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a b s t r a c t

On-purpose propane dehydrogenation (PDH) has emerged as a profitable alternative to the traditional

cracking of oil products for propylene production. By means of density functional theory (DFT) calcula-

tions, the present work demonstrates that Fe atoms may atomically disperse on MoS2 (Fe1/MoS2) and

serve as a promising single-atom catalyst (SAC) for PDH. The catalytic activity of Fe1/MoS2 is attributed

to the highly exposed d orbitals of single Fe atoms, while the propylene selectivity is originated from the

kinetic inhibition of propylene dehydrogenation resulting from fast propenyl hydrogenation. The unique

catalytic selectivity of Fe1/MoS2 may inspire further investigations of on-purpose dehydrogenations of

propane on SACs.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Light olefins are employed as feedstock in the production

of a vast array of chemicals, including polymers (e.g., polyethy-

lene and polypropylene), oxygenates (e.g., ethylene glycol, acetone

and propylene oxide), and important chemical intermediates (e.g.,

ethylbenzene and propionaldehyde) [1]. Propylene is the second

largest-produced petrochemical with a current global production

of approximately 100 million tons (Mt) per annum and is expected

to increase steadily at an annual rate of 3%∼4% [2]. Traditionally,

propylene is obtained through steam cracking and fluid catalytic

cracking (FCC) of oil refineries, accounting for 90% of the propylene

market until 2012 [3]. On top of this, the demand for propylene

is expected to grow from 109 million tons in 2014 to about 165

million tons by 2030, roughly 12%∼14% higher than the total pro-

duction capacity of conventional technologies [4]. Nevertheless, the

yield of propylene by conventional technologies is rather limited

(13 wt% ∼ 17 wt%) and coupled to that of ethylene [5]. These have

prompted petrochemical industries to seek alternative feedstocks

and on-purpose propylene technologies to meet the demand for

propylene, such as abundant shale gas, on-purpose propane dehy-

drogenation (PDH) and methanol-to-propylene (MTP) [6,7]. In par-

ticular, PDH is regarded as one of the most promising methods of
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propylene production because it can obtain high-purity propylene

products rather than mixtures [8].

At present, the challenges of PDH chiefly originate in two as-

pects: (1) A highly active catalyst is required to cleave sp3C−H

bonds in propane (4.31 eV) [9,10]; (2) C−H bonds in propylene

(3.34 eV) are weaker than those in propane, suggesting that over-

dehydrogenations and coke formation are faster than propane de-

hydrogenations [9–11]. In this field, Pt catalysts are very active in

C−H bond cleavages but suffer from poor propylene selectivity and

fast deactivation caused by coke formation and catalyst sintering

at high temperatures [12,13]. With the continuous improvements

of Pt catalysts, the schemes of alloying Pt with a second metal (Sn

or Cu) have confirmed that dispersed Pt atoms can activate C−H

bonds and the second metal may weaken propylene adsorption

and prevent coking [14–16]. Inspired by such a catalytic mecha-

nism, single-atom catalysts (SACs) have been designed and investi-

gated as PDH catalysts. For example, Sun et al. predicted that single

Pt atoms supported on the nitrogen vacancy of boron nitride (Pt-

Nvac/BN) may be an effective PDH catalyst with a balanced ability

to activate C−H bonds in propane and accelerate propylene des-

orption [17]. Kong et al. revealed that single V atoms anchored

on graphitic carbon nitride (V1/g-C3N4) may serve as a promis-

ing catalyst for nonoxidative PDH with industrially practical activ-

ity, selectivity, and thermal stability [18]. Based on previous stud-

ies, more catalytic systems need to be proposed and investigated
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to optimize the design strategies of SACs for PDH. In the present

work, we demonstrate that MoS2 supported single non-noble tran-

sition metal (TM) atoms can be employed as inexpensive and ef-

ficient PDH catalysts because of highly exposed and unsaturated d

orbitals that can promote C−H bond cleavages [19–22] and propy-

lene desorption prior to dehydrogenation [23].

A practical challenge in designing SACs for PDH is that sin-

gle TM atoms must be firmly anchored on the supporting ma-

terials at high temperatures (770∼980 K) required by profitable

propane conversion efficiency [24,25]. Recently, Zhao et al. reported

a universal seeding strategy (>800 °C) to synthesize SACs on dif-

ferent 2D materials, such as graphene, boron nitride (BN) and

molybdenum disulfide (MoS2), implying that these SACs (such as

Fe1/MoS2, Co1/MoS2, Ni1/MoS2, Cu1/MoS2, Pd1/MoS2, Ag1/MoS2)

may maintain thermal stability at high temperatures. In addition,

SACs (Fe1/MoS2, Co1/MoS2, Ni1/MoS2, Ru1/MoS2, Rh1/MoS2) have

been synthesized via a facile and scalable hydrothermal grafting

method at low temperatures (160∼180 °C) [26,27].
Herein, the PDH catalytic performances of TM1/MoS2 (TM= Fe,

Co, Ni, Cu, Ru, Rh, Pd, Ag) experimentally reported are investigated

by means of density functional theory (DFT) calculations. We find

that the first C−H bond cleavage (rate-limiting step) can proceed

with a low activation barrier of 0.85 eV on Fe1/MoS2. Although

propylene desorption is relatively slow due to a moderate binding

energy (1.48 eV), propylene selectivity can be assured by kineti-

cally inhibiting deep dehydrogenations. This work may therefore

have crucial influences on developing new SACs for PDH.

Firstly, the adsorption sites and binding energies of single TM

atoms on MoS2 are studied. As shown in Fig. S1 (Supporting in-

formation), single TM atoms prefer to bind above the Mo-top

sites, which is consistent with previous experimental observations

[26,27]. The catalytic performance of PDH can be evaluated by

propane activation and propylene selectivity [23]. Based on the

Brønsted-Evans-Polanyi relationship, the catalytic activity of PDH

can be predicted by the reaction energy (�E) of the first C−H

bond cleavage (rate-limiting step) [28,29]. Meanwhile, the propy-

lene selectivity can be estimated by the activation energy differ-

ence between dehydrogenation and desorption of propylene. These

have been extensively selected as theoretical descriptors to screen

promising candidates for PDH catalysts [30,31]. Mechanistically,

PDH is considered to follow the reverse Horiuti-Polani mechanism

[31–33], in which propylene and H2 are produced via two succes-

sive dehydrogenations of propane [25] along with various side re-

actions (Scheme S1 and Table S1 in Supporting information).

Before PDH, we explored the different adsorption modes of

propane on TM1/MoS2. Here, the primary C atom and the sec-

ondary C atom are named Cα and Cβ , respectively. The H atoms

carried by Cα and Cβ are named Hα and Hβ , respectively. The ad-

sorption states of Hα atoms and Hβ atoms pointing towards single

TM atoms are named the L mode and V mode, respectively (Fig.

S2 in Supporting information). Both the L mode and V mode of

propane adsorption on TM1/MoS2 are favorable, which may be a

good start for PDH.

After the first dehydrogenation of propane, 1-propyl and 2-

propyl are adsorbed on single TM atoms as reaction intermediates,

and the dissociated H atoms may be either coadsorbed on single

TM atoms or captured by the adjacent S atoms (Fig. S3 in Sup-

porting information), which named CH3CH2CH2
∗(TM)+H∗(TM),

CH3CHCH3
∗(TM)+H∗(TM), CH3CH2CH2

∗(TM)+H∗(S) and

CH3CHCH3
∗(TM)+H∗(S). Interestingly, the reaction energies of

the first dehydrogenations on Fe1/MoS2, Co1/MoS2, Ru1/MoS2,

Rh1/MoS2 and Pd1/MoS2 (−0.35∼1.04 eV) are lower than that of

the commercial Pt-Sn catalyst (1.22 eV) as shown in Fig. 1 and

Table S2 (Supporting information) [32]. For example, Fe1/MoS2 not

only shows lower reaction energies of the first dehydrogenations

of propane (0.49 eV and 0.48 eV) but also activates the second

Fig. 1. The reaction energies of the first dehydrogenations of propane on TM1/MoS2.

The dashed horizontal line (potential energy=1.22 eV) is selected to indicate the

corresponding value of the Pt-Sn catalyst in ref. [32].

C−H bonds (Cβ−Hβ and Cα−Hα), which are elongated from

1.10 Å to 1.22 Å and 1.21 Å, respectively (Fig. S4 in Supporting

information).

The dehydrogenations of propane are reversible [24], in which

forward and backward reactions proceed through the same tran-

sition states and intermediate states [33]. Here, the energy bar-

riers of the forward and reverse reactions are defined as Ef
and Er, respectively. As shown in Table S3 (Supporting informa-

tion), 1-propyl and 2-propyl adsorbed on Co1/MoS2 and Pd1/MoS2
are more favorable for hydrogenation to propane because of

low hydrogenation barriers (Er ≈ 0.02∼0.09 eV), while propy-

lene is more favorable for hydrogenation to 1-propyl and 2-propyl

on Ru1/MoS2 (Er ≈ 0.02∼0.07 eV), suggesting the low activ-

ity of Co1/MoS2, Pd1/MoS2 and Ru1/MoS2 for PDH. Consequently,

propylene may be obtained thermodynamically on Fe1/MoS2 and

Rh1/MoS2 by two successive dehydrogenations via reactions 1, 4

(CH3CH2CH3
∗ →CH3CH2CH2

∗ +H∗ →CH3CH=CH2
∗ +H2) and reac-

tions 2, 5 (CH3CH2CH3
∗ →CH3CHCH3

∗ +H∗ →CH3CH=CH2
∗ +H2).

After two successive dehydrogenations of propane on Fe1/MoS2
and Rh1/MoS2, the distances between the two dissociated H atoms

are only 0.81∼0.87 Å (Fig. S5 in Supporting information) and the

combination of these two dissociated H atoms to produce a H2

molecule only need to overcome a low barrier that is less than

0.10 eV. We further explored the adsorption and dehydrogena-

tion of propylene on TM1/MoS2. The Cα and Cβ of propylene are

bonded to single TM atoms of TM1/MoS2, and the configurations

are in good agreement with the “propylene-π” mode (Fig. S5 in

Supporting information) [18]. The dehydrogenations of propylene

on Fe1/MoS2 and Rh1/MoS2 via reaction 7 and reaction 8 are un-

favorable because 1-propenyl and 2-propenyl are favorable for re-

verse hydrogenation to propylene due to the low barriers (Er ≈
0.02∼0.21 eV) (Table S4 in Supporting information) [33]. The re-

verse hydrogenation of 2-propenyl corresponds to the last elemen-

tal reaction mentioned in the non-reverse Horiuti-Polanyi mecha-

nism reported by Xiao et al. [24]. Comparatively, Fe1/MoS2 exhibits

better propylene selectivity than Rh1/MoS2 due to the low energy

barrier for propylene desorption. The C–H bond cleavage on the

terminal CH3 group is also considered for propylene dehydrogena-

tion. As shown in Table S4 (Supporting information), the C–H bond

scission on the CH3 group of propylene is quite feasible, indicating

that deep dehydrogenation may initiate on any carbon atoms. Nev-

ertheless, the activation energy to generate CH2=CHCH2 (Ef =0.55

eV), which is an important intermediate state in deep dehydro-

genation, is twice higher than that of the reverse reaction (Er =0.17

eV). In addition, the dehydrogenation of CH2CHCH2 (Ef =2.16 eV) is

also much higher than the hydrogenation of CH2CHCH2 (Er =0.17
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Fig. 2. Energy profiles along the 1-propyl pathway on Fe1/MoS2.

eV) and propylene desorption of (1.48 eV), indicating that the

propylene selectivity on Fe1/MoS2 can be assured even if deep de-

hydrogenation starts from the methyl group of propylene.

Based on the above screening calculations, Fe1/MoS2 is selected

as a candidate catalyst for PDH. As shown in Fig. 2 and Table S5

(Supporting information), the activation barriers of propane and

1-propyl for C−C bond cracking are 1.65 eV and 1.80 eV, respec-

tively, which are higher than the corresponding C−H bond cleav-

ages (0.85 eV and 0.39 eV). Furthermore, the activation barrier of

1-propyl for deep dehydrogenation is 1.22 eV, which is higher than

the corresponding C−H bond cleavage (0.39 eV). Therefore, the de-

hydrogenations of propane to propylene on Fe1/MoS2 can be hardly

affected by side reactions.

Notably, the PBE error originating from strong electronic cor-

relations in transition metal based materials can be corrected

with Hubbard-based DFT+U correction [34], hybrid functional (e.g.,

HSE06) [35] or many-body perturbation theory (GW) [36]. In this

work, energy profiles of propane dehydrogenation on Fe1/MoS2
with DFT+U method [37] and RPBE functional [35] are calculated

to study the effects of functionals. In DFT+U calculations, the Ueff

value of 2.0 eV is applied for Fe 3d orbitals [38], while the U pa-

rameterization is not employed for the Mo 4d orbitals as suggested

by previous theoretical studies [39–41]. As shown in Fig. S6 and

Table S6 (Supporting information), activation barriers and reaction

energies of the first C-H bond scission (Ef and �E of reaction 1)

calculated with PBE+U are about 0.4 eV higher than those cal-

culated with PBE. While other energies obtained with PBE, RPBE

and PBE+U are quite close. Correspondingly, energy barriers for

propane activations are significantly lower than those for deep de-

hydrogenation (Ef of reaction 7) and the reverse reaction of propy-

lene dehydrogenation only need to overcome an ultra-low barrier

of 0.14 eV in PBE+U calculations, indicating that the propylene se-

lectivity can be assured with PBE, RPBE and PBE+U. Such computa-

tional results agree well with the conclusion of previous theoretical

studies that the PBE+U correction is not exceedingly necessary for

single-atom systems [42,43].

Taking into consideration that the operating temperature of

PDH is typically 770∼980 K to achieve a reasonable propane con-

version [24], the thermal stability of Fe1/MoS2 is evaluated by ab

initio molecular dynamics (AIMD). As shown in Fig. S7 (Support-

ing information), no chemical bond is generated or broken for

Fe1/MoS2 after 10-ps simulations, indicating that Fe1/MoS2 may

maintain structural stability at temperatures as high as 800 K. Fur-

thermore, we explore the Gibbs free energy profiles along the 1-

propyl pathway on Fe1/MoS2 at 873 K, as shown in Fig. S8 and Ta-

ble S5 (Supporting information). In DFT calculations, the tempera-

ture effect is included in Gibbs free energy G= E+ ZPE – TS. PDH is

an endothermic reaction in which both reaction energy and reac-

tion entropy are positive. Therefore, high temperature is often em-

ployed in experiments to tune chemical equilibrium for a reason-

able propane conversion efficiency. This trend can be seen clearly

in our calculations. Kinetically, the collision of molecules will be

Fig. 3. (a) PDOS of the transition state in reaction 4 (TS-4). The insets show the par-

tial charge densities in the energy ranges of (1) [−8.00, −7.00], (2) [−4.50, −3.50]

and (3) [3.00, 4.00] eV. The values of the isosurface are 0.10 e/Å3. (b) PDOS of the

transition state in reaction 3 (TS-3). The insets show the partial charge densities in

the energy ranges of (1) [−7.50, −6.50], (2) [−5.50, −3.50], and (3) [3.00, 4.00] eV.

The values of the isosurface are 0.10 e/Å3.

accelerated. In the context of reaction barriers, the temperature ef-

fects are also shown in Table S7 (Supporting information). In con-

clusion, elevating temperatures will result in faster reaction kinet-

ics and higher propane conversion efficiency. However, the propy-

lene selectivity is not significantly affected.

Further analyses were conducted to reveal the catalytic and se-

lective origins of Fe1/MoS2. First, the intrinsic electronic structure

of Fe1/MoS2 is investigated. Fig. S9 (Supporting information) shows

the spin-polarized density of states (DOS) projected onto d elec-

trons of single Fe atoms on Fe1/MoS2, Fe atoms on the Fe (110)

surface and an isolated Fe atom in vacuum. As expected, the lo-

calization of the d state of single Fe atoms on Fe1/MoS2 (red) is

between the discrete atomic orbitals in an isolated Fe atom in vac-

uum (purple) and Fe atoms on the Fe (110) surface (green). The

characteristic peaks in the energy window from −2.0 eV to 2.0 eV

indicate that Fe1/MoS2 may exhibit higher catalytic activity than

the Fe (110) surface.

In addition to the energy profiles, the propylene selectivity can

be clarified by bonding analysis of the transition states of reaction

3 and reaction 4 because the activation barriers and stability of the

transition state (TS) are closely dependent on adsorbate-surface in-

teractions [23]. Fig. 3 shows the PDOS of C atoms, H atoms and

Fe active sites in the transition states of reaction 4 (TS-4) and re-

action 3 (TS-3). As shown in Fig. 3a, the PDOS of the Hβ atom

strongly overlaps with the Cβ atom of TS-4 in the energy windows

of [−8.00, −7.00] eV and [−4.50, −3.50] eV, which are assigned

as the bonding orbitals. The antibonding orbital is located in the

energy window of [3.00, 4.00] eV. As illustrated in Fig. 3a(1), elec-

trons accumulate not only between the Hβ atom and Cβ atom but

also between the Hβ atom and disengaged H atom on Fe active

sites, while electrons accumulate only between the Hβ atom and

3
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Fig. 4. PDOS of the transition state in reaction 8 (TS-8). The insets show the partial

charge densities in the energy ranges of (1) [−8.00, −7.00], (2) [−5.00, −3.50] and

[2.50, 3.50] eV. The values of the isosurface are 0.10 e/Å3.

disengaged H atom in Fig. 3a(2), indicating that the Hβ atom of TS-

4 chemically interacts with the Cβ atom and disengaged H atom.

As shown in Fig. 3b, the PDOS of the Hα atom strongly overlaps

with the Cα atom of TS-3 in the energy windows of [−7.50, −6.50]

eV and [−5.00, −3.50] eV, which are often assigned as bonding or-

bitals. The antibonding orbital is located in the [3.00, 4.00] eV en-

ergy window. Different from TS-4, the electrons are only favorable

for accumulation between the Hα atom and Cα atom, revealing

that the Hα atom of TS-3 chemically interacts with the Cα atom,

which explains the reverse process of deep dehydrogenation of 1-

propyl.

Inspired by the above bonding analyses, we further reveal the

mechanism of the reverse hydrogenation of propenyl. As shown in

Fig. 4, the PDOS of the Hβ atom strongly overlaps with the Cβ

atom of TS-8 in the energy windows of [−8.00, −7.00] eV and

[−5.00, −3.50] eV, which are often assigned as bonding orbitals.

The antibonding orbital is located in the energy window of [2.50,

3.50] eV. Similar to TS-3, electrons always accumulate between the

Hβ atom and Cβ atom, indicating that the Hβ atom only chemi-

cally interacts with the Cβ atom, which explains the reverse hy-

drogenation of propenyl. The reverse hydrogenation of propenyl in-

hibits dehydrogenations of propylene kinetically and ensures the

fast desorption of propylene.

In summary, the PDH catalytic performances of TM1/MoS2 are

investigated by DFT simulations. Fe1/MoS2 is selected as a candi-

date catalyst because the first C−H bond cleavage (rate-limiting

step) can proceed with a low activation barrier being 0.85 eV, and

the propylene selectivity can be assured by the kinetic inhibition of

propylene dehydrogenation resulted from fast propenyl hydrogena-

tion. PDOS and bonding analysis reveal that the Hβ atom of TS-8

is chemically interacted with the Cβ atom, which reveals the ori-

gin of the reverse hydrogenation of propylene. Calculations show

that Fe1/MoS2 may exhibit excellent catalytic selectivity and can

serve as a potential PDH catalyst. We believe that the unique cat-

alytic selectivity of Fe1/MoS2 may inspire further investigations of

on-purpose dehydrogenations of propane on SACs.
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