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A B S T R A C T   

The hybrid material composed of palladium nanoparticles (PdNPs) functionalized with N-heterocyclic carbene 
ligands (NHCs) immobilized onto the surface of reduced graphene oxide (rGO) results in an efficient catalytic 
material towards hydrogenation and dehydrogenation of N-heterocycles. The rGO plays a dual role by acting as a 
carbocatalyst in acceptorless dehydrogenation of N-heterocycles and as a support for the palladium nanoparticles 
facilitating its interaction with molecular hydrogen turning this hybrid material into an effective hydrogenation 
catalyst. Hot filtration experiments support the heterogeneous nature of the process underlining the strong 
interaction of palladium nanoparticles with the graphene enabled by π-interactions of the ligand with the sup
port. The mild conditions used in both transformations of this system without requiring any additives facilitates 
its potential application in hydrogen storage technologies in the form of liquid organic hydrogen carriers 
(LOHCs). At the same time, the hybrid material is a robust and efficient catalytic platform that can be recovered 
and reused up to eight runs in both transformations without significant deactivation. The use of a single solid 
catalysts that is recyclable in hydrogen conversion and reconversion through (de)hydrogenation of N-hetero
cycles paves the way for the development of efficient hydrogen storage materials.   

1. Introduction 

The principle of microscopic reversibility states that catalytic re
actions are essentially reversible as the potential energy surface does not 
depend on the direction of the reaction [1–3]. Herein, the mechanism is 
the same (but reversed) for both, the forward and backward version of 
the reaction. They have the same energy path and transition state but 
differ in the activation energy and substrate-catalyst binding affinity. As 
a result, catalysts are efficient in only one direction specially in ther
mally activated reactions. Although there are reported examples in the 
literature where a single catalyst is efficient in both processes, still they 
are predominantly limited to electro and enzymatic catalysis [4–8]. In 
parallel, both the hydrogenation and dehydrogenation of N-heterocycles 
are considered fundamental organic transformations since this class of 

molecules are relevant in the preparation of drugs and biologically 
active intermediates [9–13]. Hydrogenation of N-heterocycles is favored 
by thermodynamics being an exergonic reaction although not entropi
cally favored by the conversion of H2 gas [14–17]. On the contrary, 
dehydrogenation of N-heterocycles is endergonic but entropically 
favored and requires the removal of H2 gas from the reaction media to 
proceed, which experimentally is translated in the use of 
high-temperature reactions and working with systems that allow the 
release of hydrogen [18–22]. 

The combination of such reversible reactions could potentially be 
used for hydrogen storage using organic molecules. These are the basis 
of the Liquid Organic Hydrogen Carrier (LOHC) technologies that enable 
hydrogen store in the liquid form [23–27]. The conversion of hydrogen 
gas into a liquid in LOHCs represents an attractive alternative for 
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hydrogen storage when compared to traditional high-pressure or liqui
fied technologies [28–30]. N-heterocycles are suitable candidates to 
fulfill all the technical requirements for efficient LOHCs displaying 
lower enthalpy in the dehydrogenation process when compared with 
cyclic alkanes [31–36]. Thus, the availability of a single catalytic plat
form for hydrogen release and up-take using N-heterocycles as LOHCs is 
considered a valuable and promising alternative to address the current 
technological shortcomings. 

Herein we describe the synthesis of a reversible catalytic system 
based on a hybrid material. The material is prepared using a bottom-up 
approach starting from a well-defined N-heterocyclic carbene palladium 
molecular complex which contains a pyrene tag that facilitates π-in
teractions with rGO. Decomposition of the immobilized complex onto 
the surface of graphene results in the formation of palladium nano
particles (PdNPs) featuring homogeneous size, shape, and composition 
affording the hybrid material (1-rGO-NPs). The catalytic performance 
of 1-rGO-NPs was evaluated in (de)hydrogenation of N-heterocycles. 
The PdNPs are the active sites in hydrogenation using H2 and the rGO 
acts as a carbocatalyst in acceptorless dehydrogenation of N-heterocy
cles. The stabilization of the PdNPs by NHC ligands and the use of gra
phene as support enables the 1-rGO-NPs to be used and recycled in 
sequential (de)hydrogenation reactions up to eight cycles. To the best of 
our knowledge, the combination of MNPs and a carbocatalyst into a 
single catalytic hybrid material has no precedent and the particularity of 
this performance is attributed to the dual role played by graphene. 

2. Experimental section 

2.1. Materials 

Reagents used in the preparation of catalyst were synthetic grade and 
used without further purification process unless otherwise stated. 
Palladium (II) bromide (99%), K2CO3 (99%), 3-chloropyridine (99%), 
1,3,5-trimethoxybenzene (99%). Solvents of HPLC grade were used 
without further purification: CH2Cl2, Diethylether, ethyl-acetate, n- 
pentane, iPrOH, EtOH. 1,2-DCB (1,2-Dichlorobenzene) used as solvent 
in dehydrogenation reactions was deoxygenated by freeze-pump-thaw 
method. Reduced Graphene Oxide (rGO) was purchased (Graphenea) 
and used as received. N-heterocycles are commercially available (Sigma- 
Aldrich) and used as received. 

2.2. Catalyst preparation 

Synthesis of 1: The palladium complex was prepared by adapting a 
previous reported procedure described by our group [37]. In brief, the 
imidazolium salt A (241 mg, 0.5 mmol), palladium(II) bromide (133 mg, 
0.5 mmol), potassium carbonate (207 mg, 1.5 mmol) and 3-chloropyri
dine (3 mL) were introduced into a Schlenk and the resulting suspension 
was stirred for 20 h at 80 ◦C. The reaction mixture was filtered through a 
short pad of Celite using CH2Cl2 and the yellow solution was evaporated 
to dryness. The oily precipitate was dissolved in CH2Cl2 and was 
precipitated with n-hexanes affording a yellow solid that was filtered 
and washed with diethyl ether. (Yield 270 mg, 70%). 

Synthesis of 1-rGO: A suspension of 1 g of rGO in 560 mL of CH2Cl2 
was introduced in an ultrasounds bath for 30 min. Then, complex 1 (160 
mg, 0.21 mmol) was added to the mixture and the suspension was stirred 
at room temperature for 16 h. The black solid was isolated by filtration 
and washed with CH2Cl2 (3 × 100 mL) affording the hybrid material as a 
black solid. The exact amount of complex supported was determined by 
ICP-MS analysis. The results accounted for a 5.5 wt% of complex 1 in the 
hybrid material 1-rGO. 

Synthesis of 1-rGO-NPs. A Schlenk flask equipped with a stirring 
bar was loaded with 1-rGO (200 mg), Cs2CO3 (118 mg, 0.052 mmol) and 
toluene (24 mL). Then, a balloon of H2 (1 bar) was connected to the 
Schlenk and the reaction mixture was stirred at 65 ◦C for 1 h. After this 
time, 1-rGO-NPs were filtered, washed with toluene (3 × 30 mL), 

deionized water (3 × 30 mL), acetone (3 × 30 mL) and dried. 1-rGO-NPs 
were characterized by HRTEM and XPS, and the exact amount of Pd on 
the surface of graphene was determined by ICP-MS. The results 
accounted for a 0.57 wt % of Pd in the hybrid material 1-rGO-NPs. 

2.3. Characterization 

Nuclear magnetic resonance (NMR) spectra were recorded on Bruker 
spectrometers operating at 300 or 400 MHz (1H NMR) and 75 or 100 
MHz (13C{1H} NMR), respectively, and referenced to SiMe4 (δ in ppm 
and J in Hertz). Yield and conversion were determined by a GC-2010 
(Shimadzu) gas chromatograph equipped with a FID and a Teknok
roma (TRB-5MS; 30 m × 0.25 mm x 0.25 mm) column. High-resolution 
images of transmission electron microscopy HRTEM and high-angle 
annular dark-field HAADF-STEM images of the samples were obtained 
using a Jem-2100 LaB6 (JEOL) transmission electron microscope 
coupled with an INCA Energy TEM 200 (Oxford) energy dispersive X- 
Ray spectrometer (EDX) operating at 200 kV. Samples were prepared by 
drying a droplet of a MeOH dispersion on a carbon-coated copper grid. 
X-ray photoelectron spectra (XPS) were acquired on a Kratos AXIS ultra 
DLD spectrometer with a monochromatic Al Kα X-ray source (1486.6 
eV) using a pass energy of 20 eV. To provide a precise energy calibration, 
the XPS binding energies were referenced to the C1s peak at 284.6 eV. 
The metal content of materials was determined by inductively coupled 
mass spectrometry (ICP-MS) analysis. In brief, digestion of ca. 15 mg 
sample material was performed in a Mars 6 iWave CEM microwave oven 
using nitric acid (69%) with a power of 1800 W at 210 ◦C during 25 min. 
After removal of solid particles by filtration and dilution to an appro
priate volume, ICP-MS analysis were recorded on an Agilent 7500 CX 
instrument in duplicate. TGA was performed using a TGSTDA Mettler 
Toledo model TGA/SDTA851e/LF/1600 coupled to a mass spectrometer 
quadrupole PFEIFFER VACUUM model OmniStar GSD 320 O3, 1− 300 
uma bearing a tungsten filament. The analysis was carried out heating 
ca. 15 mg of sample in alumina pan from 35 to 1100 ◦C at 10 ◦C min− 1 

using a nitrogen flow. Raman spectra were recorded at room tempera
ture with 547 nm laser excitation focused through a WITec GmbH 
Raman spectrophotometer equipped with a CCD detector. FTIR spectra 
were recorded at room temperature employing a Jasco FT/IR-6200 
spectrophotometer with a Jasco ATR Pro One dispositive. 

2.4. Dehydrogenation of N-heterocycles 

In a general catalytic experiment, a 10 mL Schlenk flask equipped 
with a stirring bar was charged with 0.1 mmol of tetrahydroquinoline, 
catalyst (from 19 to 45 mg) and 2 mL of 1,2-dichlorobenzene under N2. 
The reaction flask was equipped with a condenser and then introduced 
in a preheated 130 ◦C oil bath. The reaction was refluxed with stirring in 
an open system for 23 h. After cooling to room temperature, yields and 
conversions were determined by GC and/or 1H NMR analysis using 
1,3,5-trimethoxybenzene as an internal standard. 

2.5. Hydrogenation of N-heterocycles 

In a general catalytic experiment, a 2 mL vial equipped with a stir
ring bar was charged with 0.05 mmol of N-heterocycle, catalyst and 1 
mL of solvent and was introduced in an autoclave. The reactor was 
purged 3 times with 5 bars of H2 prior being pressurized to 15 bars and 
heated at 70 ◦C for 6 h. After this time, H2 was released, and the reactor 
was left to reach room temperature. Yields and conversions were 
determined by GC and/or 1H NMR analysis using 1,3,5-trimethoxyben
zene as an internal standard. 

2.6. Reusability experiments in dehydrogenation of tetrahydroquinoline 

A 25 mL Schlenk equipped with a stirring bar is loaded with 0.3 
mmol of tetrahydroquinoline, 84 mg of catalyst and 6 mL of 1,2- 
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dichlorobenzene used as solvent. The balloon is then introduced in a 
preheated 130 ◦C oil-bath for 23 h. After each run, the solid catalyst is 
isolated, washed with 1,2-DCB (x3) and ethyl-acetate (x3) and dried 
with pentane (x1). The solid catalyst is then used in a next run without 
any regeneration process. Yields and conversions were determined by 
GC using 1,3,5-trimethoxybenzene as an internal standard. 

2.7. Reusability properties in sequential hydrogenation/dehydrogenation 
cycles 

Hydrogenation: A 10 mL vial equipped with a stirring bar was loaded 
with 0.3 mmol of quinoline, 1-rGO-NPs (1.5 mol% based on Pd, 84 mg) 
and 6 mL of iPrOH was introduced in an autoclave and sealed. The 
reactor was purged 3 times with 5 bar of H2, then it was pressurized to 
15 bars and heated at 70 ◦C for 3 h to achieve ca. 50% conversion. After 
this time, H2 was released, and the reactor was left to reach room 
temperature. The solid hybrid catalyst was recovered by centrifugation, 
washed with iPrOH (3 × 5 mL), pentane (1 × 5 mL) and dried before it 
was used in the subsequent dehydrogenation run. The liquid phase was 
analyzed by GC chromatography for determining yield and conversion 
using 1,3,5-trimethoxybenzene as an internal standard. 

Dehydrogenation: The recovered hybrid catalyst was further used 
without any regeneration process in a dehydrogenation reaction 
completing a (de)hydrogenation cycle. A 10 mL round bottom flask 
equipped with a stirring bar was charged with 0.3 mmol of tetrahy
droquinoline, 1-rGO-NPs (84 mg) and 6 mL of 1,2-dichlorobenzene. The 
reaction flask, equipped with a condenser, was then introduced in a 
preheated 130 ◦C oil bath. The reaction was refluxed with stirring for 6 h 
to afford ca. 50% conversion. After cooling to room temperature, the 
solid catalyst was separated by centrifugation, washed with 1,2-DCB (3 
× 5 mL), ethyl-acetate (3 × 5 mL), pentane (1 × 5 mL) and dried before 
using it in the following hydrogenation run. Yields and conversions were 
determined by GC using 1,3,5-trimethoxybenzene as an internal stan
dard. The overall sequential process hydrogenation/dehydrogenation 
was repeated up to four cycles (eight runs) and then the solid catalyst 
was analyzed by HRTEM microscopy. 

2.8. Molecular hydrogen determination 

A 25 mL two-necked round bottom flask equipped with a stirring bar 
was charged with 0.2 mmol of tetrahydroquinoline, 1-rGO-NPs (55 mg) 
and 4 mL of 1,2-dichlorobenzene. The reaction flask was equipped with 
a condenser and then introduced in a preheated 130 ◦C oil bath. The 
reaction was refluxed with stirring in a closed system. After 5 h, a 1.5 mL 
sample of the evolved gas was captured with a syringe and injected in a 
quadrupole mass spectrometer equipment (Omnistar GSD 320 03 from 
PFEIFER VACUUM) confirming the presence of molecular hydrogen. 

3. Results and discussion 

3.1. Catalysts synthesis and characterization 

Ligand-stabilized palladium nanoparticles anchored onto graphene 
used in (de)hydrogenation of N-heterocycles were prepared in a two- 
step process starting from the palladium complex 1 (Scheme 1). The 

design of an N-heterocyclic carbene ligand containing a polyaromatic 
tag allows the immobilization of complex 1 onto graphene by π-in
teractions [38–40]. This methodology facilitates the preparation of 
1-rGO with a controlled composition of the precursor species used for 
the formation of palladium nanoparticles. The presence of the poly
aromatic tag is responsible for the immobilization of molecular species 
and metal nanoparticles onto graphene. We have previously observed 
that ruthenium [41–43], iridium [44], platinum [45] and gold [46,47] 
molecular complexes containing a pyrene tag form strong π-stacking 
interactions with reduced graphene oxide. The catalytic properties 
revealed that these interactions are maintained during reusability ex
periments. We have not observed deactivation promoted by leaching, 
which confirmed the importance of the polyaromatic group in the sta
bility of metal species anchored onto graphene derivatives [48,49]. 
Exposure of the hybrid material 1-rGO to hydrogen under mild condi
tions induce the formation of palladium nanoparticles anchored onto 
graphene (1-rGO-NPs). Decomposition of metal complexes for the for
mation of metal nanoparticles is a well stablished procedure first 
developed by Chaudret [50–55]. This organometallic approach allows 
the formation of metal nanoparticles stabilized by the presence of li
gands. The ligands (NHCs) avoid aggregation and control the size and 
morphology of the metal nanoparticles [56–58]. 

The exact nature and composition of palladium nanoparticles onto 
graphene was determined by microscopic, spectroscopic, and analytical 
techniques starting from the molecular palladium complex (1), its 
immobilized version (1-rGO) to the final hybrid material (1-rGO-NPs). 
Supporting information contains detailed characterization information 
of all species. NMR spectroscopy and high-resolution mass spectrometry 
(HRMS) provide full characterization of 1 and the imidazolium salt A 
(Figs. S2–S6). Morphological analysis of 1-rGO by HRTEM microscopy 
displays the characteristic bidimensional nature of graphene and the 
absence of metal aggregates in the form of palladium nanoparticles 
(Fig. 1a & S7). EDX analysis reveals the presence of palladium (also N, Br 
and Cl) homogeneously distributed on the surface of graphene con
firming the presence of complex 1 onto the surface of rGO (Fig. S8). On 
the contrary, morphological analysis of 1-rGO-NPs is completely 
different and shows the presence of crystalline metal aggregates 
(Fig. 1b). These metal aggregates correspond to spherical palladium 
nanoparticles of an average size of 1.98 ± 0.81 nm (Fig. 1c). Further 
characterization includes thermogravimetric analysis (TGA), infrared 
spectroscopy (FTIR) and Raman spectroscopy through comparative 
studies of rGO, 1-rGO and 1-rGO-NPs (Fig. 1d–f). Thermogravimetric 
analysis reveals a similar behavior for the three materials highlighting 
their stability vs. temperature under nitrogen conditions. FTIR shows 
comparable predominant bands for rGO, 1-rGO and 1-rGO-NPs of the 
carbon support. Raman spectroscopy reveals that the incorporation of 
the molecular complex 1 or the formation of PdNPs does not alter the 
relative intensity of the graphitic (1590 cm− 1) and defect (1350 cm− 1) 
bands. These techniques provide limited information about palladium 
species most probably due to the low ratio compare to the support but 
contribute to the characterization and changes produced in the carbon 
support. Further evidence of the nature, composition and properties of 
palladium species was obtained by X-ray photoelectron spectroscopy 
(XPS) analysis. 

X-ray photoelectron spectroscopy (XPS) provides valuable 

Scheme 1. Bottom-up synthesis of ligand-stabilized palladium nanoparticles supported onto graphene.  
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information of elemental composition, oxidation states and binding 
energies. This technique is particularly useful for our materials as the 
bottom-up approach synthetic procedure allows the XPS analysis of all 
the individual components. We have performed a detailed analysis of 
XPS data corresponding to the molecular complex 1 and all the materials 
involved in our catalytic system (rGO, 1-rGO and 1-rGO-NPs). XPS 
analysis of 1 and 1-rGO shows the characteristic peaks corresponding Pd 
3d, Br 3d, N 1s and Cl 2p at the same binding energies, confirming the 
immobilization of the molecular complex onto the surface of graphene 
(Figs. S15–S17). The high-resolution core-level peak of Pd 3d supports, 
as expected, a Pd2+ oxidation state as a doublet at 343.0 and 337.7 eV 
for complex 1 and at 342.9 and 337.7 eV for 1-rGO (Fig. 2a & b). XPS 
analysis of 1-rGO-NPs displays peaks (C, N and Br) at binding energies 
corresponding to the NHC ligand confirming its presence in the final 
hybrid material (Fig. S18). We have not observed the presence of Cl, 
indicating that the 3-chloropyridine ligand is lost during the nucleation 
and growing of metal nanoparticles. This is not unexpected as the 3- 
chloropyridine ligand is labile and likely to dissociate from the metal 
center. Interestingly, the high-resolution XPS analysis for the core-level 
peaks of Pd3d of 1-rGO-NPs displays two doublets confirming the 
presence of Pd0 and Pd2+ oxidation states (Fig. 2c). Our approach rep
resents a convenient methodology for the preparation of hybrid mate
rials with an exhaustive control on composition and correlation between 
the different components. We propose a model for the 1-rGO-NPs ma
terial that consists of reduced graphene oxide decorated with small and 
spherical palladium nanoparticles. The Pd NPs contain Pd0 atoms at the 
core and Pd2+ ions at the surface coordinated to NHC and Br ligands. 

3.2. Dehydrogenation of N-heterocycles 

The activity of 1-rGO-NPs as catalyst for dehydrogenation of N- 
heterocycles was initially assessed using 1,2,3,4-tetrahydroquinoline as 
model substrate (Table 1). Dehydrogenation is endergonic and requires 
high temperatures to proceed. For this reason, we first evaluated the 
reaction without any catalyst (Table 1, entry 1). No conversion nor trace 
of quinoline was detected by gas chromatography (GC/FID) analysis 
indicating the need of a catalysts and highlighting the stability of 
1,2,3,4-tetrahydroquinoline under the reaction conditions. Control 

Fig. 1. Characterization of hybrid materials. a) and b) HRTEM images. c) Size histogram (n = 226) of palladium nanoparticles. d) Thermograms of graphene 
materials under nitrogen. e) FTIR spectra and f) Raman spectra. (A colour version of this figure can be viewed online.) 

Fig. 2. Comparative XPS analysis of the core-level peak of Pd3d for the 
different palladium species. (A colour version of this figure can be 
viewed online.) 

A. Mollar-Cuni et al.                                                                                                                                                                                                                           



Carbon 206 (2023) 314–324

318

experiments using only the molecular palladium 1 exclude this complex 
as a competent catalyst for this transformation and reveal that graphene 
species are required to promote dehydrogenation of tetrahydroquino
lines (Table 1, entry 2). In fact, when using reduced graphene oxide 
(rGO) a yield of 80% of quinoline is obtained indicating that graphene 
acts as an efficient carbocatalysts as we and others have previously 
observed for this and related carbonaceous materials [59–63]. Com
parison of the catalytic activity of rGO with palladium in the form of 
molecular species (1-rGO) or nanoparticles (1-rGO-NPs) reveal that no 
significant differences are observed (Table 1, entries 3–5). These results 
reinforce the role of rGO as carbocatalysts and point out that the 
palladium species do not have any effect in the catalytic dehydrogena
tion of tetrahydroquinolines. The dehydrogenation of 1,2,3,4-tetrahy
droquinoline proceeds using different solvents such as toluene, 
p-xylene or 1,2-DCB (Fig. S19). However, low to moderate activity was 
observed when toluene was used as solvent (Table 1, entries 6–7), but it 
was significantly superseded with p-xylene (entries 8–9). Still, the best 
results of 70% conversion in 9 h (and 100% in 23 h) were obtained when 
using 1,2-DCB (Table 1, entries 5, 10). The reaction temperature 
strongly influences the catalytic activity. For instance, at 130 ◦C full 
conversion to quinoline was obtained in 23 h (Table 1, entry 10). In 
contrast, when the reaction was carried out at 110 ◦C the conversion 
lowers to 60% (Table 1, entry 11) and requires 48 h to reach full con
version (Table 1, entry 12). Furthermore, it was observed that the 
dehydrogenation of N-heterocycles was negligible at 100 ◦C or below 
(Table 1, entry 13). In addition, we have observed that dehydrogenation 
of 1,2,3,4-tetrahydroquinoline does not evolve when using a closed 
system that impedes the release of H2 (Table 1, entry 14). 

To further explore the catalytic properties of 1-rGO-NPs, dehydro
genation of 1,2,3,4-tetrahydroquinoline was evaluated at different 
catalyst loadings at 130 ◦C in 1,2-DCB (Fig. 3a). Assessment of catalyst 
loading provides valuable information regarding the implication of the 
catalyst in the kinetics of the process. Using a catalyst loading of 45 mg, 
1,2,3,4-tetrahydroquinoline is quantitatively dehydrogenated (95%) in 
9 h. Notably, lowering the catalyst loading to 28 mg affords quantitative 
yields in 23 h highlighting the stability of the catalyst. We used these 
data to establish the catalytic reaction order using variable time 
normalization analysis (VTNA); a graphical method that uses reaction 
progress profiles [64–66]. The results suggest a first-order dependence 
in catalyst, providing evidence that this species are involved in the 
rate-determining step of the reaction and that the diffusion factors do 
not play an important role (Fig. S21). In order to exclude any diffusional 
limitations, we monitored reaction profiles at different stirring speeds 

(Fig. 3b) [67]. The results illustrate that reaction rates are not altered 
under different conditions indicating the absence of mass transfer lim
itations in our catalytic system. 

The scope of dehydrogenation was studied using different N-het
erocycles and monitoring the yield/conversion of the reaction vs. time 
(Fig. 4). Palladium nanoparticles anchored onto graphene (1-rGO-NPs) 
is an efficient catalyst for dehydrogenation of different N-heterocycles 
such as substituted tetrahydroquinolines, tetrahydroquinoxaline and 
indoline. The good relationship between conversion/yield implies that 
all substrate is converted into the corresponding product emphasizing 

Table 1 
Dehydrogenation of 1,2,3,4-tetrahydroquinoline. 

Entry Cat. Solvent T (⁰C) Time (h) Conv. (%) Productivity *10− 6 (mol/gcath) 

1 - 1,2-DCB 130 23 – – 
2 1 1,2-DCB 130 7 5 19 
3 rGO 1,2-DCB 130 9 80 234 
4 1-rGO 1,2-DCB 130 9 82 240 
5 1-rGO-NPs 1,2-DCB 130 9 83 243 
6 1-rGO-NPs toluene 130 9 40 117 
7 1-rGO-NPs toluene 130 23 60 69 
8 1-rGO-NPs p-xylene 130 9 71 208 
9 1-rGO-NPs p-xylene 130 23 99 113 
10 1-rGO-NPs 1,2-DCB 130 23 100 114 
11 1-rGO-NPs 1,2-DCB 110 23 60 69 
12 1-rGO-NPs 1,2-DCB 110 48 100 55 
13 1-rGO-NPs 1,2-DCB 100 23 5 6 
14a 1-rGO-NPs 1,2-DCB 130 20 7 9 

Reaction conditions: 1,2,3,4-tetrahydroquinoline (0.10 mmol), catalyst loading (38 mg), solvent (2 mL). Conversion determined by GC using 1,3,5-trimethoxyben
zene as an internal standard. a) reaction performed in a closed vessel. 

Fig. 3. Influence of catalyst loading in dehydrogenation of N-heterocycles (a) 
and stirring effect (b) in revolutions per minute (rpm). Conditions: 0.1 mmol of 
1,2,3,4-tetrahydroquinoline, 2 mL 1,2-DCB, 130 ◦C and catalyst. Conversion 
determined by GC using 1,3,5-trimethoxybenzene as an internal standard. (A 
colour version of this figure can be viewed online.) 
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the selectivity of the reaction. The dehydrogenation of substituted tet
rahydroquinolines reached quantitative yields (>95%) in 23 h. Indoline 
is also dehydrogenated in ca. 23 h but initial rates are faster and 80% 
yield is achieved in 6 h. However, the reaction is faster for tetrahy
droquinoxaline that reached quantitative yield in 8 h. The reaction 
progress profiles indicate that the catalysts 1-rGO-NPs is stable under 
the conditions and no deactivation is observed. 

The reusability properties and stability of catalyst 1-rGO-NPs were 
assessed using 1,2,3,4-tetrahydroquinoline as model substrate under 
standard conditions (Fig. 5 & S23). After each run, the solid catalyst was 

isolated by centrifugation and washed with 1,2-DCB, ethyl-acetate and 
n-pentane. Once the catalyst was air-dried, it was reused in a subsequent 
run without any regeneration process. Reaction progress profiles show a 
considerable decrease of activity for the second run although still 
quantitative conversion was obtained after 23 h. Then, activity was 
maintained within experimental error up to ten runs with a gradual 
deactivation. For instance, the conversion for run 3 is 42% after 8 h and 
for run 7 the conversion is 39%. It is important to note that an abrupt 
decay in conversion vs. time plot, implies fast catalyst deactivation by 
means of different processes such as decomposition, sintering or for
mation of inactive species. In our case, the gradual deactivation of the 
catalysts could be due to an experimental error in the treatment of the 
catalyst from run to run. The heterogenous nature of the catalyst was 
assessed by hot filtration experiments confirming that no active species 
are released from the solid into solution (Fig. S24). The reusability ex
periments reveal that catalyst 1-rGO-NPs is stable and can be easily 
isolated and reused in multiple runs. 

3.3. Hydrogenation of N-heterocycles 

After having assessed the catalytic properties of the hybrid material 
1-rGO-NPs in dehydrogenation of N-heterocycles, we explored the po
tential of this material in the hydrogenation of quinolines (i.e., the 
reverse reaction). In a first set of reactions the activity of 1-rGO-NPs as 
catalyst precursor in hydrogenation was assessed using quinoline as 
model substrate (Table 2). Blank experiments reveal that the presence of 
the catalyst is required for hydrogenation of quinoline (Table 2, entry 1). 
We assessed the activity of rGO in quinoline hydrogenation under 
various conditions. The results show that rGO used as support of PdNPs 
is not active in hydrogenation (Table 2, entry 2). Our studies in (de) 
hydrogenation of N-heterocycles establish that rGO is an efficient 

Fig. 4. Dehydrogenation of N-heterocycles catalyzed by 1-rGO-NPs. Conditions: 0.1 mmol of substrate, 2 mL of 1,2-DCB, 130 ◦C and 28 mg of cat. Conversion and 
yield determined by GC analysis using 1,3,5-trimethoxybenzene as an internal standard. (A colour version of this figure can be viewed online.) 

Fig. 5. Reusability properties of 1-rGO-NPs in dehydrogenation of 1,2,3,4-tet
rahydroquinoline. Conversion determined by GC analysis using 1,3,5-trime
thoxybenzene as internal standard. (A colour version of this figure can be 
viewed online.) 
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carbocatalyst in dehydrogenation but not in the reverse hydrogenation 
reaction. The hydrogenation of N-heterocycles and particularly quino
line, requires the presence of PdNPs as active catalytic sites. For 
instance, we have observed that hydrogenation of quinoline using 1- 
rGO-NPs as catalysts is solvent dependent. While conversions were zero 
or very low using 1,2-DCB, toluene or water as solvents (Table 2, entries 
3–5), a high yield of tetrahydroquinoline (95%) was obtained when 
using EtOH (Table 2, entry 6). The use of other alcohols such as iPrOH, 
were also very convenient for hydrogenation of quinoline providing 
quantitative yields under the same reaction conditions (Table 2, entry 
8). We assessed the involvement of a transfer hydrogenation process 
instead of a direct hydrogenation using molecular hydrogen. We ruled 
out the participation of transfer hydrogenation as the reaction conver
sion was negligible when using a H2 pressure of 1 bar. The best results 
were obtained when using an alcohol as solvent (EtOH or iPrOH) at 
70 ◦C and a hydrogen pressure of 15 bar. Then, we assessed the scope 

and limitations of 1-rGO-NPs in hydrogenation of various N-heterocy
cles under the optimized conditions (Table 3). The catalytic hydroge
nation provides quantitative yields with high selectivity in most cases in 
just 6 h reaction. We have just observed low yields in the case of indoline 
(Table 3, entry 4) and 8-phenylquinoline (Table 3, entry 7). At this point 
we do not have a proper explanation for such observations but our re
sults agree with previous reports in the hydrogenation of these sub
strates [8]. Nevertheless, hydrogenation of quinolines is a fast, general 
and selective transformation using 1-rGO-NPs as catalyst. 

3.4. Sequential hydrogenation/dehydrogenation of N-heterocycles 

Once the properties of 1-rGO-NPs as a carbocatalyst in dehydroge
nation and as a metal-based catalyst in hydrogenation of N-heterocycles 
have been established, we evaluated its ability in both, (de)hydroge
nation cycles to assess the reusability of the catalytic system (Fig. 6). The 
hybrid material 1-rGO-NPs was reused in sequential hydrogenation and 
dehydrogenation reactions. After each run, the catalyst was isolated and 
used again without any regeneration process. The hydrogenation reac
tion was stopped at ca. 50% conversion (3 h) to detect any potential 
deactivation process in the following runs. It is important to note that 
increasing the time, the reaction achieves completeness as previously 
described (Tables 2 and 3). The results show that when stopping the 
reaction after 3 h the activity of 1-rGO-NPs remains constant at 45 ± 4% 
conversion (Fig. 6c, blue bars). After each hydrogenation, the catalyst 
was used in a dehydrogenation reaction (Fig. 6c, red bars). The dehy
drogenation reaction was stopped also at ca. 50% conversion (6 h). The 
results show that the activity of 1-rGO-NPs remains constant at 60 ± 5% 
conversion. Following this procedure, after completing 4 cycles (8 runs) 
the hybrid material was analyzed by HRTEM microscopy and XPS 
spectroscopy. HRTEM and STEM images show that the morphology of 1- 
rGO-NPs is preserved including the bidimensional character of rGO and 
the presence of spherical palladium nanoparticles (Figs. S25–S28). Size 
analysis of palladium nanoparticles reveals a broader particle distribu
tion compared to the fresh catalyst and a slight sintering or agglomer
ation process that after eight catalytic runs, increases the average size up 
to 7.62 ± 3.21 nm (Fig. 6e). XPS analysis of 1-rGO-NPs after reusability 
experiments confirms the presence of the same elements and at the same 
binding energy than the fresh catalyst (Fig. S29). The main difference 
observed by XPS analysis corresponds to the Pd2+/Pd0 ratio (Fig. 6d). In 
the fresh catalyst the predominant species is Pd2+, but after eight runs 
the dominant species is Pd0. This result is rationalized by the increment 
of average size of PdNPs resulting in a decrease of the specific surface 
area and consequently decreasing the amount of Pd2+. We have previ
ously observed a similar behavior with other PdNPs anchored onto 
graphene [37]. The results confirm that the conditions used in both 
transformations do not alter significantly the catalytic activity of 
1-rGO-NPs as carbocatalyst and as metal catalyst, however the size and 
Pd2+/Pd0 ratio of metal nanoparticles fluctuate to some extent. Metal 
nanoparticles and especially PdNPs should not be considered as static 
species under catalytic transformations and there are precedents that 
highlight their dynamic character in the way of action as a “cocktail of 
catalysts” [68–70]. Characterization of 1-rGO-NPs before and after 
reusability experiments focused on the carbon support illustrate that the 
properties of rGO are not significantly altered during reusability ex
periments (Fig. 7). Thermogravimetric analysis reveals a similar mass 
loss for the fresh and spent material up to 1000 ◦C under nitrogen 
conditions. Raman spectroscopy displays similar relative intensities of 
graphitic and defect bands upon excitation at 547 nm. XPS analysis 
shows that deconvolution of high-resolution C1s core-level peak is 
maintained after reusability experiments. These results underpin the 
suitability of the carbon material as support of palladium nanoparticles 
in (de)hydrogenation processes due to its stability and capacity to avoid 
sintering of metal species. 

Table 2 
Hydrogenation of quinoline under various conditions. 

Entry Cat. Loading (mol%) Solvent Yield (%)a TOFm (h− 1)b 

1 - - EtOH 0 – 
2 rGO 20 mg EtOH 0 – 
3 1-rGO-NPs 1.5 1,2-DCB 0 – 
4 1-rGO-NPs 1.5 toluene 3 0.4 
5 1-rGO-NPs 1.5 H2O 10 1.2 
6 1-rGO-NPs 1.5 EtOH 95 10.6 
7 1-rGO-NPs 1.5 iPrOH 100 11.2 
8 1-rGO-NPs 1 iPrOH 75 12.5 
9 1-rGO-NPs 0.75 iPrOH 68 15.1 
10 1-rGO-NPs 0.5 iPrOH 60 20.0 

Reaction conditions: quinoline (0.05 mmol), catalyst loading in mol% based on 
Pd, P(H2) 15 bar, solvent (1 mL), 70 ◦C for 6 h aYields determined by GC using 
1,3,5-trimethoxybenzene as an internal standard. bTOFm at 6 h considering all 
the palladium in the reaction media and not only the one located at the surface of 
PdNPs. 

Table 3 
Reaction scope in hydrogenation of quinolines using 1-rGO-NPs.  

Entry Substrate Product Yield (%)a TOFm (h− 1)b 

1 100 39.6 

2 98 39.42 

3 62 34.8 

4 26 21.4 

5 94 36.4 

6 99 42.8 

7 30 25.2 

Reaction conditions: quinoline (0.05 mmol), catalyst (1.5 mol% based on Pd), P 
(H2) 15 bar, iPrOH (1 mL), for 6 h. aYields determined by GC using 1,3,5-trime
thoxybenzene as an internal standard. bTOFm at 1 h considering all the palla
dium in the reaction media and not only the one located at the surface of PdNPs. 
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Fig. 6. a) Reaction scheme in (de)hydrogenation cycles. b) HRTEM and STEM images of 1-rGO-NPs after reusability experiments. c) Reusability properties of 1-rGO- 
NPs in sequential hydrogenation of quinoline and dehydrogenation of 1,2,3,4-tetrahydroquinoline. Catalyst 84 mg. Hydrogenation: quinoline (0.3 mmol), P(H2) 15 
bar, iPrOH (6 mL), for 3 h. Dehydrogenation: 1,2,3,4-tetrahydroquinoline (0.3 mmol), 6 mL 1,2-DCB, 130 ◦C for 6 h. Conversions determined by GC analysis using 
1,3,5-trimethoxybenzene as an internal standard. d) XPS analysis of the core-level peak of Pd3d after reusability experiments. e) Size histogram (n = 224) of 
palladium nanoparticles after reusability experiments. (A colour version of this figure can be viewed online.) 

Fig. 7. Characterization of 1-rGO-NPs before and after reusability experiments focus on the carbon support. a) Thermogravimetric analysis (TGA). b) Raman 
spectroscopy analysis. c) & d) high-resolution XPS analysis of C1s core-level peak. (A colour version of this figure can be viewed online.) 
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4. Conclusions 

We have developed a hybrid material composed of palladium 
nanoparticles stabilized with a N-heterocyclic carbene ligands contain
ing a pyrene tag which are supported on the surface of reduced graphene 
oxide. The hybrid material is an efficient catalytic platform for accept
orless dehydrogenation and hydrogenation of N-heterocycles without 
additives. The catalytic system is robust and can be reused and recycled 
without reactivation processes for eight runs without significant loss of 
activity. The use of a single solid catalyst for the reversible (de)hydro
genation reaction of liquid organic compounds auspicious great poten
tial for hydrogen storage in N-heterocycles. Further work for improving 
the catalyst performance at low temperatures in dehydrogenation and 
seeking other liquid organic hydrogen carriers for developing practical 
applications of hydrogen storage in the form of LOHCs are in progress. 
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