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Hydrogen energy is an important cornerstone for realizing net-zero and sustainable development plans. The
successful construction of a hydrogen society requires advancements in technology and the rational design
of hydrogen production, storage, delivery, and usage. Herein, we provide systematic insights into the recent
attainments, limitations, and future directions of the abovementioned aspects. With the development of
renewable energy sources, sustainable green hydrogen production should replace the modes of traditional
grey hydrogen and transitional blue hydrogen. Our techno-economic calculations reveal that high electricity
consumption accounts for most of the costs of green hydrogen production, where different regional
electricity prices induce hydrogen flows to bridge gaps in supply and demand. Fundamental rules and
methodologies for catalyst morphologies, physiochemical properties, structural features, and screening
pathways are provided to rationally exploit optimal electrocatalysts with low electricity consumption levels.
Moreover, existing physical-based hydrogen storage systems with high acceptance and limited energy density

Received 15th August 2023, can be replaced by promising material-based hydrogen storage systems for certain applications; these
Accepted 7th September 2023 applications still face kinetic, thermodynamic, and engineering challenges. Ideal hydrogen delivery routes via
DOI: 10.1039/d3ee02695g trailers, pipelines, hydrogen carriers, and stationary hydrogen production systems strongly rely on specific

scenarios. Our original calculation scenarios provide a good example for meeting the DOE cost target. We
rsc.li/ees believe that this perspective will offer critical guidance for the future establishment of a hydrogen society.

Broader context

Hydrogen energy will exert critical and indispensable roles in production, living, the environment, and economy. The successful construction of a hydrogen
society requires technological advancements and rational design of hydrogen production, storage, delivery, and usage. This paper carefully analyses and notes
recent attainments, limitations, and future directions of hydrogen production, storage, delivery, and usage combined with some original techno-economic
calculations. We hope that this perspective will provide critical guidance for future establishment of a hydrogen society and excite the immediate interest of a
wide audience of economists, sociologists, materials scientists, chemists, physicists, engineers, and others who are interested in the future of hydrogen energy.

1. Background issues in energy and the environment (i.e., energy shortage,
global warming, ocean acidification and air pollution issues)

The increasing demand for energy resources and the excessive since the industrial revolutions." The development of green
consumption of nonrenewable fossil fuels have triggered many energy carriers and the exploration of sustainable energy
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conversion and storage pathways thus become urgent and critical
research topics." In recent years, the utilization of renewable solar,
wind and hydroelectric energy via power plants has helped relieve
the pressure of the above crises to a certain extent. However, the
intermittence of these resources and the saturation of the power
grids (at most ~15% external input) hinder the development of
this route.>* Utilizing the excess electricity converted from renew-
able sources to synthesize C/N/O/H-containing chemicals through
an electrolysis roadmap can overcome this limitation.* For all the
C/N/O/H-containing chemicals, hydrogen is an ingredient that
produces important basic chemicals, such as ammonia, methanol
and hydrochloric acid; additionally, hydrogen is an ideal energy
carrier for the carbon-neutral plan and net-zero pathway due to its
high calorific value (~282 kJ mol "), zero-carbon feature and
environment-friendly merit.>>

According to the analysis of global total final energy consump-
tion by the International Energy Agency (IEA),° the proportion of
hydrogen energy in the total final energy consumption should
increase to ~2% and ~10% in 2030 and 2050, respectively, to
realize the net-zero plan, along with the greatly decreasing con-
sumption levels of nonrenewable fossil fuels (Fig. 1a). In addition,
the total final energy consumption levels of renewables should
increase by ~0.51% and ~7.41% in 2030 and 2050 compared
with that in 2020, respectively.® The increased demand for renew-
ables promotes electricity consumption, increasing from
~19.13% in 2020 to ~26.28% in 2030 and to ~49.23%° in
2050 (Fig. 1a). Notably, intermittent renewables can be
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Fig. 1 Future of hydrogen energy. (a) Global total final energy consump-
tion in 2020, 2030 and 2050. (b) Global hydrogen demand from 2000 to
2050. (c) CO, emissions from 2020 to 2050 under the net-zero pathway.
(d) Schematic diagrams to produce grey hydrogen, blue hydrogen and
green hydrogen. (e) Production cost for grey hydrogen, blue hydrogen and
green hydrogen from 2020 to 2050, where the solid lines are the average
costs, and the dashed lines are the optimal costs.
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transformed into electricity through power stations for grids,
while excess electricity can be used to produce hydrogen via
electrolysis; the effective conversion between hydrogen and elec-
tricity can be realized by fuel cells and electrolysers.>” Therefore,
hydrogen should play a critical and indispensable role in future
long-term energy systems.

Then, insights into the trends of hydrogen demand and
usage in living and production are provided here. As shown in
Fig. 1b, the global hydrogen demand increased sharply from
~59 Mt in 2000 to ~74 Mt in 2010 and then to ~88 Mt in
2020.° These demands in 2030 and 2050 should increase to
~2.4 (~211 Mt) and ~6.0 times (~528 Mt) the demand in
2020, respectively,® demonstrating the importance of hydrogen
in sustainable development. Regarding hydrogen utilization,
hydrogen was mainly used in refining and industrial processes
before 2020, and it will be increasingly and widely applied in
transport, power, NH; fuel, synfuels, buildings and grid injec-
tion in the future (Fig. 1b).° It has been estimated that USD 7-8
trillion investment is required via the hydrogen-value chains by
2050, creating USD ~ 3 trillion revenues through the hydrogen
economy.® Hence, hydrogen is in high demand, and it should
be widely used throughout society.

Zero-carbon hydrogen plays a crucial role in CO, emission
reduction. To realize the carbon neutral plan and net-zero path-
way, detailed requirements for CO, emission reduction are
proposed in various fields, including electricity, heat, industry,
transportation, and buildings from 2020 to 2050 (Fig. 1c).” To
accomplish these targets, the IEA notes that ~4.3 trillion USD
should be invested in 2030, with the enlarged scale of low-carbon
hydrogen and electrolysers in 2030 and 2045.° Specifically, ~150
Mt and ~435 Mt low-carbon hydrogen should be used in 2030
and 2045, respectively, while ~850 GW and ~ 3000 GW electro-
lysers should be in operation in 2030 and 2045, respectively.’

Then, producing sufficient hydrogen energy is the first key
step. According to the different production modes, hydrogen
can be divided into grey, blue and green hydrogen modes. As
illustrated in the top of Fig. 1d, grey hydrogen is prepared by
either reforming or gasifying coal, oil or natural gas.’ Because
of the high maturity and low cost (1-2 USD kg, as revealed in
Fig. 1e), grey hydrogen accounts for ~95% of all produced
hydrogen resources.'® However, impure grey hydrogen needs
further complicated purification for usage, and ~10 kg CO, is
simultaneously generated when producing 1 kg of grey hydro-
gen;’ this generation strongly calls for sustainable low-carbon
hydrogen modes. Blue hydrogen comes from steam methane
reforming or gasification, and carbon capture and storage
(CCS) technologies are applied (Fig. 1d, middle).® The captured
CO, is injected into the deep porous rock layers for long-term
storage under high pressure conditions.’ Although blue hydro-
gen can meet the CO, emission requirements in most regions,
nonrenewable fossil fuels must continue to be consumed;
through this necessary consumption, 0.5-6 kg CO, should be
emitted to produce 1 kg of blue hydrogen.” Moreover, the
application of CCS technologies is rather strict and unsuitable
in many areas.” Overall, the blue hydrogen mode is a transi-
tional stage in the roadmap of long-term hydrogen production.
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Through electrochemical water splitting, the green hydrogen
mode can use the electricity converted from solar, wind and
hydropower sources for sustainable hydrogen production
(Fig. 1d, bottom).? This route is regarded as the ideal method
for hydrogen production in the future due to its multiple input
resources (water and renewable electricity), zero carbon emis-
sions, environmental friendliness and high hydrogen purity.”
Additionally, the green hydrogen mode can solve the intermit-
tence of renewable resources and the saturation of power grids.
Based on the prediction of the Hydrogen Council and Interna-
tional Renewable Energy Agency (IRENA), ~30% of grey hydrogen
will be replaced by green hydrogen in 2030% despite the recent
proportion of green hydrogen being ~4% of all produced hydro-
gen sources.® The biggest obstruction to the green hydrogen mode
is its high cost, which is still 4-5 times that for grey hydrogen
(Fig. 1€)."® With the development of renewable energy technolo-
gies and the introduction of revenue policies for CO, emissions,
the cost of green hydrogen should be lower than that of grey
hydrogen between 2028 and 2034 (Fig. 1e).'® This indicates
that the green hydrogen mode with the lowest future cost of
~1 USD kg ' H, should gradually replace the grey hydrogen
mode to realize the carbon neutral and net-zero plans.

2. Technologies for green hydrogen
production

In addition to the green hydrogen produced by electrolysis,
other routes utilizing renewable resources include photocata-
lysis, the solar thermochemical water-splitting cycle, photovol-
taic electrolysis, supercritical water gasification of biomass and
combined dark fermentation and anaerobic digestion.> The
maturity of these technologies is quite different.® Compared
with other hydrogen production pathways, electrochemical
water splitting is relatively mature, and its modular feature is
beneficial for large-scale hydrogen production at the present or
near-future stage.> Herein, we focus on representative electro-
lysis technologies, demonstrate their respective advantages and
disadvantages, and note their directions in the future. In
addition, the promising technologies of photocatalysis, the
solar thermochemical water-splitting cycle and photovoltaic
electrolysis are briefly discussed.

In 1800, Nicholson and Carlisle found the phenomenon of
electrochemical water splitting."' 100 MW plants were success-
fully built worldwide in the 1920s,"" and the commercialization of
water electrolysis began. Water electrolysis splits H,O molecules
into H, on the cathode (hydrogen evolution reaction (HER))
and O, on the anode (oxygen evolution reaction (OER)) under
the function of direct currents (Fig. 2a-c). The components
of electrochemical water splitting include the electrolyser,
electrolyte, anode, cathode, separator, porous transport layer
and bipolar plate. According to the different separators and
electrolytes, five typical water electrolysis technologies can be
included: alkaline water electrolyser (AWE), anion exchange
membrane electrolyser (AEME), proton exchange membrane
electrolyser (PEME), solid oxide electrolysis cell (SOEC) and
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protonic ceramic electrolysis cell (PCEC). Based on the operating
temperatures, water electrolysis can be divided into low-
temperature water splitting (<90 °C; AWE, AEME and PEME)
and high-temperature water splitting (>300 °C; SOEC and
PCEC). Concerning the maturity of commercialization, AWE
and PEME technologies are commercialized, while AEME, SOEC
and PCEC are still immature at the laboratory scale.’

As shown in Fig. 2a and Table S1, ESI,f AWE technology is
relatively mature, with a present lifetime of 60000 h and an
expected lifetime of 100000 h in 2050.” This technology works
in 5-7 mol L™ KOH solutions at 70-90 °C; thus, cost-effective
nonprecious metal-based materials can be used as anodes and
cathodes.” The produced H, and O, are physically separated by
ZrO, stabilized with a polyphenylene sulfonic mesh,” where the
OH™  and H,O species can permeate through this porous
diaphragm for electrochemical reactions. For other operating
parameters, the present load range, current density and voltage
efficiency of the AWE are 15-100%, 0.2-0.8 A cm ™2 and 50-68%,
respectively, which should be improved to 5-300%, >2.0 Acm >
and >70% in 2050, respectively.” To date, the cold start to
nominal load takes a long time (<50 min), but it should be
shortened to <30 min in 2050.” To invariably maintain the
pressure balance between the anode and cathode and avoid
possible H,/O, mixing, the electrolyser cannot quickly start or
shut down. This makes AWE difficult to match with renewable
resources with fluctuant features. Moreover, KOH solutions tend
to react with CO, in air to form insoluble K,CO; compounds,
blocking the porous catalyst layers, hindering the transfer of

This journal is © The Royal Society of Chemistry 2023
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reactants/products, and reducing the overall hydrogen produc-
tion efficiency.” To overcome the shortcomings of AWE, AEME
was developed based on a solid electrolyte (divinylbenzene
polymer support with KOH or NaHCO; (1 mol L™ ')).” Benefiting
from the relatively mild alkaline conditions and the application
of a solid electrolyte, AEME can achieve larger current densities
(0.2-2 A cm™?), a faster cold start to nominal load (<20 min) and
a higher voltage efficiency (52-67%) than AWE at the laboratory
scale.” However, the recent laboratory-scale AEME membrane still
shows poor chemical and mechanical stability and low conduc-
tivity, resulting in a poor lifetime (only ~5000 h).” Therefore,
advancements in membrane optimization, electrode architecture
and catalyst design are key for future commercialization.

Compared with alkaline AWEs and AEMEs, the solid elec-
trolyte/separator (perfluoroacidsulfonic membrane) in acidic
PEMEs is chemically and mechanically stable, enabling the
effective transport of H' protons and realizing a relatively high
cell pressure, wide load range, short time of cold start to
nominal load, large current density, high voltage efficiency
and long lifetime,” as presented in Fig. 2b and Table S1, ESLt
Hence, the flexibility and reactivity of PEME are higher than
those of AWE and AEME, which can be effectively combined
with renewable resources and yield profit from various electri-
city markets. In addition, PEME equipment is relatively simple
and small (1500-2000 cm? much smaller than 10000~
30000 cm? for commercial AWE), endowing PEME with flexible
applications in large cities, temporary scenes and independent
industrial zones.” However, due to the harsh conditions of
high-purity deionized water at 50-80 °C, corrosion-resistant
noble metals, Ti-based materials and protective coatings are
necessary for the electrodes, porous transport layers and bi-
polar plates in PEMEs.” To date, although PEME has been
increasingly commercialized, its system capital cost (700-
1400 USD kW™ " in 2020 and <200 USD kW™ in 2050) is still
higher than that of AWE (500-1000 USD kW' in 2020 and
<200 USD kW' in 2050).” Notably, PEME allows for a
differential-pressure operation mode (reaching 70 bar at the
HER side and atmospheric pressure at the OER side), which can
effectively reduce the use of compressors to obtain compressed
H, gas for subsequent H, storage and delivery, further lowering
the related capital expenditure.” The biggest challenges are the
fouling/degradation of PEME membranes induced by impuri-
ties in water and the expensive usage of noble metals,” making
the development of efficient and cost-effective membranes and
catalysts crucial in the future.

Relative to low-temperature water splitting (<90 °C), high-
temperature water electrolysis (>300 °C) can further improve
the whole hydrogen production efficiency due to the Arrhenius
equation. Specifically, the voltage efficiency for the oxygen-
conducting SOEC is 75-85% in 2020 and should be >85% in
2050 (Fig. 2c¢ and Table S1, ESIf).” The present and future
operating temperature, cell pressure and load range are dis-
played in Table S1, ESL{ Benefiting from advantageous high-
temperature kinetics, SOECs can utilize noble-metal-free oxides
as compositions.” Nonetheless, the high-temperature condition
brings about problems of thermal compatibility and cycle
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performance, leading to a limited lifetime of only <20000 h
in 2020 and 80000 h in 2050.” Additionally, the cold start to
nominal load for SOEC is overly slow (>600 min in 2020 and
<300 min in 2050), and the costs for sealing and replacement
remain high.” Therefore, SOECs are still developed with an
electrode area of 200 cm” in the laboratory at the kW scale.”
To reduce the operating temperature of SOEC, proton-
conducting PCEC technology based on the solid electrolyte of
Ba-Ce/Zr-containing perovskite oxides has been developed."
Compared with traditional SOEC, the PCEC cell can effectively
transport many protons with small ionic radii in the proton-
conducting electrolytes, contributing to its low transfer energy
barrier, high conduction efficiency and reduced operation
temperature at temperatures of 300-600 °C.*> These features
make the PCEC technology a highly promising next-generation
technology for hydrogen production. However, the ceramic and
rare materials used in SOECs and PCECs remain expensive, and
the demand for stable heat resources still limits their long-term
economic feasibility.'* Moreover, certain issues must be solved
for the commercialization of SOECs and PCECs in the future,
e.g., the sealing of the cells at high differential pressure and the
degradation caused by additional contaminants from sealants,
piping and interconnections.”

In addition to the above electrochemical water electrolysis
triggered by electricity, renewable solar energy can be directly
used for water splitting. In 1972, Akira Fujishima and Kenichi
Honda"? reported pioneering work on water photolysis on TiO,,
which is called the Honda-Fujishima effect and brings photo-
catalysis to the forefront of fundamental research in energy
fields. According to the specific energy input, water photolysis
can be divided into three categories: photocatalysis, solar
thermochemical water-splitting cycle and photovoltaic electro-
lysis. Solar and solar-transformed thermal energies are the
inputs of photocatalysis and the solar thermochemical water-
splitting cycle, respectively, while coupled solar and electricity
are applied in the photovoltaic electrolysis. Photocatalysis can
directly split water into H, and O, on photocatalysts, and its
system design is cost-effective and simple."* Recently, Domen
et al."* used an Al-doped SrTiO; photocatalyst to build a 100 m*
panel photocatalytic system with the function of autonomous
H, recovery from gas products, which can be safely operated for
several months. However, the maximum solar-to-hydrogen
(STH) efficiency of photocatalysis is still limited to within 1%.
Recently, Mi et al." optimized the photocatalytic operation
temperature on the InGaN photocatalyst (optimum tempera-
ture of ~70 °C) and realized an STH efficiency of 9.2%, over-
coming the STH efficiency bottleneck of photocatalysis. The
scholars found that this temperature-dependent strategy is
applicable for scenarios using tap water, seawater or natural
solar light. However, the STH efficiency (>10%), photocatalytic
stability (>10 years) and gas separation efficiency of photo-
catalysis should be further enhanced to realize the proposed
commercial cost target (<USD 102 m™?),'® which calls for
continuous advances in system, process, and material design
optimization. The solar thermochemical water-splitting cycle
can transform solar energy into thermal energy via solar
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collectors to realize sequential high-temperature reduction
(2M,0, — 2xM + yO,) and water splitting on a metal oxide
(xM + yH,0 — M,O, + yH,) at hundreds or thousands of
degrees.'” Due to the separated steps of H, and O, production,
gas separation is not an issue for this technology. Moreover, by
simultaneously introducing CO, and H,O to react with metal
oxides, syngas products can be obtained (MO, + CO, — MOy,
+ C0; MO, + H,0 - MOy, + H,)."®" However, the STH
efficiency and solar-to-syngas efficiency of the solar thermo-
chemical water-splitting cycle are still low, at 15-30%"" and
1-4%,'®'? respectively. When coupling solar with electricity in
photovoltaic electrolysis, an STH of 30% can be realized at the
laboratory scale.”® Overall, compared with electrochemical
water electrolysis with much higher hydrogen production effi-
ciency and stable operation, the above photocatalysis technol-
ogies will take more time to achieve further commercialization.

To further analyse the specific costs of green hydrogen
production, we calculate the detailed costs for AWE, PEME,
SOEC (without and with waste heat) and traditional hydrogen
production from natural gas and coal (details in the Supple-
mentary Note and Tables S2-S4, ESIt). As revealed in Fig. 2d,
the present total hydrogen production cost follows the ordering
of grey hydrogen (from natural gas and coal) < AWE < PEME
< SOEC (waste heat) < SOEC, which mainly contains the costs
of capital, operation, maintenance, feedstock and replacement.
Notably, the major cost originates from the feedstocks: elec-
tricity consumption. Specifically, the electricity consumption
levels in AWE, PEME, SOEC and SOEC (waste heat) account for
~72.9%, ~64.0%, ~45.2% and ~36.7% of respective total
costs, respectively. Therefore, reducing the electricity consump-
tion levels in green hydrogen technologies are key for their
commercial development.”

Furthermore, to compare the total hydrogen production
costs in different regions, we calculate the total hydrogen
production costs of AWE, PEME and SOEC in representative
areas worldwide based on the latest electricity prices (Table S5,
ESIt).>! As exhibited in Fig. 2e-g, the total hydrogen production
cost in representative regions for SOEC is the highest, while
that for AWE is the lowest. Notably, due to the differences in
regional resources and electricity prices, the total production
cost greatly varies among different areas, resulting in a very
high hydrogen gap and in mismatching worldwide. The Hydro-
gen Council reported that this situation will be relieved by
global hydrogen flows between areas with high demand and
low supply and areas with low demand and high supply.??
In 2050, China will become the largest hydrogen market, with
200 million tons of hydrogen demand; additionally, global
hydrogen trade will continuously deepen, develop and grow,
where 400 million tons of renewable low-carbon hydrogen and
derivative resources will be inputted into hydrogen flows to
solve the worldwide supply demand imbalance.>?

Overall, the recent major cost of green hydrogen production
comes from electricity consumption. As shown in Table S1, ESL, ¥
designing and developing efficient and stable electrocatalysts to
reduce electricity consumption has become quite important for
optimizing the parameters of green hydrogen technologies.”
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3. Catalyst design for hydrogen
production

Water electrolysers for green hydrogen production contain HER
on cathodes and OER on anodes, which can operate in acidic,
alkaline, neutral, seawater or solid-state electrolytes.>*>® The
overall efficiency and stability of water electrolysers depend on
HER and OER electrocatalysts. The prototypical state-of-the-art
catalysts for the HER and OER are expensive and scarce; for
example, Pt, Pd and Rh are scarce for the HER and RuO, and
IrO, are scarce for the OER.>>*” For acidic water splitting, the
HER kinetics are fast (2H" + 2e” — H,), where noble metal-
based Pt and its alloys*® or nonprecious materials, such as
MoS,,%2°?° NiMoN,,*! CoSe,,** Ni,P,** Mo,C,** MXenes*® and
C;3N,,*° can serve as promising candidates. However, the acidic
OER is sluggish (2H,0 — O, + 4H" + 4e7), and the catalysts are
highly unstable;*” optimized precious Ir/Ru-based materials are
always required to achieve reasonable activity and stability.*®
Recently, some promising nonnoble metal-based electrocata-
lysts have been developed for the acidic OER, such as La- and
Mn-codoped cobalt spinel,*® Co,MnO, spinel,*® y-MnO, oxide*'
and the Ba salt of a Co-phosphotungstate polyanion,** which
still require further optimization and enhancement in activity
and stability.*® Compared with the harsh conditions of acidic
water splitting, the stabilities of electrocatalysts for alkaline
water electrolysis are enhanced, and many efficient catalyst
families for alkaline OER have been developed, such as oxides,
spinels, perovskites and hydroxides.**™*> However, due to the
interfacial water interactions with catalysts to form hydrogen
protons (2H,O + 2e~ — H, + 20H"), the alkaline HER is more
sluggish than the acidic HER.***” This is why designing and
developing alternatives to enhance the stability in acid and
facilitate the alkaline HER are highly sought after.**>' Com-
pared with acidic and alkaline water electrolysis, neutral water
splitting can address the issues of a corrosive working environ-
ment, expensive cation/anion exchange membranes, and anti-
corrosive electrocatalysts, which can enable low-cost direct
seawater electrolysis and bioupgraded chemical fuels.>**>*
However, the kinetics of neutral water splitting are relatively
slow, calling for future advances in the development of efficient
and stable catalysts.”*”* Regarding direct seawater splitting,
overcoming the competition of chlorine chemistry and the
influences of other impurities (e.g,, metal ions and bio-
organisms) are key for the rational design of electrocatalysts.>”
Notably, indirect seawater electrolysis via seawater desalination,
water vapour transport or hygroscopic electrolytes for electro-
chemical hydrogen production may solve the above issues in
direct seawater splitting.>*>® Benefitting from the thermody-
namic effects, high-temperature solid-state SOEC and PCEC
are more efficient than the abovementioned technologies for
hydrogen production; however, the stability levels of electroca-
talysts for SOEC and PCEC should be further increased.>®
From the standpoints of material morphologies, macro-
scopic physiochemical properties, molecular-level structural
information and electronic structural features, we discuss
catalyst design principles and methodologies for green hydrogen

This journal is © The Royal Society of Chemistry 2023
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production. Moreover, insights into the effective screening of
promising material candidates are given, aimed at reducing the
time and cost required for catalyst design and development.
Concerning catalyst morphologies, nanotechnologies are
widely applied to increase material surface areas and improve
atomic utilization and catalysis performance. As illustrated on
the left in Fig. 3a, with decreasing catalyst particle size, material
active surface areas are enlarged and exposed to catalysis
reactions, which is called the size effect.”” Applying various
nanotechnologies can effectively reduce catalyst particle size to
exert a beneficial size effect. For noble-metal-based catalysts,
nanotechnologies can effectively reduce the usage of precious
metals, improve material atomic utilization and reduce mate-
rial costs. The engineering of nanomaterials has developed
rapidly in recent years from 3D nanoparticles (polyhedron,
alloy and core-shell)/nanoframes to 2D nanosheets/nanofilms,
to 1D nanorods/hollow nanorods and further to 0D nanodots/
single atoms®®” (Fig. 3a, middle and right). Notably, 0D single
atoms possess the smallest particle sizes and the highest
atomic utilization levels to enhance the catalysis performance,
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Fig. 3 Methodologies of the rational catalyst design and screening path-
ways. (a) Size effect and different electrocatalyst morphologies. (b) Macro-
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gas-solid contact angle, (Il) magnetism and (lll) electron transfer.
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which has been promoted to the forefront of green hydrogen
production in recent decades.”” However, cost-effective and
scalable nanomaterials should be further developed for future
commercialization. Concerning the element choice, introdu-
cing multiple elements into electrocatalysts can exert beneficial
synergistic effects (e.g., Ni-Fe and Co-Fe couples for efficient
OER) or high-entropy effects (i.e., sluggish diffusion effect,
severe lattice-distortion effect and cocktail effect) to reduce
the overpotentials and Tafel slopes for the OER and HER.>*™%

Regarding macroscopic physiochemical properties, the
material liquid/gas-solid contact angle, magnetism and elec-
tron-transfer capability are often optimized to improve the
catalytic efficiency. For the contact angle, when the liquid/gas-
solid contact angle is <90°, materials show hydrophilicity/aero-
philicity,®” while when the contact angle is >90°, catalysts
exhibit hydrophobic/aerophobic features®* (Fig. 3b(I)). The
hydrophilic/aerophilic catalyst surface can help adsorb liquid/
gas reactants,®> while the aerophobic feature can desorb H,/O,
products in a timely manner to avoid H,/O, coverage on material
active sites; this may enhance the reaction kinetics.®* Actually,
the contact angle is determined by the triple-phase tensions (gas,
liquid and solid), following the Young equation.®® The tensions
are closely correlated with catalyst surface properties,”® making
material surface tuning an effective method for moderating the
contact angle and optimizing the catalysis efficiency. For mate-
rial magnetism properties, ferromagnetism (FM) is defined
when the magnetic moments of two adjacent atoms are parallel,
those for antiferromagnetism (AFM) are anti-parallel, and those
for paramagnetism (PM) show no orderings (Fig. 3b(II)). Report-
edly, FM and coupled material systems can exhibit the effects of
spin polarization, spin exchange and spin pinning to promote
the adsorption/desorption characteristics of intermediates and
enhance electron transport in electrochemical water splitting.**®>
By applying external magnetic fields, these favourable effects can
be enhanced on FM-containing materials to further accelerate
catalysis.®»*® Thus, modulating material magnetism properties is
helpful for optimizing catalysis and improving the water electro-
lysis performance. For electron transfer, the high electrical con-
ductivity of catalysts can boost the electron transport steps and
electrochemical kinetics in water splitting. Notably, a unique
electronic double exchange phenomenon exists in some
systems.®® The double exchange mechanism is that local spin
remains when electrons hop between ions with different oxidation
states.® As demonstrated in Fig. 3b(Ill), the Mn**-O-Mn**
configuration follows the typical double exchange mechanism.*®
If one electron on the O 2p orbital transfers to the e, orbital of the
Mn** ion, the vacant O 2p orbital can accept another electron
from the adjacent Mn®** ion, remaining in the Mn**~O-Mn>*"
configuration without spin variations. A similar phenomenon
exists in the superexchange mechanism, e.g., the Ni**-O-Mn**
configuration.®” These delocalized electron behaviours can help
accelerate electron transfer and improve the performance in water
electrolysis.®”

Material structural properties offer molecular-level active
and stable sites, which are significant for the activity and
stability of water electrolysis. The smallest structural units,
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including tetrahedral, pyramidal and octahedral units (Fig. 3c(I)),
can exert different coordination chemical effects to adsorb/desorb
the reactants, intermediates and products, further affecting the
catalysis performance.®®”° The connection between the smallest
structural units mainly includes the corner-sharing, edge-sharing
and face-sharing configurations.”*”> As exhibited in Fig. 3c(II), by
taking the octahedral transition metal (TM)-O configuration as an
example, we can determine that one TM ion can connect with the
adjacent TM ion via one, two or three couples of TM-O-TM
combined bonds; these configurations are defined as the corner-
sharing, edge-sharing and face-sharing motifs, respectively.”'”
Different connected motifs in local structures show the different
states of active and stable sites. From the corner-sharing structure
to the edge-sharing unit and to the face-sharing motif, the distance
between adjacent TM ions shortens from ~3.9 A to ~2.9 A and to
~2.4 A7"73 The close TM-TM distance may create short reaction
pathways for reactants and intermediates, contributing to the
enhancement in reaction efficiency.”>”* Moreover, the increased
number of TM-O-TM combined bonds from corner-sharing
to edge-sharing and to face-sharing units can help stabilize
the structure, which may improve the durability of water
electrolysis.”>”* Therefore, understanding material molecular-
level structures is important for rational catalyst design. Strain is
induced by material structures, and a strain tuning strategy is
effective for optimizing the water electrolysis performance.””
As shown in Fig. 3c(Ill), the structural strain mainly contains
compressive, tensile and torsional strains.”> Optimal strain can
effectively moderate the adsorption/desorption capabilities of elec-
trocatalysts to improve the performance.”

Under electrochemical water electrolysis conditions, oxida-
tion and reduction processes are triggered, and these proce-
dures are accompanied by variations in material electronic
structural properties, including valence, spin and orbital
states.”® Among numerous TM elements, 4d and 5d TM ions
usually exhibit a low-spin (LS) state due to their strong crystal
fields,”” while 3d TM ions possess abundant electronic
structures.”® By taking trivalent octahedral 3d TM ions as an
example (Fig. 3d(I)), we can find that 3d TM orbitals split into
two high-energy e, orbitals (d,2_y> and d.z) and three low-energy
tog orbitals (dyy, d, and dy,); Mn®* and Fe*" are in the high-spin
(HS) state, Ni*" is LS and Co®" can be either LS, intermediate
spin (IS) or HS.”®”® In recent decades, material e, occupancy,®
covalence,®’ band centre,** charge transfer energy®® and
valence state®® have been successfully exploited as activity
descriptors to guide material design for water electrolysis.
Actually, the underlying correlations among these electronic
structural parameters can be successfully demonstrated by the
physical charge transfer model.®>®® By taking 3d TM oxides as
an example, the unoccupied TM 3d and O 2p orbitals (ie.,
conduction band) are above the Fermi level (Eg), while the
occupied TM 3d and O 2p orbitals (i.e., valence band) lie
below Ey, where unoccupied and occupied orbitals are sepa-
rated by the band gap (i.e., forbidden band),’®®® as illustrated
in Fig. 3d(1I). With the increase in 3d TM valence, the mixing of
TM 3d-O 2p orbitals is enhanced (TM 3d-O 2p covalence
strengthens), along with the shift of unoccupied and occupied
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orbitals to Eg (the orbital band centres move towards Eg) and
the reduced charge transfer energy value (energy difference
between the TM 3d band and O 2p band).**®” Notably, the
overlapping characteristics of unoccupied and occupied orbi-
tals for high-valence Co*", Fe'*, Cu®" and Ni** ions are strong,
eliminating the band gap.®®®®
with metal-like TM sites and active O 2p orbitals to help
promote the adsorption/desorption of H' protons in the
HER®® and trigger possible lattice oxygen participation in the
OER,* respectively. In addition, for TM 3d ions with the same
valence, the TM 3d-O 2p covalence decreases from Cu™" to Ni"",
Co™, Fe"" and Mn"™", while the band centre shifts towards Ep
from Mn™ to Cu™ with decreasing charge transfer energy
values.**®” These important conclusions may be helpful for
the rational design of material electronic structural properties
to optimize the performance of water electrolysis.

Finally, to effectively screen and exploit active and robust
electrocatalysts for green hydrogen production, we show
rational and instrumental pathways and methodologies for
guidance. As described in Fig. 3e, first, data are collected from
various experimental and computational material physico-
chemical parameters and their corresponding performance
characteristics from databases or literature as the input into
the artificial intelligence machine learning algorithm. Machine
learning can reveal the relationships between various material
physicochemical parameters and material performance to
demonstrate the structure-activity relationships and determine
promising new catalysts. Then, predicted material candidates
are experimentally synthesized and characterized via systematic
operando, in situ and ex situ characterizations to offer detailed
insights into catalyst morphologies, macroscopic physiochem-
ical properties, molecular-level structural information, electro-
nic structural features and adsorption capabilities. The
methodologies for designing of experiments® and statistical
analyses®® are powerful to help understand the underlying
structure-activity relationships in this step. These results and
conclusions should offer sufficient and reliable information for
computational calculations and simulations. From numerical
simulations (NSs) to molecular dynamics (MDs) and to density
functional theory (DFT) calculations, we can theoretically reveal
and understand the possible catalysis mechanisms from the
macroscopic to the microscopic level. The newly extracted
experimental/computational parameters and findings can sup-
plement the old database or even overcome the prior structure—
activity limitations to build new relationships and descriptor
systems for future material design and development. Through
continuous screening, feedback and updates, further efficient
and robust electrocatalysts are effectively developed, promoting
the future commercialization of green hydrogen technologies.
To date, from a theoretical standpoint, descriptor-based ana-
lyses are mostly applied based on the adsorption energies
of the reaction intermediates.?®°?** In addition, numerous
other descriptors have been developed, such as the orbital e,
occupancy,®® band centre,®°°™” charge transfer energy,®*°®
valence state,®* outer electrons,” ionic electronegativity,
bond strength,'®" coordination number,'®* strain,'®* tolerance

This can endow the above ions
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factor,'®* Curie/Néel temperature,'
mation energy,'®” electrocatalytic symmetry/asymmetry,
and multiphysicochemical material properties."’® Although
descriptor-oriented machine learning has been utilized for
screening HER and OER catalysts, the lack of sufficient and
reliable datasets and methods still limits their wide applicabil-
ity in water electrolysis."*"'"

4. Hydrogen storage

Storing hydrogen efficiently, safely, and economically is impor-
tant for hydrogen delivery and onboard hydrogen storage
processes. Physical-based hydrogen storage is the most mature
method, in which 350 and 700 bar nominal working pressure
compressed gas tanks are widely used for onboard automotive
utilization (compressed gas in Fig. 4a)."™® The aboriginal gas
tanks are made of aluminium or steel (type I), which can store
hydrogen at a maximum pressure of 300 bar.''* Certain
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additions, such as carbon-fibre windings (for type II and type
I1I) and polymer liners (for type IV), which can strengthen the
physical qualities, have been adopted to increase the hydrogen
storage pressure capacity. Type IV hydrogen tanks, which have
composite material-based inner liners and are encased in an
outer wrapping made of carbon fibre, can store hydrogen at a
maximum pressure of 700 bar; the reported gravimetric capa-
city is 5.7 wt%."*® Although type IV hydrogen tanks have been
widely used in fuel cell vehicles, the system cost can reach
approximately USD 500 kg~ H,, which is almost twice the
ultimate target (USD 266 kg~ H,) of the Department of Energy
(DOE)."*® Moreover, the type V tanks are composed of light-
weight composites that are integrated without a liner, thereby
realizing a 20% reduction in weight. However, these tanks can
only be used in low-pressure ranges (operation pressure: 14 bar
and proof pressure: 69 bar), and they are still being
researched.'"’

Hydrogen can be stored in liquid form. Low-temperature
liquid hydrogen has a high volumetric storage capacity of 30—
50 g H, L' depending on the storage vessels''® (liquid hydro-
gen in Fig. 4a). The precooled Claude method and the helium
refrigerated system are commonly used during the hydrogen
liquefaction. The main challenges for liquid hydrogen in prac-
tical processes are reducing the total cost of cooling liquefac-
tion and maintaining low temperatures to prevent boil-off. To
date, liquid hydrogen is not considered the best method for
automotive hydrogen storage. However, liquid hydrogen is an
ideal energy source for applications requiring high energy
density and gas purity levels, such as spaceflight projects.

Cryo-compressed hydrogen storage systems that combine
the two technologies discussed above appeared early in this
century (cryo-compressed gas in Fig. 4a). The implemented
pressure and temperature levels depend on the specific usage
scenario. Regarding onboard usage, a high pressure and low
temperature, ie., 500 bar and 80 K, are required for high
hydrogen density (75 g H, L") applications."*® Loose storage
conditions are relatively suitable for hydrogen delivery consid-
ering the total cost, especially regarding the prevention of heat
leakage during prolonged storage. The high-pressure insulated
vessel can decrease liquid hydrogen boil-off losses, thereby
extending the storage period. Relative to type IV hydrogen
tanks, the consumption levels of carbon fibre composites and
the system costs of cryo-compressed hydrogen storage systems
are decreased by 46% and 21%, respectively."*® According to
the gravimetric and volumetric targets proposed by DOE, cryo-
compressed hydrogen storage is a potential candidate for
automotive applications. Improving infrastructure availability
and reducing its cost are the key focuses of the next steps.

Although physical-based hydrogen storage strategies are
valuable and important, their hydrogen capacity and energy
density, remain limited. Alternatively, increasing efforts have
been devoted to material-based hydrogen storage methods,
achieving a relatively high hydrogen storage capacity under
moderate pressure and temperature conditions and resulting
in improved safety and reduced consumption levels for H,
storage and transportation applications. Hydrogen storage
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materials (HSMs) can store hydrogen in two different manners:
physisorption and chemisorption.>® For physisorption, the
hydrogen storage capacities positively relate to the specific
surface areas of the materials (physical adsorption in Fig. 4a).
Porous materials, such as metal-organic frameworks (MOFs),
covalent organic frameworks (COFs), zeolites, and carbon
materials are ideal candidates for physisorption HSMs."*?
Hydrogen molecules gather on the surfaces of HSMs through
van der Waals forces with low binding energies (4-10 kJ mol ™
H,), leading to superior hydrogen adsorption/desorption
kinetics."”* However, the low binding energy makes it difficult
to trap hydrogen molecules at moderate temperatures and
pressures. The hydrogen storage capacities of these materials
depend greatly on the operating conditions. For example, the
reported gravimetric capacity of carbon aerogel decreases from
5.3 wt% to 0.9 wt% when the temperature increases from 77 K
to 298 K."** Introducing hydrogen affinity metal ions/nano-
particles into porous materials can improve the binding energy,
making it possible to store hydrogen via physical adsorption at
room temperature. Another challenge is to screen high-
performance candidates for physisorption because there are
over one million reported MOFs/COFs/zeolites.'*® Parts of the
datasets are first simulated by the grand canonical Monte Carlo
(GCMC) method for obtaining the hydrogen storage properties.
Machine learning models are then utilized to fit the chemical/
topological/crystallographic features and the corresponding
calculated hydrogen storage properties of the porous materials.
Finally, the accuracy and robustness characteristics are vali-
dated to obtain the best model. The obtained machine learning
model can accurately predict the hydrogen storage properties with
less than 0.02% of the computational resources of GCMC."*® This
technology can significantly shorten the screening process.
Furthermore, machine learning models can predict the hydrogen
storage performance levels of chemisorption HSMs once suitable
features and sufficient training data are available.

Chemisorbed HSMs can be classified into several subclasses,
including interstitial (Fig. 4a PdH, ), metal (Fig. 4a MgH,),
complex (Fig. 4a Mg(BH,),), and chemical (Fig. 4a nNH3;BHj;)
hydrides. Hydrogen absorption/desorption is accompanied by
the dissociation/recombination of hydrogen molecules, during
which a high energy barrier must be overcome. Thus, the
operating temperatures of the chemisorbed HSMs are signifi-
cantly higher than those of the physisorbed HSMs. Interstitial,
metal, and complex hydrides are all metal-based HSMs, indicating
that they possess similar features. First, most of the hydrogen
adsorption/desorption reactions of these HSMs are gas-solid
reactions; thus, the kinetics are influenced by the solid phase
mass transfer and surface reaction processes. Consequently,
catalysing and nanoscaling HSMs are essential for improving
the kinetics. Second, these hydrides are easily passivated by
gaseous contaminants, such as O,, H,O, and CO, in the air,
sharply decreasing the hydrogen reactivity level. Certain techni-
ques, such as surface modification and nanoconfinement, are
conducted to alleviate kinetic degradation."””**° Finally, an effi-
cient vessel (hydride tank in Fig. 4a) to store the hydride powder is
a vital part of practical utilization. A heat transfer system and a
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hydrogen flux control system should be included in a typical
hydride tank, achieving a much higher volumetric capacity than
that of a gas tank at room temperature."*° Recently, hydride tanks
have been designed to be combined with pressurized hydrogen
(<30 MPa) to form a new type of composite tank: a high-pressure
metal hydride (HPMH) tank."*' In an HPMH tank, compact
hydrogen storage is achieved via both material-based and
physical-based methods: hydrogen is first released from the
pressurized gas, followed by the desorption of solid-state metal
hydrides. This strategy is highly appropriate for metal hydrides
with high-pressure plateaus, such as LaNis.

Despite the similarities, the gravimetric capacity and rever-
sibility characteristics of the three types of hydrides vary greatly.
Interstitial hydrides generally show excellent reversibility near
room temperature because of the weak metallic bonds between
hydrogen and metal atoms. However, the gravimetric hydrogen
densities of these hydrides are low (<2 wt%), and most of them
are nonstoichiometric because the hydrogen atoms occupy the
interstitial sites of metal crystals."** Distinguished from inter-
stitial hydrides, metal hydrides have specific stoichiometric
formulas and different crystal structures from their counterpart
metals. Usually, metal hydrides exhibit higher gravimetric capa-
city than interstitial hydrides (Fig. 4b). However, the dehydro-
genation temperatures of the metal hydrides are relatively high
(>200 °C) because the chemical bonds in these hydrides are
commonly ionic or covalent, which are more difficult to break
than interstitial bonds."”* For example, MgH, can reversibly
store 7.6 wt% hydrogen, but its desorption enthalpy reaches
74 k] mol ™" H,, resulting in a high operating temperature of over
300 °C under atmospheric conditions. Complex hydrides are
metal salts containing a metal cation centre and surrounding
hydride anions, such as alanates (JAIH,] ), amides ([NH,] ),
imides ([NH4]"), and borohydrides ([BH,] )."** These hydrides
possess extremely high theoretical hydrogen storage capacities.
For example, the gravimetric capacity of LiBH, is 18 wt%, which
is 11 times that of the commercially used hydride-forming alloy
LaNis. However, the poor reversibility, impure gaseous products,
and high decomposition temperature have hindered their
onboard utilization. Another possible application scenario of
complex hydrides is as a disposable hydrogen source by hydrolysis
reaction, providing high-purity hydrogen for proton-exchange
membrane fuel cells (PEMFCs) directly."*

Chemical hydrides, including organic and inorganic
hydrides, are promising candidates for hydrogen carriers due to
their high gravimetry and easy handling. For example, ammonia
borane (nNH;BH3) is one of the highest-capacity hydrogen storage
materials (19.6 wt% in gravimetric capacity and 151 g H, L™ " in
volumetric capacity). Another advantage is the high compatibility
with the existing energy infrastructures.*® Most chemical
hydrides can be transported in gaseous or liquid form, indicating
that the existing pipelines for natural gas or oil can be updated
to satisfy the requirements of chemical hydride delivery. Noble
metal-based catalysts are always necessary to improve the poor
dehydrogenation kinetics."*” The reversibility characteristics of
chemical hydrides are far from satisfactory since the reactions are
thermodynamically difficult, especially for inorganic hydrides.
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Moreover, the large enthalpies of the organic hydrides determine
a high dehydrogenation temperature. Incorporation with other
atoms, such as boron or nitrogen, can reduce the dehydrogena-
tion enthalpy to a certain extent.'*®

Although various methods for hydrogen storage have been
developed, few can fulfil all the requirements of onboard
hydrogen storage raised by the DOE considering critical tech-
nical specifications (Fig. 4b and ¢ and Table S6, ESIt)."**
Physical-based methods, especially compressed hydrogen, are
compromised in the present stage. Contrary to physical-based
methods, material-based methods are attracting further atten-
tion, and they are regarded as final solutions due to their
environmental, economic, technical, and social advantages.140
To achieve this feat, specific technical barriers should be over-
come. First, the overall performance characteristics of the HSMs
should be improved. According to the above descriptions, most
chemisorption-based HSMs show high operation temperatures
over 200 °C, making them unsuitable for onboard utilization.
This issue can be modified from the aspect of kinetics and
thermodynamics. Certain strategies, such as catalysing and
nanosizing, can reduce the energy barriers of dehydrogenation
reactions.'*'™** Additionally, multialloying by atomic doping or
element substitution and compositing can change the enthalpy
levels of the reactions. Second, system costs should be further
reduced, including capital, finance, operation, maintenance,
repair and replacement costs. For example, by adjusting the
electronic structures, nonnoble metal-based catalysts probably
perform better than noble metal-based catalysts. Finally, the
coupling between hydrogen storage and consumption systems
should be further developed. A typical case is hydrogen heat
coupling between hydride tanks and solid oxide fuel cells
(SOFCs). For example, the wasted heat from SOFC can be reused
to facilitate the dehydrogenation of metal hydrides in metal
tanks, thereby improving the system energy efficiency.

5. Hydrogen delivery

Hydrogen delivery is a necessary process in the future hydrogen
society, considering that significant geographical separation
generally exists between centralized hydrogen production facil-
ities and end use. The potential delivery routes are closely related
to the detailed scenarios, e.g., the technical maturity of various
hydrogen storage technologies and the state of hydrogen at end
use. (Fig. 5a). However, specific technical challenges still exist,
and reducing the economic cost is the most critical issue for
hydrogen delivery."** The DOE has proposed that the ultimate
goal of the total hydrogen delivery cost should be less than half
the cost of hydrogen end-use sales (USD 4 kg~ " H,), namely,
less than USD 2 kg™ H,."** In this section, we discuss the
various modes of hydrogen delivery desirable for the future
hydrogen society and the key technical issues to be addressed.
Moreover, we propose designs of hydrogen production and
delivery routes based on some hypothetical scenarios to meet
the end-use cost target of hydrogen by our original techno-
economic analysis.
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In the future hydrogen society, the delivery process generally
consists of three levels: transmission, distribution, and dispen-
sing. Transmission is the large-scale and long-distance trans-
port of hydrogen or hydrogen carriers from central hydrogen
production facilities in renewable-rich regions to regional
transfer terminals. Then, distribution sends hydrogen to cen-
tralized hydrogen use sites and hydrogen refuelling stations;
the fuel-cell vehicle (FCV) is a very important scenario for
hydrogen use. Finally, dispensing delivers hydrogen to end
users in different locations through refuelling stations or city
pipeline networks. For the actual delivery route design, multi-
level transport by combining different delivery modes should
be appropriately planned based on volume, distance, geo-
graphic conditions, circulating period, policies and safety to
reduce the total delivery cost (Fig. 5a). Thus, delivery pathway
design and optimization are needed to evaluate the costs
and other impacts of specific scenarios.'*” In addition, on-
site hydrogen storage can be implemented in renewable-rich
regions without hydrogen delivery by combining the hydrogen
production with water electrolysis, hydrogen storage, and
fuel cells power generation; furthermore, this system can con-
vert highly volatile renewable electricity to grid-connected
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sidered. The calculated total levelized costs of hydrogen at the refuelling
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electricity. Due to a high capacity and long storage period, this
approach can compete with battery energy storage.'*®

The transportation of pressurized or liquefied hydrogen in
gaseous tubes (100-350 bar) or liquid tank trailers (20 K) are the
main delivery modes in the present stage.'** Hydrogen liquifi-
cation requires a higher energy consumption and a lower
storage temperature than liquefied natural gas (LNG), signifi-
cantly increasing the cost. Cryo-compressed hydrogen (200 K,
700 bar or higher) for delivery is attracting substantial attention
because it has a much higher volumetric energy density than
compressed gaseous hydrogen and a lower energy consumption
level than liquid hydrogen.'*” In addition, a good match of the
hydrogen state (pressure and temperature) between delivery
and end use can obviously reduce the cost. The implementation
of trailers for hydrogen delivery applications has a low capital
cost and provides good investment flexibility. However, by
enlarging the delivery scale, this technique loses its economic
advantages because both the capital and operation costs grow
linearly. To date, pipelines are widely recognized as the most
economical mode for large-scale hydrogen delivery. Studies by
the European Union (EU) show that the levelized cost of
hydrogen delivery by pipeline is USD 0.11-0.20 kg™ H, per
1000 km."*® Although the estimated values of this cost vary
considerably in different studies due to the lack of sufficient
examples of hydrogen pipelines, it is still widely acknowledged
that this cost only occupies a relatively small fraction of the
total cost for delivery in a mature hydrogen society. Hydrogen
pipelines can repurpose existing natural gas (NG) transmission
networks with appropriate modifications, significantly reducing
the initial investment, and the repurpose cost is approximately
10-33% of the cost of building new hydrogen pipelines.'*
Developing pipeline materials (with low cost, low sensitivity to
hydrogen embrittlement, low leakage rate and good high-
pressure resistance) and compressor technologies with high
efficiency are the main technical challenges. Furthermore, the
recent bottlenecks in developing hydrogen pipelines still mainly
lie in the low hydrogen supply-and-demand capacity, high initial
investment for the low hydrogen market, safety issues, and social
acceptance. Blending hydrogen in NG pipeline networks as a
fuel component, mainly for combustion applications, is an
important approach to hydrogen delivery and use to reduce
the use of fossil energy.'*® The issues of pipeline modification
costs, safety, and end-use modifications should be considered
based on different blending proportions of 5-50% hydrogen in
gas. However, it is still not cost-effective to purify hydrogen from
the blending gas.

Converting hydrogen into liquid hydrogen carriers to readily
store and transport it for delivery is an important route
(Fig. 5a).">' Ammonia and methanol are widely recognized
carriers, and some other liquid organic hydrogen carriers
(LOHCs), such as benzene and naphthalene, are still being
researched. Increasing the hydrogen storage capacity and
decreasing the (de)hydrogenation temperature of carriers are
the targets for material selection and development.'*®'>> The
delivery process generally consists of centralized hydrogen
carrier synthesis (conditioning), hydrogen carrier delivery,
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dehydrogenation and purification (reconditioning), and possi-
ble byproduct recovery. The storage and delivery of hydrogen
carriers can exert full advantages of the existing infrastructures;
thus, its capital cost is lower than that of building a new
hydrogen pipeline, and its delivery cost can be generally lower
than that of liquid hydrogen. However, the synthesis and
dehydrogenation processes require substantial energy con-
sumption and economic cost levels. For example, ammonia
synthesis and cracking consume approximately 7-18% of the
energy of the corresponding hydrogen;'*® the ideal state is that
this energy consumption can come from the waste heat of
industrial sources. Therefore, the delivery of hydrogen carriers
is generally suitable for ultralarge-scale delivery or scenarios
not suitable for pipeline construction in a future hydrogen
society. Developing efficient and low-cost catalysts and reactors
for hydrogen carrier synthesis and dehydrogenation are key
technical issues for improving the maturity and reducing the
cost of the hydrogen carrier delivery route. The miniaturized
onboard dehydrogenation reactor for automotive applications
using a hydrogen carrier as a fuel is viewed as a potential
solution. In addition, with technical maturity improvement and
cost reduction, material-based hydrogen storage methods have
the prospects to be applied in hydrogen delivery in the future.
Overall, a preliminary selection of the economic hydrogen
delivery route can be generally achieved regarding the delivery
volume and distance; the EU has provided the following strict
yet directional suggestions.'>® Trailers are suitable for small-
scale hydrogen delivery (volume of approximately less than
10 tons H, per day and distance of less than 200 km). The
pipeline is the best choice for large-scale delivery (more than
approximately 10 tons H, per day) in long-range transmission
and short-range distribution. Hydrogen carrier shipment is
considered especially for ultralarge-scale and intercontinental
delivery (more than approximately 100 tons H, per day).
Hydrogen refuelling stations are both the terminals of
hydrogen-delivery networks and the hydrogen sources for FCVs.
The regional distribution densities of refuelling stations should
match the market penetration of FCVs, where the lack of access
is an important factor limiting the large-scale commercializa-
tion of FCVs in the present stage. The cost of refuelling stations
still occupies a large proportion of that of hydrogen end-use
sales to date. With increasing market penetration of FCVs,
especially commercial vehicles, the size of refuelling stations
is significantly enlarged, and the levelized capital costs of
refuelling stations (USD kg ' H, per day) decrease following
the scale effect."> Based on the location of hydrogen production,
refuelling stations can be divided into off-site and on-site
stations. For the off-site station, hydrogen is transported from
the centralized hydrogen production facilities, and the station
only serves short-term hydrogen storage and hydrogen dispen-
sing to FCVs. The primary and costly equipment in stations
includes compressors, hydrogen storage tanks, dispensers, and
precoolers. For future development, reducing the capital cost
and improving the efficiency of a stationary small-scale com-
pressor, reducing the capital cost of a hydrogen storage tank,
increasing the hydrogen circulating efficiency by appropriate
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demand forecasting and planning, and designing fast and safe
refuelling strategies should be considered at the station level. In
addition, the on-site station produces and dispenses hydrogen
inside the station via stationary water electrolysis devices or
hydrogen carrier reformers.">> Relative to centralized hydrogen
production, the cost of stationary hydrogen production is higher
due to the utilization of expensive small-scale devices, compres-
sors, and renewable electricity. Therefore, a clear trade-off
between the costs of hydrogen production and delivery generally
exists.'** In general, the two routes (off-site and on-site stations)
are promising, and the issues of cost and safety are the main
measurable factors for choosing a comprehensive route.

From this perspective, we give two hypothetical scenarios,
design detailed routes of hydrogen production and delivery,
and calculate their total levelized cost of hydrogen (LCOH) at
the refuelling station. Notably, the renewable electricity prize
highly influences the costs of hydrogen production and deliv-
ery, and it keeps decreasing with the rapid development of
renewable generation facilities, such as photovoltaic (PV) and
onshore/offshore wind facilities. Thus, a reduced renewable
electricity prize in the future is assumed and used in our
calculations. The first scenario is hydrogen delivery within the
continent, from renewable-rich regions to energy-consuming
regions, where we take the example of hydrogen transport from
Gansu Province to Shanghai, China (approximately 2000 km, see
Fig. 5b for results and Supplementary Note 1 and Tables S2 and
S7-S10, ESI¥ for specific parameters). In this case, the transmis-
sion is conducted by transporting through a hydrogen pipeline
or by repurposing an NG pipeline; distribution is conducted by
city pipeline networks or compressed gas tube trailers. Notably,
the difference in hydrogen pressure between the two distribution
methods leads to a difference in the cost of refuelling. In
addition, the route of stationary hydrogen production is con-
sidered. The calculations show that through the route of cen-
tralized hydrogen production, by repurposing the NG pipeline
for transmission and the tube trailers for distribution and
determining the corresponding refuelling (i.e., 1-b-II route in
Fig. 5b), the terminal cost of hydrogen at the refuelling station
can be less than USD 4 kg~ ' H,; additionally, the delivery cost
(<USD 2 kg™ ' H,) is less than half of the total cost, which can
meet the economic goal proposed by the DOE. The adoption of a
hydrogen pipeline for transmission increases the cost to over
USD 4 kg~ ' H, due to the high initial capital cost; the corres-
ponding cost should be reduced with the further increase in
delivery scale and service life. Moreover, the cost of the route of
stationary hydrogen production highly depends on the local
electricity price. The second scenario is intercontinental hydro-
gen delivery, for which we use hydrogen transport from Australia
to Japan as an example (approximately 7500 km; for results, see
Fig. 5c; for specific parameters, see Supplementary Note 1
and Tables S2, S8-S17, ESIt). The transmission is conducted
by the shipment of liquid hydrogen and hydrogen carriers
(ammonia and methanol). Although reconditioning from car-
riers to hydrogen leads to the substantial cost, the total costs of
carrier delivery are still lower than those of liquid hydrogen
delivery in this hypothetical scenario; furthermore, the terminal
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cost of hydrogen after adopting either ammonia or methanol as
a carrier in the delivery route is approximately USD 7 kg™ " H.,.

6. Hydrogen use

Hydrogen is broadly applicable in the fuel, biorefining, metal-
lurgy, aerospace, and pharmaceutical industries. Herein, we
emphasize hydrogen as an energy vector. Fuel cells are widely
recognized as optimal power devices for hydrogen use to date.
Two types of cells, PEMFCs with operating temperatures below
100 °C and SOFCs with operating temperatures of 350-1200 °C,
have attracted substantial attention due to their relatively high
technical maturity and commercialization among various kinds
of fuel cells.'>¢71%8

PEMFC shows the advantages of high conversion efficiency
(40-60%), fast dynamic response, and good modularity and is
the closest to the mass market relative to other types of fuel
cells.”® The PEMFC stack is considered a promising choice for
stationary and portable applications, especially in the field of
FCVs. However, breakthroughs in the system cost and durability of
PEMEFC stacks (<USD 76 kW' and >8000 h) are still needed to
propel the commercialization process.'® Continuous development
of high-performance material systems with acceptable prices and
properly optimized cell structure designs are critical for increasing
the stack power density. For basic material development, novel Pt-
based catalyst systems with modified compositions and structures
are highly capable of boosting the specific activity and stability,
such as Pt alloys,"®""®* strained Pt electrodes,'®® microstrained Pt-
based catalysts,'®® Pt nanostructures,'*”**® and Pt concave nano-
particles and cavities."**"”® In addition, carbon-based materials
doped with nitrogen and transition metals have made impressive
achievements in replacing Pt-based catalysts for fuel cells."”*™"7* In
the next 5-10 years, Pt alloys with micromodifications or nanomo-
difications can still be the mainstream catalysts for fuel cells due to
their comprehensive advantages in terms of performance, durabil-
ity, maturity, and cost. For cell design, order-structured membrane
electrode assembly (MEA) and integrated bipolar plate-MEA (BP-
MEA) designs are promising directions for next-generation PEMFCs
due to their potential in building highly efficient mass transport
pathways and achieving high power density at ultralow catalyst
loading."®” Moreover, with the increase in market scale, the situa-
tion can be improved, especially from the cost perspective; this
shows potential for developing an extensive and comprehensive
infrastructure distribution.

With high efficiency and broad application prospects, SOFCs
have good fuel adaptability and flexibility and can directly use
crude hydrogen, ammonia, and various hydrocarbon fuels,
such as biomass gas. SOFCs are very promising in thermal-
electric cogeneration applications relative to other cells, and
the overall efficiency can exceed 90% when heat is effectively
utilized." In this stage, the development of SOFCs is focused
on reducing the cost and improving the durability (DOE targets
of <USD 450 kW' and >40000 h)."®” The following aspects
should be achieved to enable the low-cost and stable produc-
tion of industrial-sized single cell batches: (i) optimizing the
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low-temperature preparation methods of dense thin-film elec-
trolytes; (ii) improving the electrochemical activity of the cath-
ode and inhibiting delamination and chemical diffusion at the
electrode—-electrolyte interface; (iii) strengthening the resistance
of the anode to coarsening, carbon deposition and redox
cycling; (iv) developing new and promising composite sealing
materials; and (v) exploring cell durability with accelerated
experimental methods. In the long run, achieving low-temp-
erature (350-600 °C) operation will continue to be the main-
stream development trend of SOFCs.'”® The development of
cathodes with high electrochemical catalytic activities at low
temperatures and the use of proton-conducting electrolytes are
the main methods for reducing the operating temperature,
requiring long-term research. Proton ceramic fuel cells (PCFCs)
conduct much smaller protons and have lower activation
energies than oxygen ion-conducting SOFCs, thus offering
attractive potential for high-performance and low-temperature
operation.'” In addition, SOFC can operate reversely as an
electrolyser (a reversible solid oxide cell (RSOC)), which can
effectively reduce the complexity and improve the flexibility
between hydrogen-to-electricity and electricity-to-hydrogen
modes in the future hydrogen society.

7. Summary and outlook

Although the current proportion of hydrogen energy in the total
final energy-consumption system is small, hydrogen will
remain in high demand when realizing a sustainable society
due to its important and indispensable roles in production,
living, the environment, and the economy. This demand is
pushing the development of related technologies for hydrogen
production, storage, delivery, and usage.

Regarding hydrogen production, renewable and sustainable
green hydrogen production is expected to replace the tradi-
tional grey hydrogen and blue hydrogen production modes in
the future due to the presence of the lowest future cost of ~1
USD kg~ ' H,. However, high cost is a major barrier for the
development of green hydrogen production. Systematic analy-
sis of the advantages and disadvantages of representative
technologies, such as AWE, AEME, PEME, SOEC and PCEC, is
conducted to note their development directions. Our techno-
economic calculations reveal that the major cost of the above
technologies originates from their high consumption of elec-
tricity, where the different electricity prices in different regions
lead to very high hydrogen supply-and-demand gaps, and they
facilitate global hydrogen flows. This phenomenon calls for the
advancement of power-generation technologies. Moreover,
developing and screening efficient and robust electrocatalyst
candidates is key for reducing electricity consumption and
production costs. From catalyst morphologies, macroscopic
physiochemical properties, molecular-level structural informa-
tion and electronic structural features, we offer comprehensive
and robust insights into the rational design of promising
electrocatalysts. Furthermore, an effective framework for
screening potential material candidates based on big data
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and artificial intelligence is given, aimed at constantly updating
the optimal electrode electrocatalysts to reduce the cost and
accelerate the commercialization of green hydrogen production.

Storing hydrogen in a dense and safe manner remains a
critical challenge. Commercially, physical-based hydrogen sto-
rage exhibits high acceptance and limited energy density. The
scientific community places great importance on material-
based hydrogen storage for on-board applications, where most
solid-state chemisorption systems need to overcome the kinetic
and thermodynamic obstacles to reduce the dehydrogenation
temperature below the target of 85 °C proposed by DOE with a
guaranteed hydrogen storage capacity (>6.5 wt%). Experi-
mental strategies, such as nanostructuring, catalysis, composit-
ing and surface/interface engineering, have offered promising
solutions to these intrinsic limitations. New kinds of hydrogen-
storage material development and performance prediction
based on machine learning and big data should be expected,
although very few works have been undertaken in the recent
field. The design and management of hydrogen, thermal, and
electric coupling should be carefully considered in a practical
hydrogen storage-consumption system.

Reducing the cost of hydrogen delivery to meet the DOE
target of the terminal cost at the refuelling station with less
than USD 4 kg~ ' H, and a delivery cost of less than USD 2 kg™ *
H, is a cornerstone for a mature hydrogen society. The delivery
process generally consists of transmission, distribution and
dispensing with different transport scales. The shipment of
hydrogen carriers, large-scale transport by hydrogen pipelines,
small-scale transport by trailers, repurposing of NG pipelines,
blending of hydrogen into NG, and distributed/stationary
hydrogen production are all potential and promising modes.
These modes can be properly combined to constitute a multi-
level delivery route based on specific scenarios, including the
factors of volume, distance, geographic conditions, circulating
period, policies, and safety. Our original techno-economic
calculations show that with a reasonable route design for
hydrogen production and delivery, the terminal cost at the
refuelling station can meet the DOE cost target.

For hydrogen use, fuel cells are indispensable for hydrogen
applications, among which PEMFCs and SOFCs already show
relatively high technological maturity. Developing the basic
materials and design of the cells and systems is still urgently
required to further improve the efficiency, prolong the dur-
ability, and reduce the cost for the large-scale commercializa-
tion of fuel cells in a hydrogen society.
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