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Power-to-X technologies provide avenues to help de-fossilize a range of large-scale
technologies in the mobility, manufacturing, chemical, as well as energy delivery
industries. This relates to energy carriers such as hydrogen and hydrocarbons as well
as availability of feedstock materials, such as methanol. Technologies for solar and
wind-generated electricity and subsequent electrochemical processing are available
and are further developed for efficiency and vyields. An alternative pathway can be
pursued by fully integrating the electricity generation and chemical conversion into one
device, thereby reducing technical complexity and removing inefficiencies due to multi-
step cascading of processes. In this perspective article, we provide an overview on
the recent developments and prospects of artificial photosynthesis, i.e., the chemical
transformation of sunlight, water, and carbon dioxide into high-energy-rich fuels.
Primary discussions will be focused on the recent development of scalable artificial
photosynthesis technology using common semiconductors, e.g., silicon and gallium
nitride, for solar fuel production. Technology advances for both hydrogen production
from solar water splitting and liquid fuel generation from CO» reduction will be discussed.
The basic operating principles and potential integration with existing and emerging
energy infrastructures will be analyzed. The challenges, future prospects of achieving
sustainable, large scale applications will also be presented.
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INTRODUCTION

Background, Needs, Challenges

Power-to-X technologies provide avenues to help de-fossilize a range of large-scale technologies in
the mobility, manufacturing, chemical, as well as energy delivery industries. This relates to energy
carriers such as hydrogen and hydrocarbons as well as availability of feedstock materials, such
as methanol and other chemicals (Energy Transitions Commission, 2018; International Energy
Agency, 2018; National Academies of Sciences Engineering and Medicine, 2019).

Current global production and use quantities for hydrogen exceed 70 million metric tons per
year with key applications in fertilizer production, petroleum reforming, and the chemical industry
(International Energy Agency, 2019). This demand will further grow substantially as hydrogen is
considered ever more strongly as an energy carrier for mobility needs and mid- and long-term
energy storage for renewable energy systems. Energy transition scenarios, especially looking at so-
called hard-to-abate sectors include the use of hydrogen also for steel making, replacing coal-based
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coke with hydrogen (Energy Transitions Commission, 2018).
Projections are that global hydrogen markets could grow to $2.5T
by 2050 (Alvéra, 2019).

In addition, rapidly growing opportunities to utilize CO,
as a feedstock for carbon-based chemicals, polymers, as well
as fuels, will increase the demand for hydrogen. Today, the
overwhelming amount of hydrogen is produced via steam
methane reforming that converts methane and water into
hydrogen and carbon dioxide. Direct production of hydrogen
from water via electrolysis eliminates the formation and release
of carbon dioxide. In particular, with increasing availability of
carbon-free energy this becomes an avenue for decarbonizing
hydrogen production. It is also an enabling pathway to buffer and
store surplus wind-, solar- and hydro-electricity.

In a similar manner, carbon-free electricity can be used to
produce hydrocarbons that currently are derived from petroleum
or coal and are used as fuels or base chemicals to make a wide
range of everyday products (Artz et al., 2018; Hoppe et al., 2018;
Kitelhon et al., 2019; Michailos et al., 2019). Fischer-Tropsch-
like synthesis that starts with syngas can be tailored to work
with carbon monoxide that is produced from carbon dioxide
(Styring et al., 2015).

In order to advance technologies for hydrogen and
hydrocarbon production, exciting opportunities were created in
recent years that integrate the production of electricity and the
chemical conversion of water, or conversion of water and carbon
dioxide. After a brief status review, prospects and examples
are presented for semiconductor-based artificial photosynthesis
technologies that could reduce complexity and increase efficiency
of conversion processes.

ARTIFICIAL PHOTOSYNTHESIS

Sunlight is the champion of energy sources: delivering more
energy to the earth in an hour than world energy consumption
is in a year and it may ultimately address the global energy
problem: “The Terawatt Challenge” (Chu et al., 2017). The
major obstacle, however, is how to develop an efficient, scalable,
and cost-effective approach to store solar energy on demand
on a global scale. Artificial photosynthesis, which mimics the
natural photosynthesis and converts abundant solar energy into
energy-rich chemicals and fuels, e.g., hydrogen (H;) and carbon
compounds such as carbon monoxide (CO), methanol (CH3;OH),
formic acid (HCOOH), and methane (CHy), schematically
shown in Figure 1, offers a promising approach to storing
solar energy in the form of chemicals and fuels, which can
replace conventional fossil fuels widely used in our society
today (Bolton, 1996; Turner et al., 2004). Take solar Hj as
an example: it can be utilized in fuel cells with water as the
only emissions and can be readily employed as a feedstock
for various large-scale industry processes, including methanol
production via CO; hydrogenation reaction and ammonia
synthesis via Haber-Bosch reaction. For large scale production
it is essential to develop efficient and cost-effective artificial
photosynthesis system that can compete with traditional methods
using fossil fuels.

There are three major paths for solar powered artificial
photosynthesis, including photocatalytic, photoelectrochemical
(PEC), and photovoltaic-electrolysis (PV-E) systems. The PV-
E approach integrates PV cells with appropriate catalysts to
drive the chemical reaction. This approach has led to solar-to-
hydrogen conversion efficiencies over 10% (Cox et al., 2014;
Luo et al, 2014; Nakamura et al, 2015). However, its high
cost has been considered a major limiting factor for large scale
adoption. In a photoelectrochemical system, the light harvesting
and electrochemical reaction process are integrated into a single
unit (Pinaud et al., 2013; McKone et al., 2014; Ager et al., 2015).
Recent techno-economic analysis suggested that the cost of PEC
systems can be significantly reduced compared to PV-E systems
(Pinaud et al., 2013; Sathre et al.,, 2014; Shaner et al., 2016).
With further improved efficiency and reliability, it can potentially
become highly competitive compared with conventional fossil-
fuels. Compared to PV-E and PEC methods, the photocatalytic
artificial photosynthetic system is a completely wireless approach,
i.e., without the use of any electrical connection or components,
to produce solar fuels (Fabian et al., 2015). In addition, it has
no stringent requirement on the electrolyte. Recent studies have
shown that seawater and possibly wastewater can be utilized
without degrading the system performance (Guan et al., 2018a).
As such, the manufacturing and operating cost can be drastically
reduced, compared to both PV-E and PEC systems.

Critical components for PEC and photocatalytic systems
include semiconductor light absorber (photoelectrode) and
catalysts. The light-harvesting semiconductor materials, an
essential component of the artificial leaf, plays a critical role
in determining the efficiency, cost, and stability of artificial
photosynthesis systems. The semiconductor light absorber
should have a relatively small energy bandgap to absorb a large
portion of the solar spectrum while offering sufficient potentials
to efficiently drive the artificial photosynthesis chemical reaction,
including water oxidation, proton reduction, and/or CO,
reduction. In addition, the semiconductor light absorber should
exhibit long-term stability in harsh chemical reactions, have low
cost, and be non-toxic, and can be manufactured at large scale.
In the past decades, numerous materials have been studied,
but they often suffer from low efficiency and poor stability,
and are not using industry-friendly materials and processing
techniques (Fujishima and Honda, 1972; Hisatomi et al., 2014;
Montoya et al., 2016).

Recently, significant advancements in efficient and artificial
photosynthesis production of chemicals and fuels using industry-
ready materials, e.g., gallium nitride (GaN) and silicon (Si)
wafers, have been achieved (Kibria et al.,, 2015; Vanka et al,
2018; Vanka et al, 2019). The materials (GaN and Si)
used to build such an artificial photosynthesis device have
been widely used in industry: each year over 10,000 million
square inches (or 6.5 million square meters) of Si wafers are
produced, which serves as the backbone of the nearly $3-trillion
consumer electronics market. GaN, the second most invested
semiconductor material only next to Si, has been widely used
industrially in solid-state lighting, blue/green laser diodes, and
high-power electronic devices, whose market value will soon
exceed $100 billion. Take GaN power transistor as an example,
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they can support current densities on the order of tens of
kA/cm? and hundreds of kilovolts, which are nearly five to six
orders of magnitude larger than the photocurrent densities and
voltage relevant for artificial photosynthesis devices. Therefore,
this breakthrough research promises commercially viable large-
scale production of clean chemicals and fuels from unassisted
artificial photosynthesis.

Through  nano-engineering, gallium nitride based
semiconductors exhibit near-ideal electronic, optical, structural,
and photocatalytic properties (Kibria and Mi, 2016) compared
to other known semiconductor light absorbers for artificial
photosynthesis (Kudo and Miseki, 2009). For III-nitride
materials with thicknesses of 1 micrometer, nearly 100%
of the incident photons above the energy bandgap can be
absorbed. Moreover, the surfaces of GaN can be engineered
to be N-rich, which can protect against photocorrosion and

oxidation during harsh artificial photosynthesis chemical
reaction (Kibriaetal, 2016). Remarkable stability of up
to 3,000 h continuous operation (ie., over 500 days for
usable sunlight ~5.5 h per day) has been demonstrated
without any performance degradation (Guan et al, 2018b;
Vanka et al., 2019). In addition, InGaN and Si can be
designed to have complementary bandgaps to construct
a two-photon tandem system, which is similar to the
Z-scheme in natural photosynthesis. A nearly ideal tandem
configuration, consisting of InGaN and Si with energy bandgap
of 1.75 eV/1.13 eV has been demonstrated recently (Fan et al.,
2017). A maximum solar-to-fuel efficiency up to 30% has been
predicted for such a Z-scheme artificial photosynthesis system
(Hu et al., 2013).

In what follows, we provide a few examples to briefly illustrate
the potential of such artificial photosynthesis technologies

.emISSIQn

CO,
capture

L . W .

Wastewater

H,0 Pipeline

with semiconductor light absorbers.

FIGURE 1 | Schematic illustration of the solar refinery system for converting CO» and wastewater into chemicals and fuels, including syngas (1), formic acid (2),
methanol (3), and methane (4). The selective and efficient reduction of CO» to various chemicals and fuels can be potentially enabled by integrating suitable catalysts

Waste water
(45 kilotons)

year.

«0»
Oxygen
Solar energy

40 kilotons

FIGURE 2 | lllustration of a 10 MW artificial photosynthesis plant, which can be potentially tuned to produce approximately 40 Kt of methanol and 60 Kt of Oo per

60 kilotons
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(Alotaibi et al., 2016; Chu et al, 2018; Shan et al., 2019;
Zhou et al., 2019, 2020).

Syngas, a mixture of carbon monoxide and hydrogen, is a
key chemical feedstock to upgrade into methanol and long-
chain hydrocarbons including synthetic jet, kerosene and diesel
fuels, via established industrial process (e.g., Fischer-Tropsch
reaction). Global syngas and derivatives market size is estimated
to reach 213,100 MW thermal (MWth) by 2020 and will likely
continue to grow in the future. It is important to note that direct
transportation of syngas, however, may not be trivial. Therefore,
the future commercialization of such a system for syngas
generation will be likely integrated with chemical synthesis
industry to minimize the direct transportation of syngas.

Methanol, known as the simplest alcohol, is also one of the
most important feed stocks in chemical industry with an annual
production of about 65 million tons. It is a very important
precursor for producing various high-value commodity
chemicals including gasoline, olefins, propylene, methylamines,
and methyl ethers, by well-established technologies. Additionally,
methanol itself can be used as bulk chemical as solvent, energy
carrier, and gasoline additive. To date, however, methanol is
mainly derived from fossil fuels, leading to great emission of
CO; into the atmosphere. The direct hydrogenation of CO; into
methanol presents a viable path for consuming large amounts
of captured CO; due to the extensive market scale of methanol,
especially using solar refinery.

Methane is the main component of natural gas and is widely
used as fuel for domestic heating and electricity generation in gas
turbines or steam generators. Moreover, methane is mainly used
in Steam Methane Reforming (SMR) in industry for producing
bulk hydrogen with a productivity of more than 50 million
metric tons annually worldwide. However, the exploration of
natural gas indicates great carbon emission. Recently, it has been
demonstrated that methane can be produced with selectivity of
up to 50% based on GaN-based materials from CO, and water
(Zhou et al., 2020). The technology not only helps reduce carbon
emissions but also offers great economic benefits.

The mass and energy balance of the CO, conversion
system is analyzed based on the conversion of CO; to syngas,
shown in Eq. (1).

CO; + HyO + Egg1ar > CO+Hy + Oy (1)

Assuming 2400 h operation per year (8 h a day and 300 days),
for a conversion plant with a 10 MW capacity, 55 Kt of CO,
and 22.5 Kt of water will be consumed, and 35 Kt of CO, 2.5 Kt
of Hy and 40 Kt of O, will be produced. Similarly, 40 Kt of
methanol or 20 Kt of methane can be produced from 55 Kt
of CO, to 45 Kt of H,O, illustrated in Figure 2. Here 10
MW energy is stored in the form of chemical bonds of syngas.
Performance, cost, and direct integration with current energy and
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