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A B S T R A C T

Bio-based Liquid organic hydrogen carriers (LOHC) present a viable and renewable alternative for hydrogen 
storage. Herein, we proposed a LOHC system that employs size-controlled Pd nanoparticles as dehydrogenation/ 
hydrogenation catalysts, in combination with bio-based piperidine derivatives as hydrogen carriers. Through 
precise synthesis, we fabricated Pd/C catalysts with well-defined active sites ranging from single-atom (SA) to 
nanoclusters (NCs) and nanoparticles (NPs). PdSA/C exhibit no catalytic activity, while Pd5/C (~1.8 nm) showed 
significantly higher activity than the Pd1/C (~0.9 nm), despite the latter having a smaller particle size and a 
larger electrochemically active surface area (ECSA). This finding suggests that smaller is not always better in 
catalyst design. Comprehensive analyses of catalyst morphology and electronic structure analyses established 
clear structure-activity relationships between the particle size of Pd species and hydrogen release performance. 
Furthermore, experimental results and density functional theory (DFT) calculations demonstrated that the po
sition of methyl-substitution strongly impacts dehydrogenation efficiency, with 2-methylpiperidine achieving the 
highest activity compared to piperidine and its 3-/4-methyl isomers. The application of this LOHC system was 
extended to deuterium (D) storage, underscoring its potential for broader hydrogen isotope management tech
nologies. This study validates bio-based piperidines as promising, sustainable, and scalable next-generation 
LOHC platforms.

1. Introduction

Hydrogen (H2) constitutes a cornerstone of modern industrial sys
tems, serving both as a fundamental raw material in various chemical 
processes and as a promising energy carrier for future clean energy 
systems [1,2]. While significant progress has been made in hydrogen 
production and utilization technologies, hydrogen storage remains a 
major barrier to fully realizing its potential value [3–6]. Existing storage 
methods, including high-pressure gas storage, cryogenic liquid 

hydrogen, and solid-state materials, each have inherent limitations 
related to safety, efficiency, and cost-effectiveness [7–10]. Given these 
limitations, Liquid organic hydrogen carriers (LOHC) have gained 
considerable attention as an alternative solution for hydrogen storage 
and transportation. By chemically binding hydrogen within stable 
organic molecules, LOHC enable safer and more efficient transport and 
release under controlled conditions [11–15]. Among the different LOHC 
candidates, piperidines has exhibited superior hydrogen storage capac
ity (HSC, 6.1–7.1 wt%), lower dehydrogenation enthalpy, and the 
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absence of undesired by-products during hydrogenation or dehydroge
nation cycles [16–19]. Furthermore, piperidines can be synthesized 
from renewable biomass sources, such as cellulose-derived furan and 
furfural, bio-based lysine, bio-based butadiene, and methylation of 
bio-based piperidine [20–22]. In this context, bio-based piperidines of
fers a sustainable, renewable, and zero-carbon emission approach to 
hydrogen storage [23,24] (Scheme 1).

Recent advancements in catalytic dehydrogenation of piperidines 
have significantly enhanced their potential in LOHC applications. 
Various Pd-based heterogeneous catalysts have been developed for this 
reaction. For example, Milstein et al. reported the dehydrogenation of 
piperidines using a Pd catalyst [17]. Yamaguchi et al. utilized Pd/LDH 
for the dehydrogenation of piperidine, achieving yields of 54 % of pyr
idine at 125◦C over 18 h [25]. Voutchkova-Kostal and co-workers 
employed Pd-doped hydrotalcites for the acceptor-free dehydrogena
tion of piperidine, achieving yields of 45 % of pyridine at 140◦C over 
24 h [26]. Despite utilizing the same active component, these studies 
exhibit significant differences in catalytic performance, highlighting the 
crucial role of morphology properties and electronic structure in 
Pd-based catalysts. It is well known that particle size profoundly in
fluences these properties, leading to notable variations in catalytic ac
tivity. While the size modulation of metal species has been extensively 
studied to regulate dehydrogenation performance in systems such as 
carbazoles and formic acid, its impact on piperidine dehydrogenation 
remains unexplored [27–29]. In addition, the optimal reaction sub
strates and mechanism for bio-based piperidine dehydrogenation have 
yet to be clearly defined. Therefore, this work aims to investigate the size 
effect of Pd species and establish the optimal LOHC system for bio-based 
piperidine.

In this report, we presented a bio-based LOHC system based on the 
piperidine/pyridine, employing size-controlled Pd/C catalysts to estab
lish critical structure-activity relationships in dehydrogenation. Detailed 
catalyst characterization revealed the relationship between the particle 
size of the Pd species and dehydrogenation efficiency. We identified Pd 
NCs (~1.8 nm) as the optimal active sites for the dehydrogenation re
action by integrating multiple characterization techniques, including 
transmission electron microscopy (TEM), in situ CO diffuse reflectance 
infrared Fourier transform (CO-DRIFT) spectroscopy, electrochemical 
CO stripping, X-ray photoelectron spectroscopy (XPS), and X-ray ab
sorption fine structure (XAFS). The catalytic activity exceeds the pre
viously reported systems by several times. Density functional theory 
(DFT) calculations have shown how the position of methyl groups affects 
the energy barriers during the dehydrogenation process, providing 
deeper insights into the performance of the system. In situ Fourier 
transform infrared (FT-IR) spectroscopy has captured reaction 

intermediates, further elucidating the underlying reaction pathways. 
Additionally, the applicability of this LOHC system to deuterium storage 
was investigated, showing promising results for broader hydrogen 
isotope applications. The study underscores the scalability, stability, and 
environmental advantages of bio-based piperidine derivatives as LOHCs, 
reinforcing their potential as a sustainable hydrogen storage solution.

2. Methods

2.1. Reagents

Palladium acetate (Pd(OAc)2) was obtained from Kunming BOREN 
Metal Materials Co., and the Vulcan carbon black was obtained from 
CABOT. Sodium borohydride (NaBH4) was purchased from Tianjin 
Kemiou Chemical Reagent Co., Ltd., and acetone (≥99.6 %) from 
Sinopharm Chemical Reagent Co. Ltd. n-octane, n-dodecane, and all 
piperidines were provided by Adamas-beta. Pure water was supplied by 
Wahaha. All reagents were used as received without further purification.

2.2. Preparation of supported Pd catalysts

Catalysts with varying Pd particle sizes were obtained by adjusting 
the Pd loading and reduction method. In a typical synthesis, 200 mg of 
carbon-support was dispersed in 20 mL of acetone and sonicated for 
30 minutes to create a uniform suspension. A 0.02 mol/L solution of Pd 
(OAc)2 was then added to the suspension during sonication, followed by 
an additional 30 minutes of sonication. The mixture was stirred at room 
temperature for 3 hours. Afterward, the acetone was removed using a 
rotary evaporator, and 10 mL of pure water was added to form a new 
suspension. While stirring the suspension in an ice-water bath, 10 mL of 
a 0.1 mol/L aqueous NaBH4 solution was introduced, and the mixture 
was stirred for an additional hour. The resulting solids were filtered and 
thoroughly washed with pure water. Finally, the catalyst was dried 
under vacuum at room temperature for 24 hours, obtaining the final 
catalyst, denoted as Pd5/C (where 5 indicates a 5 % Pd loading). Two 
additional catalysts, labelled Pd5/C-150 and Pd5/C-300, were prepared by 
reduction using 5 % H2/Ar in a tube furnace at 150◦C and 300◦C, 
respectively, instead of NaBH4. The synthesis of PdSA/C was similar to 
the others, except that the detergent was replaced by DMSO and pure 
water, and after drying, the catalysts were calcined at 500◦C for 5 h 
under Ar atmosphere.

2.3. Dehydrogenation/hydrogenation performance tests

Methylpiperidine was used as the substrate for the dehydrogenation 
reaction, which was conducted in a Schlenk tube. In a glove box, the 
substrate (e.g., 3-methylpiperidine, 1 mmol), 2 mL of n-octane as sol
vent, and 2.35 mol% of the Pd/C catalyst were added to the tube. Before 
the reaction, the Schlenk tube was purged with argon gas for 10 minutes 
to remove any air, allowing the reaction to proceed under near- 
atmospheric pressure. The reaction was then carried out at 120◦C in
ternal temperature. Upon completion, the mixture was cooled to room 
temperature, and the conversion and yield were analyzed by gas chro
matography (GC) using n-dodecane as the internal standard. Gaseous 
products analyzed by Pfeiffer Vacuum PrismaPro® QMG 250 mass 
spectrometry. The spent catalyst was collected via centrifugation, 
washed three times with ethanol and purified water, and then dried 
under vacuum at room temperature for 24 hours. Stability tests were 
conducted by reusing the spent catalyst for subsequent reaction cycles. 
For scale-up experiments, a condenser was attached to the Schlenk tube, 
and the reaction was refluxed in an open system with stirring under a 
stream of argon for the designated time (Fig. S26).

The hydrogenation reaction was performed in a 20 mL batch reactor. 
In a glove box, the substrate (e.g., 3-methylpyridine, 1 mmol), 2 mL of n- 
octane as solvent, and 50 mg of the Pd/5 C catalyst were added to the 
reactor. Prior to the catalytic test, the reactor was flushed with 0.5 MPa 

Scheme 1. Synthetic routes to bio-based piperidine derivatives.
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of hydrogen gas for five cycles, then pressurized to a total pressure of 
1 MPa with H2. The reaction proceeded at 150◦C after sealing the 
reactor. After cooling to room temperature, the conversion and yield 
were again determined by GC, using n-dodecane as the internal 
standard.

2.4. Materials characterization

High-angle annular dark-field scanning transmission electron mi
croscopy (HAADF-STEM), high-resolution transmission electron micro
scopy (HRTEM), and corresponding elemental mapping images were 
collected by field emission high resolution transmission electron mi

Fig. 1. Morphology properties of different Pd/C catalysts. (a-f) HAADF-STEM image of (a) Pd1/C, (b) Pd2/C, (c) Pd5/C, (d) Pd7.5/C, (e) Pd5/C-150, and (f) Pd5/C- 

300, respectively. (g) CO-probe DRIFT spectra of different Pd/C catalysts. (h) XRD of Pd/C catalysts. (i) ECSA of Pd/C catalysts tested by electrochemical CO-stripping.
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croscopy (JEOL, JEM-F200, Japan) at 200 kV. The particle size distri
butions and the average particle sizes of Pd were calculated by counting 
more than 100 particles in the TEM images. XPS was performed on an 
Axis Supra+ (Shimadzu Company, JAPAN) with a vacuum sample disk. 
An X-ray photoelectron spectrometer operated at a pressure of 2⋅10− 9 Pa 
using monochromatized Al Kα radiation (1486.6 eV) energy scans range 
from 1100 to − 10 eV. All binding energies were calibrated by C1s peak 
of adventitious carbon (284.8 eV). The nitrogen adsorption-desorption 
isotherms were measured at 77 K using Micromeritics ASAP 2460. All 
samples were pretreated at 120 ◦C for 4 h while maintaining a vacuum 
condition to remove moisture and impurities. Then, the specific surface 
area was calculated by applying the Brunauer-Emmett-Teller (BET) 
method. Additionally, the signals for H2 (m/z = 2) and D2 (m/z = 4) 

were monitored by Pfeiffer Vacuum PrismaPro® QMG 250 mass spec
trometry. The Pd content of the catalysts was determined by ICP-MS 
using a Shimadzu 2030. The catalysts were pretreated in aqua regia, 
which is a 3:1 volumetric mixture of HCl and HNO3 at 95 ◦C for 4 h, to 
completely dissolve Pd. The solution was filtered by a syringe filter, 
diluted in the detectable range, and then analysed. The crystalline phase 
and the relative crystallite size of the catalysts were analysed by X-ray 
diffraction (XRD) patterns, which were operated through Bruker D8 
ADVANCE machine at 40 kV and 40 mA. The samples were finely 
ground before analysis, and measured in the scan range from 10 to 90◦. 
The scan speed and scanning step size were 1.0◦⋅min− 1 and 0.2◦, 
respectively, to record XRD patterns with high resolution. In situ FT-IR 
spectroscopy and CO-DRIFT spectroscopy were performed on a Nicolet 

Fig. 2. Electronic structure and coordination of different Pd/C catalysts. (a) Pd 3d core-level XPS spectra. (b) FT-EXAFS spectra in R space. (c) CNPd-Pd at different 
particle sizes and (d-e) Wavelet transformation for the Pd K-edge EXAFS signals of (d) Pd1/C, (e) Pd5/C, and (f) Pd7.5/C.
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iS50 FTIR spectrometer with 32 scans at 4 cm− 1 resolution. Pd K-edge X- 
ray absorption spectra (XAS) were collected in transmission mode at the 
Shanghai Synchrotron Radiation Facility (SSRF). Electrochemical active 
surface area (ECSA) was measured by electrochemical CO-stripping. CO 
was first bubbled into a saturated 0.1 M H2SO4 solution for 15 min, and 
then N2 was bubbled for 15 min during a 0.2 V hold to remove dissolved 
CO. Finally, CO stripping was performed in the potential range of 
− 0.2–1.1 V at a scan rate of 10 mV/S. The area of CO oxidation peak in 
the first cycle (that is, the area of the CO oxidation peak obtained by 
subtracting the second cycle from the first cycle) is used to integrate the 
charge number and then divided by 420 uC/cm2 to obtain the area, 
which is then divided by the mass of Pd on the electrode to obtain the 
ECSA. 

ECSAactivemetal =
Q

420μC⋅cm− 2 × m 

Q: the charge number; m: the mass of Pd on the electrode; the charge 
density for the oxidation of the CO monolayer is 420 μC/cm2.

2.5. DFT calculation

All the DFT calculations were performed using the Vienna ab-initio 
simulation package (VASP). The projector-augmented wave (PAW) 
method was used to represent the core-valence interaction [30,31]. The 
plane wave energy cutoff was set to 450 eV. The generalized gradient 
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) 
exchange-correlation functional were used in our calculations [32]. The 
Brillouin zone was sampled at Gamma point with the 3 × 3 × 1 k-point 
meshes for Pd (111) surface. The energy and force criterion for 
convergence of the electron density are set at 10− 5 eV and 0.05 eV/Å, 
respectively.

3. Results and discussion

3.1. Morphology and electronic structure characterization

A series of carbon-supported Pd catalysts with controlled particle 
sizes were synthesized through systematic adjustments of Pd loading 
and preparation protocols. The morphological evolution of Pd/C cata
lysts was investigated by TEM (Figs. 1a - 1f and Fig. S1). At low Pd 
loading (0.25 wt%), the Pd species were atomically dispersed on the 
carbon-support (Fig. S1), while when the loading was increased to 
1–2 wt%, Pd species exhibited uniform dispersion with mean diameters 
of 0.9 nm and 1.3 nm, respectively (Figs. 1a, 1b). Remarkably, the Pd5/ 
C catalyst maintained sub-2 nm particles (~1.8 nm) despite increased 
metal loading (5 wt%, Fig. 1c). Energy-dispersive X-ray spectroscopy 
(EDS) elemental mapping verified the uniform distribution of Pd species 
on the carbon-support (Fig. S2). HRTEM analysis revealed distinct lat
tice fringes with a spacing of 0.225 nm, corresponding to the Pd (111) 
crystallographic plane (Fig. S3). A critical threshold emerged at 7.5 wt% 
Pd loading, where particle size abruptly increased to 3.0 ± 0.7 nm 
(Fig. 1d). Figs. 1e and 1f display the STEM images of Pd5/C reduced with 
hydrogen at 150◦C and 300◦C, respectively. Under hydrogen reduction 
conditions, a notable increase in Pd particle size was observed, corre
lating with the rise in reduction temperature, and the extent of 
agglomeration intensified.

In situ CO-DRIFT spectroscopy was utilized to investigate the struc
tural evolution of active sites in Pd/C catalysts (Fig. 1g). Three charac
teristic peaks were observed in the range of 1800–2200 cm− 1, 
corresponding to CO adsorption on different Pd nanostructures. Pd1/C 
manifested two CO-adsorption peaks at 2060 cm− 1 and 1940 cm− 1. The 
dominant peak (2060 cm− 1) was attributed to the linearly bonded CO on 
atomically dispersed Pd species or at the edges of the Pd sub-NCs 
(<1 nm), while the 1940 cm− 1 peak was observed in all Pd/C cata
lysts. In particular, the Pd2/C and Pd5/C samples exhibited only the 
1940 cm− 1 peak. Combined with TEM results, we infer that the 

1940 cm− 1 peak is attributable to bridge-bonded CO at the edges of Pd 
NCs (1–2 nm). Notably, the intensity of this peak was significantly 
higher in Pd5/C compared to Pd2/C, indicating an increased density of 
bridged adsorption sites per unit mass of Pd NCs, which is consistent 
with TEM observations. Moreover, the disappearance of the 2060 cm− 1 

peak marks the transition from sub-NCs to NCs, resulting in the 
replacement of isolated sites by surface-continuous sites. With a further 
increase in average particle size, we observed a gradual enhancement of 
the signal at 1980 cm− 1, which is derived from bridge-bonded or triple- 
bonded CO on Pd NPs (>2 nm) or multi-particle ensembles. Concur
rently, the weakening of the 1940 cm− 1 peak suggests a decrease in the 
number of multifaceted terrace sites and metal-support interfacial sites.

The XRD spectra (Fig. 1h) show characteristic peaks of metallic Pd at 
40.12◦, 46.67◦, and 68.13◦. The signal intensity of these peaks correlates 
with the variation in Pd particle size. Notably, the strongest peak at 
40.12◦ corresponds to the Pd (111) crystal plane, aligning with the 
HRTEM results. The ECSA of the catalysts was measured by electro
chemical CO-stripping. As shown in Fig. 1i and Fig. S4, Pd1/C exhibited 
the highest ECSA value (248.72 m2/g, Pd). With increasing Pd loading, 
the ECSA value decreased rapidly from 202.96 to 44.42 m2/g. which 
aligned with the increasing intensity of the Pd (111) diffraction peak in 
the XRD data (Fig. 1h). Inductively coupled plasma mass spectrometry 
(ICP-MS) confirmed that the Pd content in all Pd/C samples matched the 
expected values (Table S1). Additionally, the specific surface areas of 
carbon-support and Pd/C catalysts, estimated using the BET method, 
showed a marked reduction in N2 adsorption and surface area upon Pd 
loading (Table S1). The decrease in surface area became more pro
nounced with higher Pd loading. Combined with the TEM analysis, this 
suggests that the smaller Pd species were uniformly dispersed on the 
support surface and block some of the smaller pore structures [33].

The electronic structure of the Pd/C catalysts in the Pd 3d region 
were analysed using XPS. As depicted in Fig. 2a, the binding energy for 
Pd0 within the Pd 3d5/2 region is centred at 335.8 eV, while the binding 
energy for Pd2+ appears between 336.6 and 336.9 eV. The results reveal 
that as the particle size increases, the relative intensity of the Pd0 peak 
also increases, whereas the intensity of the Pd2+ peak decreases. Addi
tionally, the Pd 3d peak shifts to lower binding energy as Pd dispersion 
decreases; it is noteworthy that the peak of Pd2+ moves to a lower 
binding energy with the increase of particle size (336.9–336.6 eV). 
Based on previous studies, we infer that the Pd2+ species in the catalysts 
arise from unstable Pd near the particle surface. As particle size in
creases, the amount of surface-exposed unstable Pd also rises, and its 
reaction with oxygen tends to lower the binding energy of the oxidation 
state [28,34,35].

The Pd-Pd coordination of catalysts with different particle sizes were 
determined from Fourier transform extended X-ray absorption fine 
structure (FT-EXAFS) analysis (Fig. 2b) [36,37]. From Pd1/C to 
Pd7.5/C, the intensity of the Pd-Pd peak at 2.5 Å gradually increases, 
while the intensity of the Pd-C/O peak at 1.6 Å slightly decreases. This 
trend reflects the structural evolution of Pd species from sub-NCs 
composed of only a few atoms to the formation of larger Pd NPs. This 
structural evolution is more clearly shown by the wavelet trans
formation of Pd K-edge EXAFS signals (Fig. 2d-f). The absence of the 
Pd-O-Pd (3.1 Å) peak, on the other hand, indicates that only a small 
amount of Pd in the surface layer of the Pd NPs is oxidized, without 
forming agglomeration of Pd NPs. Additionally, the Coordination 
number of Pd (CNPd-Pd) increases monotonically with Pd particle size, 
from 2.1 for Pd1/C to 4.4 for Pd5/C and 6.4 for Pd7.5/C.

3.2. The catalytic performance for dehydrogenation reaction

The results indicate that Pd species in the Pd/C catalyst exhibit large- 
gap morphology, providing an effective platform for investigating size- 
dependence in the methylpiperidine dehydrogenation reaction. We 
evaluated the reactivity of various Pd/C catalysts for the dehydrogena
tion of 3-methylpiperidine at 120◦C and atmospheric pressure. Pristine 
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C without Pd loading (Fig. S13) and PdSA/C (Fig. S14) did not catalyse 
the reaction. Analysis of the gaseous products using a mass spectrometer 
confirmed the production of high-purity hydrogen (Fig. S15). As shown 
in Fig. 3a, significant variations in catalytic performance were observed 
across the catalysts. Pd5/C exhibited the highest catalytic activity over 
reaction times of 1–3 hours. Although Pd5/C, Pd5/C-150, and Pd5/C-300 
shared the same Pd loadings, differences in particle size resulted in 
varying catalytic performances, underscoring the size-dependence of 
piperidine dehydrogenation activity. Interestingly, despite its smaller 
particle size and higher ECSA, the Pd1/C catalyst was less active than 
Pd5/C. This suggests that the presence of multiple neighbouring Pd 
atoms enhances the efficiency of 3-methylpiperidine dehydrogenation.

We established a critical structure-activity relationships between the 
particle size of Pd species and hydrogen release performance. The ac
tivity followed a volcano-shaped trend (Fig. 3b), with Pd5/C showed the 
highest activity among the Pd/C catalysts, achieving a 50–280 % in
crease in turnover frequency (TOF). Combining the findings from 
morphology and electronic structure characterization, the Pd NCs 
represent the most active structures, with activity improving as NCs 
grow the number of neighbouring active sites increases (1.2–1.8 nm). In 
contrast, although Pd1/C exhibits a larger ECSA, its catalytic activity is 
lower due to the limited number of effective active sites. When Pd 
loading was further increased or more severe reduction conditions were 
applied, metal agglomeration occurred, reducing the number of exposed 

active sites and decreasing catalytic activity. This explains the dimin
ished activity of Pd species larger than 2 nm. To exclude the influence of 
residual B element from NaBH4 reduction, we compared the activity of 
two catalysts with similar sizes but different treatments (Fig. S16). Cycle 
stability tests were conducted on the Pd5/C catalyst (Fig. 3c). The 
catalyst remained active without degradation, and no by-products were 
produced after five reaction cycles. TEM analysis of the used Pd5/C 
catalyst (Fig. S17) indicated that the particle size remained stable at 
~1.8 nm, with no signs of agglomeration or sintering. These results 
suggest that the catalyst possesses excellent reusability.

To identify the most effective piperidine-based compounds for 
biomass-derived LOHC applications, we investigated bio-based piperi
dine derivatives with different methyl group positions. Our results 
revealed that methyl group positioning significantly influences dehy
drogenation activity (Fig. 3d). For unsubstituted piperidine, despite its 
high theoretical HSC, the dehydrogenation yield was only 47 %, with a 
TOF of 6.73 h− 1. Introducing a methyl group substantially increased the 
dehydrogenation efficiency, with TOF of 10.08 h− 1 and 11.52 h− 1 

observed for 4-methyl and 3-methyl isomers, respectively. Notably, 
when the methyl group was positioned adjacent to the nitrogen atom, as 
in 2-methylpiperidine, the dehydrogenation efficiency reached a 
remarkable TOF of 24.67 h− 1. Beyond these findings, we compared the 
catalytic performance of our Pd5/C catalyst with previously reported 
systems. The results demonstrated that Pd5/C outperforms these 

Fig. 3. Dehydrogenation performance of 3-methylpiperidine over different Pd catalysts. (a) Time-dependent activity of different catalysts in the dehydrogenation 
reaction of 3-methylpiperidine. (b) Different Pd particle sizes as a function of TOF in the dehydrogenation reaction of 3-methylpiperidine. (c) Cyclic stability testing 
of Pd5/C in the dehydrogenation of 3-methylpiperidine. (d) Performance of Pd catalysts in terms of TOF for dehydrogenation piperidine and 2-/3-/4-methyl
piperidines. (The default reaction conditions for a typical dehydrogenation reaction were as follows: temperature (T) = 120 ◦C, reaction time (t) = 3 h, substrate 
= 1 mmol, reaction atmosphere: Argon, and catalysts amount: 2.35 mol%.).
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systems, achieving significantly higher dehydrogenation activity[17, 
25]. The Pd5/C catalyst proved to be equally effective for the dehy
drogenation of 2-methyl and 3-methylpiperidines under scaled-up con
ditions (Scheme S1). Specifically, for 3-methylpiperidine, a catalyst 
dosage of 100 mg yielded a turnover number (TON) of 1060 after an 
extended reaction period. In the case of 2-methylpiperidine, the TON 
reached 2083, further underscoring the high activity and stability of 
Pd5/C. Notably, under scaled-up conditions, the activity was signifi
cantly higher under solvent-free conditions compared to 
solvent-containing conditions (Fig. S18). This suggests that eliminating 
the solvent can substantially improve reaction efficiency, especially in 
large-scale applications.

3.3. Mechanistic investigations

To analyse the dehydrogenation conformational relationships of 
methylpiperidine derivatives, we systematically investigated the dehy
drogenation pathways of 2-/3-/4-methylpiperidines in the Pd (111) 
plane using DFT calculations (Fig. 4). The results reveal that the position 
of the methyl substituent significantly influences the activation energy 
barrier for the first N-H bond cleavage. 2-Methylpiperidine (neigh
bouring substitution) exhibits the lowest energy barrier (1.33 eV), 
which is 4.3 % and 7.6 % lower than that of the 3-methyl (1.39 eV) and 
4-methyl (1.44 eV) isomers, respectively (Fig. 4b). This trend aligns with 
the experimental activity data, suggesting that the adjacent methyl 
group enhances the activation of the N-H bond and thus facilitates the 
initial dehydrogenation step.

Full dehydrogenation pathway simulations further showed that the 
second dehydrogenation step of 2-methylpiperidine has an energy bar
rier of 1.96 eV (Fig. 4c), which constitutes the reaction decisive step. 
This energy barrier distribution feature leads to a significant thermo
dynamic driving force between the intermediate semi-dehydrogenation 
state (ΔE = 1.96 eV) and the fully dehydrogenated state 
(ΔE = 1.11 eV), which drives the reaction towards the fully dehydro
genated product rather than staying in the intermediate stat. The high 

agreement between theoretical calculations and experimental kinetic 
data confirmed the key role of methyl position in regulating the dehy
drogenation pathway of LOHC and provides an atomic scale basis for the 
rational design of bio-based hydrogen storage molecules.

To better understand the dehydrogenation mechanism of methyl
piperidine over the Pd5/C catalyst, in situ FT-IR spectroscopy was 
employed to capture intermediate products and elucidate reaction 
pathways. As the reaction temperature increased (Fig. 5a), a charac
teristic peak at 1460 cm− 1, corresponding to the C-H bending vibrations 
in the methylene (-CH2-) group of the piperidine ring, diminished 
significantly above 110◦C [38–41]. This indicates the progressive con
sumption of the substrate. At 120◦C, a new characteristic peak appeared 
at 1660 cm− 1, which we attributed to the C––N bond in the double bond 
region, formed through dehydrogenation at the C-N bond of the piper
idine ring [42,43]. As dehydrogenation progressed (Fig. 5b), another 

Fig. 4. Pd catalysed DFT calculations of 2-/3-/4-methylpiperidine. (a) Reaction pathways and energy barriers for initial-stage dehydrogenation of 2-/3-/4-meth
ylpiperidines on the Pd (111). (b) Corresponding initial state (IS), transition state (TS) and final state (FS) configurations. (c) 2-Methylpiperidine full dehydrogenation 
pathway simulations. Pd, dark cyan; H (non-activated), white; H (activated), yellow; C, grey; and N, blue.

Fig. 5. In situ FT-IR of the Pd5/C catalyst during the dehydrogenation of 3- 
methylpiperidine. (a) the warming process (25◦C - 120◦C). (b) at 120◦C for 1, 
5, 10, and 20 min.
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Fig. 6. The synthesis and application of bio-based piperidines in this work. (a) Fossil and bio-based piperidine synthesis pathways. (b) Piperidine derivatives were 
prepared from biomass feedstock and used as LOHC in this study. (c) Application of bio-based piperidines in deuterium storage and release. (The default reaction 
conditions for a typical dehydrogenation reaction were as follows: temperature (T) = 120 ◦C, reaction time (t) = 3 h, substrate = 1 mmol, reaction atmosphere: 
Argon, and catalysts amount: 2.35 mol%. The default reaction conditions for a typical hydrogenation reaction were as follows: temperature (T) = 170 ◦C, reaction 
time (t) = 6 h, substrate = 1 mmol, hydrogen pressure (P) = 1 MPa, and catalysts amount: 50 mg Pd5/C.).
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peak emerged at 1636 cm− 1, and its intensity eventually surpassed that 
of the C––N (1660 cm− 1). We attributed the 1636 cm− 1 peak to the C––C 
bonds formed through dehydrogenation at the C-C bonds in the piperi
dine ring [44,45]. This signal intensity is consistent with the structural 
features of the pyridine ring. These findings confirmed that the dehy
drogenation process begins with hydrogen removal from the C-N 
structure, followed by dehydrogenation at the C-C structure. This step
wise sequence provides valuable insights into the dehydrogenation 
mechanism of the piperidine ring.

3.4. Bio-based piperidine sources and extend applications

We then demonstrated a bio-based synthetic route for piperidine 
derivatives, emphasizing an efficient and sustainable approach to LOHC 
production (Fig. 6a). Using our recently reported ruthenium (Ru)-based 
catalyst, piperidine-based compounds can easily prepared from 
biomass-derived substrates (Fig. 6b) [46]. Piperidine was synthesized 
via the cyclization of pentanediamine, derived from lignocellulosic 
lysine, achieving a high yield of 90 % [47–49]. Similarly, 2-methylpiper
idine was obtained from 5-methylfurfurylamine—produced from 
glucose sourced from agricultural waste through acid treatment, dehy
dration, and reductive amination—with an 83 % yield[22,24,50]. 
Additionally, we reported the production of 3-methylpiperidine from 
2-methylpentanediamine, which can be obtained via the hydro
cyanation of butadiene, a byproduct of vegetable oil cracking, achieving 
a yield of 95 % [46,51,52]. And with significant progress has been made 
in bio-based butadiene technology, these biomass-derived piperidines 
highlight their potential as sustainable feedstocks for low-oxygen com
bustion hydrogen applications, offering an environmentally friendly 
alternative to traditional synthetic routes.

The Pd5/C catalyst demonstrates remarkable bidirectional func
tionality in N-heterocyclic LOHC systems (Fig. 6b). Under mild hydro
genation conditions, it achieves near-quantitative conversion of 
pyridine derivatives to the corresponding piperidines, with yields of 
91 % for piperidine and 99 % for both 2-methyl and 3-methylpiperi
dines, establishing a unified catalytic platform for reversible hydrogen 
storage/release. Moreover, consistent with dehydrogenation, the methyl 
group position significantly influenced the hydrogenation efficiency of 
piperidines, with 2-methylpiperidine exhibiting the highest hydroge
nation rate (Fig. S19). Notably, this system exhibits exceptional deute
rium storage capabilities. In D2 atmosphere at 150◦C, full deuteration of 
3-methylpiperidine to-d10 species occurs via sequential D2 activation 
and H-D exchange (Fig. S22). A temperature-dependent pathway mod
ulation is observed. At 75◦C, selective H-D exchange dominates without 
further deuteration, yielding fully deuterated 3-methylpyridine-d4 
(Fig. S23). Mass spectrometry confirmed D2 as the primary gaseous 
product during dehydrogenation of deuterated piperidinium-d10 
(Fig. S24), with a kinetic isotope effect (KIE) of 2.32 (Fig. S25). This 
finding highlights the catalyst’s ability to effectively store and release 
deuterium from the piperidine ring. The unique capability of Pd5/C to 
manage deuterium isotopes positions it as a promising system for ap
plications in isotope storage and hydrogen isotope management 
technologies.

4. Conclusion

By integrating precise catalyst engineering with sustainable molec
ular design, we established a bio-based piperidine LOHC system using 
size-controlled Pd/C catalysts to explore the structure-activity re
lationships. Structural characterization and catalytic performance 
evaluation identified Pd NCs of approximately 1.8 nm as the most active 
species for the bio-based piperidine dehydrogenation, exhibiting higher 
efficiency compared with smaller or larger palladium species. Experi
mental results and DFT calculations revealed that the position of the 
methyl substituent significantly influences dehydrogenation kinetics, 
with 2-methylpiperidine exhibiting the highest dehydrogenation 

efficiency among the studied substrates. The scalability and stability of 
the Pd catalysts, along with the renewable synthesis route for piperidine 
derivatives, were also demonstrated. Moreover, the applicability of this 
system to D storage further highlights its versatility for broader 
hydrogen isotope applications. Overall, this work not only establishes 
key structure-activity relationships in Pd-catalysed piperidine dehy
drogenation but also demonstrates the feasibility of bio-based piperi
dines as a sustainable and promising LOHC platform.
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