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1. DFT calculations

Enthalpy changes of dehydrogenation (AHg4), HOMO and LUMO energy levels, and bond
lengths were calculated using X1s, which is a DFT-based method that combines B3LYP with
neural network correction. As an additional descriptor, the method also includes a spin change
from molecules to atoms during atomization!. All the calculations were carried out using the

Gaussian 16 package?.

2. Experimental sections
2.1. Materials and synthesis

4-hydroxypyridine (97%, Thermo Scientific), 4-hydroxypiperidine (98%, Acmec Biochemical),
potassium hydride (95%, Aldrich), potassium hydroxide (99.99%, Innochem), cyclohexanol
(99%, Alfa Aesar), potassium phenoxide (99.87%, Alfa Aesar), and sodium hydride (95%,
Aldrich) were utilized without further purification. Commercial catalysts 5% Rh/C (Acmec
Biochemical), 5% Rh/Al,O; (Sigma Aldrich), 5% Pd/C (Alfa Aesar), 5% Pt/C (Alfa Aesar), and
5% Ru/AlLO3 (Sigma Aldrich) were reduced under H> atmosphere with a flow rate of 30 mL min

'at 250 °C for 2 h before use.

Synthesis of potassium 4-piperidinolate (4-K-pip)

4-K-pip was synthesized by reacting 4-hydroxypiperidine with potassium hydride. In a typical
synthesis, 0.01 mol of 4-hydroxypiperidine and 0.01 mol of potassium hydride, together with 30
mL of tetrahydrofuran (THF) solvent, were loaded into a Parr 550 stainless steel autoclave (100
mL), which was then tightly sealed under an argon atmosphere inside a glove box. This air-tight

autoclave was removed from the glove box and then connected to a workstation equipped with a



system for continuous monitoring and control of stirring speed, temperature, and pressure. The
reaction was conducted at 90 °C with a stirring speed of 500 rpm. During this synthesis,
approximately one equivalent of H, gas was released, indicating the formation of 4-K-pip as per
the chemical equation depicted in the Scheme. S1. After the reaction completion, the liquid
mixture was transferred into a volumetric flask equipped with a closed glass adapter inside the
glove box. A solid sample of 4-K-pip was obtained after evaporating THF at 38 °C using a rotary
evaporator under vacuum conditions. Potassium cyclohexanolate (K-cycloh) and sodium 4-

piperidinolate (4-Na-pip) were synthesized using the same method.

Synthesis of potassium 4-pyridinolate (4-K-pyr) through ball milling

0.01 mol of 4-hydroxypyridine and 0.01 mol of potassium hydride were loaded into a 180 mL
tungsten carbide ball mill vessel with a ball-to-sample mass ratio of 100:1 under an argon
atmosphere inside a glove box. The vessel was then tightly closed, and the mixture was ball
milled for 8 h at 200 rpm using a RETSCH centrifugal ball mill S100. Afterwards, heating the
resulting mixture at 120 °C generated approximately one equivalent of H, indicating the

formation of 4-K-pyr, as illustrated by the chemical equation in Scheme S1.

Synthesis of potassium 4-pyridinolate (4-K-pyr) in aqueous solution

0.01 mol of 4-hydroxypyridine and 0.01 mol of potassium hydroxide were dissolved in 30 mL of
deionized water and then mixed altogether in a 100 mL flask for 5 h at room temperature. A solid
sample of 4-K-pyr was obtained after evaporating the water using a rotary evaporator. The

sample was further dried at 200 °C for 5 h under vacuum conditions.



2.2. Materials characterization and crystal structures

Liquid state 'H and '*C NMR characterizations were conducted using a JEOL JNM-ECZL (400
MHz) NMR spectrometer at ambient temperature. Powder X-ray diffraction (PXRD)
measurements were performed on a PANalytical X'pert diffractometer with Cu-Ka radiation (A=
0.154 nm) at 40 kV and 40 mA. Samples were tested in a stainless-steel sample holder covered
with Kapton to avoid contamination. The laboratory powder XRD pattern of potassium 4-
pyridinolate (4-K-pyr) can be indexed into an orthorhombic structure with space group Pnma
(No.62). The crystal structure of 4-K-pyr was solved using direct space methods combined with
the first-principles molecular dynamics simulated annealing with the optimized CsH4NO-
configuration. Rietveld structural refinement on the optimal structural candidate was performed
using the GSAS package on the XRD data®. Due to the insensitivity of XRD to the lightweight
elements and the inadequate number of lab PXRD observations, the CsH4NO™anion was kept as
a rigid body during the refinement. The CsH4NO" rigid body, potassium positions, and lattice
parameters were refined, yielding the agreement factors of Ry,=0.1001, R,=0.0724, and %>=3.83.
Rietveld fits to the XRD patterns of KOCsH4N is shown in Fig. S5. Crystallographic details can
be found in the CIF file deposited in the Cambridge Structural Database (CSD) under deposition

number CCDC 2450241.

2.3. NMR data

Potassium 4-piperidinolate: 'H NMR (400 MHz, DMSO-d6, 25°C, TMS). § 3.37 (1H, m), 2.79
(2H, d, J=12.0), 2.35 (2H, td, J=11.8, 2.0), 1.54 (2H, d, J=9.8), 0.99 ppm (2H, ddd, J=18.1, 11.7,

6.1). 3C NMR (400 MHz, DMSO-d6, 25°C, TMS). & 71.69, 46.21, 43.09 ppm.



Potassium 4-pyridinolate: '"H NMR (400 MHz, DMSO-d6, 25°C, TMS). § 7.54 (2H, dd, J = 5.1,
1.3 Hz), 5.86 ppm (2H, dd, J = 5.0, 1.4 Hz). >*C NMR (400 MHz, DMSO-d6, 25°C, TMS). &

176.22, 149.45, 117.16 ppm.

Potassium cyclohexanolate: '"H NMR (400 MHz, DMSO-d6, 25°C, TMS). § 3.32 (1H, dd, J =
10.9, 7.5 Hz), 1.59 (4H, dd, J = 22.4, 8.4 Hz), 1.42 (1H, d, J=11.9 Hz), 1.13 (2H, dd, J = 24.0,

12.0 Hz), 0.97 ppm (2H, m).

Sodium 4-piperidinolate: '"H NMR (400 MHz, DMSO-d6, 25°C, TMS). 6 3.41 (1H, m), 2.79 (2H,
d, J=12.0 Hz), 2.36 (2H, td, J=11.8, 1.9 Hz), 1.53 (2H, d, J = 9.6 Hz), 0.90 ppm (2H, qd, J =

12.1, 3.7 Hz). *C NMR (400 MHz, DMSO-d6, 25°C, TMS). § 37.1, 44.8, 67.8 ppm.

2.4. Temperature-programmed desorption analysis

Thermal decomposition analysis of 4-K-pip mixed with the 5% Rh/C catalyst was conducted
using a temperature-programmed desorption system coupled with a mass spectrometer, TPD-MS
(HPR20-Hiden), to determine the temperature range of H» release. In this analysis, a 25-30 mg
mixture of the 4-K-pip with the catalyst (substrate-to-Rh molar ratio of 5:1) was loaded into an
air-tight TPD-MS reactor sample holder under an argon atmosphere inside a glove box. The
analysis was conducted from room temperature to 200 °C, at a 2 °C/min heating rate under 20

mL/min argon flow.



2.5. Hydrogen absorption and desorption in the solid state

Hydrogen absorption and desorption tests were conducted using a homemade HPSA-auto Pro
gas adsorption analyzer (TJTECH, China), operated automatically by GAD-analysis software.
Before any test, the volume calibration of a loaded sample chamber was performed in three
cycles. In a typical H» absorption/desorption test, 150-200 mg of a sample (substrate-to-metal
molar ratio of 2:1 for H» absorption, and 5:1 for H» desorption) was ground using a mortar and
pestle under an argon atmosphere inside a glove box. However, to ensure intimate contact
between the reactant and catalyst, this mixing process was conducted in three rounds of a 5-
minute grinding step for every sample preparation. After each grinding round, the powder was
scraped off the mortar walls using a spatula before starting the next round. The well-mixed
sample was recovered and loaded into a stainless-steel sample chamber of the HPSA-auto Pro
gas adsorption analyzer, which was then tightly closed to prevent any gas leakage during the test.
After volume calibration, H, desorption was carried out from room temperature to 120 °C at a
heating rate of 2 °C/min under vacuum (0.01 bar). On the other hand, volume calibration for the
H» absorption process was carried out at the reaction temperature (120 °C), after heating the
sample chamber from room temperature at a heating rate of 2 °C/min. H, absorption tests were
carried out using a pressure of 60 bar. The H> absorption and desorption data were generated by
the GAD-analysis software of the HPSA-auto Pro gas adsorption analyzer. After the completion
of each test, the solid sample was recovered, dissolved in an appropriate deuterated solvent, and
then filtered for characterization and determination of the conversion percentage using 'H NMR

spectroscopy.



2.6. Hydrogenation and dehydrogenation experiments in aqueous solution

The synthesis and hydrogenation of 4-K-pyr in an aqueous solution were carried out in one-pot
mode using a 100 mL Parr stainless steel batch reactor (autoclave) equipped with a system for
continuous monitoring and control of stirring speed, temperature, and pressure. In a typical
experiment, the autoclave was loaded with 2 mmol of 4-H-pyr and potassium hydroxide in a
slight excess (molar ratio 1:1.1) to ensure complete conversion and to keep the solution alkaline.
30 mL of deionized water was added, and the reaction was run for 5 h at room temperature with
a stirring speed of 500 rpm. After this synthesis step, a hydrogenation catalyst was added into the
autoclave in a substrate-to-metal molar ratio of 30:1. The reactor was sealed, purged with argon 5
times to remove air, and then heated to the reaction temperature before charging it with a desired
H» pressure. The progress of the hydrogenation reaction was monitored through the pressure
change in the reactor, and a final solution sample was characterized by using 'H and '*C NMR

spectroscopy.

Catalytic dehydrogenation experiments in aqueous solution were conducted outside the glove
box under water reflux, using an oil bath as the heating system. However, deaerated water was
utilized as a solvent, and all sample preparations were conducted inside an argon-filled glove box
to protect the reduced catalysts from being deactivated by oxygen. Besides, KOH was added to
the reaction system to keep the solution alkaline and prevent any possible hydrolysis of the
metal-containing hydrogen-rich compounds into their hydroxide precursors. In a typical
experiment, 2 mmol of H-rich substrate, 5 mmol of KOH, and a catalyst (substrate-to-metal
molar ratio of 20:1) were loaded into a 100 mL three-neck round-bottomed flask containing a

magnetic stir bar inside an argon-filled glove box. After closing the three openings of the flask



with a condenser, glass adapter, and a rubber septum, the flask was taken outside the glove box
and placed into an oil bath. Then, 25 mL of deaerated water was added into the flask through the
rubber septum using a long syringe under an argon flow for 5 min. Afterwards, the reaction
mixture was heated to 100 °C as the target temperature. Small aliquots were taken from the
reaction mixture at various times using a syringe via the rubber septum for qualitative and

quantitative analyses using 'H and *C NMR spectroscopy.

2.7. Hydrogenation and dehydrogenation cycles in aqueous solution

The hydrogenation process of every cycle was conducted in a 100 mL Parr stainless steel batch
reactor (autoclave) equipped with a system for continuous monitoring and control of stirring
speed, temperature, and pressure. In the hydrogenation process of the first cycle, 4 mmol of
potassium 4-pyridinolate (4-K-pyr) and 8 mmol of KOH were dissolved in 30 mL of deaerated
water, followed by the addition of 5% Rh/C (4-K-pyr/Rh molar ratio: 20/1). This loaded
autoclave was tightly sealed, purged with argon 5 times to remove air, and then heated to 100 °C
before charging it with 40 bar H» as the hydrogenation pressure. After completion of the reaction,
the autoclave was cooled to room temperature before venting the remaining H» pressure.
Subsequently, a small sample of the final solution was taken for qualitative and quantitative
characterization using '"H and '3C NMR spectroscopy. For the hydrogenation process of the
subsequent cycles, a mixture recovered from the dehydrogenation flask was transferred into the

hydrogenation autoclave. Then, the same procedure used during the first cycle was repeated.

Conversely, the dehydrogenation process for each cycle was carried out by transferring the

reaction mixture from the hydrogenation reactor into a 100 mL three-neck round-bottomed flask



equipped with a condenser and then by following the procedure described in section 2.6. The

reaction was run for 16 h at 100 °C under reflux.

3. Results
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Scheme S1. (a) Synthesis of potassium 4-piperidinolate (4-K-pip). (b) Synthesis of potassium 4-

pyridinolate (4-K-pyr) through ball milling. (c) Synthesis of 4-K-pyr in aqueous solution
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Fig. S1. A molecular engineering strategy that combines ring nitrogen and alkali metal effects

within a single molecule to optimize the enthalpy change of dehydrogenation (AHg).
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Fig. S2. (a) '"H NMR spectrum of sodium 4-piperidinolate (4-Na-pip) compared to that of 4-
hydroxypiperidine (4-H-pip). (b) 'H NMR spectrum of potassium cyclohexanolate (K-cycloh)

compared to that of cyclohexanol.
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Fig. S3. (a) XRD pattern of sodium 4-piperidinolate (4-Na-pip) compared to those of 4-
hyroxypiperidine (4-H-pip) and sodium hydride (NaH). (b) XRD pattern of potassium
cyclohexanolate (K-cycloh) compared to that of potassium hydride.
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Fig. S4. Evidence of 4-K-pip stability in dry air. (a) '"H NMR spectrum of a high-purity 4-K-pip
sample exposed to dry air compared to those of the fresh sample kept under an inert atmosphere
and the precursor material (4-H-pip). (b) PXRD pattern of a high-purity 4-K-pip sample exposed
to dry air compared to those of the fresh sample kept under an inert atmosphere and the precursor
material (4-H-pip). A high-purity 4-K-pip sample was synthesized by using a slight deficiency of
KH compared to 4-H-pip to avoid any presence of KH in the final product. The as-synthesized
material was then refined through heat treatment at 120 °C under vacuum to remove unreacted 4-

H-pip, which has boiling and melting points of 95 °C and 115 °C, respectively.
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Fig. S5. The Rietveld fit to the XRD pattern of 4-K-pyr at 298 K. Experimental (circles), fitted
(line), and difference (line below observed and calculated patterns). Vertical bars indicate the

calculated positions of Bragg peaks. The goodness-of-fit factors are Ryw,=0.1001, R,=0.0724, and

7?=3.83.



Fig. S6. The crystal structure of potassium phenoxide. Pink balls: K, red balls: O, grey balls: C,

tan balls: H atoms®.
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Fig. S7. 'H NMR spectra of 4-K-pip post H> desorption samples using different metal-supported
catalysts. These spectra are compared to those of the substrate and the target product to

demonstrate the reaction conversion and selectivity.
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Fig. S8. Comparison of H» desorption profiles at different temperatures for the solid-state 4-K-
pip dehydrogenation catalyzed by 5 % Rh/C
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Fig. S9. Comparison of H> desorption performance between 4-K-pip, 4-H-pip, and K-cyloh;
catalyzed by 5% Rh/C from room temperature to 120 °C. 4-H-pip could not be tested using the
HPSA-auto Pro gas adsorption analyzer due to its boiling and melting points, which are lower
than the reaction temperature. Thus, while the H> equivalents desorbed from 4-K-pip and K-
cyloh were calculated from the experimental desorbed H; capacity, the H, equivalents desorbed
from 4-H-pip were calculated from the substrate conversion determined from the 'H NMR

spectrum of the post-Hz desorption sample.
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Fig. S10. '"H NMR spectra of post-H» desorption sample for 4 K-pip (a), K-cycloh (b), and 4 H-
pip (¢). Catalyst: 5% Rh/C, temperature: RT-120 °C, substrate-to-Rh molar ratio: 5/1. Spectra of
post-H> desorption samples are compared to those of the substrates and the target products to

demonstrate the reaction selectivity.
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Fig. S11. Comparison of H» desorption performance between 4-K-pip and 4-Na-pip. Catalyst:
5% Rh/C, temperature: RT-120 °C, substrate-to-Rh molar ratio: 5/1.
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Fig. S12. '"H NMR characterization of samples recovered from solid-state hydrogenation of 4-K-
pyr catalyzed by 5% Rh/C and 5% Rh/AL>O; under 60 bar Hz pressure, substrate-to-metal molar
ratio: 2/1, temperature: 120 °C.
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Fig. S13. '"H NMR characterization of a sample recovered from 4-K-pip dehydrogenation in
aqueous solution catalyzed by 5% Rh/C at 100 °C. The spectrum of the 4-K-pip post-
dehydrogenation sample is compared to those of the substrate and the target product to

demonstrate the excellent reaction conversion and selectivity.
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Fig. S14. 'H NMR spectra of samples taken at different time intervals during the
dehydrogenation of 4 K-pip in aqueous solution catalyzed by 5% Rh/C at 100 °C. These spectra
are compared to those of the substrate and the target product to demonstrate the excellent

reaction conversion and selectivity.
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Fig. S15. 'H NMR spectra of samples taken at different time intervals during the
dehydrogenation of 4-H-pip (a) and K-cycloh (b) in aqueous solution. Catalyst: 5% Rh/C,
temperature: 100 °C. These spectra are compared to those of the substrate and the target product

to demonstrate the reaction conversion and selectivity.
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Fig. S16. 'H NMR spectrum of 4-K-pyr post-hydrogenation sample. Catalyst: 5% Rh/C,
substrate-to-Rh molar ratio: 30/1, pressure: 40 bar H,, room temperature (RT). This spectrum is
compared to those of the substrate and the target product to demonstrate the excellent reaction

conversion and selectivity.
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Fig. S17. 3C NMR spectrum of 4-K-pyr post-hydrogenation sample. Catalyst: 5% Rh/C,
substrate-to-Rh molar ratio: 30/1, pressure: 40 bar H», room temperature (RT). This spectrum is
compared to those of the substrate and the target product to demonstrate the excellent reaction

conversion and selectivity.
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Fig. S18. 'H NMR Spectra of samples taken after every hydrogenation process (a) and
dehydrogenation process (b) during the cycling stability test of the 4-K-pip/4-K-pyr pair in
aqueous solution at 100 °C using 5% Rh/C as a bidirectional catalyst. Catalyst: 5% Rh/C,
substrate-to-Rh molar ratio: (20/1), hydrogenation pressure: 40 bar H», hydrogenation time: 3 h,
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Table S1. Comparison of the K-4-piperidinolate/4-pyridinolate pair with other hydrogen storage

H; storage systems AHgq Ta HSC Air Reversibility Material Ref.
(kJ/mol-H>) (°O) (wt%) stability Costt
Potassium 4-piperidinolate/4-pyridinolate 35.2 100-120 4.3 Yes High Low This
(4-K-pip/4-K-pyr) work
Methylcyclohexane/toluene (MCH/TOL) 68.3 >300 6.2 Yes High Low 5,6
Perhydrodibenzyltoluene/Dibenzyltoluene 65.4 310 6.2 Yes High Moderate &7
(H12-DBT/HO-DBT)
Dodecahydro-N-ethylcarbazole/ 50.6 180 5.8 Yes High Moderate &8
N-ethylcarbazole (H12-NEC/NEC)
Formic acid/CO, 31.2 (salt) 100 4.4 Yes Circular* Low 6,9
Methanol + H,O/CO, 16.6 >200 12.1 Yes Circular*® Low 10, 11
NH3/N» 30.7 300-500 17.8 - Circular® Low 12,13
Sodium cyclohexanolate/phenoxide 50.4 100-140 4.9 Yes High Low 14
MgH>/Mg 76.0 300 7.6 No High High 'S
LiBH4/LiH + B 74.0 >370 13.8 No Low High 16
NaAlH4/NaH + Al 53.0 >200 5.5 No Limited High 17
LaNisHx/LaNis 31.7 <100 1.5 Yes High High 18

*A circular hydrogen carrier releases H- together with a co-product, such as CO: or N3, as its H-lean format. The regeneration of the

carrier requires the recapture and reutilization of the gaseous co-product, or its supply from an external source, thereby enabling a

closed and recyclable hydrogen storage-release cycle rather than a one-way feedstock route '°.

*Low: commodity (bulk) materials or raw materials, moderate: commercial materials, high: specialty chemicals
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