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The conversion of chemical feedstock materials into high value-added products accompanied with
dehydrogenation is of great value in the chemical industry. However, the catalytic dehydrogenation
reaction is inhibited by a limited number of expensive noble metal catalysts and lacks understanding of
dehydrogenation mechanism. Here, we report the use of heterogeneous non-noble metal iron
nanoparticles (NPs) incorporated mesoporous nitrogen-doped carbon to investigate the dehydrogena-
tion mechanism based on experiment observation and density functional theory (DFT) method. Fe NPs
catalyst displays excellent performance in the dehydrogenation of 1,2,3,4-tetrahydroquinoline (THQ)
with 100% selectivity and 100% conversion for 10—12 h at room temperature. The calculated adsorption
energy implies that THQ prefers to adsorb on Fe NPs as compared with absence of Fe NPs. What is more,
the energy barrier of transition state is relatively low, illustrating the dehydrogenation is feasible. This
work provides an atomic scale mechanism guidance for the catalytic dehydrogenation reaction and
points out the direction for the design of new catalysts.

© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Catalytic dehydrogenation of organic molecules is a funda-
mental and important process in the field of organic chemistry,
which has attracted considerable attention in the field of H,
economy energy [1-3]. Homogeneous and heterogeneous
catalysts could produce dehydrogenation reaction on some
substrates, such as 1,2,3,4-tetrahydroquinoline (THQ) and its
derivatives [4,5]. The dehydrogenation of alkanes includes two
reaction paths: direct dehydrogenation and oxidative dehydro-
genation [6,7]. Direct dehydrogenation aims to produce H, gas
[8,9]. Recently, using metal-based heterogeneous catalysts
(including Cr, Pt, Pd3Auy, etc.) could dehydrogenate THQ [10-
12]. Cr-based catalysts have low price and strong anti-poisoning
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ability, but have high biological toxicity. Pt-based catalysts have a
unique ability to activate C—H bonds of alkanes with high activity
but also have high price. Pt is easy to agglomerate in the process of
catalyst cycle regeneration, which may cause irreversible deacti-
vation of the catalyst. Thus, it is very valuable to expand the study
of precious metal catalysts to non-precious metal catalysts, such as
iron-base catalysts. For example, hierarchical dehydrogenation
reactions could occur on a copper surface [13]. Cu-MnOx could be
highly efficient oxidative dehydrogenation aromatization of THQ.
[14] Single-atom site Cu could boost transferring hydrogenation of
quinoline [15]. Co-N4 works as an efficient catalyst for dehydro-
genation and transfer hydrogenation of N-heterocycles [16]. FeOx
encapsulated in N-doped graphitic carbon provided a great
performance towards dehydrogenation of N-heterocycles com-
pounds [17,18]. Iron-based nanocatalyst took place the accept-
orless dehydrogenation reactions of N-heterocycles, alcohols and
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Fig. 1. Conversion and selectivity of THQ catalysis on Fe NPs with an insert picture
of THQ dehydrogenation formular.

amines [19]. However, the mechanism of dehydrogenation on iron
nanoparticles is not clear, which deserves to be further studied.

In this work, Fe NPs are adopted as an example to dehydroge-
nate mechanism of THQ which act as a probe molecule catalyst
based on DFT. Fe NPs catalyst shows excellent catalytic perfor-
mance for dehydrogenation of THQ with 100% selectivity and 100%
conversion for 10—12 h at room temperature. Absorption energy of
THQ and charge density difference are calculated to investigate the
adsorption behavior and electronic properties. Finally, a clear
energy profile with transition states is displayed to illustrate the
dehydrogenation mechanism.

Synthesis of iron nanoparticles is as follows: In a typical
synthesis, 12 g of melamine, 2 g of r-alanine, and 100 mg of Fe
acetate were homogeneously mixed by ball milling for 1 h. Then,

(a) Top view (b)

Top view

15 mL of ethanol mixed with 3 mL of hydrochloric acid was
added and the slurry was put in a mortar. The mixture was
milled in a fume hood until all ethanol was evaporated. The
resultant solid was dried in an oven at 60 °C overnight and ball
milled again for 1 h. The thus obtained powder was pyrolyzed
under flowing N, atmosphere in a tube furnace with the
following ramping program: from room temperature to 600 °C
at a ramping rate of 2.5 °C/min, then hold at 600 °C for 120 min,
ramp to 900°C at 5°C/min and hold for 90 min, finally the
furnace was naturally cooled down to room temperature. The
obtained black solid materials were grinded and then washed by
2 mol/L HCl aqueous solution at 80 °C for 24 h under stirring to
remove metal particles. For copper-based material, 1 mol/L
HNO; was used to remove copper metal particles. The acid-
washed material was dried and then annealed again in N, at
800°C for 1h at a heating rate of 10°C/min to recover the
crystallinity. The obtained black materials were marked as Fe
NPs. The photos of Fe precursor, Fe NPs and washed liquid shown
in Fig. S1 (Supporting information).

Catalytic dehydrogenation of THQ procedure is as follows: In a
5mL glass vial, the magnetic stirring bar, the catalyst Fe
nanoparticle (10 mg, 0.67 mol% Fe), THQ substrate (0.5 mmol)
and solvent (3 mL) were added. The reaction was stirred at room
temperature for 10h. After completion of the reaction, the
autoclave was cooled to room temperature, dodecane was added
to the mixture as internal standard and the liquid was analyzed by
gas chromatography (GC) to determine the conversion and
selectivity.

Calculations were performed using spin-polarized Kohn-
Sham density functional theory (DFT). We used the generalized
gradient approximation with the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation function as implemented in the Vienna ab
initio simulation package (VASP) [20,21]. The valence orbitals of Fe
(3p, 3d), N (2s, 2p), C(2s, 2p), and H (1s) were described by plane-
wave basis sets with cut-off energy of 400eV. The Gaussian
smearing method with a width of 0.20 eV was used. Spin was set as
2 and it is adjusted to consider the magnetism property of the Fe
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Fig. 2. The adsorption configurations and adsorption energy of THQ on Fe NPs-N-C in parallel and perpendicular behavior with (a-c) top view and (d-f) cross view.
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Fig. 3. The energy pathway of THQ catalysis on Fe NPs with corresponding detail configurations.

atoms. DFT + U (U = 3) overcomes the failure of DFT to describe Fe
atoms whose 3d orbital is strong-correlated [22-26]. The Fe NPs
were modeled with the vacuum gap set as 20A to avoid the
interaction between the periodic images. The Brillouin zone was
sampled at (2 x2 x 1) for the calculations of Fe NPs surface,
respectively. The convergence criteria for the energy and force
were set to 10~* eV and 0.02 eV/A, respectively. In evaluating the
energy barriers, all transition states and pathways were computed
using the climbing image nudged elastic band (CI-NEB) method.
The adsorption energies were calculated according to the
equatiOH. Eaas = E(adsorbate/substrate) - [E(substrate) + E(adsorbate)]v where
E(adsnrbate/substrate)v E(adsorbate) and E(substrate) are energies of the
substrate with the adsorbate, the gas-phase molecule and the
clean substrate, respectively. The reaction energy and barrier were
calculated by E. = E(FS) - E([s) and E,= E(TS) - E(ls), where E(IS)y E(FS)

and Ersy are the energies of the corresponding initial state (IS),
final state (FS), and transition state (TS), respectively.

First, Fe NPs catalyst was tested for their reactivity toward
dehydrogenation of THQ with the concomitant generation of
dihydrogen under acceptor-free conditions at room temperature.
The formula of THQ dehydrogenation is shown in insert picture of
Fig. 1. Fe NPs catalyst has excellent dehydrogenation THQ
performance with 100% selectivity and 100% conversion for
10—12 h at room temperature as shown in Fig. 1.

Then, theoretical calculations were conducted to shed light
on the catalytic properties from electronic aspect on Fe NPs for
acceptor dehydrogenation reaction. THQ was chosen as model
absorbance, and the stable structures of Fe NPs, and corre-
sponding THQ adsorption configuration and energy shown in
Fig. 2 were all considered. In order to study the adsorption
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Fig. 4. Charge density difference (Ap = pradsorbate/substrate) = P(substrate) = P(adsorbate)) Of THQ adsorption on Fe NPs with (a) cross view and (b) top view. The yellow region
represents charge accumulation, and the cyan region indicates charge depletion. The brown color balls and light blue color balls represent C and N atoms.

behavior of THQ on Fe NPs, two adsorption modes of THQ were
taken into consideration, in which THQ molecular plane was
parallel or perpendicular to the N-C surface. For the catalyst, all
THQ prefers to be adsorbed with the molecular plane parallel to
rather than perpendicular to the N-C surface. For example, the
adsorption energy of THQ on Fe NPs N-C is —0.307 eV and
—0.273 eV in parallel and perpendicular behavior, respectively
(Fig. 2). Compared with Fe NPs N-C and catalyst without Fe

(—0.02 eV, Fig. S2 in Supporting information), THQ adsorption
energy on Fe NPs is smaller. A bar graph of the parallel or
perpendicular adsorption energy comparison of THQ on N-C
without Fe NPs and with Fe NPs is shown in Fig. S3 (Supporting
information). Thus, the presence of Fe NPs shows great
improvement for the adsorption ability for THQ, rationalizing
the THQ dehydrogenation result.

Importantly, a schematic figure of THQ dehydrogenation by
Fe NPs is shown in Fig. S4 (Supporting information). Black Fe NPs
powder is used to dehydrogenate THQ at the room temperature.
A schematic diagram of THQ dehydrogenation is shown in Fig. S5
(Supporting information). First of all, the H connected to N is
removed. Nitrogen and carbon form a double bond. Then the H
of C—Con the ring where N is located is transferred to N—C, and
the single bond becomes a double bond. Finally, N-C dehydro-
genate the last H,. The energy profile with transition state of
dehydrogenation catalytic reaction mechanism of THQ on the
surface of Fe NPs is shown in Fig. 3. THQ is adsorbed horizontally
on the surface of Fe NPs with adsorption energy being —
0.307 eV. Firstly, N-H of THQ cleave with the energy barrier of
0.7 eV and it is an exothermic reaction. The bond length of Fe-H
in the transition state TS1 is 1.859 A. Then, the C—H bond in THQ
breaks with the energy barrier of 1.65eV and it is an
endothermic reaction. The energy barrier is larger due to the
large distortion of geometrical structure. The bond length of Fe;-
H; in transition state TS2 is 1.817 A, and that of Fe,-N5 is 1.572 A.
Then, two hydrogen atoms are generated and escaped. A table of
the bond length of construction of initial state, transition states
and final states in energy profile of a catalytic reaction is shown
in Table S1 (Supporting information). The distortion and the
metastable adsorption would significantly increase the adsorp-
tion energy of the intermediate state and the H, desorption
behavior, which is the most important reason why Fe NPs show
high catalytic activity.

Charge density difference is also calculated to investigate the
electrons transfer. For C-N without Fe catalyst, the THQ and carbon
base would produce Il and Il adsorption as shown in Fig. S6
(Supporting information). Fe NPs could lose more electrons to
carbon base as shown in Figs. 4a and b. An electron paramagnetic
resonance (EPR) is conducted to characterize the ferromagnetic
behavior of Fe NPs shown in Fig. S7 (Supporting information). The

calculated g value equals to 2.0. The results show that the valence
state of iron particles is IIl valence, not zero valence.

In conclusion, excellent performance in the dehydrogenation
of THQ is demonstrated by Fe NPs catalyst with 100% selectivity
and 100% conversion for 10—12h at room temperature. A
systemic mechanism study of THQ dehydrogenation is carried
out on Fe NPs based on DFT. The calculated adsorption energy
implies that THQ prefers to adsorb on Fe NPs. What is more, the
energy barrier of transition state is relatively low, illustrating
the dehydrogenation is feasible. This work provides an atomic
scale mechanism guidance for the catalytic dehydrogenation
reaction and points out the direction for the design of new
catalysts.
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