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Abstract: Catalyst development is a process of evolution. The new generation of single
metal sites catalysts, with isolated single metal atoms dispersed among the substrates,
offering maximum atom-utilization efficiency (100 %), high specific activity and
unique property, thereby bridging the gap between homogeneous catalysts and
heterogeneous catalysts. The field is at an early stage, characterized by numerous
discoveries and novel demonstration of catalytic properties associated with the fine
structure of single metal sites, but specific applications are still lacking. Based on our
studies on hydrogen generation/storage with single metal sites catalyst, this review will
focus on summarizing the applications of single site catalyst in hydrogen economy.
Hoping this work will inspire more summarization on single sites catalyst development
from other applications.
Introduction

Hydrogen (Hz>) is regarded as an ideal alternative clean energy source, because of
its high mass energy density, and producing only water upon combustion.™*4 Therefore,
hydrogen has been applied in different fields to replace the traditional hydrocarbon
energy supply, especially in polymer electrolyte membrane fuel cells (PEMFCs) which
leads the world’s energy structure shifting from fossil fuel economy toward a much
cleaner and more reversible hydrogen economy.>"1 Hydrogen element is abundant on
Earth, it is widely exhibiting in a large number of hydrogen-containing compounds,

such as methane, water, alcohols, hydrocarbons. To extract H> from these compounds,
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numerous catalysts have been developed, including both homogenous and
heterogenous catalysts.[1%

On the other hand, Zhang and co-workers firstly proposed the concept of single-
site catalyst: isolated identical active sites dispersed on the solid surface, via
successfully demonstrating single Pt sites anchored on iron oxide support (Pti/FeOx),
which opened up a new research frontier in catalysis.[*Y] Since then, with the unique
electronic structure and maximum atom utilization, single-site catalysts have been
applied in all catalytic fields.[!) Compared with heterogeneous nanocatalysts or
homogeneous molecular catalysts, single-site catalysts offer several advantages. Firstly,
single-site catalysts achieve the maximum utilization of atoms in heterogeneous
catalysis,[*® which is critical to the practical use of noble metal catalysts. Previous
studies of nano-catalysts reveal that undercoordinated metal atoms are actual catalytic
active sites. Therefore, the specific activity per metal atom usually increased with the
decreasing size of particles as smaller particles contain more low-coordinated sites. In
principle, the limit small size for catalytic particles, is single-site, which resulted in
excellent catalytic performance of single-site catalysts.'*%1 Secondly, single-site
catalysts with definite structures provide an ideal model for investigation of reaction
fundamentals.['®11 Each active site of single-site catalysts is structurally well-
characterized, spatially isolated, and therefore has the identical interaction with the
reactants. Moreover, the interaction between single atom sites and their neighboring
coordinated atoms will greatly alter the electronic properties and thus catalytic activity
of single-site catalysts, which is similar to the molecular defined organometallic
catalysts. Therefore, the single-site catalysts offer a connection between homogeneous
catalysis and heterogeneous catalysis.'®2% Thirdly, the prospects for large-scale
application have motivated academic and industrial efforts on the scale-up of single
metal sites catalysts synthesis, with Ding Ma group having played a leading role by
developing large-scale syntheses to kg level 21221 Thus, these achievements provide the
potential for cost-effective mass production of single metal sites catalysts and
subsequently may open a window for their industrial application.

With its unique electronic properties and structure, as well as exceptional catalytic



performance, the single-site catalyst has been widely tested in different catalytic field.
Numerous discoveries and novel demonstration of catalytic properties associated with
the fine structure of single metal sites had been found and well-summarized,?*?4 but
applications are still lacking. Especially, the summarization of specific direction of
application are rare. This review will focus on summarizing the applications of single
site catalyst in hydrogen economy. Hoping this work will inspire more summarization
on single sites catalyst development from others application direction. And finally place
the studies in perspective and point out the research opportunities.

In this short review, we will first summarize the state of art works on the
application of single-site catalysts in hydrogen evolution reaction from different
hydrogen-rich molecules (i.e. water, methane, methanol) (Figure 1). The advantages
and disadvantages of single metal sites catalysts will be discussed. Then, a short outlook
will be given on the existing problems with feasible solutions and the potential

opportunities.
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Figure 1. Hydrogen production form different hydrogen-rich molecular on single-site
catalysts.
Hydrogen evolution from water

Water is the main constituent of Earth’s hydrosphere, covering 71% of Earth’s
surface. As a hydrogen contained molecular, water could potentially be the most

abundant hydrogen source by breaking the strong bond between oxygen and



hydrogen.[?5281 To release hydrogen from water, several reactions have been applied in
industry including steam reforming, water gas shift (WGS), water gas reaction.

Among all the reaction generating hydrogen from water, water gas shift (WGS,
CO+H20—CO2+H>) accounts for an important proportion in hydrogen production
while remove carbon monoxide in various energy-related chemical processes.?”! Since
its first discovery by Fontana in 1780, a number of experimental and theoretical studies
have been devoted to improving the catalytic efficiency and thus reducing the cost of
hydrogen produced via WGS. The traditional WGS catalysts are Cu-based. However,
the poor activity and the low tolerance to the air and condensed water limited the
practical application of Cu catalysts.l?21 On the other hand, noble metal catalysts
supported by reductive metal oxide supports (e.g., CeO2 or FeOy) are prepared as the
new generation of WGS catalysts with relatively high activity and good stability at low
temperature.2>%1 Nevertheless, the high cost of noble metal catalysts hinders their
further application. To improve the atomic utilization of precious metals, a variety of
single-site catalysts were prepared for the hydrogen production.323%1 Zhang, Liu, Li
and co-workers successfully synthesized a single sites iridium catalysts supported by
iron oxide (Ir//FeOx) with 0.01 wt % iridium via a coprecipitation method.l** This
single-site catalyst showed a high specific reaction rate up to 43.4 molcogir* h at 300
°C, corresponding to a turnover frequency (TOF) of 2.31 s, which is 2-3 times of other
reported Ir catalysts and even higher than most active Pt and Au catalysts. Furthermore,
they combined the theoretical and experimental study to identify the active sites and
clarify the reaction mechanism of WGS on Ir1/FeOx single-site catalyst.> The authors
claimed that the synergistic interaction of Ir1 and neighboring Fe species reveals a new
reaction mechanism with the involvement of O-vacancy, which is different from the
conventional associative mechanism involving the formation of formate or carboxyl
intermediates. Specifically, the water molecule easily dissociates to OH* on Ir single
site and H* on the nearby O atom bonded with Fe. On the other hand, the CO absorbed
on Ir site reacted with the adjacent O to produce CO., which create an O-vacancy.
Finally, two H* coupled together and generated a Ho.

Hydrogen evolution from methane



Expect for water molecule, methane (CHa), consisting of one carbon atom and four
hydrogen atoms, is regarded as another alternative hydrogen resource. Steam methane
reforming (SMR) followed by the WGS reaction is the most common process for large-
scale hydrogen production in industry. However, the high capital costs and high energy
consumption of endothermic SMR process are unavoidable.*® Alternatively, Hz can be
produced by the direct methane decomposition (CHa(g)—C(s)+2H2(g)) to yield
hydrogen and solid carbon with no CO- releasing. Although the production of Ha is
only half compared to SMR, this process needs less energy input while solid carbon
could be value-added products..®”! McFarland, Metiu and co-workers applied molten
metals, consisting of 27% nickel (Ni) and 73% bismuth (Bi), achieved 95% methane
conversion at 1065 °C in a 1.1-meter bubble column and produced pure hydrogen
without CO; or other by-products (Figure 2).28 Further calculation proves that the
active nickel element is atomically dispersed in the molten alloys with negative charges,

leading the enhancement of catalytic activity and stability.
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Figure 2. (A) reaction schematic of hydrogen production with a Ni-Bi molten catalyst
and reactivity in bubble column: (B) methane conversion and selectivity to hydrogen
as a function of inlet-tube depth, (C) logarithm of rate of CH4 conversion an H; yield
as a function of logarithm of pressure, (D) selectivity for pyrolysis at 1000 °C as a
function of CH4 partial pressure in argon. Reproduced and adapted, with permission,

from [38].



Besides the direct decomposition, the dry reforming of methane (DRM,
CO,+CH4—2C0O+2H>), converting methane and carbon dioxide into synthesis gas is
another world-scale industrial process to generate hydrogen from methane
accompanying with mitigation of greenhouse gases, both CO, and CH4.1**! According
to intensive studies, Ni-based catalysts were regarded as the most promising material
for DRM due to the low cost and high activity. However, the in situ catalyst deactivation
by coking and sintering of Ni species limited its further commercial application.”*® To
prevent the carbon deposition, Qiao and Zhang group reported a single-site Ni catalyst
for DRM, in which the isolated Ni atoms are stabilized through the interaction with Ce-
doped hydroxyapatite.*] Unlike Ni nanoparticles, the isolated Ni site performed a
unique ability to only activate the first C-H bond of CH4 molecule, avoiding the further
decomposition of methane into carbon due to its unique electronic structure. Moreover,
the strong metal-support interaction between the Ce doped hydroxyapatite and single
Ni site prevents the aggregation of Ni. Thus, single Ni site catalyst performed high
activity and stability for 100 h DRM reaction without carbon deposition and Ni
sintering, which offered a low-cost route to commercial dry reforming of methane.

Another way to avoid catalyst deactivation by coking is to decrease the reaction
temperature of DRM. Hu, Tao and co-workers successfully anchored two sets of single
sites (Ruy and Niy) on the surface of CeO2 nanorods, Ceo.gsNio.025RU0.02502 catalyst,
which is highly active for DRM at 560 °C with a turnover rate of 73.6 molyz mol pt s
1 %21 1n addition, Ceo.esNio.025RU0.02502 performed lower apparent activation barrier and
higher turnover rate than monometallic single-site catalyst with only Ni(Ceo.95Nio.0502)
or only Ru (Ceo.95Ru0.0s02), demonstrating the strong synergistic effects of Ru and Ni
sites, which is further investigated by the DFT calculations. Ru single sites are believed
to dissociate CO, to CO while Ni single sites activate CH4 to form CO. Sequentially,
the formed H atom through activation of CH4 on Ni sites will couple with another H
atom to form H; on Ru site. Apart from introducing second element to construct dual
single-site catalyst, Carter, Nordlander, Halas and co-workers designed a plasmonic
photocatalyst consisting of a Cu nanoparticle ‘antenna’ with single Ru site ‘reactor’ for

light-driven methane dry reforming, which also lowers the reaction temperature.[*3! The



calculations showed that the isolated Ru single site on the Cu surface are the optimal
active site for DRM because of the lower activation barrier of CHs dehydrogenation
compared to pristine Cu nanoparticles. Strikingly, the generated hot carrier provided a
new photocatalytic DRM mechanism different from the thermally driven reaction. The
rate of C-H activation on Ru sites and desorption of H> form catalytic surface was
enhanced by the hot carriers, enabling the kinetic match of the formation rate of CO
and Hz, minimizing the rate of reverse water gas shift (RWGS) and coking reaction.
Hydrogen evolution from light alkanes

Besides methane, dehydrogenation of light alkanes (ethane, propane and butane)
to the corresponding light olefins is another potential approach to generate hydrogen,
companying with the production of high-value chemicals, which could be the feedstock
of various chemicals, including polymers (polyethylene and polypropylene),
oxygenates (ethylene glycol, acetaldehyde, acetone, and propylene oxide) and
important chemical intermediates (ethylbenzene and propionaldehyde). There are
mainly two types of catalysts for light alkane dehydrogenation reaction: noble metal-
based (e.g., Pt, Pd, or Ni) and metal oxide-based (e.g., chromium oxide, vanadium oxide,
molybdenum oxide or gallium oxide).[**l However, the reaction is highly endothermic
and thermodynamically limited. Therefore, higher reaction temperature and lower
paraffin partial pressure are needed to achieve high conversion according to Le
Chatelier’s principle. Indeed, to obtain more than 50% C,-C4 alkane conversion at 1 bar,
the required reaction temperature is always up to 550 to 750 C. Hence, it is still
challenging to select suitable catalysts for alkane dehydrogenation at lower temperature
with high conversion and good stability.!"!

Shimizu group successfully fabricated isolated indium (In) hydride sites in
chabazite (CHA) catalyst by annealing an In-exchanged CHA zeolite (In-CHA) under
H. at high temperature.*® Kinetic and in situ spectroscopic studies combined with
transition state (TS) calculations confirms the isolated [InH2]" ion on a framework
anionic site served as the catalytic active sites for ethane dehydrogenation via both
concerted and alkyl mechanisms (Figure 3). [InH2]" sites reduced the abundance of

zeolite-coordinated protons and/or carbenium species, leading to much less coke



formation than zeolites exchanged with other element (e.g. Ga-CHA). Therefore, the
single-site In-CHA catalyst performed high selectivity and durable catalytic activity for

ethane dehydrogenation reaction for at least 90 h.
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Figure 3. Time course of ethane dehydrogenation using (A) In-, Ga-, and Zn-CHA for
20 hand (B) In-CHA, Al>Oz-supported PtSn catalyst (PtSn/Al203) for 90 h, PtGa/Al>03
for 20 h, and Ga-ZSM-5 for 40 h. (C) Effect of In/Al ratio on the carbon balance (blue)
and relative amount of Brgnsted acid sites normalized to the H-CHA (red). (D)
Relationship between conversion and selectivity for In-CHA, PtSn/Al,O3, and Ga-
ZSM-5. (E) TPO spectra of the catalysts used for 2 h reaction. Reproduced and adapted,
with permission, from [46].

Besides, the single-site catalysts were employed in propane dehydrogenation to
improve the catalytic selectivity and stability and lower the reaction temperature.[*74l
Guo group synthesized the y-alumina-supported platinum/copper single-site catalyst
with a high copper to platinum ratio, in which isolated Pt sites were dispersed on Cu
nanoparticle via the incipient wetness co-impregnation method with a high copper to
platinum ratio.[*l Different from conventional Pt alloy, single-site PtCu catalyst
displayed a quite negative difference between the desorption energy and further
dehydrogenation barrier of propylene while maintaining a reasonable energy barrier of
propane dehydrogenation. Therefore, the novel single-site catalyst performed
propylene selectivity of ~90% with high reaction rate of 10.6 mol gy*h™ and excellent
stability for at least 120 h on steam at 520 °C and ambient pressure with a weight hourly

space velocity (WHSV) of 4 h! (propane:N2 =1:1). Butane dehydrogenation reaction



is also an important reaction converting the light, low-value alkanes into high-value
chemicals. Wasserscheid group employed gallium-rich Pd-Ga phase as supported liquid
metal catalyst, in which single Pd active sites dispersed at the surface of liquid metal
for butane dehydrogenation.®® Compared with previous butane dehydrogenation
catalyst, this supported catalyst with an active liquid metal solution performed excellent
catalytic activity and stability without coke formation even with pure butane feedstock.
Hydrogen evolution from liquid organic hydrogen carriers (LOCHSs)

Till now, the hydrogen storage and transportation approaches include compressed
gas and solid-state storage in metal hydrides or metal-organic frameworks (MOFs).[5%
521 However, the practical hydrogen storage and transportation still have challenges due
to the low volumetric energy density of hydrogen. The application of small hydrogen-
containing molecules as carriers to transport hydrogen in liquid or solid state and
generate hydrogen in situ by breaking chemicals bonds, provides a new solution to the
above-mentioned problems.% 54 Among all the candidates, methanol is an ideal liquid
organic hydrogen carrier (LOHC) thanks to its high hydrogen weight percent, low cost
and abundant resources.! In order to lower the reaction temperature and maximize the
Pt atom-utilization efficiency, our group synthesized a single-site Pt1/CeO- catalyst with
Pt atoms anchored on the porous CeO. by a modified ascorbic acid (AA)-assisted
reduction method. Compared with CeO, supported Pt nanoparticles with two
different sizes (2.5 nm Pt/CeO; and 7.0 nm Pt/CeQy), the single site Pt in Pt1/CeO; is
more oxidized, of which the binding energy of Pt-CO is much lower than metallic Pt
species on Pt nanoparticles (Figure 4). Thus, the formed CO is much easier to desorb
from the positive Pt sites of single-site catalyst during methanol dehydrogenation and
release the active sites. Therefore, at a relatively lower temperature, the single-site
Pt1/CeO> catalyst displayed excellent hydrogen generation efficiency, 40 times higher
than 2.5 nm Pt/CeO; catalyst and 800 times higher compared to 7.0 nm Pt/CeO- catalyst
(Figure 2). Meanwhile, Ma group synthesized an isolated platinum (Pt) sites dispersed
on a-molybdenum carbide (a-MoC) catalyst, performed 18046 h™* TOF in aqueous-
phase reforming of methanol (APRM) at low-temperature (150-190 °C).1 XPS results

and DFT calculation further confirmed that the special geometric and electronic



properties resulting from the strong interaction between platinum and a-MoC benefited
the APRM reaction. And compared with other APRM catalysts, the synergistic effect
between single-site Pt and a-MoC played an important role to improve its catalytic
efficiency. Specifically, the a-MoC provided highly active sites for water dissociation
producing abundant surface hydroxyls and thus accelerating the methanol-reforming

reaction at the interface between Pt; and a-MoC.
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Figure 4. (A) Cs-corrected high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) images and (B) corresponding elemental
mappings images of Pt1/CeO; catalyst. (C) normalized XANES spectra and (D) k-
weighted Fourier transform EXAFS spectra and of Pt1/CeO; and bulk Pt foil at the Pt
Ls-edge. (E) (F) the catalytic activity and stability of Pt;/CeQO2, 2.5 nm Pt/CeO, and 7.0
nm Pt/CeO.. Reproduced and adapted, with permission, from [56].

On the other side, some hydrogen-rich cycloalkanes, like cyclohexane,
methylcyclohexane, decalin, perhydro-N-ethylcarbazole, are also regarded as ideal
liquid organic hydrogen carriers.®5%1 Moreover, different from methanol of which
dehydrogenated product (i.e., CO2 or CO) directly exhausted to atmosphere, the

dehydrogenated products of cycloalkanes are still liquid organic molecules, which are



easily collected and re-hydrogenated back to the corresponding hydrogen-rich
cycloalkanes.'® A model catalyst of graphene-supported nickel single-site for
cycloalkane dehydrogenation reaction has been simulated. The calculation results
suggest that the dehydrogenation occurs via a C-H insertion followed by B-hydride

elimination.[®l

Hydrogen evolution from solid hydrogen contained molecules

Beside the liquid organic molecules, some solid hydrogen-containing molecules
also have been employed to the hydrogen storage and transformation. Ammonia-borane
(NH3BHs, AB) is considered as one of the most outstanding candidates for chemical H:
storage and production owing to its high hydrogen content, non-toxicity, and superior
stability in aqueous solutions.[°1 Apart from the traditional supported metallic
catalysts, single-site catalysts on different substrates have been employed for H:
generation via AB hydrolysis reaction.l®® For instant, a single-atom alloy made of
atomically dispersed Pt single-site on the surface of Ni particles were employed in
hydrolytic dehydrogenation of ammonia-borane reaction. With the synergistic effect
between Pt and Ni where the negatively charged Pt (Pt>) and positively charged Ni
(Ni®") promote the interact with H and OH, this Pt single-site catalyst performed
enhanced catalytic activity of 12000 molnz molect mint which is 21 times of the best
Pt-based catalyst ever reported.l®”] Apart from single active site anchored on metal
support, the metal oxides are also employed as supports to isolate active sites, which
provides another approach to adjust the electronic structure and catalytic performance
of the single active sites.[®® Lu and co-workers applied atomic layer deposition (ALD)
method to fabricate a series of Pt single-site catalysts with different supports including
C0304, Ce02, ZrO, and graphene.l® Variation of the supports is an effective way to
tailor the strong electronic metal-support interactions (EMSIs), which gave rise to the
various 5d electronic states of single-site Pt. The authors claimed the strong EMSIs
exhibited in Pt/C0304, leading to a lager depletion of 5d states of Pt atoms compared
to other catalysts, which modulated the adsorption of AB and assisted the hydrogen

desorption. Therefore, the single-site Pti/Co3O4 catalysts performed the boosted



activity up to 68-fold higher as well as excellent stability comparing with single-site Pt

loaded on other supports or nanoparticle catalysts.
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Figure 5. Catalytic performance of Pt; single-site catalysts in hydrolytic
dehydrogenation of AB at 25 °C. (A) Plots of the volume of H generated as a function
of time, (B) mass specific rates, (C) Arrhenius plots, and (D) recyclability test on
Pt1/C030a, Pt1/CeO2, Pt1/ZrO>, and Pti/graphene single-site catalysts. (E) Local partial
density of state (LPDOS) projected on the Pty 5d orbitals with the Fermi level set at
zero and the local configurations for AB adsorption. Reproduced and adapted, with
permission, from [69].

Furthermore, formic acid, which produces CO2 and Hz via dehydrogenation on
metal surface, is regarded as an alternate for hydrogen generation and storage.[’%72
Sykes group studied the formic acid dehydrogenation on single-atom alloys,["®! which
comprise catalytically active elements like Pt, Pd and Ni alloyed in more inert host
metals at the single-atom limit.[" They successfully substituted the single-site Pt into
the Cu lattices to form the PtCu single-site catalyst. And surface mechanism indicated
that SAAs did not increase of formic acid dehydrogenation but significantly decresed
energy barriers for O-H bond breaking which holds promise for other dehydrogenation
reaction. Therefore, the PtCu single-site catalyst is able to selectively dehydrogenate
formic acid with 6-fold increase yield in comparison to Cu. Moreover, noble metal

single site dispersed on N-doped carbon material is also an important type of single-



site catalyst applying in the formic acid dehydrogenation.[”® Bulusheva group reported
a Pd single-site catalyst supported by nitrogen-functionalized mesoporous carbon,
which significantly enhanced the catalytic decomposition of vapor-phase formic acid
for hydrogen production, providing an increase by 2-3 times in comparison to supported
Pd nanoparticle catalysts.[’® Further density functional theory (DFT) calculation
indicated that the isolated Pd atom is the active site for formic acid decomposition into
absorbed hydrogen atom and a carboxyl fragment. Interestingly, only the Pd atoms,
which is coordinated by a pair of pyridinic-type nitrogen located on open edge of
graphene performed catalytic activity. Expect for some noble metal, single transition
metal site anchored on nitrogen-doped carbon catalysts can be as well employed in
formic acid dehydrogenation. For instance, Beller and co-workers synthesized Co-N-C
catalysts with single cobalt sites by pyrolysis of zeolitic imidazolate frameworks (ZIFs).
And in the dehydrogenation of formic acid, the single-site Co-N-C catalysts with high
reactivity and acidic resistance performed excellent catalytic activities and stabilities
compared with Co nanoparticle catalysts.[’”]

Concluding Remarks

As an attractive alternative energy carrier, hydrogen has been significantly applied
in different fields including polymer electrolyte membrane fuel cells, fine chemical
synthesis and traditional chemical industry like ammonia synthesis, Fischer-Tropsch
reaction, etc. The increasing demand of hydrogen requires the design of novel, efficient
and stable catalysts for hydrogen generation, among which the single-site catalysts
might bring in unique insights and open up more possibilities of catalyst design and
construction for hydrogen production.

However, to employ single-site catalysts in practical application there are still
some challenges need to overcome. Firstly, till now the single-site catalyst has been
widely applied in small molecule catalyst, like CO oxidation, hydrogenation and so on.
However, the lack of an ensemble of active atoms adjacent to the single noble metal
atom in most of these single site catalysts prevents surface reactions that involve large
molecules.[’® Second, although single-site catalysts performed outstanding catalytic

activity and selectivity in some reaction. There are few studies focused on the structure-



function relationship of single-site catalysts, especially the functional of supports
during catalytic process. To design suitable single-site catalyst for a specific hydrogen
generation reaction. It is vital to make a deep understanding of mechanism for single-
site catalysis.

Moreover, although there are some reports about the efficient single-site catalysts
in hydrogenation generation reaction from small molecular dehydrogenation process.
For most examples, after hydrogen release, the leaving by-product are also gases like
CO, CO2 which are always hard to be collected and re-hydrogenated back to hydrogen
contained molecule. So, there is still need to seek a system of which the dehydrogenated
product is also liquid and can be re-hydrogenated to original molecule to achieve the
reversable hydrogen storage and transportation, like systems of cyclohexane/benzene
and methylcyclohexane/toluene. Besides, for the material research, there are still need
to seek for a bifunctional single-site catalyst, which not only performed high activity in
dehydrogenation reaction, but also can be applied in the re-hydrogenation of
corresponding hydrogen-lean molecule.

In conclusion, we summarized the state-of-the-art applications of single site
catalyst in hydrogen generation form different hydrogen sources, such as water,
methane, light alkanes, liquid organic hydrogen carriers (LOCHs) as well as solid
hydrogen carriers. Compared to the traditional metal nano-particles catalyst, the single
metal site catalysts show significantly advantages on catalytic efficiency, product
selectivity, as well as providing an ideal platform to study the structural-functional
relationship. With the demand for hydrogen anticipated to reach 122.5 M tons in 2024,
new and improved catalysts materials and reaction processes are required to drive
innovation for the development of a highly efficient, stable and low-cost hydrogen
generation/storage process. Therefore, with the continuous development of single-site
catalyst materials, it is possible to design the practical, efficient, and stable catalysts for

hydrogen economy.
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Highlight Hydrogen, is regarded as an ideal alternative clean fuel to take place of
traditional fossil fuel due to its high mass energy density and wide range resources.
However mostly hydrogen is stored in other molecule instead of exhibiting as free
hydrogen molecule. Therefore, to meet the hydrogen demand of industry and daily life,
it is vital to seek a low-cost and efficient catalyst to produce hydrogen form hydrogen-
contained molecule. The appearance of single-site catalysts provides a new approach
to solve this problem due to its maximum atom-utilization and unique electronic
structure. With the further in-depth study, the single-site catalyst potentially become the

next generation materials for hydrogen economy.



Outstanding Questions

How to explore single-site catalysts in large molecules reaction?

What the function of support during the catalytic process of single-site catalysts? How to modify

the electronic structure of active site by controlling the local environment around single active sites?

How to identify the structural-functional relationship by some model catalysts and reactions?

How to synthesize a large scale of single-site catalysts? Can single-site catalysts be employed in

practical industry application?





