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Hydrogen storage remains a major challenge for the widespread adoption of hydrogen as a clean and

sustainable energy carrier. Chemical hydrogen storage in organic materials offers a feasible solution for

safe, reversible, and high-capacity storage. However, the dehydrogenation process typically requires high

temperatures due to its endothermic nature. In this study, we present a potassium 4-piperidinolate/4-

pyridinolate pair (4-K-pip/4-K-pyr), which has a hydrogen storage capacity of 4.3 wt%, developed using

a molecular engineering strategy that combines the effects of a heteroatom and alkali metal substitution

within a single molecule to optimize dehydrogenation thermodynamics. Density functional theory (DFT)
calculations indicate that this system has a favorable enthalpy change of dehydrogenation (AHy4) of 35.15
kJ per mol-H,. Results from solid-state and aqueous solution experiments demonstrate the system's

ability to achieve reversible hydrogen storage under moderate conditions, and most importantly, with

excellent stability over multiple cycles in aqueous solution using a single catalyst. A comparison of

potassium 4-piperidinolate with other hydrogen-rich compounds that have closely related structures

shows that its superior hydrogen desorption performance can be attributed to its favorable AHy, which
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arises from an effective synergy between the effects of ring nitrogen and potassium as a strong

electron-donating substituent. Notably, favorable dehydrogenation thermodynamics, simple synthesis, air

DOI: 10.1039/d5ta04680g

rsc.li/materials-a practical hydrogen storage.

1 Introduction

Hydrogen has emerged as a promising clean energy carrier for
a sustainable future, thanks to its high gravimetric energy
density and emissions-free conversion."* However, hydrogen's
low volumetric energy density has hindered its widespread
adoption due to the lack of efficient, safe, and cost-effective
storage methods.>® Although high-pressure compression and
cryogenic liquefaction can be utilized for hydrogen storage,
these traditional methods have inherent drawbacks, including
high energy consumption, safety risks, high infrastructure
costs, and weight losses.”® To overcome these limitations,
chemical hydrogen storage in condensed materials has gained
considerable attention as a potential solution due to its unique
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stability, and low material cost position the 4-K-pip/4-K-pyr system as a promising candidate for

advantages, including safe and efficient high-capacity hydrogen
storage achieved through controllable thermal or catalytic
chemical processes. In this context, a wide array of materials,
including metal hydrides,”** chemical hydrides,"* complex
hydrides,*** and liquid organic hydrogen carriers (LOHCs)*>™"
have been extensively studied for their hydrogen storage capa-
bilities. It is essential to note that while each type of these
materials has unique advantages, no existing material system
fully meets all technical requirements for practical applications,
particularly regarding hydrogen storage capacity, kinetics,
thermodynamics,  reversibility,  stability, —and  cost-
effectiveness.”® Therefore, developing low-cost material
systems capable of efficiently and reversibly storing hydrogen
under mild conditions continues to be a significant challenge,
underscoring the need for further research efforts toward
innovative solutions to unlock the full potential of a hydrogen-
based economy.*"*

Organic compounds, such as liquid organic hydrogen
carriers (LOHCs), provide an effective way to reversibly store and
release hydrogen through catalytic hydrogenation and dehy-
drogenation reactions.”*** Unlike other hydrogen storage
materials, organic compounds have the distinct advantage of
rich chemistry and structural tailorability, which can be
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leveraged to improve hydrogen storage performance. For
instance, incorporating heteroatoms, such as nitrogen (N), into
cycloalkane rings has been demonstrated to improve dehydro-
genation thermodynamics (ring nitrogen effect).?® Similarly, our
research group has introduced a new class of hydrogen storage
materials, known as metalorganic compounds (MOCs), which
are formed by substituting protic hydrogen atoms on organic
molecules with lightweight alkali or alkaline earth metals such
as Li, Na, and K. This strategy has been proven to improve
enthalpy changes of dehydrogenation (AHy) due to the strong
electron-donating ability of these metals to modulate the elec-
tron densities of organic compounds (metal substitution
effect).”*>°

In the quest to develop hydrogen storage materials with
dehydrogenation thermodynamics suitable for reversible
hydrogen storage under moderate conditions, our research
group recently proposed a new molecular engineering strategy
to optimize these thermodynamics by creating an effective
synergy between ring nitrogen and alkali metal substitution
effects within a single molecule.®® By studying sodium
piperidinolate/pyridinolate pairs as representatives of alkali
metals piperidinolate/pyridinolate systems, density functional
theory (DFT) calculations and experimental findings indicated
that substituting the acidic hydrogen atom of hydroxypiper-
idines with sodium significantly reduces AHy. Interestingly, the
extent of this decrease in AHj, is also influenced by positional
isomerism. The sodium 4-piperidinolate/4-pyridinolate pair (4-
Na-pip/4Na-pyr) demonstrated superior performance compared
to its other positional isomers, achieving reversible H, storage
under mild conditions. Furthermore, the type of alkali metal
can also impact the hydrogen storage performance of the
resulting piperidinolates. For instance, potassium compounds
often display lower AHy4 values compared to their sodium and
lithium counterparts due to potassium's stronger electron-
donating ability. Therefore, this study aims to explore the
potential of the potassium 4-piperidinolate/4-pyridinolate pair,
hereinafter referred to as 4-K-pip/4-K-pyr, as a new system for
efficient reversible hydrogen storage. DFT calculations revealed
that the 4-K-pip/4-K-pyr pair has a AHy of 35.15 kJ per mol-H,,
which is only 62% of the AHy of its parent pair (4-
hydroxypiperidine/4-hydroxypyridine) and falls within the ideal
range for hydrogen storage under moderate conditions.*" H,
absorption and desorption tests conducted in solid state and
aqueous solution demonstrated that this MOC pair can achieve
reversible H, storage at temperatures as low as 100 °C, with
excellent stability over multiple cycles in aqueous solution using
a bidirectional catalyst. The favorable thermodynamics, simple
synthesis, air stability, and low material cost position the 4-K-
pip/4-K-pyr system as a promising candidate for practical H,
storage.

2 Results and discussion
2.1. Material design and thermodynamic calculations

In the context of optimizing the dehydrogenation thermody-
namics of organic materials for hydrogen storage through
structural modification, alkali metal piperidinolates display two
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specific structural features that have individually been shown to
reduce AHy, i.e., the incorporation of a nitrogen atom within the
ring system? and the substitution of protic H by an electron-
donating alkali metal at the hydroxyl group (OH) of the parent
piperidinols.*® Considering the positional isomerism in the
piperidinolate and pyridinolate pairs, our previous study on
sodium systems revealed that the para isomers exhibit superior
performance in hydrogen storage.** Therefore, the present
study focused on the para potassium piperidinolate/
pyridinolate pair (4-K-pip/4-K-pyr) to maximize the synergistic
effect of the two structural features on dehydrogenation ther-
modynamics. DFT calculations performed using X 1s, which is
a method that combines B3LYP with neural network correction,
revealed that substituting the acidic H atom in 4-hydrox-
ypiperidine with alkali metals reduces its AH4. However, the
degree of AHy4 reduction depends on the Pauling electronega-
tivity (Z) of the alkali metal (Li, Na, and K) (Fig. 1a). Specifically,
the lower the electronegativity of the alkali metal, the more
pronounced the reduction in AHy. For this reason, 4-K-pip has
a AHy of 35.15 k] per mol-H, compared to 36.41 kJ per mol-H,
and 47.42 KJ per mol-H, for 4-Na-pip and 4-Li-pip, respectively.
This effect of substituting acidic hydrogen atoms with alkali
metals on reducing AHy (the alkali metal effect) is also evident
when comparing potassium cyclohexanolate (K-cycloh) to its
parent molecule, cyclohexanol (Fig. 1a and S1). Moreover, since
the molecular structure of 4-K-pip differs from that of K-cycloh
only by the incorporation of a nitrogen atom in the ring
(Fig. S1), the lower AHy value for 4-K-pip can reasonably be
attributed to the effect of the ring nitrogen in fine-tuning the
dehydrogenation thermodynamics (the heteroatom effect),
which has been reported in N-heterocyclic compounds for
hydrogen storage.*>* Therefore, these findings collectively
suggest that the low AHy for 4-K-pip can be ascribed to an
effective synergy between the effects of the ring nitrogen and the
presence of potassium as a strong electro-donating substituent
in its molecular structure, as illustrated in Fig S1.

To gain a better understanding of how this structural
modification strategy may affect molecular reactivity, DFT
calculations also revealed that the highest occupied molecular
orbital-lowest unoccupied molecular orbital (HOMO-LUMO)
band gap decreases progressively from cyclohexanol to 4-H-pip
and becomes significantly narrower in 4-K-pip (Fig. 1b). Simi-
larly, the comparison of C-H bond lengths among cyclohexanol,
4-H-pip, and 4-K-pip revealed that both the incorporation of
the N atom in the ring and the substitution of protic hydrogen
atoms by potassium led to an elongation of C-H bonds, espe-
cially at the o positions relative to the -OK group and the N
atom where the first C-H bond dissociation is very likely to
occur during the dehydrogenation reaction (Fig. 1c). Interest-
ingly, the observed trends in the HOMO-LUMO band gap and
C-H bond length among cyclohexanol, 4-H-pip, and 4-K-pip are
consistent with the AH, values of these compounds. Therefore,
comparing 4-K-pip to other hydrogen-rich molecules with
closely related molecular structures strongly suggests that the
dehydrogenation thermodynamics of 4-K-pip can be attributed
to the synergetic effect of incorporating a nitrogen atom into the

This journal is © The Royal Society of Chemistry 2025
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(a) Theoretical gas-phase enthalpy changes of dehydrogenation (AHy) in kJ per mol-H, for alkali metal 4-piperidinolates vs. electro-

negativity (2). AHq4 of alkali metal-4-piperidinolates are also compared to those of 4-hydroxypiperidine (4-H-pip), cyclohexanol, and potassium
cyclohexanolate (K-cycloh). (b) Comparison of HOMO-LUMO band gap among cyclohexanol, 4-H-pip, and 4-K-pip. (c) Comparison of C-H

bond length among cyclohexanol, 4-H-pip, and 4-K-pip.

ring structure and substituting the protic hydrogen atom with
potassium, which enhances its molecular reactivity.

2.2. Material synthesis, characterization, and crystal
structure analysis

Potassium 4-piperidinolate (4-K-pip) was synthesized by react-
ing 4-hydroxypiperidine (4-H-pip) with potassium hydride (KH)
in tetrahydrofuran (THF) at 90 °C under inert conditions.
Approximately one equivalent of H, gas was released during this
reaction, indicating a complete conversion, as shown by the
chemical equation in Scheme S1. A comparison of the 'H NMR
spectrum of the as-synthesized material with that of its organic
substrate (4-H-pip) shows the disappearance of the -OH group
proton resonance (Fig. 2a), signifying a successful deprotona-
tion by potassium hydride. Moreover, some proton resonances
shifted slightly upfield, suggesting a shielding effect likely
resulting from the electron density increased by the strong
electron-donating K substituent. The *C NMR spectrum of 4-K-
pip (Fig. 2b) also reflects the impact of substituting the protic
hydrogen with potassium, as evidenced by the downfield shifts
in the resonances of some carbon atoms. 4-K-pip was also
analyzed using powder X-ray diffraction (PXRD), as illustrated
in Fig. 2c. The diffraction pattern of this potassium-doped
material is distinctly different from that of the parent
substrate, indicating the formation of a new phase. Addition-
ally, K-cycloh and 4-Na-pip were synthesized using a similar
method to compare them with 4-K-pip, in order to experimen-
tally evaluate the effect of ring nitrogen and alkali metal

This journal is © The Royal Society of Chemistry 2025

substitution on H, desorption kinetics and thermodynamics.
The synthesis of these additional H-rich compounds from their
organic substrates was confirmed by 'H NMR spectroscopy
(Fig. S2) and PXRD (Fig. S3).

On the other hand, the hydrogen-lean compound (potassium
4-pyridinolate: 4-K-pyr) was synthesized by ball milling 4-
hydroxypyridine (4-H-pyr) with potassium hydride, also under
inert conditions. Heating the reaction mixture at 120 °C
released approximately one equivalent of H, gas, indicating
a complete conversion, as shown by the chemical equation in
Scheme S1. Alternatively, 4-K-pyr could be synthesized through
a simple and cost-effective method involving the reaction of 4-
H-pyr with potassium hydroxide (KOH) in an aqueous solution
at room temperature. The "H NMR characterization of the 4-K-
pyr samples synthesized using these two methods produced
identical spectra, characterized by the disappearance of the NH
proton resonance in 4-H-pyr (Fig. 2d), indicating a successful
deprotonation. It is worth mentioning that 4-hydroxypyridine
exists in equilibrium with 4-pyridone due to keto-enol
tautomerism. The keto form is the most stable tautomer both in
solution and in the solid state.**** Moreover, unlike the slight
upfield shift observed in the 'H NMR spectrum of 4-K-pip
(Fig. 2a), the resonances of all protons in the 4-K-pyr spec-
trum (Fig. 2d) starkly shifted upfield compared to their coun-
terparts in the spectrum of the substrate material (4-H-pyr).
This discrepancy could be attributed to the fact that electrons
transferred from potassium to the aromatic ring of 4-K-pyr can
be easily delocalized through strong p-m conjugation, contrary

J. Mater. Chem. A
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Fig.2 (a) *H NMR spectra of 4-K-pip and 4-H-pip. (b) *C NMR spectra of 4-K-pip and 4-H-pip. (c) PXRD patterns of 4-K-pip and 4-H-pip. (d) *H
NMR spectrum of 4-H-pyr compared to those of 4-K-pyr samples synthesized using the ball milling method (BM) and through the reaction of 4-
H-pyr with KOH in an aqueous solution (H,0). (e) *C NMR spectra of 4-H-pyr compared to those of 4-K-pyr samples synthesized using the ball

milling method (BM) and through the reaction of 4-H-pyr with KOH in

an aqueous solution (H,O). (f) PXRD patterns of 4-H-pyr compared to

those of 4-K-pyr samples synthesized using the ball milling method (BM) and through the reaction of 4-H-pyr with KOH in an agueous solution

(H20).

to those of 4-K-pip, whose delocalization stems from a weaker
hyperconjugation effect.

Furthermore, the 4-K-pyr samples synthesized using these
two methods also have identical >*C NMR spectra (Fig. 2€) and
XRD patterns (Fig. 2f), confirming the effectiveness of synthe-
sizing 4-K-pyr using inexpensive and readily available chemicals
through a straightforward method under ambient conditions.
Interestingly, a comparison of a fresh sample of 4-K-pyr and
a sample exposed to humid air for three months revealed that
this material has excellent air and moisture stability (Fig. 2d-f).
It is important to note that although the H-rich compound (4-K-
pip) could not be synthesized using this simple method, a high-
purity sample prepared via the KH route displays high stability
in dry air, as shown in Fig. S4. Therefore, both the H-lean and H-
rich forms of the 4-K-pip/4-K-pyr pair are air-stable, which is
a significant advantage over many other potential hydrogen
storage materials currently under development for real-world
applications.’**

To gain further structural insights into these materials,
efforts were made to solve the crystal structures of both 4-K-pip
and 4-K-pyr. However, only the structure of 4-K-pyr was
successfully solved thanks to its better crystallinity. The crystal
structure of 4-K-pyr was solved using direct space methods

J. Mater. Chem. A

combined with the first-principles molecular dynamics simu-
lated annealing with the optimized CsH,NO™ configuration
based on lab PXRD data. Fig. S5 illustrates the Rietveld fit to the
XRD pattern. Details about structural determination and Riet-
veld refinement can be found in the SI. The refined lattice
parameters of 4-K-pyr (KOCsH,N) in space group Prma (no. 62)
are a = 12.467(1) A, b = 4.1505(2) A, ¢ = 11.4552(8) A, and V =
592.74(9) A, with more crystallographic details available in the
CIF (CCDC 2450241) deposited in the Cambridge Structural
Database.

In the structure of 4-K-pyr (Fig. 3a), each K' connects to five
CsH,NO™ units through three K-O bonds and two K-N bonds,
resulting in a square pyramidal coordination geometry (Fig. 3b)
with a K-N bond length of 2.856 A and K-O bond lengths
ranging from 2.657 A to 2.800 A. As illustrated in Fig. 3c, the K
cations are linked by O and N atoms to form K-O double zigzag
chains along the b direction. These zigzag chains function as
joints to interweave the 4-CsH,NO™ anions, which are con-
nected by K" cations head-to-toe through O and N via ionic
bonding due to the specific para locations of the binding sites in
the bidentate 4-C;H,NO ™.

As a result, this bonding scheme and structural architecture
create a stable 3D ionic network in which the planar aromatic

This journal is © The Royal Society of Chemistry 2025
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(b)

(d)

(a) (011) view of the crystal structure of 4-K-pyr. Pink balls: K, red balls: O, grey balls: C, blue balls: N. H atoms are also omitted for clarity. (b)

Local atom coordination in the 4-K-pyr crystal structure. H atoms are omitted for clarity. (c) (111) view of the 4-K-pyr crystal structure. (d) Local

atom coordination in the crystal structure of potassium phenoxide.®

rings function as walls, while the K-O double zigzag chains
serve as central pivot pillars (Fig. 3a). Furthermore, since the
stability of a hydrogen-lean molecule also determines the
thermodynamics of dehydrogenation, the crystal structure of 4-
K-pyr was compared to that of potassium phenoxide (Fig S6)*° to
further elucidate the difference in AH4 observed between 4-K-
pip and K-cycloh (Fig. 1a). As illustrated in Fig. 3d, in the
structure of potassium phenoxide (K-phen), each C¢H5;O0™ unit
binds to K" solely through a K-O bond. Conversely, the ditopic
CsH,NO™ ligand in the 4-K-pyr structure connects two electron-
donating K" cations via K-O and K-N bonding (Fig. 3a and b),
thereby stabilizing CsH,NO™~ through enhanced electron delo-
calization and aromaticity. This increased stability of 4-K-pyr
compared to K-phen can reasonably explain why the AHy of 4-
K-pip is lower than that of K-cycloh (Fig. 1a).

2.3. Hydrogen absorption and desorption in the solid state

To evaluate the hydrogen storage performance of the 4-K-pip/4-
K-pyr pair through chemisorption, catalytic hydrogenation and
dehydrogenation reactions were initially studied in a solid state
to eliminate any solvent effects. Fig. 4a illustrates the hydrogen
desorption profiles of 4-K-pip catalyzed by various metal-
supported catalysts from room temperature to 120 °C. The 5%
Rh/C catalyst demonstrated the highest activity, enabling 4-K-

This journal is © The Royal Society of Chemistry 2025

pip to release 4.1 wt% H, from its theoretical H, storage
capacity of 4.3 wt% after 18 h. During this experiment, the
released H, reached 3.6 wt% only after 3 h, suggesting fast
initial kinetics. Notably, the "H NMR characterization of the
post-H, desorption sample confirmed the dehydrogenation of
4-K-pip to 4-K-pyr with a conversion of 98.8%, which is consis-
tent with the amount of the released H, measured using
a volumetric method and, most importantly, without any side
product. (Fig. S7). Interestingly, the H, desorption of 4-K-pip
catalyzed by 5% Rh/C conducted from room temperature to
100 °C revealed that this material could still release 83.5% of its
theoretical H, storage capacity after 18 h (Fig. 4b and S8).
Encouraged by these experimental findings that fully support
the DFT calculations suggesting favorable thermodynamics for
the 4-K-pip dehydrogenation (Fig. 1a), temperature-
programmed desorption coupled with mass spectroscopy
(TPD-MS) of 4-K-pip mixed with the Rh/C catalyst was con-
ducted from room temperature to 200 °C, primarily to gain
deeper insights into the H, release temperature profile. The
results revealed that 4-K-pip begins releasing H, at tempera-
tures as low as 53 °C, with this release peaking at approximately
102 °C, and no other gases were released (inset of Fig. 4 b).
Additionally, 4-K-pip was compared to its parent compound
(4-H-pip) and K-cycloh, as reference materials with closely

J. Mater. Chem. A
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(a) H, desorption of 4-K-pip catalyzed by different catalysts from room temperature to 120 °C. (b) H, desorption of 4-K-pip catalyzed by

5% Rh/C from room temperature to 100 °C compared to the same process run from room temperature to 120 °C. Inset: TPD-MS of 4-K-pip with
5% Rh/C from room temperature to 200 °C. (c) A comparison of H, desorption performance achieved after 18 h of reaction duration vs.
theoretical AHy4 between 4-H-pip, 4-K-pip, and K-cyclohexanolate (abbreviated as K-cycloh), temperature: 25-120 °C, catalyst: 5% Rh/C. (d)
Isothermal H, absorption of 4-K-pyr. Catalyzed by 5% Rh/C and 5% Rh/Al,Os in the solid state under 60 bar H, pressure at 120 °C.

related molecular structures (Fig. S1), to evaluate the effect of
ring nitrogen and potassium substitution on H, desorption
performance. As illustrated in Fig. 4c and S9, 4-K-pip signifi-
cantly outperformed both 4-H-pip and K-cyloh in H, desorption
performance, tested from room temperature to 120 °C using the
5% Rh/C catalyst. Indeed, of a total capacity of 3H, equivalents,
4-K-pip could release 2.9, compared to 1.8 and 1.6 for K-cycloh
and 4-H-pip, respectively. The "H NMR characterization of post-
H, desorption samples revealed that these H-rich compounds
were transformed into their H-lean products (Fig. S10), con-
firming that the released H, gas was produced from the dehy-
drogenation reaction. Notably, the trend of H, desorption
performance is consistent with the theoretical AHy values
(Fig. 4c), further supporting the DFT findings regarding the
synergistic effect of ring nitrogen and potassium incorporation
in the 4-K-pip structure, which makes its dehydrogenation
thermodynamics suitable for H, release under moderate
conditions (Fig. 1a). Similarly, 4-K-pip was also compared to 4-
Na-pip to experimentally verify the correlation between the AHy
of alkali metal piperidinolates and the electronegativity of alkali

J. Mater. Chem. A

metals predicted by DFT calculations (Fig. 1a). Impressively,
from room temperature to 120 °C, and using the same 5% Rh/C
catalyst, 4-K-pip demonstrated superior performance by
releasing 2.9H, equivalents, compared to 2.3 for 4-Na-pip, out of
the same theoretical capacity of 3H, equivalents (Fig. S11).
Overall, these findings from solid-state experiments suggest
that the superior H, desorption performance of 4-K-pip could
be attributed to its suitable AHy, stemming from the synergistic
effect of ring nitrogen and the strong electron-donating ability
of potassium, as predicted by DFT calculations.

Furthermore, the reversibility of hydrogen storage for the 4-
K-pip/4-K-pyr pair in the solid state was initially evaluated by
testing the hydrogen absorption capability of the hydrogen-lean
molecule (4-K-pyr), catalyzed by 5% Rh/C. The main objective
was to determine whether this catalyst can be effective for both
the hydrogenation and dehydrogenation reactions. However,
5% Rh/C could only enable 4-K-pyr to uptake 2.7 wt% H, at 120 °©
C, even under 60 bar H, pressure and a high substrate-to-Rh
molar ratio of 2:1 (Fig. 4d). This low H, absorption capacity
is consistent with the partial hydrogenation of 4-K-pyr indicated

This journal is © The Royal Society of Chemistry 2025
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(a) Dehydrogenation of 4 K-pip catalyzed by different catalysts in aqueous solution at 100 °C. (b) A comparison of substrate conversion

after 16 h of reaction time vs. theoretical AHy among 4-K-pip, 4-H-pip, and K-cycloh. (c) Hydrogenation of 4-K-pyr catalyzed by 5% Rh/C in
aqueous solution at different temperatures under 40 bar H, pressure. (d) Hydrogenation and dehydrogenation cycles for the 4-K-pyr/4-K-pip
pair in aqueous solution at 100 °C using 5% Rh/C as a bidirectional catalyst. Hydrogenation time: 3 h, dehydrogenation time: 16 h.

by 'H NMR characterization of the post-H, absorption sample
(Fig. S12). In contrast, 5% Rh/Al,O; which was found to be
ineffective for 4-K-pip H, desorption (Fig. 4b and S7), could
completely hydrogenate 4-K-pyr into 4-K-pip under similar
experimental conditions (Fig. 4d and S12). Unfortunately, the
challenge of finding a single catalyst that is effective for both the
hydrogenation and dehydrogenation of the 4-K-pip/4-K-pyr pair
hindered us from conclusively assessing the cycling stability of
this hydrogen storage system in the solid state.

2.4. Hydrogenation and dehydrogenation in aqueous
solution

After observing that both 4-K-pip and 4-K-pyr are readily soluble
in water, a green and cost-effective solvent, the reversible
hydrogen storage of the 4-K-pip/4-K-pyr pair was subsequently
examined in aqueous solution. This method was explored to
address some challenges associated with reversible hydrogen
storage in the solid state, including mass transport limitations
and catalyst poisoning, which could lead to sluggish kinetics

This journal is © The Royal Society of Chemistry 2025

and low conversion despite favorable thermodynamics.
Notably, as shown in Fig. 5a, a catalyst screening test conducted
at 100 °C with a substrate-to-metal molar ratio of 20 : 1 revealed
that the dehydrogenation of 4-K-pip in aqueous solution cata-
lyzed by 5% Rh/C could reach a conversion of 98.8% after 16 h
of reaction time, with 100% selectivity to 4-K-pyr (Fig. S13). This
catalyst displayed the highest activity among all other tested
commercial metal-supported catalysts (Fig. 5a), as also observed
during the solid-state H, desorption experiments (Fig. 4a). In an
attempt to investigate the mechanism of this dehydrogenation
reaction, ex situ "H NMR characterization of samples from the
reaction mixture taken throughout the reaction time indicated
only the presence of the initial substrate and the formed
product, suggesting no detectable intermediates and no side
products (Fig. S14).

To assess whether the correlation between AHy and H,
desorption performance among 4-K-pip, 4-H-pip, and K-cycloh
observed in the solid-state experiments could still hold in
aqueous media, a comparative analysis of the dehydrogenation

J. Mater. Chem. A
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reactions of these materials was conducted using the 5% Rh/C
catalyst under similar experimental conditions. Interestingly,
once again, 4-K-pip not only displayed the fastest dehydroge-
nation rate but also reached the highest conversion (98.8%)
during a 16 h-dehydrogenation process, compared to 36.2% and
73.5% for 4-H-pip and K-cyloh, respectively (Fig. 5b and S15).
Additionally, as illustrated in Fig. 5b, substrate conversion
percentages are also consistent with the theoretical AHy values,
further confirming that the superior H, release performance of
4-K-pip could be attributed to its favorable dehydrogenation
thermodynamics, which arise from the synergistic effect of ring
nitrogen and potassium presence in its molecular structure on
modulating electronic properties. Based on these findings, it is
essential to note that although we could not measure AHy4
experimentally to validate our theoretical data, the consistent
agreement between the theoretical AHy values and the experi-
mental H, desorption performance among 4-K-pip, 4-H-pip,
and K-cyloh, both in solid state and in aqueous media,
strongly indicates the validity of our DFT calculations.
Furthermore, the hydrogenation of 4-K-pyr in aqueous
solution was also investigated, specifically employing the Rh/C
catalyst. The objective was to evaluate the feasibility of revers-
ible hydrogen storage using a single catalyst for both the
hydrogenation and dehydrogenation reactions. Encouragingly,
the 5% Rh/C catalyst can achieve complete hydrogenation of 4-
K-pyr even at room temperature after 10 h (Fig. 5¢). Raising the
reaction temperature to 60 °C and 100 °C could reduce the
reaction time to 4 h and 2 h, respectively. During this process, 4-
K-pyr absorbed three equivalents of H, to produce its H-rich
counterpart (4-K-pip) with 100% selectivity, as demonstrated
by both "H NMR (Fig. S16) and **C NMR (Fig. S17) analyses.
Driven by these promising reversibility findings, the cyclic
stability of the 4-K-pip/4-K-pyr pair in aqueous solution was
subsequently explored by conducting hydrogenation/
dehydrogenation cycles at 100 °C. The 5% Rh/C was utilized
as a bidirectional catalyst in a substrate-to-Rh molar ratio of 20 :
1. As illustrated in Fig. 5d, this pair can achieve reversible
hydrogen storage with high stability over six hydrogenation/
dehydrogenation cycles without a significant reduction in its
storage capacity. Notably, the hydrogenation process for each
cycle can reach 100% conversion in just 3 h. On the other hand,
each dehydrogenation process was run for 16 h, and a slight
decrease in substrate conversion was observed from 97.3% in
the first cycle to 92.0% in the sixth cycle. It is important to note
that while this decline in conversion could be plausibly attrib-
uted to catalyst deactivation, the 4-K-pip/4-K-pyr material
system did not show any apparent structural degradation
during cycling experiments (Fig. S18), indicating the excellent
chemical stability for practical hydrogen storage over multiple
cycles. Lastly, Table S1 compares the properties of the 4-K-pip/4-
K-pyr pair, including AH,, dehydrogenation temperature, air
stability, hydrogen storage capacity and material cost, with
some material systems commonly reported in the literature for
reversible hydrogen storage. Overall, the 4-K-pip/4-K-pyr pair
falls within the category of inexpensive lower-enthalpy/
moderate capacity chemical hydrogen storage materials. Addi-
tionally, compared to some well-established materials such as
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liquid organic hydrogen carriers and metal hydrides, the 4K-
pip/4-K-pyr pair can uniquely store hydrogen reversibly under
relatively mild conditions in both aqueous solution and solid
state, positioning it as a promising candidate for various
hydrogen storage applications.

3 Conclusion

This study demonstrates the potential of the 4-K-pip/4-K-pyr
pair as a reversible hydrogen storage system in both solid
state and aqueous solution. Density functional theory calcula-
tions revealed that this system has a favorable enthalpy change
of dehydrogenation (AHg4) of 35.15 kJ per mol-H,. Both 4-K-pyr
and 4-K-pip can be synthesized by simply substituting the
protic H atoms in their organic precursors with potassium.
Notably, the H-lean compound of this pair (4-K-pyr) can be
easily synthesized by reacting its commercial organic precursor
(4-K-pyr) with KOH in aqueous solution at room temperature,
and it has excellent air stability. Results from solid-state and
aqueous solution experiments demonstrated the system's
ability to achieve reversible H, storage under moderate condi-
tions through catalytic hydrogenation and dehydrogenation
reactions, along with excellent substrate conversion and
product selectivity. The comparison of 4-K-pip to other
hydrogen-rich compounds with closely related structures
revealed that its superior hydrogen desorption performance
could be attributed to its favorable AH4, which stems from an
effective synergy between the effects of ring nitrogen and
potassium as a strong electron-donating substituent. Interest-
ingly, a cycling stability experiment conducted at 100 °C in
aqueous solution using 5% Rh/C as a bidirectional catalyst
demonstrated that this system could complete six
hydrogenation/dehydrogenation cycles without a significant
reduction in its storage capacity, indicating great potential for
reversible hydrogen storage over multiple cycles.
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