
Chinese Chemical Letters 34 (2023) 107289

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

The triggering of catalysis via structural engineering at atomic level:

Direct propane dehydrogenation on Fe-N3P-C

Wenyi Biana,1, Xueli Shena,1, Huang Tanb, Xing Fana, Yunxia Liua, Haiping Linb,∗,
Youyong Lia,c,∗

a Institute of Functional Nano & Soft Materials (FUNSOM), Jiangsu Key Laboratory for Carbon-Based Functional Materials & Devices, Soochow University,

Suzhou 215123, China
b School of Physics and Information Technology, Shaanxi Normal University, Xi’an 710062, China
cMacao Institute of Materials Science and Engineering, Macau University of Science and Technology, Macau, China

a r t i c l e i n f o

Article history:

Received 23 January 2022

Revised 23 February 2022

Accepted 3 March 2022

Available online 7 March 2022

Keywords:

Non-oxidative propane dehydrogenation

Propylene selectivity

Single-atom catalysis

Heteroatom-doped graphene

Fe catalyst

a b s t r a c t

The on-purpose direct propane dehydrogenation (PDH) has received extensive attention to meet the ever-

increasing demand of propylene. In this work, by means of density functional theory (DFT) calculations,

we systematically studied the intrinsic coordinating effect of Fe single-atom catalysts in PDH. Interest-

ingly, the N and P dual-coordinated single Fe (Fe-N3P-C) significantly outperform the Fe-N4–C site in

catalysis and exhibit desired activity and selectivity at industrial PDH temperatures. The mechanistic ori-

gin of different performance on Fe-N3P-C and Fe-N4–C has been ascribed to the geometric effect. To be

specific, the in-plane configuration of Fe-N4 site exhibits low H affinity, which results in poor activity in

C–H bond activations. By contrast, the out-of-plane structure of Fe-N3P-C site exhibits moderate H affin-

ity, which not only promote the C–H bond scission but also offer a platform for obtaining appropriate

H diffusion rate which ensures the high selectivity of propylene and the regeneration of catalysts. This

work demonstrates promising applications of dual-coordinated single-atom catalysts for highly selective

propane dehydrogenation.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Propylene is an important raw material in vast downstream

productions in the chemical industry [1]. Traditional approaches

for propylene production, such as stream cracking of naphtha and

fluid catalytic cracking of oil fractions have been suffered from

high energy consumption and low propylene selectivity [2]. Cor-

respondingly, intense researches are stimulated in propylene pro-

duction from selective dehydrogenations of cheap propane [2–6].

In comparison with oxidative approaches, direct propane dehydro-

genations (PDH) is characterized with high propylene selectivity

[7], and therefore has been industrialized with two primary tech-

nologies, namely UOP Oleflex and CB&I Lummus processes [8]. De-

spite of progresses in PDH technologies, challenges in cost, activity,

selectivity and stability still need to be met. Mechanistically, the

propane conversion is dominated by thermal dynamics. As a result,

highly active catalysts (noble metal-based materials) are often em-

ployed to drive reactions at high temperatures (>500 °C) in order

to achieve sufficient propane conversion efficiencies [9,10]. This in-
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evitably increases production cost and promote undesired side re-

actions [1,11]. The catalytic selectivity, however, is dependent on

reaction kinetics, i.e., whether the produced propylene can des-

orb from active sites before over-dehydrogenations and C–C bond

cracking [11–13]. In this context, catalysts should not only promote

sp3 C–H bond scission, suppress C–C bond breaking, but also facil-

itate propylene desorption.

The prevalent industrial PDH catalyst is Pt-Sn alloy, in which

Pt is regarded as active catalyst and Sn play a positive role in Pt

dispersion and propylene desorption [14]. Yang et al. studied pos-

sible microscopic active sites in Pt-Sn catalysts by means of first-

principles calculations and reported that the catalytic selectivity of

Pt-Sn was originated from the weak adsorption of propylene on

the Pt2Sn site [15]. In recent years, researches on new PDH cata-

lysts have been motivated by current drawbacks of Pt-Sn including:

high cost, fast coke formation and using ecologically harmful Cl2 or

Cl containing compounds. Reported catalysts including metal ox-

ides such as ZrO2 [16,17], TiO2 [18,19] and Al2O3 with coordinative

unsaturated species [20,21], Pt based bimetallic catalysts [22,23],

and metal-free carbonaceous materials [24,25]. In the past decade,

large number of single-atom catalysts (SACs) have been produced
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Fig. 1. Top and side views of optimized structures of (a) Fe-N3P-C and (b) Fe-N4–C

catalysts. The C, N, P and Fe atoms are presented with gray, blue, pink and orange

circles, respectively.

and reported to exhibit extraordinary activity in a variety of cataly-

sis, due to distinctive merits of electronic and geometric structures

and 100% atom utilization efficiency [26–32]. Very recently, Niu et

al. and Kong et al. reported that isolated metal sites in SACs could

exhibit desired PDH activity and propylene selectivity [33,34]. Nev-

ertheless, the performance dependency of local chemical environ-

ments of SAC to PDH has not yet been addressed. In the present

work, Fe embedded N-doped carbon (Fe-N4–C) site is selected as a

model system to study the impact of local chemical environment

of SAC on PDH, due to following reasons: (i) Fe-N4–C sites have

been synthesized experimentally [35–38]; (ii) Fe-N4–C sites are re-

ported to exhibit outstanding thermal stability (iii) the local en-

vironment of Fe-N4–C can be tuned by replacing a N atom with P,

leading to buckled N and P dual-coordinated Fe SAC (Fe-N3P-C) site

[39]. Herein, catalytic performance of Fe-N4–C and Fe-N3P-C sites

toward PDH are studied systematically with density functional the-

ory (DFT) calculations. Compared with the in-plane Fe-N4–C site,

the buckled Fe-N3P-C exhibits much higher activity in C–H bond

activations due to suitable H affinity. Subsequent calculations show

that the out-of-plane Fe-N3P-C site may also promote propylene

selectivity and therefore is a fascinating SAC for PDH. By contrast,

the Fe-N4–C is an inactive site towards PDH chiefly due to geomet-

ric effects. The present work has broadened the design strategy of

PDH catalysts, where the performance of SACs can be tuned by ad-

justing local geometric structure of active sites. Moreover, the pre-

diction of catalytic activities in C–H bond cleavage with H affinity

can be applied not only to O-terminated catalysts but also to main-

group element-metal complexes [40].

Computational details and methods are discussed in Support-

ing information. The optimized atomic configuration and stability

of the Fe-N3P-C site are investigated before PDH calculations. As

shown in Fig. 1a, the single Fe atom is coordinated with three

N atoms and one P atom. The average lengths of Fe-N bonds are

1.92 Å and 2.15 Å for the Fe-P bond, respectively. Since the atomic

radius of P is larger than N, it is noteworthy that the P atom in

Fe-N3P-C protrudes outward, and the Fe atom is slightly pulled

out of the carbon matrix. By contrast, the Fe-N4–C adopts a pla-

nar configuration, in which Fe-N bonds (1.90 Å) are slightly shorter

than that in Fe-N3P-C (Fig. 1b) [41,42]. The binding energies of

Fe atoms on Fe-N3P-C and Fe-N4–C are both larger than the co-

hesive energy of Fe crystal [43], indicating isolated Fe atom can

be firmly anchored on these sites (Table S1 in Supporting infor-

mation), consisting well with previous experimental observations

[39,42]. As industrial PDH processes operate at high temperatures

around 900K [44], ab initio molecular dynamics (AIMD) simula-

tions are performed to evaluate the thermal stability of Fe-N3P-C

Fig. 2. Projected density of states (PDOS) of (a) Fe-N3P and (b) Fe-N4 sites with

Fermi levels set as 0.00 eV. The inset figures in (a) and (b) show partial charge den-

sities in the energy ranges of −8.00 eV to 0.00 eV and 0.00 eV to 6.00 eV, the values

of isosurface contours are 0.04 |e|/Å3 for bonding orbitals and 0.005 |e|/Å3 for anti-

bonding orbitals, respectively. Charge density differences of (c) Fe-N3P and (d) Fe-N4

before and after Fe anchored into framework, respectively. Cyan and yellow regions

represent charge depletion and accumulation, respectively, and the isosurface value

is 0.004 |e|/Å3.

at 1000K. As shown in Fig. S1 (Supporting information), the atomic

structure of Fe-N3P-C is well retained without significant structural

changes. In addition, the climbing image-nudged elastic band (CI-

NEB) calculations show that the Fe migration away from N3P-C

center needs to overcome a high energy barrier of 4.85 eV, indi-

cating that Fe-N3P-C exhibits outstanding stability at high temper-

atures (Fig. S2 in Supporting information).

The electronic structures of Fe-N3P-C and Fe-N4–C are investi-

gated with projected density of states (PDOS), partial charge den-

sities, and charge density differences. As shown in Figs. 2a and b,

PDOS plots reveal that the front orbitals are dominated by Fe 3d

states in both sites. Partial charge density analysis shows that Fe

3d states are significantly hybridized with N 2p states in Fe-N4–C,

resulting in conjugation-like filled and empty states (Fig. 2b). Such

bonding characteristics can also be seen in charge density differ-

ences upon Fe incorporation (Fig. 2d). This bonding mode often

implies stable electronic properties at neutral conditions. By con-

trast, in the Fe-N3P-C site, both filled and empty states protrude

outward, with electrons accumulated on top of Fe and P atoms

(Figs. 2a and c), suggesting activity to form covalent and/or coordi-

nation bonds.

The activation of first C−H bond is often regarded as the rate-

limiting step in PDH since the C–H bond of propane molecule has

a high bonding energy of 409kJ/mol [45]. As shown in Table 1, re-

action energies to cleavage C–H bonds on Fe-N3P-C are 0.79 and

0.73 eV, which is less than that on the Pt2-Sn site (0.82 eV) [15].

By contrast, reaction energies on the Fe-N4–C site are up to 1.91 eV

and 1.87 eV (Fig. S3 in supporting information), implying that Fe-

N3P-C is much more active than Fe-N4–C to drive C–H bond scis-

sions. Subsequently, the catalytic selectivity of these two sites are

estimated via propylene binding energies: weak propylene adsorp-

tion results in high propylene selectivity [15]. The binding energies

are calculated with the following equation: Eads = E(∗C3H6) – E(∗)
– E(C3H6), where the active site is represented with ∗. As seen

in Table S2 (Supporting information), the adsorption energies of

propylene on Fe-N3P-C (0.09 eV) and Fe-N4–C (1.18 eV) are posi-

tive, revealing fast propylene desorption, and therefore high cat-
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Table 1

Changes of potential energies (�E), Gibbs free energies (�G), and corresponding energy barriers (Ea and Ga) of each elementary reaction on Fe-N3P-C.

No. Reaction �E (eV) Ea (eV) �G (eV) Ga (eV)

1 CH3CH2CH3
∗ →CH3CH2CH2

∗ +H∗ 0.79 1.80 0.79 1.85

2 CH3CH2CH3
∗ →CH3CHCH3

∗ +H∗ 0.73 1.81 0.75 2.29

3 CH3CH2CH3
∗ →CH3CH2

∗ +CH3
∗ 0.32 3.93

4 CH3CH2CH2
∗ +H∗ →CH3CH=CH2

∗ + 2H∗ 0.89 1.13 0.58 0.86

5 CH3CH2CH2
∗ +H∗ →CH3CH2CH

∗ + 2H∗ 1.52

6 CH3CH2CH2
∗ +H∗ →CH3CH2

∗+ CH2
∗ +H∗ 1.92

7 CH3CHCH3
∗ +H∗ →CH3CH=CH2

∗ + 2H∗ 0.95 1.22 0.62 1.25

8 CH3CH2CH2
∗ +H∗ →CH3CCH3

∗ +2H∗ 1.71

9 CH3CHCH3
∗ +H∗ →CH3CH

∗+ CH3
∗ +H∗ 2.25

10 H∗ +H∗ →H2 −0.14 0.97 −1.14 0.99

Scheme 1. Possible reaction paths in propane dehydrogenations. Pathways to form

propylene are marked in red. C–C bond scissions and undesired dehydrogenation

reactions are marked with yellow and blue lines, respectively.

alytic selectivity. The aforementioned calculations show that both

Fe-N3P-C and Fe-N4–C exhibit propylene selectivity but only Fe-

N3P-C demonstrates reasonable PDH activity. Subsequent studies

are thus focused on the energy profiles of PDH on Fe-N3P-C.

The possible elementary steps during propane dehydrogena-

tions and their reaction energies and activation barriers summa-

rized in Scheme 1 and Table 1, respectively. Before PDH, the

propane molecule is physiosorbed on Fe-N3P-C, with an adsorption

energy of −0.36 eV. As shown in Scheme 1, PDH may proceed via

three possible pathways: dehydrogenation on the terminal methyl

group (reaction 1), dehydrogenation on the methylene group (reac-

tion 2), and demethylation to produce a methyl group and an ethyl

group (reaction 3). Reaction energies and possible reaction configu-

rations of dehydrogenation paths are shown in Fig. S4 (Supporting

information). As can be seen, dissociated H atoms resulted from

the first C–H bond scission tend to bind on the P atom rather than

C or N atoms. To be specific, reaction energies of dehydrogena-

tions on the methyl and methylene groups are 0.73 eV (reaction

1) and 0.79 eV (reaction 2), respectively (Table 1). The correspond-

ing activation barriers are 1.80 eV (reaction 1) and 1.81 eV (reac-

tion 2), respectively. These activation barriers are similar to that

on Pt2Sn (1.22 eV), implying feasible propane conversion [15]. The

C–C bond scission (reaction 3), however, is kinetically inhibited by

a very high energy barrier of 3.93 eV (Table 1)

Starting from 1-propyl (CH3CH2CH2
∗) and 2-propyl

(CH3CHCH3
∗), as can be seen in Scheme 1, PDH can proceed

along three pathways, including two kinds of dehydrogenations

(reactions 4 and 5, reactions 7 and 8) and one C–C bond cleavage

(reactions 6 and 9). Reaction 4 and reaction 7 are desired paths

to produce propylene, while the others are side reactions. Fig. S5

(Supporting information) shows that H atoms dissociated from

CH3CH2CH2
∗ and CH3CHCH3

∗ prefer to bind with the Fe atom with

reaction energies being 0.89 (reaction 4) and 0.95 eV (reaction 7),

respectively. The activation barriers of reaction 4 and reaction 7

are lower than those in reaction 1 and reaction 2, indicating that

the second desired C–H bond scissions are faster than the first

ones (Table 1). Of importance, as shown in Fig. 3, the second C–H

bond scissions are accompanied with propylene desorption, sug-

gesting intrinsic impression of undesired deep dehydrogenations.

The reaction energies of side dehydrogenation paths (reactions

5 and 8), as shown in Table 1, are 1.52 eV and 1.71 eV. They are

clearly higher than activation barriers of reaction 4 (1.13 eV) and

reaction 7 (1.22 eV), indicating that their activation barriers should

be even higher and these undesired second hydrogenations are

very slow processes. Similar situation is also observed in C–C bond

cleavages (reactions 6 and 9), whose reaction energies (1.92 eV

and 2.25 eV) are much higher than energy barriers to produce

propylene (reactions 4 and 7). The calculations shown above

indicate that propylene can be selectively produced over Fe-N3P-C.

The regeneration of active sites requires remove of dissociated

H atoms. The first reaction path that has been considered is that

the H atom dissociated in the second C–H bond scission bind di-

rectly with the one dissociated in the first C–H cleavage and pro-

duce a H2 molecule. However, this pathway can be ruled out due

to high activation barriers (1.99 and 2.60 eV, Fig. S6 in Supporting

information). The second reaction path is the Tafel process, where

the H2 molecule is generated by two adsorbed H atoms. Our calcu-

lations show that the first dissociated H atom is anchored on the P

atom due to large diffusion barriers (Fig. S7 in Supporting informa-

tion), and the second dissociated H atom binds with the Fe atom

(Fig. 3a). The combination of these two adsorbed H atoms and re-

generate the clean Fe-N3P-C site can be feasibly achieved by cross-

ing over an activation barrier of 0.97 eV (Table 1 and Fig. 3). Please

note that this barrier is higher than that of propylene desorption

(0.33 eV), suggesting that regenerations of active sites are slower

than product desorption and further enable satisfied propylene se-

lectivity [16]. These calculations clearly indicate that the PDH can

proceed on Fe-N3P-C with propylene being the major product.

The contributions of temperature and entropy in PDH is inves-

tigated with Gibbs free energies (T=873.15K) under ambient pres-

sure. The energy profiles of potential energies and Gibbs free ener-

gies are represented in Fig. 3b. As can be seen, the increase of tem-

perature will not bring adverse effects on the activity and selectiv-

ity of PDH on Fe-N3P-C. In addition, as listed in Table 1, the sta-

bility of products in reaction 10 increases dramatically at 873.15K,

consisting well with van’t Hoff equation that chemical equilibrium

prefers propylene production at elevated temperatures.

As can be seen in our calculations, replacing just one N atom

with a P atom in Fe-N4–C results in significant catalytic differences

in PDH. This clearly illustrates that local chemical environments

of active sites can bring vital impacts on catalysis. The origin of

enhanced catalytic activity resulted from N-P dual coordination is

then analyzed Fig. 4. shows that the P atom in Fe-N3P-C exhibits

much higher H affinity than N atoms in Fe-N4–C, while binding in-

teractions of propyl groups on Fe atoms of these two sites do not

differ significantly. This indicates that the poor activity of Fe-N4–C

3
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Fig. 3. (a) Corresponding reaction pathways of the synthesis of propylene. H atoms in the adsorbed molecules are represented by white circles. C, N, P, Fe and H atoms

adsorbed on the active site are represented with gray, dark blue, pink, orange and green circles, respectively. (b) Energy profiles of propane dehydrogenations to propylene

on Fe-N3P-C. The potential and Gibbs free energies are represented by solid and dashed lines, respectively.

Fig. 4. (a) Atomic structures and adsorption energies (Eads) of adsorbed H atoms on

active sites of Fe-N4–C and Fe-N3P-C. (b) The reaction energies (�E) of the first C–H

bond activation of propane on Fe-N4–C and Fe-N3P-C, respectively.

towards C–H bond scission can be ascribed to the low H affinity

on N atoms.

In this context, an interesting question is that if the improved

H affinity upon P substitution is originated from electronic modifi-

cation or geometric effect. We thus designed an artificial Fe-N4–C

site by replacing the P atom in the optimized Fe-N3P-C site with an

N atom (Fig. 5a). As shown in Fig. 5b, the N atom protruding from

the plane shows a much higher H affinity (Eads =0.23 eV) than the

planarized Fe-N4 center (Eads =0.95 eV). In addition, as shown in

Fig. 5c, by calculating reaction energies and energy barriers of the

first C–H bond scission of propane, which is the decisive step in

PDH activity, we find that compared with the C–H bond scission

on the planar Fe-N4 site (�E=1.87 eV, Ea =1.92 eV, Fig. S3), the re-

Fig. 5. (a) The top and side views of the artificial Fe-N4–C structure. (b) The atomic

structures and adsorption energies (Eads) of the adsorbed H atom on the protruding

Fe-N4 site. (c) Two pathways of the first dehydrogenation on the artificial Fe-N4–C

to get 1-propyl (CH3CH2CH2
∗) and 2-propyl (CH3CHCH3

∗), respectively. IS, TS and FS

represent the initial state, transition state and final state, respectively. Green circles

represent dissociated H atoms.

action energy of propane C–H bond activation on the protruding

Fe-N4 is reduced to about 1.10 eV. The energy barrier is also re-

duced from the original 1.92 eV to 1.80 eV, which is quite similar

to that on Fe-N3P-C. Therefore, it can be concluded that enhanced

activity upon P substitution is chiefly a geometric effect: the po-

lar configuration can break conjugation-like electronic states near

Fermi level and provide moderate H affinity which is not only im-

portant for C–H bond scissions, but also exhibit desired H diffusion

rate that ensures high propylene selectivity [46,47].

In summary, first-principles calculations have been performed

to reveal the intrinsic coordinating effect of Fe single-atom cat-

alysts in PDH. Through systematic theoretical investigations, we

report that compared with the in-plane Fe-N4–C site, the N and

P dual-coordinated single Fe (Fe-N3P-C) site exhibits outstanding

performance for PDH with desired activity and selectivity at in-

dustrial PDH temperatures. Subsequent calculations reveal that the
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catalytic activity and selectivity of Fe-N3P-C resulted from P substi-

tution in Fe-N4–C can be attributed to the geometric effect, where

the out-of-plane structure of Fe-N3P-C can break conjugation-like

electronic states near Fermi level and exhibits suitable H affinity,

which not only effectively promotes the C–H bond scission but

also provides the appropriate H diffusion rate that ensures both

the high selectivity of propylene and the regeneration of catalysts.

The current work not only reports an active SAC for PDH but also

reveals a novel mechanism of triggering the activity of PDH by tun-

ing the local environment with atomic precision.
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