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Abstract

Supplying energy cleanly and affordably without damage to the environment is one of the most
pressing problems society now faces. Hydrogen can enable a low-carbon or net-zero emissions future;
however, its generation on-demand and in mass quantities from thermodynamically stable gas, liquid
and solid-state sources pose challenges, both environmentally and economically. Numerous catalytic
routes have been proposed to promote H, production efficiently, and significant recent improvements
have been achieved by designing atomic-level catalysts. This review presents a comprehensive
account of advancements achieved with current and potential future H, generation technologies by
single-atom-based catalyst materials (SACs). Reactions considered include wide range of typical and
advanced reforming, partial-oxidation and direct dehydrogenation of various forms of hydrogen
containing substances. The relevant fundamental catalytic reaction mechanisms along with maximum
achievable H, capacities, high-performing catalyst materials and structure-activity insights are
highlighted. Further perspectives are provided on CO, emissions, techno-economics, environmental
impact, low-carbon and waste-based production, CO; capture and COy-elimination/H, purification.
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Introduction

To date, the most common sources of energy derive from burning non-renewable fossil fuels,
including coal, natural gas and petroleum oil (eq.(1)-(2)). These processes release emissions into the
atmosphere that pose serious risks to our planet, such as global warming, and are harmful and
carcinogenicl®. Therefore, a transition to net-zero emissions energy is essential?. This demands rapid
development of new, renewables-based clean energy solutions. For example, hydrogen is earth-
abundant and produces the highest energy density, 120 MJ kg %, compared to any fossil fuel while
carbon neutral (eq.(1)-(3))’. The global annual hydrogen demand is expected to grow considerably to
660 million tons by 2050 potentially accounting for 22% of global energy demand resulting in a
reduction of 80 billion tons of CO, emissions , or 11% of the carbon reduction required for net-zero.
Therefore, H,-based energy systems are considered as one of the main pillars for realising net-zero
global energy system®°. However, terrestrial hydrogen is locked in water, hydrocarbon/organic
matter, and requires energy-efficient extraction methods. Therefore, various catalytic routes have
been proposed and developed to enable reactions under significantly reduced energy input.



C+ 0, > CO, (AH = =394 kJ mol™* = —32.8 M] kg™%;C0, = 3.67 kg kg™) ...... (1)
CH, + 20, - CO, + 2H,0 (AH = —802 kj mol™* = =50 MJ kg™; €O, = 2.75 kg kg™") ...(2)

2H, + 0, & 2H,0 (AH = —242 kj mol™* = =121 MJ kg™?) ......(3)

Catalysis: processes and catalyst materials

Fundamentally, bond-breaking of reactants and bond-forming of products are common features in
catalytic conversion processes (eq.(1)-(3)). The catalytic process is usually governed by selective and
functional catalyst nanostructure design!®?2, Commonly used catalysts are solid heterogeneous
materials, and catalysis reactions proceed on the surface of the catalyst. A particle size reduction of
catalytic metal centres (Msubscript) from larger nanoparticles to ultrafine dispersion in the form of sub-
nanometre atomic-clusters and ultimately single-atom centres (denoted as Mnp, Mac, M1, respectively)
on suitable support structures have recently shown significantly enhanced performances, as depicted
in Fig. 1222°, Compared to nanoparticle catalysts (NPCs), single-atom catalysts (SACs) and atomic
cluster or single-cluster catalysts (ACCs/SCCs) have shown enhanced mass and atomic efficiencies,
along with conversion and production rates, selectivities and durabilities significantly!®>2 Since
heterogeneous catalytic reactions proceed on the surface of the catalysts, hose with enhanced surface
area, which is exponentially increased by particle size reduction, enables adsorption and activation of
reactants (Fig. 1a-c). Recent reviews elaborate the various forms of SACs to SCCs relevant structural
diversity and developments?%,

H: production: current, under-developed and future potential routes
According to the international energy agency (IEA)*, global H, demand reached ~100 million tons (or
Mt) in 2023, of which <1% was produced at low-emissions. Around95% of H, currently in use was
derived from steam reforming methane (SRM, eq. (4)),water-gas shift (WGS, eq. (5)) reactions, along
with coal gasification, and biogas and oil/tar/naphtha reforming (Supplementary note 1). As a result,
~920 million tons of CO, was emitted, given emissions of 10-13 and 22-26 kg kg™l4, via SRM and coal
gasification, respectively®. Understandably, SRM-WGS (eq.(4)-(5); CH, + 2H,0 — CO, + 4H,, AH =
165 kJ mol~1) on equilibrium conversion results in CO, of ~5.5 kg kg4 and is a strongly endothermic
reaction, requiring temperatures of 700-1000 °C (the heat provided by fossil fuels further contributes
CO, to 5-7 kg kg 42). Notably, typical electricity powered water electrolysis H, production amounts
CO; emissions to 24 kg kg™w,. Therefore, there is urgency in advancing the low-emission and high-
energy efficiency H, technologies. Aqueous-phase or steam reforming methanol (APRM/SRMe, eq.(6))
is emerging as a low-emission/energy-efficient route, due to relatively low-temperature(<350 °C)
operation. Dry-reforming methane (DRM, eq.(7)), which uses CO, instead of steam and partial-
oxidation of methane/methanol (POM/POMe, eq.(8)) with O, are other potential low-emission H,
production routes. Ammonia dehydrogenation (ADH, eq.(9)) and methane pyrolysis (MP, eq.(10)) are
inherently zero-emission reactions, and are potential low-carbon H, production technologies. Given
their ultrahigh gravimetric/volumetric densities, the direct dehydrogenation of liquid organic
hydrogen carriers (LOHCs, eq.(11)) and solid-hydrides (MgH,, eq.(12)) have been long considered for
potential on-board H, systems, which also offer combination of low-temperature and ultralow-
emission merits relative to SRM or any other H; productions. Despite such potential, their real-
world/large-scale supplies are limited due to the relatively low H, production capabilities and rates
compared to SRM.

As depicted in Fig. 1, nanostructured catalytic materials have shown considerable advancements.
Here, it is worth pointing that the reaction rates for ADH and H; production from SRMe have increased



exponentially as Ru and/or Pt particle size is lowered to atomic species (Fig. 1d,e)**. This
enhancement also suggests high utilization efficiency of the catalysts. Significantly enhanced low-
temperature conversion and dehydrogenation rates (two-to-three orders of magnitude) have been
reported with SACs compared to NPCs counterparts (Fig. 1e,f)'°>2. SACs/SCCs offer considerable
improvements in durable reactions over NPCs (e.g. Fig. 1g)*%?%*>°2, Such characteristics have been
linked to improvements in adsorption and activation of reactants and desorption of products along
with modified reaction pathways and will be comprehensively discussed in this review.

CH, + H,0 - CO + 3H, (AH = 4206 k] mol™Y) ... ... (4)
CO + H,0 - CO, + Hy (AH = —41 k] mol™) ... ... (5)
CHsOH + H,0 — CO, + 3H, (AH = +49.5 k] mol™?) ... ... (6)

CH, + CO, » 2CO + 2H, (AH = +247 kJ mol™) ... ..(7)
1
CHy +50; = €O+ 2Hy (AH = =35.6 kf mol™).......(8)

2NH; - N, + 3H, (AH = +45.9 k) mol™?) ... ... 9
CHy = Csotid powder + 2H, (AH = +76 k] mol™) ... ... (10)
CH3;0H — CO + 2H, (AH = 90.7 k] mol™Y) or LOHCs — H, lean LOHCs + xH, ... ... (11)

MgH, > Mg + H, (AH = =75 k] mol™?1) ... ... (12)

Hydrogen production via COx path

This section discusses reforming, oxidation and dehydrogenation reactions that concomitantly
generate CO/CO; by-products, in substantial amounts, from the reactions itself (eq.(4)-(8)), which
need specific downstream separation/purification, such as WGS, CO preferential oxidation (PROX) and
CO; capture/recycling.

Steam reforming

SRM is a well-established commercial technology and offers efficiency of 65 to 75%, among the highest
of current commercially available production methods, yielding a substantial amount of H, production
capacity (HPC). At thermodynamic equilibrium SRM vyields 17.6 wt% HPC (eq.(4)), and the reaction is
strongly endothermic. Typical catalytic industrial optimum conditions are 3-26 bar pressure with
steam-to-methane (carbon fuel) ratio (S:C) of >2:1 and 700-1000 °C (Fig. 2a-c)>**®. As shown in Fig.
2a-b, the reaction consists of multiple and sequential steps, including the activation of methane (C-
H) and water (O-H) over the catalyst and the formation of CO*, CO,*, OH*, C* and H* species, which
can form by-products (Supplementary note 1) and often deactivates catalysts via coking and
sintering®>>°7%9, Literature suggests higher S:C of >1:1 inhibits coking via oxidative removal, but high
steam can oxidize or hydroxylate catalyst to deactivate or accelerate its sintering via Ostwald
ripening>%°,

Ni-based NPCs, the typically-used catalysts with moderate price, offer good activity but are quite
susceptible to sintering and coking. Usually, 15-25 wt% Ninp are dispersed on oxide carriers, where,
activity scales with the degree of metal dispersion and thus local metal-structure or metal-support
interactions (MSI) play a crucial role. Improvements have been achieved by down-scaling and alloying



to modify the electronic structure of metal centres while maintaining strong MSIs and balancing
coking-decoking rates (Fig. 2e)*2%%%!, Enabling SRM at lower temperatures with prolonged catalyst
stability from coking is a challenging but energy efficient and low-carbon pathway. Recent studies have
shown that catalysts with redox (such as oxygen vacancy (Oy) and lattice oxygen (O.) involved) species
can promote low-temperature (LT) SRM via dual-catalytic roles played by M; and MSI. Accordingly,
Ni1/CeO, showed a CH, conversion rate of 132 mmol g* h™* at 600 °C, which was 5 times higher than
Ninp/CeO; (Fig. 2f)%2. Compared to Ni, Rh nanostructures exhibit the highest SRM activity and stability;
Duarte et al. described the dual roles of Rh; and Rhyp to promote C—H activation (to H, and C*) and C*
oxidation (to CO and H,), respectively (Fig. 2a)°®. In-situ/operando DRIFTS revealed restructuring of
Rh; sites to a high Rh—0 coordination number and CO-liganded Rhac along with formation/reduction
of surface hydroxyl groups/Ce*" cations in LT-SRM (Fig. 2g)®.

APRM/SRMe (eq.(6)) proceeds at relatively lower temperatures, <400 °C, thus Pt-based catalysts are
typically preferred for higher activity and selectivity over Ni (or Cu) particles, which induce unwanted
coking and methane production while sintering'®!42%3157.64 " The main reaction products of
APRM/SRMe are H,, CO or CO; (Figure 2b-d), and often CH, (from the hydrogenation of CH,* species)
or coke are formed. Redox-active M;/CeO, have shown multi-fold performance enhancement,
compared to their NPC counterparts, with efficient adsorption/activation of CH;OH via interfacial,
MSI, Oy and M:%* species;** e.g. M1 and neighbouring Oy enabled MDH and dissociative adsorption
(Fig. 2d)*>°76586 Zhang et al. showed that dual-active sites of Pt; and frustrated Lewis pairs (FLPs) on
Ce0; cooperatively generate H, (199-1,103 h™ at 135-165°C) at a rate of 2 to 3 orders higher
magnitude compared to NPCs3. The turnover frequency (TOF) scaled with surface Ce3* concentration
(FLP density) due to accelerated formation of OH* and CO* intermediates (Fig. 2h)>’. Different
reaction pathways were proposed including formaldehyde and formate for excellent LT-SRMe by
utilising a-MoC and y-Mo;N supports with superior water dissociation abilities'*?>%4¢7, While Pt:/a-
MoC produced efficient average TOF of 18,046 h™! (Fig. 1e)?, Pt1/y-Mo,N@La with inert La overlayers
to partially shield the reactive/redundant support that is responsible for oxidation-deactivation, and
Pt: migration exhibited prolonged stability (Fig. 1g) and exceptional performance, turnover number
(TON) of 15,300,000 in 800 h (Fig. 2e)*?. The notable performance was attributed to favourable CHsOH
and H,0 dissociation along with lower CO* affinity of substrates, active interfacial structure and Pt;%*
sites.

Other higher hydrocarbons, e.g. (bio)ethanol ( C,HsOH + 3H,0 — 2C0, + 6H,; AHy, =
58 k] mol™'), propane, etc. can be reformed; they offer either low HPCs or reactions proceed at
relatively higher temperatures and/or involve numerous side products (Supplementary notes 1-
2)195182 Commonly-used catalysts are late transition metals (Ni and Cu) and precious metals (Ru, Rh
and Pt) that activate C-C and C-H bonds, thus are often plagued by limited stability and high CO
selectivity. Improvements have been demonstrated by SACs with redox-active and multifunctional
interfacial structures, such as Niiy/CeO,, Pti-Iri/a-MoC and Rh-Ni®-Oys-Ti**) compared to typical
NPCs'9°16288 Qyerall, the redox-capable interfacial active structures improved the reforming activity
with high selectivity and durability at significantly reduced temperatures. Often metals with high C-H
activation exhibit poor O-H dissociation capability and/or weak stabilization of OH* intermediates,
leading to unsatisfactory activity and unavoidable CO generation'’. Table S1 summarises the various
reforming catalytic conversions and production rates. Although, methanol (ethanol) system is a
simpler, promising and energy-efficient given its mild reaction conditions with high HPC of ~12.0 wt%,
the development of catalysts with high conversion, low CO selectivity and high stability remains an
ongoing challenge>’®.

Dry reforming and partial oxidation
DRM (eq.(7)) utilises CO; gas, thus this system is simpler than APRM/SRM since it avoids water/vapour
and offers environmental advantages with less CO, emissions. Nevertheless, it is highly endothermic,



normally requiring temperatures of ~1000 °C and offers poor quality H, (6.67 wt% in equilibrium from
1:1 H,:CO mole ratio; Figure 3). Niyp dispersed on metal-oxide supports are typically used catalysts
and are limited by rapid deactivation via sintering and/or coking®. In the catalysis, CHs adsorbs and
activates on Ni to either CHs* and H* or C* and 4H*, with rate-determining step (RDS) of dissociative
adsorption of CHy* species (Fig. 3b)**¢7%72 Here, C* subsequently oxidizes by O species of MSI to
produce CO, and Oy, like in SRM. In a redox-mediated reaction pathway, Oy produced are in turn filled
with O* species of activated CO,* (Fig. 5¢)*“®. Different reaction pathways were discussed, including
formate and bidentate intermediates, where CH,* reaction with O* of activated CO, forms formate or
CO* reaction with CO,* produces carbonate’.

Niz, Ni®*~02%" or Niac confined/stabilized by redox-active, mesoporous, defect/Oy-rich oxide supports
(e.g. CeO, and MFI zeolites, SiOz) have shown high CH4 and CO, dissociation activities by generating
C* and O* over Ni; and Oy, respectively. Catalysts with high Oy concentration or Lewis acidity, which
also enhances MSI7%, presented highly durable (e.g. >1200 h at 800 °C)”® performance via balanced C-
H activation and CH,* oxidation while preventing sintering (Fig. 3c-e)*’>7°. Their LT-DRM activity
suffered from oxidation or coking’®, however, it improved significantly by Pt;—Ni; and Ru;—Ni; or Ce3*—
Ov—Rh%* interfacial sites (~90% H, yield; TOF of ~270,000 h* at 560-600 °C)%° due to facile Oy, and Oy-
and O-assisted CO, and CH, dissociation under low-activation barriers**#82_ 0O -assisted anti-coking
CH30* species via Ni—O active centres were observed by operando DRIFTs®3.

POM (eq.(8)) is a more efficient method as it offers high HPC, 12.5 wt% with reaction at 2700 °C, via
selective catalysis to limit its full combustion (to H.O and CO,) or other oxygenated and coking
reactions (Fig. 3f)>*®*2>, Compared to NPCs, the redox-active SACs (e.g. Pt1/ZrO, and Rh/TiO,) have
shown ~100% H, selectivity with high stability (Fig. 3g)®*®%®” due to weak binding of intermediates,
e.g. CHs* and H* formed on Rh; and 0% via Rh;—0® enabled facile adsorption/activation. A combustion-
reforming pathway (CH, + 20, — CO, + 2H,0 followed by DRM and SRM) was proposed over Ni-
based SAA, NiMo/SiO,, with oxophilic sites to limit O, poisoning (Fig. 3h)®. Notably, POM is in direct
competition with the complete combustion reaction, which is highly exothermic, therefore selective
catalysts are required. Chemical looping can be applied with oxygen carrier catalysts (OCs); e.g. Ni-O—
Ce redox interface facilitates POM, where reduced OCs is subsequently replenished with oxygen via
O, carrier, like the mechanisms in SRM®.

Both DRM and POM operate under dry conditions (Table S2) by utilizing CO,/0, but offers low H, to
CO product/selectivity values than SRM. There are several possible side-reactions, including reverse
WGS. Among the catalysts, materials enriched with O*/OH* species, the O, /Oy-mediated redox
mechanism has been shown to be efficient for both conversion and coke-oxidation like in SRM/SRMe;
while concurrently enhancing the oxygen mobility and storage capability of catalysts improved the
intrinsic adsorption and dissociation of the CH,4, H,O, CO; and O,. The O, involved oxygen-assisted
pathway can promote rate-limiting C—H dissociation over M; sites with enhanced oxygen
mobility/storage capacity®. In-situ and operando spectroscopy identify the anti-coking role of
hydroxyl groups (CHy + OH — CO* + H* ). Therefore, factors like CO, adsorption and surface
hydroxyl or oxygen-rich groups in catalyst can enable DRM activity®"°*%4, However, redox supports
can also enhance reverse WGS side-reaction to reduce H, selectivity®>.

Direct dehydrogenation

The direct dehydrogenation of simple LOHCs such as formic acid (FADH), methanol (eq.(11)) and
ethanol can be highly efficient as this can avoid steam burden and dehydrogenate at relatively low
temperature/small energy input. These systems can offer high volumetric/gravimetric HPCs of 47-99
g L' (4.4-12.5 wt%; e.g. 99 g L™! and 12.5 wt% from MDH (Fig. 4; Fig. $1)3234384057.9799  The
dehydrogenation pathways include step-wise, partial dehydrogenation to intermediate products, e.g.
formaldehyde (CH;0* —» CH,0* - CH,00* = CO0™ = CO + 2H,) or unwanted dehydration (e.g.



HCOOH - CO + H,0 to HCOOH - C0, + H,), methanation (CH4) and oxidation (CO/CO,)%. Cu-
based catalysts exhibited high activity, requiring temperature of over 300 °C, but are unstable due to
Cu sintering®, therefore these reactions often rely on Pt-, Pd-based catalysts (Fig. 4b-d)%°.

Chen et al. showed that redox-active M;—Oy (-Ce**) sites can offer 40 and 800-fold higher CHsOH
conversion rates (12,500 h™?) than Ptne(2.5 and 7 nm)/CeO; at 300 °C (Fig. 1f and 4¢)*. This delivered
a H, TOF of 25,000 h™* and ~70% CHsOH conversion®’. Efficient MDH was attributed to dissociative
adsorption of CH3;OH on CeO; following diffusion of CH30* onto Pt; sites for dehydrogenation with
weakly bonded CO%, PGM-free M*—Oy interfacial sites® and Ni-based Niac or Ni;—N—C structures have
shown improved durability from coking related deactivation, which is significant in Niyp or Pdnp/N—C
catalysts®¥1°!, Those SACs comprising M* with Oy (redox active or Lewis acid) and Mi—Ny sites with
optimised electronegativity and d-band centre of M, that determines adsorption and activation of FA,
have shown to promote FADH with moderate adsorption energy of HCOO* and H* intermediates'®*
104 For example, PtsM;—Ns—C sites of defective-carbon framework offered FA conversion TOFe: of
2,232 h™ at 115 °C via sequential dissociation FA under lower energy barriers (Fig. 4e,f)'®.
Furthermore, catalytic centres on amine-functionalised supports yielded considerably improved LT-
FADH at 50-60 °C1%97 Here, it is worth stating that Oy species can serve as a Lewis acids acting as a
proton scavenger to promote O—H cleavage, while M* accelerates C—H activation. The electron-rich
amino groups act as Brgnsted bases to facilitate FA binding and O—H dissociation*.

High performing catalysts face a trade-off with durability due to oxidation induced deactivation. In
these reactions, the catalysts with a facile O—H and C—H cleavage and moderate binding of CO or
intermediate tend to enable efficient H, production under high conversion rates and mild
temperatures (Table S3). Compared to methanol, FA is non-toxic and promising for portable
applications with simple dehydrogenation route, at relatively low temperature of ~100 °C compared
to MDH. Ethanol dehydrogenation (EDH) occurs at high temperature, ~600 °C, with limited HPCs
(CH;CH,0H — CH3CHO + H,) compared to HPCs at their full dehydrogenation, which is more
energetic and involving coking and CO/CO,/CH4 emission side-reactions (CH;CH,O0H — CO + CH, +
H,) and/or with low conversion under low-temperature’®. PGM based SAA catalysts have shown
improved activities/selectivities over NPCs%,

Hydrogen production via COx-free path

A CO,-free path H, generation (eq.(9)-(12)) not only produces high-pure H; but also eliminates CO/CO,
purification (and coking/coke oxidation) steps altogether. This can ultimately result in significantly
reduced carbon emissions or low-carbon H; production from the various extraction processes, such
as methane and ammonia cracking and dehydrogenation of LOHCs and solid hydrides or from solid-
state organic matter.

Methane pyrolysis

Methane pyrolysis (MP) splits CH4 directly into H, and solid C and offers high-purity H, with highest
HPC, 25 wt% (eq.(10)), among any H, delivery system. MP also offers high energy efficiency, >60%,
while reducing CO, emissions to 4.37 kg kg™+,*'°. The MP reaction enthalpy is comparable to SRM
(37.7 vs 41.4 k) mol™y,). Practically, it remains challenging due to the strong C-H bond strength (434
k) mol™?) and high endothermic reaction (Fig. 5a,b)***>!!l, Typical transition metals-based NPCs
(mainly Ni, Co and Fe; as their partially filled 3d-orbitals accept electrons from C—H bonds), facilitate
CH,4 decomposition with low-apparent activation energy (E, of 65 to 96 kJ mol™) under low-
temperature. Yet, this suffers from low conversion/production rates with rapid catalysts deactivation
due to severe coking and aromatic fouling as well as particle sintering as reaction proceeds via
sequential adsorptive or dissociative pathways (Fig. 5¢)°.



Progress has been demonstrated via numerous catalysts/routes*'%***, Yu and co-workers applied ball-
milling assisted mechanothermal catalysis; Ir/Ni, Pt/Ni and Re/Ni SAA constructed on Ni balls showed
steady-state CH4 conversion (~5.8-14%) with H, yield of >10 g g™ h™* (~99.9% selectivity) and TOF of
1530 h™ at 450 °C during 350 h. The reaction under vibration facilitates facile coke removal as static
condition resulted in rapid catalyst deactivation with low-conversion rates (Fig. 5¢)**!4. Machine
learning predicted optimal SAA choice of Co, Ru, Re, Os and Ir loaded Ni with respect to the C-H
dissociation energy barriers'®. An overview of the catalysts and conditions with relevant CH,
conversion and H, production/selectivity values is given in Table S4. The feasibility of pyrolysis heavily
relies on the catalyst stability, and to mitigate this, plasma, molten-metal, fluidized and fixed bed
reactors have been developed. For example, molten-Ni catalysts in bubble column reactors were
durable as coke separates and floats on melt, yielding high H; rates (to 243 mL gy h™2) with >95% CH,4
conversion at 800-1080 °C*!111516 |t was estimated that ~600 m? bubble reactor needed for 200,000
tons/annum H, plant, operating at 10 bar. The optimization of negative charge on Ni, or solute metal
diffusivity that governs CHs—H affinity and active site exposure/accessibility, respectively have been
explored!’. These systems can exhibit lower E, of 81.2 kJ mol™, closer to the NPCs activity (Fig. 5d).
Improved CH4 conversion with increasing bubble-depth and controlling the bubble size via ballistic
motion of bubbles at high-flow condition was reported®. Melt catalyst vaporisation along with
ultrahigh-temperature requirement and low-methane conversion rates are the key limiting factors.
Moreover, the oxidative reactivation of solid catalysts produces COy, a drawback of clean nature of
MP.

Ammonia dehydrogenation

ADH offers high HPC, 17.6 wt%, under a mildly endothermic reaction (eq.(9)) that proceeds via step-
wise dehydrogenation/dissociative adsorption (e.g. NH; - NH, - NH* - N* ) followed by
recombinative desorption'3711%122. The binding strength of N* is a descriptor for catalysts, which
determines stability of N* and NH,* intermediates. Notably, ADH benefits from the absence of
coke/COx by-products, and from established global production/transportation for NHs that is
liguefiable under mild conditions. Supported Runp are extensively studied due to their moderate N*
adsorption and high catalytic activity, however, this reaction requires >500 °C (Fig. 5e,f)(due to
relatively slow kinetics and low NH; conversion, e.g. ~40% at <300 °C) and use of Ru limiting feasibility.

The electron-rich atomic levels of Ru or Ni centres in oxide-based catalysts, e.g. Ni/CeO, with Ni-O-Ce
coordination formed via Oy and Ce3* species, have shown promoted NHs activation and accelerated
associative N*/N; desorption3”12%122_ NH; coordination with Brgnsted and Lewis acidic sites (electron-
deficient metal centres is expected to increase N—H acidity) boosted —NH,* and —NH* through
sequential dehydrogenation. It was attributed that Ru; sites combined with proton-depleted O sites
of Brgnsted acids of support activate NHs synergistically via FLP (Ru®*—0%) at low-kinetic barrier and
H* migration to O-terminated oxide-support (Fig. 5e)**?, This resulted in efficient NHs conversion of
4,100 h™* at 450 °C (Fig. 1d)*!. As shown in Fig. 5g, an order higher magnitude H, rate (594,000 mmol
gre * h™1) was attained over Ruac compared to Rune®’. Table S5 summarises the ADH activities with
conversion/production rates, and suggests =450 °C is typical. Understandably, efficient and durable
ADH can be achieved by electron-rich catalytic centres with redox-capable oxide supports that
mitigate the reductive environment, which often causes catalyst deactivation via particle sintering.
The introduction of alkali metals, Oy, defects improved the Ru—0 coordination and enhanced electron
transfer ability of interfacial active sites with strong MSI to inhibit strong H* adsorption (e.g. Ru-H,
which can influence the reaction kinetics) while promoting LT-ADH multi-fold to their NPC
counterparts®®', These results that efficient ADH over non-PGM catalysts can be attained by
enhancing the charge density of metal centres to alleviate hydrogen poisoning and decrease NH*

activation barrier'?*.



LOHCs and solid hydrides dehydrogenation

Reversible liquid-to-liquid and solid-to-solid substances are of significant interest due to their
exceptional CO-free HPCs (volumetric) with high density, safety, compactness and on-board
storage/transport feasibility (Fig. 6; Fig. $1)303%3436:38404143,47,57,97,98,125129 | OHCs of aromatic/N-
heterocycles, such as cyclohexane (CH; CsH12), methylcyclohexane (MCH; CH3CeH11) and dodecahydro-
N-ethylcarbazole (12H-NEC; CisH2sN) have shown great promise. Likewise, MgH, and NH3BH;
(ammonia borane, AB) HPCs (7.66 and 19.6 wt%; 150 and 110 g L™, respectively) are far higher
performing than the US Department of Energy (DoE) H, targets (Fig. 6b). However, due to their high
thermal stability, both LOHCs and solid hydrides suffer from low dehydrogenation rates at desirable
on-board conditions. High-temperature requirements (>100 or to >400 °C) or high dehydrogenation
enthalpy and kinetic barriers (e.g. MgH, with AH and E, of 76 and 160 kJ] mol™ (eq. (12))) and
subsequent challenges in reversible hydrogenation, cyclic efficiency have been major bottleneck
issues.

Dehydrogenation of LOHCs is usually promoted by PGM catalysts, often with Pt- and Pd-related
nanostructures coordination with —OH or Oy in the metal-oxide/hydroxide supports. For example, Pdac
with optimised Pd—Pd coordination catalysed a step-wise dehydrogenation of 12H-NEC with TOF of
14,112 h™* at 170 °C, that rate was 7 times higher than Pdye (Fig. 6¢)*3. Studies demonstrated that
Pd™—OH or appropriate Pd®*/Pd° ratio interfacial sites can accelerate C-H cleavage while reducing
intermediates adsorption/H, desorption barrier?>?126139 |nterestingly, CH and MCH dehydrogenation
activities have been reported over Pt;, Ptac and Ptyp (a Pt—Pt coordination-number-dependent) based
catalysts323* the Pt;-Oy was extremely active for both CH and MCH dehydrogenation, and H, TOF
reached >32,000 h™* (330 g ge:™t h™) for 30% CH conversion at 350 °C (Fig. 6d)*2. This TOF was 309
times higher than commercial Pt/Al,0s3 and Pt/CeO,, which showed no activity until 400 °C. This
indicates that synergistic role played by support with redox Pt-Ce coupling and Oy, as noted in the
earlier sections. Notably high Pt utilization, high selectivity (>99% H,) and record-high H, rate (268,380
h™ or 518,760 mmol ge: ! h™%, at 300-350 °C) and stability (>2000 h) of Pt (from coking) was achieved
with Pt-Fe SAA/clusters as overcoatings on NPCs or Ptac encapsulated in zeolites during MCH
dehydrogenation®*12>131, These stabilized Pt sites generate abundant under-coordinated metal sites
for facile C—H activation, which is also facilitated by low-coordinated Niy sites'?”/132,

A high destabilisation degree was observed in milled or nanoconfined MgH, with Ni;-based SACs (e.g.
Ni1/TiO2) due to accelerated electron transfer between Mg?* and H™ via Ni; induced Oy species/Ni—O—
Ti** centres along with multivalent Ti" intermediates (Fig. 6e)*’. This not only reduced the
dehydrogenation temperature and improved thermodynamics (<70 kJ mol™ H,), but also enhanced
kinetics and cyclic reversibility by forming Ni;-Mg SAA and via H, spillover (Fig. 6f)'?812%133 A direct
thermal destabilization of AB is limited due to slow H, release kinetics with concomitant release of
poisonous ammonia and B-N complexes**. Although, nanoconfined AB yielded pure H, with fast
kinetics under reduced temperature, it suffered from low amounts of confinement and low levels of
H, production®**%, Since AB bears both protic (N-H) and hydridic (B—H) hydrogens with superior
stability in air/water, hydrolysis (NH;BH; + 2H,0 - NH; + BO; + 3H,; ~8.9 wt% H,) has been
widely explored, often with Pt catalysts under alkaline condition. Among the Pt-SACs with different
supports, a Pt;/Cos04 catalyst readily generated H; at 73,200 h™* (375,000 mmol gp:* h™1) at 25 °C*+136,
Efficient catalytic hydrolysis proceeds via moderate AB adsorption and activation B-H, N-H and O-H
bonds, like previously discussed reforming mechanisms over Mi;* sites3®3¢137  |ikewise, Pt-Pt
coordination, metal-oxide supports with Oy sites or PtiM; dimers/SAA with overlayers exhibited
improved Pt utilisation, delivering H, to 86,640-720,000 h™* (Fig. 6g)***3" 141, Optimized H* adsorption
also contributes to efficient H, release®®’. Likewise, those Pt-free SACs offered competitive H; rates,
e.g. 470,000-894,000 mL g¢,* htlref- 142,143],



Under suitable catalysis, methanol/ethanol partial dehydrogenation yields valuable liquid products
without typical COx but offer low quantities of H,!%3%1%, Hydrolysis and methanolysis of various
chemical hydrides including Mg/MgH, have been explored but attained lower HPCs due to high
hydride stability (Supplementary note 3; Table S6)*'%’. Table S6 summarises the catalytic
performance of various systems. The poor dehydrogenation rates and selectivity values with
temperatures of >100 °C or limited H, delivery are some of the factors hindering their practical
potential*®°2130148  Moreover, these substances present several limitations and/or pose
environmental challenges with toxicity (e.g. benzene, and low boiling point CH), energetics/economics
and recycling/efficiency. Although AB and Mg are abundant, Mg is highly reactive and vulnerable to
oxidation — its poor system level H, production/rate and reversible cycle life are major setbacks
limiting the real-world use!3+135149.150,

Water-gas shift and preferential CO oxidation

As noted, over 98% of impure hydrogen comes from carbon-based resources. WGS is applied for
downstream purification process to eliminate CO from syngas and can yield additional 4.3 wt% H,
(eq.(5)) under exothermic reaction. This process is usually operated at ~300 °C, thus PGM and Au-
nanocatalysts are widely considered. It was proposed that CO absorbs on the metal centres, support
activates H,O and metal-support interface and Oy promotes further reaction via either redox
(dissociative H,O* to H* and OH*, and OH* splitting to O* and H*) or associative (OH* + CO* to
carboxyl or formate intermediate) pathway (Fig. 7a)#18424457.151-157  Haere in both cases, the
dissociation of H,0 is generally considered RDS and catalysts with favourable H,O decomposition
activity can promote WGS.

Substantial improvements have been demonstrated with SACs and SAA via dual-metal active site
enabled redox/associative pathway by generating Oy and M:4*~0—MSI interfaces'#18424457,152-158 ‘pqr
example, Lin et al. obtained CO conversion rate of 43,000 mmol g, h™* at 300 °C over Iri/FeO,**.(Fig.
7c). The redox activity path with M®-0y interfacial sites was identified as follows; Ce**~OH species
reduce to H,, CO, and Ce3**—0y, which re-oxidises with H,0 to H, and Ce**—OH regeneration. Here, rates
of Ce* reduction/Ce® re-oxidation were close to those of CO,/H, formation'#*%%, A strong MSI
contributed to weak CO adsorption on Pt sites'®®!!, Likewise, Au;—(OH)y, Pti—(OH)x and Pt;—O(OH)x
sites on oxide supports have offered high performance and stability at <200 °C3%621¢4 M;/a-MoC
systems exhibited exceptional LT-WGS activities with ~100% CO conversion (Fig. 7d) by producing key
OH* intermediates?93>16>168 A high M utilisation efficiency and TON of 4,300,000 was observed with
the combined Pt;—Ptac, via direct CO dissociation (Fig. 7d,e), and offered record high mass-specific
performance that meets 2004 DOE technical targets®>%’, Cu, Co and Ni are PGM-free active metals!®°,
The redox capable Co: and Ni; sites improved CO conversions and selectivities, over typical Nine, which
favours CO methanation®’°.

Achieving WGS at relatively low-temperatures is desirable. Moreover, simple, efficient oxidation
methods are required, e.g. preferential oxidation (PROX, eq.(13)) of CO in H; (Fig. 7b). However, typical
catalysts face challenges to selectively oxidise CO with the competing H, oxidation/hydrogenation
reactions (eq.(14))*"+172,

2C0 + 0, + H, - 2C0, + H, (AHy = —285 kJ mol™?) ... ... (13)
CO + 3H, » CH, + H,0 (AHy = —201 k] mol™?) ... ... (14)
Advanced nanostructures, e.g. SACs-based Pt;%* sites or Pti;/FeO, catalyst exhibited stable PROX

performance at 80 °C as desirable than Pt-NPC via enhanced MSI with redox shuttle connected by
labile oxygen?®72177. Combined Pt®*—(OH),—Fe3* interfacial sites in synergy offered exceptional CO-



PROX (9,090 mmol gp:™* h™ at 25 °C) in a wide temperature window (25-225 °C) via Pt**~OH and Fe?*
sites facilitated carboxylate intermediate formation and O, activation, respectively'’®, Bimetallic sites
combined with multi-metal/reduced oxide supports were explored for LT PROX (Fig. 7f-i)17%179-183, A
closed loop mechanism (H, + 0, —» 20H; 2C0 + 20H — 2C0, + H,) was proposed to accelerate
CO oxidation, with OH groups as active intermediates, formed from dissociative H;
activation/spillover'®, In the process, a reversible oxidation, Fe?* to Fe** by forming Fei(OH)s and
COOH* and Fei;(OH), was observed, where irreversible Fe?* oxidation leads to catalyst
deactivation®182,

Other H, separation involves adsorption, e.g. porous or solvent to capture CO/CO,, NHs; and
hydrocarbons), pressure-swing adsorption (PSA) for residual gas extraction, methanation of trace CO,
and membrane sieving or cryogenic distillation (e.g. CO,, NH3). Cu-based catalysts achieved highly
selective hydrogenation from crude hydrogen (H,+CO) feed to separate out CO**84 There are several
pathways proposed for CO, capture and conversion/separation and storage!®>'%2, CO, capture via
liguid amines is a well know technology and porous and solid-amine-based sorbents have advancing
the performance'®®*®*!%, Ni-based CO, reduction ( CH,+ 2.9C0, — 3.9C0 + 0.1H, +

194

1.9H,0 (AH,75 ¢ = 113.6 k] mol;},)) was proposed to be energy efficient for scale®.

Conclusions and perspectives

Hydrogen, with its non-polluting energy generation/storage potential, is a future pivotal substance for
carbon-neutral technologies. Global hydrogen demand is expected to grow substantially; it is
estimated that net-zero emissions require conversion of 85% of current fossil energy to H, and for that
about 10 billion tons H, needs to be produced®®, which is two orders higher magnitude the 100 million
tons demand in 2023. However, its viability critically depends on the energy, economics of its
production alongside the assocaited carbon footprint/environmental impact. As detailed in this
review, many projected methods rely on the deployment of efficient catalytic materials. Each have
certain advantages and shortcomings..Conventional H, generators, while highly efficient, are huge CO,
emitters; SRM offers high efficiency, about 65 to 75%, among the highest of commercial production
rotues with several advantages, including high H, yield, reliable and low cost and supplies ~95% of
current hydrogen demand. Its high-temperature operation contributes to significant CO/CO, by-
products/emissions (e.g. >10 kg kg 242)'°%1%°, which require subsequent purification/capture, and is
not environmentally sustainable. DRM has been proposed for large-scale abatement of CO,, but higher
temperature operation, strong deactivating condition and low H; yield and low content in syngas
makes it currently expensive and poses serious technical challenge for commercialisation’%"2,
Reforming of methanol has potential due to much lower operation temperatures and compact/on-
board feasibility with high volumetric density (791 vs 0.657 g L™* CH,, i.e. 1200 times higher storage to
CH,), safe and efficient transportation. Associated COx by-products and low conversion/production
rate factors are currently limiting the technology. Low-carbon/CO.-free partial/controlled
dehydrogenation, oxidation or reforming could be attractive, and is typically much faster than SRM
and requires a smaller reactor but has lower H, yields.

Still in gas phase, but one-step processes, MP and ADH, are potential cleaner technologies due to their
high and pure H; yields, not requiring COy purification/capture steps. However, they suffer from low
conversion/production rates and life along with high temperature processes, which is a critical
drawback for minimising net emissions . MP potentially achieves net carbon-negative output when
using biogenic feedstock?®. NH; offers more advantages as it is easily liquefied and offers high
volumetric HPC of 121 g L™}, a potential on-board H, store if H, rates can be improved under low
temperature. Whereas, the direct dehydrogenation of LOHCs can release H, at relatively lower
temperatures than CHs/NHs and volumetric H, content (in the range 45-99 g L™!) can meet the DoE H,
targets. These systems can operate under simpler and more compact conditions, however, they suffer
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from relatively low conversion/H, production rates, H,/COy selectivities, requiring COx purification
steps. The reversible liquid-to-liquid and solid-to-solid based H,-rich-to-H;-lean LOHCs and metal-
hydrides with ultrahigh HPCs and high safety, are highly preferred technologies from COy-
emissions/environmental point of view because of their low-carbon footprint, but they fall short of
the DoE targets in terms of reversibility, kinetics and operating temperature®®.

The low-carbon, pure H, production or reduction of CO impurities/CO, emissions via either efficient
catalytic H, production process or CO, capture/separation is another important aspect for H, to be
carbon neutral energy. Direct CH4 pyrolysis, dehydrogenation of NHs, LOHCs and solid hydrides are
transformative CO-free H, production pathways with a significant scope of storing/generating
considerable amounts of H,. High purity H, is required for numerous hydrogenation/oxidation
reactions including re-hydrogenation and/or synthesis of LOHCs and NHs, and H; fuel cells'’?. As
discussed, WGS and CO PROX under low-temperature is promising. Hydrogenation reactions were
successfully attained from crude hydrogen feed containing high amounts of CO, for which catalysts
showed no activity, thus pure CO was collected in the tail gas®™*84. CO, can be easily separated by
cryogenic distillation compared to CO. WGS can contribute to H, production and is crucial for utilizing
alternative bio/waste based sustainable feedstocks. H, purification from trace CO levels via CO-PROX
can be viable approach among PSA, membrane separation and hydrogenation/methanation. Efficient
CO, separation/sequestration capabilities have been reported via adsorption/separation and
conversions with porous and amine structures!9+202:203,

The most commonly used catalysts for CH4 derived H; via SRM, DRM and MP are Ni based, because of
its low cost and good activity; however, Niyx is quite susceptible to sintering and coking. The highest
SRM activity and superior deactivation suppression, even at relatively high/low temperatures, can be
achieved with Rh or Ru, but at a higher cost. Remaining H, production and purification are efficiently
driven by PGM-based catalysts, as many of these are operated at mid or low temperatures for which
Ni shows poor activity, for example, dehydrogenation of LOHCs, NH3 and Abor MgH, are often enabled
by Pt, Pd and Ru centres. Catalyst metal centres are usually supported on oxide carriers to maximise
the dispersion as their activity scales with the dispersion, which further indicates that the local metal
structure is important?%420>,

In SACs and ACCs, the positively charged atomic centres with strong MSI exhibited high performances.
M; centres usually exhibit high oxidation states rather than metallic states owing to the coordination
with non-metal atoms in the supports. Considerably prolonged stabilities are observed in atomic level
catalysts while inhibiting/resisting from typical coke, CO, oxidation, hydroxylation, temperature or
other relevant catalyst deactivation sources. These systems are capable of =100% exposure of M;
sites, facilitating exceptional atomic utilisation efficiencies/specific activities to deliver multiple-to-few
orders magnitude increase in the conversion/production rates and selectivities at significantly reduced
temperatures. There is a common catalytic reaction mechanism for most of the H, generation
methods; reducible oxides supported SACs or redox-active support (e.g. CeOy)-based SACs are typical
high-performing structures for almost all the H, generation reactions discussed. Relevant catalyst
materials design and structure-performance insights on various catalysis reactions have been further
discussed in a recent article?.

Considering techno-economics, of low-carbon, efficient processes, SRM can be feasible with carbon
capture and sequestration (CCS) technology; with 85% CO, capture contributing to considerable
emission drop down to ~2 kg kg 2. SRM-CCS estimated to reduce the energy efficiency (from 75 to
60%) that translates to a >30% increase in H, cost. According to the IEA, a number of factors influencing
the uptake of CCS with high cost/low efficiency has been the major limiting factor?%. DoE set H, the
production cost target at US$2 kg™, equivalent to a gallon of gasoline based on similar energy content,
for various reforming/gasification routes'®®'%’, This cost is a reference to assess the feasibility of new
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hydrogen production methods, and an acceptable cost for a net-zero emission scenario by 2050 was
suggested to be about US$(1-2) kg 'h.. SRM stands out given its high efficiency and low production
(USS$1.25-3.50 kg™142) cost among other H; productions of pyrolysis, gasification and renewable liquid
(methanol, ethanol, glycerol) reforming, and other clean photobiolysis or water electrolysis 1%,

Currently, DRM is undesirable for large scale H, production, but has the potential to be more efficient
with high performance SACs based LT operations. Whereas, MP can be cleaner (CO, emission
reduction of 4.37 kg kg *2), competitive to SRM (comparable enthalpy, 37.7 vs 41.4 kJ mol™y;), and
the energy efficiency of MP (58%) can match the SRM-CCS system'’°. Here, it is worth noting that
thermodynamically, MP requires 7 times less energy than H,O splitting (37.7 vs 286 kJ mol™,) to
produce the same amount of H,, meaning that MP requires 13-26% of energy used in electrolysis, thus
MP offers significant cost benefits. Industry including BASF, Shell and Monolith are advancing pilot-
scale MP-H, production (turquoise hydrogen) with IEA rating it from three to eight on its technological
readiness-level (TRL) — a score of nine inferring scaled commercial readiness?®’. The other clean H;
technologies of NH3, LOHCs and metal/chemical hydrides are currently too expensive or do not meet
the production rates and/or capacities under viable conditions set by DoE*?2%2l The main
advantages of these routes are that the catalysts are free from coke deposition and generate high-
purity Hs, thus avoiding the need for down-stream purification. The target performance of ADH via
Ru-based catalyst for on-site H, fuelling station required to exceed NH3; conversion of 99.5% at 500 °C
and 30,000 h™1lf2191 The total energy efficiency of NHs and MCH is about 34-37 and 25%, respectively,
while liquid hydrogen has 30-33%*'".

Moreover, SACs can make PGMs cost-effective and can be applied in future potential H, production
routes that are strictly limited by the cost of PGMs, since SACs typically comprise about 1 wt% of metal
compared to usual 20 wt% in conventional NPCs. This means that SACs can reduce the catalyst costs
to more than an order of magnitude compared with NPCs. Their high catalytic efficiencies, along with
exceptionally enhanced reaction rates under significantly reduced temperatures, further contribute
to a considerable reduction in the PGMs costs, thus some of the potential, low-carbon methanol
reforming/dehydrogenation, WGS, ADH, LOHCs and hydrides can emerge as viable. Likewise, those
extensively-studied PGMs catalysts across a wide range of H, production routes, for which PGM-based
bimetallics formed via a second transition metal (relatively low cast 3d or 4d block metals) have been
shown to maximize catalytic activity and atom utilization, which makes PGMs even more affordable
and dUrab|6138'139'141'209'212.

Low-carbon H, production in small to large scale could be attained via integrated systems in synergy
with controlled catalysis by utilising bio-based liquids and solids as well as waste substances, such as
ethanol and plastics. SACs driven CO,-free routes via self-coupling (2CH;0H — HC(= 0)0 — CH; +
2H,) or partial-reforming (C;HsOH + H,0 > 2H, + CH3COOH, AH = +41.8 k) mol™) and partial-oxidation

(CH30H+%02 - C0, + 2H,; 8.3 wt% H,) can be simple and more effective®>1212213  Here,

multifunctional interfacial structures, such as Pti-Iri/a-MoC, Rh-Ni®-Oys-Ti** or PGM;/ZnO
performance (90% H,-COy selectivity and ~40% CHsOH conversion) can be 2-3 orders of magnitude
higher than NPCs, which favour C—C cleavage and COy selectivity’?'>213, Techno-economic analysis
and life-cycle assessment of partial-reforming ethanol suggests its economic viability for an industry-
scale plant®l. Remarkably high stability (>2000 h) and catalyst regeneration over consecutive cycles
during MCH-H; (>99.9% pure H,) could be feasible with bimetallic PtFe clusters or PtCo SAA, which
showed high Pt utilization efficiency and mass-specific activity to 51 and 23 fold higher than NPCs*2,
Likewise, 12H-NEC dehydrogenation with low enthalpy, 50.6 kJ mol™, and low-cost MCH-toluene cycle
with impressive volumetric H, density of 56 g L™ (~¥600 L L™*ucn) is attractive, the large-scale H; release
cycles relies on the catalyst.
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Upcyling biomass and plastic waste - renewable raw material - to H; is feasible under advanced
catalysis. Waste plastics (wP, such as milk containers/plastic bags (polyethylene (PE), C;Ha),, food
wraps (polypropylene (CsHe)n) and plastic foam (polystyrene (CsHs)n)) comprise high H/C ratio and low
O/C ratio than biomass (CHs and CO; content in biogas ranges 50-70 and 35-45%, respectively).
Biomass derived acetic acid (HAc), lignocellulose, bio-oil, glycerol offers great opportunity for H,
generation?*2%, The conventional biomass-H,O gasification and steam reforming is troubled by
significant amounts of CO; and tar products, while highly energy-intensive (e.g. Seaweed + H,0 —
H, + CO + C0O, + CH, + CH,. + Tar + Char)*°. Hydrogen utilization efficiency of 67.8% at 550 °C
was achieved from steam reforming of bio-ethanol®®. Typically used catalysts are Nix
nanocatalysts?6218221 - Aytothermal reforming HAc (with 2.64 mole-H, per mole-HAc) presented
higher energy efficiency and economic viability???. Alkaline substances, NaOH, CaO, etc. were
introduced for simultaneous CO; sorption in-situ (via Ca0 + CO, — CaC03) or to promote Hy;
cellulose fragmentation in aqueous phase reforming: CgH{oOs + 12NaOH + H,0 — 6Na,C05; +
12H,, can generate high-purity H, while capturing CO, as carbonates*'®'8, Likewise, CO, recycling
based biogas, ethanol and glycerol reformation, or bi-and tri-reforming of methane that combines
DRM and SRM (and POM) reactions (3CH, + CO, + 2H,0 — 8H, + 4C0,AH = 660 k] mol™?) as
compact, efficient, low-coking H, processes have been reported?03223.224,

Catalytically cracking wP into H, appeared promising; e.g. PE is abundant and has up to 14.4 wt% H,
capability. Plastic decomposition or pyrolysis typically requires high temperatures and a multi-step
process, leading to significant CO, emissions and low H, selectivity (theoretically <75 vol% under
steam-reforming). Combining pyrolysis, steam reforming and WGS boosted the H, yields from plastics
to 120 mmol g yastic at 550 °C, over conventional thermal catalysis®?. Significant progress has been
reported via catalytic mechanochemical and microwave irradiation routes®'’. For example, ball milling
PE at 45 °C achieved H, yield rate at least 3 orders of magnitude higher than thermocatalysis at
430 °C*. A performance of high H,, 99.4 vol%, of 70.3 mmol g %: with exceptional H, recovery ratio of
98.5% was about 6 times greater than thermocatalysis; 11.2 mmol g %, 15.7%), indicating a high-
purity H, route with net-zero carbon emissions. Likewise, Fe-Co based catalysts under microwave
irradiation facilitated a high H; yield of 56-61 mmol g™l with an efficiency of over 80-97 wt% H, by
promoting C—H activation and deep-dehydrogenation of alkene/aromatic intermediates to solid-
carbon?®, Moreover, an environmental sustainability assessment suggested that H, production via wP
gasification coupled CCS becomes cheaper compared to electrocatalysis while reducing the climate
impact (net negative climate change impact of -371 kg CO, per tonne of mixed wP treated) caused by
methane/hydrocarbon-based and most electrolytic H, generation methods?262%7,

In summary, thermocatalytic H, production routes coupled with atomic-level catalysts play a
significant role in the energy sector in near and long-term due to slow uptake of other clean energy
and electrocatalysis and photocatalysis based green hydrogen supply technologies!®?262% \which are
expensive and notably can be CO, intensive (e.g. typically 0.8-4.6 kg CO, kg4, but this can be much
higher)?3%23!, A recent perspective report discussed the status of the hydrogen economy, and what is
needed to deploy the hydrogen economy as part of the global drive towards a net-zero emission
world?*2,

Figure files
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Fig. 1. Overview of catalysis and catalyst particle size driven activities. a) Catalytic conversion against catalyst particle size,
from bulk to single-atom centres; increase in thickness of curved arrow represents improved conversion efficiencies. b,c)
Particle size reduction results in exponential increase of surface. d,e) Catalytic activity trend against concentration of metal
centres; TOF values of NH3 decomposition over Ru/Na13X zeolites at 450 °C with 30,000 mL gc.t~* h-1lref11] (e) and H, rate of
SRMe with Pt/a-MoC catalyst at 190°C and S:1 =3:12° (f). Here, with increasing metal loading leads to formation of
nanoparticles and their size, which decreases catalyst efficiency exponentially with rapidly reduced TOFs. f) TOF of CH;OH
conversion in MDH over Pt/CeO, with respect to temperature showing rapidly enabled low-temperature activity with
reduced Pt particle size from Ptyp to Ptac to Pt;(rf40], g) Catalytic activity of the 1Pt/y-Mo;N and 1Pt/2La-Mo:N catalysts and
selectivity of the 1Pt/2La-Mo,N catalyst in the methanol-reforming reaction. Conditions: catalysts 150 mg, reaction
temperature 200°C, pressure 5bar, methanol/water=1/3 (molar ratio), weight-hourly space velocity
(WHSVmethano!) = 12.87 h-1lref.12],
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Fig. 2. Steam reforming mechanisms and SACs based activities. a-c) Schematic SRM reaction over NPCs and SACs>8. (a);
equilibrium curves at 1 bar and 1:1 mole S:C%5. (b); CH4 conversion and H, selectivity against S:C ratio and temperature (c).
d) O, and Oy mediated (SRM) SRMe pathway on M;/Ce0,[re57], e) CH, conversion (circle data), and H; (blue data) CO (red
data) and CO; (yellow data) yields against temperature over Ni-SAC and NPC at 850 °C; 20 mg catalyst, 2% CH, and 16% H,0
at 100 mL min-1lref60] f) CH, conversion over Nii/CeO,; 55 mg catalyst, CHs = 20.3 mL min-1, H,0:CH4 = 1:162, g) Rh;/Ce0,
induced CH,4 conversion and H; yield against temperature; 50 mg catalyst, H,0:CH, = 2:1 (10% CH,4 at 20 ml min=1)&3, h) H,
generation rate (solid-line data) and CH3OH conversion (dashed-line data) against temperature over Ru;/CeO, at different
ratios of H,0:CH30OH%’. i) Comparison of key catalytic performance in the SRMe over five dimensionalities (durability, TON,
ATOF, mass-specific activity and CO; selectivity) for 1Pt/2La-Mo:N, 1Pt/a-MoC, Ru complex, Pd/ZnO and Pt/Al,Os catalysts!2.
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Glossary terms
Net zero

The balance between the amount of greenhouse gas released to and the amount removed from the
atmosphere.
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Steam reforming methane
A process in which methane is heated with steam over a catalyst to produce a mixture of carbon
monoxide and hydrogen (called synthesis gas or syngas).

Water-gas shift
Describes the reaction of carbon monoxide and water vapor to form carbon dioxide and hydrogen,
thus often applied in hydrocarbon reforming to eliminate CO and generate excess hydrogen.

Dry reforming
A process that avoids steam and produces synthesis gas from the reaction of two greenhouse gases,
carbon dioxide and methane.

TOF
Defined as the turnover number (TON)/time of reaction, which is equivalent to moles of desired
product formed per moles of catalyst per time

X-ray absorption spectroscopy (XAS)
An experimental technique that determines the local geometric and/or electronic structure of
matter and the experiment is usually performed at synchrotron radiation facilities.

X-ray photoemission spectroscopy (XPS)
It is a surface-sensitive quantitative analysis method to determine the elemental composition as well
as the chemical and electronic state of the atoms of solid materials.
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