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Chemical hydrogen storage in organic materials is a promising method thanks to its high storage density, 
reversibility, and safety. However, the dehydrogenation process of organic materials requires high tem-
peratures due to their unfavorable thermodynamic properties. This study proposes a strategy to design a 
new type of hydrogen storage materials, i.e., alkali metal pyridinolate/piperidinolate pairs, by combining 
the effects of a heteroatom and an alkali metal in one molecule to achieve suitable dehydrogenation ther-
modynamics along with high hydrogen storage capacities. These air-stable compounds can be synthe-
sized using low-cost reactants and water as a green solvent. Thermodynamic predictions indicate that 
enthalpy changes of dehydrogenation (DHd) can be significantly reduced to the optimal range for efficient 
hydrogen release, exemplified by lithium 2-piperidinolate with a 5.6 wt% hydrogen capacity and a suit-
able DHd of 32.2 kJ/mol-H2. Experimental results obtained using sodium systems validate the computa-
tional predictions, demonstrating reversible hydrogen storage even below 100 °󠇣C. The superior hydrogen 
desorption performance of alkali metal piperidinolates could be attributed to their suitable DHd induced 
by the combined effect of ring nitrogen and metal substitution on their structures. This study not only 
reports new low-cost hydrogen storage materials but also provides a rational design strategy for devel-
oping metalorganic compounds possessing high hydrogen capacities and suitable thermodynamics for 
efficient hydrogen storage.
© 2024 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 
by Elsevier B.V. and Science Press. All rights are reserved, including those for text and data mining, AI 

training, and similar technologies. 
1. Introduction

Hydrogen is considered to be a promising energy carrier due to 
its high gravimetric energy density and carbon-free nature [1–3]. 
However, the lack of efficient hydrogen storage and transportation 
methods, mainly due to its low volumetric energy density, consti-
tutes the Achilles’ heel for hydrogen widespread application [4,5]. 
Compared to the traditional storage methods, such as high-
pressure compression and liquefaction, chemical hydrogen storage 
in condensed materials has been identified to be an effective solu-
tion to this challenge, as it allows safe and efficient high-capacity
hydrogen uptake and release through controllable thermal or cat-
alytic processes [6,7]. 

Several types of materials for chemical hydrogen storage have 
been developed, including metal hydrides [8,9], chemical hydrides 
[10], complex hydrides [11], and liquid organic hydrogen carriers 
(LOHCs) [12,13]. However, up to date, no materials have yet been 
developed to meet all the requirements for practical application. 
The reason may be that ‘‘high hydrogen capacity” and ‘‘suitable 
thermodynamics of dehydrogenation”, two essential properties 
for reversible hydrogen storage, are very challenging to achieve 
concurrently in one material. Therefore, a breakthrough in devel-
oping novel material systems is highly needed. 

Among existing hydrogen storage materials, LOHCs have been 
proposed as a promising solution for large-scale and long-
reserved, 
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sible hydrogen storage.

distance hydrogen transportation. In the quest to develop ideal 
LOHC systems, it has been demonstrated that the incorporation 
of heteroatoms, such as nitrogen (N) in cycloalkanes rings, could 
improve the thermodynamics of dehydrogenation (ring N effect) 
[14,15]. However, drawbacks such as unfavorable thermodynam-
ics, sluggish kinetics, low dehydrogenation selectivity, and high 
cost still limit the application of reported LOHCs. 

By leveraging the rich chemistry of organic materials, 
recently, our research group introduced new hydrogen storage 
materials identified to constitute a new type of metalorganic 
compounds (MOCs). These compounds are formed via the substi-
tution of protic H on organic molecules by lightweight alkali or 
alkaline earth metals such as Li, Na, and K [16]. Interestingly, 
thanks to the strong electron-donating ability of these metals 
to modulate the electron densities of organic compounds, this 
‘‘metal substitution approach” has shown great potential in 
improving dehydrogenation thermodynamics. For instance, 
lithium carbazolide has an enthalpy change of dehydrogenation 
(DHd)  of  34.2  kJ/mol-H2, which is an ideal thermodynamic 
parameter for efficient hydrogen storage [17]. However, the 
reported MOCs still have notable drawbacks, such as high syn-
thesis costs due to the use of metal hydrides and costly organic 
substrates, low stability in air, and slow kinetics caused by mass 
transfer limitations [17–19]. Therefore, further research is highly 
needed to develop novel and more efficient MOCs for practical 
hydrogen storage. 

Inspired by the strategies of ‘‘heteroatom incorporation” and 
‘‘metal substitution” in LOCHs and MOCs, respectively, this study 
combined the effects of the two strategies in one molecule to 
develop new high-capacity hydrogen storage materials with 
improved dehydrogenation thermodynamics. To achieve this 
objective, three positional isomers of the pyridinol structure were 
utilized as parent substrates that can give, upon metal substitution, 
MOCs possessing both N-atom in the ring and alkali metals as sub-
stituents on the ring (Fig. 1a). Furthermore, to address the cost and 
stability issues faced by our previously reported MOCs, metal 
hydrides and inert atmosphere were not needed in the present
study, indicating a significant cost reduction. 

Thermodynamic predictions revealed that DHd values of all 
alkali metal piperidinolates are lower than those of their parent 
piperidinols, and most of them fall within the optimum range for 
efficient hydrogen storage [20,21]. In addition, the experimental 
H2 desorption performance trend was consistent with theoretical 
DHd. The superior H2 desorption performance of alkali metal 
piperidinolates, compared to their parent piperidinols and analo-
gous cyclohexanolates, could be attributed to their suitable DHd 

induced by the combined effect of ring N and metal substitution 
on their structures. Therefore, this study not only reports novel 
low-cost hydrogen storage materials but also provides a rational 
design strategy for developing MOCs possessing high hydrogen 
storage capacities and optimal thermodynamics for efficient rever-

2. Results and discussion 

2.1. Material design and thermodynamic predictions 

Alkali metal pyridinolate/piperidinolate pairs were designed as 
novel hydrogen storage materials possessing both a N atom within 
the ring and an alkali metal as part of an electron-donating sub-
stituent outside the ring (Fig. 1a). This new structure optimization 
strategy was hypothesized to lead to better dehydrogenation ther-
modynamics on account of the synergy of the ring N and metal 
substitution effects. To this end, we considered three positional 
isomers of the pyridinol structure: 2-pyridinol (2-OH-pyr), 
3-pyridinol (3-OH-pyr), and 4-pyridinol (4-OH-pyr) as H-lean 
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substrates; and three positional isomers of the piperidinol struc-
ture: 2-piperidinol (2-OH-pip), 3-piperidinol (3-OH-pip), and 4-
piperidinol (4-OH-pip) as H-rich substrates. The substitution of 
protic H in these compounds by Li, Na, or K could lead to 3 pairs 
of MOCs for every metal atom (Fig. S1). For instance, in the case 
of sodium, these pairs are sodium 2-pyridinolate/sodium 2-
piperidinolate (2-NaO-pyr/2-NaO-pip), sodium 3-pyridinolate/ 
sodium 3-piperidinolate (3-NaO-pyr/3-NaO-pip), and sodium 4-
pyridinolate/sodium 4-piperidinolate (4-NaO-pyr/4-NaO-pip). 

To investigate the effect of combining ring N and metal substi-
tution on dehydrogenation thermodynamics, the enthalpy change 
of dehydrogenation (DHd) was considered as a thermodynamic 
metric. Then, we employed X1s, a density-functional theory 
(DFT)-based method that combines B3LYP with neural network 
correction [22], to predict gas-phase DHd of all Li, Na, and K 
piperidinolates. Moreover, these DHd values of alkali metal 
piperidinolates were compared to those of pristine piperidinols 
and analogous cyclohexanolates as two related reference struc-
tures. Thermodynamic calculations revealed that DHd values of 
all alkali metal piperidinolates are lower than those of their parent 
piperidinols (Fig. 1b). This phenomenon could be attributed to the 
strong electron-donating ability of alkali metals to reduce DHd. 
However, consistent with our previous studies [16,17], the extent 
of DHd reduction was found to depend on the Pauling electroneg-
ativity (Z) of the alkali metal. Specifically, the lower the electroneg-
ativity of the alkali metal, the more significant the reduction in the 
dehydrogenation enthalpy (Fig. 1b). Hence, K-piperidinolates have 
the lowest DHd compared to the Na and Li counterparts. For 
instance, while the DHd of 4-KO-pip is only 62.1% of the pristine 
4-OH-pip DHd, those of 4-NaO-pip and 4-LiO-pip are 64.2% and 
83.7%, respectively (Fig. 1b). To better understand the effect of 
alkali metal substitution on reducing DHd, calculations of natural 
bond orbital (NBO) charges were performed on pyridinols and 
sodium pyridinolates. The results showed that the charges in the 
aromatic rings of the pyridinolates are negative or less positive 
compared to those in the rings of their parent pyridinols 
(Table S1). Given that Na donates more electrons than H to O, this 
finding suggests that electrons donated by sodium during the sub-
stitution of protic H delocalize across the ring structures through a 
strong p-p conjugation, which then stabilizes sodium pyridinolates 
by the enhanced aromaticity. It should be noted that although 
alkali metals could also stabilize piperidinolates through a hyper-
conjugation effect, its magnitude is smaller than that of p-p conju-
gation in pyridinolates. Therefore, the superior stability of 
pyridinolates over piperidinolates automatically renders the dehy-
drogenation reaction more thermodynamically favorable, justify-
ing why the DHd values of piperidinolates are lower than those 
of their parent piperidinols. 

Another crucial observation is the common pattern of DHd vari-
ation among positional isomers for all Li, Na, and K compounds. 
The ortho isomers (1,2 arrangement) exhibit the lowest DHd, fol-
lowed by para isomers (1,4 arrangement), while meta isomers 
(1,3 arrangement) display the highest DHd. This is exemplified by 
the comparison between K compounds. 3-KO-pip and 4-KO-pip 
have DHd of 44.13 and 35.15 kJ/mol-H2, respectively. On the other 
hand, DHd of 2-KO-pip is only 27.71 kJ/mol-H2, which is so far the 
lowest, and probably, the most suitable DHd achieved by a met-
alorganic compound. This finding could be explained by the fact 
that different arrangements of atoms in structural isomers can lead 
to different electron density distributions (Table S1), thereby caus-
ing the isomers to react differently as also reported in the literature 
[23,24]. Hence, it can be concluded that in the case of alkali metal 
pyridinolate/piperidinolate systems, significant DHd reduction 
only occurs in ortho and para-positional isomers. 

Furthermore, the reported ‘‘ring N effect” [15] was tested and 
confirmed not only on piperidinols but also on alkali metal
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Fig. 1. (a) Concept of the study: facile and low-cost synthesis of alkali metal pyridinolates and reversible hydrogen storage under mild conditions. M: Li, Na, or K. (b) 
Calculated enthalpy changes of dehydrogenation (DHd) in kJ/mol-H2 for alkali metal piperidinolates vs. electronegativity (Z) of the alkali metals. For comparison, DHd of 
parent piperidinols and analogous metal cylohexanolates (MO-cylohex.) is also presented. (c) DHd of Na-piperidinolates vs. C=N double bond length in Na-pyridinolates. (d) 
Comparison of HOMO-LUMO band gap between cyclohexanol, 4-HO-pip, and 4-NaO-pip. (e) Comparison of C–H bond length between cyclohexanol, 4-OH-pip, and 4-NaO-
pip.
piperidinolates. As illustrated in Fig. 1(b), all piperidinol isomers 
have lower DHd than cyclohexanol. Besides, it is noticeable that 
DHd values of all ortho and para isomers of Li, Na, and K piperidi-
nolates are lower than those of their analogous cyclohexanolates. 
Therefore, by comparing the molecular structures of alkali metal 
piperidinolates to those of their parent piperidinols and analogous 
cylohexanolates, it is plausible to attribute the low DHd of alkali 
metal piperidinolates, especially ortho and para isomers, to the 
effective synergy of ring N and metal substitution effects on their 
structures. It is also important to mention that apart from the 
strong electron-donating ability of alkali metals to modulate the 
dehydrogenation thermodynamics, their presence in MOCs has 
another crucial implication of leading to high hydrogen storage 
capacities owing to their lightweight. For instance, 2-LiO-pyr/2-
LiO-pip pair has a DHd of 32.2 kJ/mol-H2 in addition to its high 
H2 storage capacity of 5.6 wt%. 

To gain more insights into these observed suitable dehydro-
genation thermodynamics of alkali metal pyridinolate/piperidino-
late pairs, we investigated the relationship between DHd and 
some molecular properties known to affect reaction thermody-
namics and kinetics [25,26]. For instance, Fig. 1(c) shows that a 
longer C=N double bond in sodium pyridinolates corresponds to 
a lower DHd, indicating a more favorable thermodynamic equilib-
rium to achieve reversible hydrogen storage under mild conditions 
for alkali metal pyridinolate/piperidinolate pairs with low DHd, 
such as 2-NaO-pyr/2-NaO-pip and 2-LiO-pyr/2-LiO-pip systems. 
Additionally, computational data demonstrate that the highest 
occupied molecular orbital- lowest unoccupied molecular orbital 
(HOMO-LUMO) band gap decreases progressively from 
cyclohexanol to 4-OH-pip and becomes significantly narrower in 
4-NaO-pip (Fig. 1d). Although the HOMO-LUMO band gap is 
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conventionally regarded as an indicator of kinetic stability, with 
a larger gap correlating with higher stability [26], the trend of this 
band gap between cyclohexanol, 4-OH-pip, and 4-NaO-pip (which 
is identical for all MO-pip isomers) is consistent with DHd data 
(Fig. 1b), suggesting enhanced reactivity of the MOCs. 

Similarly, the comparison of C–H bond length between cyclo-
hexanol, 4-OH-pip, and 4-NaO-pip revealed that both the incorpo-
ration of the N atom in the ring and the substitution of protic H by 
sodium lead to the elongation of C–H bond, especially in a and c 
positions where the first C–H bond dissociation is very likely to 
eventuate during the dehydrogenation process (Fig. 1e). All these 
findings collectively indicate the effectiveness of the synergy of 
ring N and alkali metal substitution effects on fine-tuning both 
the thermodynamics and kinetics of the MOCs for efficient hydro-
gen storage. 

2.2. Material synthesis, characterizations, and crystal structures 

By considering the optimal trade-off between DHd and H2 stor-
age capacity, which is a significant material aspect for practical H2 

storage application [6], Na-substituted compounds were selected 
as representative materials to be synthesized and subsequently 
utilized to validate the computational findings experimentally. 
All these materials, except 2-NaO-pip, were initially synthesized 
by reacting their organic substrates with sodium hydride (NaH) 
in a 1:1 M ratio at 60 °󠇣C in tetrahydrofuran (THF) solvent under 
an inert atmosphere (Fig. S1). In each synthesis, ca. one equivalent 
H2 gas was released, indicating a complete conversion. 2-NaO-pip 
could not be synthesized because its precursor (2-piperidinol) 
was not commercially available. It is worth noting that H-lean 
sodium compounds could also be synthesized at room temperature
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in the air environment. This facile and cost-effective alternative 
method, which involves using NaOH as a more convenient base 
and water as an environmentally friendly solvent (Fig. 1a), is feasi-
ble thanks to the acidic character of pyridinols (Table S2). 

Sodium-substituted compounds were characterized using 
liquid-state nuclear magnetic resonance (NMR) spectroscopy. 1 H 
NMR spectra of H-lean compounds (Fig. 2a) and the H-rich coun-
terparts (Fig. 2b) show the disappearance of the OH group proton, 
which is an indicator of a successful metal substitution. In addition, 
proton resonances in sodium-substituted compounds, especially 
H-lean, clearly shifted upfield compared to their counterparts in 
the organic substrates. This observation indicates a more shielding 
effect attributed to the strong electron-donating ability of sodium, 
which increased electron density in the aromatic ring as revealed 
by the calculations of natural bond orbital (NBO) charges 
(Table S1). It is important to mention that in the case of H-rich 
compounds, this upfield shift is not as apparent as the one 
observed in H-lean compounds. This difference arises from the fact 
that electrons transferred from the metal to the aromatic ring of H-
lean compounds are more easily delocalized through a strong p-p 
conjugation compared to those in H-rich compounds whose delo-
calization stems from a weak hyperconjugation effect.

Furthermore, sodium pyridinolates and piperidinolates display 
a similar single sharp peak in their 23 Na NMR spectra (Fig. 2c), 
which is additional evidence of a successful metal substitution. 
The Na peak in sodium-substituted compounds shifted slightly 
from the peak in the NaOH sample, indicating that it is not due 
to any residual NaH/NaOH but rather to the Na atom that replaced 
the labile proton during the synthesis. 13 C NMR characterization of 
both H-lean and H-rich sodium-substituted compounds shown in 
Figs. S2 and S3, respectively, also indicates the effect of metal sub-
stitution. Generally, carbon atoms close to the N atom and ONa 
group in sodium-substituted compounds have a downfield shift 
compared to their counterparts in the pristine pyridinols and 
piperidinols. However, the fact that carbon atoms in sodium-
substituted compounds shifted differently in the isomers indicates 
different electronic properties as revealed by NBO charges 
(Table S1). These findings can reasonably justify the observed dif-
ference in their enthalpy changes of dehydrogenation (Fig. 1b). 

The synthesized MOCs were also characterized by powder X-ray 
diffraction (PXRD), as shown in Fig. S4 (H-lean) and Fig. S5 (H-rich). 
XRD patterns of all sodium-substituted compounds are very dis-
tinct from those of their organic precursors, indicating the forma-
tion of new phases. In addition, sodium-substituted compounds 
were tested for air and moisture stability, one of the most indis-
pensable qualities of potential hydrogen storage materials. Encour-
agingly, sodium pyridinolates possess outstanding air and 
moisture stability. Fig. 2(d) shows the similarity between XRD pat-
terns of a 4-NaO-pyr fresh sample prepared under an inert atmo-
sphere and one exposed to air for a month. To demonstrate that 
H-lean MOCs can be effectively produced via a facile and low-
cost alternative method using metal hydroxides instead of metal 
hydrides, Fig. 2(d) also illustrates the similarity between XRD pat-
terns of a 4-NaO-pyr sample synthesized with NaH in THF and one 
made with NaOH in H2O. This similarity was also confirmed by 1 H 
NMR (Fig. S6). It is noteworthy that the high stability of hydrogen 
storage materials in air and low-cost synthesis are important fac-
tors for practical application, highlighting the great potential of 
alkali metal pyridinolates for large-scale hydrogen storage. 

Attempts were made to determine the structures of sodium 
pyridinolates, but we only managed to solve the crystal structure 
of 4-NaO-pyr (Fig. 3). The laboratory XRD pattern of 4-NaO-pyr 
can be indexed to a monoclinic structure with space group P21/a 
(No.14). The crystal structure was solved using direct space meth-
ods with the first-principles molecular dynamics simulated 
annealing performed to confirm the 4-C5H4NO configuration with 
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the lowest energy. Due to the inadequate number of observations 
in the laboratory XRD data, the 4-C5H4NO was kept as a rigid body 
during Rietveld refinement and the bond lengths discussed below 
are from the relaxed structure. The C5H4NO rigid body together 
with the cation positions and lattice parameters were refined. 
The Rietveld fit to the XRD pattern is shown in Fig. 3(a). Refined 
lattice parameters of NaOC5H4N are a = 12.0684(10) Å, 
b = 11.4875(9) Å, c = 3.64095(19) Å, b = 92.427(6)°󠇣, and 
V = 504.31(8) Å3 . Additional crystallographic details can be found 
in the CIF file deposited to the Cambridge Structural Data Center 
(CCDC) under deposition number CCDC 2372009.

In the 4-NaO-pyr structure (Fig. 3b and c), each Na is bonded 
with three surrounding 4-C5H4NO through Na–O bonds and two 
4-C5H4NO through Na–N bonds, leading to a square pyramid 
coordination geometry with bond lengths of 2.304–2.440 Å and 
2.588–2.601 Å for Na–O and Na–N, respectively. As shown in 
Fig. 3(b), the Na cations are connected by O atoms and align them-
selves, forming Na–O double zigzag chains along c direction. 

The 4-C5H4NO units are linked together through O and N by 
these Na–O double zigzag chains, constructing rectangular channels 
propagating along c direction with the aromatic rings as the channel 
walls and Na–O double zigzag chains as the pivot pillars. The neigh-
boring rectangle channels are interlocked together as jigsaw puzzles 
and spread along a and b directions, forming a three-dimensional 
(3D) network. Furthermore, as shown in Fig. 3(b and c), the C5H4-
NO groups could bond with the strong electron-donating Na cation 
through both Na–O and Na–N, which would help electron delocal-
ization and enhance the aromaticity of C5H4NO more compared 
to that of C6H5O in sodium phenoxide (NaOC6H5), where C6H5O 
groups interact with Na only through O (Fig. 3d). On the other hand, 
both ring N and metal substitution have effects on weakening adja-
cent C–H bonds in the H-rich molecules as reported in the literature 
[15,16] and also confirmed by the present study (Fig. 1e). Therefore, 
the presence of ONa group and N atom in para position (1,4) within 
4-NaO-pip could weaken most of the C–H bonds, whereas C–H bond 
weakening could only occur at positions adjacent to ONa in Na-
cyclohexanolate (NaOC6H11)  (Fig. 1e). Consequently, the superior 
stability of 4-NaO-pyr and weaker C–H bonds in 4NaO-pip would 
result in an overall reduced endothermic dehydrogenation enthalpy 
(DHd) of the 4-NaO-pip/4-NaO-pyr pair compared to that of the Na-
phenoxide/Na cyclohexanolate (Fig. 1b). 

2.3. Reversible hydrogen storage in solid state 

After synthesizing sodium pyridinolate/piperidinolate pairs, 
these materials were experimentally studied to evaluate their 
hydrogen desorption performance and test the proposed syner-
getic effect of ring N and alkali metal substitution. Due to the lack 
of 2-OH-pip precursor, 2-NaO-pip/-2NaO-pyr pair was excluded 
from subsequent experiments despite having the lowest DHd 

among other sodium pyridinolates/sodium piperidinolate pairs. 
Hydrogen desorption experiments were initially conducted in a 

solid state to exclude solvent effects. Since 4-NaO-pip/4-NaO-pyr 
possesses an excellent theoretical DHd (36.4 kJ/mol-H2), 4-
NaO-pip was utilized for catalysts screening and optimization of 
H2 desorption conditions. Fig. 4(a) illustrates the H2 desorption 
profiles of 4-NaO-pip catalyzed by different supported metal cata-
lysts from room temperature to 140 °󠇣C. Among these catalysts, 5% 
Rh/C exhibited the highest activity to the extent of enabling 4-
NaO-pip to release 4.4 wt% H2 per 4-NaO-pip molecule after 
22 h, compared to its theoretical H2 storage capacity of 4.9 wt%. 
Encouragingly, 2.0 wt% and 4.1 wt% H2 were released only after 1 
and 4 h, respectively, indicating fast initial rates. To confirm the 
dehydrogenation of 4-NaO-pip, 1 H NMR characterization of a sam-
ple recovered from the H2 desorption test showed a near-full con-
version of the substrate and a complete selectivity to 4-NaO-pyr
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Fig. 2. (a) 1 H NMR spectra of sodium pyridinolates and their parent pyridinols in DMSO d6 . (b) 1 H NMR spectra of sodium piperidinolates and their parent piperidinols in 
DMSO d6 . (c) 23 Na NMR spectra of sodium pyridinolates and piperidinolates compared to NaOH in D2O. (d) Comparison between XRD patterns of 4-NaO-pyr samples 
synthesized using NaH in THF and NaOH in H2O. These 4-NaO-pyr fresh samples are also compared to a 4-NaO-pyr (NaOH) sample exposed to air for a month.
(Fig. S7). These findings prompted us to investigate the tempera-
ture profile of 4-NaO-pip releasing H2 in detail.

Impressively, temperature-programmed desorption coupled 
with mass spectroscopy (TPD-MS) revealed that 4-NaO-pip starts 
releasing H2 at temperatures as low as 60 °󠇣C. In a TPD-MS experi-
ment conducted from room temperature to 200 °󠇣C, H2 release 
peaked and levelled off at 102 and 160 °󠇣C, respectively (inset of 
Fig. 4b), and no other gases were detected (Fig. S8). In an attempt 
to examine if 4-NaO-pip could release a considerable amount of H2 

at low temperatures, H2 desorption was subsequently studied from 
room temperature to 100 °󠇣C using the 5% Rh/C catalyst. As shown 
in Fig. 4(b), hydrogen capacity as high as 4.0 wt% could be reached 
at 100 °󠇣C in 65 h. Interestingly, 2.6 wt% H2 could be released within 
the initial 4h, once again indicating fast initial rates. 

It should be noted that the observed long total reaction times 
during these H2 desorption experiments may be attributed to the 
deactivation/poisoning of noble metal-based catalysts in the reac-
tions of N-heterocycles [28,29] and/or sluggish kinetics in solid-
state reactions [1]. To verify if the trend of the calculated DHd data 
could be experimentally reflected in H2 desorption performance, 4-
NaO-pip was compared to the related H-rich compounds, namely 
3-NaO-pip, 4-OH-pip, and Na-cyclohexanolate. However, 4-OH-
pip could not be tested in solid-state dehydrogenation because 
both its melting and boiling points are below the reaction temper-
ature (140 °󠇣C). As shown in Fig. 4(c) and Fig. S9, 4-NaO-pip dis-
played superior H2 desorption performance by outperforming 
Na-cyclohexanolate and 3-NaO-pip in terms of desorbed H2 under 
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identical experimental conditions. It is important to note that the 
H2 desorption performance of these materials, which have the 
same theoretical H2 storage capacity (4.9 wt%), followed a trend 
similar to the one of calculated DHd (Fig. 4c). Although these H2 

desorption kinetic experiments were conducted under vacuum, 
which arguably affected thermodynamic equilibria, the similarity 
of H2 desorption performance and theoretical DHd trends could 
reasonably enable us to attribute the superior performance of 4-
NaO-pip to its favorable dehydrogenation thermodynamics. 

Furthermore, after 4-NaO-pip demonstrated significant H2 des-
orption performance in the solid state, its H-lean form (4-NaO-pyr) 
was subsequently evaluated for H2 absorption to assess the poten-
tial of the 4-NaO-pyr/4-NaO-pip pair in terms of reversible H2 stor-
age. Fig. 4(d) shows the H2 absorption profiles of 4-NaO-pyr at 
140 °󠇣C, catalyzed by Rh/C and Rh/Al2O3, two catalysts that exhib-
ited the best performance during H2 desorption tests on 4-NaO-
pip. By and large, 4-NaO-pyr H2 absorption in the solid state faced 
a challenge of slow kinetics that particularly required high catalyst 
loading and high H2 pressure to reach significant conversion rates. 
Under these conditions, 5% Rh/Al2O3 displayed a better hydrogena-
tion activity, enabling 4-NaO-pyr to achieve complete hydrogena-
tion as confirmed by 1 H NMR (Fig. S10). 

2.4. Reversible hydrogen storage in aqueous solution 

Given the sluggish kinetics of hydrogen uptake and 
release observed in the solid-state experiments, reversible
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Fig. 3. (a) The Rietveld fit to the XRD pattern of 4-NaO-pyr. Experimental (circles), fitted (line), and difference (line below observed and calculated patterns). Vertical bars 
indicate the calculated positions of Bragg peaks. Rwp = 0.0964, Rp = 0.0725, and v2 =5.38. (b) 4-NaO-pyr crystal structure. H atoms are omitted for clarity. (c) Local 
coordination of Na+ in 4-NaO-pyr structure. Yellow balls: Na, red balls: O, grey balls: C, blue balls: N, tan balls: H atoms. (d) Na-phenoxide crystal structure used with 
permission from reference [27].

Fig. 4. (a) 4-NaO-pip H2 desorption catalyzed by different catalysts, temperature: 25–140 °󠇣C. (b) 4-NaO-pip H2 desorption catalyzed by 5% Rh/C, temperature: 25–100 °󠇣C. 
Inset: TPD-MS of 4-NaO-pip with 5% Rh/C. (c) A comparison of H2 desorption performance achieved after 10 h of reaction time vs. calculated DHd between 4-NaO-pip, 3-NaO-
pip, and Na-cyclohexanolate (abbreviated as NaO-cyclohex.), temperature: 25–140 °󠇣C, catalyst: 5% Rh/C. (d) 4-NaO-pyr H2 absorption catalyzed by 5% Rh/Al2 O3 in a solid 
state, pressure: 60 bar H2, substrate: metal molar ratio (2:1), temperature: 140 °󠇣C.
hydrogen storage was subsequently examined in the liquid solu-
tion phase using water as a green solvent. Interestingly, the dehy-
drogenation of 4-NaO-pip catalyzed by 5% Rh/C could reach a 
conversion of 92.6% just after 12 h at 100 °󠇣C  (Fig. 5a). Extending 
the reaction time up to 18 h led to an excellent conversion of 
99.8% with 100% selectivity to 4-NaO-pyr (Fig. S11). According to 
ex-situ NMR characterization of samples taken throughout the 
reaction time, including samples taken at initial reaction times as
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early as 20 min, no other signals apart from those of the initial sub-
strate (4-NaO-pyr) and fully hydrogenated product (NaO-pip) were
observed; indicating no detectable reaction intermediate(s) or side
product(s) (Figs. S11 and S12). The catalytic dehydrogenation reac-
tions of 3-NaO-pip, 4-OH-pip, and Na-cyclohexanolate were also
examined and compared to 4-NaO-pip under identical experimen-
tal conditions (Fig. 5b). Impressively, 4-NaO-pip also achieved
the highest conversion as it was the case in the solid-state

move_f0025
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Fig. 5. (a) Dehydrogenation of 4-NaO-pip catalyzed by 5% Rh/C in aqueous solution at 100 °󠇣C. Conversion was determined using 1 H NMR. (b) A comparison of conversion after 
18 h of reaction time vs. calculated DHd between 4-NaO-pip and other reference H-rich compounds of this study. (c) Hydrogenation of 4-NaO-pyr catalyzed by 5% Rh/C in 
aqueous solution at room temperature and 50 °󠇣C, 40 bar H2 pressure. (d) Hydrogenation and dehydrogenation cycles for the 4-NaO-pyr/4-NaO-pip pair in aqueous solution at 
100 °󠇣C using 5% Rh/C as a bidirectional catalyst. Hydrogenation time: 4 h, dehydrogenation time: 14 h. 
dehydrogenation experiments (Fig. 4c). The most fascinating result 
from the data depicted in Fig. 5(b) is probably the similarity of the 
DHd and conversion trends among the studied materials.

In addition, the catalytic dehydrogenation results presented in 
Fig. 5(b) enabled us to test the hypothesis of the present study 
conclusively. In line with the thermodynamic predictions 
(Fig. 1b), 4-NaO-pip demonstrated superior H2 desorption perfor-
mance compared to Na-cyclohexanolate under identical condi-
tions, as evidenced in both solid-state (Fig. 4c) and aqueous 
solution experiments (Figs. S11 and S13). Considering the struc-
tures of these two molecules, the superior H2 desorption perfor-
mance of 4-NaO-pip could be attributed to the presence of the N 
atom in its structure (ring N effect). Similarly, 4-NaO-pip outper-
formed 4-OH-pip during experimental catalytic dehydrogenation 
in aqueous solution (Figs. S11 and S13). Since the structure of 
4-NaO-pip differs from that of 4-OH-pip only in the Na atom, a 
possible explanation for the superior H2 desorption performance 
of 4-NaO-pip might be the effect of metal substitution. Taken 
together, the comparison of 4-NaO-pip to 4-OH-pip and 
Na-cyclohexanolate shows that its superior H2 desorption perfor-
mance could be attributed to its low DHd induced by the combined 
effect of metal substitution and the incorporation of the N atom on 
its structure. 

Furthermore, to test the hydrogen storage reversibility of the 4-
NaO-pyr/4-NaO-pip pair in aqueous solution, hydrogenation of 4-
NaO-pyr was evaluated using 5% Rh/C. Impressively, the catalyst 
could achieve full hydrogenation of 4-NaO-pyr even at room tem-
perature and under a moderate H2 pressure of 40 bar after 28 h 
(Fig. S14). This complete hydrogenation was achieved along with 
100% selectivity to 4-NaO-pip as revealed by 1 H NMR (Fig. S15) 
and 13 C NMR (Fig. S16). Increasing the reaction temperature up 
to 50 °󠇣C could lead to a full hydrogenation of 4-NaO-pyr only after 
6  h  (Fig. S14). 

Lastly, after confirming the reversibility of the 4-NaO-pyr/4-
NaO-pip pair in H2 storage through separate hydrogenation and 
dehydrogenation processes, its ability to realize multiple hydro-
genation/dehydrogenation cycles was also tested in an aqueous 
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media using 5% Rh/C as a bidirectional catalyst. Although the cata-
lyst could not achieve full conversion during 14 h of dehydrogena-
tion steps, unlike in their fast hydrogenation counterparts, the pair 
still accomplished five cycles with good H2 uptake and release 
cycling stability (Fig. 5d). Besides, ex-situ 1 H NMR characterization 
of samples taken after each cycle step did not show any material 
decomposition (Fig. S17), indicating excellent stability of the 4-
NaO-pyr/4-NaO-pip pair over multiple hydrogenation and dehy-
drogenation cycles. However, considering the observed sluggish 
dehydrogenation kinetics, further efforts are crucial to developing 
more efficient catalysts for realizing the full potential of this 
promising reversible hydrogen storage system. 

3. Conclusions 

This study was conducted to design, synthesize, and experimen-
tally investigate alkali metal pyridinolate/piperidinolates pairs as 
new and low-cost materials for efficient reversible hydrogen stor-
age. DFT calculations demonstrated that the enthalpy changes of 
dehydrogenation (DHd) of alkali metal piperidinolates are lower 
than those of their parent piperidinols. In particular, lithium 2-
piperidinolate (2-LiO-pip) with a high H2 capacity of 5.6 wt% pos-
sesses an ideal DHd of 32.2 kJ/mol-H2. Results from H2 desorption 
experiments conducted in solid state and aqueous media using 
sodium pyridinolate/piperidinolate pairs were in full agreement 
with computational predictions. For instance, sodium 4-
piperidinolate (4-NaO-pip) experimentally outperformed its par-
ent piperidinol (4-OH-pip) and Na-cyclohexanolate in H2 desorp-
tion. This superior H2 desorption performance of 4-NaO-pip 
could be attributed to its low DHd induced by the combined effect 
of ring N and alaki metal substitution on its structure. Additionally, 
sodium 4-pyridinolate (4-NaO-pyr), which can be synthesized 
from low-cost chemicals via a facile method, could be fully hydro-
genated under mild conditions, highlighting the great potential of 
the 4-NaO-pyr/4-NaO-pip system for reversible H2 storage. How-
ever, efficient catalysts are still needed to improve the kinetics 
and cyclability for practical application. Overall, this study not only
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reports new low-cost hydrogen storage materials but also provides 
a rational design strategy for developing metalorganic compounds 
possessing suitable thermodynamics for efficient reversible hydro-
gen storage. 

Experimental section 

Experimental details can be found in the Supporting 
Information. 
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