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Abstract: Catalysis is involved in around 85% of
manufacturing industry and contributes an estimated
25% to the global domestic product, with the majority
of the processes relying on heterogeneous catalysis.
Despite the importance in different global segments, the
fundamental understanding of heterogeneously cata-
lysed processes lags substantially behind that achieved
in other fields. The newly established Max Planck–
Cardiff Centre on the Fundamentals of Heterogeneous
Catalysis (FUNCAT) targets innovative concepts that
could contribute to the scientific developments needed
in the research field to achieve net zero greenhouse gas
emissions in the chemical industries. This Viewpoint
Article presents some of our research activities and
visions on the current and future challenges of heteroge-
neous catalysis regarding green industry and the circular
economy by focusing explicitly on critical processes.
Namely, hydrogen production, ammonia synthesis, and
carbon dioxide reduction, along with new aspects of
acetylene chemistry.

1. Introduction and Vision of FUNCAT

Catalysis plays an essential role for our civilization from
societal, economic, and ecological viewpoints. Catalysis is
not only the heart of the chemical industry, but also involved
at some point in the processing of around 85% of all
manufactured substances and products. Nearly everything in
our daily life depends on a catalytic process or catalyst. This
includes toothbrushes and toothpaste, pharmaceuticals,
most parts of automobile production and exhaust catalytic
converters, synthetic fuels (e.g., gasoline, diesel, and bio-
fuel), paper and plastic production, and many textiles,
including the clothes that we are wearing. In these cases,
catalysis not only facilitates the manufacturing of many
goods in a more economical way, but it also makes processes
and production more sustainable by reducing energy, by-
products, and waste. In the future, it is predicted that
catalysis will have an even wider impact by considering the
urgent societal need for reliable clean water, sustainable
energy, and greater resources, such as food supplies.[1]

Among others, we believe that development of sustainable
technologies and catalysts for green hydrogen (H2) produc-
tion, ammonia (NH3) synthesis, carbon dioxide (CO2)
reduction, and acetylene chemistry could have substantial
impacts on our future landscape.

Recently, we established the Max Planck–Cardiff Centre
on the Fundamentals of Heterogeneous Catalysis (FUN-
CAT) by bringing together expertise in the Max Planck
Gesellschaft—specifically in the Max Planck Institute for
Chemical Energy Conversion (CEC), the Fritz Haber
Institute of the Max Planck Gesellschaft (FHI), and the
Max-Planck-Institut für Kohlenforschung (KOFO)—with
the Cardiff Catalysis Institute (CCI) in the UK to tackle
grand challenges in heterogeneous catalysis. As shown in
Figure 1, the structure of the Centre is organized around
three main scientific themes: i) from single site to particle,
ii) acetylene as a feedstock for chemical production, and iii)
the importance of dynamics where we use our complemen-
tary expertise to establish a new approach to study
heterogeneous catalysis. The synergy of the involved
institutions will add scientific value for i) development of
advanced synthetic methods for the synthesis of controlled
nanostructures, ii) advancing novel theoretical tools in
cooperation between theoreticians and experimentalists to
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guide the synthesis of advanced solid catalysts, and iii) in-
depth understanding of the role of catalyst dynamics in real-

world catalysis by application of in situ and operando
techniques.

Professor Michael (Mike) Bowker is a
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densed-matter theory and materials sci-
ence. A focus is on density functional
theory and many-electron quantum me-
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work is largely concerned with data-
centric scientific concepts and methods
and the goal that materials-science data
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Intelligence (AI) Ready”.
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President of the Max-Planck-Society be-
tween 2014 and 2020. His research
interests include the fundamentals of
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chemistry.

Stuart Taylor completed his PhD at the
University of Liverpool in 1994, and then
took up an academic position at Cardiff
University School of Chemistry in 1997
and was promoted to Professor in 2013.
Currently he is the Director of Research
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Specific activities related to the main themes within the
Max Planck–Cardiff Centre involve selective hydrogenation
and hydrochlorination of acetylene, CO2 hydrogenation,
direct hydrogen peroxide synthesis, and Cooperative Redox
Enhancements (CORE) over bimetallic nanoparticle cata-
lysts. Furthermore, we are interested in development of
transition-metal-based electrocatalysts for water electrolysis
towards green H2 production, and implementation of
mechanochemistry for solid catalyst preparation and mecha-
nochemical transformation, such as in NH3 synthesis. These
activities are often supported, or in some cases led, by a
complementary team performing calculations on the ener-
getics of reaction pathways and nanoparticle structures, and
catalyst characterisation with advanced techniques such as
atomic-scale electron microscopy, X-ray adsorption, and in
situ or operando approaches to surface species determina-
tion. Each aspect of these research activities allows for
enhanced collaboration, training, and development of
sustainable routes to establish new catalytic processes, as
illustrated in Figure 1. The combined scientific and struc-
tural added value will lift catalysis research in the participat-
ing institutions to a new level and will provide a great
platform for shared infrastructure and other shared activ-
ities, including training of young scientists. The vision of
FUNCAT is to lead and coordinate catalytic science in the
Cardiff Catalysis Institute and three Max Planck Institutes,
and to achieve maximum impact for the design of solid
catalysts and challenging catalytic systems.

This Viewpoint Article elaborates on recent develop-
ments and our thoughts on the challenges in heterogeneous
catalysis that need to be overcome to achieve a sustainable
future, with a focus on key industrially relevant processes,
such as green H2 production, NH3 synthesis, hydrogenation
of CO2, and acetylene chemistry.

2. Industry Transition Roadmap Towards a
Zero-Greenhouse Gas Footprint and the Role of
Heterogeneous Catalysis

It is evident that much of the present, large scale,
commercially led chemical industry must change so as to
transition to a net-zero greenhouse gas footprint with
reduced use of energy and of non-renewable feedstocks.
Commercial chemical production to supply intermediates or
final products for a vast number of applications have
catalysis at the heart of the processes. This is the reason why
it is appropriate to look to catalysis to facilitate a much-
needed net-zero greenhouse gas future. On a commercial
scale, several issues that limit progress are evident. Firstly,
capital investment in new plants and/or processes is econom-
ically unattractive when existing plants are available, unless
the new plant/process is significantly better. Secondly, using
suitable renewable feedstocks is typically more costly than
non-renewable feedstocks in many parts of the world, and
this is a major roadblock to transitioning. Furthermore,
these renewable feedstocks must result in the same product
profile without extensive pre- and post-treatment cleaning
or abatement. The use of renewable feedstocks must also be
assessed economically and politically within the context of
the food versus fuel debate.[2] Thirdly, political boundary
conditions are often not stable, so that investment in new
processes, which rely on political involvement such as CO2

taxation, is often precarious.
The Haber–Bosch process is commonly used as an

example of a chemical process that is both a great benefit to
the global community and one that can be considered
harmful. The Haber–Bosch process uses around 1% of the
total global energy demand and outputs 1.2% of global
anthropogenic CO2 emissions.

[3] To put this into context, it is
estimated that the Haber–Bosch process produces a CO2

output comparable to total global passenger and freight

Figure 1. Areas of interest and activities of the Max Planck–Cardiff Centre on the Fundamentals of Heterogeneous Catalysis (FUNCAT).
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aviation (estimated 1.9%), while sustaining a global pop-
ulation of approximately 7 billion people. Therefore,
changes to this process in terms of energy reduction would
be felt on a global scale. The Haber–Bosch process is one of
the oldest commercial examples of catalysis technology,
having begun at the start of the 20th century, it is still in
place today. While improvements to this process have been
sought for much of this time (see Section 4 for further
details), the NH3 synthesis step remains largely unchanged
since its initial discovery. The single most important advance
in making the Haber–Bosch process more sustainable would
be the replacement of H2 production based on fossil fuels by
H2 production from renewable energy, such as by electrol-
ysis with renewable electricity.

Another large-scale chemical process, where improve-
ments in design and engineering over time have resulted in
more efficient outcomes, is ethylene oxidation (EO). From
commercialization in 1925 to the present, the direct EO
synthesis process over Ag-based catalysts has evolved to a
global production of in excess of 5 Mtpa. Prior to this direct
synthetic route, the earlier two-step process involved the
production of ethylene chlorohydrin, where high chlorine
use and an effluent stream that requires clean-up were
phased out in the mid-20th century.[4] The demand for EO
continues to grow and progressing to a renewable source of
ethylene should be a priority.

On a smaller scale, a drop-in replacement for mercury-
based catalysts was developed in collaborative partnership
between Cardiff University and Johnson Matthey for the
hydrochlorination of acetylene used in production of vinyl
chloride monomer (see Section 6 for further details).[5] The
advanced, atomically dispersed gold catalyst used in this
example provides a secondary but crucially important
environmental benefit: the reduction of harmful Hg emis-
sions. The use and release of Hg and Hg compounds were
the subject of the Minamata Convention, a UN treaty signed
in 2013. In this case, replacement of Hg reduced the
emission of the harmful metal into the local environment.
Despite the higher cost of Au, further benefits to this drop-
in replacement are realized through enhanced catalyst life-
time and the opportunity to recover the gold component.

Successfully reducing harmful emissions, energy usage,
and non-renewable feedstocks at the commercial scale will
require many stakeholders to work together. For example,
academic research on significantly more active catalysts
cannot often translate to the increased scale and capital
investment of commercial operations. Thus, increased col-
laboration between commercial and academic sectors with
clear targets is required, although governments must play a
role. The complex and often inconsistent global landscape of
subsidies paid to both production and consumption of non-
renewables is not ideal to reduce reliance on fossil fuels.
However, subsidies for clean energy are catching up to those
of non-renewables; for example, in the UK subsidies for
clean energy are approaching 30 bn British pound sterling
(GBP). However, government financial support for fossil
fuels stands at over 40 bn GBP since Jan 2020.[6] Globally,
the total governmental subsidies to non-renewable energy

stands at 423 bn United States dollars (USD) each year,
slowing the transition to cleaner energy.[7]

Overall, as important as the design of new solid catalysts
is, sustainable technological development, availability and
usage of the renewable energy sources and feedstocks are
the crucial factors that are going to be critical to achieve a
greenhouse gas footprint of zero. Accessibility to compet-
itive electricity from renewable energies is going to be
essential for the reduction of CO2 in the chemical industry.
It should also be kept in mind that it can take an extended
period of time to implement new technologies at scale; thus,
deployment of more sustainable industrial processes must be
accelerated. This holds even if they may not be competitive
in the beginning because operational experience at a global
scale is mandatory for the full transition to a renewable
system. We believe that sustainable H2 will be a key energy
vector of the future, which will be elaborated on in the next
section.

3. Status Quo of H2 and Its Production

H2 has a high gravimetric energy density of about
120 MJkg� 1, which is 2.5 to 3 times higher in comparison
with other common fuels such as gasoline and natural gas.[8]

Volumetric storage density, on the other hand, is much
lower, even in compressed or liquefied form. As such, H2

can potentially be used as a feedstock or source of power for
different sectors, including as a feedstock in industry,
mobility and transportation, heating, and power generation
(Figure 2). Therefore, H2 is considered as a key strategic
component in the change to a sustainable future as a
potentially 100% clean energy source and carrier. However,
over 95% of the world’s current H2 is still produced using
fossil fuels through the steam methane (CH4) reforming
process (SMR) and variants thereof.[9] The remainder of the
H2 produced is mainly generated as a by-product, from
chlorine electrolysis and the coke oven gas of the steel
industry. Although H2 itself is fundamentally non-polluting
when it is used as an energy source, there is a large CO2

footprint associated with its production through these
conventional pathways. A pure H2 demand of about 90 Mt
in 2020—produced mainly from fossil fuels—resulted in
around 900 Mt of CO2 emissions.

[10] Thus, there is an urgent
need to reduce this CO2 footprint and dramatically increase
production of H2 with a zero-CO2 footprint.

Green H2 (Figure 2) can be generated via different
pathways, such as water electrolysis using sustainable
electricity or direct photocatalytic, photovoltaic-assisted
electrochemical, and photoelectrochemical water-splitting
systems using solar energy.[11] There are other ways of
producing H2 in a more or less sustainable manner, often
indicated by different “colour codes” but, in the long run,
the “green” routes appear to be the most promising, and
thus, the discussion will focus on these.[12] Among the solar-
light-driven methods, the photovoltaic-assisted electrolyzer
is the most promising, which has reached solar-to-H2 energy
conversion efficiencies of 30% at the laboratory scale. This
record-holding cell consists of two polymer electrolyte
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membrane electrolysers and a triple junction solar cell made
of InGaP/GaAs/GaInNAsSb.[13] Although this system is
promising from a scientific point of view, its implementation
in large-scale applications is not feasible and also very costly.
However, systems using standard silicon-based solar cells
could also have overall efficiencies of close to 15%. Photo-
catalytic solar water splitting that uses a simple powdered
semiconductor shows notably lower solar-to-H2 energy
conversion efficiencies of around 1%, despite 50 years of
research effort.[14] On the other hand, direct photocatalytic
water splitting can deliver advantages in lower costs and
scalability.[15] Recently, Domen and co-workers reported
solar H2 production on a 100 m2 array of panel reactors
comprised of a co-catalyst-decorated SrTiO3:Al photocata-
lyst; the system was active over several months with
autonomous separation of H2 from the gas product mixture
using a commercial polyimide membrane. Even though this
is considered a promising system, it could only reach a
maximum solar-to-H2 energy conversion efficiency of 0.76%
due to the poor light harvesting ability of the
photocatalyst.[16] The separation of H2 and O2, and associ-
ated safety regulations, make the process very challenging
for larger scale commercial applications.

Within the existing class of materials and technologies,
electrochemical water splitting has the greatest potential for
large-scale green H2 production.

[17] There are four main

types of electrolyser: alkaline, polymer electrolyte mem-
brane (PEM), anion exchange membrane (AEM), and solid
oxide electrolysers. While alkaline and PEM electrolysers
are commercial processes,[18] AEM and solid oxide electro-
lysers are still at the laboratory scale. Alkaline electrolysers
have the simplest design and are operated with concentrated
KOH as an electrolyte, Ni-coated stainless steel as the
working electrode, and ZrO2 as a diaphragm. One draw-
back, however, is that the intermixing of produced H2 and
O2 limits the power-operating range and pressure of the
electrolyser cell. These problems are less significant for acid
electrolyzers, but the commercial catalysts for both half
reactions (hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER)) are mainly based on non-
abundant noble elements like Ru, Ir, and Pt.[19] Thus, there
is a necessity for development of more active, durable,
sustainable, economical, and ecological catalysts by taking
into account a holistic design concept for a material,
especially for the more challenging OER.[20] Some research
activities of FUNCAT are dedicated to development of
effective electrocatalysts and understanding of the alkaline
water electrolysis process by using spectroscopic tools.[17a,21]

PEM electrolyzers use a thin Nafion membrane and
electrodes that can be operated at pressures of up to 70 bar
with high efficiency. The acidic environment of the mem-
brane and harsh oxidative environments limits the composi-

Figure 2. Production of green H2 and its utilization across different energy schemes. Copyright IRENA (2020), green hydrogen: a guide to policy
making, International Renewable Energy Agency.
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tional choice of the electrocatalysts.[18] PEMs are also very
sensitive to water impurities, which could be problematic by
considering that globally billions of people face challenges
with access to clean water. Overall, both commercial
technologies have their own advantages and limitations,
which leaves room for further parallel innovation and
improvement to make green H2 production more cost
effective.[22]

Production of H2 from renewable energy sources is still
not very significant, although the global capacity of electro-
lysers that produce green H2 has doubled over the last five
years and reached around 300 MW capacity by mid-2021.
Nevertheless, the progress thus far is very encouraging as
there are many ongoing projects, developments, and con-
structions that could increase the production capacity up to
around 90 GW by 2030. However, if all the intended projects
are accomplished as planned, green H2 production from
electrolysers will only just exceed 8 Mt by 2030. Although,
this is a significant amount, it is still below 10% of the
current global H2 production and it is far away from the 80
Mt target to reach net-zero CO2 emission by 2050.

[23] Thus,
the production capacity of electrolysers needs to be
increased radically to achieve this target. Alternatively,
“blue” H2, produced from CH4 with CO2 capture and
storage, could provide H2 with a lower CO2 footprint, at
least for a transition period.

Among all the challenges of water electrolysis, avail-
ability and cost of renewable electricity are the main
bottlenecks holding back large-scale production and cost
reduction of green H2. Using Germany as an example, in
2021 about 225 TWh of electricity was produced from
renewable sources like wind energy (113,5 TWh), photo-
voltaics (48.4 TWh), biomass (43 TWh), and hydropower
(19.4 TWh). The amount of produced renewable electricity
was only 45.7% of the total electricity production. This
amount was almost 6% less than 2020 due to the fluctuation
of solar and wind power.[24] Despite massive investments in
renewables, Germany is still not capable of producing a
sufficient amount of renewable electricity for routine
consumption. The demand for renewable electricity will
significantly increase for green H2 production and de-
carbonization of some key industrial processes, like Haber–
Bosch NH3 synthesis (see Section 4). Hence, there will be a
significant need for more affordable renewable electricity in
order to realize a sustainable future. Fortunately, electricity
does not need to be generated in countries with less
sunshine and wind power. Alternatively, renewable energy
could be harvested in sun-rich countries—such as Spain,
Australia, and North Africa—converted to H2 (or other
chemicals more amenable to transport and storage, like NH3

or methanol), which could then be shipped by various means
to the consumption centres, although some of the energy
will be lost during the conversion and transportation.

4. Status Quo of Traditional NH3 Synthesis and
Alternative Technologies

The synthesis of NH3 is arguably one of the most important
catalytic processes currently in operation. Without the NH3

made available by this process for the production of
fertilizers, the world could not be fed—at least not at the
cost at which food is available today. Globally, approx-
imately 170 Mt of NH3 are produced per year, and with an
average energy requirement in modern plants of 27–36 GJ/t
NH3
.[25] This corresponds to about 1% of the global primary

energy consumption (170 Mt/a×32 GJ/t=5.44 EJ/a, total
energy consumption 2020: 557 EJ). The real consumption is
even higher, since not all plants are at the highest technical
standard. Thus, NH3 production is a substantial contributor
to global warming. At the same time, NH3 is being discussed
as an element of a future energy infrastructure.[26] This is
because NH3 provides a means to transport H2 over long
distances and it can also be used directly as a fuel (e.g., in
shipping), which would increase the amounts needed even
further. Therefore, although the Haber–Bosch process has
been in operation for over 100 years and can rightfully be
considered a mature technology, research on NH3 synthesis,
especially with the goal to make it more sustainable, is only
now proceeding at a highly increased pace, following differ-
ent lines of development.[27]

The key contributor to the CO2 footprint in NH3

synthesis is H2 production via natural gas reforming.[28]

Classical Haber–Bosch synthesis can therefore be developed
to be more sustainable by integrating electrolysis for H2

production in the process. However, from a sustainability
point of view, the use of electrolysis H2 only makes sense if
the electricity for the electrolysis is provided from renewable
energy, such as photovoltaics or wind. Beyond sustainable
H2 generation, though, there are other factors in the classical
Haber–Bosch process that could be improved. Conditions,
(i.e., temperatures around 500 °C and pressures around
200 bar), are essentially unchanged compared to the time
when the process was invented, and the same also holds for
the catalyst.[27b] The only major innovation was the introduc-
tion of Ru catalysts, which are highly active at somewhat
lower pressure than the Fe system.[29] There have been
additional improvements in the catalyst; for instance, by
supporting Ru on strongly electron-donating supports, such
as electrides and other materials,[30] which not only work for
Ru but also improves the performance of other metals like
Co.[31] However, the lower NH3 partial pressures reached at
lower total pressure makes downstream separation more
difficult, and thus, a new catalyst would also require changes
to the separation stage, which is a substantial obstacle.
Commercially, Ru-based catalysts are only used in some
plants in the final reactor downstream of the main, Fe-
catalysed conversion. There are also other important
elements in NH3 plants that contribute to the CO2 footprint,
such as blowers and heaters, which are powered by gas in
most cases. Replacing steam turbines for compression by
electric compressors, and gas heating by electric heating,
could further reduce the CO2 emissions from the Haber–
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Bosch synthesis, provided the electrical energy is renewable
energy. A detailed analysis of the potential in improving the
Haber–Bosch process has recently been published, and
assuming published CO2 footprints for renewable electricity,
the specific CO2 emissions of an electrified NH3 synthesis
could be brought down by about 80% compared to the
natural-gas-based process.[28]

While there is great potential in making the Haber–
Bosch process more sustainable, it is also worth exploring
other alternatives. The H2 for NH3 synthesis can be supplied
by water electrolysis (see above Figure 2). Going one step
further, direct cathodic hydrogenation of nitrogen to NH3 in
an electrochemical process is possible. A significant fraction
of the publications on NH3 synthesis from the last five years
are focused on such electrochemical approaches, with
electrocatalysts using the single-atom-catalyst concept prob-
ably being the most original approach. However, the results
have to be taken with care in many cases,[32] and the verified
productivities remain very low,[33] so that it appears ques-
tionable whether such electrocatalytic processes will be able
to compete with an electrified Haber–Bosch-type process
even in the future.

Other approaches for NH3 synthesis rely on different
ways of introducing energy, such as by mechanochemistry,[34]

photocatalysis,[35] or different plasma processes.[25] At
present, all of these are far from being practically applicable
and will most probably not contribute to solving the
problems associated with NH3 synthesis over the next
decades. FUNCAT is also working on development of
alternative catalysts and methods for NH3 synthesis. The
team based at the Max-Planck-Institut für Kohlenforschung
recently demonstrated that a mixture of solid iron and
cesium can mechanocatalytically drive NH3 formation from
its elements at room temperature and atmospheric pressure
(Figure 3).[34a] The cesium-promoted iron catalysts could
produce NH3 at concentrations of more than 0.2 vol% for
over 50 hours, which has been found to be very pressure
dependent (Figure 3b).

Plasma-driven reactions could become (again) an inter-
esting, but indirect, alternative to Haber–Bosch synthesis.
Essentially, the world is not so much interested in NH3 per
se, but rather in nitrogen fertilizer, which could also be

provided in the form of nitrates. Before the Haber–Bosch-
process entered the scene for fertilizer production, the
Birkeland–Eyde process, an arc process converting nitrogen
and oxygen to NOx, and finally nitric acid, was used in the
early years of the 20th century.[36] At that time, the process
suffered from very low energy efficiency. However, with the
knowledge and technology available nowadays, energy
efficiency might be increased, and if renewable electrical
energy were to be available at low cost in parts of the world,
the process might deserve renewed exploration. The bench-
mark for such a plasma process would not be the Haber–
Bosch process alone, but the combination of it with the
Ostwald process, since only the combination of the two
results in nitric acid production.[36]

Although significant efforts have been devoted to
developing more sustainable NH3 synthesis through electro-
and photochemistry, mechanochemical, and biochemical
routes, no catalyst and process have been discovered that
could fulfil the activity, selectivity, and stability require-
ments for commercial applications. When we consider
electrochemical N2 reduction as an example, all discovered
electrocatalysts show a large overpotential and very low
selectivity toward NH3; most protons and electrons are
consumed in H2 evolution. Though the required overpoten-
tial could be decreased with new catalytic systems, the
selectivity still remains a main issue.[37] As an alternative,
molecular catalysts and enzymes typically have better
selectivity toward NH3 synthesis; however, their stabilities
and low turnover numbers are problematic.[38]

Overall, NH3 synthesis will remain important for the
decades to come, and possibly become even more important
if NH3 becomes part of our energy infrastructure. Given the
high energy demand and the CO2 footprint of NH3 synthesis,
however, NH3 needs to be considered anew. Thus, intensi-
fied research efforts in NH3 synthesis are urgently needed,
with full electrification probably being one of the most
promising directions.

Figure 3. a) Mechanocatalytic room-temperature synthesis of NH3 from its elements over different catalysts, b) pressure-dependency of the
mechanocatalytic NH3 formation over optimized FeCs mixed catalyst. Reprinted with permission ref. [34a] Copyright 2021, Wiley-VCH Verlag
GmbH & Co.
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5. CO2: A Threat or Potential Feedstock?

Global CO2 emissions are dominated by burning fossil fuels
for power generation, heat, and transport, and current global
CO2 production from the energy sector alone is around 36
billion tonnes per annum.[39] This continuing CO2 emission
to the atmosphere has resulted in a concentration rise to
nearly 420 ppm from the steady state of 270 ppm, and most
of this has happened in recent times (an increase of around
100 ppm since 1960).[40] The resulting global warming is a big
problem for the biota of the earth and requires short term
solutions in conjunction with longer term cultural changes to
tackle the immense challenge.

To reduce CO2 emissions, we ultimately need to move
away from reliance on fossil fuels and replace them with
sustainable technologies, but more immediately, we also
need other solutions. CO2 capture and storage is an option
that has received a lot of attention for long-term sequestra-
tion. However, there is often a disconnection between
locations and scales of CO2 production and geological
reservoirs. CO2 capture and utilization is expected to
operate on a smaller scale than storage; nevertheless,
conversion of CO2 to useful fuels and chemicals will be a
significant contributor to reducing CO2 emissions.

[41]

A promising technology to aid in this is green H2

production from water electrolysis using renewable electric-
ity (see Section 3) with subsequent conversion of CO2 to
hydrogenated compounds. This would serve to increase the
H2 density for storage, transportation, and application

purposes. One of the ways of achieving this is production of
a liquid fuel, such as methanol, by the hydrogenation of CO2

employing a suitable catalyst.[42] Methanol can be used
directly, or the H2 can be re-extracted from it. A small-scale
demonstration plant for methanol synthesis has been built
(Figure 4), converting CO2 from a coal-fired power station
in Germany,[43] and CO2 is effectively the carrier for H2. A
traditional Cu/ZnO/Al2O3 catalyst has been used for meth-
anol synthesis from CO2,

[42b] but long-term stability is
unclear, and alternative catalysts are required. Unlike the
current route from fossil fuels, in which CO is hydrogenated
to methanol, a direct route from CO2 produces equimolar
amounts of water, and so steam-resistant, stable catalysts
need to be developed. In particular, supported PdZn alloy
catalysts,[44] or indium-based systems are promising
alternatives,[45] and developing more active catalysts that
operate at lower temperatures, and even in the liquid phase,
has the potential to increase methanol equilibrium yields. It
is also likely that these developments will have to be linked
to a reverse water–gas shift catalyst at the front end to
produce CO, so that a traditional mix can be used into the
methanol plant, and hence, will not produce water in that
part of the process.

Methanol is a starting material for production of a range
of chemicals and thus also has potential to replace the usual
fossil fuel feedstocks derived mainly from oil. For instance,
the now well-established catalytic MTO (methanol-to-
olefins) process provides a route into a wide variety of
desirable and valuable chemical products,[46] while in other

Figure 4. Diagrammatical representation of the 500 t/y mefCO2 plant built at Niederaussem in Germany to convert CO2 from the power plant to
methanol using H2 from renewable electricity. Reprinted from ref. [43] courtesy of Ange Sanchez Diaz at i-deals, Madrid.
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examples methanol can also be readily converted into
aromatics[47] and formaldehyde[48] using existing catalysts.
Against this background, CO2 can be converted into green
chemical building blocks for many uses, including polymers,
pharmaceutical, platform chemicals, and intermediates.

Much of the catalytic technology required for chemical
conversion of CO2 is in place and is well-developed, but
there is still plenty of opportunity to make improvements in
catalyst design to enhance activity, selectivity, and stability.
Efficient processes for CO2 utilization will need combina-
tions of innovative technologies merged with old ones to
produce new, efficient routes to the molecules on which
humankind relies so heavily. Hence, CO2 can be viewed as
an important chemical feedstock rather than a problem; the
challenge will be to source and condition CO2 streams of
sufficient concentration and purity for economic processing.

Catalysis is at the heart of these new processes, from Cu
catalysts of improved stability for methanol synthesis from
CO2, to CO production via the reverse water–gas shift
reaction, to combining methanol conversion catalysts with
CO2 hydrogenation catalysts to produce a range of products
with enhanced yield directly from a CO2 feed. There is no
doubt that conversion of CO2 into useful chemicals and fuels
is going to be an important process, combining security of
chemical feedstocks with reducing CO2 emissions to combat
global warming. FUNCAT is working on many of these
aspects, especially focusing on understanding and develop-
ing the next generation of catalysts for direct CO2 con-
version and artificial-intelligence-driven discovery of catalyst
genes with application to CO2 activation on semiconductor
oxides,[49] as well as CO2 hydrogenation to metabolic
intermediates in the context of the origin of life.[50]

6. Can Acetylene Processes Play a Role in a
Sustainable Future?

Acetylene is a highly reactive molecule that has great
potential as a chemical intermediate in a future sustainable
chemical industry. Acetylene chemistry was well developed
over a century ago, but it was displaced as a central chemical
intermediate by the ready availability of ethene from oil.
Consequently, acetylene chemistry is currently a largely
unexplored field. Acetylene is primarily produced by either
the partial oxidation of natural gas or as a coproduct from
the steam cracking of ethylene.[51] In countries with abun-
dant coal reserves, acetylene is produced from the hydrolysis
of calcium carbide.[52] This is not only an energy-intensive
process but also suffers from poor atom efficiency, since
calcium hydroxide is the by-product. Although much of the
chemical industry is based on petroleum-based feedstocks,
acetylene is still used for the production of trichloro-
ethylene, vinyl chloride, perchloroethylene, acrylonitrile,
acetic acid, and acetaldehyde.

Looking to the future and the need for the development
of a sustainable chemical industry that is not based on fossil
carbon, it seems that acetylene can play a vital role in this
endeavour. The availability of CH4 from biogas or as a by-

product from CO2 hydrogenation, together with access to
renewable energy, will enable acetylene production using
high-temperature partial oxidation or arc processes. This
will open up the possibility of exploring the chemistry of
acetylene with renewed activity and new approaches—some-
thing that has lain dormant for about 70 years. Acetylene is
a reactive chemical intermediate with the potential to be
used in very selective reactions and can, therefore, play a
vital role in new sustainable green chemical processes. This
is an area where the Max Planck–Cardiff Centre FUNCAT
will seek to develop a new program of work combining the
expertise of high-pressure acetylene catalysis developed at
the Max-Planck-Institut für Kohlenforschung and the low-
pressure acetylene catalysis developed at the Cardiff
Catalysis Institute.

Nowadays, the synthesis of acetylene from CH4 is
possible by coupling in renewable electrical energy, either in
an electric arc furnace at short residence time or in plasma
reactors. In addition to producing acetylene, such plants
could have a load-levelling function in renewable electricity
systems. However, in addition to its technical relevance,
acetylene is a highly interesting molecule from a fundamen-
tal point of view: it is the smallest hydrocarbon with a
carbon� carbon bond and thus theoretically easily traceable;
it has high electron density in the C�C triple bond, which
provides one point of attack in reactions, and the proton is
very acidic (for a hydrocarbon), so that reasonably stable
metal acetylides or carbides are known. The acidity provides
quite a different mode of reactivity than the electron-rich
C� C bond. However, the reactivity of acetylene has hardly
been explored over the last several decades, despite the
tremendous achievements in terms of catalytic materials.[53]

One reason for this lack of activity is that not many
laboratories have the infrastructure for handling acetylene
in a safe manner. However, the groups at the Cardiff
Catalysis Institute and the Max-Planck-Institut für Kohlen-
forschung are two notable exceptions with their infra-
structure to handle acetylene under low and high pressure;
combined with materials synthesis expertise and the theoret-
ical approaches available in the Max Planck Centre, unique
research directions can be pursued.

Acetylene has the potential to be a central chemical
intermediate (Figure 5).[53] The initial key reaction is
acetylene hydrochlorination to produce vinyl chloride
monomer (VCM).[5b] This process is an environmentally
benign alternative to the Hg-catalysed reaction, which is
implemented on a very large commercial scale predom-
inantly in China. A gold on carbon catalyst is being
commercially operated in China, and it is known that well-
dispersed Au cations are the active species.[54] It is unclear
whether this holds also for Au on other supports for
reactions of acetylenes. The methods envisaged in the centre
to selectively create specific Au structures on different
supports, combined with theoretical approaches to under-
stand catalytic behaviour, could clarify this question and
provide fundamental knowledge on the reactivity of
acetylene on different Au species. A second, highly interest-
ing system for which the expertise of the different partners
is required, is selective hydrogenation of acetylene in
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ethylene. For polyethylene synthesis, this is an industrially
relevant reaction, since acetylene traces poison the polymer-
ization catalyst.[54] However, the reaction could become even
more important if ethylene is synthesized in a plasma
process from CH4, where high amounts of acetylene can be
formed as well. For this reaction, theoretical approaches
using simple descriptors have been published, and there are
also many experimental studies but at low acetylene
concentrations.[55] Knowledge about the interaction of
acetylene and ethylene with different surfaces should guide
the exploration of new catalysts and systems. Of special
importance is the avoidance of uncontrolled oligomerization
reactions of acetylene, since this leads to the formation of
so-called “green oil” and “red oil”, which deactivate the
catalysts.[53]

Controlled oligomerization of acetylene can open new
avenues where research activity is desired. Zeolite-based
catalysts can give relatively high yields (around 35%) of C4

compounds from an acetylene/H2 feed at elevated
pressures.[56] Understanding this reaction theoretically, start-
ing from the initial experimental findings, would be an
important step to increase the yields of such reactions and
would help to steer the reaction towards the most desirable
C4 compounds. FUNCAT’s team at the Max-Planck-Institut
für Kohlenforschung and Cardiff Catalysis Institute are also
dealing with catalyst development and diverse aspects of

acetylene chemistry to provide alternative chemical inter-
mediates.

7. Road Ahead

The greatest barrier towards a sustainable future is avail-
ability of affordable renewable electricity that can assist
efforts to reach zero-CO2 emission targets. Many industrial
processes need to be de-carbonized and green H2 can play
an essential role in this transition. However, green H2 is
currently two to three times more expensive than grey H2

(SMR or gasification), and there are still obstacles associ-
ated with the capital and electricity costs for green H2

production from water electrolysis. Additionally, there are
technical issues and limitations with the existing infra-
structure and with end users, which will require significant
investments to be able to use green H2 as a feedstock and
fuel in industry, transportation, and for heat and power
generation. On the other hand, while the cost of green H2 is
expected to decrease substantially, fossil-based H2 will
become more expensive due to increasing CO2 penalties, so
that eventually green H2 may even be the more cost
competitive choice in the near future.

How can heterogeneous catalysis contribute towards a
sustainable future? Control over the structure of catalysts
and atom economy can make chemical processes more

Figure 5. Acetylene can be the starting point for the production of many chemicals.
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efficient and sustainable by involving all atoms in reactions
to produce targeted products.[57] Atom economy and
recycling of the used catalysts will be essential for a
sustainable chemical industry. In particular, if we keep using
our resources in the present manner, we will have serious
supply shortages of many elements in the near future.
Furthermore, control over the catalytically active sites to
optimize activity and stability is going to be essential to
achieve a sustainable future. Development of new sustain-
able technologies and concepts are also going to be critical.
For instance, renewable-energy-driven electro- and mecha-
nochemical cycling and transformation could play an
important role. The development of innovative electro-
catalytic processes for selective hydrocarbon functionaliza-
tion could open a new industrial path for fine chemical and
petrochemical production with a lower CO2 footprint.
However, this will require scientific and technological break-
throughs.

Artificial intelligence (AI) may capture the catalytic
progression better than previous theoretical/computational
methods because it targets correlations and does not assume
an underlying physical model. However, at present AI
strategies for heterogeneous catalysis are hindered because
i) we are lacking big data, in particular data from in situ and
operando techniques at reaction conditions, ii) the charac-
terization of available data in terms of metadata is often
insufficient, and iii) the number of good catalysts is very
small in comparison to the number of all possible
materials.[58] To release the full potential of data-centric
research in heterogeneous catalysis, some elaborate work is
necessary, but the first promising steps have already been
taken:
* New tools are already being invented; for example, for
fitting data, removing noise from data, learning rules that
are behind patterns in data and identifying “statistically
exceptional” subgroups of data.[59] With such rules, it will
be possible to identify “materials genes”; i.e., physical
parameters that are related to the underlying processes
that trigger, facilitate, or hinder the catalyst activity,
selectivity, or stability.[60] We are confident that these
methods will be advanced and more methods will be
developed in the near future to help the discovery and
optimization of industrial catalysts.

* FAIR (findability, accessibility, interoperability, and reus-
ability) data repositories need to be advanced,[59] they
need to be used, and the publication culture should
change. The concept of “clean data”—that is, data that
are comprehensively annotated—is being developed.[61]

This is much more elaborate than it sounds, and
publications that “just” present and describe such com-
prehensively characterized data should be appreciated by
the community as much as a standard publication in a
high-impact journal.

Observing interactions between catalyst, reactant, and
product, and understanding reaction mechanisms and deac-
tivation pathways are crucial for the implementation and
further development of catalysts. In particular, operando
methods performed as close as possible to real-world work-

ing conditions are essential for understanding the trans-
formation of a catalytically active site during the course of a
reaction. Here, a combination of multiple complementary
techniques (e.g., X-ray absorption spectroscopy (XAS), X-
ray diffraction (XRD), Raman and infrared (IR) spectros-
copies, etc.) is highly desirable in order to achieve a more
holistic picture of the transformations that occur.[62] We
note, however, as the catalytically active sites may represent
a minor component of the material under study, experimen-
tal approaches that enable added spatial, temporal, and/or
electronic selectivity are often needed to elucidate the true
active site. Furthermore, it is important to emphasize that
the optimization of a catalyst goes beyond the active site
alone and changes which occur from the atomic scale to the
macroscale (e.g., on the level of the reactor) must be
understood in order to optimize the full catalytic system.
Looking toward the future, it is clear that combining the
knowledge gained from a wide range of operando studies
together with AI approaches will assist in the design and
development of more effective catalysts for a wide range of
essential energy-converting processes.

Evidently, our society is going through an energy-
transition phase to reach net-zero emissions. Our vision is
that the discovery of new catalysts lies at the heart of our
quest to achieve net-zero emissions. Our intention—as we
have set it out in this Viewpoint Article—is to focus on key
areas we have identified. Each represents significant chal-
lenges and we aim to address these accordingly, but we
would also like to inspire others to take up the challenge to
identify the new catalysts that we certainly now need. In
particular, to achieve CO2 neutrality, all contributors to
greenhouse-gas emissions need to be evaluated in detail and
potential for improvements needs to be assessed. Heteroge-
neous catalysis can play an essential role in this transition by
making chemical processes and transformations more eco-
nomical and sustainable. There is still the need for discovery
of more effective catalysts for key reactions, such as electro-
chemical water splitting, NH3 synthesis, and CO2 reduction.
Most importantly, the availability of sustainable electricity
and green H2 are going to be the bottlenecks for a
sustainable future.

Acknowledgements

We thank the Max Planck Society and Cardiff University for
financial support to create the FUNCAT Centre. M.S.
gratefully acknowledges funding by the NOMAD Centre of
Excellence (European Union’s Horizon 2020 research and
innovation program, GA No 951786), the ERC Advanced
Grant TEC1p (European Research Council, GA No
740233), and the Max Planck research network on big-data-
driven materials science (BiGmax). H.T. thanks the Deut-
sche Forschungsgemeinschaft (DFG) for funding within the
Collaborative Research Centre/Transregio 247 “Heteroge-
neous Oxidation Catalysis in the Liquid Phase”, the
Bundesministerium für Bildung und Forschung (BMBF) for
funding the Carbon2Chem project L5, and the VW

Angewandte
ChemieViewpoint Article

Angew. Chem. Int. Ed. 2022, 61, e202209016 (11 of 13) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2022, 50, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202209016 by Fritz-H

aber-Institut D
er M

ax-Planck-G
esellschaft, W

iley O
nline L

ibrary on [14/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Foundation (no. 96_742) for generous support. Open Access
funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

Data sharing is not applicable to this article as no new data
were created or analysed in this study.

Disclaimer

The opinions expressed in this publication are the view of
the author(s) and do not necessarily reflect the opinions or
views of Angewandte Chemie International Edition/Ange-
wandte Chemie, the Publisher, the GDCh, or the affiliated
editors.

Keywords: Acetylene · Ammonia · Carbon Dioxide ·
Heterogeneous Catalysis · Hydrogen

[1] a) C. Vogt, B. M. Weckhuysen, Nat. Chem. Rev. 2022, 6, 89;
b) R. Schlögl, Angew. Chem. Int. Ed. 2015, 54, 3465; Angew.
Chem. 2015, 127, 3531.

[2] D. J. Tenenbaum, Environ. Health Perspect. 2008, 116, A254.
[3] J. Nørskov, J. Chen, R. Miranda, T. Fitzsimmons, R. Stack,

U.S. Program Document, “Sustainable Ammonia Synthesis—
Exploring the scientific challenges associated with discovering
alternative, sustainable processes for ammonia production”, 18
February 2016, can be found under https://doi.org/10.2172/
1283146.

[4] a) L. Y. Margolis, Adv. Catal. 1963, 14, 429; b) K. Weissermel,
H.-J. Arpe, Industrial Organic Chemistry, 2nd Ed., Wiley-
VCH, Weinheim, 1993.

[5] a) G. J. Hutchings, J. Catal. 1985, 96, 292; b) P. Johnston, N.
Carthey, G. J. Hutchings, J. Am. Chem. Soc. 2015, 137, 14548.

[6] Reality Check team, BBC news, “COP26: How much is spent
supporting fossil fuels and green energy?”, 15 November 2021,
can be found under https://www.bbc.com/news/59233799.

[7] International Energy Agency (IEA), “World Energy Outlook
2018”, November 2018, can be found under https://www.iea.
org/reports/world-energy-outlook-2018 (accessed May 2022).

[8] N. Armaroli, V. Balzani, ChemSusChem 2011, 4, 21.
[9] International Renewable Energy Agency (IRENA), “Hydro-

gen: A renewable energy perspective”, September 2019, can be
found under https://www.irena.org/publications/2019/Sep/Hy-
drogen-A-renewable-energy-perspective (accessed 16 June
2022).

[10] International Renewable Energy Agency (IRENA), “Green
Hydrogen: A guide to policy making”, November 2020, can be
found under https://irena.org/publications/2020/Nov/Green-hy-
drogen (accessed 16 June 2022).

[11] J. H. Kim, D. Hansora, P. Sharma, J. W. Jang, J. S. Lee, Chem.
Soc. Rev. 2019, 48, 1908.

[12] R. L. Germscheidt, D. E. B. Moreira, R. G. Yoshimura, N. P.
Gasbarro, E. Datti, P. L. dos Santos, J. A. Bonacin, Adv.
Energy Sustainability Res. 2021, 2, 2100093.

[13] J. Y. Jia, L. C. Seitz, J. D. Benck, Y. J. Huo, Y. S. Chen,
J. W. D. Ng, T. Bilir, J. S. Harris, T. F. Jaramillo, Nat.
Commun. 2016, 7, 13237.

[14] A. Fujishima, K. Honda, Nature 1972, 238, 37.
[15] T. Grewe, M. Meggouh, H. Tüysüz, Chem. Asian J. 2016, 11,

22.
[16] H. Nishiyama, T. Yamada, M. Nakabayashi, Y. Maehara, M.

Yamaguchi, Y. Kuromiya, Y. Nagatsuma, H. Tokudome, S.
Akiyama, T. Watanabe, R. Narushima, S. Okunaka, N.
Shibata, T. Takata, T. Hisatomi, K. Domen, Nature 2021, 598,
304.

[17] a) M. Q. Yu, G. H. Moon, R. G. Castillo, S. DeBeer, C.
Weidenthaler, H. Tüysüz, Angew. Chem. Int. Ed. 2020, 59,
16544; Angew. Chem. 2020, 132, 16687; b) X. H. Deng, H.
Tüysüz, ACS Catal. 2014, 4, 3701.

[18] M. Carmo, D. L. Fritz, J. Merge, D. Stolten, Int. J. Hydrogen
Energy 2013, 38, 4901.

[19] M. Q. Yu, E. Budiyanto, H. Tüysüz, Angew. Chem. Int. Ed.
2022, 61, e202103824; Angew. Chem. 2022, 134, e202103824.

[20] S. Klemenz, A. Stegmuller, S. Yoon, C. Felser, H. Tüysüz, A.
Weidenkaff, Angew. Chem. Int. Ed. 2021, 60, 20094; Angew.
Chem. 2021, 133, 20254.

[21] a) H. N. Nong, L. J. Falling, A. Bergmann, M. Klingenhof,
H. P. Tran, C. Spori, R. Mom, J. Timoshenko, G. Zichittella,
A. Knop-Gericke, S. Piccinin, J. Perez-Ramirez, B. R. Cuenya,
R. Schlogl, P. Strasser, D. Teschner, T. E. Jones, Nature 2021,
589, E8; b) M. Q. Yu, G. W. Li, C. G. Fu, E. K. Liu, K. Manna,
E. Budiyanto, Q. Yang, C. Felser, H. Tüysüz, Angew. Chem.
Int. Ed. 2021, 60, 5800; Angew. Chem. 2021, 133, 5864; c) E.
Budiyanto, H. Tüysüz, Eur. J. Inorg. Chem. 2022, e202200065;
d) E. Budiyanto, S. Salamon, Y. Wang, H. Wende, H. Tüysüz,
JACS Au 2022, 2, 697; e) G. H. Moon, M. Yu, C. K. Chan, H.
Tüysüz, Angew. Chem. Int. Ed. 2019, 58, 3491; Angew. Chem.
2019, 131, 3529; f) I. Spanos, M. F. Tesch, M. Q. Yu, H. Tüysüz,
J. Zhang, X. L. Feng, K. Mullen, R. Schlögl, A. K. Mechler,
ACS Catal. 2019, 9, 8165.

[22] International Renewable Energy Agency (IRENA), “Green
hydrogen cost reduction”, December 2020, can be found under
https://www.irena.org/publications/2020/Dec/Green-hydrogen-
cost-reduction (accessed 16 June 2022).

[23] International Energy Agency, “Global Hydrogen Review
2021”, October 2021, can be found under https://www.iea.org/
reports/global-hydrogen-review-2021 (accessed 16 June 2022).

[24] Fraunhofer ISE, “Public Net Electricity Generation in Ger-
many in 2021: Renewables Weaker Due to Weather”, can be
found under https://www.ise.fraunhofer.de/en/press-media/
news/2022/public-net-electricity-in-germany-in-2021-renew-
ables-weaker-due-to-weather.html (accessed 12 June 2022).

[25] K. H. R. Rouwenhorst, Y. Engelmann, K. van’t Veer, R. S.
Postma, A. Bogaerts, L. Lefferts, Green Chem. 2020, 22, 6258.

[26] F. Schüth, R. Palkovits, R. Schlögl, D. S. Su, Energy Environ.
Sci. 2012, 5, 6278.

[27] a) R. Schlögl, Angew. Chem. Int. Ed. 2003, 42, 2004; Angew.
Chem. 2003, 115, 2050; b) T. Kandemir, M. E. Schuster, A.
Senyshyn, M. Behrens, R. Schlögl, Angew. Chem. Int. Ed.
2013, 52, 12723; Angew. Chem. 2013, 125, 12955.

[28] C. Smith, A. K. Hill, L. Torrente-Murciano, Energy Environ.
Sci. 2020, 13, 331.

[29] D. E. Brown, T. Edmonds, R. W. Joyner, J. J. McCarroll, S. R.
Tennison, Catal. Lett. 2014, 144, 545.

[30] M. Kitano, Y. Inoue, Y. Yamazaki, F. Hayashi, S. Kanbara, S.
Matsuishi, T. Yokoyama, S. W. Kim, M. Hara, H. Hosono, Nat.
Chem. 2012, 4, 934.

[31] Y. Inoue, M. Kitano, M. Tokunari, T. Taniguchi, K. Ooya, H.
Abe, Y. Niwa, M. Sasase, M. Hara, H. Hosono, ACS Catal.
2019, 9, 1670.

Angewandte
ChemieViewpoint Article

Angew. Chem. Int. Ed. 2022, 61, e202209016 (12 of 13) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2022, 50, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202209016 by Fritz-H

aber-Institut D
er M

ax-Planck-G
esellschaft, W

iley O
nline L

ibrary on [14/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.2172/1283146
https://doi.org/10.2172/1283146
https://www.bbc.com/news/59233799
https://www.iea.org/reports/world-energy-outlook-2018
https://www.iea.org/reports/world-energy-outlook-2018
https://www.irena.org/publications/2019/Sep/Hydrogen-A-renewable-energy-perspective
https://www.irena.org/publications/2019/Sep/Hydrogen-A-renewable-energy-perspective
https://irena.org/publications/2020/Nov/Green-hydrogen
https://irena.org/publications/2020/Nov/Green-hydrogen
https://www.irena.org/publications/2020/Dec/Green-hydrogen-cost-reduction
https://www.irena.org/publications/2020/Dec/Green-hydrogen-cost-reduction
https://www.iea.org/reports/global-hydrogen-review-2021
https://www.iea.org/reports/global-hydrogen-review-2021
https://www.ise.fraunhofer.de/en/press-media/news/2022/public-net-electricity-in-germany-in-2021-renewables-weaker-due-to-weather.html
https://www.ise.fraunhofer.de/en/press-media/news/2022/public-net-electricity-in-germany-in-2021-renewables-weaker-due-to-weather.html
https://www.ise.fraunhofer.de/en/press-media/news/2022/public-net-electricity-in-germany-in-2021-renewables-weaker-due-to-weather.html


[32] S. Z. Andersen, V. Colic, S. Yang, J. A. Schwalbe, A. C.
Nielander, J. M. McEnaney, K. Enemark-Rasmussen, J. G.
Baker, A. R. Singh, B. A. Rohr, M. J. Statt, S. J. Blair, S.
Mezzavilla, J. Kibsgaard, P. C. K. Vesborg, M. Cargnello, S. F.
Bent, T. F. Jaramillo, I.E. L. Stephens, J. K. Norskov, I.
Chorkendorff, Nature 2019, 570, 504.

[33] G. Qing, R. Ghazfar, S. T. Jackowski, F. Habibzadeh, M. M.
Ashtiani, C.-P. Chen, M. R. Smith, T. W. Hamann, Chem. Rev.
2020, 120, 5437.

[34] a) S. Reichle, M. Felderhoff, F. Schüth, Angew. Chem. Int. Ed.
2021, 60, 26385; Angew. Chem. 2021, 133, 26589; b) G. F. Han,
F. Li, Z. W. Chen, C. Coppex, S. J. Kim, H. J. Noh, Z. P. Fu,
Y. L. Lu, C. V. Singh, S. Siahrostami, Q. Jiang, J. B. Baek, Nat.
Nanotechnol. 2021, 16, 325.

[35] D. Zhu, L. H. Zhang, R. E. Ruther, R. J. Hamers, Nat. Mater.
2013, 12, 836.

[36] K. H. R. Rouwenhorst, F. Jardali, A. Bogaerts, L. Lefferts,
Energy Environ. Sci. 2021, 14, 2520.

[37] A. R. Singh, B. A. Rohr, J. A. Schwalbe, M. Cargnello, K.
Chan, T. F. Jaramillo, I. Chorkendorff, J. K. Norskov, ACS
Catal. 2017, 7, 706.

[38] a) J. S. Anderson, J. Rittle, J. C. Peters, Nature 2013, 501, 84;
b) R. R. Schrock, Acc. Chem. Res. 2005, 38, 955.

[39] International Energy Agency, “Global CO2 emissions re-
bounded to their highest level in history in 2021”, 8 March
2022, can be found under https://www.iea.org/news/global-co2-
emissions-rebounded-to-their-highest-level-in-history-in-2021
(accessed 3 May 2022).

[40] Statista, “Historic average carbon dioxide (CO2) levels in the
atmosphere worldwide from 1959 to 2021 (in parts per
million)”, can be found under https://www.statista.com/statis-
tics/1091926/atmospheric-concentration-of-co2-historic/ (ac-
cessed 3 May 2022).

[41] H. J. Freund, G. Meijer, M. Scheffler, R. Schlögl, M. Wolf,
Angew. Chem. Int. Ed. 2011, 50, 10064; Angew. Chem. 2011,
123, 10242.

[42] a) G. A. Olah, Angew. Chem. Int. Ed. 2005, 44, 2636; Angew.
Chem. 2005, 117, 2692; b) Catalyst Handbook, 2nd ed., Wolfe
Publishing Ltd., London, 1989; c) E. V. Kondratenko, G. Mul,
J. Baltrusaitis, G. O. Larrazabal, J. Perez-Ramirez, Energy
Environ. Sci. 2013, 6, 3112.

[43] M. Bowker, ChemCatChem 2019, 11, 4238.
[44] M. Bowker, N. Lawes, I. Gow, J. Hayward, J. R. Esquius, N.

Richards, L. R. Smith, T. J. A. Slater, T. E. Davies, N. F.
Dummer, L. Kabalan, A. Logsdail, R. C. Catlow, S. Taylor,
G. J. Hutchings, ACS Catal. 2022, 12, 5371.

[45] X. Jiang, X. W. Nie, X. W. Guo, C. S. Song, J. G. G. Chen,
Chem. Rev. 2020, 120, 7984.

[46] P. Tian, Y. Wei, M. Ye, Z. Liu, ACS Catal. 2015, 5, 1922.
[47] T. Li, T. Shoinkhorova, J. Gascon, J. Ruiz-Martinez, ACS

Catal. 2021, 11, 7780.

[48] A. P. V. Soares, M. F. Portela, Catal. Rev. 2005, 47, 125.
[49] A. Mazheika, Y. G. Wang, R. Valero, F. Vines, F. Illas, L. M.

Ghiringhelli, S. V. Levchenko, M. Scheffler, Nat. Commun.
2022, 13, 419.

[50] M. Preiner, K. Igarashi, K. B. Muchowska, M. Q. Yu, S. J.
Varma, K. Kleinermanns, M. K. Nobu, Y. Kamagata, H.
Tüysüz, J. Moran, W. F. Martin, Nat. Ecol. Evol. 2020, 4, 534.

[51] Y. F. Liu, T. F. Wang, Q. X. Li, D. Z. Wang, Chin. J. Chem.
Eng. 2011, 19, 424.

[52] H. Schobert, Chem. Rev. 2014, 114, 1743.
[53] I. T. Trotus, T. Zimmermann, F. Schüth, Chem. Rev. 2014, 114,

1761.
[54] G. Malta, S. A. Kondrat, S. J. Freakley, C. J. Davies, L. Lu, S.

Dawson, A. Thetford, E. K. Gibson, D. J. Morgan, W. Jones,
P. P. Wells, P. Johnston, C. R. A. Catlow, C. J. Kiely, G. J.
Hutchings, Science 2017, 355, 1399.

[55] E. Delikonstantis, E. Igos, M. Augustinus, E. Benetto, G. D.
Stefanidis, Sustainable Energy Fuels 2020, 4, 1351.

[56] Ö. Agbaba, T. Trotus, W. Schmidt, F. Schüth, unpublished.
[57] S. Mitchell, R. X. Qin, N. F. Zheng, J. Perez-Ramirez, Nat.

Nanotechnol. 2021, 16, 129.
[58] M. Boley, M. Scheffler, arXiv preprint, 2022, https://doi.org/10.

48550/arXiv.2104.01352.
[59] M. Scheffler, M. Aeschlimann, M. Albrecht, T. Bereau, H. J.

Bungartz, C. Felser, M. Greiner, A. Gross, C. T. Koch, K.
Kremer, W. E. Nagel, M. Scheidgen, C. Woll, C. Draxl, Nature
2022, 604, 635.

[60] a) L. Foppa, C. Sutton, L. M. Ghiringhelli, S. De, P. Löser,
S. A. Schunk, A. Schäfer, M. Scheffler, ACS Catal. 2022, 12,
2223; b) L. Foppa, L. M. Ghiringhelli, F. Girgsdies, M.
Hashagen, P. Kube, M. Hävecker, S. J. Carey, A. Tarasov, P.
Kraus, F. Rosowski, R. Schlögl, A. Trunschke, M. Scheffler,
MRS Bull. 2021, 46, 1016.

[61] A. Trunschke, G. Bellini, M. Boniface, S. J. Carey, J. H. Dong,
E. Erdem, L. Foppa, W. Frandsen, M. Geske, L. M. Ghiring-
helli, F. Girgsdies, R. Hanna, M. Hashagen, M. Havecker, G.
Huff, A. Knop-Gericke, G. Koch, P. Kraus, J. Krohnert, P.
Kube, S. Lohr, T. Lunkenbein, L. Masliuk, R. N. d’Alnoncourt,
T. Omojola, C. Pratsch, S. Richter, C. Rohner, F. Rosowski, F.
Ruther, M. Scheffler, R. Schlögl, A. Tarasov, D. Teschner, O.
Timpe, P. Trunschke, Y. Q. Wang, S. Wrabetz, Top. Catal.
2020, 63, 1683.

[62] S. Chatterjee, I. Harden, G. Bistoni, R. G. Castillo, S. Chabbra,
M. van Gastel, A. Schnegg, E. Bill, J. A. Birrell, B. Morandi, F.
Neese, S. DeBeer, J. Am. Chem. Soc. 2022, 144, 2637.

Manuscript received: June 20, 2022
Version of record online: November 9, 2022

Angewandte
ChemieViewpoint Article

Angew. Chem. Int. Ed. 2022, 61, e202209016 (13 of 13) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2022, 50, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202209016 by Fritz-H

aber-Institut D
er M

ax-Planck-G
esellschaft, W

iley O
nline L

ibrary on [14/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://www.iea.org/news/global-co2-emissions-rebounded-to-their-highest-level-in-history-in-2021
https://www.iea.org/news/global-co2-emissions-rebounded-to-their-highest-level-in-history-in-2021
https://www.statista.com/statistics/1091926/atmospheric-concentration-of-co2-historic/
https://www.statista.com/statistics/1091926/atmospheric-concentration-of-co2-historic/
https://doi.org/10.48550/arXiv.2104.01352
https://doi.org/10.48550/arXiv.2104.01352

