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Hydrogen gas (H) has attracted significant attention as a clean energy source. To realise a sustainable
society, the development of methods for green H, production from water and safe H, storage is
essential. Organic hydrides, which can store H, via covalent bonding under ambient conditions, are
promising H, storage materials. Primary alcohols, which can be produced from biomass and release H,
under mild conditions (80-220 °C) due to their small dehydrogenation enthalpies, have garnered
attention as new candidates for application as organic hydrides. In this work, we demonstrated
a reversible H, storage cycle with primary alcohols/aldehydes. Specifically, we focused on benzyl alcohol
and relatively stable benzaldehyde. Benzyl alcohol was completely dehydrogenated by warming (180 or
220 °C) in the presence of a metal complex catalyst to obtain benzaldehyde, which was then completely
hydrogenated to benzyl alcohol using the same catalyst under H, (1 atm), thereby accomplishing
a reversible H, storage cycle. Additionally, we used alcoholic fermentation with baker's yeast as

a hydrogenation method without requiring precious metal catalysts or H,, and benzaldehyde was
Received 31st December 2025 letely hvd ted to st hvd directly f t d nicoti ide adenine di leotid
Accepted 24th March 2026 completely hydrogenated to store hydrogen directly from water and nicotinamide adenine dinucleotide

(NADH). This work revealed the reversible H, storage capability of primary alcohols/aldehydes as organic

DOI: 10.1039/d5se01721a hydrides, and conceptually demonstrated a green H, production and storage cycle by combining
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Introduction

Hydrogen gas (H,) is indispensable for industries (e.g., petro-
leum refining,' steel manufacturing,”> and ammonia synthesis®).
Additionally, H, has attracted attention as a clean energy source
alternative to fossil fuels* due to its high gravimetric energy
density (140.4 MJ kg™ "),’ which is higher than that of coke (28.8
M]J kg™ ') and gasoline (40.0 MJ kg™ "), and its combustion (H, +
(1/2)0, = H,0) is not accompanied by CO, emissions.®
However, current H, production methods mainly use fossil
fuels, which in turn lead to CO, emissions.”” Additionally,
current H, storage and transportation methods, such as
compressed H, (300-700 bar) and liquid hydrogen (—253 °C),
require high pressure or cryogenic temperature and face safety
risks (e.g., flammability and explosiveness).'®"* Therefore, for
the practical use of hydrogen energy, the development of effi-
cient methods for green H, production from water and for safe
H, storage and transportation is required.*?
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hydrogen storage using alcoholic fermentation and H; release.

Porous materials (80 bar, —200 °C), hydrogen storage alloys
(1-8 bar, —40-20 °C), and organic hydrides have been mainly
reported as hydrogen storage materials.’*'* Among these,
organic hydrides, which can store H, reversibly via covalent
bonding under ambient conditions, have attracted attention as
safe H, storage materials. Additionally, most organic hydrides
exist as liquids under ambient conditions and are expected to
enable hydrogen storage and transport by using the existing
infrastructure for gasoline."” From these advantages, organic
hydrides are one of the promising hydrogen storage materials
that enable relatively cost-effective and large-scale storage and
transportation of hydrogen.'® However, most typical organic
hydrides (e.g., toluene/methylcyclohexane) are produced from
fossil resources,'” and they require high temperature conditions
(e.g., >250 °C) for H, release due to their large dehydrogenation
enthalpies.'®* These high temperature conditions consume 25—
30% of the energy obtained from the released H,.** Nitrogen-
containing heterocyclic compounds have attracted attention
due to their small dehydrogenation enthalpies, but their high
melting points (e.g., N-ethylcarbazole: 69 °C)** make them
difficult to transport using existing gasoline infrastructure.
Based on the above situation, the use of organic compounds,
which have small dehydrogenation enthalpies and exist as
liquids under ambient conditions, is desirable.*

As shown in Table 1, alcohols, which have small dehydro-
genation enthalpies, can release H, under milder conditions
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Table 1 Characteristics of organic hydrides
Dehydrogenation enthalpy Hydrogen storage Liquid range (°C)
Entry Organic hydride (kJ mol ™) density (wt%) (H, adduct/H, acceptor) Ref.
e L, we
1 QO = a, O 205 (68 per Hy) 6.2 —127-101/—-95-111 23
Methylcyclohexane Toluene
o e
2 O\,@AO — ‘v‘/\‘ 585 (65 per Hy) 6.2 —58-371/—34-398 23
P
3 SO e 300 (50 per H,) 5.2 <20-280/68-270 23
-H, ®
4 (This work) o™ o 54 1.9 —15-205/—56-179 24
Benzyl alcohol Benzaldehyde
-H, o
5 ~o e A 68 4.4 —114-79/—123-20 25
Ethanol 2 Acetaldehyde
- 2H, i
6 e — 6.5 ~13-195/15-51 —
Ethylene glycol ? Glyoxal
OH OH OH
D on T DH 0
7 Open-chain form Oligoaldehyde <5.6 146-NA/NA-NA

of glucose

(80-220 °C)**** than those of typical organic hydrides and often
exist as liquids under ambient conditions. Therefore, alcohols
have recently attracted attention as new candidates for organic
hydrides.*® Among them, primary alcohols can be easily
produced from biomass®**® and are expected to be used as
sustainable and environmentally friendly organic hydrides.

In this work, we achieved reversible H, storage using primary
alcohols/aldehydes via hydrogenation and dehydrogenation
reactions under mild conditions. Specifically, to conceptually
demonstrate a reversible H, storage cycle with primary alcohols/
aldehydes, we focused on benzyl alcohol (H, adduct), which can
be produced from biomass,*” and benzaldehyde (H, acceptor),
which is relatively stable.*® Benzyl alcohol was completely de-
hydrogenated to benzaldehyde by simply warming it with an
iridium catalyst.** Subsequently, benzaldehyde was completely
hydrogenated to benzyl alcohol with the same iridium catalyst
under H, (1 atm), thereby accomplishing a reversible H, storage

1. Hydrogenation

. 2. Alcoholic fermentation
+ Hydrogen source: H, ||+ Hydrogen source: H,0 & NADH
- Ir cat. - Baker's yeast

(o} OH

H Green H, :
Production & Storage Cycle
Benzaldehyde Benzyl alcohol

Production
(H; acceptor) (H, adduct)
o] )?"
H, 7 N—I‘r'OHz
~ N o
! =

Ir cat.

Fig. 1 H, production and storage cycle with benzyl alcohol/
benzaldehyde.
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cycle with benzyl alcohol/benzaldehyde. Additionally, we used
alcoholic fermentation with baker's yeast®® as a hydrogenation
method without requiring precious metal catalysts or H,, and
benzaldehyde was completely hydrogenated to store hydrogen
directly from water and nicotinamide adenine dinucleotide
(NADH) contained in baker's yeast. As shown in Fig. 1, this work
conceptually demonstrated a green H, production and storage
cycle by combining hydrogen storage using alcoholic fermen-
tation and H, release.

Results and discussion
Reversible H, storage cycle

In this work, we used aqua(2,2’-bipyridine-6,6’-dionato)(penta-
methyleyclopentadienyl)iridium(m) (Ir cat.) as the hydrogena-
tion and dehydrogenation catalyst.*® Ir cat. is known for de-
hydrogenating alcohols under mild conditions (<250 °C)
without using oxidants in various solvents,”*** and has a high
durability and long lifetime with a catalytic turnover number
exceeding 100 000. In addition, Ir cat. enables the reversible
transformation between secondary alcohols and ketones (e.g., at
least 8 cycles for 2-propanol/acetone®), and the technology for
recovering iridium is mature.* Therefore, Ir cat. also has reus-
ability and recyclability. As shown in Fig. 1, benzyl alcohol was
dehydrogenated with Ir cat. in p-xylene, which is often used in
the dehydrogenation of alcohols by Ir cat.** From the perspec-
tive of sustainability, the use of p-xylene is undesirable in the
future, and therefore, p-xylene was used only for the analysis
and demonstration of the dehydrogenation and hydrogenation
of benzyl alcohol/benzaldehyde. In other parts, from the
perspective of sustainability, pinane was used as an environ-
mentally friendly solvent alternative to p-xylene.

This journal is © The Royal Society of Chemistry 2026
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Table 2 Dehydrogenation of benzyl alcohol in p-xylene or pinane with Ir cat.

Entry Solvent Temperature (°C) Catalyst (mol%) Reaction time (h) Conversion® (%)
1 /©/ 180 (Reflux) 0.5 10 100
p-Xylene
2 Pinane 220 (Reflux) 1.5 4 98.0
(Bio-derived

solvent)

? Determined by "H NMR.

As shown in Table 2, Entry 1, and Fig. S1, benzyl alcohol was
warmed in the presence of Ir cat. to be completely dehydro-
genated to benzaldehyde. This full conversion was achieved by
conducting the dehydrogenation reaction in an open system,
where the evolved H, that can serve as a reactant for the
hydrogenation reaction is continuously released outside the
system to proceed the dehydrogenation reaction only. Addi-
tionally, as shown in Fig. S2, benzyl alcohol was dehydro-
genated in a sealed system, and the evolved gas was analysed by
a gas chromatography (GC) analysis. Even in a sealed system,
where the evolved H, can remain, the endothermic nature of the
dehydrogenation reaction can shift the equilibrium of the
transformation between benzyl alcohol and benzaldehyde
towards the production of benzaldehyde and H, at high
temperatures. As shown in Fig. S3 and S4, the dehydrogenation
of benzyl alcohol produced benzaldehyde and H, without any
gaseous or liquid by-products. In addition, the amount of
released H, corresponding to the conversion of benzyl alcohol
to benzaldehyde determined by "H NMR spectroscopy was
confirmed.

The dehydrogenation reaction of organic hydrides requires
significant energy under high temperature conditions, making
its kinetic analysis generally considered more important than
that of the hydrogenation reaction.*** Therefore, as shown in
Fig. 2, we conducted a kinetic analysis of the dehydrogenation
reaction of benzyl alcohol with Ir cat. (details of the kinetic
analysis and the reaction rate equations are shown in the SI).
Based on the reaction rate constants summarised in Table S1

@ (b)

-+ 100°C < 120°C

T - 110°C -0-130°C

=46 55

z 4 I

] — — =

Taa = £5

S o, ? E, =39.2 kJ/mol

T @k"—k> ©)L" +H, R?=0.98

T a2 75

0 20 40 60 80 24 25 26 27
Time (s) 1T (103K")
Fig. 2 (a) Dehydrogenation of benzyl alcohol with Ir cat. at 100-130 °

C. (b) Arrhenius plots used to estimate the activation energy for the
dehydrogenation of benzyl alcohol with Ir cat.

This journal is © The Royal Society of Chemistry 2026

and the Arrhenius plot shown in Fig. 2b, the activation energy
for the dehydrogenation of benzyl alcohol with Ir cat. was esti-
mated to be +39.2 k] mol . This activation energy is lower than
the standard reaction enthalpy for dehydrogenation of benzyl
alcohol to benzaldehyde and H, (AH® = +53.9 k] mol~").>* This
low activation energy is ascribed to the unique catalytic mech-
anism of Ir cat. (as shown in Fig. S$5),** and is expected to reduce
the energy consumption for H, release.

As mentioned in the aforementioned part, p-xylene is
produced from fossil resources,** and therefore, the use of bio-
derived solvents is desirable to develop sustainable H, release
methods. In this work, we replaced p-xylene with pinane, which
is a green solvent derived from pine tree oil.*>*” As shown in
Table S2, the dehydrogenation of benzyl alcohol in pinane was
revealed to proceed more slowly than that in p-xylene (Fig. S6),
and increasing the amount of Ir cat. achieved reaction rates and
conversion comparable to those in p-xylene (Table 2, Entry 2 and
Fig. S7). In our ongoing work, our objective is to make the H,
release method for primary alcohols more environmentally
friendly by using non-precious, earth-abundant metal catalysts
(e.g., manganese*®).

Subsequently, as shown in Fig. 1, benzaldehyde was hydro-
genated with Ir cat. in p-xylene or pinane under H, (1 atm). As
shown in Table 3 and Fig. S8 and S9, benzaldehyde was

Table 3 Hydrogenation of benzaldehyde in p-xylene or pinane with
H, and Ir cat. ¢

Entry Solvent Reaction time (h) Conversion” (%)
1 /©/ 6 100

p-Xylene
2 \®L 4 100

Pinane

“Ir cat: 0.5 mol% (vs.

benzyl alcohol); temperature: 60 °C.
b Determined by "H NMR.

Sustainable Energy Fuels, 2026, 10, 2461-2466 | 2463
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Table 4 Characteristics of various hydrogenation methods of organic hydrides

Entry  Hydrogenation method Processes Catalyst Hydrogen source  Temperature (°C) Ref.

1 Conventional H, storage methods Multiple processes Precious metal catalyst ~ H, (>30 bar) >120 17
Electrochemical hydrogenation Single process Precious metal catalyst ~ H,O 25 16

3 Alcoholic fermentation Single process Baker's yeast H,0 and NADH 25 26

completely hydrogenated not only in p-xylene but also in pinane
to produce benzyl alcohol and store H,. From the above results
of hydrogenation and dehydrogenation, in this work, a revers-
ible H, storage cycle with benzyl alcohol/benzaldehyde is
accomplished, and benzyl alcohol/benzaldehyde was concep-
tually demonstrated as an organic hydride (as shown in Fig. 1).

Green H, production & storage cycle

As shown in Table 4, Entry 1, conventional H, storage methods
for organic hydrides require pure high-pressure H,, and the
entire process of H, production and storage (such as H,
production via water electrolysis, purification, and the hydro-
genation of organic hydrides with high-pressure H,) consists of
multiple steps and accompanied by energy consumption.**-*
Recently, as shown in Table 4, Entry 2, electrochemical hydro-
genation has emerged as a simple method that can store
hydrogen directly from water into organic hydrides without
using H,.'* However, even in the electrochemical hydrogena-
tion, precious metal catalysts are often required. Therefore,
from the perspective of sustainability, the development of
hydrogen storage methods without requiring precious metal
catalysts is desirable.

In this context, as shown in Table 4, Entry 3, alcoholic
fermentation with baker's yeast can hydrogenate aldehydes to
primary alcohols using water and nicotinamide adenine dinu-
cleotide (NADH), which is a coenzyme contained in baker's
yeast, as hydrogen sources.”*** During alcoholic fermentation,
NADH is oxidised to NAD*, but NAD"' can be regenerated to
NADH by adding glucose.”*** Therefore, NADH can be used as
a renewable hydrogen source. In addition, alcoholic fermenta-
tion with baker's yeast can hydrogenate aldehydes under
ambient conditions, which are milder than those of the
conventional hydrogenation methods (e.g., >120 °C). Further-
more, the hydrogen storage process based on alcoholic
fermentation without using H, does not require the conven-
tional multiple H, storage processes, which are energy-
intensive. From the above, alcoholic fermentation with
baker's yeast can be used as a novel environmentally friendly
hydrogenation method for aldehydes, and the series of alco-
holic fermentation and dehydrogenation processes is suggested
to be more energy-efficient than that for conventional organic
hydrides.

In this work, as shown in Fig. 1, we used alcoholic fermen-
tation with baker's yeast as a hydrogenation method for benz-
aldehyde without requiring precious metal catalysts or H,.
Coexistence of benzaldehyde with baker's yeast (1 g) in water
allowed benzaldehyde to be completely hydrogenated and to

2464 | Sustainable Energy Fuels, 2026, 10, 2461-2466

Table 5 Hydrogenation of benzaldehyde in water with baker's yeast®

Entry Baker's yeast (g) Reaction time (h) Conversion” (%)
1 1.0 6 100
2 3.0 2 100

“ Temperature: 25 °C. ” Determined by 'H NMR.

store hydrogen directly from water and NADH after stirring for
6 h (Fig. S10 and Table 5, Entry 1). In addition, increasing the
amount of baker's yeast to 3 g allowed the complete hydroge-
nation of benzaldehyde within 2 h (Fig. S11 and Table 5, Entry
2). These reaction times were comparable to or shorter than
those required for the hydrogenation with Ir cat., indicating
that alcoholic fermentation with baker's yeast has the potential
to store hydrogen with a time scale and efficiency comparable to
the hydrogenation with Ir cat. In addition, baker's yeast can be
easily separated from the produced alcohols,*® enabling its
combination with the subsequent dehydrogenation process
without the deactivation of baker's yeast caused by the
temperatures required for the dehydrogenation of alcohols.
From the above results, we achieved direct hydrogen storage
without requiring precious-metal catalysts or H, by using alco-
holic fermentation. As shown in Fig. 1, a green H, production
and storage cycle with benzyl alcohol/benzaldehyde was
conceptually demonstrated by combining hydrogen storage
using alcoholic fermentation and H, release.

Conclusions

This work achieved the dehydrogenation of primary alcohols
(e.g., benzyl alcohol) and hydrogenation of aldehydes (e.g.,
benzaldehyde) under H, (1 atm) in pinane, a bio-derived
solvent, and, for the first time, demonstrated that primary
alcohols/aldehydes serve as organic hydrides. In addition, we
used alcoholic fermentation with baker's yeast, in which water
and NADH serve as the hydrogen sources, to achieve direct
hydrogen storage without requiring precious metal catalysts or
H,. Furthermore, a green H, production and storage cycle with
primary alcohols/aldehydes was conceptually demonstrated by
combining alcoholic fermentation with the mild H, release
method. This cycle using primary alcohols/aldehydes can
contribute to the development of an H, release method under
mild conditions and environmentally friendly methods for
green H, production and storage. In addition, as shown in Table
1, Entries 6 and 7, the use of ideal polyhydric primary alcohols
with high hydrogen storage densities should lead to the

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01721a

Open Access Article. Published on 25 March 2026. Downloaded on 6/21/2026 7:13:25 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

development of promising organic hydrides with performance
comparable to that of other representative candidates (e.g,
methylcyclohexane/toluene), while having small dehydrogena-
tion enthalpies. In our ongoing work, we comprehensively
consider the characteristics (e.g., hydrogen storage density and
volatility) for organic hydrides and aim to apply this green H,
production and storage cycle to more ideal primary alcohols/
aldehydes (e.g., ethylene glycol/glyoxal) and to biomass (e.g.,
open-chain form of glucose).
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