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Theoretical insights into non-oxidative propane
dehydrogenation over Fe3C†

Peng Wang and Thomas P. Senftle *

Identifying catalysts for non-oxidative propane dehydrogenation has become increasingly important due

to the increasing demand for propylene coupled to decreasing propylene production from steam

cracking as we shift to lighter hydrocarbon feedstocks. Commercialized propane dehydrogenation (PDH)

catalysts are based on Pt or Cr, which are expensive or toxic, respectively. Recent experimental work

has demonstrated that earth-abundant and environmentally-benign metals, such as iron, form in situ

carbide phases that exhibit good activity and high selectivity for PDH. In this work, we used density

functional theory (DFT) to better understand why the PDH reaction is highly selective on Fe3C surfaces.

We use ab initio thermodynamics to identify stable Fe3C surface terminations as a function of reaction

conditions, which then serve as our models for investigating rate-determining and selectivity-

determining kinetic barriers during PDH. We find that carbon-rich surfaces show much higher selectivity

for propylene production over competing cracking reactions compared to iron-rich surfaces, which is

determined by comparing the propylene desorption barrier to the C–H scission barrier for dehydrogena-

tion steps beyond propylene. Electronic structure analyses of the d-band center and the crystal orbital

Hamilton population (COHP) of the carbides demonstrate that the high selectivity of carbon-rich

surfaces originates from the disruption of surface Fe ensembles via carbon. Finally, we investigated the

role of phosphate in suppressing coke formation and found that the electron-withdrawing character of

phosphate destabilizes surface carbon.

1 Introduction

Propylene is an important industrial precursor because it serves
as the basis for numerous commodity-producing processes,
including polymerization, addition, and oxidation reactions.1,2

The demand for propylene has increased steadily,1 yet supply
has fallen during the shale gas revolution because propylene is a
less prevalent by-product from the cracking of light hydrocarbons
compared to naphtha.3 Catalytic propane dehydrogenation (PDH)
has drawn great attention as an alternative route for meeting
market demand.1,3,4 The most well-studied and commercialized
catalysts for PDH are based on Pt4 and Cr,5 which are expensive
and environmentally hazardous, respectively.6–8 Thus, there is a
pressing need to identify earth-abundant and environmentally-
benign alternative catalysts for PDH.

Researchers recently have identified promising PDH cata-
lysts with comparable selectivity and activity to commercialized
catalysts based on inexpensive and non-toxic iron-based mate-
rials, including Fe or Fe2O3 supported by sulfated alumina,7,8

iron-silica zeolites,9 single-site Fe atoms on silica,10 and iron
nanoparticles derived from metal–organic frameworks on
carbon supports.11 Of particular interest to our present study,
Tan et al.6 found that phosphate-stabilized Fe3C can achieve
PDH selectivity to propylene as high as 80% and 20% conver-
sion of propane. Using pre- and post-reaction X-ray diffraction
(XRD), they reported that Fe3C phases form in situ after an
induction period on stream, which they postulated was respon-
sible for the high observed selectivity. However, the underlying
cause at the atomistic level for the high selectivity of Fe3C, and
the role of phosphate, remains unknown. The detailed surface
structure of the catalyst during the induction period remains
unclear. Here, we report a computational investigation of the
PDH reaction mechanism on Fe3C surfaces to better understand
how this material achieves high PDH selectivity. We employ
density functional theory (DFT) to investigate the thermo-
dynamic stability of various iron carbide surface phases and
their kinetic activity under PDH reaction conditions. Multiple
computational studies have focused on stoichiometric termina-
tions of various Fe3C facets.12–14 In this work we consider both
stoichiometric and non-stoichiometric terminations that can
persist under the carbon-rich conditions of the PDH reaction.
We draw inspiration from the Fischer–Tropsch literature,
where many studies have applied ab initio thermodynamics to
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determine the nature of stable surfaces under carbon-rich
conditions, which affects the adsorption behavior of hydro-
carbons on these surfaces.14–17

We first compare the surface energy of numerous possible
terminations of Fe3C(001), Fe3C(010), Fe3C(011) facets as a
function of carbon chemical potential. Having determined
the most stable terminations and relative stability of the
surfaces, we then compute and compare reaction energy paths
for PDH on the most relevant terminations under reaction
conditions. We find that the carbon-rich surfaces are more
stable under the carbon-rich reaction environment, and that
these surfaces generally show high selectivity for propylene due
to a combined decrease in the propylene binding energy and an
increase in deep dehydrogenation barriers. We analyze the
electronic structure and bonding characteristics on these sur-
faces using the crystal orbital Hamilton population (COHP) and
the d-band center of surface iron atoms, which reveals that a
geometric effect dominates the propylene binding strength.
Surface carbon disrupts large ensembles of surface Fe atoms,
which limits the ability of propylene to form strong di-s bonds
that facilitate C–H bond scission. Compared to benchmark
computations on Pt(111), these results predict that carbon-
rich Fe3C terminations are highly selective for PDH, indicating
that Fe3C is a potential alternative catalyst for PDH. The
suppression of surface carbon by phosphate and analysis of
charge transfer shows that phosphate weakens the Fe–C inter-
action to destabilize surface carbon atom and prevent coking.

2 Methods
2.1 Computational settings

All DFT calculations were completed in the Vienna ab initio
simulation package (VASP 5.4.4).18 The exchange–correlation
energy was described by the Perdew–Burke–Ernzerhof (PBE)19

generalized gradient approximation and projector-augmented-
wave (PAW) theory20 was employed with VASP default
potentials21 to treat frozen-core electrons. Valence electrons
of Fe (4s13d7), C (2s22p2), H (1s1), and Pt (6s15d9) were treated
self-consistently throughout this work with a plane-wave basis
set truncated at 450 eV. The kinetic energy cutoff was increased
by 30% when optimizing bulk lattice parameters to mitigate
artifacts arising from Pulay stress. Brilluoin zones were treated
with Monkhorst–Pack k-point meshes,22 which are summarized
in Table S1 of the ESI.† All calculations were spin-polarized and
the initial magnetic moment was set to be 20% greater than
experimental values for Fe and Fe3C phases.23,24 Fe and Fe3C

are both metallic in nature,25 where the metallic nature of Fe3C
is evident in Fig. S4 (ESI†). First order Methfessel–Paxton
smearing26 with a 0.2 eV width was applied to accelerate self-
consist-field cycle convergence. The DFT-D3 method of Grimme27

was employed in all calculations to treat van der Waals inter-
actions, unless otherwise noted. Slabs are separated by a vacuum
of at least 20 Å and a dipole correction was applied perpendicular
to the slab in all surface model calculations. Optimized geo-
metries were found by minimizing forces to o0.02 eV Å�1.
All adsorbed species were confirmed to be true energy minima
with a frequency analysis using finite differences with a step size
of 0.015 Å to ensure that no imaginary vibrational modes were
present. Only components of the Hessian matrix for atoms in
the adsorbed molecule were calculated and contributions from
surface atoms were neglected. Transition state structures were
found with the climbing image nudged elastic band (cNEB)
method28,29 and refined with the dimer method.30 Saddle points
were confirmed with a frequency analysis to ensure that there
was one imaginary frequency along the reaction coordinate.
The COHP method was implemented with the Lobster31–34 code
to analyze the binding characteristics of C3H6 on the different
surfaces and C* atom binding on the Fe(110) surface. All energies,
geometries, and imaginary frequencies of saddle points are
reported in the ESI.†

2.2 Surface model construction

The bulk structures used in this paper are summarized in
Table 1. The optimized lattice parameters in this table were
used to construct all surface slab models. Surface energies were
computed with mirrored slabs, where atoms on both sides of
the slab were permitted to relax so that both sides of the slab
represent the relaxed surface geometry. Slab thickness was
determined by ensuring that the surface energy was converged
to within 0.01 eV Å�2. The adsorption energy of C3Hx (x = 8, 7, 6,
5, 4) molecules and kinetic barriers were investigated on
Fe(110), Fe3C(010), Fe3C(001), and Fe3C(011) surfaces identified
from an ab initio thermodynamics analysis of stability (discussed
below). These calculations employed a (2 � 2) supercell for
Fe(110), Fe3C(010), and Pt(111), and a (2 � 1) supercell for
Fe3C(001) and Fe3C(011). Adsorption energy calculations
employed thinner slabs compared to the surface energy calcula-
tions for computational efficiency, where the bottommost layers
of the slab were fixed in their bulk position. The number of frozen
atoms and the k-point mesh of each surface model are summar-
ized in Table S1 (ESI†). Artifacts from the reduced slab thickness
and frozen layers largely cancel when computing adsorption

Table 1 Bulk structures of iron, iron carbide, and platinum

Composition Space group

Lattice constanta (Å) Lattice angle (1)

Magneticsa b c a b g

Fe Im%3m 2.806 [2.866]35 901 FMb

Fe3C Pnma 5.008 [5.077] 6.637 [6.765] 4.446 [4.518]36 901 FM
Pt Fm%3m 3.917 [3.923]37 901 —

a The values in square brackets are the experimental references. b Ferromagnetic (FM).
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energies, with adsorption energies that are within B0.01 eV of
those computed on the full mirrored slabs.

2.3 Ab initio thermodynamics

Periodic surface models of Fe3C(010), Fe3C(001), and Fe3C(011)
with Fe-rich or C-rich terminations were built to evaluate the
surface stability of iron carbide in the PDH environment
through the formalism of ab initio thermodynamics. The details
of this formalism are described in detail by Sholl and Steckel38

and by Reuter.39 In principle, the catalyst surface is in dynamic
equilibrium with the reaction environment so that the chemical
potential of any species on the catalyst surface must be equal
to the chemical potential of that species in the gas phase.
We define the surface free energy with respect to the chemical
potential of all constituent species:

gsurface ¼
1

2A
ðEslab � nFe � mFe � nC � mCÞ (1)

and then use the equilibrium constraint to relate the chemical
potential of carbon to the chemical potential of propane and
hydrogen in the gas phase:

mC ¼
1

3
mC3H8

� 4mH2

� �
(2)

mFe ¼
1

3
mFe3C � mC
� �

(3)

gsurface is the surface free energy, A is the surface area of the
termination in the calculation cell multiplied by two to account
for both sides of the slab, Eslab is the total DFT energy of the
symmetric slab with identical terminations on both sides,
which is used to approximate the free energy of the slab, nFe

is the number of Fe atoms in the slab, mFe is the chemical
potential of Fe, nC is the number of C atoms in the slab, mC is
the chemical potential of C, mC3H8

is the chemical potential of

gaseous propane, mH2
is the chemical potential of gaseous

hydrogen, and mFe3C is the chemical potential of bulk iron
carbide per formula unit. The chemical potential of bulk iron
carbide is approximated by the total DFT energy of Fe3C
(i.e., mFe3C ¼ EDFT

Fe3C
) and the chemical potential of propane

and hydrogen in the gas phase are computed with the following
relationships:

mH2
¼ EDFT

H2
þ ZPVEþ DH0K!873:15K � TS873:15K þ RT � lnPH2

Pref

(4)

mC3H8
¼EDFT

C3H8
þZPVEþDH0K!873:15K�TS873:15KþRT � lnPC3H8

Pref

(5)

EDFT
H2

is the DFT energy of the H2 molecule, ZPVE is the zero-

point vibrational energy, DH0K-873.15K is the enthalpy change
of the molecule from 0 K to 873.15 K, T is the temperature,
S873.15K is the entropy of the gas at 873.15 K, R is the gas
constant, PH2

is the partial pressure of H2, Pref is the reference

pressure (1 atm), EDFT
C3H8

is the total DFT energy of the C3H8

molecule, and PC3H8
is the partial pressure of C3H8.

Similarly, to determine the stable coverage of surface
carbon, the relative free energy is defined as:

DG = Eadsorption � Eclean � nCmC (6)

where DG is the relative free energy, Eadsorption is the DFT energy
of the surface with carbon adsorption, and Eclean is the DFT
energy of the surface without carbon.

3 Results and discussion
3.1 Fe3C termination stability

Combining eqn (1) and (3) above, we see that the computed
surface free energy of stoichiometric terminations will be
independent of the chemical potential of carbon because we
use stoichiometric Fe3C bulk as the reference. The surface free
energy of surfaces with Fe : C ratios less than 3 : 1 will become
more stable with increasing carbon chemical potential, as they
become more stable under carbon-rich conditions. Only
surfaces of Fe3C that can be formed without reconstruction
with respect to the bulk lattice positions (i.e., surfaces that are
formed by cleaving the bulk without further rearrangement
other than local relaxation) are considered in this work.
We chose to investigate the Fe3C(001) and Fe3C(010) facets
because they are predicted to be stable in previous theoretical
studies,12–14 and we chose the Fe3C(011) facet because it was
prominent in the XRD patterns collected ex situ after PDH in
the experimental work of Tan et al.6 Four, three, and eight
distinct terminations were identified for the Miller planes of
Fe3C(001), Fe3C(010), and Fe3C(011), respectively, as shown in
Fig. 1. To name the facets defined in the figure, we use CR, IR,
and ST to indicate carbon-rich, iron-rich, and stoichiometric
surfaces, respectively, and when multiple CR or ST termina-
tions are possible we use numbers to differentiate the surfaces
(e.g., ‘‘(011)-CR-3’’ represents the third carbon-rich surface of
the (011) facet).

The comparison of the surface free energies with respect
to the partial pressure of propane is shown in Fig. 2. On all
three considered facets, carbon-rich terminations are favored
thermodynamically under reaction conditions, where the
Fe3C(010)-CR surface is found to be the most stable among
all the terminations. The higher stability of carbon-rich surfaces
is the result of both saturating undercoordinated Fe atoms and
the highly carbon-rich reaction environments. These results
suggest that extra carbon on the surfaces is thermodynamically
stable under PDH conditions, which agrees with experimental
observations showing that coke or carbon nanotubes form readily
on iron and iron carbide in carbon-rich environments.6,10,40 The
results also imply that coke will form readily on Fe and Fe3C,
which must be suppressed to maintain activity and selectivity.
For instance, severe coking on the catalyst was observed on pure
Fe during control experiments reported by Tan et al., while the
addition of phosphate suppressed the coking formation.6
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The Fe3C(010)-CR surface has the lowest surface free energy
among all evaluated terminations, in agreement with computa-
tions reported by Ramo et al.13 The five most stable surface
terminations under reaction conditions that are relevant for
investigating PDH kinetics include three carbon-rich surfaces
(Fe3C(010)-CR, Fe3C(001)-CR, and Fe3C(011)-CR-3) and two
stoichiometric surfaces (Fe3C(001)-ST-1 and Fe3C(011)-ST-1).
We also studied PDH kinetics over the Fe(110) surface for
comparison. The top and side views of the five selected surfaces
are shown in Fig. 3–5, which show that there is a significant
difference in the size and shape of Fe surface ensembles
between the different terminations (e.g., as highlighted in the
figure with red boxes). The ensembles are limited to a linear
configuration on all carbon-rich surfaces because of the
high carbon coverage, and are limited to a similar corrugated
alignment on Fe3C(011)-ST-1. In contrast, a large surface
Fe ensemble area can be identified on Fe3C(001)-ST-1 that
resembles the Fe(110) surface. We find that these Fe ensembles
at the topmost layer serve as the primary hydrocarbon
adsorption site. As shown in the adsorption configurations in
Fig. S5–S10 (ESI†), the adsorption of C3Hx (x = 8, 7, 6, 5, 4)
requires more connections to surface Fe atoms as the value of
x decreases. Thus, larger ensembles of Fe can provide more
bonding sites that will stabilize intermediates that have been
dehydrogenated beyond propylene.

3.2 PDH reaction barriers

A schematic of the propane dehydrogenation mechanism is
shown in Fig. 6. Achieving selective PDH requires sites on

Fig. 1 Scheme for generating different terminations of the (a) Fe3C(001),
Fe3C(010), and (b) Fe3C(011) facets. Dotted lines and arrows indicate the
cleavage point and surface direction, where atoms centered on the line are
the topmost atoms of the termination. Brown atoms are Fe and gray atoms
are C; variation in the color intensity represents the atom depth.

Fig. 2 The surface free energy of (a) Fe3C(001) (b) Fe3C(010), and
(c) Fe3C(011) relative to the partial pressure of propane at 873.15 K and
0.01 atm H2. Solid lines represent stoichiometric (ST) surfaces, dashed lines
represent iron-rich (IR) surfaces, and dash-dotted lines represent carbon-
rich (CR) surfaces. The reaction condition where the propane pressure is
0.05 atm is shown with the vertical black dotted line.
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which the desorption of propylene is favored over further
propylene dehydrogenation. As such, selectivity can be esti-
mated by computing the difference between the barriers either

to desorb or to dehydrogenate propylene (i.e., C3H6* - C3H6 (g) + *
versus C3H6* + * - C3H5* + H*). Examples of this approach in the
literature can be found in Sun et al.41 and Yang et al.42 The activity
of the catalyst can be determined by the first propane dehydro-
genation barrier, which includes both C3H8 physisorption and
C–H bond scission steps. Zha et al.43 reported an inverse relation-
ship between these two metrics of activity and selectivity over
Pt-based catalysts, as expected. Here, we will evaluate this
relationship over the Fe and Fe3C surface and compare to
Pt(111) as a reference.

We investigated the PDH reaction pathway on six surfaces:
five stable Fe3C terminations and the clean Fe(110) surface. The
reaction path was built using the most stable adsorption
configurations of each intermediate, which was determined
by considering all feasible adsorption geometries and adsorp-
tion sites. Details of the possible adsorption geometries of all
intermediates on the various surfaces are further discussed in
the ESI† and are summarized in Table S2. The dehydrogenation
reaction network for propane is complex, as multiple C–H
bonds can be broken. Here, we consider a simplified reaction
network including elementary dehydrogenation steps between
reaction intermediates of C3Hx (x = 8, 7, 6, 5, 4). Both CH3–CH2–
CH2 (1-propyl) and CH3–CH–CH3 (2-propyl) were considered for
the adsorption of C3H7 and the most stable adsorption configu-
ration is taken to represent the reaction intermediate. The
comparison of the formation energy of 1-propyl and 2-propyl
is reported in Table S5 (ESI†) and a comparison of C–C bond-
breaking steps versus C–H bond-breaking steps is reported in
Fig. S1 (ESI†), where C–H bond-breaking steps are always more
favorable (ESI†). Similarly, both CH3–C–CH2 (2-propenyl) and
CH3–CH–CH (1-propenyl) were considered for the adsorption of
C3H5. Only CH3–CH–CH2 (propylene) is considered for C3H6

and only CH3–C–CH (propyne) is considered for C3H4. The
reaction energy diagrams on each surface are shown in Fig. 7,
which includes the adsorption energy of C3Hx (x = 8, 7, 6, 5, 4)
as well as the transition states for each elementary dehydro-
genation step. The y-axis shows the relative free energy along

Fig. 3 (a) Top and (b) side view of the Fe3C(010)-CR slab model. The
intensity of atoms in the top view represents the position of the atom in
depth. The unit cell is shown with a dashed line. The largest ensemble of
iron atoms on the surface is marked in red on the top view.

Fig. 4 (a) Top and (c) side view of Fe3C(001)-ST-1, and (b) top and (d) side
view of Fe3C(001)-CR.

Fig. 5 (a) Top and (c) side view of Fe3C(011)-ST-1, and (b) top and (d) side
view of Fe3C(011)-CR-3.
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the reaction coordinate referenced to gas phase propane and
adsorbed hydrogen atoms, as defined by eqn (7):

DG = GC3Hx* + (8 � x)�GH* � (9 � x)E* � GC3H8(g) (7)

The DFT energies of each adsorbed intermediate on the
surface was computed in a separate cell, so all adsorbate-
adsorbate interactions between hydrogen and the hydrocarbon
are neglected in Fig. 7. Because of the large impact of entropy
under high temperature, the propylene surface gas with
2-dimensional (2D) translational entropy is taken as the transi-
tion state for propylene desorption. On Fe3C(010)-CR (Fig. 7d),
Fe3C(001)-CR (Fig. 7e), and Fe3C(011)-CR-3 (Fig. 7f), the 2D
surface gas is more stable than adsorbed C3H6 so the
desorption step is considered to be barrierless for those steps.

The insets show the most stable configuration of each
reaction step, which indicates that more bonds are formed
between the hydrocarbon and the surface as dehydrogenation
progresses. Detailed geometries are shown in Fig. S5–S10 (ESI†)
and all energies used in the figures are reported in Table S4
(ESI†). The trends in the figure imply that deeper dehydrogena-
tion is preferred on surfaces with larger iron ensembles that
provide more binding sites for the molecule. This agrees with
the exothermic reaction trend evident in the reaction energy
diagrams on Fe(110) (Fig. 7a) and Fe3C(001)-ST-1 (Fig. 7b),
which both feature large Fe ensembles. As seen in the insets
of these figures, the hydrocarbon adsorption geometries are
also similar on these two surfaces. In contrast, hydrocarbon
binding on the other four surfaces is clearly limited on the
small, linear iron ensembles. Correspondingly, the propylene
selectivity on the carbon-rich surfaces is much higher, as shown
in Fig. 8a. The selectivity for propylene is determined by the
difference between the propylene dehydrogenation barrier and
the propylene desorption barrier, where more positive values
indicate greater selectivity. In Fig. 8a, the surfaces are organized
according to stability under reaction conditions (873.15 K,
0.05 atm C3H8, and 0.01 atm H2). On the first three carbon-rich

surfaces, which are most stable, the propylene dehydrogenation
barriers (blue bars) are much higher than the desorption barriers
(red bars), which suggests the dehydrogenation of propane on
these surface will stop at this step because it is more favorable for
propylene to desorb. On the other three surfaces, the dehydro-
genation barrier is comparable to the desorption barrier. This is
especially true on the two surfaces with large iron ensembles,
Fe3C(001)-ST-1 and Fe(110), indicating that these surfaces will not
be selective toward propylene. In the previous section, the carbon-
rich terminations were found to have lower surface free energy
under the reaction conditions, which means they will share a
larger portion of exposed surface area on the catalyst. The carbon-
rich surfaces were also found to have higher selectivity to propy-
lene, as shown by the critical barriers in Fig. 8a. The two
conclusions above corroborate the high selectivity of Fe3C, as
the most stable surface terminations are also the most selective
terminations. The stability of the surface itself is not causally
related to the selectivity, but the carbon-rich surfaces tend to be
more stable under carbon-rich conditions and they exhibit higher
selectivity.

As is usually the case, surfaces with higher selectivity tend to
have lower activity. The iron and iron carbide surfaces show a
trade-off relationship between activity and selectivity for PDH,
as shown with the red dashed line in Fig. 8b, which is similar to
the relationship for Pt-based catalysts observed by Zha et al.43

The first dehydrogenation barrier (i.e., the apparent activation
barrier for C3H8(g) + * - C3H7* + H*) is taken as the index of
activity. The difference between the desorption barrier (i.e., the
barrier for C3H6* - C3H6(g) + *) and the propylene dehydro-
genation barrier (i.e., the barrier for C3H6* + * - C3H5* + H*) is
the index of selectivity. For comparison, the first dehydrogena-
tion barrier (DG2), propylene desorption barrier (DG4), and the
propylene dehydrogenation barrier (DG5) computed on the
Pt(111) surface are 0.17 eV, 0.71 eV, and 0.68 eV, respectively,
where the corresponding geometries are shown in Fig. S11
(ESI). The activity and selectivity of Pt(111) is shown as the
black data point in Fig. 8b. We found a significant difference in

Fig. 6 Simplified reaction network of catalytic propane dehydrogenation. The selectivity of propylene is determined by the difference between the
propylene dehydrogenation barrier and the propylene desorption barrier (i.e., DG4 – DG5). The activity is determined by the apparent barrier for propane
adsorption and dehydrogenation (i.e., DG1 + DG2). The adsorption configurations on Fe(110) are shown here as representative examples.
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the propane physisorption energy on Pt(111) compared to the
Fe and Fe3C surfaces that was nearly entirely attributed to the
D3 van der Waals energy correction, which causes Pt to have
significantly lower apparent barrier for propane activation.
Since there is some uncertainly in the empirical parameters
of the D3 correction when it is applied to metal surfaces,44 we
also report this data with the van der Waals energy removed to
determine if there are qualitative differences (Fig. 8c). We find
that the activity–selectivity trend on Fe/Fe3C is largely unaffected by
the D3 correction, as the parameterization for Fe is consistent
across these surfaces and thus only causes only a systematic shift
in the data. We see that the Pt(111) data point falls closer to the
Fe/Fe3C trendline when the D3 correction is removed, but that the
relative ordering of the data with respect to activity and selectivity
is not changed. The Pt(111) surface falls close to the Fe/Fe3C
trendline in both cases, where Pt lies on the upper-left-hand corner

of the trendline showing that it is more active and less selective
compared to Fe3C surfaces. In experimental studies on Pt surfaces,
Ma et al.45 observed 60% selectivity and 20% conversion and Zhu
et al.46 obtained 80% selectivity and 30% conversion. On Fe3C
surfaces, Tan et al.6 found 80% selectivity and 20% conversion,
which qualitatively agrees with the activity and selectivity trends
predicted by our calculations. However, direct comparisons
between these experimental results are tenuous, as they applied
different experimental setups (e.g., different supports, dopants,
and temperatures). The general trends are in agreement with our
computational results; namely, platinum is more active but less
selective than Fe3C surfaces.

3.3 Geometric effects on selectivity

The above results indicate that Fe3C is selective toward propy-
lene because (1) the high stability of carbon-rich terminations

Fig. 7 Reaction energy diagram for PDH over (a) Fe(110), (b) Fe3C(001)-ST-1, (c) Fe3C(011)-ST-1, (d) Fe3C(010)-CR, (e) Fe3C(001)-CR, and (f) Fe3C(011)-
CR-3. The kinetic barriers are labeled for each step in eV. The adsorption and desorption processes are shown with dashed lines. The most stable
configuration of each adsorption species is shown in the insets.
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under reactions conditions and (2) the reduced propylene
binding energy on carbon-rich terminations. In this section
we investigate more closely the binding behavior of propylene
on these surfaces. Previous studies considering Pt-based PDH
catalysts reported that activity and selectivity is promoted by
the addition of inert metal atoms through either an electronic

effect that stabilizes the d-state electrons of the active metal or a
geometric effect that disrupts large ensembles of active metal
atoms. For instance, the electronic effect of the inert atoms on
the surface features a linear relationship between the adsorp-
tion energy of reaction intermediates (especially propylene) and
the d-band centers of the catalyst surfaces.42,43,47 The geometric
effect was discussed in great detail in the application of a Pt/Sn
alloy,1,4,46,48–56 which is a popular commercialized catalyst for
light alkane dehydrogenation. Numerous other examples are
available in the literature, such as results reported by Cybulskis
et al.57 demonstrating that the addition of zinc in platinum can
affect the reaction through both electronic and geometric
effects, results from Yang et al.58 showing that step sites
promote deep dehydrogenation of propane on Pt, results from
Gallagher et al.59 attributing the increased selectivity of Pd/Zn
to the geometrical isolation of Pd, or results from Ma et al.45

showing the geometric effects of Cu on Pt, and Wegener et al.60

showing the geometric effects In on Pt.
We propose that the high selectivity of carbon-rich surfaces

is primarily the result of a geometric effect. Since the propylene
dehydrogenation barriers on Fe3C surfaces were found to have
similar magnitudes, we focus on the propylene desorption
barrier as the key descriptor for selectivity. We analyzed the
bonding between C3H6 and Fe3C surfaces using both a crystal
orbital Hamilton population (COHP) method and the d-band
centers of surface iron atoms. COHP allows one to analyze the
molecule’s binding strength to the surface by calculating the
Hamilton-weighted density of states between any two atoms,
where the integral of the COHP (ICOHP) represents the total
amount of bonding/antibonding and is an index of bond
strength.61,62 The ICOHP between each pair of iron and carbon
atoms within 3 Å were calculated to evaluate the bond strength,
where more negative numbers indicate more bonding inter-
actions than antibonding interactions and thus stronger
binding. The d-band center of each surface Fe atom was
computed on the clean surfaces without adsorbed propylene.
Higher d-band center energies are expected to correlate with
stronger adsorbate binding.63

The d-band center analysis of the Fe atoms on the clean
surfaces are shown in Fig. 9. It is evident that surface Fe atoms
on various Fe3C surfaces have similar d-band centers (i.e., ranging
from �1.14 eV to �1.39 eV). This contrasts with the much higher
d-band center on the Fe(110) surface (i.e., �0.97 eV), which
accounts for the higher activity and lower selectivity of Fe(110)
compared to the Fe3C surfaces. Yet, the effect of the d-band center
is less important among the Fe3C surfaces since they have similar
d-band centers but exhibit significantly different propylene
binding energies. For example, although they have similar Fe
d-band centers, Fe3C(001)-ST-1 shows a strong adsorption
for propylene while the adsorption on Fe3C(001)-CR is weak
(i.e., Fig. 9b versus Fig. 9e). Thus, the electronic effect is less
important in the selectivity toward propylene on Fe3C surfaces.
This suggests that the strength of propylene adsorption on Fe3C
surfaces is determined by the surface geometry. A larger
ensemble of iron on the surface allows the C3H6 molecule to
form bonds with more iron atoms. For instance, a large Fe

Fig. 8 (a) Comparison between the propylene desorption barrier and
propylene dehydrogenation barrier on each surface. (b) Trade-off relation-
ship between PDH selectivity and activity on Fe and Fe3C surfaces (red)
compared to Pt(111) (black). (c) Trade-off relationship between PDH
selectivity and activity on Fe and Fe3C surfaces (red) compared to Pt(111)
(black) computed with van der Waals corrections removed.
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ensemble allows propylene to adsorb on the Fe3C(001)-ST-1
surface in a di-s mode (Fig. 9b), which is more stable than the
p-binding mode on Fe3C(001)-CR (Fig. 9e). Other than the
separating effect of carbon atoms on carbon-rich surfaces, the
geometric effect may also come from the alignment of surface
atoms. For example, although both are stoichiometric surfaces,
Fe3C(011)-ST-1 (Fig. 9c) exhibits much weaker propylene
adsorption compared to Fe3C(001)-ST-1 (Fig. 9b) because some
surface iron atoms on the latter surface are too deep within the
surface structure to be accessible for propylene adsorption.

The change of density of states (DOS) for both the molecule
and the surface during the adsorption were studied to further
demonstrate how the geometric effect is acting on the stability
of propylene adsorption, as shown in Fig. 10. The surfaces
of Fe3C(001)-ST-1 (Fig. 10a) and Fe3C(001)-CR (Fig. 10b) are
studied here for comparison because they have similar d-band
centers of the surface Fe atoms, and the only difference
between them is the extra surface carbon. There was a signifi-
cant difference in the behavior of the molecular orbitals of
propylene during the adsorption. On Fe3C(001)-CR, the 2p
orbital has a strong interaction with the surface and is entirely
hybridized with the surface states, while all other orbitals
remain in a similar position and do not interact with the
surface. On Fe3C(001)-ST-1, all orbitals from the 7s to the 2p
of propylene mix with the surface states. Thus, the geometric
effect on carbon-rich surfaces limits the interaction between
propylene and the surface to the hybridization of the 2p orbital
forming the weak p-bonding mode. These results agree with
known binding properties of propylene on Pt surfaces. For
instance, Valcárcel et al.64 found in their experiments that the
binding of propylene on Pt(111) changed from a di-s mode to a
p-bonding mode with increased adsorbate coverage, which
correlates with weaker adsorption strengths in the p-bonding
mode compared to the di-s mode. However, binding remains

strong when the coverage is low enough to maintain the
di-s mode.

Either the electronic effect or the geometric effect can have
more relative importance in different catalytic systems as
discussed at the beginning of Section 3.3. In this work, we
show that the geometric effect of surface carbon plays the most
important role in determining the propylene selectivity on iron
carbide surfaces, as it significantly influences the propylene
adsorption strength. There is a weak electronic effect when
comparing Fe to Fe3C surfaces, as evident from the difference
in the d-band center of surface Fe atoms. However, among Fe3C
surfaces the d-band center of surface Fe atoms is similar, and
thus we find that the geometric effect is more important.

3.4 Effect of phosphate

In previous sections we have demonstrated that the ensemble
effect reduced the propylene binding energy on the stable
carbon-rich terminations. The unfavorable deep dehydrogena-
tion on Fe3C carbon-rich surfaces also implies that the Fe3C
phase has high resistance to coking, since the products of deep
dehydrogenation, such as C3H5* or C3H4*, are the major
sources of carbon for surface coking. During selective PDH
over Fe3C, all carbon introduced to the surface as propane
leaves as propylene and there is no further carbon uptake.
As shown in Fig. S2 (ESI†), on Fe(110) the calculated reaction
energies for breaking C–H, CQC, and C–C bonds of C3H6* are
�0.35 eV, �0.16 eV, and B0 eV, respectively, which indicates
that the cracking reaction is very favorable on Fe(110). Thus,
deep dehydrogenation and unselective cracking is preferred on
pure iron surfaces, leading to rapid coke formation, as observed
in experiment.6,10 Tan et al. observe the formation of Fe3C from
pure Fe, where phosphate was added in the preparation of the
catalysts.6 During the initial reaction stage (0–30 min), the
catalyst with phosphate shows high conversion of propane

Fig. 9 The results of COHP and d-band center analysis on (a) Fe(110), (b) Fe3C(001)-ST-1, (c) Fe3C(011)-ST-1, (d) Fe3C(010)-CR, (e) Fe3C(001)-CR, and
(f) Fe3C(011)-CR-3. The values of ICOHP (black) of iron-carbon pairs within 3 Å are labeled next to the bonds in units of eV. The values of the d-band
center (blue) of surface iron atoms are labeled in units of eV.
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and yields a large amount of hydrogen but no other gas
products, which indicates that the catalyst has high activity
for dehydrogenation and cracking similar to a pure iron surface.
However, severe coking was not observed when phosphate was
present, despite the carbon uptake by the catalyst. Furthermore,
catalysts prepared with lower amounts of phosphate perform
better than those with higher amounts of phosphate, suggesting
that phosphate itself is not responsible for PDH activity. Thus,
the phosphate’s role is primarily to suppress coke formation as
the Fe catalyst is transformed into the selective Fe3C phase.

Here, we test the hypothesis that phosphate can prevent the
accumulation of surface carbon on Fe facets. We used a
Fe(110)-(2 � 2) model with a PO4 group adsorbed on the surface
to evaluate the phase diagram of the surface with varying C*
coverage using ab initio thermodynamics, as shown in Fig. 11.
The shaded area under the line of lowest energy indicates the
stable carbon coverage with and without PO4. The coverage of
carbon is the C/Fe ratio on the topmost layer of Fe(110), where
full monolayer (ML) coverage means all long-bridge sites on the
surface are occupied with carbon. In Fig. 11a, the 1/4 ML
coverage of carbon is stable down to 10�15 atm propane on
the Fe surface with no phosphate. In Fig. 11b, the 1/8 ML
coverage of carbon is stable to 10�7 atm propane and the 1/4
ML coverage is stable to 1014 atm propane on the surface with
phosphate. Thus, the phosphate group on Fe(110) surface

destabilizes surface carbon, shifting the region of high C*
coverage outside the PDH reaction conditions. Phosphate can
therefore prevent the accumulation of surface carbon and
suppress coking. The effect of the protonation state of the
phosphate (i.e., HPO4, H2PO4) on carbon adsorption was also
tested, as shown in Fig. S3 (ESI†). The 1/4 ML coverage of
carbon is stable to 10�6 atm propane with co-adsorbed H2PO4,
and is stable to 103 atm propane with co-adsorbed HPO4. The
protonated phosphate still destabilizes surface carbon but has
less effect than the PO4 group, which implies the destabiliza-
tion of carbon is related to the amount of charge transfer.

PO4 likely destabilizes surface C* via charge transfer, as the
phosphate group is highly electron withdrawing in nature.
To test this, the charge distribution of each configuration in
Fig. 11 was analyzed using the Bader charge method,65 as
shown in Tables S3 and S4 (ESI†). Both the phosphate group
and the surface carbon draw a large amount of electron density
from the iron surface. For instance, when adsorbed on the
Fe(110) surface, the carbon atom and phosphate group have
�1.30 e and �2.00 e charge, respectively, where e is the positive
elementary charge. Thus, there is competition for negative
charge between the surface carbon and the phosphate. The
charge of the PO4 group changes to �1.97 e when a carbon
atom is present, and the charge of the carbon atom changes to
�1.21 e when phosphate is present. The strong charge transfer

Fig. 10 DOS illustrating propylene bonding behavior on (a) Fe3C(001)-ST-1 and (b) Fe3C(001)-CR surfaces. The four panels in each case starting from
the top are the DOS of a free molecule far away from the surface, of a molecule adsorbed on the surface, of the Fe atom d states on the surface with C3H6

adsorbed, and the Fe atom d states on a clean surface, respectively. The structures for Fe3C(001)-CR are shown in the insets on the right side as
examples. The x-axis is the energy versus the vacuum level. The y-axis is the DOS presented on different arbitrary scales in the different panels for
legibility. The Fermi-level is indicated by the black vertical line.

Paper PCCP

Pu
bl

is
he

d 
on

 1
7 

D
ec

em
be

r 
20

20
. D

ow
nl

oa
de

d 
by

 R
ic

e 
U

ni
ve

rs
ity

 o
n 

5/
26

/2
02

1 
8:

14
:2

2 
PM

. 
View Article Online

https://doi.org/10.1039/d0cp04669h


This journal is©the Owner Societies 2021 Phys. Chem. Chem. Phys., 2021, 23, 1401--1413 | 1411

toward phosphate destabilizes carbon on the surface by redu-
cing the available charge density. We analyzed the bonding
between the C* atom and the four nearest Fe atoms (1.8–2.1 Å)
from the Fe(110) surface using the COHP method, as described
in the previous section. The change to the Fe–C bond strength
caused by the PO4 group is shown in Fig. 12. On pristine
Fe(110), C* can bond strongly since all occupied electronic
states below the Fermi level are bonding in nature. When
co-adsorbed with phosphate, the amount of bonding inter-
actions between C* and the surface is decreased. As a result,
the ICOHP value decreases from �11.44 eV to �7.64 eV. The
effect of the van der Waals correction on COHP was tested for
C* on Fe(110) and no difference was found. Combining the
results from both Bader charge and COHP analyses, we con-
clude that the PO4 group withdraws electron density and thus
weakens the Fe–C carbon bond to destabilize surface carbon.

We used a larger surface model to study charge transfer as a
function of distance from the PO4 group (Fig. 13). On the
Fe(110)-(4 � 3) surface, the effect of the phosphate is limited
to its surrounding domain, as the charge of the surface Fe
atoms varies with respect to position from the phosphate
group. The carbon adsorption energy was calculated at each

adsorption site shown in the figure, where Fig. 13a shows the
change in the carbon adsorption energy (DE) at each site
caused by co-adsorption with PO4. The largest changes occur
near the PO4 group, suggesting that the charge transfer is
mostly a local effect. We then correlated the change in adsorp-
tion energy with the Bader charge of the bridge Fe atoms at the
site that form the shortest bond to the surface carbon (Fig. 13b)

Fig. 12 pCOHP analysis of the bonding between C* and the four nearest
surface Fe atoms with (red) or without (blue) phosphate co-adsorption.

Fig. 13 (a) The change in carbon adsorption energy (DE) at each site
caused by co-adsorption with phosphate. Darker color indicates a larger
effect from the PO4 group. (b) The correlation of DE with the total Bader
charge of the two bridge Fe atoms of each site. (c) The correlation of DE
with the total Bader charge of the four Fe atoms around the site.

Fig. 11 Phase diagrams of surface carbon coverage on (a) pristine Fe(110)
and (b) Fe(110) with PO4 adsorbed. The solid line is the surface without
carbon and is taken as the reference. The dashed line is the surface with
one carbon atom per (2 � 2) cell. The dash-dotted line is the surface with
two carbon atoms per (2 � 2) cell. The dotted vertical line is the reaction
condition, which is at 873.15 K, 0.01 atm H2, and 0.05 atm C3H8. The light
gray area represents the stable region of 1/8 ML coverage of carbon and
the dark gray area is for 1/4 ML coverage of carbon. The panels on the right
side show the top view of the configurations corresponding to each line in
the phase diagram. Brown: Fe, Red: O, Purple: P, Gray: C.
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or all four surrounding Fe atoms at the site (Fig. 13c). Both
show high correlation with the change in carbon adsorption
energy, which further shows that destabilization of surface
carbon is the result of charge transfer.

4 Conclusion

In this work we demonstrate that the high selectivity of Fe3C for
propylene during PDH can be attributed to the high stability of
carbon-rich surfaces under reaction conditions, as determined
using ab initio thermodynamics. Kinetic barriers for the PDH
reaction predict that these surfaces are highly selective toward
propylene, where the difference in the desorption energy and
dehydrogenation energy of propylene dictates selectivity. COHP
and d-band center analyses together demonstrate that a geo-
metric ensemble effect plays an important role because it
determines the C3H6 adsorption strength. On Fe-based cata-
lysts, carbon atoms from the environment form a stable carbide
phase, which separates large iron ensembles that favor propy-
lene adsorption and deep dehydrogenation. The demonstrated
importance of the ensemble effect suggests that other iron-
based compounds, such as iron sulfides/phosphides or iron
alloys, are potential candidates for selective PDH. For instance,
Wang et al.66 examined seven different metal sulfides, including
FeS, showing that several are selective catalysts for isobutene
dehydrogenation with comparable performance to commercial
catalysts. Other examples include the use of Al13Fe4 as an
efficient catalyst for the hydrogenation of butadiene and
acetylene.67,68 Finally, we found that phosphate prevents rapid
coking on pure iron surfaces via weakening the Fe–C interaction
by withdrawing electron density from the surface.
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