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improving H, selectivity. In contrast, glycerol suffers from intensified reaction network complexity and carbon-induced
deactivation due to its trihydroxy configuration. The unified catalyst design strategy involves precisely modulating metal
electronic structures (e.g., alloying/atomic-level dispersion) and support oxygen mobility (e.g., rare-earth modification) to
synergistically optimize dehydrogenation and carbon resistance. Ni-based catalysts dominate owing to low cost and high C-C
bond activation capability, yet their stability requires synergistic enhancement via alloying (Fe, Co, Cu, etc.) or rare-earth
modification (Ce, Pr, La, etc.). Noble metal systems (Pt, Rh, Ir, etc.) exhibit low-temperature activity advantages, but are
transitioning strategically toward single-atom catalysis and high-entropy-oxide-based multicomponent architectures under cost
constraints. Future efforts are suggested to integrate in situ/operando characterization with theoretical modeling to uncover
dynamic structure-activity relationships, establish elementary reaction databases for data-driven rational catalyst design, and
achieve cross-scale catalyst-reactor synergy, thereby providing a scientific foundation for efficient sustainable hydrogen
production.
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Driven by the global imperative of carbon neutrality, production remains overwhelmingly reliant on fossil
hydrogen has emerged as a key clean energy carrier owing resources, with steam methane reforming and coal
to its exceptional gravimetric energy density (142 MJ/kg) gasification alone accounting for annual CO, emissions
and near-zero carbon emissions!'. However, hydrogen exceeding 70 million tons, which constitutes a fundamental
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conflict with carbon neutrality strategies®. This challenge is
particularly acute in China, the world’s largest hydrogen
producer (~33 million tons annually), where approximately
70% of output originates from fossil-derived routes.
Transitioning to renewable hydrogen production is therefore
critical to meeting China’s 2030 carbon peak target. As a
consequence, China’s Medium- and Long-Term Plan for the
Development of the Hydrogen Energy Industry
(2021-2035) has explicitly identified hydrogen production
from renewable energy sources as a strategic priority for
national development!].

Among renewable feedstocks, biomass-derived small-
molecule alcohols (ethanol, ethylene glycol, glycerol, etc.)
stand out as highly promising alternatives to fossil-based
hydrogen sources due to their renewable origin and intrinsic
carbon-neutral lifecycle!. These liquid organic compounds
offer both environmental friendliness and economic
advantages in storage and transportation—their sulfur-free
nature avoids sulfur poisoning risks for platinum electrodes
in fuel cells, and they can directly utilize existing fuel
infrastructure, thereby reducing application costs.
Industrially, ethanol is the most mature bio-alcohol, with
global annual production exceeding 100 billion liters via
fermentation of corn or sugarcane”. Glycerol, a by-product
of biodiesel production, is currently in surplus (global
annual output exceeding 4 million tons), making its efficient
conversion to hydrogen valuable for both resource
utilization and cost control'®. Meanwhile, ethylene glycol
produced via catalytic conversion of cellulose has advanced
to kiloton-scale pilot demonstration, establishing it as a
versatile biomass platform molecule!”.

Steam reforming of biomass-derived alcohols involves
the high-temperature co-conversion of the alcohol and
steam, cleaving C—C, C-H and O-H bonds to H, and CO,.
In contrast to direct dehydrogenation pathways, steam
reforming extracts hydrogen from both the alcohol substrate
and water, dramatically boosting theoretical hydrogen
yields. Taking ethanol, ethylene glycol, and glycerol as
examples, their theoretical hydrogen yields reach 6, 5, and
7 mol H, per mole of alcohol reactant, respectively (eqs
(1)—(3)). However, the strongly endothermic nature of these
reactions typically necessitates operation at 500-800 °C,
Such harsh conditions often lead to severe catalyst
deactivation caused by metal sintering and carbon
deposition, while also favoring hydrogen-consuming side
reactions like methanation and reverse water—gas shift
reaction. Therefore, the development of heterogeneous
catalysts with high activity, selectivity and anti-coking
stability under mild conditions remains the main

challenge® 2.

Ethanol steam reforming:
C,H,O +3H,0 — 6H,+2CO,
AH°= +173 kJ /mol (1)

Ethylene glycol steam reforming:
C,H,0,+2H,0 — 5H,+2CO,
AH°= +164 kJ/mol (2)

Glycerol steam reforming:
C,H;0,+3H,0 — 7H,+3CO,
AH°= +215 kJ/mol (3)

In recent years, research on heterogeneous catalysts for
steam reforming of biomass-derived alcohols to hydrogen
has achieved remarkable progress, several review papers
have systematically elucidated catalytic systems for specific
alcohol reactants (e.g., ethanol, glycerol)*"'". However,
these reviews seldom provide -cross-comparisons of
hydrogen-production mechanisms among different biomass
alcohols, making it difficult to establish universal structure-
performance correlations. Given that the molecular
structural features of biomass alcohols (such as hydroxyl
number, carbon chain length) profoundly influence their
bond-cleavage pathways and carbon deposition behavior,
and thus differentially dictate the required catalytic active
sites, it is particularly urgent to systematically analyze the
reaction networks and catalyst  structure-activity
relationships for different biomass alcohols in steam
reforming. Such analysis would not only offer theoretical
anchors for the development of high-performance catalysts
but also promote the targeted application of novel concepts
in heterogeneous catalyst design (e.g., single-atom catalysis,
strong metal-support interactions, etc.) in the field of
biomass-based hydrogen production. Therefore, from the
perspective of linking reactant structure to catalyst
structure-activity relationships, this review focuses on the
similarities and differences in the hydrogen-production
mechanisms and structure-activity correlations for three
representative biomass alcohols (i.e., ethanol, ethylene
glycol, and glycerol), aiming to provide multi-scale
theoretical support for the precise design of catalysts for
steam reforming of biomass alcohols.

1 Reaction networks in steam reforming of
biomass-derived alcohols  for hydrogen
production

1.1 Ethanol steam reforming

The steam reforming of ethanol proceeds through a
complex network involving dehydrogenation, C—C bond
cleavage, oxidation, dehydration, and the water-gas shift
(WGS) reaction (Figure 1). The process is initiated by the
dissociative adsorption of ethanol on basic or metallic sites,
yielding ethoxy species and adsorbed hydrogen atoms.
Subsequent f-dehydrogenation of the ethoxy intermediate
yield acetaldehyde, which then undergoes C—C scission to
generate CH, (x < 3) fragments and CO"**"!, CO is further
converted to CO, via the WGS reaction, whereas the CH,
species follow two primary pathways: hydrogenation to
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methane or progressive dehydrogenation/polymerization to
carbon deposits® ). At elevated temperatures, surface
oxygen species derived from steam dissociation play a
crucial role by gasifying coke precursors into CO/CO, and
promoting the oxidation of ethoxy/acetaldehyde to acetate
(or acetic acid) intermediates™* 2%, Acetate decarboxylation
directly affords CO, and additional CH,, bypassing the CO
route and thereby enhancing overall hydrogen efficiency™”.

Surface acid-base properties strongly modulate side
reactions. Acidic sites favor dehydration pathways, forming
ethylene or diethyl ether, while Lewis acid-base pairs
catalyze aldol condensation of acetaldehyde or acetate
ketonization to acetone* %, Both ethylene and acetone can
oligomerize and aromatize into polycyclic
hydrocarbons, ultimately evolving into graphitic coke
Although these byproducts are amenable to secondary
reforming, their activation barriers are substantially higher
than the desired direct pathway, necessitating targeted
catalyst design to suppress their formation”*. Additional
coking contributions arise from methane cracking and the
Boudouard reaction (2CO — CO, + C)®. Collectively,
these considerations highlight that lowering the operating
temperature while preserving activity is essential for
maximizing H, selectivity and minimizing coke
formation®®!,

aromatic
31-33]

12 Steam reforming of polyols

Similar to ethanol, the steam reforming of ethylene glycol
and glycerol also reactions such as
dehydrogenation, dehydration, decarbonylation, and water-
gas shift. However, due to differences in molecular
structure, the polyols exhibit  two distinct
characteristics®" 1. First, every carbon atom in ethylene
glycol and glycerol molecules is bonded to a hydroxyl

involve
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group, with no methyl groups present. This structural
feature causes the C—C bond cleavage to take precedence
over the cleavage of C—O bonds with higher bond energy,
thereby facilitating the conversion of carbon atoms into CO,
and significantly reducing the likelihood of CH, intermediates
forming methane or carbon deposits (Figure 2)!*”. Second,
the polyhydroxy structure leads to a more complex reaction
network: molecules exhibit enhanced interaction with
catalysts via multi-coordination adsorption, while also
expanding into more reaction pathways*. For example,
both ethylene glycol and glycerol can undergo
intramolecular/intermolecular dehydration to form cyclic
compounds, requiring catalysts with more precisely
regulated acid-base sites!*”. Meanwhile, ethylene glycol
reforming yields intermediates such as
hydroxyacetaldehyde and glyoxal, whereas glycerol
reforming produces glyceraldehyde, dihydroxyacetone, or
acrolein. These reactive monomers are prone to polymerize
into long-chain molecules that are difficult to desorb,
making it more crucial than in ethanol reforming for
catalysts to enhance the C—C bond cleavage capability to
suppress carbon deposition and deactivation*,
Specifically, ethylene glycol preferentially undergoes
C-O bond activation to  sequentially  form
hydroxyacetaldehyde and glyoxal. Glyoxal undergoes
hydration and ring-opening to produce formic acid, which
decomposes to CO, and H,. This pathway bypasses the
formation of CH, species resulting from C-C cleavage,

significantly reducing the possibility of methane
generation™, However, ethylene glycol also exhibits a
competing  acid-catalyzed  pathway: intramolecular

dehydration to ethylene oxide, followed by ring-opening
polymerization  that evolve into oxygenated
polyaromatic coke™. For glycerol, the vicinal triol motif

can

enables cascading transformations.
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Fig. 1

Reaction pathways for ethanol steam reforming and plausible side reactions of the reactants and products

(Main pathways: red; Side pathways: blue; [O] = lattice oxygen species on catalytic surfaces)
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Fig. 2 Reaction pathways for ethylene glycol steam reforming and plausible side reactions of the reactants and products™”

(with permission from ACS Publications)

Dehydrogenation of the primary alcohol forms
glyceraldehyde, whose fS-hydroxyl group is prone to rapid
dehydration to acrolein. This conjugated enal serves as a
potent precursor for benzene-ring construction via Diels-
Alder cycloaddition, accelerating graphitic coke deposition
and catalyst deactivation” ™). Compared with ethanol,
ethylene glycol requires a lower operating temperature
because it lacks CH; groups that need activation. Although
glycerol similarly contains no CH; groups, its complex
vicinal #ri-hydroxy structure leads to strong adsorption on
the catalyst surface and a pronounced tendency toward
carbon deposition, thus demanding higher temperatures to
activate the reactants™”.

2 Catalyst systems for steam reforming of
biomass-derived alcohols to hydrogen

2.1 Role of metal centers

Metal centers serve as the key active sites in the steam
reforming of biomass-derived alcohols to hydrogen,
governing the activation of C—C, C—H and O-H bonds®" *!,
Commonly employed metals include noble metals (Rh, Ru,
Pt, Pd, Ir) and non-noble metals (Ni, Co, Cu), whose
distinct electronic structures significantly influence the
reaction pathway, hydrogen selectivity, and stability?®*>%,
Although noble metals exhibit excellent carbon deposition
resistance and low-temperature activity, their high-cost
limits industrial scalability. Among non-noble metals, Ni
and Co possess strong C—C bond cleavage ability but face
challenges of carbon-induced deactivation and metal
sintering”®l. Currently, Ni- and Co-based catalysts dominate
research on ethanol reforming for hydrogen production,
while Pt-based and other noble-metal systems remain
predominant in glycerol reforming™ !,

Regarding the performance comparison of noble-metal
catalytic centers, Liguras et all” systematically
investigated hydrogen production over Al,O;-supported
noble-metal catalysts in ethanol steam reforming within the

temperature range of 600-850 °C. Their study revealed the
activity order as Rh >> Pt > Pd > Ru, while the hydrogen
selectivity followed the order Rh >> Pt > Ru =~ Pd™".
Optimization of the reaction system by Marquevich et al.*®
showed that Rh/Al,0; achieved up to 92% hydrogen yield
without carbon deposition at 650 °C with a water/ethanol
molar ratio of 2.1. Ir-based catalysts have also been
demonstrated to exhibit high ethanol conversion activity
coupled with methane-reforming capability™. At 650 °C,
Ir/CeO, achieved 75% hydrogen purity and maintained
stable operation for 300 h'*”,

As for the characteristic differences among non-noble
metals, Ni generally exhibits higher reforming activity than
Co, but its strong hydrogenation tendency leads to high
methane selectivity. For instance, in ethylene glycol steam
reforming under complete conversion at 500 °C, the CH,
selectivity over Co/MgAl,O, (8%) was significantly lower
than that over Ni/MgAL,Q, (24%)®". It should be noted that
both Ni- and Co-based catalysts are prone to sintering and
carbon deposition. Sintering originates from the low
Tammann temperature of the metal particles, while carbon
deposition is triggered by the strong adsorption and
subsequent dehydrogenative polymerization of CH,
species'®. To address these challenges, recent studies have
focused on optimizing supports and promoters to
synergistically enhance both anti-sintering and anti-coking
capabilities. Moreover, the stronger oxygen affinity of Co
compared to Ni makes it easier to maintain an oxidized
state, which favors H,O activation®.

2.2 Role of supports

Metal oxides with high hydrothermal stability (e.g.,
Ce0,, Zr0O,, TiO,, Al,0;, MgO) are widely employed as
supports in the steam reforming of biomass-derived
alcohols. These supports not only disperse and stabilize the
active metals but also modulate reaction pathways and
carbon deposition behavior through their own acid-base or
redox properties'®. Taking acid-base effects as an example:
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acidic supports such as ALO; tend to promote ethanol
dehydration to ecthylene and diethyl ether, eventually
leading to carbon deposition and deactivation; whereas
basic supports such as MgO preferentially drive the
dehydrogenation pathway to form acetaldehyde and
acetone!®, A similar trend is observed in glycerol
conversion: Al,O; induces dehydration to hydroxyacetone,
followed by hydrogenation to 1,2-propanediol, while MgO
can suppress hydrocarbon formation and enhances
hydrogen selectivity due to its basicity!™. Further
investigation into the role of basic sites reveals that they
facilitate H,O dissociation to generate surface OH* species,
which can effectively remove carbon precursors and
accelerate the kinetics of the water-gas shift reaction®”.
Comparative experiments by Batista et al.* on Co/Al0O,
and Co/MgO catalysts directly demonstrated the critical
influence of support acidity/basicity on hydrogen selectivity
and catalyst stability in ethanol steam reforming, in which
the former exhibited significantly higher carbon deposition.

Redox-type supports, represented by CeO,, rely on their
high lattice-oxygen mobility to continuously supply active
oxygen species during the reaction, assisting in bond
cleavage and carbon removal. Notably, their crystal-plane
effects are significant: in the cubic fluorite structure, the
oxygen migration capability of the (110) and (100) facets
are much higher than that of the (111) facet'®™. This
characteristic has been fully verified in Ni/CeO, systems.
When Ni is supported on CeO, nanorods dominated by
(110)/(100) facets, its anti-coking performance is markedly
better than that on CeO, polycrystalline particles dominated
by the (111) facet™. A similar facet-dependent behavior
was also observed by Kourtelesis et al’"! in Pt/CeO,
systems. Combining infrared spectroscopy, temperature-
programmed surface reactions and theoretical calculations,
Vecchietti et al.” revealed that ethanol tends to undergo
dehydration on the CeO,(111) surface, whereas C—C bond
cleavage is preferred on the (100) surface. This difference
originates from the adsorption configuration and stability of
the p-hydrogen elimination intermediates from ethoxy
species on different crystal facets (Figure 3). Support
particle size also plays a decisive role: reducing CeO, from
120 to 3.5 nm markedly enhances reducibility, generating
abundant Ce** that suppresses surface acidity and blocks
dehydration routes!™

Recent studies have further extended the regulation to
composite oxide supports. For example, Ce,Zr, O, solid
solutions are widely used in steam reforming and water-gas
shift reactions due to their excellent oxygen storage
capacity™. Kim et al.’” systematically investigated the
effect of the Ce/Zr ratio on the catalytic performance of
Ni/Ce,Zr,_,O, and found that increasing the Ce content
enhances both surface and bulk oxygen vacancy
concentrations. Surface oxygen vacancies dominate low-
temperature oxygen migration, while bulk oxygen vacancies
play a non-negligible role in replenishing lattice oxygen at
elevated temperatures. Vecchietti et al.”), in their study of
Ni-based catalysts supported on CeGaO, composite oxides,

revealed that Ga® at the Ce-O-Ga interface enhances
lattice oxygen mobility by weakening the Ce—-O bond
energy, promoting the cleavage and conversion of ethoxy
groups via acetate intermediates. Simultaneously, Ga—H
species drive the low-temperature decomposition of acetates
into CO, and CH,, markedly increasing the H,/CO, ratio
and suppressing carbon deposition. Beyond direct
participation in the reactions, the interaction between the
support and metal sites is also a key factor, which will be
discussed in detail in Section 3.3.
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Fig. 3 Reaction pathways of ethanol conversion on CeO,(111)
and CeO,(100) surfaces™
(with permission from ACS Publications)

2.3 Role of promoters

The introduce of functional promoters can synergistically
optimize the performance of both metal centers and
supports. Alkaline promoters (e.g., K*, Na") significantly
influence the reaction pathway by tuning the surface
acidity/basicity of the support. Grzybek et al.’”’ found that
introducing K* into Co catalysts supported on USY zeolite
reduced ethylene selectivity from 65%—70% to 45%—55%,
while simultaneously increasing hydrogen selectivity and
suppressing carbon deposition. Wang et al.’® demonstrated
that doping K" into Ni-based catalysts formed a Ni-O-K
interfacial structure, which promoted C—C bond cleavage of
acetaldehyde and enhanced water activation. In ethylene
glycol reforming, Na" modification was found to block the
acidic sites of Pt/y-Mo,N catalysts, inhibiting C—O cleavage
side reactions and accelerating the water-gas shift
reaction!*”). This resulted in a high hydrogen production rate
of 270.8 mmol/(g-h) at 250 °C and 10 bar, with a CO,
selectivity of 89% (CO only 1%). Additionally, CaO as a
CO, adsorbent was used to reduce CO, concentration in the
product stream in both ethanol and glycerol reforming
systems, shifting the steam-reforming equilibrium forward
and improving H, purity” .

Rare-earth promoters (e.g., La, Pr, Ce) enhance the
performance of reforming catalysts through a dual
mechanism: they can modulate acid-base sites while
simultaneously introducing active lattice oxygen for carbon
removal. Pizzolitto et al.®" showed that the addition of La
significantly reduced support acidity of Ni-ZrO, catalysts,
improving both hydrogen production efficiency and
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stability. Xiao et al.™ introduced Pr to CeO, (Ce,_Pr,0,_y),
which increased oxygen vacancy concentration and lattice-
oxygen mobility. By optimizing the doping level (x = 0.2),
they accelerated H,O activation and directed ethoxy species
toward acetate conversion, effectively suppressed the
ethylene/acetaldehyde pathway and subsequent
methanation. The catalyst operated 50 h under harsh
conditions (600 °C, water/ethanol = 4) without deactivation,
and its carbon deposition rate was two orders lower than
that of conventional Ni-based catalysts. Notably, beyond
serving as a support, CeO, can also act as an efficient
promoter. For example, Go et al. reported that adding a
small amount of Ce (<2%) to Ni-Fe/Al,O; significantly
improved glycerol-reforming conversion and hydrogen
selectivity while reducing carbon deposition!®.

2.4 Substrate-specific catalytic demands

The ultimate goal of biomass-derived alcohols steam
reforming is to fully cleave C-C, C-H and O-H bonds,
convert carbon atoms in the alcohol molecules into CO,,
and maximize the extraction of hydrogen atoms from both
the alcohol and water to produce H,. As described above,
structural differences among the reactants directly lead to
significant  variations in the required catalytic
functionalities. As a monohydric primary alcohol, ethanol
readily undergoes methanation and dehydration side
reactions due to the preferential activation of its C—O bonds.
Consequently, its conversion need metal centers with
stronger C—C and C-H bond activation capabilities, also
required alkaline supports or basic promoters to suppress
surface acid sites and block the dehydration pathway. In
contrast, the vicinal di-hydroxy structure of ethylene glycol
enhances the tendency for C—C cleavage via bidentate
coordination, reducing the demand for metal-mediated
bond-breaking. Moreover, the absence of methyl groups in
the molecule suppresses methanation. However, this same
structure also facilitates intermolecular dehydration, leading
to ring-forming and condensation reactions that generate
high-molecular-weight products. These products adsorb
strongly on the catalyst surface, significantly increasing the
risk of carbon deposition. For the structurally more complex
glycerol, carbon deposition effects are further intensified,
necessitating precise control over support acidity to inhibit
condensation reactions. Notably, water plays a dual role in
the reaction, serving both as a reactant in the water-gas shift
reaction and as a cooperative agent in activating and
removing carbon deposits. Thus, systems with a pronounced
tendency for coking (e.g., glycerol reforming) have an
especially urgent need for enhanced water activation
capability. Based on these differences, the metal-support-
promoter ternary components must be synergistically
optimized according to the structural features of each
alcohol molecule. The next section will focus on strategies
for tuning the structure and performance of metal centers,
systematically discussing recent advances in establishing

structure-activity —relationships for catalysts used in
hydrogen production via steam reforming of biomass-
derived alcohols.

3 Structure-activity relationships in catalysts
for steam reforming of biomass-derived alcohols
to hydrogen

3.1 Metal particle size effects

Steam reforming of biomass-derived alcohols is a typical
structure-sensitive reaction, where the metal particle size
profoundly influences catalytic performance. However,
reported trends vary significantly across catalyst systems
and reaction conditions. In ethanol steam reforming,
Noronha et al. observed that the intrinsic activity (turnover
frequency, TOF) of Co atoms on carbon nanofiber-
supported catalysts continuously increased as the Co
particle size decreased from 16 to 2 nm®, Similarly, Parlett
et al.®™ found that within the 2-4 nm range, the TOF of Ni
confined in three-dimensional ordered mesoporous KIT-6
increased with decreasing Ni particle size. In contrast,
Greluk et al.™ reported an opposite trend for Co/CeO, and
Ni/CeO, catalysts, where TOF increased with increasing
particle size (from 7 to 22 nm). Zhang et al.*” also
confirmed using Ni@SiO, core—shell catalysts that TOF
rose steadily as the Ni size increased from 6 to 30 nm, then
plateaued between 3040 nm. This discrepancy may stem
from changes in the rate-determining step, which could be
either ethanol dehydrogenation or C—C bond cleavage of its
derived intermediates™ . Notably, the influence of metal
particle size on carbon deposition shows more consistent
trends across systems: smaller particles significantly
suppress carbon formation. For example, Srisiriwat et al.””!
demonstrated that reducing the Ni particle size from 16.5 to
8.2 nm decreased the coking rate by nearly an order of
magnitude, and Valecillos et al.”"! further validated the anti-
coking advantage of small Ni particles (1.8-3.6 nm), which
maintained long-term stability.

Extending to steam reforming of polyols such as glycerol,
the particle-size effect exhibits more complex regulation.
Sadanandam et al.””, in a study of Ni/y-ALO; catalysts,
found that catalytic performance followed a volcano-type
dependence on Ni particle size. At 8.5 nm, the low Ni
loading exposed Lewis acid sites on the support, promoting
glycerol dehydration and polymerization, which led to
carbon deposition and deactivation. When the Ni size
increased to 13.1 nm, the weakened metal-support
interaction induced sintering and coking. Only at an
optimized size of ~10 nm did the catalyst achieve a
hydrogen yield of 67.5% at 650 °C with lowest carbon
deposition. This trend is echoed in Co-based catalyst
systems: Moogi et al.”*! observed that a Co/MgO catalyst
with small Co particles (~7 nm) achieved a hydrogen yield
of 74.6%, whereas larger particles (~15 nm) led to increased
coking and reduced hydrogen production.
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The emergence of single-atom catalysis offers a new
strategy to understand size limitations. By constructing
precise atomic-scale interfaces, it effectively inhibits high-
temperature sintering and carbon deposition. Zhao et al.”™
established Rh—O—Ce single-atom sites in Rh-Ce/AlO;,
which significantly promoted water activation and the
water-gas  shift reaction, enhancing
hydrogen  production efficiency and  anti-coking
performance. Peng et al.””! utilized an a-MoC support to
construct Pt/Ir single-atom interfaces. By avoiding the
excessive C—C cleavage and methanation side reactions
typically driven by metal clusters, they achieved the
cooperative conversion of ethanol and water into hydrogen
and high-value-added acetic acid. This system delivered a
hydrogen production rate of 331.3 mmol/(g-h) at 270 °C
with 84.5% acetic acid selectivity (near-zero CO,/CH,
formation), demonstrating the precise control over reaction
pathways enabled by atomic-level engineering. Recently, Li
et al.” developed a Ni system featuring coexisting single
atoms and nanoclusters on a Mo,TiAlC, composite support.
Compared to pure single-atom and pure cluster systems, the
hydrogen selectivity increased by 43.7% and 29.3%,
respectively (at 550 °C), and the catalyst remained stable
during a 120 h continuous reaction. Mechanistic studies
further revealed that Ni single atoms dominated ethanol
adsorption and activation, while adjacent nanoclusters
lowered the dehydrogenation energy barrier. The two
components formed cooperative active sites via a Ni—-Mo

simultaneously

alloying interface, synergistically boosting catalytic
performance (Figure 4)°7. This work highlights the
significant advantage of multi-scale structural synergy in
biomass-alcohol steam reforming and establishes a
theoretical foundation for the design of next-generation
catalysts.

3.2 Bimetallic/alloy effects

Bimetallic/alloying strategies, leveraging synergistic
effects, can significantly enhance the performance of
biomass-derived alcohol steam reforming. Among these,
Ni-based bimetallic system was a major research focus due
to the excellent C—C/C—H bond cleavage capability of the
Ni component””. Nichele et al.’”’, by precisely tuning the
Cu/Ni ratio in Ni-Cu/ZrO, catalysts, revealed that Cu not
only enhances the reducibility of the catalyst but also
stabilizes Ni active sites through electronic interactions. Liu
et al.®™ further confirmed in Ni-Cu/AlL,O; systems that the
introduction of 5% Cu significantly improves the
reducibility of NiO. When extending the studies to Ni-Co
systems, Rodriguez-Gomez et al.””! observed that the Co,C
phase formed in high-Co-content Ni-Co/SBA-15 catalysts
effectively suppresses the over-cleavage of acetaldehyde.
Meanwhile, Braga et al.l'®l found that the alloy sites
exposed in Ni-Co/MgAlO, catalysts efficiently promote
C—C bond cleavage at 450-550 °C.
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The introduction of metals such as Fe, W and Mo further
expands the functional dimensions. Wu et all'®!
demonstrated that in Ni-Fe/MgAlL, O, catalysts, electron
transfer from Fe to Ni weakens CO adsorption strength,
while the presence of the y-Fe,O; phase under reaction
conditions drives the oxidation of ethoxy species to
acetates, opening a new efficient pathway for C—C cleavage
(Figure 5). Similarly, Ni-W/Mo bimetallic systems induce
active oxygen generation via Ni-O—W(Mo) bridging bonds,
synergistically optimizing the kinetics of the water-gas shift
reaction and anti-coking ability™.

The synergistic effects between noble metals (e.g., Pt,
Rh, Ru, Pd, Ir) and Ni offer distinct advantages in low-
temperature activity and anti-coking performance. Palma et
al." found that introducing Pt into Ni-based catalysts
promotes CO/CH, reforming reactions, significantly
enhancing hydrogen yield while suppressing methane
formation. Chagas et al.l'! demonstrated that the Pd-Ni
interface efficiently activates the methyl group of acetate
intermediates, thereby blocking carbon deposition pathways
at the source. Similarly, Campos et al.'® reported that
incorporating a small amount of Rh into Ni-based catalysts
effectively modulates the migration rate of active surface
oxygen, accelerating CH, conversion and reducing carbon
deposition. Notably, Sierra et al.'® observed that in a Ni-
Rh/La-Ce-Al,O; catalyst containing 1% Rh, carbon
accumulation was reduced by 560-fold compared to the
unmodified catalyst, and the catalyst fully regained its
activity after regeneration in air. When extending the
studies to glycerol reforming, Reynoso-Estévez et al.l'"
showed that electron transfer between metals in Pt-
Co/AlO; catalysts significantly improves CO, selectivity,
while Silva et all'"? found that Rh-Co/SiO, catalysts
promote deep cracking of glycerol by enhancing water
activation, effectively suppressing olefin by-product
formation.

Novel structural designs of bimetallic catalysts provide
new opportunities for hydrogen production from biomass-
derived alcohol steam reforming. Recently, Choong et
al.l%! constructed a multi-center synergistic interface in an

(a)

C,H;OH+H,0
MgALO, _

(b)

C,H;OH+H,0
MgAl,O, _

Ir-Fe bimetallic system, achieving a balance between
catalytic activity and stability: Fe — Ir electron transfer
strengthens the Ir-O bond and water activation capability,
while the Fe*'/Fe’" redox cycle establishes a reversible
storage-release mechanism for active oxygen, ensuring
timely and continuous removal of surface carbon species.
Dai et all'"™! employed a mesoporous SiO, (mSiO,)
encapsulation strategy to construct a pitaya-like (dragon-
fruit-like) Pt-Cu@mSiO, catalyst. Within the confined
mesoporous environment, the catalyst utilizes bimetallic
electronic effects to synergistically optimize reactant
adsorption configurations and product distribution,
effectively suppressing CO formation and maintaining long-
term stable operation in low-temperature reforming. Xue et
al.l'®%  further fabricated a more complex core-shell
NiRh@NiO@mSiO, catalyst, revealing that the alloyed
NiRh core and NiO shell cooperatively promote the ethoxy
dehydrogenation pathway, while the mSiO, meso-structure
ensures efficient mass transfer of water molecules and
products, thereby significantly inhibiting metal sintering
and enhancing anti-coking ability.

3.3 Metalsupport interactions

Strong Metal-Support Interaction (SMSI), as a key
strategy for regulating the performance of biomass-alcohol
steam reforming, enhances metal-support functional
synergy by reducing metal particle size and increasing
interface proportion. Li et al.l'' introduced CeO, into
mesoporous SBA-15 zeolite and utilized SMSI to precisely
control the dispersion of Ni particles. The constructed
uniform Ni—-O-Ce interface enabled the catalyst to achieve
>95% ethanol conversion and excellent anti-coking
performance in ethanol steam reforming at 600 °C. Greluk
et al.®*""? further promoted the dispersion of metal particles
and enhanced the SMSI effect by adding citric acid during
the synthesis of Ni/CeO, and Co/CeO, catalysts, obtaining
high H, yield and strong water-gas shift capability under
mild conditions at 420 °C.
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Fig. 5 Role of Fe species in Ni-based catalysts for ethanol steam reforming: (a) Proposed reaction pathway on Ni/MgAl,O, catalyst;

(b) Proposed reaction pathway on Ni-Fe/MgAl,O, catalyst
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Besides particle-size control, SMSI also influences metal
valence states through charge transfer. Tian et al.'’¥)
developed a non-equilibrium synthesis method to precisely
regulate the Ni%Ni*" ratio in Ni;Mg, O catalysts. Using in
situ spectroscopy, they revealed a synergistic mechanism
between Ni’° and Ni*' active sites, in which Ni’
nanoparticles cleave the a-C—H bond of ethanol, while
adjacent Ni*" sites promote methyl dehydrogenation. This
synergy effectively improves hydrogen production
efficiency, achieving a hydrogen generation rate of
513.4 mmol/(g-h) at 400 °C with methane selectivity < 5%.

The oxygen vacancy content and basicity of metal-oxide
supports play a regulatory role in SMSI. Kim et al.’*!"4
confirmed that by adjusting the Ce/Zr ratio in Ni/Ce Zr,_,O,
catalysts, Ce-enriched structures increase oxygen vacancy
concentration,  thereby  strengthening SMSI  and
synergistically promoting ethanol dehydrogenation, steam
reforming, and water-gas shift reactions. Recently, Sosa et
al.l"®!  employed magnetron-sputtering technology to
enhance the oxygen vacancy concentration at the Ni-CeO,
interface, significantly improving ethanol dehydrogenation
and water activation efficiency. The synergy between basic
supports and SMSI is equally crucial. Braga et al.l'°!¢
combined the basic sites of the support with SMSI in Ni-
Co/MgAlO, catalysts, effectively suppressing ethylene by-
products and enhancing hydrogen selectivity in ethanol
steam reforming, enabling long-term stable operation.
Similarly, Alizadeh et al.''"! demonstrated in glycerol steam
reforming that the coexistence of the Ni-Fe,O, phase formed
via SMSI and the basic sites of MgO in Ni-Fe/MgAl,O,
catalysts synergistically strengthens the water-gas shift
reaction and inhibits carbon deposition.

It is particularly important to emphasize that the strength
of SMSI must be precisely controlled to optimize hydrogen
production from biomass-alcohol steam reforming. When
Zhu et al."® studied the influence of TiO, crystal phases on
Ni/TiO, catalysts, they found that anatase TiO,, due to

excessively strong SMSI with metallic Ni, caused over 90%
of the Ni surface covered by TiO, overlayers, severely
hindering the exposure of active Ni’ and Ni-TiO, sites. In
contrast, rutile TiO, formed a moderate SMSI with Ni,
preserving sufficient Ni® sites while exposing highly active
Ni-TiO, interfaces. This promoted C—C bond cleavage via
the acetate pathway and suppressed methane formation,
while the interfacial confinement effect significantly
inhibited sintering and carbon deposition (coking rate only
0.9  mg/(g-h)). This catalyst achieved a hydrogen
production rate of 657.13 mmol/(g-h) at 500 °C and
operated stably for 420 h.

Strong Bimetal-Support Interaction (SBMSI), by
integrating metal-metal synergy with metal-support
coupling effects, opens new avenues for enhancing the
performance of biomass-alcohol steam reforming. Meng et
al.'! constructed a RhNi/TiO, catalyst with well-defined
interfacial structure from a RhNiTi layered double
hydroxide precursor. In situ spectroscopic characterization
revealed that its multifunctional interfacial active sites (Rh-
Ni’-0,-Ti*") utilize multi-electron transfer to drive efficient
activation and reforming conversion of CO and CH,
intermediates (Figure 6)!''. In ethanol steam reforming,
this catalyst achieved a hydrogen yield of 61.7% and a
hydrogen production rate of 544.64 mmol/(g-h) at 400 °C,
with no significant deactivation during 300 h of operation.
Similarly, Smal et al.'?” discovered in a Ni-Ru/Mn,Cr;_,0O,
(x = 0.3-2.7) system that the SBMSI effect drives the
segregation and reconstruction of Ni and Ru from the
subsurface of the support into highly dispersed alloy
nanoparticles under ethanol steam reforming conditions. By
adjusting the Mn/Cr ratio in the support to form a MnCr,0,
spinel phase, the optimized SMSI strength, lattice oxygen
mobility, and NiRu alloy structure synergistically enhanced
the efficiency of ethanol C—C bond cleavage and enabled
rapid in situ oxidation removal of surface carbon species.

_14
i 12.2
P12
=
=101
2 7.7
E 84 .
c 6.3
S 64
3
T 41
g
a 2]
o
* 0
NIITiO, 0.5RhNiTiO, Rh/Ni  RhITiO,

Fig. 6 SBMSI effect in ethanol steam reforming: (a) Schematic illustration of multifunctional interfacial active sites in
RhNi/TiO, catalyst; (b) H, production rate comparison between RhNi/TiO, and reference catalysts
(400 °C, 0.15 g catalyst, H,O/EtOH = 1.5)'"")
(with permission from Springer Nature)

The utilization of compositionally homogeneous multi-
component composite oxides or high-entropy oxides

(HEOs) as precursors for bimetallic catalysts has emerged

as a prominent research trend in recent years, further
expanding the tunable dimensions of SBMSI. Liao et al.l'"

synthesized  nanorod-like ~ NiCoMnCeCaO,  penta-
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component composite oxides. During the initial stage of
ethanol steam reforming, NiCo alloys were exsolved from
the lattice under the introduction of oxygen vacancies and
ethanol. The NiCo alloys were responsible for C—C bond
cleavage and dehydrogenation, while Mn and Ce provided
active lattice oxygen, and Ca enhanced water activation
capability and CO, capture through basic sites. The
synergistic interplay among these multiple components
achieved a hydrogen production rate of 433.8 mmol/(g-h) at
600 °C. Liao et all'™ employed a perovskite-type
La,CaNiCoMnO, high-entropy oxide as a catalyst
precursor. They observed that during glycerol steam
reforming, it undergoes in situ self-reconstruction to form a
highly stable “semi-embedded” NiCo/HEO catalytic
interface. A sustained oxygen-vacancy migration network
involving Mn, Ca and La enabled a dynamic equilibrium
between water activation and carbon removal. This SBMSI
effect allowed the catalyst to achieve 88% H, selectivity and
operate stably for 20 h at a high temperature of 800 °C.

4 Conclusions and outlook

Steam reforming of biomass-derived alcohols (ethanol,
ethylene glycol and glycerol) for hydrogen production
demonstrates broad prospects in renewable hydrogen
energy generation. A distinct contrast exists in the
molecular structures and reaction pathways of these three
alcohols: ethanol is prone to dehydration and constrained by
side reactions such as acetone formation and methanation;
ethylene glycol leverages its dual hydroxyl groups to
synergistically enhance dehydrogenation and C—C bond
cleavage, thereby improving hydrogen selectivity; the tri-
hydroxyl structure of glycerol, however, leads to reaction
network complexity and an increased tendency for carbon
deposition. A core principle emerges: an increase in the
number of hydroxyl groups strengthens molecule-surface
interactions. While this intensifies the divergence of
reaction pathways, it simultaneously opens new
opportunities for constructing controllable interfaces and
multifunctional active sites.

Catalyst design must address
requirements—efficiently —synergizing dehydrogenation,
C—C cleavage, and the water-gas shift reaction, while
simultaneously blocking carbon deposition precursors like
ethylene or enols. It must also respond precisely to system-
specific differences: ethanol-based systems should focus on
tuning metal-support interfaces to suppress
ethylene/acetone/methane  pathways; ethylene  glycol
systems require a dynamic balance between oxygen
mobility and water activation capability; glycerol systems
demand a stronger emphasis on anti-coking performance
and high-temperature stability. Ni-based catalysts dominate
due to their cost-effectiveness and strong C-C bond
activation capability. However, strategies such as alloying
(with Fe, Co, Cu, etc.) or incorporating rare-earth
supports/promoters (Ce, Pr, La, etc.) are essential to

universal
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construct synergistic interfaces that overcome the
bottlenecks of carbon deposition and sintering. Although
noble metals (Pt, Rh, Ir, etc.) exhibit superior low-
temperature activity and stability, alternative strategies are
evolving towards single-atom catalysis and multicomponent
catalytic systems driven by strong bimetallic-support
interaction (SBMSI).

Looking ahead, the field of heterogeneous catalysis for
steam reforming of biomass-derived alcohols still faces
three key challenges:

(1) Deep understanding of reaction mechanisms and
structure-performance relationships. By integrating in
situloperando characterization with theoretical simulations,
it is essential to elucidate the differential mechanisms by
which different alcohol molecular structures (e.g., hydroxyl
number, topological configuration) induce dynamic
reconstruction of active sites in multi-component catalyst
systems. This will enable the establishment of quantitative
mapping models linking alcohol structural parameters (e.g.,
hydroxyl density) to interfacial electronic states and
reaction pathways, providing a mechanistic anchor for the
differentiated design of catalysts tailored to specific
biomass-alcohol steam reforming systems.

(2) Data-driven rational design of catalysts. There is a
need to construct open database platforms encompassing
fundamental reaction energy barriers, adsorption energies,
and interfacial state densities. These platforms should
incorporate descriptors for alcohol molecular structure
features and integrate machine learning with high-
throughput screening technologies. This will pave the way
for accurate prediction of macroscopic performance from
electronic structures. Priority should be given to developing
anti-coking/anti-sintering catalysts based on inexpensive
metals and rare-earth oxides, thereby expanding the
versatility of biomass-derived alcohol steam reforming
catalysts and overcoming the stability-cost trade-off
dilemma.

(3) Cross-scale integration of catalytic materials and
reaction engineering. Given the differing demands of
various biomass-derived alcohol steam reforming systems
on catalytic functions such as C—C/C—H bond activation and
anti-coking performance, it is crucial to promote the deep
matching of microchannel reactors, membrane reactors, and
photo-/electro-assisted systems with catalyst structures. By
enhancing mass/heat transfer and thermal management, an
integrated design of ‘“alcohol structure—catalyst-reactor”
can be achieved, ensuring the transferability of performance
from laboratory to industrial scale-up.
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