation energy for hydrogen evolution, though this is not supported directly by
any experimental evidence.

Then, how much amount of platinum is necessary to optimize the hydro-
gen evolution by titania? Generally speaking, platinum-amount dependence of
the photocatalytic hydrogen-evolution rate is (i) increased almost linearly with
small-amount platinum deposition, (ii) saturated at a certain amount of deposition,
and (iii) slightly decreases by further deposition. For example, photocatalytic
hydrogen evolution from aqueous 2-propanol by titania platinum-loaded through
an ex situ impregnation-hydrogen reduction scheme [21] is shown in Figure 2.7, as
the dependence of the rate as a function of the estimated surface area of platinum.

In this paper, the number of platinum deposits on a titania (Degussa (presently
Evonik) P25; c. 30 nm in size) particle was estimated and suggested that only one
platinum deposit of size c. 2 nm is necessary for hydrogen evolution and excess load-
ing might reduce the activity due to shading light against titania photoabsorption.
The reason for the rate decrease might be still open, assuming the role of platinum for
the two-electron process; an excess number of platinum deposits may decrease the

Figure 2.7 Rate of photocatalytic 150
hydrogen evolution from aqueous
2-propanol as function of platinum
surface area (Sp,) estimated from
the size of platinum deposits seen
in the transmission electron
microscopic images. Source: Ohtani
et al. [21], (Fig. 7)/with permission
of American Chemical Society.
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Figure 2.8 Dependence of
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probability of storing a second electron for a one-electron bearing platinum deposit
(a similar negative effect of excess deposits has been suggested for photocatalytic
oxygen evolution through multielectron process [22]). It may be true that one a few
nanometer-sized platinum deposit can accept electrons produced anywhere in a con-
tacting (at least) a few 10 nm-sized titania.

Recent results on the photocatalytic activity of Evonik P25 and the samples pre-
pared from P25 showed a significant suggestion on the platinum-amount depen-
dence of the photocatalytic hydrogen-evolution rate (A topic on the comparison of
anatase and rutile crystallites in P25 will be discussed in the next section.) [23], as
shown in Figure 2.8.

Platinum-amount dependences of anatase and rutile particles (ANA and RUT,
respectively) isolated from P25 [24, 25], P25 homogenized by freeze drying (Homo
P25), and Homo P25 calcined in air at 473K (Homo P25-200) were similar to the pre-
vious dependence, as shown in Figure 2.7. However, the rate-saturation amount was
significantly different; ANA and RUT showed very low (<0.1%), while Homo P25
showed high saturation amount of c. 1%. Taking into account that ANA and RUT
underwent annealing (calcination) in air at 473 K of wet precipitates, their particles
were aggregated to give secondary particles through interparticle dehydration of sur-
face hydroxyl groups. On the other hand, original P25 is prepared in a gas-phase dry
process and aggregation of particles seems negligible as P25 gives fume (smoke) and
Homo P25 was prepared by suspending P25 in water, stirring and freeze drying, i.e.
without heat treatment inducing aggregation. Consequently, the abovementioned
difference in the rate-saturation amount can be interpreted by the assumption that
a platinum deposit can accept electrons produced in any particle of an aggregate,
i.e. interparticle electron transfer occurs in the aggregated particles. Calcination at
473K of Homo P25 (Homo P25-200) led to a steeper increase in the rate compared
with that of Homo P25, though not the same as those of ANA and RUT; calcination
of dry particles may give less aggregated particles.

For the practical application of photocatalysis, it should be noted that those
hydrogen evolution co-catalysts such as platinum can also enhance the reduction
of oxidation product, for example, oxygen as an oxidation product of water splitting
(see Section 2.8).
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One of the myths in photocatalysis studies is that the photocatalytic activity of
anatase particles is much higher than that of rutile particles. Another myth is
that the anatase-rutile mixture shows much higher activity due to the transfer of
charge carriers between them. However, as was clearly shown in Figure 2.8, ANA,
RUT, and P25 (Homo P25 and Homo 25-200) showed almost the same activity for
hydrogen evolution from aqueous methanol, i.e. when comparing the activity of
particles of similar size, a few ten nanometers, the activity might not be dependent
on the crystalline structure.

In the general liquid-phase manufacturing processes, anatase particles have been
prepared at relatively low temperature, and rutile particles have been prepared at
higher temperature, since anatase is converted into rutile upon heating; it is so dif-
ficult to prepare large-sized, e.g. >500 nm, non-aggregated anatase particles and to
prepare small-sized, e.g. <10 nm, rutile particles. The reason why it is believed that
rutile is less active compared to anatase for photocatalytic hydrogen evolution is that
rutile samples used in those tests might be large, i.e. low specific surface area. It has
been suggested that hydrogen evolution reaction requires the properties of titania
photocatalysts of sufficiently large surface area while both anatase and rutile give
comparable influence on the basis of the results of statistical analysis [26]. On the
other hand, similar statistical analysis for the oxidative decomposition of organic
compounds in water or in air showed that the presence of anatase is required, while
particle size or specific surface area does not so significantly affect the activity [26].
One of the possible explanations of such crystalline-structure dependence is that
anatase has a slightly higher conduction-bottom energy suitable for reduction of oxy-
gen in the one-electron process (Eq. (2.8)) [27], while rutile cannot reduce oxygen
due to the possibly lower conduction-bottom position. In practice, platinum loading
enhances the rutile activity for organic decomposition, and the enhancement ratio
is far higher than that of anatase (data not shown = unpublished results), presum-
ably due to the two-electron process of oxygen reduction (Eq. (2.7)) on platinum.
Since rutile activity is comparable to anatase activity for hydrogen evolution, both
anatase and rutile crystallites satisfy the thermodynamic requirement for hydrogen
evolution, i.e. conduction-bottom position higher than SHE.

Then, what happens when those anatase and rutile crystallites are mixed? P25is a
mixture of anatase and rutile as well as an amorphous phase (though their compo-
sition seems not constant even in one package) [25]. In the ordinary test reactions
for photocatalytic hydrogen evolution, platinum loading is performed by photode-
position; a precursor, e.g. chloroplatinic acid (H,PtCl), in its aqueous solution
containing an electron donor, such as methanol, is irradiated. Since the bandgap of
anatase is a little wider than that of rutile, the absorption (longer) edge wavelength
of anatase is shorter than that of rutile. Therefore, the wavelength dependence
of photoreaction (including photocatalysis), i.e. the action spectrum, may indi-
cate the crystalline phase, anatase and rutile, which works in the photocatalysis
[28, 29]. For photocatalytic hydrogen evolution from aqueous methanol (50%)
including H,PtCl, (corresponding to 2 wt% loading), 4,,,, wavelength giving value
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(normalized apparent quantum efficiency) half of that at 350 nm, was shifted almost
linearly with the content of anatase (or rutile) as shown in Figure 2.9.

Here, (true) quantum efficiency is defined as the ratio of number (rate) of electrons
(or positive holes) transferred to a substrate with number (rate) of photons absorbed
by a photocatalyst. To estimate the number of transferred electrons (positive holes)
from the substrate consumption or product liberation amount, it is necessary to
assume the number of electrons/holes required for one mole of substrate consump-
tion or product liberation. For example, for water splitting into hydrogen and oxygen,
two and four moles of electrons/holes are required to produce one mole of hydro-
gen and oxygen, respectively. Practically speaking, it is rather difficult to measure
the molar amount of photons absorbed by a photocatalyst due to the reflection and
scattering of light by the photocatalyst (this is completely different from the estima-
tion of photon absorption by molecules in a solvent or in the gas phase). Therefore,
“apparent” quantum efficiency, a ratio of number (rate) of electrons (or positive
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holes) transferred to a substrate with number (rate) of photons “incident” upon a
photocatalytic system, is used, and the plot of apparent quantum efficiency as a
function of irradiation-light wavelength reflects the photoabsorption spectrum for
the photocatalysis [1-3]. The relation shown in Figure 2.9 suggests that anatase and
rutile in their mixture show comparable activity for hydrogen evolution as discussed
above. On the other hand, 4, , for oxidative decomposition of acetic acid to yield car-
bon dioxide by anatase-rutile mixtures without platinum loading was even shorter
(c. 370nm) than A,,, of pure anatase samples (c. 380 nm) except for the mixture of
rutile content > c. 90%, indicating that only anatase works as a photocatalyst and
rutile absorbing longer-wavelength light induces the shift 4, ,, to shorter wavelength
by c. 10 nm (inner filter effect), consistent with the abovementioned anatase priority
for organic decomposition.

An interesting result has been obtained using P25 by reducing the amount of plat-
inum loading (unpublished data). When a sufficient amount (2wt%) of platinum
was loaded, the action spectrum for hydrogen evolution from aqueous methanol
(50%) was similar to the diffuse reflectance spectrum, indicating that both anatase
and rutile worked. However, when the amount of photodeposited platinum was
reduced to 0.2wt%, the action spectrum was shifted to a longer wavelength and
became similar to the action spectrum of a mixture of 2wt% platinum-loaded iso-
lated rutile (RUT) and bare (i.e. inactive) isolated anatase (ANA) (similar results
have been reported in another paper [23]). This suggests that rutile crystallites are
preferentially loaded with platinum, keeping anatase particles unloaded. Thus, the
discussion on the photocatalytic activities for crystalline mixtures seems not to be
straightforward.

2.8 Outlooks on Photocatalytic Hydrogen Evolution

As described above, photocatalytic hydrogen evolution can be driven by a photocat-
alyst having a conduction-band bottom position, i.e. reduction ability, higher than
SHE in the thermodynamic sense, and SHE (as a two-electron process) is the sole
SEP to be compared with the conduction-band bottom position of a photocatalyst.
This is contrastive contrasted to the reduction of oxygen where one-, two-, or
four-electron processes can be chosen. On the other hand, in the sense of kinetics
(also related to thermodynamics), loading of noble metals such as platinum is
essential to store photoexcited electrons (probably in the form of adsorbed hydrogen
atoms) and liberate hydrogen in a two-electron process.

It should be noted that the above explanation is limited only to the hydrogen
evolution reaction as a half reaction driven by photoexcited electrons, and even if
hydrogen evolution is observed by a photocatalyst in the presence of strong electron
donors, only “latent” ability of hydrogen evolution of the photocatalyst is suggested.
If the other half of the reaction driven by positive holes, for example, oxygen
evolution, can proceed negligibly, the overall photocatalytic reaction including
hydrogen evolution cannot be observed. Then, if both half reactions with positive
Gibbs-energy change for the overall reaction (energy-storing reaction such as water
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splitting) proceed efficiently, the possible challenge is to avoid backward reaction of
generated products, especially on a co-catalyst for hydrogen evolution. An example
of a successful solution is covering the co-catalyst surface with a thin layer of
metal oxides allowing only protons, not oxygen, to reach the inner surface of the
co-catalyst [30].
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3.1 Introduction

The 1972 report by Fujishima and Honda, demonstrating photoelectrochemical
water splitting over a TiO, electrode, led to an explosion in heterogeneous photo-
catalysis research [1]. In addition to the importance of the discovery by itself, the
oil crisis of 1973 was undoubtedly an important contributor to such an explosion
[2], setting photocatalytic hydrogen production as a prime candidate to solve
humanity’s ever-increasing power hunger. It is remarkable that, almost 50 years
later, heterogeneous photocatalysis is still seen as a promising candidate, and yet
has not reached widespread commercial deployment. Akin to the oil crisis of 1973,
the context now is very pressing: we have finally accepted that anthropogenic
climate change poses a serious risk to the survival of our species, and thus we need
to devise clean energy sources more desperately than ever.

The complexity of heterogeneous photocatalytic processes is probably the main
reason for their delayed application. Light absorption and scattering, charge separa-
tion, charge-carrier diffusion and transport, catalytic efficiency, and mass transport
all play a large role in determining the efficiency [3]. Similarly, there is no single tool
capable of revealing all the mechanistic details needed to increase efficiency. Instead,
researchers have resorted to a large collection of techniques to slowly gather pieces of
the puzzle. These include steady-state [4] and time-resolved spectroscopy [5]; mate-
rials characterization tools such as XRD [6]; and photoelectrochemical analyses [7],
among many others [8].
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In this chapter, we focus on one such technique, isotopic substitution, that, despite
being very powerful, has perhaps not seen much adoption. The basic idea is very sim-
ple: it involves using isotopically labeled compounds, which could be any of those
involved in the process: the photocatalyst itself, the solvent, or a substrate taking part
in the photocatalytic reaction. First, this allows pinpointing the route of individual
atoms. For instance, by using 80-labeled TiO, and an unlabeled aqueous solution
of an organic compound, it can be demonstrated that some of the O atoms initially
in the photocatalyst will be part of the CO, evolved as photooxidation proceeds (i.e.
C160180 and C'80, can be detected in the gas phase) [9, 10]. Second, the analysis of
the kinetics upon isotopic substitution allows to evaluate rate-determining steps in
a mechanism. For example, a comparison of the degradation rates of isopropanol in
H,0 or D,0 over TiO, allowed to propose the photogeneration of hydroxyl radicals
as the rate-determining step of the process [11]. And third, the use of certain isotopes
may allow the application of some techniques that would otherwise be unusable.
A prime example of this is magnetic resonance techniques, where naturally abun-
dant isotopes might not yield any signal at all, while others could be readily detected.
This is illustrated by the use of 170 in electron paramagnetic resonance (EPR) by
Giamello et al., which provided rich information on TiO, that would be otherwise
unobtainable with the (magnetically inactive and most abundant) isotope 00 [12].

It is noteworthy that the analysis of photocatalytic processes often entails condi-
tions that are not representative of the operative ones. For instance, time-resolved
spectroscopies often employ laser irradiation at irradiances much larger than those
used for photocatalytic reactions, and thus the results may be difficult to extrapolate.
In the case of isotopic substitution, the system is only slightly perturbed. In particu-
lar, the mass difference between H and D may yield a significant change in kinetics
that must be considered; for other substitutions, such as °0 to 180, or “*Ti to *’Ti,
the changes in kinetics are negligible.

We note that several studies described in this chapter do not specifically involve
hydrogen evolution but are instead mechanistic studies on photocatalytic processes
or materials. However, although undoubtedly there are peculiarities in the mecha-
nisms of hydrogen evolution, we believe those studies are largely relevant when try-
ing to understand (and, ultimately, optimize) hydrogen production. We also believe
those studies can inspire new avenues for the investigation of photocatalytic hydro-
gen generation processes.

3.2 Isotopic Substitution on the Solvent or Substrate

3.2.1 Water

Although, ideally, water would be the only source of molecular hydrogen, photocat-
alytic water splitting is a very challenging reaction due to both thermodynamic and
kinetic issues [8]. It is thus common to employ sacrificial electron donors, which
readily scavenge holes, thus extending photogenerated electron lifetimes and sig-
nificantly increasing hydrogen production efficiency. When studying the involved
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mechanisms in such systems, isotopic substitution has been employed both in the
organic substrates and in the solvent (generally water). However, in this section, we
restrict ourselves to works targeting true water splitting, and leave studies employing
water isotopologues together with sacrificial electron donors for the latter sections.

Before going into specific examples, we briefly describe the kinetic isotope effect
(KIE). This is the effect that performing isotopic substitution has on the rate of a
reaction. Most commonly, the involved isotopes are H and D. For a given reaction,
if the rates (strictly speaking, rate constants) are given by k;; and k when using H
and D, respectively, then the KIE is:

KIE = Ky (3.1)
kp

A KIE of 1 indicates that the rate-determining step does not involve a bond with
the atoms being substituted [13]. On the contrary, larger values mean that these
atoms are involved in a bond that changes during the rate-limiting step. This change
can be a cleavage (“primary KIE”), or less abrupt, such as a different hybridization
(“secondary KIE”); the KIE values are normally higher in the first case. Ultimately,
the origin of the KIE is the difference in the zero-point energy of the molecule under
study between the reactant and the transition state [14]. This difference becomes
higher as the mass difference between the isotopes increases; H and D, then, give
the largest KIEs among the commonly employed isotopes.

The group of Domen provides good early examples of isotopic substitution applied
to photocatalytic water splitting [15, 16]. In one of these, the material under study
was Zn-doped Ga,0; modified with a Rh,_,Cr,O; co-catalyst [16]. The authors
analyzed the KIE when using either H,O or D,O for water splitting, and found a
maximum value of 1.9, i.e. relatively small. It also showed a strong dependence
on light intensity and amount of photocatalyst: when these parameters were low,
they became the limiting factor of the reaction, and thus the isotopes had no effect
(rates were insensitive to H,0/D,0O bond cleavage reactions). On the other hand,
a reduced co-catalyst loading (or high light intensity) created a bottleneck on H,
evolution that led to a higher steady-state concentration of photogenerated carriers
available for surface reactions; this resulted in larger KIEs. It was also highlighted
that, in electrochemical water splitting, the external voltage guarantees a steady
supply of charge carriers, thus rendering surface reaction steps as rate-determining
and resulting in strong KIEs.

In recent years, several materials have shown great promise for the water-splitting
reaction; isotopic substitution has provided an important tool to understand the
processes behind this complex reaction [17-21]. For instance, Zhao et al. prepared
carbon nitride nanosheets with varying levels of boron dopants and nitrogen defects;
this allowed them to serve as either H,- or O,-evolving photocatalysts [18]. These
two types were then coupled together, and with Pt and Co(OH), co-catalysts, to pro-
duce composites with a Z-scheme electronic structure and remarkable efficiencies.
The use of H,'80 led exclusively to 80, evolution, confirming water oxidation as its
source. A similar application of isotope labeling was done in another recent work,
which achieved full water splitting on CdS nanorods that included Pt nanoparticles
and a Ru-based dye as co-catalysts [19].
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3.2.2 Alcohols

Methanol is frequently employed in photocatalytic systems as a sacrificial electron
donor to improve H, production. Its reaction with photogenerated holes in the ps to
ns range reduces charge carrier recombination [8], and also produces 'CH,OH radi-
cals, which can inject electrons in the photocatalyst’s conduction band [22], further
improving efficiency.

Chiarello, Ferri, and Selli performed a detailed mechanistic study on methanol
photoreforming in the gas phase [23]. Quantitative monitoring of the main stable
intermediates (formaldehyde and formic acid) and products (carbon dioxide and
molecular hydrogen) at different methanol : water molar fractions provided abun-
dant mechanistic information (Figure 3.1). In particular, it allowed to propose and fit
a kinetic scheme that considered three different oxidation pathways: an indirect OH
radical-mediated path, a hole-mediated direct path, or a direct water-assisted path.

It is important to mention that the role of "OH radicals has been a hotly debated
topic in the photocatalytic community. Although the production of ‘OHj,, from
water photooxidation over TiO, has been strongly challenged [24], it can be safely
assumed that the semiconductor surface can indeed provide trap states for holes
(for instance, at two-fold coordinated bridging oxygen atoms), which can then be
subsequently transferred to organic molecules. As a separate pathway, free valence
band holes can also be directly transferred to the organic substrates [25]. One or both
mechanisms could be operative, depending on the identity of the molecule: while
weakly interacting species favor an indirect pathway (e.g. benzene), those that show
a strong electronic interaction with the surface (i.e. are strongly chemisorbed, such
as formic acid) generally react with holes in a direct way [25].

The mechanism proposed by Chiarello et al. considers a special oxidation path as
well, occurring far from the hydrogen-evolving co-catalyst. In such a case, protons
produced from the direct oxidation of methanol (see Eq. (3.7)) are initially far from
the co-catalyst, and thus need to be transferred through neighboring hydroxyl groups
to the noble metal particles. It is thus described as “water-assisted” oxidation. Kinetic
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Figure 3.1 Quadrupole MS signals recorded during the gas-phase photocatalytic
reforming of methanol over Pt-TiO,, with H,0 (left) and D, 0 (right), and a methanol molar
fraction of 0.045, in three consecutive irradiation cycles. The registered traces correspond
to: (a) the *CH, = OH fragment of methanol, (b) HDO, (c) D,, (d) HD, (e) H,, (f) CO,, (g) CO,
and (h) HCOOH. Source: Chiarello [23]/with permission of Elsevier.
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fitting allowed the authors to determine that this pathway strongly contributed in the
oxidation of methanol and formaldehyde at most methanol : water molar fractions.

To differentiate between the direct and indirect oxidation pathways, the authors
resorted to isotopic labeling. They reasoned that, when employing CH;OH-D,0
mixtures, two D, molecules and four HDO molecules would be produced from indi-
rect oxidation (Egs. (3.2)—(3.6)).

D,0 +h}, - OD +D* (3.2)
CH,O0H + 20D - CH,0 + 2HDO (3.3)
CH,0 + 20D - HCOOD + HDO (3.4)
HCOOD + 20D - CO, + HDO + D,0 (3.5)
2D* +2e;; — D, (3.6)

In contrast, if considering only the direct oxidation mechanism (Egs. (3.7)-(3.10)),
H,, HD, and D, production would be expected, without any HDO. Based on the reac-
tion stoichiometry, the formed gases (H,, HD, and D,) would contain 33.3% of D
atoms and 66.7% of H atoms.

CH,OH + 2h}, - CH,0 + 2H* 3.7)
CH,0 + D,0 + 2h, - HCOOH + D* + H* (3.8)
HCOOH + 2h, — CO, + D* + H* (3.9)

2D +4H* + 6ec; = zHD + (1 —2)D, + (2 —gH, (with 0<z<1) (3.10)

Moreover, in the water-assisted direct oxidation path that considers proton diffu-
sion on the photocatalyst surface, isotopic exchange between H* and D is expected
to occur (Eq. (3.11)), increasing the D content in the evolved gases. Therefore, con-
sidering that the reaction proceeds through the three paths simultaneously, HDO is
expected to be produced, alongside HD, D,, and H,, with a D atom content greater
than 33.3%, and the exact value determined by the contribution of each reaction
path.

D,0 + H' - DHO + D* (3.11)
2

We reproduce the mass spectrometry (MS) signals for a set of experiments on two
different photocatalysts (Pt-TiO, and Au-TiO,) and using three different methanol
molar fractions (x = 0.0045, 0.10, or 0.64) in Figure 3.2. The main result is that
the fraction of D-atoms in the evolved gas significantly decreased with increasing
X, being 86%, 75%, and 26%, respectively for the aforementioned molar fractions in
the Pt-TiO, system. In addition, HDO is produced only at the two lowest methanol
molar fractions. This indicates that, at low x, the indirect pathway prevails, as shown
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Figure 3.2 Quadrupole MS signals recorded during the photoreforming of D,0/CH,OH
vapors in Ar for three different methanol molar fractions (x = 0.0045, 0.10, and 0.64) over
Pt-TiO, and Au-TiO,. The traces correspond to: (a) HDO, (b) D,, (c) HD, and (d) H,. Source:
Chiarello [23]/with permission of Elsevier.

by HDO formation and D, being the main product; contrarily, at high x, the direct
path is favored, with H, as the main product and no HDO formation.

In addition, the amount of produced CO, was independent of the water isotopo-
logues, implying that the overall photoactivity was not affected by substituting H,O
for D, 0.

More common are studies of photocatalytic processes in suspension. Kandiel et al.
[26] studied the photocatalytic reforming of aqueous methanol for long irradiation
periods over platinized TiO, employing MS. They detected H, and CO, as the sole
products. After the complete consumption of methanol in the system, the calculated
ratio of evolved H, to CO, was close to 3 : 1, that is, the stoichiometric ratio for the
complete reforming of methanol (Eq. (3.12)).

Pt-TiO,,hv
CH,OH + H,0 ——— 3H, + CO, (3.12)

Since the evolved amount of H, did not exceed the expected one for this reaction,
the possibility of simultaneous (or subsequent) water splitting was excluded. More-
over, to identify the origin of the photocatalytically evolved hydrogen, the authors
performed a series of experiments employing different methanol and water isotopo-
logues: (a) CH;0H/H,0, (b) CD,0D/D,0, (c) CD,0D/H,0, and (d) CH;OH-D,0.
As expected, only H, and D, were formed in cases (a) and (b), respectively. In case (c),
the evolved gas was mainly H,, suggesting water as the origin of molecular hydrogen.
Interestingly, in case (d), the main product was D,, although significant quantities
of HD and H, were also detected. To account for the results of cases (c) and (d),
the authors explain that the isotope present in water is in a 925 : 1 ratio to that in
methanol, thus for statistical reasons, and given the possibility of proton exchange,
the main molecular hydrogen isotopologue will match that of water. However, since
H* reduction is favored in comparison to that of D*, significant amounts of H, and
HD are evolved from the CH;OH-D,O system, even though H atoms are present in
a much lower amount than D.
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Figure 3.3 (a) Proportions of H,, HD, and D, obtained from the photocatalytic reforming of
methanol over Rh-loaded TiO,, using different isotopologues for methanol and water.
(b) Scheme of the proposed mechanism. Source: Fang et al. [27]/with permission of Elsevier.

It is noteworthy that the possibility of H (D) atoms originating from H,O (D,0)
does not imply that water splitting is being observed. In fact, molecular hydrogen for-
mation completely halts once methanol is depleted, illustrating that neither pristine
nor Pt-modified TiO, can photocatalytically split water at appreciable rates.

A recent study from Fang et al. [27] led to different conclusions. These authors
employed Rh-TiO, and evaluated hydrogen production in CH;OH-H,O mixtures
with different isotopic compositions. In a CH;OH-D,O mixture, the main product
was H,; the total fraction of H in the evolved gas was 62%, vs. 38% for D (Figure 3.3a).
Similarly,a CD,OD-H,0 mixture led to a 60% : 40% D to H ratio. Moreover, hydrogen
formation showed a solvent KIE of ~1.6 (ky,o/kp,0), and KIEs of 1.91 and 1.07 for
CH,;0H/CH,0D and CH,;0OH/CD;O0H, respectively. This highlights the role of the
O—H bond breakage in the process. Based on these results, the authors proposed a
reaction mechanism (Figure 3.3b).

3.2.3 Carbonyl Compounds

Acetic acid has been shown to be a good hole scavenger in photocatalytic hydrogen
production systems. However, the photocatalytic conversion of aqueous acetic acid
not only produces H, and CO, but also hydrocarbons [28, 29] and oxygenated com-
pounds [30, 31]. This introduces an important complexity: each of those products
can partake in further oxidation and reduction reactions. Hence, isotopic labeling
investigations are helpful to disentangle the reaction mechanism [32].

In an aqueous system containing Pt/TiO, as the photocatalyst, acetic acid can
directly react with the photogenerated holes, eventually producing methyl radicals
"CH, via a photo-Kolbe reaction mechanism (Egs. (3.14) and (3.15)) [33]. In turn,
these readily react with other radicals in the system, i.e. either with another methyl
radical to produce ethane C,Hg, or with a hydrogen atom ‘H on the surface of Pt
nanoparticles to form methane CH, (Egs. (3.16) and (3.17)) [32]. Production of
methane is preferred over dimerization, as evidenced by the formation of higher
amounts of this compound with respect to ethane [29].
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In addition, it has been postulated that 'OH radicals can form upon oxidation of
water over the TiO, surface (Eq. (3.13)), and then can react with acetic acid via the
abstraction of a hydrogen atom to produce ‘CH,COOH (Eq. (3.18)); these radicals
can then react with e.g. 'CH;, ‘OH, or "CH,COOH to form several organic products
[31]. In acidic media, however, the direct reaction between holes and acetic acid is
dominant over the oxidation pathway involving ‘OH radicals [30].

TiO,(h*) + H,0 — TiO, + OH + H* (3.13)
TiO2(h™) + CH,COOH - TiO, + CH;COO" + H* (3.14)
CH,COO - 'CH, + CO, (3.15)
‘CH, + CH, — C,H, (3.16)
'CH, + H,44p) — CH, (3.17)
"OH + CH,COOH — H,0 + CH,COOH (3.18)

The use of different isotopic mixtures in the photocatalytic system, i.e.
(i) CD,CO0D-H,0, (ii) CH,COOD-H,0, (iii) CD,COOD-D,0, (iv) CH;COOH-
D,0, and (v) CH;COOD-D,0, strongly influences the reaction rates, as studied
for Pt/TiO,. Photoreforming of CD;COOD produces 1.3-1.5 times larger amounts
of CO, compared to CH,COOH (in either H,O or D,0) [32]. When H,0 is used
as a solvent, a rapid exchange of acidic protons occurs [34] (Eg. (3.19)), making
CO, evolution from CH;COOD and CH;COOH very close to each other. The
evolved amounts of CO, from a specific organic substrate (either CH;COOH(D)
or CD,COOD(H)) are independent of the solvent used (H,O or D,0), because
CD,COOD(H) is more readily oxidized than CH;COOH(D) [32].

CH;COO-D + H-O-H < CH;COO-H + H-O-D (3.19)

As mentioned above, the H-isotopologues of carboxylic acids produce various
by-products upon their light-induced decomposition, whilst fewer by-products
are generated from the D-isotopologues [35]. However, the reaction rate of the
decarboxylation of acetic acid is independent of the employed solvent. Contrarily,
the evolved molecular hydrogen isotopologue is directly related to the solvent used:
while H, is the main product in the case of CD,COOD-H,0, D, is dominant for
CH,COOH-D,0 [32].

Egs. (3.20)-(3.26) describe the mechanism of H,, D,, and HD formation in the
CD;COOD-H,0 system. It is expected that in H/D mixed reaction systems like
CD,COOD-H,0, CH,COOD-H,0, CH,COOH-D,0, and CH,COOD-D,0, a fast
proton exchange reaction occurs [34] as can be seen in Eq. (3.19). At the same time,
since the number of substrate molecules is negligible compared to the number of
solvent molecules present in the system, the reduction of protons originating from
the solvent decomposition is highly favored. This prevents a definite determination
of the source of the protons that are eventually reduced to produce hydrogen [32].

Z
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TiO,(h*) + D,0 — TiO, + 'OD + D* (3.20)
H,0 +D* — HDO + H* (3.21)
CD,COO — 'CD, + CO, (3.22)
TiO,(e7) + D*py = TiO, + Dy (3.23)
TiO,(e7) + H* 45pr) = TiO, + Haugpy (3.24)
‘Dagspry + Daaseery = Da (3.25)
Dgspry + Haasoyy = HD (3.26)

Oxalic acid is a compound that, despite its strong adsorption to TiO,, has not been
used very often as a hole scavenger in photocatalytic H, production. We speculate
this may be related to the absence of C—H neighboring to the carboxylate group,
often seen as a prerequisite for H-abstraction [36, 37]. Nevertheless, oxalic acid pho-
toreforming yields a higher H, production rate than formic acid and formaldehyde
over TiO, [36, 38].

The source of H, evolved from the photocatalytic reforming of oxalic acid over
Pt/TiO, has been studied using several D,0-H,O mixtures as solvent. As shown in
Figure 3.4, upon increasing the D,O fraction, both the rate of production and total
yield of H, and CO, gases gradually decreased. In particular, the amount of CO, was
~1.5 times lower in the case of C,H,0,-D,0 than in the case of C,H,0,-H,0O [39].
In line with the results described above for acetic acid, no H, or HD was detected
when using D,O as the solvent, while HD, H,, and D, were evolved from the pho-
toreforming of C,H,0, dissolved in D,0-H,O mixtures. The isotopic composition
of the evolved molecular hydrogen was in all cases similar to that of the solvent,
suggesting at first glance that the latter may be the source of the atoms in the gas
[39]. However, as discussed throughout this chapter, the fact that the solvent is in a
much larger concentration than oxalic acid, together with the fast proton exchange
reaction rate, could very well mask the real origin of the atoms.

The use of D,O as a solvent lowers the CO, and H, evolution rates with respect
to H,O. Such a phenomenon has been also noticed in the case of Pt/TiO, photocat-
alytic reforming of formaldehyde [40], methanol, and benzene [41]. In those cases,
the decrease in the reaction rate has been explained by a hindrance in ‘OH ('OD)
radical generation. However, in the case of oxalic acid, a direct reaction with the
photogenerated holes at the surface is the dominant mechanism (Egs. (3.27) and
(3.28)). Therefore, the isotopic effect on kinetics could be related to the proton reduc-
tion step, which is considered the rate-determining step [42, 43]. Moreover, only H,
and HD could be detected when the D, O content in the solvent was lower than 50%,
a fact related to the preferential protium reduction [42].
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Figure 3.4 Quadrupole mass spectrometry (QMS) signals for the generated CO, (a), HD (b),
H, (c), and D, (d) using different H,0/D,0 mixtures over Pt/TiO, during the photocatalytic
reforming of oxalic acid. Source: AlSalka et al. [39]/MDPI/CC BY 4.0.

HC,0,” + TiO,(h*) - HC,0, + TiO, (3.27)

HC,0, — CO, + HCO, = 'CO,™ + H* (3.28)

Formic acid is considered one of the most promising hydrogen storage mate-
rials because of its high hydrogen content (43.8 gH, kg™!) [44]. Although it can
be readily dehydrogenated via different (electro-)chemical processes, these are
usually accompanied by undesired side-reactions such as CO production [45].
Alternatively, Stucky and coworkers have studied its photoreforming over AgPd
supported on g-C;N, photocatalysts and employed H/D isotope labeling to analyze
the mechanism [46]. Under visible light irradiation and using D,O as a solvent,
the D content in the evolved gas was around 65%; however, an 87% D content was
detected in the product when white light (i.e. with a UV component) was used,
suggesting a wavelength-dependent mechanism. Furthermore, the hemi-reactions
of the photocatalytic process occur at different components of the photocatalyst.
While AgPd serves as the water reduction site, g-C;N, acts as the formic acid
oxidation site [47, 48].

Formaldehyde has been studied as a hole scavenger using Pt/TiO, under irra-
diation in oxygen-free conditions [49]. The global equation for its photocatalytic
reforming is shown in Eq. (3.29).

HCHO + H,0 (Pt/TiO,) - CO, + 2H, (3.29)
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Qualitative analysis of isotopic exchange using MS and H,O or D,O as solvent
revealed the evolution of different molecular hydrogen isotopologues [49]. In line
with the results described above for other substrates, the evolved isotopologues fol-
lowed those of the solvent. Moreover, the rate of CO, production was highest in the
system containing pure water as the solvent, while it decreased linearly as the frac-
tion of D, O increased. This behavior was explained based on the oxidation potential
of 'OD radicals, which is lower compared to the oxidation potential of "OH radicals.
This explanation thus assumes that oxidation proceeds through the intermediate
formation of these radicals.

Attenuated total reflection-Fourier-transform infrared (ATR-FTIR) investiga-
tions showed as well that formaldehyde gradually converts to deuterated formic
acid on the surface of irradiated Pt/TiO, in D,0, as confirmed by the shifting of
different bands in FTIR spectra [49]. Formic acid then undergoes direct oxidation
in a photo-Kolbe reaction. Moreover, it was suggested that the presence of D,0O
in the solvent can perturb the structure of adsorbed intermediates, as illustrated
by the transformation of formate from a bidentate structure to a monodentate
one (Figure 3.5) [50]. This information allowed the authors to propose a complete
mechanism for the photoreforming of formaldehyde, shown in Figure 3.6.

3.2.4 Aromatic Compounds

Yang et al. [51] studied the photoelectrocatalytic degradation of 4-chlorophenol over
TiO, electrodes under UV illumination. The isotopic tracer experiments with H,'80
indicate that most of the "OH radicals that formed the primary hydroxylated interme-
diates were derived from the oxidation of adsorbed H,O or OH™ by photogenerated
holes. Several studies have reported this process as the rate-determining step of the
photocatalytic degradation of aromatic compounds [52].

More recently, Al-Madanat et al. studied the photocatalytic reforming of naph-
thalene isotopologues in suspensions with variable H,0-D,0O compositions over
Pt-TiO,, by means of MS [42]. The authors found that the isotopic composition
of the evolved hydrogen matched that of the solvent and not that of naphthalene.
Analyzing the reaction rates revealed that only water is apparently involved in
the rate-determining step of the reaction. The decrease in the total amount of
evolved gases (H,, HD, and D,) as the D,O fraction increases (Figure 3.7) indi-
cates a reduction in the reaction rate. Similar behavior has been observed for the
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Figure 3.5 Photocatalytic formaldehyde oxidation in the presence of D,0 over Pt/TiO,.
Formate is formed, and its adsorption mode changed in presence of D, 0. Source:
Reproduced with permission from Belhadj [50].
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Figure 3.6 Proposed mechanism of the photocatalytic reforming of formaldehyde in D, 0.
Source: Reproduced with permission from Belhadj [50].
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Figure 3.7 Evolved gases (H,, HD, and D,) during the photocatalytic reforming of aqueous
naphthalene over Pt-UV100 employing different D,0/H,0 compositions. Source:
Al-Madanat, et al. [42]/with permission of American Chemical Society.

photocatalytic reforming of benzene over platinized TiO, and is interpreted by the
hindered production of 'OH radicals when using D,O [53]. In the naphthalene
study, however, these radicals were not considered to play an important role on
the basis of EPR spin-trapping experiments [42]. Moreover, Post and Hiskey [40]
have reported that the overvoltage for molecular hydrogen evolution from D,O is
50-87mV greater than in H,O. Therefore, the observed KIE (ky/kp,) of 1.3 could
respond to a rate-determining step related to proton reduction.



3.3 Isotopic Substitution on the Photocatalyst

6.0
. H,

= B88iD,
o
1S
3
— 4.0+
c
>
o
£
a
el
8 20
>
©
o
[on

0.0 4

% D,0 0 100 0 100
% HyO 100 0 100 0
CioHg C10Dg
Compound

Figure 3.8 Isotopic distribution of the evolved gases (H, and D,) from the photocatalytic
reforming of aqueous natural or deuterated naphthalene, over Pt-UV100 employing

D,0 or H,0. Source: Al-Madanat, et al. [42]/with permission of American Chemical
Society.

The use of either natural-composition or deuterated naphthalene leads to very
similar amounts of evolved hydrogen, when accounting for the solvent effect (H,0
or D,O, Figure 3.8). This suggests that, in contrast with water, hydrogen abstrac-
tion from naphthalene is not involved in the rate-determining step of the reaction.
Similar conclusions have been reported for the photocatalytic reforming of aqueous
benzene over platinized TiO, [53].

3.3 Isotopic Substitution on the Photocatalyst

Previous sections have dealt with isotopic substitution in either the solvent or the
substrate molecules involved in the photocatalytic reaction. An alternative way in
which isotopic substitution can be applied to unravel photocatalytic mechanisms
is on the photocatalyst itself. This significantly broadens the scope of experimental
techniques that can be used to characterize the materials and photoinduced reac-
tions, as we illustrate below.

3.3.1 Ti Substitution

Given the popularity of TiO,-based materials, it is not surprising that most studies
of this type were performed on this photocatalyst. We can initially divide them by
the isotopically substituted element, that is, Ti or O. In the former’s case, there is a
relatively small number of examples, mostly dealing with the structural properties
of the materials. For instance, Henderson et al. have analyzed defect diffusion
in single-crystalline anatase [54] and rutile [55] TiO, surfaces. Using “6Ti- or
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180-enriched samples and static secondary ion mass spectrometry (SSIMS), these
authors demonstrated differential behavior between anatase and rutile. While in
anatase both Ti and O ions diffuse from the surface into the bulk under vacuum
reduction (or vice versa during oxidation), only Ti ions do so in rutile. The relevance
of these studies, besides the understanding of the processes themselves, resides in
the great promise that defect engineering presents for highly efficient hydrogen
evolving materials, as exemplified by the so-called “black TiO,” [56] or other
partially reduced TiO,-based materials that show photoinduced hydrogen evolution
without the need for noble metal co-catalysts [57].

Titanium isotopes are also relevant for nuclear magnetic resonance (NMR) stud-
ies on photocatalytic materials. Two of the five stable Ti isotopes are magnetically
active: ’Ti and “’Ti, with a natural abundance of 7.4% and 5.4%, respectively
[58]. These low values, together with other problematic properties such as their
quadrupole moment, render them challenging for solid-state NMR. However,
relatively recent advances in NMR have enabled studying these species. Indeed, a
recent book chapter by Lucier and Huang provides a comprehensive account of
NMR applications on Ti-based systems [58]. Early work by Kolem and Kanert, using
some of these advances in NMR, has carefully monitored the motion of defects
in rutile under different temperatures and oxygen partial pressures [59]. More
recently, Toberer et al. employed NMR to study changes in the local environment of
Ti as a Zn,TiO, precursor progressively formed a hierarchically porous rutile TiO,
material [60]. Interestingly, chemical reduction using H, led to signals that, being
accompanied by a dark blue coloration, were ascribed to Ti** centers (Figure 3.9).
Although these signals were relatively weak, they may provide a unique way to
characterize partially reduced TiO, samples.

Other studies exploited the fact that the local Ti environment (and thus NMR
response) is different for anatase, rutile, and brookite to study crystallinity and
phase distribution in TiO, nanoparticles. Although XRD can, in principle, be used
to quantify crystalline phases (e.g. via Rietveld refinement [61]), the typically broad

! ' ' ' Figure 3.9 Spin-echo ##°Ti NMR
spectra of (a) macroporous Zn,TiO,
after acid leaching and (b, c) of the
same sample after subsequent
reduction in flowing 5%H,/N, at
1023 K for (b) 1 and (c) 12 hours. The
positions of the main signals (in ppm)
are highlighted. The feature at

(b) 330 ppm is assigned to Ti** species.
Spectra were collected at room
78 temperature and in a magnetic field
of 19.6 T. Source: Toberer [60]/with
330 o . .
e permission of American Chemical
© Society.
4000 2000 0 —2000 —4000
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reflections from nanoparticulated materials can complicate such analysis. The
work by Gervais et al. nicely shows how XRD estimations can be independently
supported by solid-state NMR to obtain reliable phase compositions in different
samples [62]. Quantitative XRD measurements can also be complicated by the
presence of amorphous phases [63]. On the other hand, a comprehensive study on
170- and *Ti-enriched titania-silica glasses across a range of Ti:Si ratios provides
an example where amorphous and anatase phases could be well differentiated by
combining neutron diffraction with solid-state NMR [64]. This study determined
that, at low Ti : Si ratios (8 : 92), Ti simply substituted Si in a tetrahedral coordina-
tion environment, while higher ratios (18 : 82) led to phase separation (i.e. TiO,
formation), to which 17O NMR is very sensitive [64].

Very recently, a novel NMR approach to monitor quadrupolar nuclei has been
developed and applied to TiO,-supported MoO, [65]. This technique has allowed
the observation of #°Ti surface sites and notably, the preferential location of the
amorphous TiO, phase at the surface of the particles. In addition, the authors
have demonstrated its application on Al-doped ZnO nanoparticles, which also have
potential applications as a photocatalytic material [65].

3.3.2 O Substitution

More abundant are studies in which isotopic substitution was performed on the
oxygen atoms of TiO,. In fact, a review by Zhao et al. provides a summary of pho-
tocatalytic studies employing 80 [66], while the same topic was also covered in a
recent review by some of us [67].

To follow the historical timeline, we start with studies in which labeled O was
initially not part of the TiO, lattice, but was instead incorporated by a photoinduced
exchange with molecular 1802. In the early 70s, Formenti, Courbon, et al. observed
for the first time that the irradiation of anatase powders in the presence of 20, led
to the production of 00 and °0, in the gas phase [68, 69]. Moreover, the fact
that the concentration of 1°0'80 rapidly increased upon starting irradiation helped
them in determining that the operative mechanism involved one surface oxygen
atom at a time [69].

Additionally, the analysis of the oxygen exchange activity and photocatalytic oxi-
dation rate over different oxides (including ZnO, TiO,, ZrO,, Sn0,, and V,0,) [69-
73] found a strong correlation between the two, pointing to the requirement of labile
surface O atoms for efficient photooxidation [70]. In a more recent article, Pichat
et al. used the oxygen isotopic exchange technique to assess the accessibility of the
TiO, surface when deposited together with a non-active material [70], which is of
relevance for commercial formulations of cost-effective photocatalysts [74].

It is noteworthy that, although most studies of this type have employed labeled
0,, incorporation of oxygen atoms from other gases such as N*80 and S'80, has also
been observed [75, 76]. Furthermore, Lin et al. performed revealing work on pho-
toinduced oxygen exchange over TiO, by combining 80, with CO, CO,, carbonate,
and formate, observing that CO does not exchange O with O,, but the remaining
compounds do [77]. This highlights a possible limitation of the technique: the more
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complex the system under study, the harder it may become to unravel the mecha-
nism by isotopic exchange since several dark and light-initiated processes may con-
tribute to it. Another common source for labeled O has been through #O-enriched
water. Indeed, several works have demonstrated the incorporation of this isotope as
surficial hydroxyl groups in TiO, materials [67, 78].

Besides the photoinduced oxygen exchange, other works have explored oxidation
mechanisms via '8O-labeling the TiO, surface itself. Early work in this direction
used the natural isotopologue of TiO,, and then performed a surface enrichment in
180 by promoting exchange with molecular 80, at 750K or electrochemically in
H,'80 [79-81]. A shortcoming of this approach is that the enrichment of the surface
is not complete; for instance, Henderson observed a 2.5 : 1 ratio of surficial 120 to
160 [80]. He utilized these samples to evaluate the temperature-dependent decom-
position of formic acid over rutile (100) [80] and (110) [79] single-crystals, and in
both cases, the incorporation of 30 into oxidation products was confirmed.

Later on, Kavan et al. devised a synthetic procedure that yielded isotopically pure
Ti'®0, [82], which paved the way for a number of studies on this material [9, 10,
21, 82-84]. The synthesis procedure was relatively straightforward, using H,'/'80
to hydrolyze a TiO, halide precursor (e.g. TiCl,) [9, 82]. We should note, however,
that isotopically substituted reagents tend to be expensive, and this may constrain
the available synthesis pathways. For instance, syntheses in aqueous media, such as
the amply used hydrothermal methods [85], may not be accessible due to the need
for a large amount of isotopically substituted water.

In simultaneous with developing the synthetic procedure, Kavan et al. studied the
isotope exchange between Ti'¥0, and CO, both in the dark [82] and under irradi-
ation [83]. In the dark, the exchange depended upon sample history: while a sam-
ple heated to a low temperature (473 K) did not display oxygen exchange, a sample
annealed in vacuum at 723K readily underwent exchange. This was explained by
the oxygen vacancies that were introduced during high-temperature heating that
acted as traps for CO, molecules [82]. Under irradiation conditions, although the
pre-treatments did have a similar effect, both samples exhibited exchange [83]. An
FTIR investigation also allowed us to propose a mechanism for the exchange [83].
Soon after, the same group performed a study using the same Ti'®0, with formic acid
and found that all oxidation products (CO,, CO, and H,O) contained lattice oxygen
atoms [10]. On the other hand, formic acid itself did not exchange oxygen atoms with
the lattice, neither in the dark nor under illumination, and even prevented isotopic
incorporation in the oxidation products when it was preadsorbed to the surface [10].
This was ascribed to a blocking effect from formic acid, which was also displayed by
adsorbed water.

Employing a similarly synthesized Ti'®0, material, Montoya et al. performed a
series of studies on aqueous and organic media, in which the authors tackled the
role of bridging oxygen atoms on TiO, anaerobic photooxidations [9, 21, 84]. Using
water, aqueous benzene, and benzene, phenol, and benzaldehyde in acetonitrile,
led in all cases to the incorporation of lattice oxygen atoms to the photooxidation
products. This was taken as a confirmation of the so-called “redox photooxidation
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mechanism.” [86] These studies, although in anaerobic conditions, employed silver
salts as electron scavengers, and thus no hydrogen was evolved.

In addition to 80 as mentioned above, the 70 isotope has also seen applications
through NMR studies of TiO, materials. This nucleus is amenable to NMR thanks to
its small quadrupolar moment and large chemical shift range, but suffers from a very
low natural abundance (0.037%), and thus requires enriching the samples [62, 87].
A good example is that by Bastow et al., who produced 17 O-labeled TiO, by hydrolyz-
ing titanium isopropoxide with isotopically enriched H,'’O [87]. Magic-angle
spinning NMR allowed to follow the crystallization process and changes in the Ti
environment well beyond the capabilities of XRD (hindered by small crystallite
sizes) [87].

This isotope has also been cleverly exploited for mechanistic studies by means of
EPR spectroscopy. Giamello’s group, in particular, performed a series of very inter-
esting studies based on the inclusion of 170 on the three main polymorphs of TiO,:
anatase [88], rutile [12], and brookite [89]. The nuclear spin of this isotope, I = 5/2,
yields hyperfine interactions that can be detected using highly sensitive pulsed EPR,
in contrast with 160, which has I = 0. These experiments allowed the description
of the coordination sphere around Ti** centers. Moreover, the use of selective iso-
topic enrichment made it possible to discriminate between electrons trapped as Ti>*
species either in the bulk or at the surface.

3.3.3 H Substitution

Superficially, to say that binary oxides (such as TiO,) are composed of two elements
is a tautology. However, under common operating conditions, it is accepted that
water is strongly adsorbed on their surfaces, thus constituting an integral part of
the material [90]. We thus consider here studies in which isotopic substitution was
performed on hydrogen atoms at the surface of the semiconductor.

Exploiting the fact that H and D have very different masses, most of these works
employ vibrational spectroscopy, a very powerful technique to investigate photocat-
alytic surfaces. A recent book chapter by Hadjiivanov et al. summarizes important
insights that can be obtained from this technique coupled with isotopic substitution
[91]. The basic principle is easy to grasp: assuming that a vibration involving two
atoms with masses M, and My can be approximated as a harmonic oscillator, the
stretching frequency v depends on the reduced mass of the pair u:

-1 [k (3.30)
2n \ u
where k is the force constant and the reduced mass is given by:
M, M,
M, + My

Thus, upon performing isotopic substitution (e.g. from isotope A to A"), the vibra-
tional frequencies will shift accordingly. To quantify this shift, one can define an
isotopic shift factor i:
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v ;
i=£=,/@ (3.32)
VA'B HaB

As mentioned, due to the large mass difference between H and D, this substitution
will lead to large shifts in the bands, while other substitutions, such as '2C to 13C, will
produce more modest (but still measurable) band shifts. For instance, the expected
isotopic shift factor when going from '2C—H to 2C—D is 1.362, while it is just 1.003
when going from >?C—H to '3*C—H [91].

Grassian’s group has explored this type of technique in various studies of cat-
alytically relevant systems [92-94]. An interesting example is the study of SO,
adsorption and photooxidation over TiO, [92]. The adsorption was shown to
intimately involve surficial OH groups: the reaction of one OH with SO, led to
adsorbed bisulfite, while the reaction of two OH groups with SO, yielded sulfite
and water. Isotopic labeling was instrumental in uncovering the overlapping bands
in the Ti—OH (Ti—OD) region around 3600 cm™! (2700cm™'), as illustrated in
Figure 3.10.

The dependence of the isotopic shift factor on the identity of the atoms can be
exploited to determine which ones are involved in a given vibrational mode. To give
an example, the expected i for the Zn-H/Zn-D substitution is 1.403. Experiments
on ZnO surfaces exposed to either H, or D, have shown a band located at 1708 or
1233 cm™!, respectively, yielding i = 1.385 [95]. On the other hand, the observed i is
1.3556 for the O—H/O—D pair [96]. Comparing these values thus allows assigning
the bands to vibrations involving Zn and H atoms. It must also be noted that the
experimental i values often differ from the expected values, as a result of partially
wrong assumptions made in the aforementioned equation (such as the harmonic
behavior).

Another interesting combination of infrared (IR) spectroscopy combined with iso-
topic substitution is that by Panayatov and Yates, who produced n-type TiO, by
irradiating pristine TiO, with atomic H or D [97]. Remarkably, they observed the pro-
duction of electron-hole pairs as a result of the H-atom irradiation. A broad spectral
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Figure 3.10 Fourier-Transform Infrared (FTIR) spectra in the OH or OD stretching regions
for (a) unlabeled TiO,, (b) deuterated TiO,, and (c) 1*0-labeled TiO,. Peak fittings are
included, and positions are indicated in each plot. Source: Nanayakkara et al. [92]/with
permission of Royal Society of Chemistry.
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feature that appeared at ~2000 cm~! was evaluated to be not related to vibrational
modes involving H, since isotopic substitution to D did not yield any shift or change
in the band. Instead, it was determined to be a trap state for charge carriers [97].

3.3.4 Substitution in Materials Other than TiO,

Albeit less frequently than for TiO,, mechanistic studies employing isotopic substi-
tution have also been performed using other photocatalytic materials. Most of them,
however, employ isotopically labeled substrates (not the photocatalysts themselves),
and are therefore described in the preceding sections.

Continuing with the IR technique and H/D substitution, the work by Bocuzzi
et al. mentioned above [95] helped to determine the specific interactions involved
in the chemisorption of H,/D, on ZnO, and to differentiate between dissociative
and molecular adsorption on the semiconductor. More recent articles on ZnO using
IR have explored water adsorption, where isotopic substitution allowed to deter-
mine that both molecular and dissociative adsorption take place, with a remarkable
amount of detail regarding the specific ZnO facets involved [98].

Of great relevance for hydrogen production, which commonly involves a platinum
co-catalyst, is the early work by Bewick and Russell [99] on electrochemical hydro-
gen production over Pt in aqueous systems. Employing IR in reflectance mode with
either H,0, D, 0, or mixtures of them, the authors concluded that hydrogen atoms
weakly bound to platinum are at the same time strongly bound to distinctly ori-
ented water molecules. Contrarily, for hydrogen atoms strongly bound to Pt, there
is no significant perturbation of the structural arrangement of water molecules [99].
More recently, a study on well-defined Pt,, clusters was able to determine, upon
gas-phase chemisorption of H, (or D,), that H atoms bridge two Pt atoms across the
edges of the metal clusters [100]. Although the specific properties of these clusters
typically depend on their size [101], it is remarkable how IR in conjunction with
isotopic substitution can offer a structural picture with rich atomistic details.

In a recent study, Huang et al. [102] provided an example of an increasingly
important trend [103], that is, the use of organic polymers as photocatalytic
materials for H, production. These authors employed heterostructures based on
covalent triazine frameworks, where electron-withdrawing (benzothiadiazole) or
electron-donating (thiophene) functionalities were cleverly incorporated to improve
charge-carrier separation and thus decrease recombination, a common issue with
organic materials. In this work, solid-state cross-polarization magic-angle-spinning
13C-NMR was important to assess the actual incorporation of these functionalities,
giving signals that are well-separated from the main polymer backbone. Isotopic
enrichment was not necessary given the natural abundance of 1*C and the elemental
composition of the materials.

Within the same broad class of materials, the group of Lotsch has provided an
enlightening report on Pt-modified graphitic carbon nitride with remarkable effi-
ciency toward H, production [104]. The key to this efficiency is a post-synthetic
treatment (using a KSCN salt melt) that incorporates urea into the polymer net-
work, providing a binding site for the Pt co-catalyst particles. As part of an extensive
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characterization, the authors employed isotope-enriched KS'3*C'>N, which helped
confirm through FTIR and '3C and >N NMR that urea was indeed incorporated
into the material, and that it was involved in the binding to Pt particles, coordinating
them through the oxygen atom. In addition, these experiments (that also included
double correlation 'H->’N-13C 2D NMR) provided structural information on the
resulting polymers, such as an increased packing due to the urea modification [104].

3.4 Concluding Remarks

In this chapter we have tried to illustrate different use cases of isotopic substitution,
and the mechanistic information that it allows to extract from heterogeneous pho-
tocatalytic systems. We did not attempt to cover all examples from the literature, but
instead to provide a good overview of the range of possible applications — and the
conclusions that each group of authors was able to derive.

Finally, we highlight a few rather obvious aspects involving isotopic labeling that
were touched on in passing in the preceding sections. First and foremost, it must
be mentioned that a limiting factor regarding isotopic labeling is the cost of the
reagents that very much depends on the compound and isotopologues that one is
interested in. As a simple example, D,O can be acquired at a relatively low cost of
~2 € g1, H,'80 can easily cost 200 times that, while the cost for H,’O increases
by a factor of 1000 (with decreasing isotopic purities, as well). Thus, isotopic sub-
stitution cannot be expected to become a widespread technique, especially in devel-
oping countries. On the bright side, the necessary equipment is normally of general
use; as mentioned across this chapter, isotopologues are usually monitored via tech-
niques such as MS, NMR, EPR, or FTIR, without the need for any special adaptation
to consider the different isotopologues. In addition, the natural abundance of cer-
tain isotopes may render them detectable without the need for enrichment, as is
the case for *C NMR, relevant e.g. when using sacrificial compounds for hydrogen
production.

When analyzing the results, it is important to be aware of unexpected results. In
particular, we highlight the possibility of hydrogen exchange when trying to ascer-
tain the source of hydrogen atoms for H, production. For instance, several studies
have analyzed the photoreforming of alcohols, employing different isotopologues
for either the alcohol, water (the solvent), or both. In most cases, the isotopologues
of the evolved hydrogen coincided with those of water (e.g. H, was produced from
CD,0D/D,0, while D, was produced from CH,OH/D,0). However, alcohols gen-
erally exchange protons very fast with water [105]. Since the solvent is present in
overwhelming majority, it is not surprising that the evolved molecular isotopologue
matches that of the solvent. We note as well that some works have claimed the oppo-
site result, with the H, isotopologue matching that of the alcohol [106]; this certainly
provides proof on the origin of the atoms. This is the case, for instance, of the work
by Zhao et al., who studied the photoreforming of different alcohols over Rh-doped
SrTiO, [106], and proposed a concerted mechanism that could explain the absence
of proton exchange with the solvent.
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Regarding the KIE, we also highlight that, in some cases, it could be exploited to
facilitate experimental analysis. For instance, H-D substitution could be employed
to retard the decomposition of reaction intermediates, improving the chances of
detection [67].
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Photocatalytic Overall Water Splitting and Related
Processes for Strategic Energy Storage into Hydrogen
Alberto Puga
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43007 Tarragona, Spain

4.1 Photocatalysis as a Water Splitting Technology
Option

4.1.1 What s (and What Is Not) Photocatalytic Overall Water Splitting?

Water splitting is the dissociative transformation of water into elemental hydrogen
(i.e. dihydrogen, H,) and oxygen (i.e. dioxygen, O,). During water splitting, the two
O—H bonds in water molecules must be cleaved and reorganized in such a manner
that each atom eventually becomes bonded to another one, identical to itself [1-3].
This is a rather stringent definition, implying only one possible reaction stoichiome-
try, as written in Eq. (4.1), and is often reinforced with the epithet “overall”, to avoid
confusions and misconceptions. Overall water splitting thus means that only water
is transformed during the process.

H,0 — H, + 140, (4.1

However, and strictly speaking, the reaction defined in Eq. (4.1) is not the only pos-
sible overall water splitting reaction. Instead of O,, other oxidation products such as
ozone (seldom, if ever, produced by photocatalysis) or hydrogen peroxide (Eq. (4.2)),
both useful oxidants and disinfectants, could be formed.

HZO - 1 H, + 15 H,0, 4.2)

The utility of water splitting transformations lies in the fact that hydrogen is pro-
duced. Overall water splitting, as defined in Eq. (4.1) (but also in Eq. (4.2)), requires
an energy input, and the result is the storage of such energy in the formed prod-
ucts, especially hydrogen, which can be utilized as a versatile fuel (see Section 4.2.1).
If the energy used is of renewable origin, the hydrogen obtained is a true paradigm of
clean and sustainable fuels. Photocatalysis entails promotion of chemical reactions
by the action of photonic energy —i.e. light — and in this context, it represents a strate-
gic opportunity for harnessing sunlight and storing the incommensurate amount of
energy it provides [4, 5].
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Even if water may appear as an abundant feedstock, overall water splitting gener-
ally requires purified water, and its supply in large amounts for energy applications
cannot be taken for granted [6]. This is especially serious in scenarios of fresh water
scarcity, which are unfortunately too frequent and widespread in low-income parts
of the world. In this context, the production of hydrogen from impure waters or even
seawater becomes enticing. Given the presence of a range of substances dissolved in
these waters, other products might be expected. A clear example is that of brines,
which may lead to the production of chlorine and sodium hydroxide (Eq. (4.3)),
akin to the chloralkali process [3]. Albeit useful, this is clearly not overall water
splitting. Section 4.6 provides an account of this area of research.

2H,0 + 2 NaCl — H, + 2 NaOH + Cl, (4.3)

In photocatalysis, the development of new materials for hydrogen production is
an extraordinarily active research field [7-10]. A large number of examples rely
on the use of sacrificial electron donors, generally organic substances, which are
much more prone to oxidation than water itself, as substrates to boost the formation
of H,. Regrettably, some such reports keep using the term “water splitting” -
incorrectly — to describe their findings, and what is worse, purified and valuable
sacrificial feedstocks are often consumed and hence, unproductively destructed.
For a process of this kind to be reasonable and sensible, the sacrificial material
should be a low-grade feedstock, or even a waste, to be valorized [11-14]. Chapters 9
and 10 of this book deal with the valorization of biomass-derived products, whereas
Chapter 11 is an account of the photocatalytic wastewater-to-hydrogen process.

This chapter presents a brief overview of photocatalytic water splitting and the his-
tory of its technological development for the last 50 years. The emerging alternative
overall water splitting pathway leading to H,O, as the coproduct and some elemen-
tary variants of water splitting involving the use of saline waters, ammonia, or other
hydrogen-containing bulk chemicals are also examined.

4.1.2 Comparison to Competing Technologies: Photoelectrochemical
and Photovoltaic-Electrochemical

The production of the so-called “green” hydrogen by the electrolysis (electrochem-
ical splitting) of purified water using renewable electricity is a mature technology,
currently experiencing a rapid growth in terms of installed capacity (see Chapter 1
and Ref. [15]). A significant proportion of these ongoing projects is based on pho-
tovoltaic electricity, and hence, the hydrogen produced is a clear embodiment of
solar energy storage. In this scenario of increasingly available and affordable solar
hydrogen, why developing photocatalytic water splitting technologies? The main
motivation is simplicity. Solar photocatalysis only requires a light-absorbing material
exhibiting activity for the desired transformation under irradiation, i.e. immersing
an appropriate photocatalyst in water and exposing it to sunlight [4, 16-18].

Figure 4.1 illustrates the water splitting design differences between the pho-
tocatalytic, photoelectrochemical, and photovoltaic-electrochemical approaches.
Photocatalysis occurs on the surface of discrete particles immersed in water in



4.1 Photocatalysis as a Water Splitting Technology Option

Photovoltaic cell

Photocathode

;1 O, +4H" 2H*
lj H,0 l H, "‘-'

(a) (b) Golden triangle for (C)
practical solar hydrogen production system

Efficiency Efficiency

Figure 4.1 Comparison of light-activated overall water splitting systems. Top: Schemes of
photocatalytic (a), photoelectrochemical (b), and photovoltaic-electrolytic (c) designs,
showing the much simpler configuration of photocatalytic devices based on the direct
irradiation of an active material immersed in water, as compared to the need for wired cells
for the other two options. Bottom: triangle plots assessing the suitability of each technology
on the grounds of efficiency, cost/scalability and durability as key performance parameters;
PC, PEC, and PV-EC stand for photocatalytic, photoelectrochemical and photovoltaic-
electrochemical, respectively, whereas the PEC approach is broken down into PE-PE, PE
buried, and PEC-PV, designating dual photoelectrode, photovoltaics-based photoelectrode
materials with buried double or triple junctions (2jn and 3jn, respectively), and hybrid
photoelectrochemical-photovoltaic designs, respectively; STH stands for solar-to-hydrogen
energy conversion efficiency. Source: Kim et al. [4]/with permission of Royal Society of
Chemistry.

B\, PE buried

) PE buried

Life time

Cost and scalability Life time Cost and scalability &

a single compartment, as further discussed below, and hence, does not require
electrical connections. The disadvantage of this setup is that a mixture of H, and
0, is generated, and downstream separation is necessary, implying technical issues
and added cost. On the other hand, photovoltaic electricity must be transported
to separate electrodes for hydrogen and oxygen evolution in a two-compartment
electrolytic cell furnished with an ion-transport membrane, operating in the dark.
Photoelectrochemical cells represent intermediate designs and may adopt a range
of configurations.

Although the consolidated photovoltaic-electrolytic technology offers reasonable
efficiencies close to the theoretical maximum, materials costs and lifetimes are yet to
be improved. This is being challenged by advances in photoelectrochemical devices
that do not require the two-step process of electricity generation and transportation
to the electrochemical cell, for example by integrating multi-junction photovoltaic
materials in photoelectrodes (Figure 4.1, top, b, and “PE buried,” bottom, right
panel). The downside of such sophisticated designs is their complexity. Chapters 5
of this book delve into photoelectrochemical water splitting, whereas chapter 6
examines the emerging option of junction photoelectrodes. The merit and potential
of photocatalytic water splitting lie in its much lower cost and easier scalability and
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reproducibility (Figure 4.1, bottom, left panel), due to its conceptual simplicity and
straightforward cell construction and operation. Recent and impressive progress
has demonstrated that scale-up to multi-square-meter solar plants can be readily
achieved [19-21], as reported in chapter 12. Notwithstanding this, a real challenge
remains to be tackled: solar-to-hydrogen efficiency must be drastically improved by
actively researching on breakthrough materials.

4.2 Basics and Fundamentals of Photocatalytic Water
Splitting

4.2.1 Water Splitting Thermodynamics, Energy Balance and Metrics

Water splitting requires energy to happen. In thermodynamic terms, the reaction is
endergonic since its free energy change is positive (AG® = 237.1 kI mol~! at standard
conditions for Eq. (4.1)). This is burdensome since the process must be forced by
injecting (at least) that amount of energy into the system in an effective manner,
though conversely, such energy is eventually stored in the hydrogen product [22].
Natural photosynthesis is the best example of such a phenomenon, whereby sunlight
is utilized to produce complex biomass as the material supporting and powering life
on Earth, and by resembling it, light-driven overall water splitting is considered as
an artificial photosynthetic process. As in natural photosynthesis, photonic energy
must be absorbed and channeled perfectly by means of an appropriate material.

Converting the free energy input mentioned above and considering that Eq. (4.1)
involves the transfer of two electrons, photons of energy equal to or above 1.23 eV, i.e.
wavelengths below ca. 1000 nm, are required. This equates to roughly the UV, visi-
ble, and near-infrared ranges of the solar spectrum. The remaining infrared fraction
cannot promote the reaction. Therefore, the solar-to-hydrogen conversion efficiency
(STH), defined as the ratio between the amount of chemical energy stored in the
hydrogen produced and the amount of incident sunlight energy, has a theoretical
limit of around 40%. In reality, it is highly ambitious to achieve even significantly
lower STHs due to a series of events resulting in energy losses (see Sections 4.2.2
and 4.2.3). Apparent quantum efficiencies (AQY) as defined in Eq. (4.4)

n(photons)
2n(H,)

where n(photons) and n(H,) are the amounts of incident photons and hydrogen
molecules (two is the factor reflecting the fact that two photons, subsequently gen-
erating two electrons, are involved to produce one hydrogen molecule, see Ref. [23])
are generally well below the ideal 100%. Even for perfectly performing photocata-
lysts, STH decreases dramatically if the usable solar spectrum is reduced, as shown
in Figure 4.2.

Based on projections estimating a threshold STH of 10% for competitive hydrogen
by photocatalytic water splitting [24-26], all the UV, blue, and green light should be
harnessed (ca. <540 nm). More optimistic scenarios suggest that 3-5% STH might
be economically competitive due to the affordability of photocatalysis [20, 27].

AQY = (4.4)

Z
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Wavelength Minimum Maximum
Solar spectrum fraction range photon efficiency
(A/nm) energy (eV) (STH/%)

<400 3.10 2

< 600 2.07 16

< 800 1.55 32

Figure 4.2 Theoretical maximum solar-to-hydrogen conversion efficiencies (STH),
assuming all incident photons result in H, production (apparent quantum efficiencies of
100%), for ideal photocatalysts absorbing different fractions of the solar spectrum up to
their absorption edge wavelength. Data taken from Ref. [24].

Unfortunately, the best photocatalytic overall water splitting systems reported today
perform at STH values ranging 1-2%, and rarely absorb above 500 nm [18].

4.2.2 Photophysics of Heterogeneous Semiconductor Photocatalysts

The light-driven activity of photocatalysts primarily stems from the absorption
of photons. Either a discrete molecular substance or a semiconductor may act as
photocatalysts. In overall water splitting, the latter kind of photocatalysts are by
far more common, and they operate in heterogeneous mode since they are solids,
which, generally, do not dissolve in water. Upon photon absorption, the particular
electronic structure of semiconductors is amenable to the promotion of an electron
from the valence band to the conduction band of the material - importantly, the
energy of the photon (see Figure 4.2) must overcome the difference between both
bands, known as the bandgap. Appropriate semiconductors for water splitting
photocatalysis include several metal oxides, sulfides or nitrides, and polymeric
materials (see below). The photogenerated electrons and holes may then separate,
migrate to appropriate active sites, and, once there, participate in the reduc-
tion and oxidation, respectively, of water. An illustration of this photophysical
mechanism, typical for any semiconductor photocatalysis process, is shown in
Figure 4.3.

All steps in this photocatalytic machinery must proceed smoothly to completion
to attain high efficiencies (AQYs, and in turn, STHs). However, performances may
be sluggish on many occasions, and it is tedious and cumbersome to identify which
steps are more detrimentally affected [28]. A look at the timescales in Figure 4.3
(bottom) promptly reveals that, whilst photon absorption and subsequent generation
of charge carriers are extremely rapid (femto-to-picoseconds), completion of a full
photocatalytic cycle is orders of magnitude slower (milliseconds to seconds), and it is
not surprising that charges may recombine (and hence, annihilate) along such a long
journey. It is widely accepted that such recombination events severely undermine
photocatalytic efficiency, leading to energy loss and low AQYs; in this regard, good
semiconductor crystallinity and low-defect density minimize recombination proba-
bility. Another critical stage is the diffusion and transfer of charges to the active cat-
alytic sites through their interfaces with the semiconductor, although photocatalysis
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Figure 4.3 Top: A scheme showing the photophysical mechanistic steps taking place in a
semiconductor-based photocatalyst, namely, 1: photon absorption and electron promotion
from valence band to conduction band (across the bandgap), 2: exciton separation into
electron-hole pairs (represented by filled and empty balls, respectively), 3: electron and
hole (charge carriers) migration through conduction and valence bands, respectively, 4:
charge carrier transport to surface active sites (HER and OER are the hydrogen and oxygen
evolution reactions, respectively), 5: charge carrier transfer to reactants (in overall water
splitting, H,0 molecules), and 6: diffusion of reactants (H,0 molecules and derived species)
and products (H, and O, molecules); electron-hole recombination may happen directly or
through trap states, thus resulting in energy loss. Bottom: Gear diagram showing timescales
and main parameters affecting each one of the steps. Source: Takanabe [28]/with
permission of American Chemical Society.
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holds an advantage in this regard with respect to (photo)electrochemistry since the
typically small size of semiconductor particles implies short diffusion paths and less
relevant interface polarization [24].

4.2.3 The Challenging Kinetics of Water Splitting and Co-Catalyst
Requirements

In addition to thermodynamic and photophysical constraints, overall water splitting
suffers from a serious kinetic drawback related to the complex charge carrier transfer
(step 5 in Figure 4.3). Two electrons must be transferred to two protons for hydro-
gen evolution, whereas oxygen formation is even more challenging since it requires
the participation of four holes and the close interaction of two-oxygen species from
two different water molecules. As a consequence, additional energy barriers must be
overcome for both half-reactions. These are known as overpotentials, and although
they are also relevant in (photo)electrochemical water splitting, the delicate photo-
physical machinery of photocatalysis is more susceptible to activity decrease due to
the burden they impose on charge transfer across the material surface.

Most semiconductors alone do not contain appropriate active sites for hydrogen
or oxygen evolution, and therefore, unsurmountable overpotentials severely hinder
overall water splitting on them. An adequate solution to this issue is the incor-
poration of co-catalysts able to lower such overpotentials. Commonly, different,
dedicated, and appropriately designed co-catalysts for either H, or O, evolution
are deposited on the surface of the semiconductor, hosting and transferring
electrons from its conduction band and holes from its valence band, respectively
(Figure 4.3 and Refs. [9, 29]). Subsequently, they facilitate their transfer to the
appropriate redox reactant species. Examples of hydrogen evolution co-catalysts
are nanoparticles of noble metals or metal oxides, sulfides or phosphides, and
biomimetic organometallic complexes, whereas the choice of oxygen evolution
co-catalysts is somewhat more stringent, encompassing certain nanoparticles of
metal oxides or complexes [9, 24, 26, 29-31]. On occasions, charge separation and
accumulation in the co-catalysts prevents photocorrosion on some redox-unstable
semiconductors [24].

4.2.4 Photoreactor Engineering and Process Conditions

The fact that solar photocatalysis may work by simply exposing an active material
immersed in water to sunlight under ambient temperature and pressure conditions
surely facilitates reaction engineering. However, the gigantic size of the endeavor
for strategic solar energy storage by producing photocatalytic hydrogen leads to
a key parameter of special significance: irradiation area. A projection by Maeda
and Domen estimated that as much as ten thousand 5x 5km solar plants would
be needed to meet one third of all energy consumption by 2050, assuming that
breakthrough developments will ensure STH of at least 10% [25]. Therefore, maxi-
mization of light absorption and use of minimal photocatalyst amounts will dictate
and probably constrain photoreactor design and construction. Another crucial

69



70

4 Photocatalytic Overall Water Splitting and Related Processes

aspect is that the H,/O, mixture produced must be promptly evacuated and
separated.

Currently, most photocatalytic experiments reported in the literature have been
performed in batch photoreactors containing a suspension of the photocatalyst
in aqueous media. This configuration results in inefficient light absorption due to
reflection and scattering of incident radiation by the multiple suspended particles,
and oversized photocatalyst amounts given that light penetration will be restricted to
the uppermost layer of suspension [22, 32]. Large-scale solar plants based on tubular
photoreactors mounted on concentrators have been successfully constructed and
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Figure 4.4 Large-scale photocatalytic overall water splitting flat panels based on
immobilized photocatalyst sheets. Top, (a): Design of individual panel photoreactors

(625 cm?) in plastic casing made by injection molding. Middle, (b): Cross-section scanning
electron microscope image of the thin photocatalyst layers immobilized on frosted glass
sheets. Bottom, (c): Photographs of panel assemblies into larger units, showing that the
technology is amenable and robust for scale-up into multi-square-meter solar water
splitting plants. Source: Nishiyama et al. [19]/with permission of Nature Publishing Group.
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tested [33], although they operate in suspension mode, and hence, photocatalyst
sedimentation and oversizing problems are not solved. Recently, planar photoreac-
tors whereby thin layers (down to 10 pm in thickness) of the photocatalyst are fixed
and immobilized, and then submerged in shallow depths of water covered with
transparent windows, have been developed [27]. Even a 100 m? plant has been built
and operated successfully [19]. Details of the design of the individual, modular, flat
panel reactors employed are shown in Figure 4.4. Such an impressive achievement
demonstrates that affordable and replicable scale-up and implementation of
photocatalytic overall water splitting systems is surely achievable.

4.3 Materials for Photocatalytic Overall Splitting
of Pure Water into H, and O,

One of the major obstacles in improving solar overall water splitting (i.e. STH) is the
design and mass-production of photocatalysts exhibiting high photonic efficiency
(i.e. AQY) for a wide fraction of the solar spectrum, including radiation wave-
lengths from the highly energetic UV range, and well into the visible. The simplest
approach regarding materials design entails using one semiconductor having a
bandgap energy (E,) surmountable for the most visible range photons (around or
smaller than 2 eV, Figure 4.2). Even if that condition is met and provided highly
active sites (co-catalysts) are present, the potential of charge carriers (electrons in
the conduction band and holes in the valence band) must be enough (more negative
and more positive, respectively) to enable O, and H, formation, respectively,
as hinted in Figure 4.3 [8, 24]. The approach based on only one semiconductor
as light-absorbing photocatalyst component is convenient in terms of materials
affordability, although it must meet these stringent energy constraints (Figure 4.5a).
In addition, overpotentials force the band potentials to be even further away in
energy to ensure activity, increasing the required bandgap, and thus narrowing the
usable solar spectrum visible range. Nature has provided a smart solution to such
a hurdle: constructing a photocatalytic system whereby two different absorbers
may be excited, and hence generate charge carriers, by lower-energy photons,
inspired by the photosystems in photosynthetic organisms [35]. Photosystems
rely on pigments such as chlorophyll as light absorbers, linked to highly sophis-
ticated metalloproteins acting as reactor centers. In “artificial” photocatalysis,
semiconductors are used instead due to their availability and stability [24, 36].
Electrons photogenerated by one of the absorbers are used to form H,, and holes
photogenerated by the second one lead to O, formation. The unused charge carriers
recombine internally in a Z-scheme by means of redox mediators, as shown in
Figure 4.5. Redox mediators can be either dissolved in water, and thus, free to diffuse
to and from the two different semiconductors, or solid components tightly bound to
both semiconductors. In either case, it is critical to suppress the several backward,
unproductive, electron transfer steps that are unfortunately more probable and
favorable than water splitting in Z-scheme systems (dashed arrows in Figure 4.5).
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Figure 4.5 Energy diagrams in semiconductor-based photocatalytic overall water
splitting. Top, (a): One - semiconductor configuration. Middle, (b): Two-semiconductor
configuration with a redox mediator in aqueous solution. Bottom, (c): Two-semiconductor
configuration with a solid-state mediator. CB, conduction band; £, semiconductor bandgap;
HEP, hydrogen evolution photocatalyst; NHE, normal hydrogen electrode; OEP, oxygen
evolution photocatalyst; Ox, oxidant; Red, reductant; VB, valence band. Blue and gray balls
represent co-catalysts for H, and O, evolution, respectively. Note that two and four
electrons (not specified for simplicity) are involved in the formation of H, and O, molecules,
respectively. Source: Chen et al. [34]/with permission of Nature Publishing Group.

To summarize, one-semiconductor overall water splitting photocatalysts are sim-
ple to produce, yet they are only active under the most highly energetic fraction of
sunlight, whereas two-semiconductors may exhibit activity for a larger portion of the
lower-energy, visible solar spectrum, but are significantly more challenging to design
and prepare. Another issue to remark is that the necessity for two absorbers in the
latter means that twice the number of photons are required for a given transforma-
tion as compared to their one-absorber counterparts; therefore, four photons (two
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per absorber) must be absorbed to split one molecule of water instead of two [24].
The following sections present a succinct overview of the main achievements in
overall water splitting photocatalysis encompassing both configurations. It is not the
goal of this chapter to provide a comprehensive review, but to highlight outstanding
and disruptive examples of different kinds of successful materials.

4.3.1 Single Light Absorber Configuration Based on Metal Oxide
Semiconductors

The discovery of the Fujishima-Honda effect, leading to light-induced water
oxidation on TiO, semiconductor electrodes, was reported [37], initiated an exciting
research race that continues today, as evidenced throughout this chapter. Several
years later, the first example of overall splitting of water vapor adsorbed on TiO,
and iron-modified TiO,, under highly energetic UV light, was reported [38].
The amounts of H, and O, were small — yet measurable — and production rates
tended to decrease with time after a few hours, and these facts stimulated further
materials design to modify the photocatalyst or seek new appropriate semiconduc-
tors. Shortly afterward, Kawai and Sakata found that the sluggish activity exerted
by TiO, could be improved by several orders of magnitude by incorporating RuO,,
a known water oxidation material, to the photocatalyst, achieving steady H,/O,
for several days [39]. Conversely, and contemporarily, Sato and White reported
that the deposition of Pt or Rh as hydrogen evolution co-catalysts on TiO, also
enhanced overall water splitting activity [40, 41]. Unfortunately, metallic (Pt°,
Rh?) surfaces readily catalyze the reverse reaction, forming water again, severely
affecting long-term activity [41-43]. This can be solved by tuning the oxidation state
of surface platinum, i.e. by depositing PtO, which, is inactive for the back-reaction,
instead of Pt [44]. The action of UV irradiation can promote the reduction of
surface platinum to Pt°, ensuring the presence of H,-evolution active sites to some
extent [45]. This fact evidences the main drawback of TiO,, which, although being
inexpensive, abundant, and stable, is nevertheless hindered by the relatively high
photonic energy required to activate it (E, ~3.0-3.2¢eV, Figure 4.2), restricting its
theoretical maximum solar efficiency. Table 4.1 compares photocatalytic water
splitting for representative examples of oxide semiconductors.

An obvious step forward is the search for oxide semiconductors with appropriate
band potentials [28, 57]. One such example is Cu,O, with a narrow bandgap
(E, ~2.0-2.2¢eV, depending on preparation conditions, absorbing photons below
ca. 600nm) and suitable conduction and valence band redox ability for water
splitting. Stable H,/O, production was reported for Cu,O, without any co-catalysts,
immersed in liquid water under visible light for up to 1900 hours [47]. Low rates
and photo-stability concerns have limited further development of photocatalytic
overall water splitting using Cu,O [22]. Another more recent yet similar example
is that of CoO. Albeit its conduction band potential is not negative enough to
favor H, formation, surprisingly efficient overall water splitting under simulated
solar light has been reported for co-catalyst-free CoO nanoparticles (STH = 5%),
although photocatalyst durability was poor [46]. Necessary elucidation of the
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Table 4.1 Photocatalytic overall water splitting data for single light absorber materials.

Semiconductor HEC OEC Reaction medium Light source Efficiency References
TiO, Rh — Adsorbed water vapor Hg lamp, 500 W, 250-400 nm AQY =29% [41]
CoO — — Pure liquid water Solar simulator STH = 5% [46]
Cu,0 — — Pure liquid water Xe lamp, 300 W, >460 nm AQY = 0.3% (550-600 nm) [47]
SrTiO, NiO —a) Water vapor Hg lamp, 450 W AQY =1% (365nm) [48]
K,Nb,O,, NiO —a) Pure liquid water Hg lamp, 450 W AQY =3.5% (330 nm) [49]
NaTaO, NiO — Pure liquid water Hg lamp, 400 W AQY =20% (270 nm) [50]
Rh, Sb:SrTiO, Iro.» 1Iro, Liquid water (pH = 3) Xe lamp, 300 W, >440 nm AQY = 0.1% (420 nm) [51]
AlL:SITiO, CrO,/Rh CoOOH Liquid water (pH = 3) Xe lamp, 300 W, >440 nm AQY ~96% (350-360 nm) [52]
STH = 0.65%
(Ga,_,Zn )(N,_,O,) RhCrO, — Liquid water (pH = 4.5) Hg lamp, 300 W, >400 nm AQY ~2.5% (420-440 nm) [53]
Y,Ti,0,S, CrO,/Rh IrO, Liquid water (pH = 8.5) Xe lamp, 300 W, >420 nm AQY ~5.3% (420-480 nm) [54]
C,N, Pt/PtO, CoO,, Liquid water Xe lamp, 300 W, >420 nm AQY ~0.3% (405 nm) [55]
PTEPB® — — Liquid water Xe lamp, 300 W, >420 nm AQY ~10.3% (420 nm) [56]
STH = 0.60%

a) Nickel oxide and nickel metal are probably the O, and H, evolution co-catalysts, respectively, according to follow-up studies.
b) Partly reduced iridium oxides are presumably the H, evolution co-catalysts.
c) PTEPB: a 2D conjugated microporous polymer formed by tri(ethynylphenyl)benzene units.
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mechanism, independent validation of these results by other laboratories, and
stability enhancement would take photocatalysis closer to practical and competitive
implementation. Many other simple oxides are only active in the UV region, as
for example ZrO, or Ga,0,, whereas the band potentials of most transition metal
oxides absorbing visible light are misaligned for water splitting [8, 34].

Mixed metal oxides represent a distinct class including semiconductors with
tunable electronic structure. Among these, titanates, niobates, and tantalate solids
with perovskite structures have resulted in remarkable photocatalytic overall water
splitting activities, yet their wide bandgaps limit the usable sunlight spectrum
to the UV region. Early discoveries were centered on SrTiO,, similar to TiO, in
electronic band structure, which is still the focus of successful development today
(see below). Long-term H,/O, production was found for NiO/SrTiO,, whereby
deposited nickel oxide acted as a co-catalyst, suppressing the counterproductive
reverse reaction [48, 58]. Niobates loaded with analogous nickel co-catalysts soon
equaled or outperformed titanates [49, 59], as shown in Table 4.1. Tantalates were
reported to split water under UV light even in the absence of co-catalysts, reflecting
that their conduction bands are widely negative, and hence, they have a strong
reducing potential. This kind of semiconductor can only be activated by UV photons
of high energy, and their modification is vital for solar photocatalysis, as discussed
in the next section.

4.3.2 Doped Metal Oxides Improve Single Absorber Photocatalysts

Tantalate structures were among the first to be doped [7, 8, 34], leading to
greatly enhanced photocatalytic water splitting. Activity enhancement for sodium
tantalate-doped with a series of lanthanides (Ln:NaTaO,) was recorded, and
ascribed to limited crystal growth during the high-temperature synthetic protocols
employed, which in turn facilitated charge carrier diffusion through shorter
paths and transfer to more abundant active sites due to increased surface area;
AQY reached around 50% in the far UV region for NiO/La:NaTaO, [60]. Despite
such encouraging results, doping did not improve visible-light activity to any
apparent extent. The visible-activity milestone was achieved using strontium
titanate co-doped with rhodium and antimony, using iridium oxide as a co-catalyst
(IrO,/Rh, Sb:SrTiO;), owing to the narrowing of the bandgap by rhodium-based
electronic levels above the valence band [51]. Nonetheless, the choice of doped
oxide systems is rather limited, and visible-light efficiencies are impractically low
(see Table 4.1).

Let aside the focus on visible activation, metal doping of SrTiOj is recently leading
to outstanding enhancements of photocatalytic overall water splitting under UV
and solar irradiations. An Earth-abundant metal such as aluminum, introduced
simply by performing flux synthesis (i.e. in molten salt media) in alumina cru-
cibles, exerted the beneficial effects of restricting crystal growth (small Al:SrTiO,
particles are formed) and providing shallow states that trap and promptly transfer
photogenerated electrons for H, formation [61]. Solar panels were constructed
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based on this material, resulting in a remarkable STH of around 0.4% under outdoor
operation [21]. The co-catalyst used, a mixed chromium-rhodium oxide, suffered
from Cr%* leaching after photo-oxidation, negatively affecting durability. A solution
to this issue, whereby an appropriate cobalt O, evolution co-catalyst (CoOOH)
helped trap and channel oxidizing holes effectively, was later formulated, resulting
in remarkable stability for 1000 hours [62]. An impressive photon-to-hydrogen
efficiency (AQY =~ 96%) has been reported by sequentially photo-depositing each
co-catalyst component on the adequate facets, that is, the H,-evolving CrO,/Rh and
the O,-evolving CoOOH on electron- and hole-enriched surfaces (see Figure 4.6
and Ref. [52]). Such successful and rapid development has recently culminated in
the demonstration of a 100 m? solar water splitting plant, producing H, for several
months in a row under natural sunlight and ambient conditions, by Domen’s team
(Figure 4.4, Ref. [19]). This is a breakthrough showing that single-semiconductor
photocatalysts are suitable and affordable for the scale-up of real solar photocatalytic
water splitting plants.

4.3.3 Modifications of Single Light Absorber Photocatalysts:
(Oxy)nitrides, (Oxy)sulfides

As hinted above, the valence band levels of oxides tend to be relatively low in
energy since they are formed by low-lying, stable, O 2p orbitals, and consequently,
their bandgaps are too wide (>3eV) for activation under visible light. Doping
oxide structures with nitrogen or sulfur introduces new states above the valence
band, with the contribution of N 2p or S 3p orbitals [63]. The most successful
approach to achieve this has been the synthesis of solid oxynitride solutions, such
as (Ga,_,Zn )(N,_,0,), a smart design since both GaN and ZnO have the same
crystal structure, and hence, gallium and zinc on one side, and nitrogen and
oxygen on the other, are mutually replaceable; by depositing nanoparticles of a
rhodium-chromium co-catalyst, photocatalytic overall water splitting was observed
under visible light for up to 35hours [53, 64], see Table 4.1. Bandgap narrowing
from the parent semiconductors (3.4 and 3.2eV for GaN and ZnO, respectively)
down to 2.6 eV for (Ga,_,Zn )(N,_,O,) enables activity up to ca. 500 nm, including
blue light (see Figure 4.2). Other nitrides and oxynitrides, such as Ta;Ng or TaON,
have shown further extension of the visible-light absorption range [4, 34, 65]. As
their main downside, durability of these materials is somewhat limited due to the
instability of nitride to oxidizing conditions, a phenomenon that deserves special
consideration.

Whilst the photostability of sulfide and oxysulfide materials is equally problem-
atic, given the tendency of sulfide to become oxidized, they bear an enormous poten-
tial to absorb a wide range of visible light [34]. A recent example is Y, Ti,05S,, which
has shown overall water splitting activity up to 640 nm when loaded with CrO,/Rh
and IrO, as co-catalysts; the iridium co-catalyst effectively traps and uses holes for
0, evolution, thus suppressing the oxidation of S?~ [54].
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Figure 4.6 (a): Water splitting activity of CrO,/Rh/AL:SrTiO; (left), sequentially
photo-deposited COOOH/CrO,/Rh/AL:SrTiO, (middle) and co-impregnated CrO,/Rh/ALSrTiO,
(right). (b): Diffuse reflectance spectrum of ALl:SrTiO, and wavelength dependence of AQY
(here designated as external quantum efficiency, EQE) for the photocatalytic overall water
splitting on CoOOH/CrO,/Rh/ALSrTiO; (corresponding to: a, middle). (c): Scanning-
transmission electron microscopy image of CoOOH/CrO, /Rh/AL:SrTiO; alongside a model
representation of its crystallite morphology and co-catalyst location. Source: Takata et al.
[52]/with permission of Nature Publishing Group.
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4.3.4 Organic or Metal-Organic Semiconductors for Photocatalytic
Water Splitting

The majority of semiconductors used in photocatalysis and other light-activated
technologies are inorganic, chiefly combinations of metals with oxygen and/or
other non-metals [10], as outlined in the preceding sections. A completely different,
and far less studied, class is that of organic semiconductors [66]. They tend to be less
resistant and durable than their inorganic counterparts, albeit their structural tun-
ability may potentially lead to myriad materials with compelling properties. Totally
organic m-conjugated polymers, covalent-organic frameworks and metal-organic
frameworks (MOFs) are the most promising types of materials for photocatalysis.

The most prominent example of t-conjugated polymer semiconductor is graphitic
carbon nitride (C;N,), a 2D material. It can be readily prepared by thermal conden-
sation and its band structure is adequately matched for overall water splitting [67].
As in the case of inorganic nitrides, C;N, is prone to photo-degradation by oxidation,
and the deposition of efficient co-catalysts is a requirement both for water splitting
activity and protection of the material from highly oxidizing holes. In this regard,
remarkable stability was achieved by depositing CoO, and Pt-PtO, as O, and H, evo-
lution co-catalysts [55]. Previously, an impressive STH (2%) and long-term stability
of up to 200 days was reported for a C;N, photocatalyst only having carbon dots as
a co-catalyst [68]. Mechanistic studies, and validation by independent laboratories,
are still necessary to confirm the potential of graphitic C;N, for photocatalytic water
splitting.

Evolution of 2D n-conjugated polymers is flourishing into the field of covalent
organic frameworks, whose structures contain channel-like micropores, in turn
resulting in materials of large surface areas. Their semiconductor features in terms
of light absorption can be adjusted by modifying their structures, as for aromatic
cores of increasing size (benzene vs. triphenylbenzene) linked with ethynyl units,
whereby the latter results in reduced bandgaps (E, =2.85eV) and hence higher
photocatalytic water splitting efficiency in the absence of any co-catalysts [56].
The versatility of organic polymers of structural design, and its impact on pho-
tocatalytic activity, has been shown by the production of poly(dibenzothiophene
sulfone), having a 1D backbone, which reaches a steady H,/O, production under
visible light after 60 hours in the presence of deposited Pd and IrO, co-catalysts [69].

MOFs are generally 3D microporous structures having metal-based cores and
organic linkers, which may exert semiconductor properties [70]. Despite the intense
research activity around them, their application as photocatalysts for overall water
splitting has been seldom studied, probably owing in part to their poor hydrolytic
stability. The first publication, dating back only five years, reports a MOF formed
by aluminum cores, aminoterephthalate linkers and nickel as co-catalyst, leading
to H,/O, production for a few hours [71]. Durability has been improved by a
new class of robust titanium-squarate materials with platinum co-catalysts, which
showed stable activity for up to ten days [72]. The highly sophisticated preparation
of artificial chloroplasts based on MOFs encapsulated in liposomes, has also been
described; this bioinspired Z-scheme system promoted water splitting under visible
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light for three days [73]. The design possibilities of (metal-)organic semiconductors
represent a stimulating horizon for photocatalysis, provided stability issues can be
addressed.

4.3.5 Bioinspired Two-Absorber Z-Scheme Configurations toward
Artificial Chloroplasts

The limited visible-light absorption of most single absorber photocatalysts can be
overcome by combining two absorbers that complement each other, whilst each one
of them becomes activated by lower energy photons (see Figure 4.5, discussion at the
beginning of Section 4.3, and Refs. [16, 36]). This comes at the expense of material
preparation complexity, since it relies on a sophisticated Z-scheme multi-component
bioinspired approach, as in the artificial chloroplast mentioned above [73]. Simpler
designs encompass the use of two inorganic semiconductors as light absorbers and a
redox mediator that can be dissolved in the aqueous reaction medium or physically
contact particles of both semiconductors in the solid state.

The first demonstration of a Z-scheme for overall water splitting used I-/I0;~ as
the redox mediator pair and two TiO, particulate materials (see Figure 4.5b), i.e.
one having an anatase structure and Pt as a co-catalyst for H, evolution and the
other based on a rutile structure for O, evolution; the different components were
simply mixed in water and water splitting proceeded for 100 hours under UV-visible
light [74]. Unproductive electron transfer reactions cause short circuit in the pro-
cess. This takes place to some extent in these systems given the free diffusion of
the electron mediator in the solution, hampering efficiencies. Improvements can be
achieved by an appropriate selection of components; for example, using Fe*/Fe*
as the redox mediator and Rh:SrTiO; and BiVO, as light absorbers exerts activity
below 500 nm, although efficiencies remain moderate [75]. Table 4.2 lists a series of
Z-scheme photocatalytic systems for overall water splitting.

Strategies to avoid back and cross reactions include separating both components
of the photocatalyst into different compartments connected through a membrane,
or simply using no electron mediator at all. A demonstration of direct inter-particle
electron transfer was possible employing the Ru/Rh:SrTiO, and BiVO, combination
(see above) by carefully adjusting the pH of the solution to maximize the contact of
the different semiconductors by aggregation [76]. Diffusion and the low probabil-
ity of surface encounters still restrict efficiencies for suspension setups. Evolution
of this into immobilized layers whereby the two photocatalyst component particles
are closely contacting each other, prepared by either screen printing [80] or particle
transfer techniques [81], has emerged in recent years [10, 27]. A particularly effec-
tive approach consists of using a solid-state, conducting, solid mediator enabling
rapid electron transfer following the Z-scheme pathway (Figure 4.5c). Deposition
of gold by electron beam evaporation produced sheets with high quality contacts
between Ru/La,Rh:SrTiO; and RuO,/Mo:BiVO, in an improved photocatalyst sys-
tem, leading to an order of magnitude higher efficiency (see Table 4.2, Ref. [77]). Asa
cheaper alternative to gold, an amorphous graphitic carbon conductor was proposed
and successfully deposited as a solid-state mediator, with comparable activity [78].
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Table 4.2 Photocatalytic overall water splitting data for Z-scheme materials comprising two light absorbers.

HEPC? OEPCY Electron mediator Reaction medium Light source Efficiency References

Ru/Rh:SrTiO, BiVO, Fe**/Fe** Water (H,SO,, Xe lamp, 300 W (>420 nm) AQY =4.2% (420 nm) [75]
pH=124) or solar simulator STH =0.1%

Ru/Rh:SrTiO, BiVO, — Water (H,SO,, Xe lamp, 300 W (>420 nm) AQY =1.7% (420 nm) [76]
pH=3.5) or solar simulator STH =0.12%

CrO,/Ru/La, RuO,/Mo:BiVO,  Au ‘Water, 10 kPa Xe lamp, 300 W (>420 nm) AQY =33% (419 nm) [77]

Rh:SrTiO, or solar simulator STH=1.1%

CrO,/Ru/La, RuO,/Mo:BiVO,  C(graphitic, Water (H,SO,, Xe lamp, 300 W (>420 nm) AQY = 26% (419 nm) [78]

Rh:SrTiO, amorphous) pH =3.5), 10kPa or solar simulator STH = 1.0%

CrO,/Ru/La, RuO,/Mo:BiVO,  Indium tin oxide Water (H,SO,, Xe lamp, 300 W (>420 nm) AQY =10.2% (420 nm) [79]

Rh:SrTiO3 pH =3.5), 10kPa or solar simulator STH =0.4%

a) HEPC: H, evolution photocatalyst.
b) OEPC: O, evolution photocatalyst.



4.3 Materials for Photocatalytic Overall Splitting of Pure Water into H, and O,

Figure 4.7 (a): Illustration of a

printed layer of a Z-scheme Hp

photocatalyst composed of v L} =
CrO,/Rh/La, Rh:SrTiO; (red spheres), A o ; &
RuOXX/MozBiVO4 (blue spheres) and . O‘\’.\f o "

indium tin oxide (yellow spheres)
nanoparticles as the H, evolution,
0, evolution, and solid electron
mediator, respectively. Source:
Reproduced with permission from
Wang et al. [79]; copyright 2018
Elsevier. (b): Photograph of a

3 x 3 cm sheet based on the
Z-scheme described above,
irradiated using simulated sunlight
(AM 1.5G) in water, showing the
evolution of H,/O, bubbles. Source:
Wang and Domen [10]/with
permission of American Chemical
Society.

. AM 1.5G
Pure water
91 kPa

333 K

This technology was further improved by using a transparent conductor mediator,
indium tin oxide (ITO), which is amenable to screen printing of large flat panels (see
Figure 4.7, Ref. [79]).

Whilst the bioinspired Z-scheme approach entails a great challenge due to com-
plexity in fabrication, it is an appealing technology for the design of artificial chloro-
plasts [73].

4.3.6 Artificial Leaves Based on Semiconductor Junctions

A step beyond in overall water splitting technologies only requiring the immersion
of an appropriate material in irradiated water is that represented by artificial leaves
[4, 82]. The difference with immobilized photocatalyst particle layers lies in the
fact that artificial leaves are assemblies of a flat photovoltaic-type absorber inter-
faced with appropriate co-catalysts. The absorber is generally based on semiconduc-
tor junctions. Another way to define such artificial leaves is a wireless, compact,
integrated photovoltaic-electrolysis system whereby H, and O, evolution sites are
appropriately contacted on either side of the photovoltaic unit.

Among different attempts to construct efficient and stable artificial designs, the
most prominent and successful examples were reported by Nocera and cowork-
ers [82]. As a sunlight absorber, a triple-junction amorphous silicon material
was used, and interfaced with ITO coated with a cobalt-phosphate O,-evolving
co-catalyst, and a stainless steel sheet coated with a nickel-molybdenum-zinc
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Figure 4.8 Left: Photograph of a floating artificial leaf comprising a TiCoO,/BiVO,,
photoanode and Pt/perovskite photocathode under operation on the waters of river Cam
(Bridge of Sighs, St. John’s College, Cambridge, United Kingdom). Right: H,/O, production
from overall water splitting using the artificial leaves under natural sunlight on a cloudy day
and ambient atmospheric conditions, or in a laboratory setup under simulated sunlight and
inert atmosphere. Source: Andrei et al. [87]/with permission of Nature Publishing Group.

H,-evolving co-catalyst, to achieve remarkable stability and STH of around
2.5% [83]. The O,-evolving co-catalyst had been previously envisaged and then
optimized as a self-healing dynamic material that is deposited in situ from Co?* in
a phosphate buffer solution at neutral pH, with a similar structure and mechanistic
functionalities to the Mn,O,Ca cluster in natural photosystem II [84, 85]. The team
founded a spin-off company, Sun Catalytix, to commercialize the artificial leaf,
which was later purchased by a major aerospace technology corporation [5].
Phenomena hampering the efficiency of artificial leaves include long-charge
carrier diffusion paths with multiple junctions, and the shadowing effect of
deposited co-catalysts on the irradiation area. The selective and localized elec-
trodeposition of a H, evolution co-catalyst (Pt) on the line shaped electrode of a
commercial triple-junction photovoltaic cell (InGaP, GaAs, and Ge as semiconduc-
tors) was proposed as a solution to overcome such issues, resulting in an STH of
around 11.2% [86]. It should be noted that photovoltaic-grade semiconductors are
not water-stable, and the leaf must be rigorously sealed. Very recently, floating, flex-
ible photoelectrochemical artificial leaves based on a combination of TiCoO,/BiVO,
photoanode and Pt/perovskite photocathode have been constructed and operated in
open waters such as a river (Figure 4.8); a conductive graphite-epoxy resin was used
as an electrical contactor and encapsulant [87]. Although the efficiency is lower than
in laboratory experiments, the demonstration of a device that can autonomously
perform solar water splitting outdoors on unpurified water is a major achievement.

4.4 Photocatalytic Splitting of Seawater

More than 97% of all water on Earth is in seas and oceans, whereas fresh water
availability for human use (including industry, farming, and agriculture) is or
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will soon become critical in many geographical locations [88, 89]. Moreover,
current water-to-hydrogen technologies use purified water as the feedstock. Albeit
previous desalination can be an option, the development of successful direct
seawater splitting implies obvious advantages in terms of sustainability. Recent
efforts in this regard have been devoted to the fields of electrolysis [6, 89] and
photocatalysis [88, 89].

The presence of large amounts of salts — chiefly, sodium chloride - in seawater is
a key factor influencing the efficiency and durability of water splitting systems. In
particular, CI~ may exert both positive and negative effects. The oxidation of CI~ to
chlorine (Cl,) and hypochlorite (C10™) is hindered thermodynamically yet favored
kinetically with respect to water oxidation to O, [88, 89]. Regardless of whether oxi-
dation of chloride or water takes place, the reduction half reaction is invariably the
generation of H, from water protons, provided no other sacrificial reagents are used.
In practice, brine electrolysis is the basis of the industrial production of Cl, (Eq. (4.3))
or C10~ for bleach and other disinfecting formulations [90]. Adaptation of such tech-
nology to hydrogen production can be beneficial [91].

Regarding photocatalysis, Lee and coworkers first reported photocatalytic H,/O,
production from filtered natural or model seawater employing suspended NiO/Ni/
La,Ti, O, under UV light, observing some detrimental effect of most salts relative to
pure water, and no formal oxidation of C1~ [92]. This was later confirmed for artifi-
cial seawater splitting under visible light on Rh,_,Cr,0,/(Ga,g3Zn, 1,)(Ng 550012,
which underwent a diminution of activity to approximately half relative to pure
water, and lack of stability due to degradation of the photocatalyst [93]. Some indi-
cation of chloride oxidation was hinted in this latter report, inhibiting O, evolution,
but none of the expected useful co-products were formed in appreciable amounts.
Effective production of H,/O, was also reported on magnesium-doped GaN-InGaN
nanowires having deposited Cr,0,/Rh and CoO,, as co-catalysts from aqueous NaCl
solutions, with co-production of small amounts of Cl, and CIO~ (Figure 4.9); lower

nitride
nanowires

Figure 4.9 Artwork representation of a photocatalyst consisting of Cr,0,/Rh-Co0O,/
GaN-InGaN nanowires on silicon wafers enabling the sunlight-promoted splitting of
seawater, generating H,/0, and traces of Cl, and CLO~. Source: Guan et al. [94]/with
permission of American Chemical Society.
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activity was observed from simulated seawater owing to poor photocatalyst stability
under its mild basicity (pH ~ 8), and yet, remarkably high STH (1.9%) was achieved
under concentrated sunlight [94].

Several other photocatalytic systems exhibiting tolerance to saline aqueous media
and hydrogen production activity include some oxide materials. For example,
hydrogen was evolved from WO,-Na, WO, composites under visible-infrared light,
although neither O, nor oxidized chlorine products were detected; instead, the
formation of hydroxide radicals and hydrogen peroxide (H,0,) by water oxidation
was suggested [95]. The splitting of pure water or artificial seawater into H, and
H,0, was later demonstrated by using TiO, (brookite) nanoflutes with deposited
platinum as a co-catalyst, both under UV-vis or natural sunlight [96]. Despite the
limited number of reports, proof of concept of solar photocatalytic seawater splitting
and the possibility to obtain peroxides (see next section) are enticing prospects.

4.5 Photocatalytic Overall Water Splitting into H,0,
and H,

The preceding sections summarize the wealth of knowledge available on overall
water splitting to H, and O, thanks to stupendous efforts and astonishing success in
photocatalyst and co-catalyst design. On most occasions, the generation and reactiv-
ity of O, appear to be the bottleneck to even superior performance. Formation of an
oxygen molecule takes place by a four-electron process (Eq. (4.1)) in several steps,
and therefore, several burdens might hinder its completion. However, if it takes place
half way by the transfer of two electrons, the alternative and useful water oxidation
coproduct H, O, can be produced (Eq. (4.2)). Early studies suggested this possibility,
although it has been commonly regarded as a failure, and only recently its enhance-
ment is beginning to be considered as a viable and worthwhile option [91, 97].

In 1980, the production of hydrogen from UV-irradiated suspensions of TiO, and
ZnO photocatalysts was reported, but intriguingly, no oxygen could be detected, a
fact that was ascribed to its conversion into H,O, [98]. A thorough study by Kon-
darides and coworkers revealed that H,O, is more rapidly produced by oxidation
of surface hydroxyl groups typically present on oxide particles, and subsequent
coupling to adsorbed peroxides; unfortunately, sustained water splitting on Pt/TiO,
by this process could not be achieved [99]. It is commonly presumed that surface
peroxides tend to poison the photocatalyst, hampering the recovery of H,O,. Some
improvement in terms of productivity and durability has been reported using
Pt-loaded brookite nanoflutes, also from seawater and under natural sunlight [96].

Carbon nitrides are another class of photocatalysts that can enable H,/H,0, pro-
duction, importantly, also under visible light. Overall water splitting was reported
for Pt/C,;N, with peroxide instead of oxygen formation; peroxide remained tightly
adsorbed on the photocatalyst, and forced desorption by exhaustive venting was nec-
essary to maintain multi-cycle efficiency [100]. Such serious poisoning of the carbon
nitride surface by peroxide was solved by incorporating co-catalysts (carbon dots [68]
or MnO, [101]), which decompose it to oxygen and water. Further development of
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these systems has resulted in a phosphorus-doped C,;N, material with cobalt-nickel
phosphide as a co-catalyst exhibiting high activity and selectivity under visible light
[102]. Despite the prospects of H,O, production by photocatalytic water splitting,
the release and recovery of the product as a useful active oxygen substance must
be solved.

4.6 Beyond Water Splitting: Photocatalytic Hydrogen
from NH; or Other Binary Hydrogen Substances

Despite the photocatalytic overall water splitting efficiencies attained so far are rel-
atively low, they represent a significant success given the energetic, mechanistic,
and practical hurdles to overcome. By analogy, other simple binary hydrogen sub-
stances can also be in principle split. The most obvious example is ammonia (NH,).
It is massively produced in industry as a fertilizer precursor by the direct reaction of
N, and H, (4.5), and can be considered as a hydrogen carrier if the reverse, ender-
gonic - ammonia splitting - reaction (Eq. (4.5)) can be conducted [2, 103].

NH, - 34 H, + 14N, (4.5)

Early studies revealing the photocatalytic activity of TiO, to generate NH, from
gaseous N, in the presence of water [38] were followed by the incorporation of plat-
inum as a hydrogen-evolving co-catalyst, resulting in the co-production of NH; and
H,, albeit at declining ammonia yields, a fact that was attributed to splitting accord-
ing to Eq. (4.5) [104]. Production of H,/N, in a nearly stoichiometric ratio (x3) by this
process was performed in the vapor phase in continuous operation on Pt/TiO, pho-
tocatalysts, with enhanced productivity in the presence of water [105]. Interestingly,
the reaction proceeds at higher rates in aqueous solution [104], and at basic pH
[105, 106], with negligible formation of noxious nitrates/nitrites [106]. Ruthenium
can effectively perform as an oxidation co-catalyst on ZnS for N, evolution in ammo-
nia splitting under UV and simulated sunlight [107], but beyond these reports, and
regrettably, little progress in this field has been made in recent years [108]. The
prospects of the implementation of a hydrogen economy and the feasibility of ammo-
nia as a carrier might (should) stimulate further research to explore photocatalysis
as a splitting technology.

Other substrates for photocatalytic hydrogen production have been proposed.
Nocera advocated a reversible energy storage cycle based on hydrogen halides as
hydrogen carriers [109]. Hydrogen sulfide is another possible precursor involving
a more facile oxidation half-reaction than water [110], although the multiple
possible stable products obtained (sulfate, sulfite) hamper reversibility. Selectivity
to elemental sulfur has been proposed by using Cu-doped TiO, photocatalysts
as a viable solution [111]. The field is still immature and ample room for further
progress might be ahead for sulfur-hydrogen systems. Finally, methane reforming
(the prevalent route toward industrial hydrogen production currently) can be
also performed under irradiation [112, 113]. The rich knowledge and future
improvements in photocatalytic overall water splitting surely represent a valid asset
for the development of these other hydrogen production technologies.
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4.7 Outlook and Prospects

Whilst the generation of hydrogen and oxygen from water by electrochemical
methods has been known for centuries, the realization of the simpler photocatalytic
approach, whereby the dissociation of water takes place on the surface of an
irradiated photo-active material, has been much more arduous to materialize.
Nonetheless, the development of photocatalytic overall water splitting technologies
has rapidly evolved during the last five decades. Initial demonstrations of UV-active
semiconductor suspensions inspired a burgeoning wave of bold and dedicated
research work. The burdens to overcome were chiefly low efficiencies, short
durability, and scant visible-light response. Advances to overcome the former two
burdens have relied on the design of co-catalysts promoting the key redox steps on
water to generate hydrogen and oxygen while protecting the semiconductor from
the accumulation of photogenerated charge carriers. The design of semiconductors
with narrower bandgaps yet maintaining appropriate band potentials for water
splitting has been successful in extending activity into the visible range of the
solar spectrum. An alternative strategy to harness more such low-energy photons
is the construction of bioinspired Z-scheme combinations of two semiconductors
complementing each other. Moreover, multi-junction photovoltaic systems can be
integrated into standalone wireless artificial leaves for water splitting, bridging the
gap with photoelectrochemical technologies.

At the present stage, solar-to-hydrogen efficiencies of photocatalytic water split-
ting have achieved a few units on a percent basis. The competitive threshold for
solar hydrogen is estimated to be somewhat higher, ideally around 10%, and conse-
quently, continuation of the hitherto astonishing advancements in basic research is
still required, both in photonic efficiency and in the utilization of visible photons.
The possibility to use seawater or untreated surface water, or the promotion of other
hydrogen production processes, such as those leading to hydrogen peroxide as the
oxidation product, is enticing to expand on sustainability and viability dimensions.
Direct solar energy storage into renewable hydrogen is, per se, an incredibly reward-
ing target to motivate further endeavors in the photocatalytic option.
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5.1 Introduction

The over-exploitation of fossil fuels and the ever-increasing global energy demand
have brought about extensive research in green energy strategies and sustainable
development [1]. Low and zero-carbon technologies are proposed as potential
solutions, however, despite great advancements in these areas, there is still a need
to develop more efficient processes to simultaneously produce clean energy while
reducing the global carbon footprint.

Sustainable H, production through photoelectrochemical (PEC) water splitting
(also known as golden hydrogen) is considered a promising technology in green
energy harvesting and long-term energy storage, in particular for distributed
production in locations with poor electricity and/or gas networks. Since PEC H,
production was first reported by Fujishima and Honda [2], the investigation of novel
light-harvesting materials for use as photocatalysts in this reaction has garnered
growing research attention.

The underlying principle behind PEC H, production is rather straightforward,
however, the molecular basis and reaction mechanisms have yet to be fully under-
stood [3]. A PEC cell consists of a semiconductor photoelectrode immersed in an
electrolytic solution. When the device is irradiated, photons are absorbed by the
light harvester, producing an electron excitation from the valence band to the con-
duction band, generating an electron-hole pair, which drives a chemical reaction
(Figure 5.1). In order to produce H,, a PEC system electrolyses water into H, through
the hydrogen evolution reaction (HER) and O, via the oxygen evolution reaction
(OER) [5]. If the photoelectrode is an n-type semiconductor, it functions as a pho-
toanode and facilitates the OER. Conversely, a p-type semiconductor acts as a pho-
tocathode and carries out the HER [6].

Photocatalytic Hydrogen Production for Sustainable Energy, First Edition. Edited by Alberto Puga.
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Figure 5.1 Simplified scheme representing the role of the photogenerated electron-hole
pair in the PEC water splitting process. The electrode shown is a photoanode, facilitating
the OER. Source: Kalanur et al. [4]/with permission of Springer Nature.

In this chapter, the principles of PEC H, production and the parameters that influ-
ence its efficiency are explored. Subsequently, PEC device design considerations,
including photoelectrode materials and PEC cell configurations, are discussed.
Finally, theoretical models of the photophysical and electrochemical phenomena
involved in PEC H, production are briefly summarized.

5.2 Parameters Affecting PEC H, Production

The following section explores the factors that affect PEC performance and
efficiency, namely, solar-to-H, (STH), incident photon to current efficiency (IPCE),
photocurrent density, and reactor setup. The theoretical basis for these interdepen-
dent parameters is established, and novel strategies to enhance PEC performance are
discussed.

5.2.1 Solar-to-H, Conversion Efficiency

Several solar-driven H, production methodologies have been developed with varying
device complexities and efficiencies, however, practical PEC H, production using
low-complexity devices with high efficiency still remains out of reach (Figure 5.2).

The STH conversion efficiency (ngry) describes the ratio of input solar energy to
the amount of H, generated. As such, it is a crucial parameter for comparing the
efficiency and overall performance of PEC devices and benchmarking them against
different solar technologies.
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Figure 5.2 Technological map showing various solar-energy approaches for photon-driven
H, production. Source: Kim et al. [7]/with permission of Royal Society of Chemistry.

The ngry calculation is dependent on the configuration of the PEC cell. In a
two-electrode PEC system, nqpy can be obtained by measuring the amount of H,
produced under standard solar illumination conditions (AM 1.5G), as shown in
Eq. (5.1)[8, 9].

rate of H, production x AG

(5.1)

Hsth = ; :
Py X illuminated area |, 56

where the rate of H, production is expressed in mol s™!; AG corresponds to the Gibbs
free energy required for water splitting, 237.2 kJ mol~!; and P,,,; represents the total
incident solar light intensity (W cm~2). For example, AM 1.5G corresponds to 1 sun
or 0.1 Wcm™2,

For a three-electrode PEC system, where the reference electrode allows for elec-
trochemical measurements, #4ry; can be determined using Eq. (5.2) [10].

ol X E X 1
st = P—

where, J is the short-circuit photocurrent density (A cm™2); E corresponds to the
theoretical voltage required for the electrolysis of water, 1.23 V; and 7 is the Faradaic
efficiency for hydrogen evolution, which is defined as the ratio of gas generated to
the theoretical maximum gas evolution [11]. Different methodologies may be used
to quantify the amount of gas produced, ranging from gas chromatography [12] to
flow meters [13], water displacement systems [14], or in-line mass spectrometry [15].
In all cases, it is necessary to confirm that all the gas evolved corresponds to hydrogen
before 7y can be calculated. These parameters are measured without any sacrificial
reagents and without any pH variation or electrical bias between the working elec-
trode and the counter electrode.

Since many photoelectrode materials provide insufficient voltage, an external bias
is often necessary to drive the PEC water splitting reaction. In these cases, the applied

] (5.2)
total AM1.5G
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bias photon-to-voltage conversion efficiency, or ABPE, defined in Eq. (5.3), must be
used instead of the ¢y equation [10].
|Jphot0| X (E - Vbias)

ABPE = (5.3)
Ptotal AM1.5G

where, V,, corresponds to the applied external voltage, and J
rent density (mA cm~2) measured.

photo 18 the photocur-

5.2.2 Incident Photon to Current Efficiency

The photocurrent produced by a number of incident photons of a given wavelength 4
is known as the IPCE given by Eq. (5.4) [16]. It is a useful expression for determining
the system’s electrical sensitivity to light.

l’lhO\) _ hxc Jphoto(}‘)

IPCE() = =
® npn (M) e A X PN

(5.4)

where, n,, and n,,;, correspond to the number of holes produced and incident pho-
tons, respectively. In the second expression, h is Planck’s constant, c is the speed of
light, and e is the charge of an electron [17].

Since IPCE is dependent on the light intensity and wavelength, it is closely linked
to the optical properties of the photoelectrode. Incident photons are either absorbed,
transmitted, or reflected by the semiconductor material. Light absorption efficiency
(n1,), also known as light harvesting efficiency (LHE), describes the fraction of pho-
tons that the photoelectrode can harvest, and is given by Eq. (5.5) [18].

Ma=1—-ng—ng (5.5)

in which sz and #; are the light reflection and transmittance efficiencies,
respectively. These parameters are conventionally determined using reflectance
spectroscopy, which reveals the characteristics of the working electrode material.

5.2.3 Photocurrent Density

In a PEC system, in order to measure the current generated by the photoelectrode
under light illumination, a voltage bias is applied between the working electrode and
the counter/reference electrode. The difference between current under dark condi-
tions and current generated under illumination is known as photocurrent.

Photocurrent density is a standard evaluation tool for understanding photo-
electrode performance that can be obtained using a conventional three-electrode
voltammetry cell setup. Figure 5.3 shows the anodic photocurrent density obtained
in response to an applied electrode potential.

5.2.4 Reactor Setup

The PEC reactor, or photocell, consists of photoelectrodes connected via an
electrolyte. A reference electrode could also be included, allowing voltamet-
ric determination of the photocell’s performance. Although research focus on
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photocell design has been limited, it is an important consideration for commercial
and industrial-scale applications of PEC systems. A photocell setup can modify
active surface illumination, fluid flow, and bubble formation, all of which are crucial
for maximizing the efficiency of a reactor. Therefore, a description of different PEC
reactors, variations in incident light, and photocell window materials are needed to
construct an efficient reactor setup.

5.2.4.1 Type of Photocell

In general, photocells can be divided into two major categories: Open and H-type.
Open photocells are basic configurations where the three electrodes are situated in
a shared electrolyte chamber (Figure 5.4a). In this setup, the gases evolved during
the reaction are mixed, thus, a method for gas separation, such as gas chromatog-
raphy, is required. Conversely, an H-type photocell features separate chambers for
each electrode, which allows for the straightforward collection of separated gases
(Figure 5.4b). Note that lab-scale versions of these devices generally operate with
the light source fixed at a certain distance from the working electrode to efficiently
calculate the light intensity reaching the photoelectrode.
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Figure 5.4 Schematic diagrams of (a) Open and (b) H-type photocells. Source: Xing et al.
[20]/with permission of Elsevier.
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5.2.4.2 Incident Light

Commercial and industrial applications of PEC reactors require direct illumination
by natural sunlight. As such, the light intensity varies greatly depending on the
weather, geographical location, and time of day. Furthermore, the geometric shape
of the photoreactor can also influence the incident light intensity. Maximum H, pro-
duction can be achieved by utilizing the full solar spectrum at an illumination inten-
sity of at least 0.1 W cm~2. Outdoor applications typically use concentrator lenses,
which focus incident light onto photoactive surfaces to increase illumination inten-
sity; by using these lenses, illumination of up to 47.4 W cm~2 (>400 suns) has been
achieved [13]. For example, a hematite photoanode PEC system utilizing a dual-axis
tracking system for outdoor operation was reported to achieve 0.5-2 mA cm~2 pho-
tocurrent density output (Figure 5.5) [19].

5.2.4.3 Photocell Window Material
Incident light must reach the photoelectrode of the photocell through the opti-
cal window, which should not reflect or absorb any of the desired operating
wavelengths. To assess the effectiveness of window materials, Huang et al. [21]
compared the H, production rate in a standard photoreactor cell while modifying
the optical window material (Figure 5.6). Although these tests were performed in
photocatalytic reactors instead of PEC cells, the results can shed light on some
useful alternative materials for PEC reactor design. The results show that quartz
windows facilitate the highest H, production, but their high cost rules them out for
large-scale applications [20]. More cost-effective window materials are necessary to
support commercial PEC applications. Polymer films such as Aclar™ and Mylar™
have emerged as promising alternative materials as they enable similar H, produc-
tion rates to quartz at a lower cost [21, 22]. In addition, safety considerations need
to be evaluated for industrial applications, as quartz or glass can pose a safety issue
with reactions under pressure, while plastic-based materials offer a competitive
advantage in this regard.

A detailed examination of photoreactor designs, including photocell types,
window materials, and light concentrators, can be found in the 2013 review by Xing
et al. [20].

Fluid
circuit
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Figure 5.5 Large-scale, outdoor PEC system mounted on a dual-axis solar tracking system.
Source: Moss et al. [19]/with permission of John Wiley & Sons.
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Figure 5.6 Comparison of the H, production rate for photocatalytic reactors utilizing
different window materials. Source: Huang et al. [21]/with permission of Elsevier.

5.3 Photoelectrochemical Semiconductor Materials

High catalytic activity and stability are two important properties that an ideal
solar-active semiconductor should have. Additionally, to increase the efficiency of
the PEC water splitting reaction, the photoelectrode should have efficient charge
carrier separation, and suitable bandgap energy and position, to maximize the
absorption of useable photons [23].

The identification of viable photoelectrocatalysts for the HER and OER processes
is a key stepping stone toward sustainable PEC H, production. For this reason, metal
oxide photoelectrocatalysts have undergone extensive study owing to their high effi-
ciency, stability, and cost-effectiveness. Furthermore, nanostructured metal oxides
have the added benefit of increased surface area and quantum size effects, which can
prove beneficial for PEC efficiency [24]. In this section, the influence of nanocata-
lyst morphology and electrode modification on the PEC activity and efficiency is
explored.

5.3.1 Morphologies of Semiconductor Materials

State-of-the-art photoanode materials reported in the literature include TiO,, Fe, O,
BiVO,, and CdS, while Cu,0 and metal phosphides (M,P,) are typically used for
photocathodes [23]. These photoelectrodes conventionally use bulk catalysts,
however, nanostructured semiconductor materials have recently emerged as
promising candidates to improve #g4ry; in PEC water splitting systems. Morphology,
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pore structure, lattice impurity, and available redox-active sites have a central role
in determining the conversion efficiency of these nanomaterials. The following
section will focus on nanostructure morphology and how it affects PEC reactor
performance.

The principal objective of semiconductor design is to improve charge separation
and charge transport pathways, thereby enhancing HER and OER kinetics. Semi-
conductor morphology can be modulated by modifying the synthesis variables that
control the nucleation and growth processes of the nanostructure. As a result, it is
possible to optimize specific surface area, electrical conductivity, crystallinity, optical
absorbance, and effective bandgap, which are bottlenecks for increasing photocur-
rent generation [25]. Recently, Lamers et al. [26] investigated the effect of annealing
on BiVO, samples and reported increased crystallinity, improved charge transfer,
and reduced bandgap in annealed samples. These effects facilitated an overall 50%
increase under AM 1.5 illumination.

Nanomaterials have proven to be ideal candidates for rational semiconductor
fabrication approaches. Recent studies have shown that semiconductor composi-
tion and nanostructure have a significant effect on photoelectrode performance, as
shown in Table 5.1.

5.3.2 Photoelectrode Modification

Fast charge-recombination is a major hurdle that solar-active catalysts often face,
leading to slow H, generation kinetics and low efficiency. The introduction of pro-
tective layers and co-catalysts has been shown to overcome this crucial drawback
[34-36].

Heterostructures are obtained through doping of semiconductor materials, as a
result, heterojunctions with suitable bandgaps are formed. These regions promote
current flow and charge separation, supporting increased photocurrent, stability,
and reaction kinetics. Promising heterostructured materials include CuAlO,/
CuFeO,, CuO/CdS/TiO,/Pt [37] photocathodes and In,0,/In,S,, CdS/Ti [38],
NiCo,0,/TiO,/BiVO,, and BiVO,/WO, [39] photoanodes.

Table 5.1 PEC performance of metal oxide nanostructures measured under AM 1.5G
simulated solar light.

Photocurrent density

Materials Nanostructure (mAcm~2) vs. RHE Electrolyte Light source
BiVO, [27]  Microflower 5.66at0.9V 0.5M Na,SO, Halogen
BiVO, [28] = Nanotextured pillar 1.95at0.9V 0.5M Na,SO, Xenon
CuWO, [29] Nanoflower 0.58at1.0V 0.1M NaH,PO, Xenon
TiO, [30] Nanosponge 0.06 at 0.8V 0.1 M Na,SO, Xenon
TiO, [31] Nanoflower 0.75at0.2V 1.0M NaOH Xenon
WO, ([32]) Nanoplate 1.00at1.6V 0.5M Na,SO, Xenon

ZnO [33] Nanowire 0.60at 0.3V 0.1 M NaOH UV-LED
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In the following sections, the main strategies used to modify photoelectrodes with
metallic and non-metallic compounds will be explored; namely, bilayers, Z-scheme
multilayers, co-catalyst doping, and surface passivation coating.

5.3.2.1 Bilayer Structure

Photoelectrodes comprised of two layers of thin-film semiconductors are referred to
as bilayer set-ups. The incorporation of a secondary layer increases light-trapping
capability, which results in a significant decrease in surface reflectance. Bilayers
that employ both wide and narrow bandgaps exhibit directional charge transport,
which leads to the formation of an internal electric field that inhibits charge
recombination [40].

The bilayer arrangement has proven to increase photocurrent density sig-
nificantly. For example, Kodan et al. [41] synthesized a BiVO,/MoO, bilayer
photoanode through radio-frequency sputtering, showing a sixfold improvement in
photocurrent density compared to a bare BiVO, photoanode (0.03 to 0.22 mA cm™2
at 1.23 Vvs. RHE).

The bilayer can also consist of two distinct phases of the same material.
For instance, Park et al. [42] recently reported the fabrication of a bilayer pho-
tocathode that consists of vertical Sb,Se; nanorods grown on top of a Sb,Se,
thin film (Figure 5.7). This configuration achieved close to 30 mA cm=2 at 0V vs.
RHE, a significant improvement compared to single Sb,Se, layers that achieved
12.5mA cm~2 at 0V vs. RHE [43].

5.3.2.2 Z-Scheme Multilayer
Multilayer structures seek to improve the photocatalytic activity of the photoelec-
trode by mimicking natural photosynthetic systems. The well-known Z-scheme of

/’ /

Monolayer 4

Bilayer

gp‘,'//s@g_ &
——

Monolayer

(b)

Figure 5.7 (a) Schematic diagram of fabrication procedure for Sb,Se; nanorod-thin film
bilayer; (b—d) SEM images depicting monolayer and bilayer electrodes, showing distinct
structural separation. Source: Park et al. [42]/with permission of American Chemical Society.
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Figure 5.8 Schematic diagram illustrating the overall water splitting process in a
Z-scheme pathway. CBM: conduction band minimum; VBM: valence band maximum. Source:
Wang et al. [44]/with permission of Royal Society of Chemistry.

photosynthesis is characterized by two photoexcitation processes, which are coupled
by electron transfer through the stepwise arrangement of energy levels (Figure 5.8).
Similarly, a Z-scheme multilayer photoelectrode contains a photosystem I (PSI) and
photosystem II (PSII). This multilayer approach reduces charge recombination and
improves light harvesting considerably while maintaining ideal redox ability [45].

Recently, Liu et al. [46] reported the synthesis of a direct Z-scheme multilayer
photocatalyst based on a black/red phosphorous heterojunction. The resulting pho-
toelectrode exhibited a photocurrent density of 0.03 mA cm™2 at 0.1 V (vs. Ag/AgCl)
in 0.5M Na,SO, electrolyte, more than triple the current density reached by black
and red phosphorous alone under the same conditions.

The review by Wang et al. [47] contains an in-depth investigation of recent
Z-scheme multilayer photoelectrode systems.

5.3.2.3 Co-Catalyst Layer
Recent reports have shown that the overpotential required for PEC water splitting
can be decreased by incorporating a co-catalyst into the photoelectrode. The most
efficient transition metal catalysts for electrochemical water splitting, namely IrO,,
CoO,, and NiO,, have demonstrated a notable reduction in onset potential when
used as co-catalysts in a PEC system. In addition, these decorated photoelectrodes
displayed considerable stability at the co-catalyst/photocatalyst interfaces [48, 49].
The enhanced PEC activity is attributed to additional reaction sites and improved
charge separation. Oxidative co-catalysts can also reduce photogenerated holes from
the light-harvesting semiconductor, thereby preventing photocorrosion and improv-
ing the stability of the photoelectrode.

A recent report by Fang et al. [50] described a BiVO, photoelectrode modified
by NiFeOOH and Co-P; co-catalysts, which featured increased charge transfer
kinetics and process efficiency, when compared to a bare BiVO, photoelectrode.
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The improved light-harvesting and charge separation capability of the Co-P;
photocatalyst promoted an almost six times increase in photocurrent density.
Examples of photoelectrodes and their synergy with co-catalyst are presented in
a review by Yang et al. [49], and the recent perspective on co-catalyst design by
Saruyama et al. [51].

5.3.2.4 Surface Passivation Coating
Practical applications of PEC water splitting are hindered by the deterioration of pho-
toelectrodes during the water oxidation process. Degradation can be avoided through
the application of a thin passivation layer without a considerable impact on charge
transfer. A layer as thin as 1-2 nm is sufficient to isolate the photoelectrode surface
from the electrolyte and reduce photocorrosion [52]. Kim et al. [53] demonstrated
that the lifespan and stability of a BiVO, photoelectrode can be increased signifi-
cantly through the use of a TiO,/ZnO passivation layer, resulting in more than two
times higher current densities than bare BiVO,. The role of passivation layers in
photoelectrodes is discussed in detail by Liu et al. [52].

Examples of modified photoelectrodes using the abovementioned strategies are
presented in Table 5.2 with their reported performance.

Table 5.2 Examples of heterostructured photoelectrodes for H, generation.

Category and Photocurrent density
Material synthesis method (mAcm~2) vs. RHE Electrolyte nSTH (%)
BivVO,/ Bilayer via 7.00 at 1.23V 1.0 M KHCO, 7.7
Fe,0, [55] metal-organic
deposition
BivVO,/ Bilayer via spin 1.63at1.23V 0.1M KH,PO, —
Fe,0, [56] coating
In,0,/ Bilayer via 1.03at0.90V 1.0M KOH —
Bi,WO, [57] electrospray
TiO,/CdS/ Tandem DSSCvia  6.00 at 1.23V 0.35M Na,SO,and 2.1
CdSe [58] electrodeposition 0.24 M Na,S
Cu,0/CdS/  Heterojunction 7.00 at 0.60 V 0.25M Na,SO, and 2.8
ZnO [59] co-catalyst via 0.35M Na,S
electrodeposition
TiO,/ Surface coating via  0.90 at 0.70 V 1.0M KOH —
Al,0,[60] atomic layer
deposition
Fe,0,/ Surface coatingvia  3.00 at 1.23V 1.0M NaOH —
IrO, [61] particle assisted
deposition
ZnO/Au/ Z-scheme system 0.206 at 0.45V 0.5M Na,SO, —

Cu,0 [62] via hydrothermal
procedure
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5.4 Photoelectrochemical Reactor Configurations

Optimizing the design of PEC reactors is key to maximizing photon absorption per
unit volume of the reactor, mitigating corrosion, and isolating products that might
undergo reverse reactions. For solar-driven water splitting, a membrane is used to
separate the H, and O, produced, and to prevent the crossover of ions between elec-
trodes, which would lower overall process efficiency.

The spacing of the PEC reactor assembly must also be considered to reduce ionic
potential losses in the electrolyte and achieve uniform potential and current distribu-
tions. Therefore, the inter-electrode distance and the gas separator-electrode spacing
must be minimized.

In this section, the main classifications of PEC reactor configurations, namely,
single- and tandem-photoelectrode cells, and dye-sensitized semiconductor cells
(DSSCs), will be discussed. Figure 5.9 shows the relationship of these classifications
to the overall field of PEC H, generation. A recent review by Ahmed and Dincer [63]
provides a comprehensive discussion of reactor configurations.

5.4.1 Single Photoelectrochemical Cells

PEC reactors built with only one photoactive electrode, a photoanode or photocath-
ode, are known as single PEC cells. A non-photoactive metallic counter electrode,
generally made from platinum, is used to complete the cell (Figure 5.10a).

Single photoelectrode cells require the application of extra voltage, or bias, to drive
the electrolysis process. In the case of wide-gap semiconductors, the introduction
of a bias helps reduce electron-hole recombination. The added bias can be applied
either externally as an electrical, chemical, or photovoltaic (PV) bias, or alternatively
applied internally using a PEC-PV system [63].

Solar Ho

generation

Single Dual Hybrid
photoelectrode photoelectrode (PEC/PV, DSSC)

Figure 5.9 Main classification of PEC reactors within the larger family of PEC H,
generation cells. Source: Ahmed and Dincer [63]/with permission of Elsevier.
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Figure 5.10 (a) Single photoelectrode cell. (b) Monolithic tandem photoelectrode cell.
(c) Parallel tandem configuration. (d) Overlapping tandem configuration. Source: Ahmed and
Dincer [63]/with permission of Elsevier.

Light absorption and photocurrent density in single PEC cells can be enhanced
by utilizing several layers of semiconductors on the photoelectrode, however,
an applied voltage is still necessary to drive the water splitting reaction.

5.4.2 Tandem Photoelectrochemical Cells

An approach to confer increased light absorption range and enhanced 54y to the
system is the incorporation of both high and low bandgap semiconductors. Since
both electrodes in the cell are photoactive, this configuration is usually described as
a dual or tandem PEC cell. In such a photocell, both photoelectrodes contribute a
portion of the necessary voltage for water splitting [64].
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The photocathode and photoanode can either be physically separated in a wired
arrangement or merged into a monolithic cell (Figure 5.10b). In contrast to the
metallic connections generally used in wired arrangements, monolithic assemblies
use transparent conductive metal oxides to maintain maximum solar irradiation
and achieve a solid ohmic contact between the semiconductors. The alignment
of semiconductors in the tandem arrangement is crucial for maximizing light
exposure for both photoelectrodes simultaneously, which is achieved by positioning
them parallel or overlapping (Figure 5.10c,d). In an overlapping configuration, it
is imperative to ensure that the wide bandgap semiconductor is positioned closer
to the light source, so that the lower energy photons that pass through it can be
absorbed by the low bandgap absorber [65].

Yin et al. [66] described an integrated PEC tandem cell without external bias
using a FeOOH modified TiO,/BiVO, photoanode and a p-Cu,O photocathode.
This system achieved a photoconversion efficiency of 0.46% and H, evolution of
2.36 pmol cm~2 over 2.5 hours. Further investigation of tandem cells can be found
in a recent review by Chen et al. [67].

5.4.3 PEC-DSSC Systems

A molecular dye can be incorporated into a semiconductor to enhance the
light-harvesting capabilities of the cell, creating a PEC dye sensitised semiconduc-
tor cell (PEC-DSSC). In a synergistic setup, the dye can be linked to a water oxidation
co-catalyst, allowing the oxidized dye to be regenerated by an electron source, water
(Figure 5.11). Although great strides have been made to enhance DSSC activity in
this manner, there are still improvements to be made to enhance #gry. An external

Bias voltage

Dye-
sensitized
TiO, film

H,O
=

H,O
So,

IrOpenH,0

| Pt L]

Figure 5.11 Schematic diagram of a PEC-DSSC system for the PEC water splitting process.
Source: Youngblood et al. [68]/with permission of American Chemical Society.
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Figure 5.12 Schematic illustrations of integrated (a) and partially-integrated (b) PEC-PV
systems. Source: Bonke et al. [73]/with permission of Royal Society of Chemlstry

(a)

bias is often still required, as the PV power generated by DSSCs is insufficient for
the complete water splitting process [69], however, there are reports of unassisted
PEC-DSSC systems [70]. Furthermore, PEC-DSSCs possess a promising advantage;
they perform well under low-light settings, which makes them suitable for indoor
or low-intensity conditions, as has been observed for pure DSSC systems.

Initial lab-scale prototypes of PEC-DSSCs involving simple one-step excitation
systems such as the Ru(bpy),>* sensitized Pt, TiO,, and RuO, were reported by
Borgarello et al. [54, 71]. Recently, more complex designs involving ion shuttles in
Z-scheme systems have also emerged, as described by Prabavathy et al. [72].

5.4.4 Integrated PEC Systems

A PV unit may be incorporated into a PEC water splitting device to create an inte-
grated PEC-PV (IPEC) system (Figure 5.12). PV units absorb light and convert it into
electrical bias, which can drive the PEC water splitting reaction, facilitating unas-
sisted solar H, generation.

Hybrid PEC-PV systems offer some of the highest reported 54 values, which have
already fulfilled industrial H, production requirements [74]. Bonke et al. reported
an integrated GaInP/GaAs/Ge cell with Ni electrodes achieved a ngpy of 22.4% [73].
Despite these achievements, H, production via petrochemical routes still remains
economically more viable, as solar cells are complex and expensive to fabricate. As
such, research attention in this field has focused on using earth-abundant materials,
improving device stability, and increasing overall efficiency in order to overcome
these economic barriers [75]. The advantages of integrated PEC devices have been
explored by Modestino and Haussener in their 2015 review [75]. In addition, a report
comparing pure PEC solar H, devices to integrated PEC systems was published by
Wang et al. [76].

5.5 Design Considerations for Water Splitting

In order to make PEC water splitting economically feasible on a commercial
and industrial scale, robust and efficient photoelectrodes with high photocurrent
densities are desired. As a consequence, PEC cells should present low overpotentials
while maximizing light absorption and maintaining minimal fabrication costs.
Design considerations should rely on synergies found in related technologies such

109



110

5 Photoelectrocatalytic H, Production

as high- and low- temperature fuel cells, electrolyzers, PVs, microfluidic systems, or
electrochemical industrial processes.

PEC systems are governed by more complex physical and chemical challenges
than many other systems, such as purely photocatalytic devices, since they incor-
porate both photophysical and electrochemical processes working in tandem.
In regards to electrochemistry, the ionic path length and the electrolyte conductivity
within the system can be limiting factors, which necessitate rational design and
optimization. For PEC device scale-up, one should also account for heat transfer
due to radiation absorption; charge generation, separation, and transport; and the
coupled mass transport of ions and products [77].

Pilot projects for emerging technologies such as PEC hydrogen generation should
follow carefully laid out strategies to maximize their success rate. Figure 5.13 shows
a hierarchical design structure for a PEC device, starting from the selection of mate-
rials for the device and finalizing with a scaled-up prototype.

The influence of materials, operating conditions, and device design should dic-
tate the requirement for modeling frameworks and experimentation. The following
section discusses the main factors that should be taken into account when designing
PEC water splitting systems.

5.5.1 Theoretical Studies and Models

A PEC water splitting system involves a myriad of interconnected processes, such
as light absorption, charge transport, interfacial interactions, OER, and HER

Universal inputs

+ |:> . Starting point: “Ideal photoabsorber material”

Initial user inputs
* Optical properties

* Band alignment
* Stability info l@ l@
* Photovoltage
* Jjm for 1 sun j
* Raw material cost

\ D5: Product collection and BOS

units for prototype system

Figure 5.13 Example of a decision tree for the design of a PEC device for solar fuels
production that starts its flow through decision points “D” with a novel photoabsorbing

semiconductor and concludes with a prototype design. Source: Spitler et al. [77]/with
permission of Royal Society of Chemistry.

D1: Target solar fuel

D2: Electrolyte type

D3: Partner photoabsorber
and configuration

D4: Prototype architecture
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Figure 5.14 A representation of a PEC cell showing the processes involved in PEC water
splitting. (1) Light absorption, (2,3) electron and hole transport, (4) OER, (5) proton
transport, and (6) HER. Source: Berger and Newman [78]/with permission of IOP
Publishing.

(Figure 5.14). Numerical and theoretical modeling of PEC systems can provide
valuable insight into these processes, which would otherwise be unobtainable
through experimental methods.

Many PEC models focus on specific relationships or phenomena. For instance,
Haussener et al. proposed a numerical model concentrating on transport-related
potential losses and product losses due to crossover and recombination events [79].
Meanwhile, physical models of charge transport have allowed for the numerical
determination of band structures of PEC semiconductors in contact with the elec-
trolyte [80].

More generalized studies have also emerged, which aim to account for all the
aforementioned processes and their relationships and build a fully integrated model.
Berger and Newman described a framework consisting of one-dimensional mod-
els for the light absorber and electrolyte. The light absorber and electrolyte can be
coupled together through a charge transfer model to study the complete PEC water
splitting system [78].

The rational design of photoelectrodes and PEC device components can be
assisted by computational techniques and device modeling, which can be used
to validate experimental results and provide predictive insights into device func-
tionalization and performance. Different computational approaches may be
used in conjunction to create a strong multiscale approach [81]. For an in-depth
discussion of the theoretical modeling of PEC water splitting systems, and how it
can guide device design, refer to the reviews by Xiang et al. [82] and Kemppainen
et al. [83].
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5.5.2 Temperature Effects

During the water electrolysis process in a parallel flow configuration, the temper-
ature of the reactants and products fluctuates when traveling through the device,
reaching its maximal temperature at the exit. Changes in ion conductivity cause
thermal gradients across the device, which produce thermal stress and lead to the
degradation and eventual failure of the cell.

Computational fluid dynamics can be used to investigate the thermomechanical
behavior of the cell by computing the temperature gradient produced across the
device. Results show that a maximum H, production rate of 65.25mmolm=2 s=!
can be reached at a solar concentration of 170 suns, and a maximum #gpy of 9.24%
at 150 suns. Figure 5.15 shows the H, flow rate and #qpy vs. solar concentration as
described in the model. At high solar concentrations the model did not converge,
which was associated with low photovoltage [84].

The operating temperature of PEC devices can have profound effects on oper-
ating voltage, production, and efficiency. At temperatures above 700°C, the
electrochemical equilibrium potential is reduced, and the efficiency of earth-
abundant catalysts is drastically increased. Gutierrez and Haussener presented
a nickel/yttria-stabilized-zirconia (Ni/YSZ) catalyst, which shows enhanced
H, production at high temperatures. Further information and design guide-
lines for high-temperature PEC systems can also be found in this recent
publication [84].

5.5.3 Semiconductor Features

Many challenges remain in the way of improving the #¢p; of PEC water splitting
devices, such as spectral responsive regions, recombination reactions, and low H,
production under operating conditions. Recently, researchers have demonstrated
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Figure 5.15 74, and molar H, flow rate at different levels of irradiation. Source: Gutierrez
et al. [84]/with permission of Royal Society of Chemistry.
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that tandem photoelectrode PEC systems are the most promising solution for
achieving zero bias and decoupling PEC H, generation from conventional energy
sources. However, the use of both photoanodes and photocathodes tailored for
absorption in the visible spectrum and maximal #gy entails the development of
effective semiconductor materials [67].

o Strategies should be developed to extend the photoabsorption region of semi-
conductors to produce efficient, low-cost, stable, and light-responsive materials.
Current candidates face obstacles including bandgap mismatch, low absorption
coefficients, poor electrical conductivity, short charge carrier lifetime, and
unsuitable diffusion length, which severely limit their performance. Surface
engineering techniques such as adjusting the carrier diffusion distance toward
the electrolyte could help overcome these limitations [23].

o The aqueous electrolyte required for PEC devices poses significant issues in the
form of desorption, oxidation, and breakdown during photocatalytic reactions,
which impact the stability of the electrodes. Molecules anchored onto semicon-
ductors using passivation layers or multilayer composites can alleviate these prob-
lems [52, 85]. Physical separation between the semiconductor and the oxidized
molecules, achieved through appropriate design based on dynamic equilibrium,
could also serve as a viable solution to enhance device stability [86].

Material-based research in semiconductor photoelectrodes has taken various
approaches:

o Investigation of non-abundant, high-efficiency materials aiming to set perfor-
mance benchmarks and gain fundamental knowledge of PEC H, generation and
device photocorrosion issues.

e Incorporation of earth-abundant materials as semiconductors to increase the
cost-effectiveness of PEC devices.

o Utilization of co-catalysts to improve the light absorption capability of semicon-
ductors and enhance reaction kinetics.

o Development of passivation layers or robust protective coatings to prevent photo-
corrosion and increase photoelectrode stability.

Several recent reviews have explored the utility and challenges related to these
approaches [19, 23, 25].

5.5.4 Technical Challenges

Beyond system efficiency, technical challenges such as water supply and economic
viability also stand in the way of industrial-scale utilization of PEC technologies.
Several approaches have emerged to bypass these obstacles:

o Supplying water to PEC water splitting devices can pose a significant challenge in
dry, hot areas that are the most ideal for light absorption. The use of water vapor
directly from the air has been investigated as an alternative supply route to cir-
cumvent this concern [87, 88].
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e PEC devices designed to generate H, directly from waste and brackish water pose
a valuable opportunity regarding waste management and recycling. However, a
greater understanding of the transport, thermodynamics, electrochemistry, sys-
tem integration, and performance of these systems is required to produce eco-
nomically viable versions of these PEC devices [89, 90]. In addition, the effects
of impurities on the electrolyte are poorly understood and can lead to unexpected
product formation, corrosion, and other side effects, decreasing the performance
of the PEC.

o Organic oxidation and photoreforming are interesting alternative approaches to
conventional water splitting that aim to increase the economic viability of PEC sys-
tems. In these approaches, the anodic potential is utilized to produce value-added
products rather than O,, while simultaneously producing H, at the cathode
[91, 92]. This can become a very interesting approach if reaction selectivity is
achieved, otherwise it is not possible to obtain value-added products.

5.6 Conclusion

The production of sustainable H, through PEC water splitting has garnered signif-
icant research interest in recent years. However, before this technology can reach
industry standards, low #¢py, high operational expenses, and stability issues should
be solved.

Researchers have employed various strategies to overcome these challenges. The
optimization of semiconductor photoelectrodes through multilayer architectures,
co-catalysts, and passivation coatings is an attractive approach. Furthermore, var-
ious PEC reactor configurations have emerged as candidates to bypass voltage limi-
tations. In particular, integrated PEC-PV systems and unassisted tandem PEC cells
show promise thanks to their high H, production rates and #gyy;.

Several design considerations should be accounted for during the development
of new prototype PEC technologies. Operating temperatures, semiconductor photo-
electrode composition, and water supply are among the primary factors for economic
viability and scale-up. These considerations can be guided by theoretical modeling
and computational techniques.

PEC water splitting is gradually becoming a viable technology for the production
of hydrogen. There are already commercial ventures that are starting to produce
market-ready products, in particular for off-grid locations where hydrogen can be
used as a feedstock for heating or cooking. We envisage that in the coming years,
more PEC reactors will be available with improvements in the device components.
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6.1 Introduction

For a green economy to be possible in the near future, hydrogen production from
H,O is a sought-after alternative to fossil fuels. The present world annual produc-
tion of hydrogen is about 70 million metric tons of which almost 50% is used to make
ammonia, NH; (that is mostly used for fertilizers), and about 15% for other chem-
icals [1]. Hydrogen produced worldwide is largely made by steam CH, reforming
(SMR), which is one of the most energy-intensive processes in the chemical indus-
try [2]. Based on reaction stoichiometry, it releases 5.5kg of CO, per 1kg of H,
(CH, +2H,0— CO, +4H,). When the process itself is taken into account, in addi-
tion, the production [3] becomes about 9 kg of CO, per kg of H, and, this ratio can
be as high as 12 [4]. This results in the production of about one billion tons/year of
CO,. The world’s annual CO, emission from fossil fuels is, however, much larger.
It is about 36 billion tons of which roughly 25% is emitted while generating electric-
ity and heat, 20% due to transport activity, and 20% from other industrial processes.
Because of the link between global warming and CO, emission, there is an increasing
move toward finding alternative ways for energy vectors and their applications.
The amount of CO, released while producing hydrogen from fossil fuel repre-
sents 3-4% of its total emission. Making hydrogen from renewables to replace the
present hydrogen, while very difficult, will not considerably change CO, emission.
Actually, all chemicals (not fuel) consumed worldwide once burnt release about 3%
of CO, globally. In other words, neither transforming CO, to chemicals, using H,
from water, nor replacing SMR by electrolyzers (for example), will have a dramatic
effect on CO, emission. The power of hydrogen and its important effect on cleaning
the environment is when used as a fuel for transport, heat, and other energy applica-
tions, since they represent over 70% of CO, emission worldwide. This poses a much
bigger problem for R&D, hydrogen needs to be made at a scale much larger than the
present one and from water not from methane. This is a daunting task that is prob-
ably not fully appreciated nor given its level of importance. For that, global efforts

Photocatalytic Hydrogen Production for Sustainable Energy, First Edition. Edited by Alberto Puga.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.
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to make hydrogen from water at the highest possible efficiency, safety, and process
reliability should be the target. One cannot overemphasize the fact that transform-
ing CO, to chemicals using hydrogen from water is itself irreverent worldwide, as
numbers indicate that it would have a negligible effect on the environment; except
when these chemicals are used as an energy vector, not as a commodity.

The present cost of hydrogen made by SMR with CO, sequestration is between
US$1.3 and US$2.8kg [5]. The cost of hydrogen from H,O using energy from the
sun will need to be competitive with this, or subsidized. At present, realistic numbers
for the levelized cost of hydrogen (the minimum selling price of hydrogen without
loss) production from water is about US$ 5-6/kg. The destructive effect on the envi-
ronment of the carbon-based economy affecting marine life, and land (dryness) are
increasingly observed, and will ultimately force continuous human and other living
species displacements with the associated negative consequences. While there are a
large number of methods for making hydrogen from water, the following three are
so far the most promising; separately or together. Thermal, photocatalytic (PC), and
electrocatalytic productions [6]. In the following, I address these three methods from
the activities I have had on them in the last decade or so. They will be, albeit briefly,
presented with emphasis on the concept, potential, and challenges of what might be
needed in order to make a technology for hydrogen production from water possible.

6.1.1 Thermal Water Splitting Using Metal Oxides

6.1.1.1 Principle
This is a two-step reaction involving the reduction of an oxide material using heat,
for simplicity in the case of a binary oxide, such as CeO,, the reaction is as follows:

CeO, + heat —» CeO,_, +x/20, (6.1)
CeO,_, +H,0 - CeO, +xH, (6.2)

Reaction (6.1) requires an input of heat (endothermic) of around 1500 °C [7] in
order to generate enough oxygen vacancies with a reasonable reaction rate. The
diffusion of oxygen ions in CeO, at this temperature is typically between 10~°
and 10~*cm2s7! [8], and is therefore not critical at the reaction temperature.
The second reaction (exothermic) occurs at temperatures around 1000°C for
practical (kinetic) reasons. There have been many prototype reactors, such as those
given in reference [9].

Among the most studied binary metal oxides systems for redox reactions is CeO,
(which is also used extensively as the support for automobile catalytic converters)
[10]. This is because of its reducibility (Ce3*/Ce** cations), stability, and the rela-
tively fast kinetics of reduction and oxidation cycles when compared to many other
oxides. The reduction of a fraction of Ce** cations (typically 10% or so) to Ce3* in
CeO, is associated with lattice expansion. The increase in size of Ce cations, Ce**
(1.02A) larger than that of Ce** (0.87 A) is often invoked as the cause of lattice
expansion [11], although other interpretations have been reported [12]. The redox
properties of CeO, can be monitored by X-ray photoelectron spectroscopy (XPS)
when studied in situ or in operando conditions. For example, XPS Ce3d of CeO,
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before and after heating inside an ultra-high vacuum chamber (the spectrometer) at
1200 °C has been studied [13]. When the surface was exposed to water vapor at 100 K,
clear evidence of Ce3* consumption was seen (monitored by their XPS Ce3d lines);
more details regarding the Ce** and Ce3* XPS lines can be found elsewhere [14].

6.1.1.2 Application

In order to increase the number of active sites and obtain faster kinetics with CeO,,
doping with other metal cations has been conducted by many researchers. These
can be grouped into three categories. (i) Compensation for lattice expansion, where
Ce** cations are substituted by Zr** cations (much smaller: the size of Zr** cations
is 0.59 A while that of Ce** is 0.87 A). Although, at high temperature needed for
reduction considerable segregation occurs [15]. (ii) Additional charge transfer upon
doping of CeO, by U*" cations occurs, which results in increasing Ce** concentra-
tion. This is because UO, can accommodate nonstoichiometric amounts of oxygen
anions up to UO, ,5 [16]. (iii) Aliovalent doping, where Fe** cations substitute Ce**,
resulting in non-charged vacancies, which in turn cause lattice distortion [17].

As an example, Figure 6.1 presents the activity of reduced CeO, and reduced
CeggsFe; sO,_; for thermal water splitting at 1200 °C, while Figure 6.2 presents
the scanning transmission electron microscopy (STEM), energy dispersive X-ray
(EDX) and electron energy loss spectroscopy (EELS) results of the Ce; ¢sFe; (sO,_;
oxide after the reaction. Prior to reaction, the oxides were heated to 1550°C for
120 minutes. More details can be found in Refs [18, 19]. The following gives a
brief description of the activity and properties of these oxides. The incorporation
of Fe into CeO, has resulted in two main effects. The kinetic of the hydrogen
production has increased and the total amount has almost doubled (per unit weight
of oxide). This is in line with most studies pointing out to an increased reduction
of CeO, due to the presence of Fe cations (up to a threshold level) [18, 20-25]. One
can see this by the narrowing of the production peak of hydrogen where the full
width half maximum (FWHM) decreased from c. 35 minutes to about 10 minutes
(Figure 6.1a,b), which gives a simple observation on the kinetic effect. To further
see the effect of Fe on the reduction kinetics, the decay parts of the peaks were fitted
with an exponential decay function. Table 6.1 presents the different parameters
of the decay for both oxides. The addition of Fe has increased the time constant
(in min~!) for water splitting by a factor of two when compared to CeO, alone.
However, increasing the number of reduced sites should not reduce the decay time
but mostly affect the amplitude (pre-factors A; and A,) if these sites are all of similar
nature and do not interact with each other. The decrease of the time constant by a
factor of two in the case of the Fe-doped CeO, indicates that the reduced sites are
more reactive than those of CeO, alone (see further discussion below). The ratio
t,/t, (or 7,/7,) was found to be almost the same for both oxides. It is possible that
the slowest (t,) decay is due to events requiring additional energy than the first one;
these can be, for example, due to defects’ diffusion from the bulk to the surface.
Initially, defects are statistically distributed in the bulk and on the surface. As the
progress of the reaction increases, defects are healed, decreasing the statistical
entropy of the system and increasing AG of the reaction, which in turn decreases
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Figure 6.1 Thermo-chemical water splitting (TCWS) over CeO, (a) and CejgsFe;450,_;
(b) at 1200 °C, both were reduced under N, at 1550 °C for two-hour prior to use. The total
amount of hydrogen from water per g of oxide is indicated. (c) Normalized fitting of the
decay part of H, production using a bi-exponential function. Source: Al-Taweel et al.
[18]/with permission of John Wiley & Sons, Inc.

the reaction rate because a defect site (or a bulk oxygen atom) would need to travel
a longer distance to reach the surface.

Figure 6.2 shows, however, that the Fe-containing oxide is not stable. Initially,
the as-prepared oxides contained (figures shown in Ref. [19]) Fe and Ce distributed
in a homogeneous way, as evidenced by their TEM and X-ray diffraction (XRD)
data (a solid solution). However, heating to the 1550 °C needed for reduction has
resulted in considerable segregation of both cations. The segregation is gradual, with
patches containing more distributed Fe cations than others, yet it is clear that a sep-
arated phase of iron suboxide has started to build up. This will eventually result in a
decrease in the reaction rate to that observed with CeO, alone.

6.1.1.3 Limitation

Many other binary, tertiary, and higher mixed metal oxides are investigated with
considerable knowledge gained at the materials, reaction and reactor design lev-
els [20, 21]. Important issues still remain even if a reducible oxide system is found
at a relatively low temperature, around 1000 °C. Among them are the following:
(i) Deviation of the homogeneous distribution of metal cations in a mixed oxide
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Figure 6.2 STEM, EDX, and EELS of Cej4;Fe,,;0,_; after the reaction presented in

Figure 6.1. A and B are for one particle, and C and D are for another particle. D. an
elemental EELS map of the particle in C. The numbers one to four in E are those labeled in
B. While clear segregation of iron to the edges of CeO, is seen, some iron is still present
(EDX) within the crystallite (also note the presence of FeO, on the large CeO, crystallite in
Q). The crystallite size as observed with TEM is close to 1 pm (an increase of almost 200
times when compared to that calcined at 500 °C). Yellow for cerium, blue for iron, and red
for oxygen atoms. Based on elemental mapping, it seems that FeO, is highly deficient in
oxygen. Source: Al-Taweel et al. [18]/with permission of John Wiley & Sons, Inc.

Table 6.1 Fitting parameters for the decay part of the hydrogen production profile
(at 1200 °C) from water shown in Figure 6.1.

A, t, T A, t, T
Oxide (mol/mlmin) (min) (min)™ (molml™!min~!) (min) (min)~* ¢ /t,
CeO, 7.3%x1077 22.5 0.044 9.7%x1078 108.8 0.009 0.21
CeyosFey o0, 12x107° 107 0093  1.3x1077 473 0021 023

The time constant r =1/t.y = Ale’)‘/ 1 +Aze”‘/ 2 js the exponential decay equation used.

material upon multiple redox cycles (segregation). (ii) The small extent of reduction
requiring large reactors and materials. (iii) The high temperature needed for the pro-
cess requires special materials for reactors/systems (heat concentration, corrosion,
and resistance to temperature oscillations, among others). (iv) The input of energy
(heat) using expensive optics. (v) The still slow kinetic of the reduction process (for
the release of O,). All these combined make this route unlikely in the near future.
At present, the most recent techno-economy analysis (TEA) indicates that the lev-
elized cost of H, (per kg) is at c. US$ 13 with the price lowered to US$ 6.5 for the
best-case scenario [22]. One of the main advantages, however, is the utilization of a
very large fraction of the sun light unlike most other methods. This method, once
made possible and affordable, would be among the cleanest ones in making hydro-
gen and oxygen from water separately.
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6.1.2 Electrocatalytic Water Splitting

Electrocatalytic water splitting is the most mature technology for making hydrogen
from water, with many commercial systems available for small-and large-scale appli-
cations. With respect to making hydrogen from renewables, electrocatalysis is attrac-
tive because electricity can be generated from photovoltaic (PV) cells. At present,
this system offers probably the least expensive method for making hydrogen with
an estimated cost of between US$1.5 and US$2/kg,;, when electricity is provided at
a cost of US$0.02/kWh, which is three to four times lower than the present cost [23].
Commercial electrolyzers work either at neutral pH, in this case using noble met-
als for both electrodes with a proton-exchange membrane (PEM), this is mostly
for small-scale applications, or in alkaline environment for larger scale. In alkaline
media, electrodes are made of mixed metal oxides based on Fe, Ni, and Co cations.
Electrolysis is still a very active field of research, mostly focusing on two aspects.
(i) To replace Pt cathodes by less expensive and less prone to poisoning metals such
as NiMo [24] (CO on Pt has an adsorption energy of about 1.5eV [25]). The fact
that Pt has a very low overpotential (the amount of energy needed to drive the reac-
tion in addition to that required to split water, which is less than 0.1 eV), makes its
replacement by less noble metals a difficult task. Yet, for large-scale and wide-spread
applications, Pt availability may become the bottleneck of the process if no replace-
ment is found. (ii) The anode side, where losses of 0.3 eV or more occur; this is
because of the four-electron requirement for molecular oxygen to form, among other
factors. Many promising materials mostly Co- and Fe-based ones were and still are
studied; for more information there is a large number of review articles on these
materials [26-28].

6.1.3 Photocatalytic and Photoelectrocatalytic Water Splitting

6.1.3.1 Principle

Among the largest fractions of work on water splitting to molecular hydrogen and
oxygen over the last two decades has been done on both PC and photoelectrocat-
alytic (PEC) systems. In that regard, one needs to make a few distinctions. PEC
reactions require a bias, such as the one used by Fujishima and Honda in their sem-
inal paper [29], or a connection between the anode and cathode. The most difficult
part of the reaction is at the anode side in the case of PEC reaction or in the water
oxidation side of unbiased particle-based systems, either dispersed in the medium or
in the form of thin films. Light harvesting is at the essence of the PC systems. 1.23 eV
(or about 1000 nm), the energy per electron needed to split water at room tempera-
ture, falls in the middle of the solar spectrum. In order to harvest sun light efficiently,
one needs to make a photocatalyst that absorbs up to that energy (or about 50% of
sun light).

6.1.3.2 Application
Many researchers, including my previous group, have studied a large number of
concepts poised to improve the reaction efficiency. These studies include, synergism
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of multiple phases of a semiconductor [30, 31], p-n junction for [32, 33], Z-scheme
[34, 35], plasmonics [36], photonic bandgap materials [37, 38], up-conversion
luminescence [39, 40], to name a few. While some progress was made, the overall
efficiency of any of these studied systems fell below any promising direction
for large-scale application. Moreover, because of the complexity of the water
splitting reaction, research was focused on half of the reaction by using sacrificial
agents. These include alcohols as electron donors (hole trapping) [41, 42] for
H,-production and metal cations as electron acceptors (electron trapping) [43, 44]
for O,-production. Electron donors result ultimately in the formation of CO,
(a process called PC reforming) [45] while electron acceptors are deposited on
the surface of the catalyst [46], a known structure-sensitive reaction for decades
[47]. Economically, these systems are not sustainable for large-scale application.
Some small applications might be suitable, such as the production of hydrogen
from waste streams, which combined with environmental cleanup, can have
some merits.

6.1.3.3 Limitation

At present, there is no reproducible work for pure water splitting on suspended sta-
ble powder materials (conceptually the least expensive method). Although reports
have given 1% and 2% STH [48, 49]; these, even confirmed and found to be stable,
are about 20 times lower than the needed reaction rate for practical applications.
Most importantly, product separation is a major challenge. In order to separate H,
from O,, one needs to pressurize them, but because of flammability, these need to be
diluted. We have looked into this in some details in the past [50, 51]. The cost of such
a process, however, is very high at present [52]. This has motivated researchers to
separate hydrogen and oxygen from the beginning. Some work has addressed these
using, for example, a membrane in between two types of catalysts [53, 54], one for
hydrogen and one for oxygen production, but the use of a redox system to close
each loop is found to add further complications including, irreversible deposition
of ions on the catalysts [55]. This last method might still be suitable for application,
where hydrogen and oxygen are needed, if large land is not an issue, using replace-
able “non-expensive” coated catalytic layers; more can be found in a recent review
article [56].

6.2 A Case Study

Activities on a different system have started almost in parallel to photocatalysis,
by other researchers, for decades [57, 58], on multi-junction GaAs-based solar
cells (MJSCs), that have high efficiency in harvesting sun light [59]. These are
based on epitaxial growth of semiconductors of different bandgaps extending to Ge
(bandgap = 0.67eV) [60]. Like any electronic device, they cannot function in an
aqueous environment, so most of the work has focused on stabilizing them [61].
One of their important properties is that the charge carriers’ density scales linearly
with the photon flux, with simulation results up to 10000 suns available [62].
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Commercial systems are available with concentrations of about 1000 suns (http://
www.sharp-world.com/corporate/news/130614.html).

Since a photocatalyst is a PV cell and an electrolyzer in one step, and since these
MISCs are already available, understanding, using, and mimicking them as the core
catalyst would be a sensible approach. This is because they provide the needed volt-
age to electrolyze water. In particular, upon the realization that when it comes to
charge carriers’ transfer to make a catalytic reaction, one needs a perfect medium
for their propagation, and this is provided by single crystals and not by particles
with nano-dimension (where the high surface to bulk ratio inevitably increases the
number of surface and near-surface defects). The present drawback of these cells
is the generation of a voltage larger than that needed for the water splitting reac-
tion (typically about 3eV at one sun for triple-junction [3]J] cells). This means a
non-negligible fraction of the light harvested would be wasted. Yet with the man-
ufacturing of four-junctions cells [63], the voltage can be increased enough to 3.5eV
or above making the use of two electrolyzers connected to one cell possible [64]. This
has then the potential of getting a solar-to-hydrogen (STH) efficiency above 35%;
probably the threshold for commercialization of the complete system to hydrogen
from water.

6.2.1 Photoelectrocatalytic (PEC) Systems, Stability, and Performance

Unlike Si-based PV, MJSC provides the needed voltage for water electrolysis, per
cell. This means that MJSC, as indicated above, are already tuned for charge carriers’
generation and, therefore, it is more efficient to transfer these carriers to a metal (the
cathode) and a metal oxide (the anode) to generate H, and O, directly and separately.
This way, there will be no need to make large-scale electrolyzers. This comes with
important constrains. Instead of large-scale electrolyzers, many thousands of MJSC
on solar trackers would be mounted, each of them would be associated with the
needed piping with H, and O, lines, and the whole system must be stable for over a
decade.

Because PV cells corrode in an aqueous environment, both sides of the cell need
protection [65-67].

Figure 6.3 presents a PEC reactor excited with light at 207 suns using a Fresnel lens
of a system the group has developed over the course of the study. The PEC reactor
is composed of a 3] GaInP/GalnAs/Ge PV cell (5.0 X 5.0 mm?) from Azure Space as
the photoabsorber. The back of the 3] PV cell is integrated to a 0.25 mm thick nickel
foil. The nickel geometric area was ~4 cm? and the HER catalyst used was ~50 nm
thick platinum sputtered onto both sides of a porous titanium mesh. An alkaline
anion exchange membrane (Sustainion” 37-50, dioxide materials) was used for ion
transfer and gas separation. The Ni foil in this case has three purposes: protection
from corrosion, oxygen production catalyst, and heat dissipation. The electrolyte is
a 5M KOH solution. Also shown in the figure is the H,/O, ratio and (STH) effi-
ciency as a function of light concentration, the blue symbols represent the average
STH of 13%, the red symbols represent the H, to O, stoichiometric ratio of two.
It was found that a well-placed Ni foil connected to the backside protects it from
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Figure 6.3 (a) A schematic of a photoelectrocatalytic reactor excited with light at 207 suns
using a Fresnel lens. (b) H,/0, ratio and solar-to-H, (solar-to-hydrogen [STH]) efficiency as
a function of light concentration. Source: Khan et al. [68]/with permission of John Wiley &
Sons.

corrosion and, depending on its thickness and extracted current, this can extend to
many years); more details can be found [68]. At present, the practice is to protect the
front side (the side receiving light) with a poly methyl methacrylate (PMMA) win-
dow and extract the generated electrons toward a cathode. In a pure PEC system, the
front side should be directly making hydrogen. It is not clear if modifying the front
side to directly make hydrogen is needed from an application perspective. There are
emerging efforts to protect this front side (made of GaAs, GalnP, and similar III-V
semiconductors) by epitaxy layers of a wider bandgap metal oxide with the conduc-
tion band edge (or defect states within its bandgap energy) suitable to extract excited
electrons [69, 70]. This strategy, once successful, has further challenges. The deposi-
tion of metal nanoparticles on top of the protective oxide needs to be in the order of
0.01-0.05 monolayer to prevent light scattering and the formation of bubbles upon
H, production at high light flux affect light penetration. Results from photocatalysis
on nanoparticles indicate that small coverage by noble metals is sufficient [71-73]
at one sun, but data with high light fluxes are not available.

So far, there are no TEA of such a system linking the projected drop in MJSC cost
to H, production in a single step. Yet, a TEA of a simpler system in which these MJISC
are connected to suitable electrolyzers to match the voltage has been conducted
based on laboratory experimental results as well as on a larger scale demonstra-
tion unit. These are presented in Figures 6.4 and 6.5. Figure 6.4 shows that a stable
hydrogen production is made possible with a high STH efficiency (average 18.7%),
once power matching for both electrolyzers and PV cells is done without the use of
electronics (DC-DC converters) [74]. Figure 6.5 shows a prototype made at the lab-
oratory scale where two MJSC were connected in series to three electrolyzers (also
connected in series) to match the power of the PV cells, again without the need for
electronics in between (typically they decrease the performance because of increased
resistance). The overall STH of this system was 28%.

Detailed TEA analysis has been used for similar systems, including power elec-
tronic costs. It indicates that the preset cost of producing hydrogen using this method
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Figure 6.4 (a) Picture of outdoor PV-electrolysis experimental set up at SABIC Corporate
Research and Development (CRD) center at KAUST - Thuwal, Saudi Arabia (22.3023 °N,
39.1231 °E). The power ratings of the concentrated PV module (from Ningbo Cinco Solar
Co., Ltd., China) with 0.5 m? area and Si module (from Solar Tech Energy Corporation,
Taiwan) with 1.5 m? are 145 and 270 W at a sun-light flux of 1000 W m~2, respectively;
(b) Data collected in August 2019 using an optimized system consisting of 14 PEM
electrolyzers with the two concentrated PV modules, as shown in (a), without the use of
power electronics. Source: Bashir et al. [75]/with permission of Elsevier.
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Figure 6.5 A PV-electrolysis setup consisting of two-triple-junction solar cells (each is
composed of GalnP/GalnAs/Ge cells [3.0 x 3.0 mm?]) connected in series to three alkaline
electrolyzers, also connected in series. Each alkaline electrolyzer is composed of ca. 10 nm
Pt particles deposited on both sides of a Ti mesh (Pt/Ti mesh) as the cathode and a
Ni(OH,)/Ni as the anode. The electrolyte (5M KOH solution) is recirculated. Terminal 1: back
side of the cells (+), and terminal 2: front side of the cell (-). Light at 41 suns concentration
illuminated the cells, without the use of Fresnel lenses. Source: Khan et al. [75]/Royal
Society of Chemistry/CC BY 3.0.

is about 20% more expensive than that of conventional PV-electrolysis (Table 6.2), yet
it can become much cheaper when its production volume increases [75]. The main
advantage is, as indicated above, sustaining very high light fluxes, which makes them
ideal from a sustainability perspective because much less material is needed when
compared to Si-based solar cells. Other advantages are the need for less land area
because of their high efficiency, which at present is about 40% and theoretically can
be over 80%; this is unlike Si-based solar cells that have reached near saturation
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Table 6.2 Comparison between MJSC-based electrocatalytic system at 820-sun and a
Si-PV cell for a similar electrocatalytic system at one sun.

CpV Silicon-PV
CAPEX
Total PV cost (US$) US$315 832 967.03 US$225 594 976.45
Total electrolyzer capital (US$) US$156193758.24  US$156 193 758.24
Gas processing (US$) US$4 143 572.97 US$4 143 572.97
Electrolyte processing (US$) US$29 306.58 US$29 306.58
Land cost (US$) US$381375.86 US$977 275.64
Contingency (%) US$94 858 545.11 US$77387777.97
Total CAPEX (US$) US$571439 525.79 US$464 326 667.85
OPEX
Annual PV maintenance (US$/year) US$18 662.86
Compressor (US$/year) US$393477.73
Water pump (US$/year) US$20755.22
Annual water cost (US$/year) US$216 450.00
O&M of electrolyzer (US$/year) US$4183761.38

Annual electrolyzer replacement (US$/year) US$2342906.37
Annual electricity cost for utilities (US$/year) US$134032.50

Annual staff cost (US$/year) US$1 598 400.00
Total OPEX (US$/year) US$8 908 446.06
Levelized cost of hydrogen (US$/kg) US$5.9 US$4.9

CPV: concentrated photovoltaics. More details can be found in Khan et al. Ref. [75].
Source: Khan et al. [75]Royal Society of Chemistry/ CC BY 3.0.

from an efficiency perspective. The very small cell sizes when compared to Si-based
solar cells has an additional advantage. This is related to heat management. Si-based
PV cells absorb a large fraction of sun light as heat, this is poised to raise the local
temperature where large installations are considered, in particular in hot countries,
and seems to be largely overlooked at present, more details can be found in refs
[76, 77]. Moreover, life cycle analysis puts MJISC less polluting than Si-based PV cells
(22 gCO, per kWh for MJSC and 45.3 gCO, per kWh for monocrystalline Si-PV cells)
[78, 79].

6.3 Conclusions
The following may summarize the presented research and development activity in

this chapter. Today, solar thermal hydrogen production suffers from a very costly
and complex reactor system (light harvesting and energy transfer) and slow kinetics.
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A reducible and stable oxide material at practical temperatures of roughly 1000 °C is
yet to be found. While electrocatalysis is a mature technology, it may become com-
petitive when electricity from renewables and electrolyzers drops considerably in
price. MISCs, either as a source of electricity to electrolyzers or as a complete stan-
dalone one-step, unbiased PEC system, may compete with hydrogen from methane
reforming once the process cost is dropped (in particular because of the cost of sun
concentrators). While each method has its limitations, progress will be further accel-
erated with a worldwide committed support to take these research-based results to
their next step.
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7.1 Introduction

Due to the massive use of fossil fuels as a primary energy source, there has been a
vast amount of CO, emissions into the atmosphere in the order of 30 gigatons per
year. Periodic measurements of CO, concentration in air have shown a continuous
increase from initial values below 300 ppm in the mid-fifties of the twentieth century
to the current percentages above 400 ppm [1] Although, CO, was initially considered
as an innocuous gas with little negative impact on the environment, detailed stud-
ies on atmospheric chemistry have convincingly shown that CO, and other gases
absorbed in the infrared region are responsible for the so-called greenhouse effect
[2, 3]. An obvious consequence of infrared radiation adsorption by CO,, one of the
main contributors of the greenhouse effect, is global Earth warming, with models
predicting up to a 3 °C increase in the “average” global temperature of the planet and
its corresponding influence on the climate [4]. These scientific evidences have led
the international community to consider alternative sources to fossil fuels to provide
the energy of the future.

In this context of revolutionary times in the supply of energy for industry, trans-
portation, and domestic use, H, is considered an ideal energy vector for many appli-
cations [5, 6]. However, full implementation of the H, technology requires further
scientific development regarding its production, storage, and use. Scheme 7.1 sum-
marizes some key points that have been identified as bottle necks limiting full imple-
mentation of green H,.

By the term green H, it means H, that has been obtained without a CO, foot-print.
Asindicated in Scheme 7.1, while H, is currently produced in massive amounts from
hydrocarbons by steam reforming and used in many applications going from ammo-
nia production, hydrocracking, methanol synthesis to the microchip industry and
metallurgy, the process of gray hydrogen production emits CO, due to the oxidation
of carbon atoms in the hydrocarbon [7, 8]. Therefore, new processes to produce H,
have to be developed.

Photocatalytic Hydrogen Production for Sustainable Energy, First Edition. Edited by Alberto Puga.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.

141

Z



142 | 7 Photocatalytic Hydrogen Generation by Metal-Organic Frameworks

H, implementation limitations

Mainly from natural gas reforming.
H, production —— Very expensive, energy demanding,
and contaminant.

H, is the lightest gas. Need compression
H, storage and into a liquid and store at cryogenic
transportation temperatures, making large quantities

transportation very difficult.

Highly flammable and volatile.
Safety issues —— Easy to escape from containment.
H, does not smell, sensors are needed.

Scheme 7.1 Summary of the main drawbacks of H, as fuel.

To obtain green H,, water is the evident feedstock. H, evolution from water
requires a high energy input and can be achieved by thermal water splitting at
temperatures above 1000 °C, electrochemically, or by the use of other primary,
green energy sources [9]. The sunlight that has been responsible for the appearance
of life on Earth is the greenest and abundant primary energy source. While sunlight
can be used directly for thermosolar water splitting, the process requires a large
capital investment for heliostatic mirrors, solar furnaces, and solar farms. This
high investment limits the applicability of thermosolar H, production to large
facilities in which large quantities of H, should be produced to make the process
economically viable. Centralized H, production poses, however, the problem of H,
transportation (Scheme 7.1). Since H, is a permanent gas and very difficult to pass
into a liquid state, H, transportation to the consumption site can only be done at a
reasonable cost through pipelines employing similar infrastructure as natural gas.
In this context, it would be much more advisable to develop alternative technologies
that could be applicable to remote places not connected to pipeline networks. This
delocalized H, production is in principle very suited to the use of solar light as
primary energy, since sunlight is a low power energy (1000 W m~2) and, therefore, is
more adequate for the production of small amounts of H, in different places. In this
context, “photocatalysis” could become a competitive technology. Photocatalysis
aims to mimic natural photosynthesis by green plants in which sunlight is converted
into chemical energy in the form of glucose and ATP. In the present case, the aim
of the photocatalytic process would be the production of H, from water.

7.2 Photocatalysis

The term catalysis was coined in the nineteenth century by Jons Berzelius to denote
materials not apparently involved in a chemical reaction, but able to promote and
make feasible chemical processes by increasing their reaction rates [10]. In classical
catalysis, the energy used to promote a reaction by accelerating its rate is heat. In
comparison, the energy employed to activate a chemical reaction in photocatalysis
is light. Solar photocatalysis refers to the case in which the light employed in the
process is natural sunlight. Compared to artificial light from most common lamps,
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Figure 7.1 Spectrum of the incoming solar electromagnetic radiation before and after
being filtered by the Earth’s atmosphere. Source: Singh et al. [11]/With Permission of
Elsevier.

natural sunlight has a characteristic spectral emission at the Earth’s surface and
much lesser intensity. Figure 7.1 shows a standardized emission spectrum of solar
light after having been filtered by the planet’s atmosphere.

In photocatalysis, the reaction is triggered by light absorption on a material act-
ing as a catalyst. Therefore, a photocatalyst shares with catalysts common features
like high surface area, substrate adsorption properties, and the presence of active
sites. But in addition, photocatalysts should have specific features that include light
absorption and an efficient mechanism through which the absorbed energy of a pho-
ton is converted into chemical energy. Scheme 7.2 illustrates the specific features
that are wanted in a photocatalyst.

Heterogeneous photocatalysts features

* High surface area

+ Single site structure

+ Light harvesting in the solar spectrum
= Efficient charge separation

* Long-lived charge carriers

* High charge carrier mobility

* Selectivity towards target product

Scheme 7.2 Summary of the main features wanted in a heterogeneous photocatalysts.

The field of photocatalysis started with the seminal discovery by Fujishima and
Honda that upon illumination with UV light TiO, electrodes submitted to an applied
bias voltage, they were able to generate H, from water [12]. Photocatalysis developed
in the eighties of last century together with a deep understanding of organic pho-
tochemistry. In initial stages, photocatalysis was focused on environmental reme-
diation due to the ability of TiO, and other photocatalysts in contact with air and
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Degradation

Photocatalyst
vB/

\h*h*h?/
N Organic pollutants Intermediates, CO,, O,

Scheme 7.3 Schematic illustration of the photocatalytic generation of reactive oxygen
species that are able to promote aerobic pollutant degradation.

humidity to generate reactive oxygen species [13]. Scheme 7.3 illustrates the process
of reactive oxygen species generation and their general activity to degrade organic
molecules and toxic oxidized and reduced metal ions. Photocatalysis has shown gen-
eral applicability for the treatment of air and polluted water containing a moderate
pollutant concentration in the range of 1 to 10 ppm [14].

As the energy crisis was evolving at the beginning of the twentieth century, the tar-
get of photocatalysis moved from environmental remediation to provide alternative
green and sustainable fuels by using solar light. Since fuels are supposed to deliver
energy upon reaction with atmospheric oxygen, most of the fuels are reduced chem-
ical compounds. Scheme 7.4 illustrates common solar fuels with an indication of the
advantages and disadvantages and a summary of the current state of the art of their
production by photocatalysis. As it can be seen in this scheme, H, is the solar fuel
obtained with higher efficiency by photocatalysis. This efficiency is, however, still far
from commercial application. To be economically competitive, H, obtained by pho-
tocatalysis has to achieve certain milestones regarding efficiency in the conversion
of solar energy into hydrogen as well as photocatalyst durability and cost.

Regarding the efficiency in the conversion of sunlight into H,, the current
target values have been proposed following the successful performance of

* Carbon-neutral energy « H, + High production cost
source.

* Reduced dependence on

) - : + CH,, CH;0H, CO, etc. * Low energy conversion
foreign oil and fossil fuels

rate

* Solar energy storage * Biomass
in chemical compounds

Scheme 7.4 Summary of the most common solar fuels and their advantages and
disadvantages.
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photovoltaic devices. As it will be commented later, photocatalysis shares many
common elementary steps with photovoltaics. In a photovoltaic device, the energy
of the photon is converted into electrical current at a given voltage. In most common
cases, in photocatalysis, the photogenerated electrons, observed in photovoltaics,
are used in the material to trigger a chemical reaction. Photovoltaics have succeeded
in reaching the market with estimated solar-to-current efficiencies of about 20%.
In photocatalysis, considering the low maturity of the technology, the target is
to reach about 5% of solar light energy conversion into the water splitting reac-
tion providing H,. This 5% efficiency is also similar to the efficiency of natural
photosynthesis, with remarkable differences regarding the starting materials and
final products, as well as the much higher complexity of the biological machinery
involved in the natural process.

Besides the target of 5% conversion, other economic considerations refer to the
cost of the photocatalyst and the time that can be operated at high efficiency.
A reasonable target would be a photocatalyst operating for oneyear (about
5000 hours) or longer and at a reasonable cost of 50 €/kg or lower.

Other issues are related to the quality of the water that should be employed in
the process to avoid photocatalyst deactivation. The next section will discuss about
possible photocatalysts for H, generation.

7.3 Photocatalysts

TiO, is by far the most widely used photocatalyst for H, generation. TiO, meets
many desirable properties, such as abundance, low toxicity, affordable prices, and
high chemical stability. In addition, TiO, shows high efficiency for H, evolution
from water upon irradiation in the UV region. Unfortunately, as shown in Figure 7.1,
natural sunlight does not contain radiation of the wavelength required to excite TiO,.
TiO,, being a wide bandgap semiconductor (3.2 eV for the anatase phase), does not
exhibit any photo-response under solar-light irradiation, for which the highest wave-
length energy is about 3.1 eV going up to 1.5 eV. This lack of response of TiO, in the
visible region has triggered intense research aimed at modification of TiO, by intro-
ducing mid-gap states to make possible the photo-response of modified TiO, in the
visible region. Scheme 7.5 summarizes different strategies that have been reported
to introduce visible light response in TiO,.

Besides TiO,, other inorganic semiconductors having a wide or moderate
bandgap have also been tested for H, production. The list includes metal oxides
and oxoanions, such as ZnO, Cu,O, Fe,0,, WO,, and BiVO,, among others [15].
The overall conclusion is that these wide or moderate bandgap semiconductors do
not exhibit significant advantages over the use of TiO, and much improvement is
still needed to develop a suitable photocatalyst. The band alignment and suitable
methods for band engineering to adapt the semiconductors to overall water splitting
have become very difficult to achieve using these inorganic materials. Since overall
water splitting is composed of two semi-reactions, namely hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), each of them taking place
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Scheme 7.5 Typical strategies to enhance TiO, light harvesting in the visible region.
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Scheme 7.6 Illustration of the HER and OER redox potentials at pH 7 and TiO,, CuO, and
ideal semiconductor band alignment.

below or above a certain potential depending on the pH, the conduction and valence
band (CB and VB, respectively) of the semiconductor have to meet the required
thermodynamic values. Scheme 7.6 depicts the redox potential for HER and OER
and optimal alignment of CB and VB for overall water splitting at neutral pH. The
ideal band alignment of semiconductors includes an overpotential with respect to
the thermodynamic value to make the process kinetically possible at noticeable
reaction rates.

Many other types of semiconductors have also been tested for overall water
splitting and HER in the presence of sacrificial electron donors, but the previously
commented target in the area regarding efficiency in solar energy to hydrogen
conversion has not yet been achieved. Some of these photocatalysts have been sum-
marized in Figure 7.2, including metal sulfides, nitrides, and phosphides as well as
nonmetallic semiconductors, like graphitic carbon nitride and doped-graphenes.
In all these cases, the presence of co-catalysts and/or the combination of two or
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Photocatalysts

* Metal oxides: ZnO, CuO, WOg;, Fe,O3, NiO, SrTiOg, BiVO,, etc.

* Metal chalcogenides: CdSe, CdS, MoS,, ZnS, etc.

* Metal nitrides: TaON, TasN5, BN, etc.

* Metal phosphides: Ni,P, CoP, FeP, CusP, Fe,P, FeNiP, NiCoP, etc.
* Metal-free: g-C3N,4, SiC, defective graphenes, organic polymers, etc.

Figure 7.2 Summary of the main materials employed for photocatalytic HER.

more semiconductors (heterojunctions) have appeared as generally valid strategies
to enhance H, generation under photocatalyst irradiation.

7.4 Metal-0Organic Frameworks (MOFs)

In the previous context of very difficult modification of inorganic oxides and semi-
conductors, in general, to align and adjust the valence and CB energies, one class of
material that has shown a large degree of flexibility in composition and structure are
MOFs. MOFs are porous crystalline solids whose structure is established by Coulom-
bic and coordinative interactions between rigid bi- or multimodal-organic linkers
and inorganic nodes constituted by one metal ion or a cluster of a few metal ions
with or without oxo- or hydroxy-groups [16]. The directionality of the metal-ligand
coordination bonds is responsible for the generation of an open lattice having a con-
siderable proportion of empty space that can be as large as 50% of the total unit cell
volume. In fact, MOFs are currently the record materials with the lowest framework
density, meaning that the mass of the unit cell divided by its volume is the lowest
among all reported materials. Framework density is a measure of how porous and
empty a lattice is.

One of the most important features of MOFs is the flexibility in the composition
that basically parallels the wide range of metal complexes that are known in chem-
istry. The number of MOFs structures known by now is over 90 000 and this number
is continuously growing considering the intense research focused on the synthesis
of new MOFs. It has been reported that MOFs of almost all transition metals, rare
earth metals, as well as some alkaline earth and main group metals [17].

Regarding organic ligands, aromatic polycarboxylates such as terephthalate
and 1,2,3-benzenetricarboxylate (BTC) are the most widely used for the synthe-
sis of MOFs. Besides aromatic polycarboxylates, organic ligands having two or
more N and P atoms have also been used. Particularly relevant is the case of
2-methylimidazolate, which is the common linker of the zeolitic imidazole frame-
work (ZIF) series. Another feature of MOFs is the possibility to predict beforehand
the resulting structure based on the consideration of the directionality of organic
ligand binding and the structure of the inorganic nodes and their coordination
geometry. A typical inorganic node is constituted by three metal cations sharing a
central p, oxygen atom, such as Cr;-p;O that is present in MIL-100 and MIL-101
materials. The Cr;-p;O cluster has seven positive charges that are compensated
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by six carboxylate groups of two BTC (MIL100) or three terephthalates plus an
additional anion (OH~ or F~) from the synthesis. Other important metallic cluster
that is common in most zirconium MOFs is Zr,O,(OH,). This cluster has an
octahedral geometry in which Zr** ions are located at each of the six corners, and
the eight octahedral faces have in the center an oxygen atom or an OH group in
alternate positions. These clusters have an excess of 12 positive charges that, in
the case of UiO-66 MOFs, are compensated by the Coulombic charge of twelve
carboxylate groups of six terephthalates. Scheme 7.7 summarizes some of the
advantages and disadvantages of MOF as compared to other porous materials.

* High porosity

* High surface area . * Low thermal stability
+ Predictable design m MOFS l * Low chemical stability

* High metal side density

Scheme 7.7 Some of the most relevant advantages and disadvantages of MOFs.

One major point of concern in MOFs is their poor structural stability upon heating
or chemical stress. Due to the organic components, MOFs have a limited thermal
stability, generally below 400 °C. This temperature is relatively low in comparison
to other fully inorganic porous materials such as zeolites. Besides thermal stability
and due to the properties of the coordinative bonds, the structure of MOFs can also
be deteriorated in the presence of nucleophiles that can compete with carboxylate
as ligands of the metallic clusters. For this reason, the stability of some MOFs in
water at high temperature or at room temperature under extreme pH values is
limited, and the solid may undergo collapse or dissolution under these conditions.
Other solvents that can also solvate metal ions can behave similarly. One particular
example of MOF structural instability is the case of MOF-5, one of the first MOFs
ever prepared, initially reported by Yaghi [18]. Upon storage after preparation,
MOF-5 changes the structure to other yet unknown material denoted as MOF-5’.
Also, MOF-5' is unstable in water and many other solvents. For all these reasons
MOFs have gained a reputation as very unstable materials. While this instability
can be found in many other cases due to the large diversity of compositions and
structures, there are some other MOFs that have shown remarkable structural
and chemical stability. This is the case of UiO-66 that can be heated above 450 °C
without structural collapse [19]. It should be noted that this temperature is much
higher than most of the temperatures employed in chemical reactions. In addition,
these and other MOFs, particularly those of tetravalent or trivalent cations, are
stable in very aggressive and corrosive media. This is the case not only of UiO-66,
but also of MIL-100(Cr) and MIL-101(Cr) [20]. In the last case, the terephthalate
ring can even be sulfonated using corrosive chlorosulfonic acid as a reagent in a
post-synthetic treatment without damaging the crystal structure [21]. Figure 7.3
illustrates the structure of MIP-177, another Ti MOF with a remarkable thermal
and chemical stability, showing the geometry of the metal node Ti,,0;5, and how its
coordination with 5,5’-methylenediisophthalic acid (mdip) linker defines a network
with monodirectional parallel hexagonal channels [22].
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(a)

Figure 7.3 Schematic representation of (a) Ti;,0,; cluster with 12 carboxylate groups
from mdip linkers (in gray) and terminal formate groups (in red). (b) Adjacent Ti;, 0,
clusters with terminal and bridging formates (in red) connected by mdip linkers (in gray).
(c) Nano-sized channels with a free diameter of 1.1 nm when viewed along the c-axis.
Source: Wang et al. [22]/Springer Nature/CC BY 4.0.

A final consideration regarding stability is photostability, as many organic
molecules undergo transformation upon exposure to light. The lack of photochem-
ical stability is considered one of the major drawbacks of using organic molecules
in photocatalysis, and since MOFs contain organic linkers, this point should be
seriously addressed. For instance, aromatic carboxylic acids and carboxylates
can undergo photodecarboxylation, evolving CO, and rendering the aromatic
hydrocarbons. Since there are many carboxylate MOFs, the possibility to undergo
photodecarboxylation has to be seriously considered. Obviously, the issue of
photostability appears as the irradiation time increases for a period of times of
months or longer. In fact, photodecarboxylation was observed to occur for several
carboxylate MOF in a relative degree that depends on the composition of the metal
node and the structure. Regarding photostability, it should be however commented
that UV radiation is more damaging due to its higher energy than visible light. In
addition, fast deactivation of excited states of organic linkers by efficient quenching
also should diminish the tendency of decomposition.

7.5 MOFs as Photocatalysts

As commented in a previous section, it has been very difficult to tune and align the
bandgap of TiO, and other inorganic metal oxides, the current situation being still
unsatisfactory in spite of the considerable research in this area. In contrast, organic
molecules can be easily modified and tuned to adapt their HOMO-LUMO bandgap
for visible light absorption. By applying concepts of organic chemistry related to
light absorption by chromophores and bond conjugation, it is possible to start with
a parent molecule and introduce substituents that shift its light absorption toward
the wanted wavelength region. One simple case is how the optical absorption
spectrum of aromatic rings can be shifted by substituents that play a bathochromic
(shift of the absorption 4., to the red), auxochromic (intensification of molar
absorption coefficient), and hypsochromic (shift of the absorption 4, to the blue)
effects. For instance, substitution of a benzene ring with an amino group causes,
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according to Woodward-Hoffman rules, a shift in the absorption wavelength
maximum of about 30nm to the red (bathochromic group) [23]. Since MOFs
combine organic and inorganic components, they can be easily modified by using as
ligand an organic chromophore and, moreover, this organic chromophore can also
be modified by appropriate substitution. Light absorption is the first pre-requisite
in photocatalysis, as it has been commented before, and therefore, there are clear
rules on how to modify the organic linkers to adapt them for solar light absorption
and the positioning of the HOMO/LUMO frontier orbitals. Among the various
MOFs containing chromophores as linkers, those having condensed polycyclic
aromatic rings such as tetraphenyl porphyrin (PCN-222), pyrenyl (NU-1000), or
even anthracenyl (MOF-74) or naphthyl (MOF-205) rings are very appropriate as
starting chromophores for further tuning of their light absorption. Figure 7.4 shows
some of the organic ligand structures with interesting optical absorption spectra
regarding visible light photo-response.

At this point, it should be mentioned that since many MOFs contain transition
metal ions with an incomplete d electron level, they can also exhibit light absorption

07 “OCH, HO” S0
5,10,15,20-Tetrakis(4-methoxycarbonylphenyl)porphyrin 1,3,6,8-tetrakis(p-benzoic acid)pyrene
(a) (b)

(6] OH

0 OH
(c) 4,4-(anthracene-9,10-diyl)bis(2-hydroxybenzoic acid)

Figure 74 Chemical structure of the organic ligands of PCN-222 ligand (a), NU-1000 (b),
and MOF-74 (c).
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in the visible due to d-d electronic transitions. This is the case, for instance, of many
MOFs containing Cu, Fe, Cr, or V. However, d-d transitions are, in general, not
useful in photocatalysis since they are localized in a cation or atom and undergo
very prompt relaxation to the initial ground state. As indicated earlier, photocataly-
sis requires charge separation, and d-d transitions do not allow, in general, charge
separation. This point is, however, poorly investigated and certainly deserves much
deeper attention in the future to see if somehow open-shell transition metal ions
can be useful in photocatalysis. Scheme 7.8 illustrates why d-d transitions, even if
they introduce coloration in the material are useless from the photocatalytic point of
view, due to their failure to generate a charge separation state. For this reason, most
of the most active MOF photocatalysts are based on transition metal ions having d° or
d!? electronic configuration, such as those based on Zr*+(d°), Ti**(d®), or Zn?*(d'?),
or Cd?*(d!?).

eg—1H1 | AE —{Hitf—
Narrow — ps
band gap Visible light
t —m— absorption ll!

29
Ground state Cu2* Excited state Cu?*

Scheme 7.8 Schematic illustration of the narrow bandgap in Cu?* d < d transitions
indicating the fast recombination kinetics (in the picosecond time scale) of photoexcited
electrons.

In this context, one seminal study by means of laser flash photolysis and tran-
sient absorption spectroscopy showed that upon excitation of the organic ligand,
an electron transfer from the electron-rich ligand (consider that they are organic
anions) to the electron-deficient metal node (consider that they are metal cations
searching for electrons) can occur from the local ligand excited states (either sin-
glet or triplet), giving rise to an efficient metal-to-ligand electron transition [24].
This type of ligand-to-metal charge transfer (LMCT) is well-known for molecular
metal complexes, and MOFs will be a particular case in which the solid contains
an infinite number of these metal complexes in a rigid environment defining an
empty space. Scheme 7.9 illustrates the photochemical event after excitation of the
organic ligand in a MOF. Similar electron transfer from the electronically excited
ligand to metal-cation also happened in aqueous solution of the ligands in the pres-
ence of dissolved metal cations, but holding tight the linker and the metal ions with a
defined spatial orientation in a rigid lattice favors considerably the efficiency of these
electron transfer processes. Photoinduced electrons transfer can be considered as a
charge separated state and after this event, several pathways can occur. One of them
would be the reverse electron transfer, similar to the charge recombination event in
semiconductors. Other pathway can be the migration of the charge carriers to neigh-
boring linkers or metal nodes in the structure. This charge migration will result in
a much longer lifetime of the charge separation, since annihilation by recombina-
tion becomes much less probable when the distance between electrons and holes
increases. This charge migration is related to the semiconducting properties of a
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Scheme 7.9 Photoinduced ligand to metal charge transfer in MOFs.

material that requires a fast charge migration rate. Evidence by transient microwave
spectroscopy monitoring the increase of electrical conductivity upon irradiation has
shown that charge migration in MOFs is in general slower than in inorganic semi-
conductors. This slow charge migration has led to propose that the main migra-
tion mechanism in MOFs is by electron hopping between neighboring isoergonic
sites [25].

In principle, slow charge migration, much slower than typical semiconductors in
which one charge carrier moves fast, should be unfavorable from the point of view of
the photocatalysis considering that substrates are adsorbed on the particle surface.
In typical semiconductors, upon photoinduced charge separation, fast recombina-
tion of the geminate electron/hole pair prevails unless one of the charge carriers
moves fast. However, in the case of the MOFs, it has to be considered that the spe-
cial structure of these materials with positive metal ions and negative linkers favors
charge separation and even geminate electron/hole can live much longer than typi-
cal lifetimes in semiconductors. This is just because MOFs already contain separated
charges in their structure.

An additional point that has to be taken into account is porosity that makes acces-
sible to substrates most of the internal void space of the particle. Thus, one can
imagine that at the point where charge separation occurs, even in the interior of the
MOF particle, substrates can quench and interact with these charge carriers. This
is different than, for instance, nonporous TiO, particles, in which charge carriers
must necessarily migrate to the external surface of the particle to become avail-
able for photocatalytic reactions. In the process of migration to the surface, random
recombination events can also occur. However, it has to be said that certain indi-
rect data suggest that also in the case of MOFs the external surface contributes more
than expected to the photocatalytic process. For instance, comparing the photocat-
alytic degradation activity of MOF-5 for phenol and 2,6-di-tert-butylphenol (DTBP).
DTBP is too large to be able to diffuse inside the MOF-5 pores. Therefore, the DTBP
compound can only react on the external MOF-5 surface. However, DTBP becomes
degraded photocatalytically much faster than phenol, which preferentially probes
the internal surface of MOF-5 [26].

In the next sections, we will specifically discuss the use of MOFs as solar photo-
catalysts for H, generation, which is one of the most intensively researched photo-
catalytic reactions by MOFs.
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7.6 MOFs as Photocatalysts for H, Generation

In the event of photon absorption and subsequent electron transfer, a pair elec-
tron/hole is generated. The electron can be consumed by protons or water, evolving
H,. In order for the process to be sustained with subsequent turnovers and closing
catalytic cycles, the hole has also to be consumed at the same rate.

In the simplest approach, if H, is the target compound to be obtained, the rate of
hole consumption is wanted to be as high as possible. In that way, the rate limiting
step would be electron consumption, and H, formation would occur at the high-
est possible rate. These conditions for H, generation required then the presence of
a good electron donor, whose role is the fast quenching of holes. Typical electron
donors are organic compounds that have low oxidation potential, lower than that
required for H,0 oxidation at neutral pH (E," = +0.82V). For this reason, the
most typical electron donors are tertiary amines such as triethylamine (TEA) or tri-
ethanolamine (TEOA). The latter is preferred due to the less unpleasant smell found
in amines due to its lesser volatility. Primary and secondary amines are more reactive
than tertiary amines, and caution should be taken to confirm that MOF is stable in
the presence of these tertiary amines. Since amines are good ligands of metal ions,
they can compete with organic linkers and produce the partial or complete dam-
age of the MOF structure. As previously commented, chemical stability is one of the
major concerns that has to be addressed when using MOFs in catalysis. The problem
of chemical stability is particularly relevant, since the proportion of the sacrificial
amine used tends to be high. Other organic electron donors are alcohols, particularly
ethanol and methanol. Although alcohols are worse electron donors than amines,
they can also quench holes much faster than water. Scheme 7.10 illustrates the role
of electron donors in H, generation.

H+
e e
< — — rd
dluco € e L7 Hy
T T ,:‘ Sacrificial electron donor
HOCO “h,
h* h*
Sacrificial electron donor*

Scheme 7.10 Illustration of sacrificial electron donors in photocatalytic H, production.

It should be commented that when using electron donors, H, atoms can come
from the decomposition of these sacrificial agents, even if water is the solvent. When
the attention of the photocatalytic process is paid on the fate of the chemical com-
pound used as a sacrificial electron donor, then the photocatalytic H, generation
event is denoted as photoreforming since it parallels thermal catalytic processes in
which H, is also formed from organic compounds. For instance, ethanol can become
oxidized to acetaldehyde or acetic acid by simultaneously forming H,. The process
is summarized in Egs. (7.1) and (7.2). Commenting on photoreforming, oxidation of
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Figure 7.5 Diffuse
reflectance UV-vis spectra
of Ui0-66 and Ui0-66-NH,.
Source: Gomes et al.
[27]/with permission of John
Wiley & Sons.
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benzyl alcohols to benzaldehydes and evolving simultaneously H, is one of the most
studied photoreforming processes.

CH,CH,O0H + 1,0, - CH,CHO + H,0 (7.1)
CH,CHO + 1/,0, - CH,COOH (7.2)

MOFs that have shown high activity in H, generation include UiO-66, MIL-100,
and MIL-125, among others. In the first report of H, generation using MOFs from
our group, it was shown that UiO-66 has poor photocatalytic activity under visible
light irradiation, but iso-structural UiO-66 in which the linker contains an amino
group significantly increases H, production in the presence of methanol upon
visible-light irradiation [27]. Figure 7.5 summarizes the influence of the amino
group on the photocatalytic process. As it can be seen in this figure, substitution
of the benzyl ring by an amino group introduces a new electronic transition
from the nitrogen lone pair to the antibonding = orbital, this electronic transition
corresponding to a new absorption band with 4., at 380 nm and extending into
the visible region with onset beyond 400 nm. This new electronic n* « n transition
populates initially the antibonding 7* orbital of the aromatic ring, and subsequently
the electron is transferred from the aminoterephthalate ligand to the Zr,0,(OH,)
cluster, which is the site in which H, is supposed to evolve.

Photocatalysts can increase efficiency in different ways. Two of the most general
ways are either by forming heterojunctions with other semiconductors or photocat-
alysts or by incorporating co-catalysts. Considering that charge separation produces
electrons and holes, two co-catalysts, one for oxidation, and one for reduction, are in
principle needed to accelerate the photocatalytic process. The most common photo-
catalyst for reductions, therefore, for the H, generation event are noble metals such
as Pt, Rh, Au, Pd, but also Ni. Co-catalysts for oxidation include metal oxides such as
RuO,,MnO,, and CuO,.. Among the various roles of co-catalysts, the most important
ones are to store charge carriers and to promote the transfer of these charge carriers
to the substrate.
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In the particular case of H, generation, Pt nanoparticles act as a reservoir of
electrons, and due to the high H, adsorption, these Pt nanoparticles transfer
electrons to protons at a very high rate, favoring H, evolution. Also, in the case of
MOFs, the presence of reduction co-catalysts has shown to increase the efficiency
of the photocatalytic H, evolution. In general terms, the influence of co-catalysts
in MOFs seems to be lower than in TiO, and other semiconductors. For instance,
in the case of TiO, the position of Pt nanoparticles can increase the H, evolution
rate by about two orders of magnitude, which is a remarkable enhancement. In
the case of MOFs, the presence of co-catalysts typically increases the H, evolution
rate by a factor of two, which is generally less than one order of magnitude. The
lower influence of co-catalysts in the case of MOFs probably reflects the fact that
these porous materials already contain transition metals at the nodes and that
these metals can evolve H, much easily than TiO,. For instance, in the previously
commented case of UiO-66-NH,, the Zr nodes containing hydroxyl-and oxo-groups
can readily gain or lose one proton that can be converted into H, and, therefore,
the influence of the presence of Pt is less relevant. Table 7.1 collects some of the
MOFs that has been reported in the literature for H, generation as well as the
sacrificial electron donors used, the nature of the co-catalyst and the production
of H, that have been achieved. Considering the large number of studies on this
H, evolution reaction in the presence of sacrificial reagents, Table 7.1 is by no
means comprehensive and the reader could refer to the existing literature for a
more exhaustive survey of MOFs, reagents, and conditions that have been tested as
photocatalysts for H, evolution.

Table 7.1 Some relevant MOFs used as photocatalyst for HER in the presence of sacrificial
electron donors.
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Sacrificial
Photocatalysts H, production agent Co-catalyst References
DLNU-M-CdS(H,TD) 104.4mmolg~in4h TEOA —_ [28]
Pt@UiO-66-NH, 257.38 pmol g~1-h TEOA Pt nanoparticles  [29]
Co/NH,-MIL-125(Ti) 0.8h~! TOF TEA Co cobaloxime [30]
Cd,,Zn, S@UiO- 5846.5umol g !-h Na,S/Na,SO,  Cd,,Zn,,S [31]
66-NH,
Al-TCPP-Pt 35h~! TOF TEOA Pt single atom [32]
Ni,P@UiO-66-NH, 378 pmolg~'-h Na,SO, Ni,P [33]
1D Ti 2346 pmol g~1-h TEOA — [34]
phosphonate-based
MOF
MUV-10(Mn) 6500pmolg~'in24h  CH,OH — [35]
Pt-MIL-125-(SCH,), 3814 pmol g~!-h TEA Pt [36]
Cu,0-MIL-125-NH, 11055.5pmol g™*-h TEOA Cu,0 [37]
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7.7 MOFs as Photocatalysts for Overall Water Splitting

Overall water splitting refers to the decomposition of H,O into H, and O, in the
corresponding stoichiometric amounts. Equations (7.3)-(7.5) illustrate the overall
water splitting process that is the reverse of water formation. While in the previous
section, when commenting on H, generation, we remarked the need of a sacrifi-
cial electron donor, the overall water splitting is a process running in the absence of
any sacrificial agent. From the practical point of view, thinking about the feasibility
of photocatalytic H, generation, sacrificial agents cannot be present since they are
expensive chemicals that become necessarily degraded and decomposed when H, is

generated.
HER4H" +4e~ — 2H, (7.3)
OER 2H,0 + 4h* — O, + 4H* (7.4)
Overall 2H,0 - 2H, + O, (7.5)

Overall water splitting is decomposed into two semi-reactions, one of them
corresponding to H, generation (HER) as indicated in the previous section, but
holes are consumed by water that should become oxidized to elemental oxygen
(OER). The redox potential of the two semi-reactions depends on the pH of water.
According to the Nerst equation (Eq. (7.6)), acid pH values favor H, production but
make OER more difficult by increasing its oxidation potential. In contrast, basic
pH values obviously disfavor H, evolution, but this condition is more favorable
for the formation of O, by decreasing its oxidation potential. At this point, it
should be reminded that the stability of MOFs under extreme pH conditions can be
low, and it is more advisable to operate under neutral or quasi-neutral conditions.
Scheme 7.11 illustrates the variation of the redox potential for H, and O, evolution at

different pH.
Ox
p=p-XL [Ox] (7.6)
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Scheme 7.11 Variation of water reduction and oxidation potentials as pH function.
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As it can be seen in the diagram of Scheme 7.11, O, evolution is thermodynam-
ically more demanding, requiring high oxidation potential at neutral or acid pH
values than H, generation. For this reason, as commented in the previous section,
sacrificial electron donors significantly increase H, evolution. In addition to thermo-
dynamics consideration, also from the kinetic point of view, O, evolution reaction
is more demanding and slower because it involves higher number of electrons and
protons in the process. Kinetic reasons determine that an overpotential with respect
to the thermodynamic values is necessary to observe overall water splitting at sig-
nificant rates. As a rule of thumb, an overpotential of 0.3V is necessary to overcome
rate limitations.

Compared to H, generation in the presence of sacrificial electron donors and the
previously commented kinetic limitations oxidation, co-catalysts are also needed to
promote overall water splitting. One point that still needs to be addressed is how
to locate the oxidation and reduction co-catalysts adequately in the lattice to avoid
charge recombination and promote the oxidation and reduction steps of the overall
water splitting [38].

In the current state of the art, it is important to comment that in comparison
to the vast number of articles dealing with the use of MOFs for H, generation,
the number of studies focusing on overall water splitting is much less, about
20 papers. It is clear that this number will experience dramatic growth in the very
near future. The reason for this scarcity of studies on overall water splitting is not
specific to MOFs, but common for other semiconductors and is the low rate of
water oxidation, or even the insufficient oxidation potential of the VB maximum to
promote this reaction. Not surprisingly, comparing the photocatalytic activity of a
material for H, generation in the presence of sacrificial electron donors with the
production of H, in overall water splitting notably decreases more than one order
of magnitude. Even in some cases, the total absence of O, generation is observed.
This situation has to be overcome by adequate band engineering of MOF materials
that should locate VB maximum at oxidation potentials higher than +1V wvs.
NHE without altering the CB potential minimum, which should be more negative
than -0.6 V.

Probably the first report on overall water splitting appeared about four years ago
and used a Ni complex as co-catalyst to favor overall water splitting [39]. Table 7.2
collects some of the MOFs that have been reported for overall water splitting as well
as the reaction conditions, their productivity, and the stability of the materials. The
next paragraphs intend to stress the flexibility that the MOF structure allows to fur-
ther enhance the efficiency of photocatalytic overall water splitting.

Since MOFs are highly porous materials, co-catalysts can be located within the
internal pores very near to the point in which charge separation occurs, thus,
enhancing the photocatalytic activity, also for the particular case of photocatalytic
overall water splitting. In one of the studies showing the influence of co-catalysts
on the photocatalytic efficiency of simultaneous H, and O, evolution, it was
observed that while the presence of a single co-catalysts increases the efficiency
of overall water splitting in MIL-125(Ti)-NH,, the presence simultaneously of
two co-catalysts, for H, and O, evolution, respectively, increases the activity even

157



158 | 7 Photocatalytic Hydrogen Generation by Metal-Organic Frameworks

Table 7.2 Summary of some reported examples of MOF-based photocatalysts for overall water

splitting including the light source conditions, productivity, and stability.

Reaction Photocatalytic
Photocatalysts conditions activity Stability References
Al-ATA-Ni 300 W Xe lamp, 26.7pmolg™-h H, 2.5h [39]
1mlmg!
Pt@NH,-UiO- 300+ UV arc lamp 20pmolg~'-h H, — [40]
66@MnO, with a UV-cut off filter ~ 10pmolg™h O,
(A>400nm)
IEF-13 UV-vis 150 W Xe lamp 160 pmolg™' H, 22h [41]
46 pmol g™ O,
Ptand RuO,, 300 W Xenon lamp 218 and 85 pmol/ 24h [42]
MIL-125(Ti)-NH, photocatalyst At 24h for H,
and O, respectively
IEF-11 Simulated sunlight 672 pmol/ Seatalyst in22h 10d [43]
of H,
Ui0-66(Zr/Ce/Ti)  Xenon lamp 230and 110pmol g~ of H, 24h [44]
(150 mW cm~2) and O, respectively, upon
UV-light irradiation, and
210 and 70 pmol g~! of H,
and O, respectively, under
visible-light irradiation
LP-MOFs 400nm +450nm LEDs 836 pmol g™* of H, and 72h [45]
assemblies stoichiometric amounts
of O,
MIL-125(Ti)- Xe lamp (300 W) 42 plh™ H, and — [46]
CoPi-Pt 1mgml-! 21plh™t O,

further [42]. However, as commented earlier, the effect of co-catalysts in MOFs
for H, evolution is less than for other nonporous metal oxide semiconductors.
In comparison, the influence of RuO, as an oxidation co-catalyst promoting
O, evolution is larger. It was determined that co-catalysts can increase overall
water splitting in MOFs by about one order of magnitude. With MIL-125(Ti)-NH,
containing simultaneously both co-catalysts a productivity in overall water splitting
using simulated sun light at 1 Sun power of about 200 pmol of H, perg was achieved
at eight hours [42].

Besides co-catalysts and in line with the previously commented case of the
influence of amino substitution at the linker, tuning metal nodes can be also a
viable strategy to increase the photocatalytic overall water splitting efficiency. In
one theoretical paper, Truhlar and coworkers, predicted that substitution of Zr+*
ions in Ui0-66 by Ce*" should modify the potential of the highest unoccupied
crystal orbital (HOCO) and the lowest occupied crystal orbital (LUCO) [47]. In
addition, although more difficult to predict, the kinetics of the generation of the
charge separation state, depending particularly on the orbital overlap between
organic linkers and metal nodes, should also favor photoinduced electron transfer
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Figure 7.6 Photocatalytic gas evolution using different UiO-66 having as metal nodes a
single metal (Zr or Ce) or a combination of two or three metals upon irradiation with UV-vis
light. Source: Melillo et al. [44]/with permission of Elsevier.

over other deactivation pathways. These theoretical considerations led to the
preparation of a series of bi- and trimetallic-UiO-66 materials in which one or
more of the six Zr atoms on the Zr,(OH),0,'** nodes were replaced by Ce or Ti
atoms. In agreement with the theoretical predictions the fully exchange UiO-66(Ce)
has a strong absorption in the visible region, indicating that the bandgap has
been significantly shorten compared to the pristine UiO-66(Zr) [44]. These bi-
or trimetallic-UiO-66 exhibit enhanced photocatalytic activity for overall water
splitting in the absence of any co-catalysts. The most active material was the one
containing Zr, Ti, and Ce in the nodes, which exhibited a productivity under
simulated sunlight at 1 Sun about 200 pmol g~* at 24 hours [44]. Figure 7.6 shows
the results reported for H, and O, evolution with the series of mixed metals
Ui0-66 studied. It would be interesting to combine the two approaches, i.e. node
modification and the presence of suitable co-catalysts, particularly O, evolution
co-catalysts.

Itis evident that optimization of the photocatalytic activity of known materials has
to be accompanied by the synthesis of other new MOFs with stronger absorption in
the visible region. In this regard, porphyrin-based MOFs like, for instance, those of
the series PCN are very promising. The porphyrin macroring allows to include a cen-
tral metal in the porphyrin ring, without playing a structural role. This central metal
can behave as a co-catalyst in the photocatalytic process. Recent data using a series
of PCN-222(Zr) containing in the porphyrin ring Fe, Mn, Zn, and Co has shown that
the central metal of the porphyrin ring plays a remarkable role in making possible
overall water splitting [48]. Worth noting is that for some of the metals it was not pos-
sible to detect O,, even using pure water without a sacrificial electron donor agent.
This absence of oxygen detection indicates that some part of the photocatalytic sys-
tem is undergoing oxidation, and probably this will result in the long term either in
a decomposition of the MOF or in the observation of O, evolution after an induction
period.
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Figure 7.7 (a) IEF-11 structure, (b) Ti—O0 layer SBU, and (c) squarate linkers connecting the
different Ti—O layers. Source: Salcedo et al. [43]/With permission of John Wiley & Sons.

In another example, the new MOF IEE-11(Ti) has shown very high activity for
overall water splitting and very high photostability [43]. IEE-11 MOF contains Ti as
nodal metal. Not surprisingly, in view of the photocatalytic activity of TiO, and other
MOFs based on Ti, as in the case of MIL-125 and MIP-177, also IEF-11(Ti) exhibits
photocatalytic activity. In IEEF-11, Ti** cations are octahedrally coordinated with
oxygen sharing corners, forming like 2D layers of TiO,. These TiO layers are held by
squarate as pillars. Figure 7.7 illustrates the three different types of Ti coordination
spheres present in IEF-11 and the position of squarate linkers perpendicular to the
TiO layer. Squarate is a special case of non-benzenoid aromatic ring with a strong
absorption in the visible at about 500 nm. Therefore, IEF-11(Ti) is suitable for visible
light irradiation, thus being appropriate for solar light photocatalysis. In the absence
of any co-catalysts or any other structural modification, IEF-11(Ti) gives a H, and
O, productivity under simulated sunlight irradiation of about 672 pmol/g, ¢y in
22 hours, which is probably the current record for photocatalytic overall water split-
ting. The IEF-11 structure allows again to propose an increase in efficiency through
the design of related squarate linkers, doping of the metal layers, and the deposition
of suitable co-catalysts [43].

In addition to photocatalytic systems based exclusively on MOFs and consider-
ing that heterojunction is a well-established methodology to enhance photocatalytic
efficiency, it can also be foreseen that heterojunctions based on MOFs as compo-
nents will also be developed in the future for photocatalytic overall water splitting.
Taking into account that efficient heterojunctions require a high interfacial contact
between the components, it appears that 2D MOFs or MOF with special morphol-
ogy exposing a large surface area can be in principle more suitable in this strategy.
This field of 2D MOFs with high aspect ratio and nanometric lateral dimensions will
certainly grow in the near future and has promising applications in photocatalysis,
particularly for establishing heterojunctions with other 2D materials.

7.8 Conclusions

This chapter has shown that MOFs can be considered as bridging the gap between
inorganic semiconductors, which are structurally robust but difficult to modify, and
organic molecules that are less photostable, but are simpler to be synthetized with
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appropriate functionalization to maximize solar light absorption. In addition, MOFs
have other positive features such as large surface area and high porosity, as well as
synthesis by design and a wide range of chemical compositions that expand to almost
all transition, rare earth, and main group metals.

It has been stressed that positioning of the organic ligand in intimate contact with
metal ions, similar to metallic complexes, is very appropriate to trigger photoin-
duced electron transfer in an analogous way as it was already known for molecular
metal complexes. This charge transfer is also favored by the Coulombic charges
of electron-rich organic ligands and electron-deficient metal cations having empty
orbitals.

An overall view of the current state of the art has shown that MOFs have gained a
consolidated position as photocatalysts and that H, evolution in the presence of sac-
rificial electron donors has been one of the preferred photocatalytic reactions that
have been evaluated for most of the MOFs. Simple rules such as adequate substitu-
tion of the organic linker, and incorporation of co-catalysts, such as platinum, have
proved to apply for H, evolution in MOFs as well as for other semiconductors.

In contrast, it seems that photocatalytic oxygen evolution, required to achieve
overall water splitting and a much more demanding reaction, has been much less
studied. For this reason, studies in photocatalytic overall water splitting have started
only about four years ago. However, considering its practical importance, it is clear
that the interest of using MOFs as photocatalysts for overall water splitting will grow.

At the moment, the values of photocatalytic efficiency of MOFs for overall water
splitting are still far, orders of magnitude, below what is needed for a commercial
application. Industrial processes of photocatalytic H, generation require materials
at an affordable cost and free from critical metals, operating continuously for more
than one year under ambient conditions. The target efficiency in the conversion of
solar energy into H, is set at about 5%, and the current systems based on MOFs are
at the moment probably below 0.1%. However, the considerable interest in the topic
and the large research effort in the field, allows predicting that much progress will
be achieved in a few years.
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8.1 Introduction

The demand for a low-carbon economy and sustainable energy sources has become
increasingly important to minimize global dependence on finite and environmen-
tally unfriendly fossil fuels. In the last decades, the use of hydrogen (H,) as a
zero-impact energy vector has often been considered as a key contributor in solving
the global energy crisis [1] because its direct combustion does not in principle
generate greenhouse gases or pollutants [2, 3].

In addition to its potential central role in the establishment of new clean energy
schemes, currently H, is an important chemical reagent in many industrial pro-
cesses, including the synthesis of ammonia and related fertilizers, the manufacture
of methanol, petroleum refining hydrodesulfurization, hydrogenation, and many
organic hydrogenation reactions in fine chemical synthesis [4]. Because of its indus-
trial value, H, production has been the main focus of intense research in the last
decades. Since H, is not a primary source as it is not naturally available, it has to
be derived from other compounds that contain it [5]. Within this framework, it is
today imperative that H, synthetic strategies will embrace the concept of sustain-
ability and environmental friendliness while maintaining adequate efficiency. How-
ever, the current main approach for making H, still relies on energy-intensive and
polluting methods, being mainly obtained by nonrenewable resources through pro-
cesses that require high temperature and pressure: 95% of H, is extracted by thermal
catalytic reforming of fossil fuels, mainly by steam reforming of methane (SMR).
Greener approaches based on water electrolysis are being employed but still not
achieving prominent market size, which is estimated at about 50 million metric tons
yearly, while photocatalytic synthesis is yet to make a real industrial impact [6, 7].
Nevertheless, it is crucial to realize that hydrogen can also be produced through
other processes and from a variety of primary sources other than fossil fuels, for
example, biomass, wastes, or water [8].
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Solar energy has been widely recognized as one of the most green and bountiful
renewable energy sources, which can be converted into chemical energy through
photocatalysis [9, 10]. With the rapid development of photocatalysis in recent
years, solar-driven hydrogen production has been gaining increasing attention.
In 1972, Fujishima and Honda reported the first heterogeneous photo-assisted
electrochemical H, production by water splitting (WS) [11]. Five years later, Lehn
et al. published the first homogeneous photocatalytic H, production [12]. Since
then, photocatalytic WS for hydrogen evolution has been the subject of intense
research, becoming closely associated with the concept of solar energy and fossil
fuel replacement [8]. However, pure photocatalytic WS is rather challenging as
it suffers from several bottlenecks related to thermodynamics and kinetics [13].
The photocatalytic H, production from WS consists of two half-reactions: the proton
reduction (called the hydrogen evolution reaction (HER)) and the four-electron
water oxidation reaction (WOR), summarized below:

2H* +2e” - H, Reduction (HER)
2H,0+4h* - 0O, +4H" Oxidation (WOR)
2H,0 - 20, +2H, Overall water splitting (OWS)

Within this process, the oxidative half-reaction involving the use of holes to
produce oxygen (O,) needs to overcome a high thermodynamic barrier, requiring
an energy superior to the standard potential of the water oxidation process of 1.23 V.
An additional hurdle consists of the sluggish kinetics, which slows down the OWS
process. Finally, since the thermodynamics of the WS process are largely disfavored
(AG°® =238kImol™?), the reverse reaction, yielding water from the as-formed H,
and O, strongly competes, further decreasing the efficiency of H, formation [14].
To overcome the issue related to energy-intensive oxidation reaction, the use of
sacrificial agents, namely electron donor molecules that can react more easily
with the photogenerated holes because of a lower oxidation potential, is one of the
most common strategies for achieving higher H, evolution rates. Typical sacrificial
agents include organic molecules such as formic acid, lactic acid, ascorbic acid,
triethylamine, triethanolamine, ethanol, methanol, and so on, so that depending
on their specific interaction with the catalyst surface (and that of the oxidation
intermediates), the complete oxidation may in principle proceed, thus releasing
CO, as the final product. However, other oxidation products are frequently observed
in different amounts. This fact can be exploited for a double utility of the HER, in
particular an interesting option is to pair the H, evolution with cooperative selective
oxidative organic synthesis toward useful substrates [15]. This possibility critically
hinges on the photocatalyst’s structure and properties, so that rational design of the
catalytic material to harness it with such a double functionality has become a very
popular topic of research.

The present chapter will focus on developments in photocatalysis for selective
organic transformations integrated with hydrogen production. The following
sections will extensively discuss the recent developments in photoredox cooperative
coupling constructions, analyzing the effects of using different organic substances
and highlighting the main features of the employed photocatalysts.
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8.2 Fundamental Principles of Photocatalytic Systems
for H, Evolution

In order to meet sustainability guidelines, a very attractive way to produce hydro-
gen (which is almost established as a prerequisite for industrial appeal) is to per-
form the splitting of water into H, and O, by using renewable, abundant sunlight.
In the last decades, various catalytic systems to achieve this ambitious goal have
been investigated. The photocatalytic process is divided into three broad categories:
homogeneous photocatalysis (the catalyst and the reagents are all in the same phase,
generally all in liquid solution), heterogeneous photocatalysis (the phase of the cat-
alyst is different from that of the reagents, generally the catalyst is present as a solid
and the reagents are dissolved in solution), or dual-type photocatalysis (the reagents
are in solution and the catalytic system is composed of one heterogeneous catalyst
and one homogeneous catalyst working together).

The homogeneous type of photocatalysis usually involves the use of a metal
complex, which is the catalytic species, and an organic/organometallic compound
that functions as the photosensitizer (PS). In the case of the homogeneous photo-
catalytic H, production, the PS absorbs light and reaches an excited state that can
be quenched through a reductive or an oxidative reaction pathway. The reductive
quenching of the excited PS occurs through an electron transfer from an electron
donor molecule to the PS, which is reduced, and subsequently returns to its ground
state by transferring an electron to the catalyst. In the oxidative reaction pathway,
the excited PS is oxidized by direct electron transfer to the catalyst, and then returns
to its initial state by oxidizing a sacrificial agent. Hence, both mechanisms feature
an electron transfer process between the catalyst and the PS. Once the catalyst has
been activated following such an electron transfer, it can proceed with the first
catalytic step. For H, evolution, the catalyst lowers the energy barrier for proton
reduction, accelerating the desired process of hydrogen production. The thermody-
namic requirements for this to occur are that the oxidation potential of the excited
PS in the oxidative quenching (or the oxidation potential of the reduced PS in the
reductive quenching) must be more negative than the reduction potential of the
catalyst, while the reduction potential of the oxidized PS in the oxidative quenching
(or the reduction potential of the excited PS in the reductive quenching) must be
more positive than the oxidation potential of the electron donor (Figure 8.1).

The heterogeneous photocatalytic H, production employs a semiconductor (SC),
which is an ideal light-absorbing material exhibiting a photoinduced separation of
charges that depends primarily by the SC bandgap energy (E,, representing the dif-
ference in energy between the valence band (VB) edge and the conduction band (CB)
edge), with this energy that can vary from near-ultraviolet to visible light. The elec-
tronic band structure and the energies of photocatalysts are crucial in the chain of
reaction steps Upon a light absorption of sufficient energy to overcome the E, of
the SC, electrons are excited from the occupied VB of the photocatalyst to the CB,
thus creating electron (e~)/hole (h*) pairs. The photoexcited pairs are separated into
free charge carriers, and they can migrate to the surface of the photocatalyst and be
used to perform redox reactions. In the case of hydrogen production, electrons can
reduce protons to H, if the photocatalyst CB potential is more negative than the
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Figure 8.1 (a) Potential scheme of photocatalytic homogeneous system with reductive

quenching. (b) Potential scheme of photocatalytic homogeneous system with oxidative
quenching. (c) Schematic illustration of reductive and oxidative quenching.

H* to H, reduction potential (0 V vs. normal hydrogen electrode (NHE), pH 0.059).
As mentioned above, the reduction of protons must proceed in concomitance with
the photogenerated hole quenching by some electron donor species. If such a species
is water (the ideal case to perform a pure WS), the top of the VB has to be more pos-
itive than the H,O to O, oxidation potential (1.23 V vs. NHE, pH 0.059). Therefore,
the theoretical bandgap of the SC required for WS must be 1.23 V (almost a wave-
length of 1000 nm). In practice, however, the photocatalyst must have a bandgap
larger than this thermodynamic-derived value, at least 1.7V, due to the substantial
additional overpotentials associated with the slow kinetic and energy losses of the
reactions. Moreover, it is necessary to consider that carrying out the process at a
pH greater than 0 implies that there will be lower availability of protons and that
additional overpotential may be built up from several other contributions. Finally,
the efficiency of the photocatalyst will be largely affected by the rate of recombina-
tion of the electrons and holes that have a strong tendency to reassociate [15, 16]
(Figure 8.2).
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Figure 8.2 (a) Schematic illustration of photocatalytic water splitting to H, and O, on a

semiconductor-based photocatalysts. NHE refers to normal hydrogen electrode. (b) Bandgap
energies and band positions of some representative semiconductor photocatalysts.



8.2 Fundamental Principles of Photocatalytic Systems for H, Evolution

The choice and the design of a catalyst for the WS process are therefore
fundamental: high-performance heterogeneous catalysts are required to harvest
light radiation efficiently and must possess long-term physicochemical stability,
avoid a high rate of electron/hole recombination, allow fast diffusion of the charge
carriers to the surface, and be cost-effective [17].

Very often, in addition to the SC photocatalyst, a co-catalyst is employed to
promote the photocatalytic performance. The co-catalyst has diverse purposes:
it inhibits the undesired recombination of the electron/hole pairs, as the electrons in
the CB of the SC may be injected into the empty energy levels of the co-catalyst, thus
being physically separated from the holes; it can provide additional reaction sites;
and it may participate in the reaction mechanism. The most common co-catalysts
are noble metal-based nanoparticles, especially based on Pt and Pd, which can guar-
antee excellent performances, but also non-precious transition metal-based (e.g. Co,
Ni), carbon nanostructures (e.g. graphene, carbon nanotubes) and molecular-based
(e.g. cabaloximes, Mo,S;327) co-catalysts have been successfully employed [18].
Enhancing charge separation is mostly obtained due to the formation of a Schottky
barrier derived from the difference in Fermi levels of the co-catalyst and the SC.

More recently, photocatalysis for hydrogen production has also featured catalytic
systems in which both homogeneous molecular catalysts and heterogeneous SCs as
PS are used together.

As discussed earlier, OWS is still a highly demanding process for H, evolution in
the wake of the challenging water oxidation, therefore sacrificial electron donors are
frequently used to enhance H, evolution rates and also prolong the lifetime of the
catalyst. Both inorganic and organic electron donor sacrificial agents are available
for this purpose: inorganic compounds are generally not proton sources, and they
are used only as hole scavengers to accelerate the hydrogen production. In addition,
their oxidation products are often waste or even harmful substances. For instance,
S0,27, halogen anions (C1-, Br—, I7), CN~, and Fe?* are common inorganic sacrifi-
cial reagents, which can be oxidized by holes to, respectively, SO42‘, Cl,, Br,/Br; ",
I,/1,7/10,~, OCN~, and Fe3* [19-21].

To avoid undesired waste, the use of organic compounds as sacrificial agents
has gained significant attention. Carbon-containing compounds such as alcohols
(e.g. methanol, glycerol), amines (e.g. triethylamine, triethanolamine), aldehydes
(e.g. formaldehyde, acetaldehyde), sugars (e.g. glucose), and lignocellulose are
efficient and of more appeal, especially when derived as byproducts from biomasses
(in particular second generation biomasses), such as for instance, lignocellulosic
biomass, bioethanol, or glycerol waste coming from biodiesel industry [22-24].
The photocatalytic H, production with organic sacrificial agents is often referred to
as “photocatalytic reforming,” and the general stoichiometric equation is:

CH,0, +(2x - 2)H,0 — xCO, + 2x —z+ y) H,

Methanol is the simplest choice for preliminary screening of catalysts because of
its structure simplicity and a distribution of fewer oxidation products; its primary
oxidation products, such as formaldehyde, can be further oxidized to formic acid
and carbon dioxide.
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A very attractive opportunity lies in the exploitation of the oxidation half-reaction
to prepare added-value organic compounds, to double the utility of the photocat-
alytic process, and obtain simultaneously H, production and industrial-relevant
chemicals.

For this purpose, research on dual-functional photocatalysis for H, evolution
coupled with organic transformations has gained growing interest. A variety of
organic transformations have been studied, such as the oxidation of alcohols and
biomass-derived compounds, as well as C—C, C—N, S—S coupling reactions,
degradations of pollutants, and plastics. In the next sections, we will discuss
photoredox cooperative coupling of various organic synthesis and H, evolution
categorized by organic reaction, with the aim to summarize the current state and
progress in this emerging field.

8.3 Photocatalytic Organic Transformations Integrated
with H, Generation

In photocatalytic organic reactions coupled with H, evolution reactions, typically
used substrates include alcohols, ethers, amines, etc., able to replace water as pro-
ton sources and provide access to the synthesis of useful organic compounds parallel
to hydrogen evolution. The use of solar energy for photoactivation is fundamental
to allow the desired type of process, which is generally thermodynamically unfavor-
able. The rate-limiting step of concurrent organic synthesis and hydrogen produc-
tion is the activation and cleavage of a X—H bonds (X =C, N, O, S) in the organic
substrates. After this step, the protons obtained from the X—H bonds can interact
with electrons in the CB of the photocatalyst and subsequently produce H,, while
the radical intermediates can participate in the organic reaction, thus leading to the
formation of C—C/C—X bonds.

In 1985, Kisch and coworkers described chemoselective dehydrodimerization
of cyclic ethers, such as tetrahydrofuran (THF), coupled with H, production with
cubic n-ZnS to obtain both molecular H, and C—C coupled compounds under UV
radiation [25].

After this first study, cooperative selective organic transformations and H,
production have been an emerging line of research. The activation of C—H bonds,
which are abundant in the natural world, to simultaneously obtain, under mild
conditions, hydrogen evolution and the formation of C—X bonds is of great syn-
thetic importance, and it represents a green and promising route in connection with
sustainability requirements.

8.3.1 Photocatalytic Organic Oxidation Coupled with H, Production

8.3.1.1 Oxidation of Alcohols

Photocatalytic oxidation of alcohols leads to the formation of the correspond-
ing carbonyls and C—C/C—O coupled compounds, which are useful building
blocks for the synthesis of pharmaceutical intermediates and fine chemicals.

Z
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The photocatalytic approach guarantees a lower environmental impact in
comparison with conventional methods, often involving toxic oxidants that
generate undesired over-oxidized products such as MnO,~ or CrO,, and require
high pressure and temperature [26].

In most instances of photocatalytic oxidation of alcohols, carbonyl compounds are
the main products with SC-based photocatalysts (Scheme 8.1).

OH Catalyst 0] H
R1)\ R, Visible light R1)J\ R, 2
solvent

Ry, R, : alkyl, aryl, H, etc.

Scheme 8.1 Oxidation of alcohols to the corresponding carbonyl compounds integrated
with hydrogen production.

In 2013, Higashimoto et al. described the first highly selective dehydrogenation
of aromatic alcohols using visible light under unaerated and mild conditions.
In particular, they described the oxidation of benzyl alcohol, which is an important
platform reagent (that can be derived from biomass resources) to benzaldehyde
coupled with H, evolution reaction with CdS-TiO, photocatalyst modified with
Pd co-catalyst. Moreover, various derivatives of benzyl alcohol were tested, bearing
either electron-donating or electron-withdrawing functional groups, with good
conversions [27].

Few years later, Xu et al. reported the splitting of alcohols (methanol, ethanol...)
into H, and corresponding carbonyl compounds in a stoichiometric manner using
a Ni-modified CdS nanoparticle photocatalyst. The interface between CdS and
Ni nanocrystals plays a key role in the proposed catalytic reaction mechanism.
They presented that, at first, the alcohol can be absorbed on the Ni surface. After
light irradiation, photoexcited electron and hole pairs are generated; the electron,
localized from the CB of CdS to the Ni NPs, reacts with a proton extracted from the
O—H group of the alcohol substrate, affording the generation of Ni—H hydride
and an alkoxide anion. This anion is oxidized by the photoexcited hole, getting
the corresponding carbonyl product and another Ni—H species, and two Ni—H
hydrides are able to form one H,. This catalytic system can work with both aliphatic
and aromatic alcohols with high conversion and selectivity. Only long-chain
aliphatic alcohols, such as 1-octanol, have shown low conversions, due to different
C—H dissociation energies [28] (Figure 8.3).

After this work, noble-metal-free Ni-based co-catalysts have been widely applied
in photocatalytic alcohol dehydrogenation [29, 30].

Besides CdS-based photocatalysts, various other SCs have been employed for
selective alcohol oxidation, such as graphitic carbon nitride (g-CN) [29, 31],
strontium titanate (StTiO,) [32, 33] and Zn,In, S, [32].

Zhao et al. investigated a perovskite oxide, the Rh-doped strontium titanate with
Pt nanoparticles deposited as a co-catalyst for alcohol dehydrogenation and reported
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Figure 8.3 Proposed mechanism of the photooxidation of alcohols to the corresponding
carbonyl compounds integrated with hydrogen production by Ni/CdS. Source: Chai et al.
[28]/with permission of American Chemical Society.

a 70% conversion of benzyl alcohol to benzaldehyde [33]. Rh doping provides a
suitable oxidation ability, and the catalytic performance was highly dependent on
the abundance of surface oxygen defects generated with the doping process.

In the same year, a Fe-doped strontium titanate was also proposed as a photocat-
alyst for selective oxidation of alcohols to avoid the use of the expensive and less
abundant Rh [32].

Wu et al. proposed a dehydrogenative method of alcohols to aldehydes/ketones
with 3-mercaptopriopionic acid (MPA)-capped CdSe quantum dots (MPA-CdSe
QDs) and Ni?* ions as co-catalysts under visible light [26]. In this catalytic mech-
anism, the photoexcited hole migrates from the QDs to the absorbed thiolate
anion or disulfide to produce the thiyl radical, which plays a key role by extracting
hydrogen from the C—H bond of the alcohol, generating a carbon-centered radical
as the C—H bond dissociation energy of the alcohol is lower than the dissociation
energy of S—H. Subsequentially, the two carbon-centered radicals dispropor-
tionate, producing the desired product. Hydrogen atoms released as protons by
equilibration of RSH with water are reduced to H, by the Ni** co-catalyst on
Cd—Se QDs. This method leads to an efficient dehydrogenation of alcohols with
excellent selectivity, employing water-soluble CdSe QDs as photocatalyst, Ni salt
as co-catalyst for the hydrogen evolution, and MPA molecule and water as relay
reagents.

Graphitic carbon nitride is an attractive metal-free SC, but it has to circumvent the
limitations due to the low quantum efficiency and the high rate of recombination
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of electron/hole pairs. Different strategies have been studied to optimize the
performance of g-CN, such as heteroatom doping, nanostructured engineering, and
heterostructure construction. The band edge positions make it feasible to promote
diverse photocatalytic processes, including WS [34, 35].

Durrant, Reisner, and coworkers reported the dual function of H, production and
the concomitant oxidation of benzyl alcohol under visible light by the combination
of cyanamide functionalized carbon nitride (N“NCN, ) photocatalyst and a molec-
ular catalyst, Ni(II) diphosphine complexes (NiP), in purely aqueous solution. This
process represents a closed redox system where the visible-light irradiation results in
the formation of photoexcited states in the N“NCN,, in which the holes are quenched
by benzyl alcohol, forming the corresponding aldehyde, and the photoexcited elec-
trons are transferred from the NNCN, to the homogeneous catalyst NiP, producing
H, [29].

In 2020, Zhang and coworkers combined the manipulation of morphology and
electronic structure, realizing hierarchical P- and S-doped g-CN mesoporous spheres
by a one-pot strategy. They achieved an outstanding H, and benzaldehyde produc-
tion, with a much higher hydrogen generation than the bulk g-CN [31].

8.3.2 Oxidation of Biomass-Derived Intermediates

In the pursuit of green alternatives to replace petroleum-based fuels, the production
of fuel and chemicals from biomass represents an attractive route. From biomass,
key platform chemicals are produced and isolated, such as furfural alcohol and
5-hydroxymethylfurfurale (HMF) [36]. In the last years, photocatalytic upgrading of
biomass-derived intermediate compounds to value-added products (aldehydes and
acids) has attracted increasing attention, preferably with concomitant H, evolution
[37, 38] (Scheme 8.2).

OH
Catalyst (@)
R @/’ R i I + H
- . R 2
Visible light
solvent

R : H,-CH,0OH, -CHO, -COOH

Scheme 8.2 Oxidation of biomass-derived intermediate compounds integrated with
hydrogen production.

In 2017, Han and coworkers reported ultrathin two-dimensional Ni/CdS
nanosheets for the transformation of HMF and furfural alcohol to their correspond-
ing aldehydes and simultaneous H, production upon visible-light irradiation in
neutral water. Ultrathin CdS nanosheets were loaded with controllable amount of
Ni as co-catalyst by chemical reduction of NiCl, in the presence of CdS nanosheets.
Computational studies demonstrated the ancillary role of the aldehyde group in
the transformation of HMF, which prevalently adsorbs on the NiO(001) facets, pro-
moting the oxidation of O—H group. Notably, the transformation rates of furfural
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Figure 8.4 (a) Synthesis of ultrathin Ni/CdS nanosheets for integrated biomass
valorization and H, production. (b) Schematic oxidation reactions of furfural alcohol and
5-hydroxymethylfurfurale to their corresponding aldehydes and acids. Source: Han et al.
[39]/with permission of American Chemical Society.

alcohol in furfural exhibited a conversion of almost 100%, while the conversion for
the transformation of HMF to 2,5-diformylfuran (DFF) was significantly lower due
to the slightly stronger binding affinity of the aldehyde group in HMF to Ni/CdS.
The use of alkaline conditions allowed instead to achieve complete transforma-
tion of both furfural alcohol and HMF to their corresponding carboxylates [39]
(Figure 8.4).

Diaz and coworker employed melamine-derived g-CN for the photooxidation of
HMF to the more valuable DFF in an aqueous medium. Interestingly, the degrada-
tion rate of HMF was faster than the formation rate of the desired product, suggesting
the occurrence of alternative oxidation pathways. A post-synthetic modification of
the original g-CN catalyst, consisting of a thermal exfoliation, tuned out to enhance
the reaction rate and to eliminate from the photocatalyst surface uncondensed NH,
sites, which were discovered to be detrimental for the reaction [40]. The valorization
of biomass-derived HMF to DFF by porous graphitic carbon nitride (SGCN) under
visible light in an aqueous medium has been recently explored. SGCN has an
appropriate CB position to produce H, and a VB position to selectively oxidize -OH
to —-CHO groups without over-oxidation. A H, production rate of 12 pmolh™! m~2
was achieved with a DFF yield of 13.8% and almost 100% of selectivity after
six hours [41].
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8.3.3 Photocatalytic Oxidative Coupling Reactions Integrated with H,
Formation

8.3.3.1 Formation of C—C Coupled Products
Unimolecular oxidation is not the only way to hole consumption: photocatalytic
bimolecular oxidative coupling reactions can also occur during H, evolution
photocatalysis. Carbon-carbon coupling is a desirable alternative, which allows
the formation of useful multi-carbon compounds with concomitant hydrogen
production. In this type of reaction, the coupling reaction takes place with the
simultaneous elimination of a proton from the C—H bonds, which is ultimately
reduced to molecular H,.

The dehydrogenative homocoupling reaction of alcohols is an ideal method for
obtaining dihydric alcohols. The scheme below shows the general reaction of C—C
coupling of alcohols (Scheme 8.3):

OH Catalyst OH
R/ » R + H,
Visible light R
solvent HO

R :alkyl, aryl, H

Scheme 8.3 C—C coupling reaction of alcohols to dihydric alcohols integrated with
hydrogen production.

This path poses several challenges: for instance, the conversion of methanol usu-
ally involves the activation of O—H or C—O bonds, while the C—H bond is unre-
active. It is rare to find a method to preferentially activate the C—H bond instead of
O—H bond and form the C—C bond. A photocatalyst based on MoS,-foam-modified
CdS nanorod is one of the few notable examples, which proved to be efficient for
the dehydrogenative coupling of methanol into ethylene glycol (EG), in which pref-
erential C—H bond activation occurs without affecting the O—H group. EG is a
widely used chemical commodity, fundamental in the production of polyester such
as poly(ethylene terephthalate) (PET), but in the current industry it is primarily pro-
duced from petroleum-derived ethylene via epoxidation and subsequent hydrolysis
of ethylene oxide [42]. The dehydrogenative coupling of methanol is a promising
nonpetroleum alternative, and the concomitant production of H, adds value to this
synthetic strategy. The functioning of the hybrid CdS-based catalyst exploited in this
work relies on the ability to allow the facile generation of -CH,OH radical interme-
diate by using the photoexcited holes and the concerted proton-electron transfer
(CPET) mechanism for subsequent C—C coupling, which occurs preferentially due
to the weak adsorption of -CH,OH and CH,OH on the catalyst surface. The pro-
tons obtained from methanol are reduced to evolve to H, by the photoexcited elec-
trons. In this study, CdS nanorods have been selected for their better performance
in EG formation than other morphologies of this catalyst. To further increase the
catalytic activity and selectivity, the addition of a co-catalyst has been investigated.
CdS nanorods modified with MoS,, and in particular MoS, nanofoam, have led not
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only to an improvement in H, formation, but also to an increased selectivity for EG
formation. MoS, nanofoam located on CdS has the ability to enhance the transfer
of photogenerated electrons and holes, and it presents an increased intimate con-
tact with CdS and more edge sites, which are H, evolution active sites, than MoS,
nanosheet. Moreover, the mesoporous structure of MoS, foam facilitates the diffu-
sion of -CH, OH radicals into the mesopores, increasing the probability of the desired
coupling. Due to the advantages described, the developed catalytic system led to
an outstanding 90% selectivity for EG and high efficiency for H, evolution [43].
More recently, the same group reported a CoP/Zn,In,S; as a more environmen-
tally friendly visible-light alternative strategy at ambient conditions, avoiding the
use of the toxic CdS [44]. The CoP/Zn,In,S, showed the same high EG selectiv-
ity as in their previous work, although the activity decreased. They developed a
few-layer Zn,In,S; nanosheets, synthesized by a simple hydrothermal and ultra-
sonication method, modified with CoP nanosheets as co-catalysts to increase the
charge separation and to promote photocatalytic H, evolution, thereby enhancing
the formation of EG. Moreover, they demonstrated the first dehydrogenative cou-
pling of ethanol to 2,3-butanediol (2,3-BD) over CoP/Zn,In,S, catalyst, through the
formation of -CH,(OH)CH, radical. The H, evolution occurs on the CoP surface,
while Zn,In,S; is fundamental in the preferential activation of the C—H bond with-
out affecting the O—H group, since the thiol groups (-S-H) on Zn,In,S, surface
may trap holes, forming thiyl radicals, and then abstract hydrogen from C—H bond,
generating the radical intermediates of alcohols.

Substituted aromatic alcohols are one class of important platform chemicals deriv-
able from biomass sources. Besides the C—C bond formation of aliphatic alcohols,
also aromatic alcohols such as benzyl alcohol have been investigated to produce use-
ful value-added derivatives, such as hydrobenzoin (HB) and benzoin (BZ), which
have application in chiral and synthetic chemistry [45]. In 2019, the first visible-light
photocatalytic C—C coupling from benzyl alcohol to primarily HB on colloidal CdS
quantum dots (QDs) has been reported. CdS QDs can lead to the proton-coupled oxi-
dation of benzyl alcohol to either C—C coupled product or benzaldehyde. However,
the presence of photodeposited Cd® on the surface of the QDs in situ, encouraged by
the addition of a Cd?* salt, promotes the back-reaction of benzaldehyde to the rad-
ical intermediate and, in this way, the C—C coupling reaction is favored with 91%
selectivity [46].

In 2020, Luo et al. reported C—C coupling from benzyl alcohol to deoxybenzoin
(DOB) with ZnIn,S, as a photocatalyst coupled with H, coproduction under the
irradiation of blue LEDs [47]. This transformation consists of a first step of dehy-
drocoupling of benzyl alcohol to intermediate HB, followed by either a second step
of dehydration from HB to the desired product DOB through a redox-neutral pro-
cess which consumes an electron-hole pair, or by a dehydrogenation to BZ. Ternary
ZnlIn,S, is a kind of SC whose band structures can be tuned by modulating the ratio
of zinc and indium contents, and this feature makes ZnIn,S, a perfect candidate
to alter selectivity toward DOB in this process. Indeed, the increase in Zn/In ratio
allows to lower the CB bottom potential of the SC, facilitating the reductive cleav-
age of C—OH bond, and thus synthesizing preferentially the desired product DOB
rather than BZ.
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Xu and coworkers have reported a CdS/SiO, catalyst for the dehydrogenative C—C
coupling of BA to HB with different substrate groups coupled with H, evolution
[48]. In this catalytic system, CdS QDs are assembled on a spherical SiO, support,
establishing an intimate connection: by this means, CdS QDs can simultaneously
absorb the incident light and recycle the scattered light in the near-field of SiO,
improving the light capturing capability and charge carrier generation over the com-
posite. Thanks to the enhanced light-harvesting, the CdS/SiO, exhibited a significant
increase in H, production rates than bare CdS QDs, and the system allows to achieve
HB with an outstanding selectivity (96.4%). Moreover, the presence of SiO, facilitates
the recovery and redispersion of CdS QDs from the reaction solvent (Figure 8.5).

Recently, Mn, ;Cd, ,S nanorods modified with synergistic dual co-catalyst CoPi
and Mo, N proved to be highly competent for the visible-light-driven H, production
with selective C—C coupling reaction of BA [49]. The catalytic system has been
synthesized by electrostatic self-assembly and photodeposition methods. CoPi
co-catalysts can serve as an oxidation active site to accumulate photogenerated
holes and oxidize the C—H bond of BA, affording -CH,(OH)Ph radical intermediate
to subsequently form HB, while Mo,N can capture and transport the photoexcited
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Figure 8.5 (a) Schematic preparation of CdS/SiO, composites. (b) Representation of
dehydrogenative C—C coupling of BA over CdS/SiO, under visible light with concomitant
H, evolution reaction. Source: Qi et al. [48]/with permission of American Chemical
Society.
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Figure 8.6 Illustrations of the visible-light-driven mechanism of selective C—C coupling
of BA by Mn, ;Cd, ;S nanorods with synergistic dual co-catalyst CoPi and Mo, N with
concomitant H, evolution reaction. Source: Wang et al. [49], with permission from
Elsevier.

electrons and provide the active site for H, production. This catalytic system
exhibits efficient charge separation, high performance for H, and tunable selectivity
for the desired organic transformations. Mechanistic studies have suggested that
the C—C bond formation occurs through a free radical mechanism. The synergistic
effect of the dual co-catalysts represents the key to improve the charge separation
efficiency, and thus enhancing the photocatalytic activity and tuning the selectivity
for the organic transformation (Figure 8.6).

Besides C—C coupling reaction with alcohols, lignocellulose-derived furanics can
also be converted to a variety of useful products. In particular, 2,5-dimethylfuran
(2,5-DMF) and 2-methylfuran (2-MF) are attractive candidates for the production of
diesel fuels [50]. To produce diesel fuel from these platforms, the carbon chain needs
to be lengthened, preferably through a green strategy.

In 2019, Wang et al. investigated a Ru-doped ZnlIn,S,, prepared by a one-pot
hydrothermal method, for the coproduction of H, and diesel fuel precursors from
MFs by visible-light-driven dehydrogenative C—C coupling [51]. The doping
with Ru, which replaces the indium ions in the photocatalyst, improves the
light harvesting and the charge separation efficiency. After excitation by visible
light, the photogenerated holes of the catalyst oxidize the furfuryl C—H bond,
affording protons and furfuryl radicals, which then undergo C—C coupling. By
this mechanism, dimers are produced, and they react with 2,5-DMF/2-MF or with
themselves, forming trimers and tetramers. In parallel with the production of
diesel fuel precursors, the photoexcited electrons reduce the generated protons to
H,. In this work, a high selectivity (>96%) and a diesel fuel precursor production
rate of 1.04 g g1 h™' were shown, as well as a hydrogen production rate of
6.0mmol g., 1" h~'. After chain lengthening, subsequent hydrodeoxygenation
(HDO) of the coupling products of furanics converts oxygenated compounds into
alkanes, leading to the straight- and branched-chain alkanes of diesel fuels [52]
(Figure 8.7).
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8.3.3.2 Formation of C—N Coupled Products

The photocatalytic C—N homocoupling of amines integrated with H, formation
has emerged in very recent years as a green strategy to prepare imines or imidazoles,
which have various applications in agricultural, pharmaceutical, and synthetic
chemistry [53] (Scheme 8.4).

Catalyst =
| = NH2 -—-’y :| = N + Hg
e Visible light LR
R & solvent R” R

R : H, —F, ~CHj, ~OCH,, etc.

Scheme 8.4 C—N coupling reaction of amines to imines integrated with hydrogen
production.

In 2018, Zhao and coworkers reported a recyclable, robust, and noble-metal-free
photocatalytic system based on the integration of Ni and CdS that was able to achieve
C-N coupling of diverse amines with coproduction of H, [54]. The results show that
the photocatalytic activity of Ni/CdS NPs for both H, production and coupling of
benzylamine increases by the efficient synergic effect between these two transfor-
mations; indeed, conversion of benzylamine to the corresponding imine exploits
photoinduced holes, increasing H, production, and the consumption of photoin-
duced electrons for H, formation reduces charge carrier recombination, thus pro-
moting hydrogen evolution and benzylamine coupling. Thanks to this integrating
strategy, the photocatalytic results exhibit 99% conversion of benzylamine with a
remarkable selectivity (97%) to the corresponding imine, an apparent quantum yield
of 11.2% and an H, production rate increased by two orders of magnitude (up to
21.4mmol g~! h~1) as compared to the use of hole scavengers like triethanolamine
or Na,S/Na,SO, with the same Ni/CdS catalyst. The method was extended to a series
of aryl amines, achieving excellent performances. The proposed mechanism consists
of a first photoexcitation of electrons from the VB to the CB of CdS, with subsequent
formation of holes in the VB; photoinduced electrons transfer to Ni NPs and reduce
protons to H,, while the carbon cationic species generated by the holes couple with
the amine, forming the corresponding imine product.

Later, Zhang and colleagues developed in situ photodeposition of Ni clusters on
ultrathin CdS nanosheets to produce imines with an improved photocatalytic activ-
ity [55]. The Ni clusters on the CdS promote the desorption of H,, in the form of
molecular H,, thus liberating active sites on CdS and enhancing the kinetics of the
production of imines. The photogenerated holes on CdS oxidize amines to aldimine
intermediates, generating protons. Subsequently, another amine couples with the
intermediate to form an imine and NH;. They achieved an outstanding apparent
quantum yield of 44% (Figure 8.8).

In addition to imines, the synthesis of substituted imidazoles via photocyclization
of a wide range of amines at ambient conditions with blue LEDs over Mo-ZnIn,S,
has also been reported. [56] The reaction consists of the photoinduced C—C/C—N
bond coupling and a subsequent dehydrogenation reaction. The Mo-doped ZnIn,S,
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Figure 8.8 Schematic
representation of C—N
coupling of amines to produce
simultaneously imines and H,
over Ni decorated ultrathin
CdS nanosheets. Source:
Huang et al. [55]/with
permission of American
Chemical Society.
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catalyst exhibited high activity and good reaction selectivity; the metal-doping of the
SC allowed the tuning of the photocatalytic properties and favored the dehydrogena-
tion reaction and the selectivity to imidazoles.

8.3.3.3 Formation of S—S Coupled Products

Disulfides are compounds of high interest in pharmaceuticals, synthetic chemistry,
and material science. The common synthetic routes to produce disulfide from thiols
suffer from limitations such as expensive reagents, over-oxidized byproducts (sulfox-
ides and sulfones), and complicated purification processes [57]. On the other hand,
the photocatalytic oxidative coupling of thiols to disulfide is a valid alternative to
avoid the abovementioned disadvantages of the commonly used synthetic methods
(Scheme 8.5).

Catalyst s
SH — R8O +  H,
Visible light
solvent

R : alkyl, aryl, etc.

Scheme 8.5 S-S coupling reaction of thiols to disulfides integrated with H, production.

In 2014, Wu and coworkers proposed a clean preparation of disulfides from thiols
with coproduction of H, under visible-light irradiation over CdSe QDs with the addi-
tion of Ni(II) salts to the system. The dehydrocoupling of thiols occurs on the surface
of CdSe QDs, and deprotonated thiols can bind to the photocatalyst surface through
Cd—S bonds. With visible-light irradiation, the photoexcited holes are quenched
by the bound thiolates, generating sulfur-centered radicals, which can undergo
coupling reaction to form disulfides, while the presence of the Ni(II) ions absorbed
on QDs promotes the photoexcited electrons to reduce protons into molecular
H, [58].

In a recent work, Li and coworkers investigated the S—S coupling reaction with
H, coproduction over Pt/ZnIn,S, nanocomposite. The Pt NPs were obtained by
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photoreduction of [PtCl,]?~ over hexagonal ZnIn,S,; the co-catalyst Pt significantly
enhanced the catalytic performance, obtaining a complete conversion of thiols in
six hours under visible-light irradiation and mild conditions [59].

8.3.4 Integration of H, Production with Oxidative Cross-Coupling

Oxidative cross-coupling is a powerful strategy in synthetic chemistry to obtain
carbon-carbon and carbon-heteroatom bonds, which are useful to yield several
types of value-added organic substrates [60]. In the following discussion, some of
the most relevant examples of this strategy integrated with H, evolution reaction
will be described.

Yoshida and coworkers investigated cross-coupling between benzene and ethers
to give ether-substituted benzenes (a-arylated ethers) with Pd/TiO, catalyst. The
Pd-loaded TiO, activated directly the sp> C—H bond at the a-carbon of ethers, and
the Pd NPs promoted the subsequent C—C coupling between the benzene and the
a-oxyalkyl radical. The high selectivity for the formation of a-substitution is mainly
due to the lower bond cleavage energy of C—H bond at the a-carbon than that at
the beta-position. Moreover, the catalytic system exhibited a very high conversion
for the cross-coupling product instead of the homocoupling products [61].

Another example involving Pd/TiO, photocatalyst is the dehydrogenative
cross-coupling between benzene and cyclohexane over Pd-modified TiO, pho-
tocatalyst under UV- and visible-light irradiation. In fact, both homocoupling to
bicyclohexyl (BCH) and to biphenyl (BP) and cross-coupling reaction to phenyl-
cyclohexane (PCH) can occur. With UV irradiation, photogenerated holes in TiO,
react with benzene and cyclohexane to generate the corresponding radicals and,
subsequently, the three corresponding possible products. Instead, with visible-light
irradiation, a ligand-to-metal charge transfer (LMCT) complex of benzene adsorbed
on TiO, induces an electron transfer from the benzene to the CB of TiO,, and
the resulting benzene radical cation selectively activates cyclohexane to generate
cyclohexyl radical, thus forming PCH by the Pd-assisted addition-elimination
route [62].

Recently, a selective cross-coupling reaction between toluene and acetone to
produce ortho-substituted products over a metal-loaded TiO, was reported [63].
In this work, the selectivity for a product was tuned by the nature of the metal
co-catalyst loaded on the TiO,: Pd NPs promoted the formation of C—C bond
between the aromatic ring of toluene and acetone to give ortho-substituted products
such as 1-(o-tolyl)propan-2-one with high regioselectivity, while Pt promoted the
cross-coupling reaction between the methyl group of toluene and acetone to give
4-phenylbutan-2-one. Thus, the cross-coupling reaction can follow two different
pathways to the methyl substituted or the aromatic-substituted product depending
on the metal co-catalyst. The Pd NP adsorbs and activates the aromatic ring of
toluene to react with the acetonyl radical, following a radical addition-elimination
mechanism, while with Pt NPs the mechanism occurs via radical-radical coupling.

Even for imines, the cross-coupling of primary alcohols and amines is a viable
alternative to the more conventional homocoupling of amines (previously described
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in Section 3.2.2). For instance, Kempe and coworkers reported the photocatalytic
C—N multiple bond formation through dehydrogenation of alcohols and subse-
quent coupling with amines under mild conditions without the requirement of
sacrificial electron donors. [64] The photocatalyst consists of a CdS/TiO, hetero-
junction assembled on a porous support decorated with Ni NPs. MIL-101 (Cr), a
metal-organic framework (MOF), was chosen as support of the catalytic system
for its large pore volume, which is optimal for the target catalytic activity. In this
catalyst, charge carriers are distributed over three components, since the type II
heterojunction between TiO, and CdS allows electron transfer between the CB
of CdS and the CB of TiO,, and Ni NPs favor charge separation. Therefore, the
Ni/CdS/TiO2@MIL-101 photocatalyst has the ability to reduce the charge recombi-
nation rates, and metallic Ni can act as electron reservoirs and so as a co-catalyst
for H, production. This reusable catalytic system has shown quantitative H, gener-
ation from alcohols and subsequentially coupling between the activated carbonyl
compounds, obtained with hydrogen through the alcohols dehydrogenation, and
amines with high selectivity.

Another relevant application of photocatalysts in tandem processes is the syn-
thesis of benzimidazolic derivatives from nitro compounds. Benzimidazole and its
derivatives are fundamental building blocks for pharmaceuticals and commonly
employed in the synthesis of natural products, exhibiting biological activities as
bactericides and anticarcinogens [65, 66]. The typical synthetic methods, such
as condensation of o-aryldiamines with aldehydes, carboxylic acids, or their
derivatives, usually suffer from low yields, drastic reaction conditions, several
side reactions, and other limitations. Looking at more eco-friendly strategies,
Shairashi et al. reported a one-pot multiple photocatalytic transformation from
1,2-phenylenediammines with aldehydes to produce benzimidazolic products over
Pt/TiO, under UV-Vis irradiation, in which the key is the dehydrogenation of
alcohols. Selvam et al. investigated a new acid- and oxidant-free strategy based on a
one-pot synthesis of disubstituted benzimidazoles from N-substituted 2-nitroarenes
exploiting the dehydrogenation of alcohol to reduce the NO, to -NH, and gen-
erate the aldehyde for the synthesis of the product, with Pt-TiO, and UV-light
irradiation [67].

Recently, Fornasiero and coworkers developed a tandem one-pot synthesis of ben-
zimidazoles from nitro compounds with visible light, which is more attractive than
UV light. They used a TiO, co-doped with B and N in order to increase solar light
harvesting, the lifetime of photogenerated charge carriers and the surface area, and
loaded various metal co-catalysts (Pd, Pt, Ag, Cu). The proposed reaction mecha-
nism starts with the dehydrogenation of alcohol, which leads to the production of
hydrogen and aldehyde, followed by the reduction of the nitro compounds and thus
the formation of phenylenediamine as an intermediate. Finally, this intermediate
condenses with the aldehyde previously generated. The obtained imine compounds
undergo cyclization, and at the end, a dehydrogenation leads to the desired product.
The best catalytic performance was achieved with Pt/TiO,-B, N due to the higher
activity in H, production and to the low ability of Pt to hydrogenate C—X or C—O
bonds in diverse precursors [68] (Figure 8.9).
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Figure 8.9 (a) Schematic illustration of photocatalytic one-pot synthesis of
benzimidazoles over Pt/TiO, co-doped with B and N with plausible reaction mechanism.
Source: Montini et al. [68]/with permission of Elsevier.

8.4 Conclusions and Perspectives

Cooperative photocatalytic organic transformations integrated with H, production
represent a promising but still challenging opportunity for solar to chemical con-
version, obtaining simultaneously clean H, fuel and industrial-relevant chemicals.
In this chapter, we have discussed the basic concepts of photocatalysis for H,
evolution and the principles of light-driven cooperative selective organic reactions
with H, production for a better understanding of the topic. Moreover, the most
significant advances have been presented, where H, production is coupled with the
photocatalytic selective oxidation reactions to homocoupling and cross-coupling
reactions. Available and suitable organic substrates, such as alcohols and amines,
have been investigated as proton sources and hole scavengers to achieve the
evolution of value-added chemicals.

The diversity of developed SC-based photocatalytic systems suggests that this topic
of research in catalysis could be explored toward a wide scope of organic synthesis,
thereby the economy of the overall process producing simultaneously two molecules
of high interest (one of which is H,) is potentially of extreme advantage. However,
despite the many improvements in this field, several issues still need to be addressed.
Firstly, the reported cooperative organic synthesis and H, production are still too
little efficient, far yet from the ultimate goal of large-scale application. Research
should be directed toward the development of sustainable catalysts with high selec-
tivity, efficiency, and durability. For this purpose, it is of crucial importance to devote
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special attention to approaches based on rational catalyst design with a bird-eye view
to all implications. For example, metal sulfide-based SC, such as CdS and ZnIn,S,,
are promising but usually suffer from photocorrosion due to the oxidation of sulfide
anions and, moreover, cadmium exhibits significant toxicity. Therefore, considerable
care must be given in the choice of sustainable catalysts of nontoxic nature.

Optimization of catalyst properties (such as surface area, light-harvesting proper-
ties, size, morphology, and energy band positions) is a process of particular relevance
in the study of this type of application. Doping with foreign elements, using metal
co-catalyst with a fine tuning of the nature of the metal, and forming heterostruc-
tures with suitable band structures and efficient charge carrier separation have been
proven to be key strategies for this goal. This elaborate development of the photo-
catalytic system needs to be carried out for each type of organic reaction, to find the
most efficient and selective photocatalyst for that specific transformation.

Mechanistic investigations of cooperative organic synthesis and H, evolution
would be helpful to gain an understanding of the structure-performance relation-
ship of photocatalytic systems, leading to faster material development. To this end,
in situ techniques (such as XAS, NMR, and EPR spectroscopy) and theoretical DFT
calculation could be fundamental to enhance the catalytic performance for a target
reaction.

Lastly, the main goal, but still extremely far away, will be the practical applications
in alarge-scale industrial production driven by solar light. It represents a challenging
scale-up, which requires not only optimizing the photocatalytic performance, but
also a larger-scale photoreactor design, such as continuous flow reactors.

Acknowledgments

M.M. acknowledges the FRA2021 funded by the University of Trieste. It was also
funded by a grant from the Italian Ministry of Foreign Affairs and International
Cooperation - Project Italy-China no. CN19GR04 (Payment identification CUP
J98D19000410001).

References

1 Armaroli, N. and Balzani, V. (2011). The hydrogen issue. ChemSusChem 4 (1):
21-36. https://doi.org/10.1002/cssc.201000182.

2 Rand, D.A.J. and Dell, R.M. (2007). Hydrogen energy. R. Soc. Chem. 2007:
https://doi.org/10.1039/9781847558022.

3 Chen, D. and He, L. (2011). Towards an efficient hydrogen production from
biomass: a review of processes and materials. ChemCatChem 3 (3): 490-511.
https://doi.org/10.1002/cctc.201000345.

4 Ramachandran, R. and Menon, R.K. (1998). An overview of industrial uses of
hydrogen. Int. J. Hydrogen Energy 23 (7): 593-598. https://doi.org/10.1016/S0360-
3199(97)00112-2.

185


https://doi.org/10.1002/cssc.201000182
https://doi.org/10.1039/9781847558022
https://doi.org/10.1002/cctc.201000345
https://doi.org/10.1016/S0360-3199(97)00112-2
https://doi.org/10.1016/S0360-3199(97)00112-2

186 | 8 Organic Transformations Involving Photocatalytic Hydrogen Release

5

10

11

12

13

14

15

16

17

18

19

20

Mazloomi, K. and Gomes, C. (2012). Hydrogen as an energy carrier: prospects
and challenges. Renewable Sustainable Energy Rev. 16: 3024-3033. https://doi.org/
10.1016/j.rser.2012.02.028.

Conte, M., Mario, F., Agostino, L. et al. (2009). Hydrogen as future energy
carrier: the ENEA point of view on technology and application prospects.
Energies 2 (1): 150-179. https://doi.org/10.3390/en20100150.

Emonts, B. and Stolten, D. (2016). Hydrogen Science and Engineering: Materials,
Processes, Systems and Technology. Wiley https://doi.org/10.1002/9783527674268.
Yao, Y., Gao, X., Li, Z. et al. (2020). Photocatalytic reforming for hydrogen
evolution: a review. Catalysts 10 (3): 335. https://doi.org/10.3390/catal10030335.
Weinstein, L.A., Loomis, J., Bhatia, B. et al. (2015). Concentrating solar power.
Chem. Rev. 115 (23): 12797-12838. https://doi.org/10.1021/acs.chemrev.5b00397.
Tang, J.H. and Sun, Y. (2020). Visible-light-driven organic transformations
integrated with H, production on semiconductors. Mater. Adv. 1 (7): 2155-2162.
https://doi.org/10.1039/DOMA00327A.

Fujishima, A. and Honda, K. (1972). Electrochemical photolysis of water at

a semiconductor electrode. Nature 238 (5358): 37-38. https://doi.org/10.1038/
238037a0.

Lehn, J.M. and Sauvage, J.P. (1977). Chemical storage of light energy. Catalytic
generation of hydrogen by visible light or sunlight. Irradiation of neutral aqueous
solutions. Nouv. J. Chim. 1 (6): 449-451.

Davis, K.A., Yoo, S., Shuler, E.W. et al. (2021). Photocatalytic hydrogen evolution
from biomass conversion. Nano Converg. 8 (1): 6. https://doi.org/10.1186/s40580-
021-00256-9.

Kubacka, A., Fernandez-Garcia, M., and Colén, G. (2012). Advanced
nanoarchitectures for solar photocatalytic applications. Chem. Rev. 112 (3):
1555-1614. https://doi.org/10.1021/cr100454n.

Christoforidis, K.C. and Fornasiero, P. (2012). Photocatalytic hydrogen
production: a rift into the future energy supply. ChemCatChem 9 (9): 1523-1544.
https://doi.org/10.1002/cctc.201601659.

Friedmann, D., Hakki, A., Kim, H. et al. (2016). Heterogeneous photocatalytic
organic synthesis: state-of-the-art and future perspectives. Green Chem. 18 (20):
5391-5411. https://doi.org/10.1039/C6GC01582D.

Wang, X., Maeda, K., Thomas, A. et al. (2009). A metal-free polymeric
photocatalyst for hydrogen production from water under visible light. Nat. Mater.
8 (1): 76-80. https://doi.org/10.1038/nmat2317.

Kampouri, S. and Stylianou, K.C. (2019). Dual-functional photocatalysis for
simultaneous hydrogen production and oxidation of organic substances. ACS
Catal. 9 (5): 4247-4270. https://doi.org/10.1021/acscatal.9b00332.

Park, S., Chang, W.J., Lee, C.W. et al. (2016). Photocatalytic hydrogen generation
from hydriodic acid using methylammonium lead iodide in dynamic equilibrium
with aqueous solution. Nat. Energy 2: 16185. https://doi.org/10.1038/nenergy
.2016.185.

Abe, R., Sayama, K., Domen, K. et al. (2001). A new type of water splitting
system composed of two different TiO, photocatalysts (anatase, rutile) and a


https://doi.org/10.1016/j.rser.2012.02.028
https://doi.org/10.1016/j.rser.2012.02.028
https://doi.org/10.3390/en20100150
https://doi.org/10.1002/9783527674268
https://doi.org/10.3390/catal10030335
https://doi.org/10.1021/acs.chemrev.5b00397
https://doi.org/10.1039/D0MA00327A
https://doi.org/10.1038/238037a0
https://doi.org/10.1038/238037a0
https://doi.org/10.1186/s40580-021-00256-9
https://doi.org/10.1186/s40580-021-00256-9
https://doi.org/10.1021/cr100454n
https://doi.org/10.1002/cctc.201601659
https://doi.org/10.1039/C6GC01582D
https://doi.org/10.1038/nmat2317
https://doi.org/10.1021/acscatal.9b00332
https://doi.org/10.1038/nenergy.2016.185
https://doi.org/10.1038/nenergy.2016.185

21

22

23

24

25

26

27

28

29

30

31

References

I0,7/1~ shuttle redox mediator. Chem. Phys. Lett. 344 (3): 339-344. https://doi
.0rg/10.1016/S0009-2614(01)00790-4.

Qi, M.Y., Conte, M., Anpo, M. et al. (2021). Cooperative coupling of oxidative
organic synthesis and hydrogen production over semiconductor-based photocat-
alysts. Chem. Rev. 121 (21): 13051-13085. https://doi.org/10.1021/acs.chemrev
.1c00197.

Zinoviev, S., Muller-Langer, F., Das, P. et al. (2010). Next-generation biofuels:
survey of emerging technologies and sustainability issues. ChemSusChem 3 (10):
1106-1133. https://doi.org/10.1002/cssc.201000052.

Puga, A.V. (2016). Photocatalytic production of hydrogen from biomass-derived
feedstocks. Coord. Chem. Rev. 315: 1-66. https://doi.org/10.1016/j.ccr.2015.12.009.
Puga, A.V,, Forneli, A., Garcia, H. et al. (2014). Production of H, by ethanol
photoreforming on Au/TiO,. Adv. Funct. Mater. 24 (2): 241-248. https://doi.org/
10.1002/adfm.201301907.

Zeug, N., Buecheler, J., and Kisch, H. (1985). Catalytic formation of hydrogen
and carbon-carbon bonds on illuminated zinc sulfide generated from zinc
dithiolenes. J. Am. Chem. Soc. 107 (6): 1459-1465. https://doi.org/10.1021/
ja00292a001.

Zhao, L.-M., Meng, Q.-Y., Fan, X.-B. et al. (2017). Photocatalysis with quantum
dots and visible light: selective and efficient oxidation of alcohols to carbonyl
compounds through a radical relay process in water. Angew. Chem. Int. Ed.

56 (11): 3020-3024. https://doi.org/10.1002/anie.201700243.

Higashimoto, S., Tanaka, Y., Ishikawa, R. et al. (2013). Selective dehydrogena-
tion of aromatic alcohols photocatalyzed by Pd-deposited CdS-TiO, in aqueous
solution using visible light. Catal. Sci. Technol. 3 (2): 400-403. https://doi.org/10
.1039/C2CY20607B.

Chai, Z., Zeng, T.-T., Li, W. et al. (2016). Efficient visible light-driven splitting
of alcohols into hydrogen and corresponding carbonyl compounds over a
Ni-modified CdS photocatalyst. J. Am. Chem. Soc. 138 (32): 10128-10131.
https://doi.org/10.1021/jacs.6b06860.

Kasap, H., Caputo, C., Martindale, B.C.M. et al. (2016). Solar-driven reduction
of aqueous protons coupled to selective alcohol oxidation with a carbon
nitride-molecular Ni catalyst system. J. Am. Chem. Soc. 138 (29): 9183-9192.
https://doi.org/10.1021/jacs.6b04325.

Zhang, L., Jiang, D., Irfan, R.M. et al. (2019). Highly efficient and selective
photocatalytic dehydrogenation of benzyl alcohol for simultaneous hydrogen and
benzaldehyde production over Ni-decorated Zn, .Cd, S solid solution. J. Energy
Chem. 30: 71-77. https://doi.org/10.1016/j jechem.2018.03.014.

Zhang, F., Li, J., Wang, H. et al. (2020). Realizing synergistic effect of elec-
tronic modulation and nanostructure engineering over graphitic carbon nitride
for highly efficient visible-light H, production coupled with benzyl alcohol
oxidation. Appl. Catal. B: Environ. 269: 118772. https://doi.org/10.1016/j.apcatb
.2020.118772.

187


https://doi.org/10.1016/S0009-2614(01)00790-4
https://doi.org/10.1016/S0009-2614(01)00790-4
https://doi.org/10.1021/acs.chemrev.1c00197
https://doi.org/10.1021/acs.chemrev.1c00197
https://doi.org/10.1002/cssc.201000052
https://doi.org/10.1016/j.ccr.2015.12.009
https://doi.org/10.1002/adfm.201301907
https://doi.org/10.1002/adfm.201301907
https://doi.org/10.1021/ja00292a001
https://doi.org/10.1021/ja00292a001
https://doi.org/10.1002/anie.201700243
https://doi.org/10.1039/C2CY20607B
https://doi.org/10.1039/C2CY20607B
https://doi.org/10.1021/jacs.6b06860
https://doi.org/10.1021/jacs.6b04325
https://doi.org/10.1016/j.jechem.2018.03.014
https://doi.org/10.1016/j.apcatb.2020.118772
https://doi.org/10.1016/j.apcatb.2020.118772

188

8 Organic Transformations Involving Photocatalytic Hydrogen Release

32

33

34

35

36

37

38

39

40

41

42

43

44

45

Hu, Y., Zhao, G., Pan, Q. et al. (2019). Highly selective anaerobic oxidation

of alcohols over Fe-doped SrTiO, under visible light. ChemCatChem 11 (20):
5139-5144. https://doi.org/10.1002/cctc.201901451.

Zhao, G., Busser, W., Froese, C. et al. (2019). Anaerobic alcohol conversion

to carbonyl compounds over nanoscaled Rh-doped SrTiO, under visible light.
J. Phys. Chem. Lett. 10 (9): 2075-2080. https://doi.org/10.1021/acs.jpclett.9b00621.
Martin, D.J., Reardon, P.J.T., Moniz, S.J.A. et al. (2014). Visible light-driven pure
water splitting by a nature-inspired organic semiconductor-based system. J. Am.
Chem. Soc. 136 (36): 12568-12571. https://doi.org/10.1021/ja506386e.

Liu, J,, Liu, Y., Liu, N. et al. (2015). Metal-free efficient photocatalyst for stable
visible water splitting via a two-electron pathway. Science 347 (6225): 970-974.
https://doi.org/10.1126/science.aaa3145.

Xu, C., Paone, E., and Rodriguez-Padron, D. (2020). Recent catalytic routes

for the preparation and the upgrading of biomass derived furfural and
5-hydroxymethylfurfural. Chem. Soc. Rev. 49 (13): 4273-4306. https://doi.org/
10.1039/D0OCS00041H.

Nakagawa, Y., Tamura, M., and Tomishige, K. (2013). Catalytic reduction

of biomass-derived furanic compounds with hydrogen. ACS Catal. 3 (12):
2655-2668. https://doi.org/10.1021/cs400616p.

Luo, H., Barrio, J., Sunny, N. et al. (2021). Progress and perspectives in

photo- and electrochemical-oxidation of biomass for sustainable chemicals and
hydrogen production. Adv. Energy Mater. 11 (43): 2101180. https://doi.org/10
.1002/aenm.202101180.

Han, G., Jin, Y.-H., Burgess, R.A. et al. (2017). Visible-light-driven valorization
of biomass intermediates integrated with H, production catalyzed by ultrathin
Ni/CdS nanosheets. J. Am. Chem. Soc. 139 (44): 15584-15587. https://doi.org/10
.1021/jacs.7b08657.

Krivtsov, 1., Garcia-Lopez, E.I.,, Marci, G. et al. (2017). Selective photocatalytic
oxidation of 5-hydroxymethyl-2-furfural to 2,5-furandicarboxyaldehyde in
aqueous suspension of g-C,N,. Appl. Catal. B 204: 430-439. https://doi.org/10
.1016/j.apcatb.2016.11.049.

Battula, V.R., Jaryal, A., and Kailasam, K. (2019). Visible light-driven
simultaneous H, production by water splitting coupled with selective

oxidation of HMF to DFF catalyzed by porous carbon nitride. J. Mater. Chem.
A 7 (10): 5643-5649. https://doi.org/10.1039/C8TA10926E.

Yue, H., Zhao, Y., Ma, X. et al. (2012). Ethylene glycol: properties, synthesis,
and applications. Chem. Soc. Rev. 41 (11): 4218-4244. https://doi.org/10.1039/
C2CS15359A.

Xie, S., Shen, Z., Deng, J. et al. (2018). Visible light-driven C—H activation and
C-C coupling of methanol into ethylene glycol. Nat. Commun. 9 (1): 1181.
https://doi.org/10.1038/s41467-018-03543-y.

Zhang, H., Xie, S., Hu, J. et al. (2020). C-H activations of methanol and ethanol
and C-C couplings into diols by zinc-indium-sulfide under visible light. Chem.
Commun. 56 (12): 1776-1779. https://doi.org/10.1039/C9CC09205F.

Wang, Y., Ren, P., Gu, X. et al. (2016). Probing the mechanism of
benzaldehyde reduction to chiral hydrobenzoin on the CNT surface under


https://doi.org/10.1002/cctc.201901451
https://doi.org/10.1021/acs.jpclett.9b00621
https://doi.org/10.1021/ja506386e
https://doi.org/10.1126/science.aaa3145
https://doi.org/10.1039/D0CS00041H
https://doi.org/10.1039/D0CS00041H
https://doi.org/10.1021/cs400616p
https://doi.org/10.1002/aenm.202101180
https://doi.org/10.1002/aenm.202101180
https://doi.org/10.1021/jacs.7b08657
https://doi.org/10.1021/jacs.7b08657
https://doi.org/10.1016/j.apcatb.2016.11.049
https://doi.org/10.1016/j.apcatb.2016.11.049
https://doi.org/10.1039/C8TA10926E
https://doi.org/10.1039/C2CS15359A
https://doi.org/10.1039/C2CS15359A
https://doi.org/10.1038/s41467-018-03543-y
https://doi.org/10.1039/C9CC09205F

46

47

48

49

50

51

52

53

54

55

56

57

58

References

near-UV light irradiation. Green Chem. 18 (6): 1482-1487. https://doi.org/10
.1039/C5GC02168E.

McClelland, K.P. and Weiss, E.A. (2019). Selective photocatalytic oxidation

of benzyl alcohol to benzaldehyde or C-C coupled products by visible-light-
absorbing quantum dots. ACS Appl. Energy Mater. 2 (1): 92-96. https://doi.org/10
.1021/acsaem.8b01652.

Luo, N., Hou, T., Liu, S. et al. (2020). Photocatalytic coproduction of deoxy-
benzoin and H, through tandem redox reactions. ACS Catal. 10 (1): 762-769.
https://doi.org/10.1021/acscatal.9b03651.

Qi, M.-Y,, Li, Y.-H., Anpo, M. et al. (2020). Efficient photoredox-mediated C-C
coupling organic synthesis and hydrogen production over engineered semicon-
ductor quantum dots. ACS Catal. 10 (23): 14327-14335. https://doi.org/10.1021/
acscatal.0c04237.

Wang, J., Qi, M.-Y., Wang, X., and Su, W. (2022). Cooperative hydrogen
production and C—C coupling organic synthesis in one photoredox cycle. Appl.
Catal. B: Environ. 302: 120812. https://doi.org/10.1016/j.apcatb.2021.120812.
Climent, M.J., Corma, A., and Iborra, S. (2014). Conversion of biomass platform
molecules into fuel additives and liquid hydrocarbon fuels. Green Chem. 16 (2):
516-547. https://doi.org/10.1039/C3GC41492B.

Luo, N., Montini, T., Zhang, J. et al. (2019). Visible-light-driven coproduction of
diesel precursors and hydrogen from lignocellulose-derived methylfurans. Nat.
Energy 4 (7): 575-584. https://doi.org/10.1038/s41560-019-0403-5.

Luo, J., Hongseok, Y., Mironenko, A.V. et al. (2016). Mechanisms for high
selectivity in the hydrodeoxygenation of 5-hydroxymethylfurfural over PtCo
nanocrystals. ACS Catal. 6 (7): 4095-4104. https://doi.org/10.1021/acscatal
.6b00750.

Lang, X., Ma, W,, Zhao, Y. et al. (2012). Visible-light-induced selective
photocatalytic aerobic oxidation of amines into imines on TiO,. Chem. A Eur.

J. 18 (9): 2624-2631. https://doi.org/10.1002/chem.201102779.

Yu, W,, Zhang, D., Guo, X. et al. (2018). Enhanced visible light photocatalytic
non-oxygen coupling of amines to imines integrated with hydrogen production
over Ni/CdS nanoparticles. Catal. Sci. Technol. 8 (20): 5148-5154. https://doi.org/
10.1039/C8CY01326H.

Huang, Y., Liu, C., Li, M. et al. (2020). Photoimmobilized Ni clusters boost
photodehydrogenative coupling of amines to imines via enhanced hydrogen
evolution kinetics. ACS Catal. 10 (6): 3904-3910. https://doi.org/10.1021/acscatal
.0c00282.

Wang, M., Li, L., Lu, J. et al. (2017). Photocatalytic coupling of amines to
imidazoles using a Mo-ZnIn,S, catalyst. Green Chem. 19 (21): 5172-5177.
https://doi.org/10.1039/C7GC01728F.

Almeida, A.M., Li, E., and Gellman, S.H. (2012). Parallel p-sheet secondary
structure is stabilized and terminated by interstrand disulfide cross-linking.

J. Am. Chem. Soc. 134 (1): 75-78. https://doi.org/10.1021/ja208856c.

Li, X.-B., Li, Z.-J., Gao, Y.-J. et al. (2014). Mechanistic insights into the interface-
directed transformation of thiols into disulfides and molecular hydrogen

189


https://doi.org/10.1039/C5GC02168E
https://doi.org/10.1039/C5GC02168E
https://doi.org/10.1021/acsaem.8b01652
https://doi.org/10.1021/acsaem.8b01652
https://doi.org/10.1021/acscatal.9b03651
https://doi.org/10.1021/acscatal.0c04237
https://doi.org/10.1021/acscatal.0c04237
https://doi.org/10.1016/j.apcatb.2021.120812
https://doi.org/10.1039/C3GC41492B
https://doi.org/10.1038/s41560-019-0403-5
https://doi.org/10.1021/acscatal.6b00750
https://doi.org/10.1021/acscatal.6b00750
https://doi.org/10.1002/chem.201102779
https://doi.org/10.1039/C8CY01326H
https://doi.org/10.1039/C8CY01326H
https://doi.org/10.1021/acscatal.0c00282
https://doi.org/10.1021/acscatal.0c00282
https://doi.org/10.1039/C7GC01728F
https://doi.org/10.1021/ja208856c

190 | 8 Organic Transformations Involving Photocatalytic Hydrogen Release

59

60

61

62

63

64

65

66

67

68

by visible-light irradiation of quantum dots. Angew. Chem. Int. Ed. 53 (8):
2085-2089. https://doi.org/10.1002/anie.201310249.

Xu, L., Deng, X., and Li, Z. (2018). Photocatalytic splitting of thiols to produce
disulfides and hydrogen over PtS/ZnIn,S, nanocomposites under visible light.
Appl. Catal. B Environ. 234: 50-55. https://doi.org/10.1016/j.apcatb.2018.04.030.
Kozlowski, M.C. (2017). Oxidative coupling in complexity building transforms.
Acc. Chem. Res. 50 (3): 638-643. https://doi.org/10.1021/acs.accounts.6b00637.
Tyagi, A., Matsumoto, T., Kato, T. et al. (2016). Direct C-H bond activation

of ethers and successive C-C bond formation with benzene by a bifunctional
palladium-titania photocatalyst. Catal. Sci. Technol. 6 (12): 4577-4583. https://doi
.0rg/10.1039/C5CY02290H.

Yamamoto, A., Ohara, T., and Yoshida, H. (2018). Visible-light-induced
photocatalytic benzene/cyclohexane cross-coupling utilizing a ligand-to-metal
charge transfer benzene complex adsorbed on titanium oxides. Catal. Sci.
Technol. 8 (8): 2046-2050. https://doi.org/10.1039/C7CY02566A.

Tyagi, A., Matsumoto, T., Yamamoto, A. et al. (2020). Metal cocatalyst directing
photocatalytic acetonylation of toluene via dehydrogenative cross-coupling with
acetone. Catal. Lett. 150 (1): 31-38. https://doi.org/10.1007/s10562-019-02923-3.
Tilgner, D., Klarner, M., Hammon, S. et al. (2019). H,-generation from alcohols
by the MOF-based noble metal-free photocatalyst Ni/CdS/TiO, @MIL-101. Aust.
J. Chem. 72 (10): 842-847. https://doi.org/10.1071/CH19255.

Charifson, P.S., Grillot, A.-L., Grossman, T.H. et al. (2008). Novel dual-targeting
benzimidazole urea inhibitors of DNA gyrase and topoisomerase IV possessing
potent antibacterial activity: intelligent design and evolution through the
judicious use of structure-guided design and structure—activity relationships.

J. Med. Chem. 51 (17): 5243-5263. https://doi.org/10.1021/jm800318d.

Boiani, M. and Gonzalez, M. (2005). Imidazole and benzimidazole derivatives as
chemotherapeutic agents. Mini Rev. Med. Chem. 5 (4): 409-424. https://doi.org/10
.2174/1389557053544047.

Selvam, K. and Swaminathan, M. (2011). An easy one-step photocatalytic
synthesis of 1-aryl-2-alkylbenzimidazoles by platinum loaded TiO,
nanoparticles under UV and solar light. Tetrahedron Lett. 52 (26): 3386-3392.
https://doi.org/10.1016/j.tetlet.2011.04.090.

Montini, T., Gombac, V., Delgado, I.J. et al. (2021). Sustainable photocatalytic
synthesis of benzimidazoles. Inorg. Chim. Acta 520: 120289. https://doi.org/10
.1016/j.ica.2021.120289.


https://doi.org/10.1002/anie.201310249
https://doi.org/10.1016/j.apcatb.2018.04.030
https://doi.org/10.1021/acs.accounts.6b00637
https://doi.org/10.1039/C5CY02290H
https://doi.org/10.1039/C5CY02290H
https://doi.org/10.1039/C7CY02566A
https://doi.org/10.1007/s10562-019-02923-3
https://doi.org/10.1071/CH19255
https://doi.org/10.1021/jm800318d
https://doi.org/10.2174/1389557053544047
https://doi.org/10.2174/1389557053544047
https://doi.org/10.1016/j.tetlet.2011.04.090
https://doi.org/10.1016/j.ica.2021.120289
https://doi.org/10.1016/j.ica.2021.120289

9

Photocatalytic Hydrogen Production by Biomass Reforming
Thangjam 1. Singh*?, Shuya Li3, Gyu Leem>*, and Seunghyun Lee*%*

YHanyang University ERICA, Department of Chemical and Molecular Engineering, 55 Hanyangdeahak-ro,
Sangnok-gu, Ansan, Gyeonggi-do, 15588, South Korea

2Hanyang University ERICA, Center for Bionano Intelligence Education and Research, 55 Hanyangdeahak-ro,
Sangnok-gu, Ansan, Gyeonggi-do, 15588, South Korea

3State University of New York College of Environmental Science and Forestry, Department of Chemistry,

1 Forestry Drive, Syracuse, NY 13210, USA

4The Michael M. Szwarc Polymer Research Institute, 1 Forestry Drive, Syracuse, NY 13210, USA

9.1 Introduction

Biomass is an abundant natural resource comprising various organic materials
derived from living organisms, such as plant and animal waste, agricultural
crop residue, algae, wood processing residue, and forestry residues [1]. Over the
years, the accumulation of biomass has increased worldwide because of rapid
agricultural and industrial activities, providing ample opportunities for the pro-
duction of various renewable energy sources [2]. In the United States alone, the
amount of biomass available is more than that required for food processing and
animal feed; this biomass can be efficiently converted into biofuels [3, 4]. Biomass
reforming can be used to produce various value-added chemicals, such as ethanol
and bio-oils, which may potentially replace traditional petroleum chemicals [1].
Further, biomass-derived chemicals can be converted into alternative fuels such
as hydrogen [5]. Hydrogen is considered a future energy carrier because of its
high-energy-conversion efficiency, zero emissions of greenhouse gases, and large
potential for utilization in various systems, including fuel cells and internal com-
bustion engines. Presently, our economy largely relies on nonrenewable fossil fuels
such as coal and petroleum; however, the continuous exhaustion of fossil reserves
around the globe poses a serious threat to the world economy and may lead to
an energy crisis in the future. Thus far, majority of the hydrogen produced from
the steam reforming of methane feedstock meets approximately half the global
hydrogen demand [6]. However, this method requires a substantial amount of
energy, expensive equipment, and operation and maintenance costs; moreover,
it produces greenhouse gases such as CO, and CO as byproducts [7, 8].

In this scenario, biomass reforming through natural light, commonly known
as photocatalytic reforming, can minimize cost and generate clean hydrogen in
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an eco-friendly manner [9]. An alternative method for clean hydrogen production
is electrochemical or photoelectrochemical water splitting [10, 11]. The pho-
tocatalytic conversion of biomass into hydrogen is energetically comparable to
hydrogen production from water splitting. In the former, biomass is used instead
of water; however, in the case of water splitting, water acts as the proton and
electron source [12]. Photocatalytic hydrogen production from biomass requires
only efficient and sustainable biomass materials as reaction materials, and natu-
rally available sunlight is the only energy source required to initiate the process.
Photo-biorefineries produce hydrogen in quantum yields above 70%. In contrast, the
yield of hydrogen production through water splitting is only approximately 1.8%,
owing to the high thermodynamic barrier and multi-electron-transfer process [7].
Photocatalytic hydrogen production from biomass not only cleanly generates
hydrogen but also produces valuable byproducts for various industrial applications
[7,12,13]. Thus, photocatalytic reforming of raw, partially derived, and unprocessed
biomass is an emerging approach for renewable H, production in an affordable
and eco-friendly manner. This chapter summarizes the general principles, common
photocatalyst/co-catalyst systems, and their associated mechanism for the produc-
tion of hydrogen, with special emphasis on the photocatalytic reforming of biomass.

9.2 General Principles of Photocatalysis

Honda and Fujishima observed the photocatalysis phenomenon in 1972 [14] and
described it as a photoinduced catalytic reaction that can be broadly categorized
into heterogeneous and homogeneous types [12, 15]. For example, in homogeneous
photocatalysis, transition metal complexes such as iron and copper complexes act
as photocatalysts. Under light irradiation, the metal complexes cause the central
metal ions to undergo photoreduction to lower oxidation states and then re-oxidize
them by molecular oxygen. In contrast, heterogeneous photocatalysis employs a typ-
ical semiconducting material as the photocatalyst and proceeds via three important
steps: light absorption, photoexcited electron injection, and charge separation of the
photoinduced holes and electrons. Subsequently, the redox reaction occurs on the
photocatalyst surface. When the photocatalyst is illuminated by light with energy
greater than its bandgap, an electron from the valence band (VB) of the catalyst is
excited to the conduction band (CB), leaving behind a photogenerated hole and cre-
ating an electron-hole separation. The photoinduced electrons and holes move sepa-
rately to the catalyst surface and undergo surface reactions with the adsorbed species
on the surface to generate unstable free radicals, which include reactive oxygen
species (ROS), such as hydroxyl radicals (*OH), superoxide anions (*O,—), hydrogen
peroxide (H,0,), and singlet oxygen (10,) [12]. In general, photoinduced electrons
and holes facilitate the reduction and oxidation of the species that are absorbed on
the photocatalyst surface [12]. The ability of the generated electron-hole pair to ini-
tiate the required redox reaction (i.e. the oxidation of the biomass and reduction
of hydrogen) solely depends on the VB/CB potential of the photocatalyst and the
oxidation/reduction potential of the redox species in the system [7, 12].
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9.3 Photocatalytic Reforming of Biomass

The photocatalytic reforming of biomass and its derivatives can be energetically
compared to overall water splitting [8]. In photocatalytic biomass reforming,
biomass acts as a proton and electron source, similar to water in the case of water
splitting. The photogenerated holes in the photocatalyst oxidize biomass or its
derivatives to generate various reactive free radicals, carbon dioxide, and protons
via extractive electron transfer. However, the photoexcited electrons cause the
reduction of available protons to generate molecular hydrogen gas.

In addition to earth-abundant and low-cost transition metal-based semiconduc-
tors serving as photocatalysts for hydrogen production through the reforming of
nonedible biomass-derived materials, other factors, such as the reaction conditions,
utilization of another co-catalyst, and solution identity, influence hydrogen produc-
tion rates. In this chapter, hydrogen production by the photocatalytic reforming of
biomass and its derivatives is broadly categorized based on the type of photocatalyst
and substrate, viz. monomeric, polymeric, or pristine biomass. The main charac-
teristics, mechanisms, and results of solar-driven heterogeneous photocatalysis for
hydrogen production in such systems are briefly discussed below.

9.4 Metal-Based Photocatalytic Reforming of Biomass

9.4.1 TiO,-Based Photocatalysts and Effect of Co-catalysts

TiO, is one of the most commonly used photocatalysts for photocatalytic appli-
cations, such as water splitting, dye degradation, and antibacterial applications,
owing to its high chemical stability against corrosive environments, resistance to
discoloration under UV irradiation, low cost, and low toxicity toward the envi-
ronment [16]. However, it has a large bandgap of approximately 3.2 eV, making it
sensitive to only UV radiation, which constitutes approximately 5% of the entire
solar spectrum [16, 17]. Therefore, TiO, cannot be used effectively in the visible
region of the spectrum. Accordingly, many efforts have been made to decrease
the wide bandgap of TiO, and enhance its photocatalytic activity, which include
metal doping, nonmetal doping, co-doping/tri-doping, nano-structuring, and
immobilization [16, 18-20]. The dopants play different roles; they may act as
electron traps, enhance electron-hole separation, redshift the bandgap absorption
to visible light, and introduce new active sites for photocatalytic reactions. Thus,
the deposition of metal nanoparticles on TiO, can promote its photocatalytic
activity. The enhancement in the activity of TiO, can be ascribed to the transfer
of photoinduced electrons from its CB to that of the deposited metal co-catalysts,
enhanced electron-hole separation, and a longer lifetime of the charge carriers
[21, 22]. However, the size of the metals, doping or loading percentage, and local
structure significantly affect the overall photocatalytic performance of TiO, [21, 22].
In general, metal dopants improve charge carrier separation and the spectral
response of pristine TiO, through various pathways, such as the electron trap
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Figure 9.1 Schematic representation of the mechanism of metal dopants that enhance the
charge separation and light absorption of TiO,.

mechanism, surface plasmon resonance (SPR) effect, incorporation of new energy
levels, and generation of gap states by interacting with the VB states of TiO,. The
plausible pathways for enhancing the charge carrier separation and light adsorption
of TiO, by metal doping are illustrated in Figure 9.1.

9.4.1.1 Platinized TiO, (Pt/TiO,) Photocatalysts
Platinum is considered a state-of-the-art catalyst for the hydrogen evolution reaction
(HER) through electrochemical water splitting, owing to its low overpotential [23].
Introducing Pt into TiO, nanoparticles via Pt doping can suppress electron-hole
recombination and enhance its photocatalytic activity for hydrogen generation
[24-26]. For example, Yang’s research group developed Pt-containing TiO, via a
one-pot synthesis method and optimized the Pt loadings; this photocatalyst was
employed for the photoreforming of methanol and showed high stability toward
photocatalytic hydrogen production [26]. Notably, photocatalytic hydrogen produc-
tion was unaffected by lignin as an inhibitor or a radical scavenger; in this reaction,
alfalfa and rice husk were used as the biomass feedstock. This indicates that H, was
solely generated from the reduction of water, which was caused by the oxidative
degradation of the cellulosic fraction present in the biomass [27]. The amount of Pt
required to obtain 1g of H, was estimated at approximately 1.8 g, which indicates
that approximately 331 of H, per m* of water can be obtained using only 2g of
Pt. In contrast, the amount of Pt required to produce 1 g of H, through enzymatic
conversion of cellulose is approximately 8.1 g [27]. Thus, the presence of cellulose
or cellulose-containing biomass enhances photocatalytic hydrogen production.
The one-pot reforming of cellulosic biomass to produce hydrogen was also
investigated using platinized TiO, combined with photocatalysis and acid hydrol-
ysis [28]. Here, hydrogen production was accompanied by acid hydrolysis of the
cellulose in the presence of 0.6 M sulfuric acid and Pt-TiO, as photocatalyst under
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Figure 9.2 Schematic illustration of the proposed mechanism of cellulose decomposition
through the combined effect of acid hydrolysis and photocatalysis.

light illumination at 403K [28]. The acid hydrolysis of cellulose leads to the in
situ generation of soluble carbohydrates, which serve as sacrificial electron donors
owing to their low oxidation potentials. These soluble carbohydrates continuously
supply electrons to the Pt-TiO, photocatalysts, which promotes the photocatalytic
reduction of protons for hydrogen generation. The proposed mechanism of hydro-
gen production involves the formation of carbohydrates (glucose) through the acid
hydrolysis of cellulose and subsequent oxidation of the in situ-generated carbohy-
drates, followed by proton reduction on the Pt-TiO, catalysts. This mechanism is
illustrated in Figure 9.2.

When the amount of H,SO, was increased from 0.1 to 0.6 M, the yields of hydro-
gen and glucose generated were 66% and 85%, respectively. The yield of hydrogen
was lower than that of glucose, which implies that the rate of hydrolysis was higher
than that of photocatalytic hydrogen evolution. This shows that the rate-limiting
step in the overall system is proton reduction. Furthermore, hydrogen evolution was
affected by the amount of cellulose present. Cellulose hydrolysis is crucial for gener-
ating the electron donors required for photocatalytic hydrogen evolution. Therefore,
when a sufficient amount of cellulose is present in the system, the hydrogen pro-
duction rate is mainly determined by photocatalysis. At approximately 12.5 mg of
cellulose, the rate of hydrogen production was maximum, which resulted from the
optimal balance between carbohydrate production through the hydrolysis of cel-
lulose and photocatalytic water splitting. The presence of cellulose increases the
hydrogen generation efficiency to approximately five times (c. 170 pmol) that in the
absence of cellulose (c. 33 pmol), owing to the combined effect of acid hydrolysis and
photocatalysis.

9.4.1.2 Pd/TiO, Photocatalysts

Although Pt is considered the best HER catalyst, the large-scale utilization of Pt or
Pt-based catalysts for hydrogen production is not sustainable owing to its high cost
and scarcity [29]. Pd is more sustainable than Pt because of its higher abundance
and lower cost [24]. Pd-based photocatalysts such as Pd/TiO, have been investi-
gated as viable alternatives to Pt-based catalysts, especially for biomass reforming
and photocatalytic water splitting [18, 21, 30]. The hydrogen production rate of the
Pd/TiO, photocatalysts for the photoreforming of methanol was highly dependent
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on the size, loading, and local structure of the Pd nanoparticles [21]. The Pd/TiO,
photocatalysts with 0.6% Pd loading and a diameter of 2.3 nm were found to exhibit
the highest activity for hydrogen production; however, the activity decreased as the
size of Pd increased further. A similar trend was also observed for higher Pd load-
ing. Hydrogen production significantly decreased at Pd loading of 4% due to the
agglomeration of nanoparticles, which altered the local structure of Pd metal and
hampered the electronic charge-transfer process at the interface of the Pd-TiO, pho-
tocatalyst [21]. Furthermore, the molecular structure of biomass/biomass-derived
liquids affects the photoreforming activity of Pd/TiO, [18]. Bahruji et al. studied the
mechanism of the photocatalytic reforming of a variety of alcohols on a Pd/TiO, pho-
tocatalyst; they analyzed the effect of the molecular structures of alcohols on the rate
of hydrogen generation [18]. This study laid down some simple rules to predict the
relative rate of photocatalytic reforming. The presence of hydrogen at the a-position
of the alcohol plays a significant role in this process, and primary alcohols undergo-
ing decarbonylation to produce a CO, molecule, hydrogen, and an alkane (alkene
in the case of methanol), as well as the complete oxidation of the in situ produced
methylene groups generate CO, [18]. The hydrogen stoichiometry of the photore-
forming of 1,3-propanediol, 1,2-propanediol, and ethylene glycol over the Pd/TiO,
photocatalyst was found to be 8, 4, and 5, respectively, as shown in Egs. (9.1)—(9.3),
respectively [18]:

C,H,0, + 4H,0 — 3CO, + 8H, (9.1)
C,H,0, + 2H,0 — CH, + 2CO, + 4H, (9.2)
CH,(OH)CH,(OH) + 2H,0 — 2CO, + 5H, (9.3)

The mechanism of the photoreforming of primary alcohols over Pd/TiO, photo-
catalysts is schematically represented in Figure 9.3. This mechanism proposes that
alcohol decomposes on the Pd sites of the Pd/TiO, photocatalyst initially and gen-
erates CO, which binds to the surface of the catalyst and causes surface poisoning
[18, 31]. However, activated oxygen species resulting from light absorption convert
CO to CO,, thereby vacating the active sites for the absorption of additional oxy-
genated molecules to complete the cycle. In the proposed model, the rate of CO
removal from the catalyst surface determines the rate of photoreforming.

9.4.1.3 Au/TiO, Photocatalysts
Au nanoparticles have been widely investigated for various photocatalytic applica-
tions owing to their strong SPR effect [32-35]. Therefore, using Au as a dopant can

Figure 9.3 Simplified
representation of the mechanism
proposed for hydrogen
production via photoreforming of
primary alcohols over Pd-TiO,
photocatalysts. Source: Bahruji

et al. [18]/with permission of
Elsevier.
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the presence of ascorbic acid as the electron donor. Source: Fang et al. [36]/with permission
of Elsevier and (b) from a glucose solution aided by the simultaneous deposition of Au on
TiO,. Source: Gomathisankar et al. [37]/with permission of Elsevier.

induce the SPR effect in Au/TiO, photocatalysts. The energy of the Au/TiO, system
can be enhanced by tuning the position of the Fermi energy level with respect to the
CB and depends on factors such as the size of the Au nanoparticles and degree of
electron accumulation. Subramanian et al. investigated the effect of Au nanoparti-
cles on the Fermi levels of Au/TiO, nanocomposites [36]. The Fermi level decreased
with decreasing Au nanoparticle size [36]. This higher negative shift in the Fermi
energy level indicates the more reductive nature of Au/TiO, [36]. Under visible-light
irradiation, the efficiency of the hydrogen production reaction using Au/TiO, was
found to be much higher than that using Pt/TiO,. This difference in efficiency was
attributed to the enhanced excitation of TiO, resulting from the strong localized elec-
tric field enabled by the plasmonic excitation of Au nanoparticles. Figure 9.4a shows
a schematic representation of the proposed mechanism for photocatalytic hydrogen
production using Au/TiO,.

Gomathisankar et al. investigated a hydrogen production reaction from glucose by
using an Au/TiO, photocatalyst [37]. Photocatalytic hydrogen evolution in the pres-
ence of Au nanoparticles was higher than that of bare TiO,. This could be attributed
to the improved electron-hole separation, which facilitates the charge-transfer pro-
cess, and the Au nanoparticles function as co-photocatalysts (Figure 9.4b). In brief,
TiO, creates electron-hole pairs under light irradiation. The photogenerated elec-
trons then reduce Au®* ions to Au (0), thereby forming the Au-TiO, interface and
aligning the Fermi level accordingly. In contrast, the holes are quenched by glu-
cose molecules in the solution. The water and glucose molecules continuously react
with the photogenerated holes to produce CO, CO,, hydroxyl radical species, and
protons. During the process of glucose degradation over Au-TiO, photocatalysts,
arabitol, glucaric acid, and gluconic acid were obtained as byproducts. The photocat-
alytic hydrogen production on Au/TiO, can be assumed to proceed via the following
steps [37]:

TiO, + hv — TiO, (egg + hiy)

AUt + 3eg, — TiO, — Au
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h{y + H,0 - H" + *OH
TiO, — Au + hv — eg, (Au) + h{; (TiO,)
2H* + 2eg5(Au) — H,

The visible-light irradiation of Au nanoparticles at an appropriate wavelength can
boost the energy of the trapped electrons, owing to the SPR effect. Thus, when the Au
nanoparticles on the TiO, surface were photo-excited, electrons were transferred to
the CB of TiO, from Au, thereby generating holes in the Au nanoparticles and elec-
trons in the CB of TiO, [38]. Thus, the density of photoexcited electrons around TiO,
increases due to the resonance effect of Au under visible-light irradiation, which in
turn boosts the photocatalytic hydrogen production of the Au-TiO, photocatalyst.

Several similar studies have reported photocatalytic hydrogen production by the
reforming of biomass or biomass-derived feedstocks using Au/TiO, photocatalysts.
For example, Fu et al. systematically investigated hydrogen evolution via the
photocatalytic reforming of carbohydrates of different molecular weights, such as
glucose, sucrose, and starch, using various noble metals, such as Au, Pd, Pt, and
Ag, deposited on TiO, photocatalysts [39]. The effects of different carbohydrates,
microwave pretreatment, concentration of carbohydrates, and different metal
loadings on the hydrogen evolution rate were thoroughly investigated. The highest
hydrogen production rate was observed for the photocatalytic reforming of glucose
because of its higher effective molarity and faster diffusion in the solution [39].
Similarly, Murdoch et al. reported hydrogen production through the photoreform-
ing of ethanol using Au/TiO, photocatalysts [40]. Au nanoparticles loaded onto
anatase and rutile TiO, exhibited different hydrogen production rates. The hydrogen
production rate of Au deposited on anatase TiO, was 2 orders of magnitude higher
than that of Au deposited on rutile TiO,. The higher hydrogen production rate of the
anatase phase can be ascribed to the fact that its electron-hole recombination rate
was lower than that of the rutile phase. This indicates that, although the presence
of Au is essential, the nature of the support also plays an important role [40].

9.4.2 Non-precious Metals/TiO, Photocatalysts

Apart from precious metals such as Au, Pt, and Pd, which are expensive,
non-precious transition metals such as Cu, Ni, W, Ag, Fe, Co, and Ce, which are
inexpensive and relatively abundant in nature, have also been used as dopants to
modify the optical and electrical properties of pristine TiO, for photocatalytic H,
production [41-45]. For example, Hidalgo-Carrillo et al. reported the photocatalytic
H, production from glycerol using Ni-doped TiO, under solar and UV irradia-
tion [46]. Ni particles were incorporated into TiO, via the deposition-precipitation
method. The photocatalytic activity of the TiO, catalyst containing approximately
0.5% Ni (by weight) was 15.5 times higher than that of Evonik P25 (TiO, nanopar-
ticles); moreover, this Ni-doped TiO, catalyst generated approximately 2.6 mmol
of H, per gram upon UV irradiation for sixhours [46]. Figure 9.5a illustrates
the plausible mechanism of H, production using Ni-doped TiO,. Interestingly,
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Figure 9.5 (a) Schematic representation of the activation of TiO, by Ni doping for
photocatalytic hydrogen production from glycerol. Source: Hidalgo-Carrillo et al
[46]/MDPI/CC BY 4.0, (b) energy levels of TiO, and NiO/TiO,. Source: Bahruji et al.
[47]/Elsevier/CC BY 4.0; (c) schematic for a three-compartment photo-electro-biochemical
system, (d) depolymerization conversion efficiency, and (e) selectivity of lignin dimer in the
three-compartment photo-electro-biochemical system. Source: Ko et al. [48]/Springer
Nature/CC BY 4.0.

the oxidation state of the metal influences the photocatalytic activity. For example,
the prereduction of solids results in the transfer of electrons from TiO, to Ni (0),
while it is thermodynamically impeded in the case of NiO [47]. Thus, metals can
help prevent electron-hole recombination by acting as electron traps, as shown
in Figure 9.5b, and accordingly enhance the photocatalytic hydrogen production
rate [47]. Similarly, Sadanandam et al. reported the photocatalytic H, production
from a mixture of water and glycerol using cobalt-doped TiO, under solar irra-
diation [42]. The impregnation of Co*" ions on the surface of TiO, expands its
photo-response into the visible region and enhances hydrogen production. The
photocatalytic H, production rate was higher in the glycerol: water mixture than in
pure water. For example, the addition of 5% glycerol resulted in the maximum pho-
tocatalytic hydrogen production of 11021 pmolh™! g=! with 1wt% Cobalt-doped
TiO, as a photocatalyst, whereas in pure water, with 2wt% Cobalt-doped TiO, as
the photocatalyst, only about 220 pmolh™! g=! of hydrogen was produced for the
same duration of solar-light irradiation. In another report, Clarizia et al. studied
a kinetic model to investigate hydrogen production using Cu-doped TiO, as the
photocatalyst through the photoreforming of glycerol and methanol. A relationship
between the hydrogen production rates and the concentration of methanol, glyc-
erol, and catalysts was established experimentally [49]. Cu doping suppressed the
electron-hole recombination rate (k,) of Cu/TiO, by a factor of four compared to
that of pristine TiO, and enhanced its quantum efficiency [49].
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The efficiency of hydrogen production was also found to be influenced by the oxi-
dation states of the transition metals [50-52]. For example, the hydrogen production
efficiency of 5% wt% Mn-doped TiO, photocatalysts (1736 pmol h=! g=!) was approx-
imately 6.5 times higher than that of TiO, (264 pmolh™! g=1); this difference was
attributed to the high charge separation efficiency of different oxidation states (viz.
Mn?*, Mn**, and Mn**) of Mn dopants [50]. The Mn dopant in the Mn3*/Mn** oxi-
dation state acts as an electron trap to avoid the recombination of the charge carriers,
thereby facilitating the accumulation of photogenerated electrons on the surface of
the catalyst to enhance hydrogen production [50].

Co-doping with different transition metals has also been reported to effectively
enhance the photocatalytic activity of TiO,. Sun et al. reported Fe and Ni co-doped
TiO, photocatalysts for hydrogen generation via photocatalytic water splitting [45].
The optimum molar ratios of Fe and Ni to Ti were found to be 5% and 4%,
respectively. Co-doping with Fe and Ni improved the charge separation efficiency
between the photogenerated electrons and holes and enhanced the absorption of
visible light [45]. An average hydrogen evolution rate of 361.64 pmolh™! g~! was
achieved under visible-light irradiation for Fe and Ni co-doped TiO,, which is
much higher than that of individually metal-doped TiO,. This demonstrated the
advantages of bimetallic doping. Recently, Jang et al. reported the unique design of
a three-compartment photo-electro-biochemical reactor that employed TiO, as the
photocatalyst, cobalt-based electrocatalysts, and horseradish peroxidase/lignin per-
oxidase as biocatalysts. Each compartment was separated by cellulose and Nafion
membranes to prevent the degradation of the biocatalyst by various elements such as
light, gas bubbles, and reactive radicals, as schematically shown in Figure 9.5c [48].
The system enabled the unassisted, highly selective, and stable valorization of
lignin upon solar-light irradiation without any input potential bias or any other
sacrificial agents. The lignin dimer was chosen as the model compound for studying
the specific cleavage of f-O-4 using lignin peroxidase isozyme H8 (LiPHS) as the
biocatalyst in the presence of H,O,, which was photoelectrochemically generated.
The fabricated three-compartment photo-electro-biochemical system demonstrated
a maximum depolymerization conversion efficiency of 93.7% when operated for
sixhours and a high selectivity of ~98.7% for the lignin dimer in the presence of
the biocatalyst (Figure 9.5d-e). However, the conversion efficiency and selectivity
decreased in the absence of the LiPHS8 biocatalysts, indicating that the presence of
a biocatalyst is required for high selectivity of lignin valorization.

9.4.3 Nonmetals/TiO, Photocatalysts

Doping with nonmetals such as N, C, F, S, B, and I also enhances the photocatalytic
activity of TiO, under visible-light irradiation [53-56]. Nonmetal doping is predicted
to be more advantageous than metal doping as it avoids the formation and recombi-
nation of charge carrier centers, which is otherwise evident in metal doping [55, 56].
Studies based on theoretical calculations have shown that doping with nonmetals
such as B, N, and C either tends to create energy states with unpaired electrons above
the VB, thereby favoring defect creation, or favors the transfer of electrons with the
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Figure 9.6 Schematic representation of Kohn—-Sham one-electron states and spin density
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Di Valentin [57]/with permission of Elsevier.

formation of O-heteroatom moieties, based on their location in the substitutional or
interstitial sites (shown schematically in Figure 9.6a,b) [57]. Among the various non-
metals, nitrogen doping is popularly employed to enhance the photocatalytic proper-
ties of TiO, because the introduction of nitrogen into the TiO, crystal lattice reduces
its bandgap energy owing to the hybridization of O 2p and N 2p orbitals[54-56] and
improves the water-splitting efficiency [58]. An investigation to confirm nitrogen as
the most appropriate nonmetal dopant for TiO, was experimentally carried out for
the photodegradation of aldehydes [59]. The N-doped TiO, photocatalysts generated
hydrogen at a rate of 28 pmol h~!, which is significantly higher than that of pristine
TiO, (2 pmol h™1) under visible-light irradiation [54].

In addition to N doping, B and P doping were also investigated to enhance the
photocatalytic activities of pristine TiO,. For example, B-doped TiO, photocatalysts
showed higher activity for ethanol reforming under UV-light irradiation than pris-
tine TiO,. This can be ascribed to the presence of oxygen-substituted B, which favors
the exposure of highly photocatalytically active {200} planes [60]. Furthermore, Zhu
et al. reported an enhanced HER rate of approximately 11.4 pmol h™! for red phos-
phorous (RP)-doped TiO, (TiO,/RP); in contrast, the HER rate of pristine TiO, was
only 5.3 pmol h~!. The improved HER activity of TiO,/RP was ascribed to the exten-
sion of the optical absorption of TiO, to the visible region enabled by RP doping and
the introduction of oxygen vacancies, which enhanced the charge carrier separation
and transfer process [61, 62].

9.4.4 (dS-Based Photocatalysts and Co-catalyst Loading

Metal sulfides, especially CdS-based photocatalysts, have also been explored as
potential visible-light-responsive photocatalysts for H, production because of their
low bandgap (~2.4eV) and high charge carrier transportation capacity [63, 64].
Accordingly, CdS and CdS-based co-catalysts have also been investigated for the
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photoreforming of biomass and its derivatives to generate clean H, because of their
excellent photocatalytic activity and outstanding response to visible light [65-68].
However, pristine CdS is not an efficient photocatalyst because of its fast charge
recombination and self-photocorrosion [69, 70]. Hence, loading co-catalysts is an
effective strategy to enhance the photocatalytic activity of CdS-based photocatalysts.

9.4.4.1 Au/CdS Photocatalysts

The photocatalytic H, production efficiency of pristine CdS photocatalysts is limited
owing to their high charge recombination [69, 70]. Among the various techniques
to overcome this limitation, loading novel metal co-catalyst onto CdS is an effec-
tive method to improve photocatalytic H, production, as novel metals are known to
enhance the separation and transportation of photogenerated charge carriers [63].
For example, the reduction of Au3* to metallic Au is easier than that of H* to H, [71].
Therefore, in the case of Au-loaded CdS (Au/CdS), Au** can be reduced by the pho-
toinduced electrons transferred from CdS, while the holes created in the VB of CdS
can be used to oxidize various biomass substrates and their derivatives to gener-
ate protons, thereby enhancing charge carrier separation. Furthermore, the Au/CdS
heterojunction can serve as a Schottky junction, promoting the charge-transfer pro-
cess [64]. Wang et al. reported photocatalytic H, production from a glucose solution
using Au** doped on the surface of a CdS nanorod (Au/CdS-NRs) under visible-light
irradiation, which yielded an H, evolution rate of 90 pmol g~ h~! [64].

9.4.4.2 Ni/CdS Photocatalyst

The charge recombination between photogenerated electrons and holes in
light-absorbing photocatalysts such as CdS is in direct competition with the reduc-
tion of protons to H,; therefore, decreasing the rate of the charge recombination
process is highly critical. The introduction of sacrificial electron donors can accom-
plish this, but at the cost of reducing the oxidizing power of the photogenerated
holes. Therefore, instead of using sacrificial electron donors, the use of metals such
as Ni as co-catalysts can decrease the rate of the charge recombination process
without compromising the oxidizing power of photogenerated holes. In this regard,
Han et al. reported the photocatalytic upgrading of biomass derivatives such as
furfural and 5-hydroxymethylfurfural (HMF) to more value-added products such
as aldehydes and acids (i.e. 2,5-diformylfuran (DFF), 2,5-furandicarboxylic acid
(FDCA), and furoic acid) using nickel-doped ultrathin CdS nanosheets (Ni/CdS)
as photocatalysts [68]. This process converts simple biomass-derived materials into
various value-added products and enables simultaneous H, production under light
illumination.

9.4.4.3 NiS/CdS Photocatalyst

To overcome the limitations of CdS, transition metal sulfides such as NiS have also
been explored as co-catalysts because of their low cost, good electrical conductiv-
ity, and p-type semiconductor nature. NiS loaded onto various host materials such
as TiO, and graphitic carbon nitride (g-C;N,) has been widely used for photocat-
alytic H, production [72-74]. Li et al. reported photocatalytic hydrogen production
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through the photoreforming of lignin and lactic acid in the presence of NiS/CdS
photocatalysts under visible-light irradiation [74]. The presence of NiS can facili-
tate the charge carrier separation and transfer processes at the NiS/CdS interface,
whereas lignin and lactic acid act as hole scavengers that enhance the separation of
the charge carriers in CdS. Consequently, the photocatalytic H, production yield of
NiS/CdS was much higher than that of pristine CdS. In fact, NiS/CdS with 20 mol%
NiS was 5041 times more effective than pristine CdS in the presence of hole scav-
engers, resulting in apparent quantum efficiency (AQE) of 44.9% for H, evolution.
Upon visible-light irradiation, electrons and holes are generated in CdS. Because the
CB edge of CdS is more negative than the reduction potential of H*/H,, protons can
be reduced to H,. However, this H, reduction rate is very low owing to the fast recom-
bination rate of the charge carriers in CdS. However, in the NiS/CdS photocatalyst,
the photogenerated electrons, instead of taking part in the H* /H, reduction directly,
move to the NiS nanoparticles. This is because the CB of NiS is more negative than
that of CdS. Moreover, the close NiS/CdS heterojunction also boosts electron trans-
fer from CdS to the NiS nanoparticles. Because the unsaturated sulfide ions of NiS
have a strong affinity for H* in the solution, they can serve as active sites for H*
adsorption and ultimately enhance the photocatalytic H, production rate. This also
minimizes electron-hole recombination and suppresses the self-photocorrosion of
CdS, which would otherwise be observed in pristine CdS. This enhances the overall
photocatalytic H, production efficiency.

9.4.5 Metal Sulfides Other than CdS

In addition to CdS-based photocatalysts, various metal sulfides, such as ZnS, and
mixed sulfides, such as ZnLn,Sn,, have also been investigated for photocatalytic
H, generation [75, 76]. Chen et al. reported the direct photogeneration of H,
and 1,2-propanediol from an aqueous ethanol and methanol solution, with col-
loidal ZnS as the photocatalyst under light irradiation (125W high-pressure Hg
lamp) [75]. The H, and 1,2-propanediol yields increased with increasing pH and
temperature. When the temperature was increased from 30 to 50°C at pH = 10,
the H, and 1,2-propanediol yields increased from 39 and 5.8 mmol to 45.6 mmol
and 16.2mmol, respectively [75]. In addition, Xitao et al. reported enhanced
photocatalytic H, production through the photoreforming of an aqueous glycerol
solution using an RGO/ZnO@ZnS-Bi,S,; nanocomposite as a photocatalyst [77].
The RGO/ZnO@ZnS-Bi,S; nanocomposite exhibited excellent photocatalytic H,
production from glycerol solution. The charge-transfer process in the nanocompos-
ite is schematically represented in Figure 9.7. Under visible-light irradiation, Bi,S,
can be easily photoexcited to generate electron-hole pairs, which is not possible for
ZnO and ZnS because of their larger bandgaps. The photogenerated electrons in
the CB edge of Bi,S,; have a more negative potential than ZnS. Consequently, these
electrons from Bi, S, can be easily transferred to ZnO, ZnS, and RGO sequentially.
The holes remain on the VB of Bi,S;, thereby separating the charge carriers
efficiently. The electrons at the surface of RGO cause the reduction of water to
generate hydrogen, whereas the holes created in the VB of Bi,S; oxidize glycerol
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Figure 9.7 Schematic representation of the charge-transfer process in RGO/ZnO@ZnS-
Bi, S for photocatalytic H, production through the photoreforming of an aqueous glycerol
solution. Source: Xitao et al. [77]/with permission of Royal Society of Chemistry.

directly and generate CO, [77]. The RGO/ZnO@ZnS-Bi,S; nanocomposite with an
optimum Bi,S;/ZnS molar ratio generates the highest photocatalytic H, production
rate of 310 pmol h—! g1

9.4.6 Metal Oxides Other than TiO,-Based Photocatalysts

Apart from TiO,, various simple metal oxides and mixed metal oxides have also
been reported for photocatalytic H, production using various biomass and biomass-
derived liquids [78-80]. Among the simple metal oxides, ZnO, WO,, Cu,0/CuO0,
Fe,0,, and Co;0,, have been used for various photocatalytic reactions [78-83].
A self-assembled 3D ZnO nanosphere was also reported to exhibit undiminished
H, generation for a duration of approximately 24 hours upon light irradiation using
a 300 W xenon lamp [78]. Gasparotto et al. studied Co,0, and F-doped Co,0,
photocatalysts for H, production from a water/ethanol solution under UV-light
irradiation. The hydrogen production rate of F-doped Co,0, was approximately
five times that of pristine Co,0, under near-UV-light irradiation [79]. Although
materials such as ZnO, WO;, and Co,0, show promising photocatalytic activities,
their wider bandgaps limit the maximum utilization of visible light. In this regard,
copper oxides, such as CuO and Cu,O, have been found to exhibit high photocat-
alytic activities because of their significantly narrow bandgap suitable for visible-
light irradiation, low cost, low toxicity, and abundant nature. For example,
Zhang et al. reported photocatalytic H, generation via the photoreforming of
glucose using Cu,O photocatalysts with different morphologies and observed
morphology-dependent H, evolution, as shown in Figure 9.8a—j [83]. Cu,O with
high-index planes showed higher H, production yields than cubic Cu,O. This higher
H, production on the high-index facets of Cu,O can be attributed to the preferential
accumulation of electrons on such facets. Similarly, Li et al. reported alkaline
CuO-chitosan hybrid hydrogel (CuO@Cs-H) photocatalysts for the photocatalytic
reforming of xylose to value-added products such as lactic acids under visible-light
irradiation. CuO@Cs-H exhibited the highest lactic acid yield of 81.6% under mild
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alkaline conditions, which was attributed to the synergistic effect between CuO and
the alkaline chitosan hydrogel. The possible reaction pathways for CuO@Cs-H pho-
tocatalysts are schematically shown in Figure 9.8k. Under visible-light irradiation,
10,, ht*, *OH, and *0,~ are photogenerated. Subsequently, xylulose was obtained
from xylose through isomerization under the influence of photogenerated radicals,
followed by its conversion to glycidaldehyde, which was finally converted to
lactic acid via the main reaction pathway. In the side-reaction pathways, xylose
was converted into xylonic acid via selective oxidation, which was subsequently
converted into formic acid through either a-oxidation or B-oxidation. Notably, the
yield of lactic acid was much higher than that of glycidaldehyde, xylonic acid, and
formic acid, indicating the high selectivity of the reaction toward lactic acid.

Lv et al. reported the use of ZnO nanorods grown on RGO for enhanced photocat-
alytic H, production from a glycerol solution [81]. Because the CB of ZnO is higher
than the work function of RGO, it is expected that when the ZnO/RGO nanocom-
posite is formed, the electrons will move from the CB of ZnO to the surface of RGO
upon light irradiation through Zn-O-C bonds. These photogenerated electrons are
then captured by protons at the surface of the RGO and reduced to H,, while the
photogenerated holes in the VB of ZnO are trapped by the surface hydroxyl groups of
water molecules, resulting in the formation of hydroxyl radicals (*OH). These highly
reactive *OH radicals will finally oxidize C;HgO; to CO,, as schematically shown in
Figure 9.81.

9.5 Metal-Organic Framework (MOFs)-Based
Photocatalysts

Metal-organic frameworks (MOFs) with semiconductor-like characteristics have
recently attracted significant interest for photocatalysis [87-90]. Due to their
unique physicochemical properties, MOFs offer several opportunities to combine
light-harvesting and charge separation properties in a single structure with syn-
ergistic effects from various components for enhanced photocatalytic activities
[88-90]. The highly porous nature of MOFs provides great exposure to the active
sites required for catalysis, facilitates the movement of products or substrates, and
even serves as a short migration path for charge carriers during photocatalytic
activities. MOFs are structurally tunable and provide ample advantages for tuning
their light response over a wide spectrum. Co-catalysts or photosensitizers can
also be incorporated into MOFs to improve the electron-hole separation for better
photocatalysis. Thus, MOFs can serve as efficient hosts to employ various strategic
structural modifications to improve light-harvesting, boost electron-hole separa-
tion, and promote redox reactions, which are required for improving photocatalytic
activities [88]. Li et al. reported a technique for the spatial charge separation in an
MOF composite, Co(II) complex@MIL-125-NH, ((TigOgz(OH),(BDC-NH,),)), in
which a Co(II) complex with a size larger than the pore opening of MIL-125-NH,
was developed inside the cages of the MOF for enhanced photocatalytic H, pro-
duction under visible-light irradiation [91]. The Co.(II) complex in the composite
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served as the active site to receive the electrons for H, production. Its potential is
—0.4V vs. NHE, which is between the LUMO energy level of MIL-125-NH, (also
BDC-NH,) and the H*'H, reduction potential (Figure 9.9a). The electron-transfer
process in the Co(II) complex@MIL-125-NH, composite can occur in either of
the two ways shown schematically in Figure 9.9b, c. Briefly, the photogenerated
electrons transfer from the ligand to the metal Ti-oxo cluster and finally to the
Co(II) complex (Figure 9.9b). Then, the electrons transfer from the BDC-NH,
ligand to the Co(II) complex directly facilitates the proton reduction (Figure 9.9c).
In addition, Xiao et al. reported a Pt@MIL-125/Au composite photocatalyst for the
efficient photocatalytic production of H, under visible-light irradiation, utilizing
the advantages of plasmonic Au-MOFs and Pt-MOF Schottky junctions [92].
The interface of plasmonic Au nanoparticles and MOF generates plasmonic hot
electrons in the LUMO of the MOFs upon light irradiation, while the other interface
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of Pt and MOF establishes a Schottky junction, thereby initiating a unidirectional
flow of electrons to be trapped at the Pt sites across the interfaces. This results in
enhanced electron-hole separation, thereby boosting the overall H, production rate.
The charge-transfer mechanism in Pt@MIL-125/Au is schematically represented
in Figure 9.9d.

Liu et al. also explored the use of a platinum-loaded MOF composite (Pt/PCN-777)
for photocatalytic H, production, along with the oxidation of benzylamine to
N-benzylbenzaldimine [93]. The light absorption and charge separation in the
Pt/PCN-777 composite was significantly extended by the elongated-conjugated
ligand in the MOF (PCN-777). Thus, under light irradiation, the photogenerated
protons can efficiently reduce H* to produce H,, and the holes oxidize benzylamine
to N-benzylbenzaldimine (Figure 9.9¢). The Pt/PCN-777 composite with 2.3 wt%
Pt showed superior photocatalytic activities in the coupled reactions than 2.4 wt%
Pt/MOF-808. However, both MOFs exhibit the same topology and almost identical
coordination environments as Zr-oxo clusters. Thus, the coupling of MOFs with
various metallic nanoparticles, such as Au and Pt, shows promising photocatalytic
activities for H, production.

In addition to metal nanoparticles, MOFs coupled with semiconducting materi-
als, such as TiO,, have also been investigated for various photocatalytic reactions.
Martinez et al. reported H, production through the photoreforming of glycerol using
a TiO,/HKUST-1 composite under solar-light irradiation [94]. The TiO,/HKUST-1
composite with TiO,:HKUST-1 = 1:1 showed a higher H, production rate than
pristine TiO, or HKUST-1, which is attributed to the synergistic effect resulting
from each component prohibiting the electron-hole recombination. The proposed
mechanism for the photoreforming of glycerol using the TiO,/HKUST-1 compos-
ite photocatalyst is schematically shown in Figure 9.10. Upon light irradiation, the
photogenerated electrons in the CB of TiO, cause the partial reduction of Cu?* in
HKUST-1 to Cu* to absorb visible light and finally contribute to proton reduction to
generate H, (Figure 9.10).

The reversible generation of Cu?*/Cu*! moieties in the MOF composite was
ascribed to the transfer of electrons from TiO, to HKUST-1, thereby generating

il
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Figure 9.10 Schematic representation of the mechanism for the photoreforming of
glycerol under solar-light irradiation using the TiO, P25/syn-HKUST-1 photocatalyst.
Source: Martinez et al. [94]/MDPI/CC BY 4.0.
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the Cul* and Cu?* species in-situ in the MOF. The superior H, production rate
of TiO,/HKUST-1 can be attributed to the strong interactions between each
component, which result from the synthesis of the composite through chemical
methods compared to those of mixing or grinding methods. Thus, MOFs and their
nanocomposites have been utilized as effective photocatalysts for various reactions.
However, these studies are in the nascent stage and require further investigation to
explore their applications.

9.6 Metal-Free Photocatalysts

To explore more cost-effective and stable photocatalysts than metal-based pho-
tocatalysts, various earth-abundant and low-cost nonmetals such as N, C, P, B,
S, and Se, based on binary and ternary compounds (BC;, B,C, h-BN, C N,, and
BCN) and their heterojunctions, along with various organic-based photocatalysts.
These photocatalysts, including covalent organic frameworks (COF), microporous
polymers, and graphene oxides (GO), have also been explored as metal-free photo-
catalysts for various photocatalytic reactions such as H, production and biomass
conversion [95-98]. For example, Liu et al. reported boron carbides (B,;C and
B,;C,) as photocatalysts for H, production under visible-light irradiation [98].
B, ;C and B,;C, generated an H, yield of 2.9 and 0.9 pmol h1, respectively, from
a 25% methanol aqueous solution under visible-light irradiation. In addition,
Wang et al. explored the use of g-C;N,-based photocatalysts for photocatalytic H,
production in the presence of a sacrificial donor under visible-light irradiation [99].
However, the efficiency of photocatalytic H, production for such g-C;N,-based
photocatalysts was unsatisfactory because of their lower specific surface area (SSA),
low light absorption, and high degree of electron-hole recombination [84, 99].
Therefore, to overcome their shortcomings, surface modification of the g-C;N,
photocatalysts has been employed via functionalization of the C—O functional
group using an economical method [84]. The surface-modified g-C;N, showed
higher H, production than pristine unmodified g-C;N,, which is attributed to
the enhancement in charge carrier separation, the extension of light absorption,
and higher SSA. Kasap et al. reported the photoreforming of lignocellulose for
H, production using cyanamide-functionalized carbon nitride (YNCN,) with a
molecular bis(diphosphine) Ni proton reduction co-catalyst under benign con-
ditions [100]. Under alkaline conditions, approximately 2.62 pmol of H, was
generated during four hours of AM 1.5G irradiation in a system containing 0.5 mg of
NENCN, and 50 nmol of NiP, which is much larger than the H, yield of the pristine
bulk NNCN,. This higher photocatalytic activity of cyanamide-functionalized
NCNCN, was attributed to the enhanced transfer of photogenerated holes to
electron-donating substrates enabled by cyanamide surface functionalization.
Similarly, the photoreforming of xylan and lignin substrates was also explored
using the same photocatalytic system. In this reaction, the H, production yield
obtained from the photoreforming of xylan (~4.92 pmol) was higher than that of
lignin (~0.20 pmol). This indicates that H, production is limited by the accessibility
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of smaller substrate molecules that can quench the photogenerated holes on the
surface of the photocatalyst. Using a raw and pristine biomass substrate such as
sawdust, a H, production yield of ~202pmolh~! g ~! was obtained. However,
a decrease in the H, yield was observed for the Ni proton reduction co-catalysts
after 24 hours; this yield was lower than those of other co-catalysts with slower
kinetics, such as Pt and MoS,, indicating its fragile molecular framework [100].
Recently, the oxidative depolymerization of various biomasses, especially lignin,
was investigated for extracting electrons using phosphomolybdic acid (PMA) as a
catalyst at a low energy input. Various value-added byproducts, such as vanillin
and CO, were also generated in this process [101]. In this system, PMA acted as
a catalyst and also as an electron mediator, while lignin was used as the electron
source because of its high abundance and great potential for various applications.
Unlike water splitting, which requires high energy input (~1.5-1.6 V vs. RHE) and
costly OER electrocatalysts, the use of PMA enabled the extraction of electrons at a
much lower energy (~0.95V vs. RHE) from biomass and generated H, much more
efficiently (Figure 9.11a) [101]. In addition to H, generation, PMA-enabled lignin
oxidation generates various value-added products, such as CO and vanillin, from
the depolymerization process (Figure 9.11b).

Another metal-free photocatalyst composed of 2D black phosphorus (BP) and
carbon nitride (CN) nanohybrids was also investigated for H, evolution from an
aqueous methanol solution under visible to near-infrared irradiation (NIR) [97]. Its
photocatalytic activity is schematically shown in Figure 9.11c. The band structures
of BP and CN show that a type 1 heterojunction can be formed at the BP/CN
interface. Accordingly, upon visible light-irradiation, electron holes are generated
in the CB and VB of CN, while the adjacent BP accepts the photogenerated electrons
from the CN, thereby reducing the electron-hole recombination (Figure 9.11). The
presence of a P—N coordinated bond at the BP/CN interface serves as an electron
trap and facilitates H, production, while the photogenerated holes in BP are
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Figure 9.11 Schematic representation of (a, b) using biomass as an electron donor via
oxidative depolymerization with phosphomolybdic acids (PMAs) in terms of energy
efficiency and generation of value-added products. Source: Oh et al. [101]/with permission
of American Chemical Society, and (c) mechanism of photocatalytic H, production using
PB/CN under visible- and NIR-light irradiation. Source: Zhu et al. [97]/with permission of
American Chemical Society.
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quenched by methanol. Further, under visible-light irradiation, the photogenerated
electrons in the CB of BP are trapped by the P—N coordinated bonds at the BP/CN
interface, further enhancing H, production. Therefore, the interaction between
P and N atoms at the BP/CN hybrid interface is important for enhancing H,
production. In summary, the development of metal-free photocatalysts based on
low-cost and earth-abundant elements for photocatalytic H, production from
biomass or its derivatives has great potential for clean energy production and has
attracted significant interest worldwide.

9.7 Dye-Sensitized TiO, Photocatalysts

Inspired by photosynthesis, a process that converts and stores solar energy into
chemical fuels, hydrogen gas, or carbon-based fuels (e.g. methanol) using photo-
electrochemical cells (PECs) has been developed [86, 102, 103]. Among PECs, a
dye-sensitized photoelectrochemical cell (DSPEC) has been intensively explored for
water oxidation and reduction by introducing a molecular chromophore-catalyst
assembly on metal oxides (e.g. TiO,, NiO) [104-106]. TiO, is the most common
photosensitized semiconductor used as a photoanode with chromophore-catalyst
molecular assembly [107]. Molecular chromophores used in DSPEC can be
largely classified into two main groups: metal-free organic dyes[85, 108] and
metal-ligand chromophores [109-111]. Especially, polypyridyl Ru(II)-based
metal complexes have been widely used in DSPECs for water splitting and CO,
reduction [112, 113]. Ruthenium (Ru) (II) tris-bipyridine (bpy), [Ru(bpy);]**, is
commonly used in DSPECs as a photosensitizer or photocatalyst due to its wide
light absorption range from near-UV to visible light, relatively high stability of the
metal-to-ligand-charge-transfer (MLCT) excited state, and higher LUMO energy
level for easier electron escape [110, 114-116].

Very recently, Li et al. reported the chemoselective oxidation of secondary
benzylic alcohols in a lignin model compound, 2-phenoxy-1-phenylethanol (PP-ol),
to 2-phenoxy-1-phenylethanone (PP-one) in the presence of nitroxyl mediator
incorporated DSPEC [117, 118]. In the DSPEC, a carboxylic acid-functionalized
polypyridyl Ru-based photocatalyst (RuC, ((bis-2,2’-bipyridine)(2,2’-bipyridine-4,4’-
dicarboxylic acid) ruthenium(II)) was used as the photocatalyst by incorporating
nitroxyl mediators (e.g. N-hydroxyphthalimide (NHPI) or acetamido-2,2,6,6-
tetramethylpiperidine N-oxyl (ACT)). NHPI has been widely studied as an
effective oxidizing mediator with the electro-induced generation of the N-oxyl
radical, phthalimide N-oxyl (PINO), with a suitable O—H bond strength
(BDEyyp; = 86kcal-mol™) for the electrocatalytic alcohol oxidation in lignin
[119-121]. In the designed NHPI-mediated lignin oxidation in the DSPEC cell,
H, gas is likely to be generated at the surface of the cathode via H* reduction
[117]. The reaction mechanism of the photoinduced alcohol oxidation is shown in
Figure 9.12a; the sequence of events is listed as follows: (1) photon absorption and
excitation of photosensitizer, (2) electron injection into n-type TiO, semiconductor,
(3) transport of the injected electron through the semiconductor to a transparent

211



212 | 9 Photocatalytic Hydrogen Production by Biomass Reforming

DSPECs for Lignin Reforming and Potential H, Generation
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Figure 9.12 Schematic illustrations of photoinduced lignin reforming and potential H,
generation in DSPEC cells. (a) Photocatalytic NHPI-mediated alcohol oxidation in the lignin
model compound, 2-phenoxy-1-phenylethanol (PP-ol), to 2-phenoxy-1-phenylethanone
(PP-one) at the interface of RuC coated TiO, photoanode and H, generation at the cathode
surface (e.g. Pt). The proposed mechanism shows the following sequence of events:

(1) chromophore light absorption; (2) charge injection into the CB of the semiconductor;
(3) transport of the injected electron through the semiconductor to a transparent conducting
oxide and its subsequent transfer to the anode; (4) hole transfer from the chromophore to
the HAT mediator; (5) oxidation of secondary alcohol in PP-ol; and (6) H* reduction for the
generation of H, gas. (b) C—C bond cleavage and H, generation from the lignin model
compound, 1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-methoxyphenoxy)propane-1,3-diol
(HDMP-2o0l), using an ACT-coupled DSPEC cell. The sequence of events is the same as that
of the above DSPEC cell, except for step 5: C,,,—C, bond cleavage. (Source: Adapted from
Refs. [117, 122].)
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conducting oxide and its subsequent transfer to the photoanode, (4) hole transfer
from the excited-state photosensitizer (RuC*) to NHPI, (5) HAT followed by C,—OH
oxidation, and (6) potential H, generation from H* reduction at the surface of
cathode (i.e. Pt). As a result, the formation of the ketone product is shown, and the
hydrogen atoms generated from step (5) are highly possible to form hydrogen gas
at the cathode (step (6)). In this study of the HAT-coupled DSPEC cell for PP-ol
oxidation, the combination of photocatalysis and electrocatalytic oxidation enables
lignin oxidation with low applied bias at room temperature, providing a highly
promising method for biomass reforming and hydrogen production.

Specific bond cleavage in the lignin model compound can also be performed
using dye-sensitized TiO, photoanode [123], or the aforementioned HAT-coupled
DSPEC cell [122], along with possible H, generation. C,;—C, bond cleavage
was achieved using a RuC-coated TiO, photoanode associated with the oxidizing
mediator, ACT, in a DSPEC under solar illumination [122]. ACT has been widely
studied as an efficient oxidizing mediator owing to the strong oxidizing ability of
its oxoammonium form [124-126]. ACT-mediated chemoselective C,,; — C, bond
cleavage in a lignin model compound 1-(4-hydroxy-3,5-dimethoxyphenyl)-2-(2-
methoxyphenoxy)propane-1,3-diol occurred under mild conditions in a DSPEC. As
shown in Figure 9.12b, following the first four photodynamic steps, the C,,;—C,
bond is cleaved by the oxidation of the C,—OH bond (step 5-1) and the HAT
reaction for activating the phenolic hydroxyl groups (step 5-2). Similarly, H, can be
generated at the surface of the cathode owing to H* reduction (step 6). In summary,
these DSPEC are highly effective for the selective conversion of lignin and have
potential applications in the generation of biofuels and H, gas.

9.8 Conclusion

Photocatalytic H, production from biomass offers a potential renewable energy
source. Numerous photocatalysts for H, production from biomass have been
developed because of the urgent demand to generate efficient, sustainable, and
eco-friendly biofuels as renewable energy sources. Moreover, hydrogen gas may
play an important role in the energy economy of humankind in the future. The
photocatalytic production of H, from renewable biomass provides an efficient,
economical, and environmentally friendly strategy that uses abundantly available
solar energy. In particular, solar-driven photochemical reforming of earth-abundant
biomass presents a possible solution for supplying H, in a sustainable way.
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10.1 Introduction

Currently, particular attention is focused on the development of alternative energy
sources to allow complete or partial rejection of traditional fossil fuels - oil, gas,
and coal. Hydrogen is considered one of the most promising energy carriers of the
future [1], since it releases only water as the combustion product and has a higher
energy density as compared to traditional fuels [2]. The development of hydrogen
energy will help to reduce greenhouse gas emissions into the atmosphere.

Hydrogen is one of the most abundant elements on Earth [3], but an overwhelm-
ing part of it presents in the bound state as a constituent of water, natural gas,
and biomass. [4]. Numerous ways are available to produce hydrogen, but they
typically release carbon oxides as byproducts [5]. The most common hydrogen
producing process is steam reforming of natural gas (about 50% of the world’s
hydrogen production), followed by reforming of heavy oil fractions (30%) and coal
gasification (18%) [6]. That is, fossil fuels are the main feedstock for industrial
hydrogen production as of yet. Besides emitting undesirable byproducts, tradi-
tional hydrogen production processes proceed at high temperatures, which add
considerable production costs.

Water splitting is assumed to be one of the most promising ways to produce hydro-
gen, provided that the required energy is obtained from renewable sources. If solar
radiation serves as a source of energy, the process is called photocatalytic splitting of
water. A clear advantage of photocatalysis is that the reaction proceeds at ambient
temperature and atmospheric pressure [7]. Thus, photocatalytic hydrogen produc-
tion possesses obvious advantages since it:

o releases pure hydrogen;

e uses available raw material — biomass;

e proceeds under benign reaction conditions (ambient temperature and atmo-
spheric pressure).

Photocatalytic Hydrogen Production for Sustainable Energy, First Edition. Edited by Alberto Puga.
© 2023 WILEY-VCH GmbH. Published 2023 by WILEY-VCH GmbH.

219

Z



220

10 Photocatalytic Hydrogen Production from Aqueous Solutions

The phenomenon of photocatalytic decomposition of water under ultraviolet
radiation in the presence of TiO, was discovered in 1972 [4]. Since that time,
significant progress has been achieved in this research area, including the devel-
opment of visible-light-driven photocatalysts [8]. One of the most promising
photoactive materials operating under visible light is cadmium sulfide, owing to the
suitable positions of its conduction and valence bands (CB and VB) [9]. However,
this material is unstable and has low-quantum efficiency. Various methods are
applied to improve the photocatalytic properties of CdS. The synthesis of solid
solutions based on CdS and wider-gap semiconductors, for example, ZnS, attracts
particular attention. This approach makes it possible to significantly improve the
photocatalyst performance in the hydrogen evolution reaction [10-12]. The catalyst
activity can be enhanced also by depositing the particles of transition metals or
their compounds on the CdS surface [8]. Most of the research works reported in the
literature on visible-light-driven photocatalysis are focused on hydrogen evolution
from the solutions of inorganic electron donors, such as the Na,S/Na,SO, system.
Much less studies are devoted to the use of aqueous solutions of sugars as organic
electron donors, and only few works report the studies of photocatalytic hydrogen
evolution from complex insoluble plant components such as starch, cellulose, and
sawdust.

Organic biomass derivatives, as well as biomass components themselves, are
of particular interest for using as electron donors, because they allow hydrogen
production by using only renewable energy sources: water, solar radiation,
and biomass [13]. Besides, biomass components belong to the carbon cycle
(Figure 10.1a), i.e. the CO,, which is formed as a byproduct of hydrogen evolution
from biomass, can be again converted into biomass through photosynthesis in a
fairly short time [14].

Thus, the CO, emissions from biomass processing add no negative impact on the
environment, and the use of biomass for photocatalytic hydrogen evolution is consis-
tent with the principles of sustainable development [16]. This chapter summarizes
the data on the visible-light-driven photocatalytic production of hydrogen from plant
biomass components. Particular attention will be focused on CdS-based photocata-
lysts, as they are highly active under the action of visible light.

' |

Biomass conversion
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. Geothermal
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Figure 10.1 A carbon neutral cycle (a) according to [14]; the most widely used renewable
sources of energy (b) according to [15]. Source: (a) Shimura and Yoshida [14]/with
permission of Royal Society of Chemistry; (b) Muradov and Veziroglu [15]/with permission
of Elsevier.
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10.2 Comparison of Various Biomass Processing
Methods

Currently, biomass is widely used as a renewable energy source (Figure 10.1b),
because this ubiquitous raw material is easily available on the planet [15].
For example, the United States produces about 1.3 billion tons of forest and agri-
cultural waste annually, which would be sufficient for generating about 50% of the
electricity consumed in the United States of America in 2014 [17]. Nevertheless,
most biomass is used in direct combustion processes, and only a small part - in
the production of chemical compounds. Presently, only about 1% of hydrogen is
obtained from biomass [18]. The most common methods for producing hydro-
gen from biomass are divided into two categories, namely, thermochemical and
biological ones.

Thermochemical processes include steam/oxygen gasification, pyrolysis, and gasi-
fication in supercritical water [13]. Besides hydrogen, these processes emit carbon
oxides and volatile hydrocarbons [5, 13, 19]. At low temperatures, a large amount
of tar and coke is also formed that causes catalyst deactivation [14, 20]. Hydrogen
production from biomass under supercritical water conditions is accompanied by
carbon dioxide emissions [13]. After cooling to ambient temperature, the gaseous
products of biomass conversion are easily separated from the water phase.

The advantages of biological biomass conversion processes are benign reaction
conditions, as they occur at ambient temperature and atmospheric pressure [21].
The shortcomings include low efficiency and high sensitivity to the process con-
ditions [22, 23]. Thus, both thermochemical and biological processes have signifi-
cant drawbacks. The search for the optimal process of biomass processing to obtain
hydrogen seems vitally urgent.

10.3 Photocatalytic Hydrogen Production from Biomass
Components

Photocatalytic hydrogen production from biomass is a promising method, since it
uses only renewable energy sources and benign reaction conditions (ambient tem-
perature and atmospheric pressure). Biomass photoreforming to produce hydrogen
can be considered as an intermediate process between the decomposition of water
and the oxidation of organic substances under aerobic conditions (Figure 10.2) [24].
The Gibbs free energy change for the reaction of complete decomposition of
water is 237.1kJmol~! (Eq. (10.1)), that of complete oxidation of ethanol under
aerobic conditions is equal to —1325.4 kI mol~! (Eq. (10.2)). If ethanol oxidation is
performed in the absence of oxygen, the photogenerated electrons reduce H* to H,,
A,G° =97.4kJ mol! (Eq. (10.3)).

2H,0 = 2H, + O, (10.1)
C,H,OH + 30, = 2CO, + 3H,0 (10.2)
C,H,OH + 3H,0 = 2CO, + 6H, (10.3)
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Figure 10.2 Schematic presentation of water splitting, organics oxidation, and biomass
photocatalytic reforming according to [24]. Source: Puga [24]/with permission of Elsevier.

The pioneering work on hydrogen production from biomass components under
light radiation appeared in 1980. The Pt/Ru0O,/TiO, system functioning under ultra-
violet radiation was used as a photocatalyst. The substrates were aqueous solutions
of sugars, methanol, soluble starch, or cellulose suspension [25, 26]. Then the same
research team proved possible the photocatalytic hydrogen evolution from amino
acids, dead insects, and green algae [27]. The next important work was published in
1985; the authors, besides TiO,-, used a CdS-based photocatalyst and lactic acid as
an electron donor [28]. The sulfide-based photoactive materials allowed the expan-
sion of the radiation spectrum, capable to induce hydrogen evolution, toward the
visible light region. It was also shown in this work that CO, emissions in experi-
ments with Pt/CdS were much less than in experiments with Pt/TiO,. Analysis of
the post-reaction aqueous solutions showed that in both cases, besides CO,, some
other carbonaceous products were formed depending on the catalyst type. Based on
the data obtained, the authors proposed the following reaction routes for photocat-
alytic decomposition of lactic acid over catalysts Pt/TiO, (Eq. (10.4)) and Pt/CdS

(Eq. (10.5)):
CH,CH(OH)COOH — H, + CO, + CH,CHO (10.4)
CH,CH(OH)COOH — H, + CH,COCOOH (10.5)

Thus, the process of photocatalytic hydrogen evolution from biomass components
is accompanied by the formation of various byproduct organic compounds, with
their distribution depending on the photocatalyst nature. Unfortunately, further
works on the photocatalytic hydrogen evolution from biomass paid insufficient
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attention to the studies of the oxidation products. Meanwhile, this issue is of
particular interest, because photocatalytic reforming of biomass can yield some
other valuable products, besides hydrogen.

Among biomass components and their derivatives, the most studied with regard
to photocatalytic hydrogen production are alcohols, sugars, and some other highly
water-soluble compounds. However, the studies are mainly limited to the use of
TiO,-based catalysts [29, 30], which have a wide bandgap, and therefore require
exposure to ultraviolet radiation [29].

Let us consider the mechanism of alcohols oxidation on the photocatalyst surface,
suggested in [31].

H,0+e” = H +OH" (10.6)
2H = H, (10.7)
2h* + H,0 = H" + 'OH (10.8)
2h* + C,H,OH = 2H* + CH,CHO (10.9)
2h* + CH,CHO + H,0 = 2H* + CH;COOH (10.10)
2h* 4+ CH,COOH = CO, + CH, (10.11)
C,H,OH + 3H,0 = 2CO, + H, (10.12)
C,H,OH + H,0 = CO, + 2H, + CH, (10.13)

At the first step, a photoinduced formation of the electron and hole pairs
occurs; the species migrate to the semiconductor surface, where electrons reduce
water (Egs. (10.6) and (10.7)), and holes react with water and ethanol molecules
(Egs. (10.8) and (10.9)) to produce protons, which then participate in the evolution
of hydrogen and acetaldehyde and hydroxyl radicals, which interact with each other
to form the final gaseous products. The overall process is described by Egs. (10.12)
and (10.13) for complete and incomplete photocatalytic oxidation of ethanol,
respectively.

10.4 The Use of CdS-Based Photocatalysts for Hydrogen
Evolution from Biomass Components

The studies on hydrogen evolution from alcohols and, to a lower extent, sugars in
the presence of narrow bandgap semiconductor photocatalysts are also reported in
the literature [32-34]. In [32], the process of photocatalytic evolution of H, from
an ethanol solution over a Ni/CdS catalyst was studied in detail. It was shown that
in a strong alkaline medium, holes on the CdS surface can react with hydroxide
anions to form hydroxyl radicals, which migrate to the solution and oxidize ethanol
to acetaldehyde or acetate. This process is called indirect oxidation of the substrate,
because, unlike direct oxidation with holes, it occurs through an intermediate stage
of hydroxyl radicals’ formation. Oxidation of hydroxide ions by holes becomes

223



224 | 10 Photocatalytic Hydrogen Production from Aqueous Solutions

-1 ECB(CdS) o-o-""
el 1 - - B
2 0 = T 3 0 o
L % :p - 2
T i H w 2.4eV
z & . A0 : - o
$ 1 i i Z 1,51 . CEE—— OH aa/OH
fu 'l .:' e g h+ h+ h+
i E B0 | 5 e e e
5 £olCS)  J @ F W24 OH od/OFF
|—ow o
Y

(@) (®)

Figure 10.3 The effect of the solution pH on the redox potentials according to [32]. The
green circle marks the region where the holes potential in CdS valence band is higher than
the OH™ oxidation potential (a); OH™~ oxidation potentials according to [35] relative to the
CdS band structure (b) [36]. Source: (a) Simon et al. [32]/with permission of Springer Nature;
(b) Adapted from Refs. [35, 36].

possible owing to the different influence of the solution pH on the CdS bandgap
position and the OH~ oxidation potential.

The dependence of the oxidation potentials of ethanol and hydroxide ions obeys
the Nernst equation: the slope of the straight line is —59 mV pH~!. The slope of the
pH dependence of the CdS CB and VB position is —33mV pH~!. Thus, at high pH
values, the potential of holes in CdS exceeds the oxidation potential of OH™. In highly
alkaline solutions, ethanol is oxidized by hydroxyl radicals through a two-step mech-
anism, and in pH neutral solutions - by photogenerated holes directly (Figure 10.3a).
This effect promoted considerably the rate of H, evolution from ethanol solutions at
high pH.

A similar effect was observed for glycerol solutions in the presence of the
Pt/Cd, sZn, ;S photocatalyst [34]. Formate, glycolaldehyde, glycolate, glyceralde-
hyde, glycerol, and glycerate were found in the solution as oxidation products.
Based on the data obtained, the following reaction mechanism was proposed:

CdysZn,sS — h* + e~ (10.14)
h* +H,0 = 'OH + H* (10.15)
H* + e~ = 0,5H, (on Pt) (10.16)

CH,(OH)CH(OH)CH,OH+ OH = CH,(OH)CH(OH)CHO + H,O + H’
(10.17)

CH,(OH)CH(OH)CHO+ OH = CH,(OH)CH(OH)COOH + H' (10.18)
CH,(OH)CH(OH)COOH + OH = CH,(OH)CHO + CO, + H,0  (10.19)

CH,(OH)CHO+'OH = CH,(OH)COOH + H’ (10.20)

‘OH ‘OH
CH,(OH)COOH —— HCOOH —— CO, + H,0 (10.21)
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High values of the hydrogen evolution rate (up to 74.6 mmol h=! g=1) from glyc-
erol solutions were achieved with CdS modified with nickel particles deposited in
situ from a NiCl, solution [35]. Mathematical modeling of the dependence between
the reaction rate and the glycerol concentration was used to determine the rate con-
stant of hydrogen evolution and the glycerol adsorption constant; the initial rate of
hydrogen evolution was shown to obey the Langmuir-Hinshelwood dependence.

A study on the effect of the aqueous ethanol solution pH on the hydrogen evo-
lution rate is reported in [37]. It was found that thermal treatment facilitated the
formation of CdO on the CdS surface; in aqueous solutions, CdO gets covered with
hydroxide ions to form a layer of CdS-CdO-Cd(OH),; platinum particles are then
deposited on this layer. For this catalyst, the dependence of the H, evolution rate on
the solution pH passes through a minimum corresponding to the catalyst isoelectric
point (8-9).

Different types of dissociation can occur on the catalyst surface depending on the
pH value:

Cd(OH),(s) + H* = Cd(OH)* - H,O (pH < pI) (10.22)
Cd(OH),(s) + OH™ = CdO(OH)™ - H,O (pH > pI) (10.23)

Cd(OH)*-H,0 and CdO(OH)~-H, 0 serve as active sites that accept photogener-
ated holes h* and form hydroxyl radicals ‘OH. Then the ‘OH radicals react with the
ethanol molecules:

"OH + C,H,OH = CH,CH(OH)' + H,0 (10.24)

Acetaldehyde CH;CHO and H* are formed as ethanol oxidation products; then
the generated protons are reduced to H, by electrons from the CdS CB. Besides, this
work has demonstrated that the rate of hydrogen evolution is close to zero at ethanol
concentrations of 0% and 95%. These data confirm that the water must be present in
the reaction system to provide efficient trapping of photogenerated holes.

Similar results were reported in [35], where only trace amounts of hydrogen were
detected at photocatalytic hydrogen evolution using pure glycerol. Since the oxida-
tion potential of OH-groups on the catalyst surface is less than that of free OH™ ions
(Figure 10.3b), OH-groups can be oxidized by the holes of the CdS VB. The formed
hydroxyl radicals then react with glycerol molecules as discussed above. Thus, the
mechanisms of hydrogen evolution from ethanol and glycerol aqueous solutions are
entirely similar and seem to have been studied in sufficient detail.

It was shown that, similarly to aqueous alcohol solutions, glucose is oxidized by
hydroxyl radicals through an indirect mechanism with the formation of gluconic
acid as the main product [38]:

C¢H,,0, + 2 OH = C,H,,0, + H,0 (10.25)

Carboxylic acids can also be used as electron donors for hydrogen evolution in the
presence of CdS-based photocatalysts [39-43]. Lactic, formic, and acetic acids are the
most commonly used acid substrates. It is assumed that carboxylic acids are oxidized
directly by photoinduced holes rather than hydroxyl radicals [39]. Researches in this
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area are focused mainly on the photocatalyst structure and the effect of co-catalysts
(Pt, MoS,, Ga,0;, In,0,) on the hydrogen evolution rate; the peculiarities of the
hydrogen evolution reaction in solutions of carboxylic acids attract less attention.

The studies on the use of low soluble biomass components, such as cellulose,
lignin, starch, and sawdust, as a substrate for hydrogen evolution, have rarely been
reported in the literature [44]. More than 90% of plant biomass is represented by lig-
nocellulose, which comprises cellulose, lignin, and hemicellulose [45]. It is known
that acidic and alkaline media are used for lignocellulose processing [46]. Scarce data
is available in the literature on the photoreforming of insoluble biomass components
under visible light radiation [44]. According to [45], the rate of hydrogen evolution
increases with increasing pH in experiments with such substrates as wood flour,
paper, or bagasse and the CdS/CdO,, photocatalyst. The authors attribute this effect
to the formation of a thin shell of CdO, on the surface of CdS in a strong alkaline
medium. The shells block the CdS surface sites that promote charge-carrier recom-
bination [47], but they are sufficiently thin to allow tunneling of electrons and holes
from the core-shell interface to the catalyst surface [48].

The effect of the cobalt co-catalyst Co(OH),/Co(O)OH on the reaction rate was
also studied in [49]. The limiting stage in the photoreforming of cellulose and hemi-
celluloses was the substrate oxidation; the addition of the Co co-catalyst caused no
significant acceleration of the hydrogen evolution, since it only promoted the reduc-
tion of protons. In experiments with glucose, the Co-modified catalyst allowed sig-
nificant increase in hydrogen evolution rate. This observation indicates that the solu-
ble substrates are much easier-oxidizable than insoluble ones. This work is the only
one that studies the photoreforming of low-soluble plant biomass components to
hydrogen under visible radiation. Actually, photocatalytic hydrogen evolution from
low-soluble biomass components is rarely studied in detail, even with TiO,-based
catalysts [24]. However, utilization of such biomass components as, for example,
cellulose and starch, for hydrogen evolution seems to be highly profitable from an
economic point of view, since it lacks the stages of depolymerization and isolation
of soluble components.

10.5 The Synthesis of Novel Photocatalysts
Cd;_,Zn,S-Cd;_,Zn,S for Photocatalytic Hydrogen
Evolution from Biomass Components

As mentioned above, most studies in the field of photocatalytic hydrogen production
are focused on the use of biomass processing products (alcohols, sugars), although
untreated biomass seems very attractive from a practical point of view. The most
extensively studied semiconductor materials for photocatalytic hydrogen evolution
are TiO,, which is active under ultraviolet radiation, and CdS, which is active under
visible light. Since single-phase sulfide catalysts provide a relatively low hydrogen
evolution rate and suffer rapid deactivation, intensive research and development
works are performed to improve their activity and stability, including the follow-
ing methods: addition of wider-gap semiconductors, deposition of metals or their
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compounds on the CdS surface, deposition of CdS on porous materials with a high
specific surface area, heat treatment. Although the CdS-based catalysts are widely
used, the data on their application for hydrogen evolution from biomass and its
derivatives is limited; more extensive studies on this issue are obviously needed.

Our research group proposed approaches to create a highly active and stable pho-
tocatalyst, based on cadmium and zinc sulfide solid solutions, for hydrogen evolu-
tion under visible light radiation (450 nm) using a 0.1 M Na,S/0.1 M Na,SO, model
system as an electron donor [50-53]. The synthesis of photocatalyst for hydrogen
evolution from organic substrates was based on the results reported in [52], i.e. using
CdS hydrothermal treatment followed by metal depositing.

Preliminary experiments were performed to study the effect of the deposited
metal (Au, Pt) on the rate of hydrogen evolution from ethanol solutions (as the
simplest organic substrate). According to the literature data, platinum particles on
the catalyst surface improve considerably the adsorption of organic compounds
as compared to unmodified catalysts [54, 55]. The results of kinetic experiments
proved that the Pt-modified sample exhibited much higher activity in the reaction
of hydrogen evolution from both ethanol and glucose solutions than the Au-doped
one (Figure 10.4). So, the process of hydrogen evolution from organic substrates was
studied using a Pt/Cd,_,Zn S catalyst. The temperature of sulfide hydrothermal
treatment was varied from 100 to 140 °C, the mass content of platinum - from 0 to
1.5wt%.

The catalysts’ activity was tested in 