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ABSTRACT: CO adsorption structures and energetics on the
iron (100), (110), (111), (210), (211), and (310) surfaces from
the lowest coverage up to saturation have been computed using
spin-polarized density functional theory and ab initio thermody-
namics. It is found that different adsorption configurations on
each of these surfaces at high coverage can coexist. The stepwise
adsorption energies and dissociation barriers at different coverage
reveal equilibriums between desorption and dissociation of
adsorbed CO molecules. Only molecular CO adsorption is
possible at very high coverage and only dissociative CO adsorption at very low coverage, whereas mixed molecular and
dissociative CO adsorption becomes possible at medium coverage. The computed stable adsorption configurations and the
respective C−O and Fe−C stretching frequencies as well as desorption temperatures on the (100), (110), and (111) surfaces
agree very well with the available experimental data. Such agreements between theory and experiment validate our computational
methods and allow us to reasonably predict the experimentally unknown CO activation mechanisms on the (210), (211), and
(310) surfaces. Our results might provide some references for the study of CO related reaction mechanisms.
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1. INTRODUCTION

As a very important and useful basic chemical, carbon
monoxide (CO) has found wide applications in energy societies
as well as value-added bulk and fine chemical productions. The
most representative examples are Fischer−Tropsch synthesis
(FTS),1 alcohol synthesis, and hydrogen production from the
water−gas shift (WGS) reaction.2 To understand these key
processes deeply, it is very necessary and essential to study CO
adsorption and dissociation mechanisms on the surfaces of
heterogeneous catalysts. Because of the significant relevance of
CHx formation in the FTS process,3,4 CO adsorption and
dissociation mechanisms on iron surfaces have attracted great
attention from academic researchers and for industrial
applications. More specifically, the adsorption, desorption,
and dissociation of CO on iron surfaces are very essential steps
in association with the catalytic activities. In the last two
decades, diverse experimental techniques and state of the art
theoretical calculations have been explored to investigate the
interaction of CO with iron single crystalline surfaces.
On the Fe(110) surface, Yoshida and Somorjai5 found an

ordered molecular CO adsorption at 270 K and a dissociative
adsorption at 400 K by using low-energy electron diffraction
(LEED) and thermal desorption spectroscopy (TDS). Broden
et al.6 also found a molecular CO adsorption on the Fe(110)
surface at room temperature and a dissociative adsorption at
385 K in an ultraviolet photoemission spectroscopy and LEED
study. Erley7 investigated CO chemisorption on the Fe(110)

surface at 120 K by using LEED and high resolution electron
energy loss spectroscopy (HREELS) and found the shifts of the
Fe−C stretching frequency from 456 to 500 cm−1 up to 0.7 L
(0.25 ML) and from 484 to 444 cm−1 at 0.7−1.5 L (0.5 ML) as
well as the C−O stretching frequency from 1890 to 1985 cm−1

with an increase in exposure. Gonzalez et al.8 studied CO
adsorption and desorption kinetics on the Fe(110) surface by
using TDS and found a molecular CO desorption at 400−420
K and a recombinative desorption at 675−800 K, and that
surface defects facilitate CO dissociation. In a laser-induced
thermal desorption study of CO on the Fe(110) surface,
Wedler et al.9 found that the desorption maximum amplitude
depends on laser pulse intensity and CO coverage. A work
function study (WF)10 revealed a facile equilibrium between
adsorption and desorption at room temperature and dissoci-
ation above 380 K for CO on the Fe(110) surface.
On the Fe(100) surface, three molecular CO adsorption

states (α1, α2, and α3) at about 220−250, 306−340, and 400−
440 K as well as one recombinative desorption of dissociated C
and O atoms at around 750−820 K (β state) were detected by
applying surface science techniques such as X-ray photoelectron
spectroscopy (XPS) and temperature-programmed desorption
(TPD),11−13 and CO dissociation was observed at about 440 K.
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Further study by applying XPS, TPD, X-ray photoelectron
diffraction,14 near-edge X-ray absorption fine structure spec-
troscopy,15−17 and HREELS18,19 identified the 4-fold hollow
site with an unusually low CO stretching frequency of 1210
cm−1 as the most stable adsorption configuration (α3),
representing the CO dissociation precursor state. By using
HREELS and temperature-programmed surface reaction
techniques, Lu et al.20 studied CO adsorption and dissociation
on the Fe(100) surface at 423 K and found CO dissociation at
coverage lower than 0.15 monolayer (ML) and CO desorption
at coverage higher than 0.15 ML. The bonding mechanism of
the predissociative hollow (α3) phase and the nondissociative
atop (α1) phase of CO on the Fe(100) surface was studied by
Gladh et al.21 by using X-ray emission spectroscopy and density
functional theory (DFT) calculations, and a π-donation/π*
back-donation scheme is proposed for CO in the 4-fold hollow
site. Wilcox et al.22 systematically studied the adsorption
mechanism and electronic structure of CO on the FeCo(100)
alloys and compared it with those on the pure Fe(001) and
Co(0001) surfaces.
In a combined HREELS, LEED, TDS and WF study of CO

on the Fe(111) surface, Seip et al.23 found the sharp peak at
400 K (α2 state) in TDS belonging to CO adsorption at the
shallow hollow site, the α1 state at high exposure belonging to
CO adsorption at the atop and deep-hollow sites, and the β
state coming from the recombinative desorption of the
adsorbed C and O atoms. A similar study of CO adsorption
on the Fe(111) surface by applying low-temperature exposure
and high-resolution data by Bartosch et al.24 confirmed three
CO adsorption states and found a previously unobserved CO
stretching vibration at 1325 cm−1. In a TPD and time-resolved
electron energy loss spectroscopy study of CO adsorption on
the Fe(111) surface, Whitman et al.25 found that CO site
occupancy depends on coverage and temperature.
In addition to the extensive experimental studies, CO

adsorption on iron single crystalline surfaces also has been
widely studied theoretically. Early studies in the 1980s applied
mainly semiempirical26,27 and Hatree−Fock28 methods. By
using infinite slab and finite cluster models to study CO
adsorption on the Fe(001) surface, Nayak et al.29 found that
the 4-fold hollow site is the energetically most preferred
adsorption site, followed by the atop and bridge sites. Sorescu
et al.30 computed the adsorption of CO, C, and O atoms as well
as CO dissociation on the Fe(100) surface and found that CO
on the 4-fold site (α3 state in TPD) is the most stable and has a
dissociation barrier in the range of 1.06−1.22 eV, whereas CO
on the bridge site (α2 state) is more stable than on the atop site
(α1 state) at low coverage, and the atop site becomes more
stable than the bridge site at high coverage. Bromfield et al.31

studied CO interaction on the Fe(100) surface and found that
CO adsorption and dissociation are coverage dependent. On
the Fe(100) surface, Elahifard et al.32 proposed CO direct
dissociation at low coverage and H-assisted CO dissociation at
high coverage.
The DFT study of CO adsorption on the Fe(110) surface at

different coverage by Stibor et al.33 revealed that CO
adsorption on the top site is the most stable at low coverage
but on the long bridge site becomes the most stable at high
coverage. Because of the disagreement with the favored top
adsorption configurations at high coverage on the basis of the
detected CO vibrational frequencies, they attributed this
disagreement to the overestimation of the stability of the
long bridge adsorption configuration by the DFT method. By

applying a different exchange and correlation functional, Jiang
and Carter34 studied CO adsorption and dissociation on the
Fe(110) surface, and their results show that the PW91, PBE,
RPBE, and PKZB methods can yield the correct site preference
at 0.25 ML, but only PKZB predicts the correct site preference
at 0.5 ML. They also reported a CO dissociation barrier of 1.52
eV on the top site on the Fe(110) surface at 0.25 ML with PBE.
Sun et al.35 investigated the spin-resolved electronic states of
CO on the Fe(110) surface using spin-polarized metastable-
atom de-excitation spectroscopy (SPMDS) and first-principles
DFT and found the existence of the adsorbate-induced 2π*
state in addition to CO 4σ and 5σ /1π states.
On the Fe(111) surface, Chen et al.36 carried out a

systematic DFT study of CO adsorption at different coverage
and revealed that shallow hollow adsorption is most stable at 1/
3 and 1/2 ML; shallow hollow and bridge adsorptions coexist at
1 ML, and bent atop and triply capping adsorptions are most
favorable at 2 ML. Huo et al.37 studied CO dissociation on the
clean and hydrogen-precovered Fe(111) surfaces by DFT
calculations and revealed H-assisted CO dissociation to be
more favorable than CO direct dissociation. A similar result
about H-assisted CO dissociation on Fe(111) was also reported
by Li et al.38

CO chemisorption on the Fe(211) surface was reported by
Borthwick et al.39 using first-principles DFT and a single-crystal
adsorption calorimetric method. In their study, the adsorption
state at the 3-fold site involving one top-layer and two second-
layer metal atoms is most stable. They also found that CO
dissociation is particularly facile, and the Fe(211) surface is
optimal for FTS. Lo et al.40 studied CO adsorption and
dissociation on the stepped Fe(310) surface by using the DFT
method at 0.25 and 0.50 ML and found significant
contributions of coverage to the overall CO decomposition
rate at 0.5 ML. Sorescu41 studied CO adsorption, diffusion, and
activation on the kinked Fe(710) and Fe(310) surfaces and
found the smallest activation barriers for CO dissociation in the
regime of low coverage compared with the Fe(100), Fe(110),
Fe(111), and Fe(211) surfaces.
Despite these extensive DFT studies about CO adsorption

on iron single crystalline surfaces, it is still difficult for a
systematic comparison among different surfaces because those
data have been obtained by using very diverse models and
methods. Furthermore, the coverage-dependent CO adsorption
and dissociation, apart from our recent work,42 has not been
considered previously. Because the surfaces of FTS catalysts
have been proved to be CO-precovered experimentally,43−45

studies of high-coverage CO activation are essential to
understand the initial steps of the FTS process as well as
reactions involving CO deeply. Because the active phases of
catalysts in heterogeneous catalysis are polycrystalline and
always very complex, the reasonable way to get a deep and
reasonable understanding into the active sites and catalytic
properties is to consider all possibilities. We therefore
performed a systematic study of CO adsorption, dissociation,
and desorption on iron (110), (111), (210), (211), and (310)
surfaces at different coverages using the same DFT method-
ology. For a general comparison, we included our results of CO
adsorption and dissociation on the (100) surface. Our goal is to
reveal the coverage-dependent adsorption, dissociation, and
desorption processes and, finally, to present the initial state of
CO activation on iron surfaces, which will provide some
references for the studies of CO related reaction mechanisms.
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2. COMPUTATIONAL METHODS AND MODELS

2.1. Methods. All calculations were performed by applying
the plane-wave-based DFT method implemented in the Vienna
ab initio simulation package (VASP).46,47 Periodic slab models
were used to model the catalyst surfaces. The electron ion
interaction was described with the projector augmented wave
(PAW) method.48,49 The electron exchange and correlation
energy was treated within the generalized gradient approx-
imation in the Perdew−Burke−Ernzerhof formalism (GGA-
PBE).50 Spin-polarization was included for iron systems to
correctly account for the magnetic properties, and this was
found essential for an accurate description of adsorption
energies.51 To acquire accurate energies with errors of <1 meV
per atom, an energy cutoff of 400 eV and a second-order
Methfessel−Paxton52 electron smearing with σ = 0.2 eV were
used. A vacuum layer of 10 Å was set between the periodically
repeated slabs to avoid strong interactions.
The adsorption energy (Eads) of one CO molecule is defined

as Eads = ECO/slab − [Eslab + ECO], where ECO/slab is the total
energy of the slab with one CO adsorption, Eslab is the total
energy of the bare slab, and ECO is the total energy of a free CO
molecule in the gas phase; and a more negative Eads indicates a
stronger adsorption. To consider the coverage-dependent CO
adsorption and dissociation, CO was added to the surfaces one-
by-one on the basis of the most stable adsorption structure of
one CO, that is, one additional CO molecule was added to the
previous most stable one for getting the next most stable one
after considering different adsorption sites. For getting the
saturation coverage, stepwise adsorption energy (ΔEads) was
applied, that is, ΔEads = E(CO)n+1/slab − [E(CO)n/slab + ECO], where
a positive ΔEads for n + 1 adsorbed CO molecules indicates the
saturated adsorption with nCO molecules. Our stepwise
adsorption energy defines the change in the adsorption energy
by adding one more species to the surface, whereas the
differential energy of adsorption defines the change in the
average adsorption energy per coverage as a function of the
coverage.53

To locate the CO dissociation transition states on iron
surfaces, the nudged elastic band method54 was applied, and the
CO stretching frequencies were analyzed to characterize a
transition state with only one imaginary frequency. The CO
dissociation barrier (Ea) is defined as Ea = ETS − EIS, and the
reaction energy (Er) is defined as Er = EFS − EIS, where EIS, EFS,
and ETS represent the total energy of the initial adsorbed CO
molecule, final dissociated CO molecule (C + O atoms), and
the CO dissociating transition state, respectively. We tested the
corrections of zero-point energies (ZPE) to the adsorption
energies of a gaseous CO molecule, the dissociation barriers,
and dissociation energies of an adsorbed CO molecule on all six
iron surfaces (Supporting Information Table S1). For CO
adsorption energy, the maximal correction is 0.06 eV and the
average absolute correction is 0.04 eV. For CO dissociation
barrier, the maximal correction is 0.04 eV and the average
absolute correction is 0.02 eV. For CO dissociation energy, the
maximal correction is 0.07 eV and the average absolute
correction is 0.05 eV. All these rather small corrections do not
alter the results and conclusion without corrections; therefore,
we used all energetics without ZPE corrections for our analysis
and discussion.
2.2. Models. Calculation of the α-Fe bulk crystal structure

with a k-point mesh of 9 × 9 × 9 gives a lattice constant of 2.84
Å and a local spin magnetic moment of 2.214 μB, in good

agreement with other DFT calculations55,56 and experiment.57

For studying CO adsorption on an α-Fe catalyst, apart from the
(100) surface in our previous work,42 other five body-centered
cubic (bcc) surfaces are considered: two low-index (110) and
(111) surfaces for the basic structures and three high-index
(210), (211), and (310) surfaces for the step and kinked
structures. Theoretical studies on the surface structures and
stability from the literature58−62 are compiled in Supporting
Information Table S2. All these studies show that the (110)
and (100) surfaces are most stable, followed by the (211) and
(310) surfaces. Depending on the models and methods, the
(210) and (111) surfaces have very close surface energies and
are less stable.
Different from the models reported in literature, we used

much larger surface sizes in our calculations. For (110), a p(3 ×
4) model with three atomic layers was used, and the first layer
was allowed to relax. For (111), a p(2 × 3) model with seven
atomic layers was used, and the top three layers were allowed to
relax. For (210), a p(3 × 2) model with six atomic layers was
used, and the top four layers were allowed to relax. For (211), a
p(4 × 2) model with four atomic layers was used, and the top
two layers were allowed to relax. For (310), a p(3 × 2) model
with six atomic layers was used, and the top three layers were
allowed to relax. The k-point mesh of 3 × 3 × 1 was used for all
these surfaces. These models have been proved to be
reasonable to clearly describe the properties of the correspond-
ing Fe surfaces based on the previous work.62,63

2.3. Thermodynamics. As a convenient tool to solve
problems referring to real reaction conditions, ab initio
atomistic thermodynamics proposed by Scheffler and Reu-
ter64,65 has been widely and successfully applied in many other
systems.66−73 The detailed description of the method can be
found in the Supporting Information.

3. RESULTS AND DISCUSSIONS
3.1. Adsorption Sites. Figure 1 shows the schematic side

and top views of the six Fe surfaces along with their possible
adsorption sites. The (100) surface has top (T), bridge (B),
and 4-fold hollow (4F) sites; (110) has top (T), short-bridge
(SB), long-bridge (LB), and 3-fold (3F) sites; (111) has top
(T), shallow-hollow (SH), deep-hollow (DH), and 4-fold
hollow (4F) sites. On the high-index surfaces, more adsorption
sites are available. For example, (210) has 11 adsorption sites:
three top (T1, T2, T3), three bridge (B1, B2, B3), four 3-fold
(3F1, 3F2, 3F3, 3F4), and one 4-fold (4F) sites. Surface (211)
has five adsorption sites: one top (T), one bridge (B), two 3-
fold (3F1, 3F2), and one 4-fold (4F) sites. Surface (310) also
has five adsorption sites: one top (T), one bridge site (B), two
3-fold (3F1, 3F2), and one 4-fold (4F) sites.

3.2. Lowest-Coverage CO Adsorption. It is found that
not all available adsorption sites can stably adsorb CO at the
lowest coverage. The most stable adsorption configurations for
one CO molecule on these surfaces are given in Figure 2, and
the other less stable configurations are given in the Supporting
Information (Figure S1). Table 1 lists the systematically
computed CO adsorption energies and dissociation barriers
as well as dissociation energies on these surfaces along with all
available literature data. It shows clearly that all these computed
data are not only different on surfaces but also method- and
model-dependent in some cases.
On the Fe(100) surface, the most stable adsorption

configurations of one CO molecule is located on the 4-fold
site with the C atom coordinating with four surface Fe atoms
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and the O atom interacting with two surface Fe atoms. The C−
O bond length is elongated to 1.32 Å with respect to gaseous
CO (1.14 Å), and the computed C−O stretching frequency is
1172 cm−1. The calculated adsorption energy is −2.14 eV.42

Experimentally, this adsorption configuration is assigned to the
α3 adsorption state from TDS. In addition, we also found stable
adsorption configurations at the top (−1.72 eV) and bridge
(−1.51 eV) sites. Our computed adsorption energy of the most

stable configuration (−2.14 eV) is similar to that (−2.17 eV) by
Sorescu et al.41 because the same software and functional were
used. However, the results obtained with RPBE (−1.90 eV30),
PW91 (−2.02,30 −2.54 eV31), and cluster model (−1.62 eV29)
are obviously different on the basis of quite different methods
and models.
On the Fe(110) surface, the top site forms the most stable

CO adsorption configuration with a C−O distance of 1.18 Å
and C−O stretching frequency of 1900 cm−1. This most stable
adsorption site is the same as that found at low coverage in
other studies. Our computed adsorption energy (−1.88 eV) is
close to the available data with PW91 (−1.95 eV)33 and PBE
(−1.88,34 −2.00,35 −1.88 eV41), but higher than those obtained
with RPBE (−1.58 eV) and PKZB (−1.67 eV).34 In addition,
we also found stable adsorption configurations at the short
bridge (−1.66 eV), the long bridge (−1.81 eV), and the 3-fold
capping (−1.81 eV) sites, and they are close to that of the most
stable adsorption configuration.
On the Fe(111) surface, the shallow-hollow site with the C

atom coordinating with one Fe atom forms the most stable CO
adsorption configuration, with a C−O distance of 1.20 Å and
C−O stretching frequency of 1739 cm−1. Our computed
adsorption energy (−2.13 eV) is similar to that (−2.09 eV)
with PBE in a √3 × √3 model.41 A relatively larger difference
is found with the results from PBE (−2.45 eV)36 and RPBE
(−2.08 eV).37 Such differences presumably come from the use
of ultrasoft pseudopotential (USPP). In addition, the top
(−1.46 eV), the deep-hollow (−1.48 eV), and the 3-fold
(−1.98 eV) adsorption configurations are much less stable than
the most stable adsorption configuration at the shallow-hollow
site.
On the (211) surface, the most stable CO adsorption

configuration is the 4-fold site with the C atom coordinating to
four Fe atoms and the O atom interacting with one Fe atom,
the C−O distance is 1.28 Å, and the C−O stretching frequency
is 1274 cm−1. Our adsorption energy (−1.94 eV) is higher than
that (−1.72 eV) with PBE41 using a small super cell. The
RPBE39 value (−1.92 eV) using a small super cell is similar to
our result from PBE, but they are not comparable because they
used USPP to include the electron−ion interaction. The PW91
value (−2.41 eV) with a small super cell39 is much higher than
those from both PBE and RPBE. In addition, we also found two
top (−1.77 and −1.67 eV) and one bridge (−1.78 eV)
adsorption configurations, and they are less stable than the
most stable adsorption configuration at the 4-fold site.
On the (310) surface, the most stable CO adsorption

configuration is the 4-fold site with the C atom coordinating

Figure 1. Schematic side and top views of Fe(100), (110), (111),
(210), (211), and (310) surfaces and possible adsorption sites.

Figure 2. Structures of the most stable CO adsorption configurations on six iron surfaces (black ball, C; red ball, O; the other balls for Fe in different
layers).
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with four Fe atoms and the O atom interacting with two surface
Fe atoms. The C−O distance is 1.33 Å, and the C−O
stretching frequency is 1104 cm−1. Our computed adsorption
energy (−2.13 eV) is close to the reported PBE-p(2 × 2)41

value (−2.10 eV) because the same software and functional
were used. A relative smaller value (−1.85 eV40) was reported
by using USPP and PW91 as well as a small supercell p(2 × 1),
which may overestimate the lateral repulsive interaction. In
addition, we also found two tilted top (−1.60 and −1.79 eV)
and one 4-fold (−1.72 eV) adsorption configurations, and they
are much less stable than the most stable adsorption
configuration at the 4-fold site.
On the (210) surface, the most stable adsorption

configuration is the 4-fold site with the C atom coordinating
with two deep-layer Fe atoms and the O atom interacting with
two surface Fe atoms with a C−O distance of 1.33 Å and CO
stretching frequency of 1115 cm−1. We also found two top
(−1.69 and −1.74 eV) and three 3-fold (−1.70, −1.72, and
−1.63 eV) adsorption configurations, and they are much less
stable than the most stable adsorption configuration at the 4-
fold site (−2.00 eV). Because no theoretical studies about CO
adsorption on this surface are available, no comparison with our
data can be made.
Although CO interaction on iron single crystalline surfaces

has been intensively studied in recent decades, a general and

critical comparison among the results obtained with different
models and methods is neither easy nor straightforward.74 At
first, the lowest coverage for different surface sizes indeed
represents different coverage, and reducing the surface size to
create high coverage is not a reasonable choice. Generally,
models with larger surface sizes show stronger adsorption than
models with smaller surface sizes, and this is probably due to
the difference in lateral repulsive interaction. As summarized in
Table 1, PBE gives higher adsorption energies than the RPBE,
and this is due to the intrinsic properties of these methods. In
addition, different methods for solving electron−ion and
electron−electron interactions as well as basis sets also give
different results. It is noted that different computational
parameters can also result in quite different results. However,
it is reported that different methods and functional on the basis
of the same surface model can give very close structural as well
as kinetic and thermodynamic parameters. For example, PAW−
PBE and USPP−PW91 with VASP, and USP−PBE and
USPP−PW91 with CASTEP to calculate the hydrogenation
and the respective C−C coupling reactions of carbon species
on the Fe5C2(001) surface.

75

In contrast, our results enable a direct and systematic
comparison in CO adsorption at low coverage. On the (100),
(111), and (310) surfaces, the most stable adsorption
configurations have almost identical adsorption energies, but

Table 1. Adsorption Energies (Eads), Dissociation Barriers (Ea), and Dissociation Energies (Er) of the Most Stable CO
Adsorption Configuration As Well As the C−O Stretching Frequencies (υCO), the C−O Distances (R) in the Adsorbed Initial
States (IS), and Dissociating Transition States (TS) on Six Iron Surfaces

Eads, eV Ea, eV Er
a, eV υCO, cm

−1 RC−O (IS), Å RC−O (TS), Å ref

(100)
−1.62 (cluster) 1.30 29
−2.02 (PW91, 2 × 2) 1.06 1246 1.32 30
−1.90 (RPBE, 2 × 2) 1.32 30
−2.54 (PW91, 2 × 2) 1.14 1158 1.32 31
−2.17 (PBE, 2 × 2) 1.07 1189 1.32 1.93 41
−2.14 (PBE, 3 × 4) 1.03 −0.93 (−1.20) 1172 1.32 1.93 42

(110)
−1.88 (PBE, 3 × 4) 1.51 −0.46 (−0.74) 1900 1.18 1.75 this work
−1.95 (PW91, 2 × 2) 1.16 33
−1.88 (PBE, 2 × 2) 1.52 1928 1.74 34
−1.58 (RPBE, 2 × 2) 34
−1.67 (PKZB, 2 × 2) 34
−2.00 (PBE, 2 × 2) 1.17 35
−1.88 (PBE, 2 × 2) 1.52 1.74 41

(111)
−2.13 (PBE, 2 × 3) 1.17 0.06 (−0.09) 1739 1.20 1.85 this work
−2.45 (PBE, √3 × √3) 1.39 1.19 36, 37
−2.08 (RPBE, √3 × √3) 1.53 2.00 37
−2.09 (PBE, √3 × √3) 1.20 1.80 41

(210)
−2.00 (PBE, 3 × 2) 1.11 −0.32 (−0.82) 1115 1.33 1.97 this work

(211)
−1.94 (PBE, 4 × 2) 1.06 −0.20 (−0.39) 1274 1.28 1.95 this work
−2.41 (PW91, 2 × 1) 0.78 1.28 1.83 39
−1.92 (RPBE, 2 × 1) 0.93 39
−1.72 (PBE, 2 × 2) 1.02 1.28 1.93 41

(310)
−2.13 (PBE, 3 × 2) 0.98 −0.39 (−1.07) 1104 1.33 1.93 this work
−1.85 (PW91, 2 × 1) 0.94 1147 1.33 1.80 40
−2.10 (PBE, 2 × 2) 0.91 1134 1.33 41

aDissociation energy in parentheses is related to the most stable adsorbed C and O atoms after diffusion.

ACS Catalysis Research Article

dx.doi.org/10.1021/cs500287r | ACS Catal. 2014, 4, 1991−20051995



the adsorbed CO is more strongly activated on the (100) and
(310) surfaces than on the (111) surface on the basis of the
computed C−O distances (1.32 and 1.33 vs 1.18 Å,
respectively) or the CO-stretching frequencies (1172 and
1104 vs 1793 cm−1, respectively), although CO has moderate
adsorption energies (−2.00 and −1.94 eV, respectively) on the
(210) and (211) surfaces, but it is highly activated on the basis
of the computed C−O distances (1.33 and 1.28 Å, respectively)
or C−O stretching frequencies (1144 and 1273 cm−1,
respectively). On the most stable (110) surface, CO has not
only the lowest adsorption energy (−1.88 eV), but also the
weakest activation with a C−O distance and stretching
frequency of 1.18 Å and 1900 cm−1.
3.3. High Coverage CO Adsorption. To discuss the

coverage effects of CO adsorption and activation on iron
surfaces, it is necessary to find the stable adsorption
configurations and energies at different coverages on each
surface. As referred to in the Methods section, the computed
stepwise adsorption energies (ΔEads) are applied to get the
saturated coverage. The structures and energies (ΔEads) of the
most stable adsorption sites for stepwise CO adsorption are
given in the Supporting Information (Figures S2−S6).
On the (100) surface,42 the first four adsorbed CO molecules

(nCO = 1−4) have the 4-fold adsorption configuration and very
similar adsorption energies, indicating their negligible lateral
repulsive interaction and their independence. At nCO = 5−8,
lateral repulsive interaction of the adsorbed CO molecules
becomes significant and affects the value of ΔEads, but all the
adsorbed CO molecules still have the 4-fold adsorption
configuration. At nCO = 9, the bridge adsorption configuration
appears, and one bridge and eight 4-fold adsorption
configurations coexist. At nCO = 10, there are three bridge
and seven 4-fold adsorption configurations. At the saturated
coverage (nCO = 11), there are one top, three bridge, and seven
4-fold adsorption configurations.
On the (110) surface (Supporting Information Figure S2),

the top adsorption configuration is the most stable at low
coverage, and the first three CO molecules (nCO = 1−3) have
the same adsorption configuration and similar stepwise
adsorption energies. At nCO = 4, the most stable adsorption
configuration changes from the top sites to the long bridge
sites, and all four CO molecules have the same adsorption
configuration. At nCO > 4, the 3-fold hollow and short bridge
configurations appear. At the saturated coverage (nCO = 8),
three adsorption configurations (short bridge, long bridge, and
3-fold hollow) coexist on the surface, and the top adsorption
configuration disappeared.
On the (111) surface (Supporting Information Figure S3),

the shallow hollow adsorption configuration is most stable at
low coverage, and the first six CO molecules (nCO = 1−6) have
the same adsorption mode and also very similar stepwise
adsorption energies. At nCO = 7, the qusi-4-fold adsorption
configuration appears, and the stepwise adsorption energy
decreases. At the saturated coverage (nCO = 9), three
adsorption configurations (top, shallow hollow and qusi-4-
fold) coexist on the surface.
On the (210) surface (Supporting Information Figure S4),

the most stable adsorption configuration is located at the 4-fold
hollow site with nCO < 6, and the top adsorption configuration
appears at nCO = 7. At the saturated coverage (nCO = 12), two
adsorption configurations coexist (top and 4-fold hollow sites).
On the (211) surface (Supporting Information Figure S5), the
most stable adsorption configuration is located in the 4-fold

hollow site at low coverage, and the top and bridge adsorption
configurations appear with coverage increase. At the saturated
coverage (nCO = 10), the coexistence of top, bridge, and 4-fold
adsorption configurations become possible. On the (310)
surface (Supporting Information Figure S6), the most stable
adsorption configuration is located in the 4-fold hollow site at
low coverage, and the 3-fold hollow adsorption configuration
appears at nCO > 7. The saturated coverage with nine CO
molecules (nCO = 9) has bridge and 4-fold hollow adsorption
configurations.

3.4. CO Dissociation. On the basis of the most stable CO
molecular adsorption configurations, we also computed CO
dissociation at different coverage. The structures of the
corresponding initial states (IS), transition states (TS), and
final states (FS) at the lowest coverage are shown in Figure 3.
Table 1 lists the computed CO dissociation barriers and the
critical C−O distances along with the available literature data
for comparison.

3.4.1. Lowest-Coverage CO Dissociation. As shown in
Table 1, the CO dissociation barriers on the (310), (100),
(211), and (210) surfaces (0.98, 1.03, 1.06, and 1.11 eV,
respectively) are lower than those on the (111) and (110)
surfaces (1.17 and 1.51 eV, respectively). This indicates that the
CO dissociation barrier does not correlate with the surface

Figure 3. Initial state (IS), transition state (TS), and final state (FS) of
CO dissociation from most stable adsorption sites on six iron surfaces
(black ball, C; red ball, O; the other balls for Fe in different layers).
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stability (Supporting Information Table S2) because of their
different initial and most stable adsorption configurations.
Despite the differences in methods (PBE and PW91) and
models, the computed C−O dissociation barriers on the (100)
surface are very close, and the same trend is also found on the
(110) surface. On the (111) surface, however, PBE gives
different CO dissociation barriers because of different transition
state structures, and RPBE gives a higher CO dissociation
barrier than PBE by using the same transition state structure.
On the (211) surface, PBE gives a higher CO dissociation
barrier than PW91 because of different transition state
structures, and RPBE gives a higher CO dissociation barrier
than PW91 by using the same transition state structures. On
the (310) surface, different methods give different transition
state structures and different dissociation barriers; however, no
reported data for CO dissociation on the (210) surface are
available for comparison.
On the basis of the computed dissociation barriers for the

most stable adsorption configurations and the computed
dissociation energies for the most stable coadsorbed C and O
atoms (diffusion after dissociation), we checked their
Brønsted−Evans−Polanyi (BEP) relation (Figure 4). In

contrast to the perfect linear BEP relation for N2 dissociation
on the same surface having the same adsorption site and the
similar transition state distances over a range of pure metals
with face-centered cubic crystal structures (i.e., M(211), M =
Mn, Fe, Co, Ni, Cu, Mo, Ru, Rh, Pd, Ag, Ir, Pt, Au, W, and
Re)76 as well as for CO dissociation on a set of transition
metals with the same or similar surface structures (i.e.,
Ru(0001), Rh(111), and Pd(111) as well as Os(0001),
Ir(111), and Pt(111) surface),77−79 there is no such correlation
for CO dissociation on these different iron surfaces, and the
correlation coefficient is miserably low (R = 0.25). This is due
to their large geometric differences in the IS, TS, and FS, that is,
the structures of the initial state (IS) and final state (FS)
represent the thermodynamically most stable molecular and
dissociative adsorption configurations on each surface,
respectively, and their adsorption configurations differ from
surface to surface as a result of their intrinsic surface structures.
For example, the most stable CO adsorption configurations are
located on 4-fold hollow sites on the (100), (210), (211), and
(310) surfaces with the C atom in CO coordinating with many
surface Fe atoms, whereas those on the (110) and (111)
surfaces are located on the top sites with the C atom in CO
coordinating with only one surface Fe atom. All of these

differences in surface structures and CO adsorption config-
urations on each surface result in quite different structures of
the transition and final states.

3.4.2. High Coverage CO Dissociation. Apart from our
recent study of high-coverage CO activation on the Fe(100)
surface,42 most theoretical studies of CO adsorption and
dissociation on iron surfaces (Table 1) have been carried out at
the lowest coverage and ideal condition. Because the available
experimental adsorption or desorption energies are the average
of a set of molecules in different adsorption configurations
instead of a single molecule (especially at low temperature and
high coverage), a direct comparison between theory and
experiment is very difficult. A reasonable way to make such a
direct comparison between theory and experiment in
adsorption or desorption as well as dissociation properties is
to include the boundary conditions, such as temperature,
pressure, and coverage, in model calculation. Following the
same pattern as in our previous work, we further studied CO
dissociation at different coverages on another five iron surfaces
and included the results on Fe(100) for comparison.

(a) Fe(100). In our previous work, we reported the CO
adsorption and desorption as well as dissociation on Fe(100).42

Our results show that only dissociative adsorption is possible
for nCO = 1 and 2. For nCO = 3−7, the surface adsorption states
have possible equilibrium between molecular and dissociative
CO adsorptions. For nCO = 8−11, only molecular CO
adsorption can be found.

(b) Fe(110). For nCO = 1 (Table 2), the computed CO
dissociation barrier is lower than its desorption energy (1.51 vs

1.88 eV), and CO dissociation is exothermic by 0.46 eV,
indicating that CO dissociation is favorable both kinetically and
thermodynamically. The final adsorption state has only
dissociative CO adsorption at this coverage.
For nCO = 2, the dissociation barrier of the first CO molecule

is lower than its desorption energy (1.48 vs 1.86 eV), and CO
dissociation is exothermic by 0.44 eV, indicating that first CO
dissociation is favorable both kinetically and thermodynami-
cally. For the second CO molecule, the dissociation barrier is
only slightly lower than own desorption energy (1.71 vs 1.81
eV), and the dissociation becomes slightly endothermic (0.07
eV). Considering the recombinative reaction barrier of 1.64 eV,
the second adsorbed CO might have equilibrium between
molecular and dissociative adsorptions; therefore, the final
adsorption state might have CO + C + O and 2C + 2O in
equilibrium on the surface at this coverage.

Figure 4. Correlation between CO dissociation barriers and
dissociation energies.

Table 2. CO Stepwise Dissociation Barriers (Ea), Desorption
Energies (ΔEdes), and Dissociation Energies (ΔEdis) at
Different Coverages on the Fe(110) Surface

nCO pathways Ea, eV
ΔEdes,
eV

ΔEdis,
eV

1CO 1CO → 1C + 1O 1.51 1.88 −0.46
2CO 2CO → 1CO + 1C + 1O 1.48 1.86 −0.44

1CO + 1C + 1O → 2C + 2O 1.71 1.81 +0.07
3CO 3CO → 2CO + 1C + 1O 1.57 1.82 −0.17

2CO + 1C + 1O → 1CO + 2C + 2O 1.59 1.52 +0.24
1CO + 2C + 2O → 3C + 3O 1.75 1.60 +1.13

4CO 4CO → 3CO + 1C + 1O 1.53 1.67 −0.24
3CO + 1C + 1O → 2CO + 2C + 2O 2.62 1.46 +0.24

5CO 5CO → 4CO + 1C + 1O 1.70 1.56 −0.44
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For nCO = 3, the dissociation barrier of the first CO molecule
is lower than its desorption energy (1.57 vs 1.82 eV), and CO
dissociation is exothermic by 0.17 eV; however, the dissociation
barriers of the second and third CO molecules (1.59 and 1.75
eV) are higher than their corresponding desorption energies
(1.52 and 1.60 eV), and the dissociation is endothermic by 0.24
and 1.13 eV, respectively. This indicates that the second and
third CO molecules prefer desorption from the surface instead
of dissociation on the surface. The final adsorption state has
two adsorbed CO molecules as well as one C and one O atom
(2CO + C + O) on the surface.
For nCO = 4, the dissociation barrier of the first CO molecule

is lower than its desorption energy (1.53 vs 1.67 eV), and the
dissociation is exothermic by 0.24 eV. The dissociation barrier
of the second CO molecule is much higher than its own
desorption energy (2.62 vs 1.46 eV), and the dissociation is
endothermic by 0.24 eV. This indicates that only one CO can
dissociate at this coverage, and the final adsorption state has
three adsorbed CO molecules as well as one C and one O atom
(3CO + C + O) on the surface.
For nCO = 5, the dissociation barrier of the first CO molecule

is higher than its desorption energy (1.71 vs 1.56 eV).
Therefore, at this coverage, the first step should be CO
desorption instead of dissociation, despite the exothermic
dissociation (−0.44 eV). The final adsorption state has five
adsorbed CO molecules. It can be expected that at high
coverage (nCO = 5−8), only desorption is possible because of
the very low desorption energies. The final adsorption states
have only molecular CO adsorption.
(c) Fe(111). For nCO = 1 (Table 3), the CO dissociation

barrier is much lower than its desorption energy (1.17 vs 2.13

eV), and the dissociation process is slightly exothermic by 0.09
eV, indicating that CO dissociation is favorable kinetically but
thermodynamically neutral. Considering the recombinative
reaction barrier of 1.26 eV, the adsorbed CO molecule might
have equilibrium between molecular and dissociative adsorp-
tions. The final adsorption state might have equilibrium
between molecular (CO) and dissociative (C + O) adsorptions.
For nCO = 2, the dissociation barriers of both CO molecules

(1.13 and 1.14 eV) are much lower than their corresponding
desorption energies (2.12 and 2.16 eV), and the dissociation of
the first CO molecule is exothermic by 0.14 eV, whereas that of

the second CO molecule becomes endothermic by 0.14 eV.
Considering their recombinative reaction barriers of 1.27 and
1.00 eV, the adsorbed CO molecules might have equilibrium
between molecular and dissociative adsorption. The final
adsorption state might have possible equilibrium between
molecular (2CO) and dissociative (2C + 2O) adsorptions.
For nCO = 3, the dissociation barriers (1.27, 1.20, and 1.02

eV) of all three CO molecules are much lower than their
corresponding desorption energies (2.12, 2.16, and 2.06 eV),
and the dissociation of the first two CO molecules is slightly
endothermic by 0.14 and 0.10 eV, respectively, whereas that of
the third CO becomes thermoneutral. Considering their
recombinative reaction barriers of 1.13, 1.30, and 1.04 eV, the
adsorbed CO molecules might have equilibrium between
molecular (3CO) and dissociative (3C + 3O) adsorption.
The final adsorption state might have possible equilibrium
between molecular (3CO) and dissociative (3C + 3O)
adsorptions.
For nCO = 4, the dissociation barriers of the first two CO

molecules (1.27 and 0.97 eV) are lower than their desorption
energies (2.11 and 2.12 eV), and the dissociation of the first
CO is endothermic by 0.11 eV, whereas that of the second one
is exothermic by 0.18 eV. For the dissociation of the third CO
molecule, this process is very endothermic (1.46 eV), although
the barrier is lower than the desorption energy (1.97 vs 2.13
eV). Considering the very low recombinative reaction barriers
of 0.51 eV, the third CO molecule prefers molecular instead of
dissociative adsorption. The dissociation barrier of the fourth
CO molecule (2.07 eV) is higher than its desorption energy
(2.07 vs 1.74 eV), and the dissociation is endothermic by 1.02
eV. The fourth CO molecule prefers desorption instead of
dissociation. The final adsorption state might predominately
have 2CO + 2C + 2O on the surface at this coverage.
For nCO = 5, the dissociation barrier of the first CO molecule

is much lower than its desorption energy (1.23 vs 2.12 eV), and
the dissociation process is endothermic by 0.16 eV.
Considering the low recombinative reaction barriers of 1.07
eV, the first CO molecule might have an equilibrium between
molecular and dissociative adsorption, although the dissociation
barrier of the second CO is similar to its desorption energy
(1.97 vs 2.06 eV), but this process is highly endothermic (1.18
eV), and the recombinative reaction is more favorable.
Consequently, the final adsorption state might have 5CO and
4CO + C + O in equilibrium.
For nCO = 6, the dissociation barrier of the first CO is 2.70

eV, which is higher than its desorption energy (2.10 eV), and
this process is highly endothermic by 1.19 eV. Therefore, CO
prefers desorption instead of dissociation. It is to be expected
that at coverage of nCO = 6−9, the final adsorption states have
only molecular CO adsorption.

(d) Fe(210). For nCO = 1−5 (Table 4), the computed CO
dissociation barriers are much lower than their desorption
energies, and the dissociation is exothermic for all adsorbed CO
molecules, indicating that CO dissociation is favorable both
kinetically and thermodynamically at each coverage. The final
adsorption state is only dissociative (nC + nO) on the surface.
For nCO = 6, the dissociation barrier of the first CO molecule

is close to its desorption energy (1.58 vs 1.69 eV), and the
dissociation is slightly exothermic (−0.08 eV). This indicates a
possible equilibrium among molecular adsorption and
desorption as well as dissociative adsorption. However, it
should be noted that for the other five adsorbed CO molecules,
the dissociation barriers are lower than their desorption

Table 3. CO Stepwise Dissociation Barriers (Ea), Desorption
Energies (ΔEdes), and Dissociation Energies (ΔEdis) at
Different Coverages on the Fe(111) Surface

nCO pathways Ea, eV
ΔEdes,
eV

ΔEdis,
eV

1CO 1CO → 1C + 1O 1.17 2.13 −0.09
2CO 2CO → 1CO + 1C + 1O 1.13 2.12 −0.14

1CO + 1C + 1O → 2C + 2O 1.14 2.16 +0.14
3CO 3CO → 2CO+1C+1O 1.27 2.12 +0.14

2CO+1C + 1O → 1CO + 2C + 2O 1.20 2.16 +0.10
1CO + 2C + 2O → 3C + 3O 1.02 2.06 −0.02

4CO 4CO → 3CO + 1C + 1O 1.27 2.11 +0.11
3CO + 1C + 1O → 2CO + 2C + 2O 0.97 2.12 −0.18
2CO + 2C + 2O → 1CO + 3C + 3O 1.97 2.13 +1.46
1CO + 3C + 3O → 4C + 4O 2.07 1.74 +1.02

5CO 5CO → 4CO + 1C + 1O 1.23 2.12 +0.16
4CO + 1C + 1O → 3CO + 2C + 2O 1.97 2.06 +1.18

6CO 6CO → 5CO + 1C + 1O 2.70 2.10 +1.19

ACS Catalysis Research Article

dx.doi.org/10.1021/cs500287r | ACS Catal. 2014, 4, 1991−20051998



energies, and the dissociation processes are exothermic. These
steps are very similar to those for nCO = 5. The final adsorption
state is only dissociative (6C + 6O) on the surface.
For nCO = 7, the dissociation barrier of the first CO molecule

is close to its desorption energy (1.56 vs 1.67 eV), and the
dissociation is slightly exothermic (−0.11 eV). This indicates a
possible equilibrium among molecular adsorption, desorption,
and dissociative adsorption. After dissociation of the first CO
molecule, the second and third adsorbed CO molecules favor
dissociation instead of desorption, and the dissociation is
slightly exothermic. After dissociation of the first three
adsorbed CO molecules, the fourth adsorbed CO molecule
has a possible equilibrium among molecular adsorption,
desorption, and dissociative adsorption. On the basis of the
first four dissociative CO adsorptions, the fifth adsorbed CO
molecule favors exothermic dissociation. For the sixth adsorbed
CO molecule, the dissociation barrier is equal to its desorption
energy, and the dissociation becomes highly endothermic. It is
to be expected that the seventh adsorbed CO molecule will
desorb instead of dissociate. The final adsorption state might
have 2CO + 5C + 5O on the surface at this coverage.
For nCO = 8, the same situation has been found as for nCO = 6

and 7. The first CO molecule might have possible equilibrium
among molecular adsorption, desorption, and dissociative

adsorption on the basis of the computed dissociation barrier
(1.53 eV), desorption energy (1.57 eV), and dissociation
energy (−0.04 eV). After the dissociation of the first CO
molecule, the subsequent three adsorbed CO molecules might
have equilibrium between molecular and dissociative adsorp-
tion on the surface at this coverage. It is to be expected that the
fifth adsorbed CO molecule will desorb instead of dissociate.
The final adsorption state might have 4CO + 4C + 4O on the
surface at this coverage.
For nCO = 9, the dissociation barrier of the first adsorbed CO

molecule is larger than its desorption energy (1.58 vs 1.45 eV),
indicating the preference of desorption over dissociation. At
nCO = 9−12, only molecular adsorption is possible.

(e) Fe(211). For nCO = 1−2 (Table 5), the computed CO
dissociation barriers are much lower than their desorption

energies, and the dissociation is exothermic for all adsorbed CO
molecules, indicating that CO dissociation is favorable both
kinetically and thermodynamically. The final adsorption state is
only dissociative on the surface.
For nCO = 3, the dissociation barrier of the first CO molecule

is lower than its own desorption energy (1.02 vs 1.92 eV), and
the dissociation is exothermic (−0.29 eV). The first CO
dissociation is favorable both kinetically and thermodynami-
cally. Although the dissociation barrier of the second CO
molecule is lower than its desorption energy (1.30 vs 1.94 eV),
the dissociation is endothermic (0.22 eV), and the
recombinative reaction becomes more favorable. For the third
CO molecule, the dissociation barrier comes very close to its
desorption energy (1.94 vs 1.92 eV), and the dissociation is
highly endothermic (1.01 eV). Therefore, the final adsorption
state might predominantly have 2CO + C + O on the surface at
this coverage.
For nCO = 4, the dissociation barrier of the first CO molecule

is lower than its desorption energy (1.29 vs 1.92 eV), and the
dissociation is slightly endothermic (0.09 eV). Considering the
low recombinative reaction barrier of 1.20 eV, the first CO
molecule might have equilibrium between molecular and
dissociative adsorption. Although the dissociation barrier of
the second CO molecule is lower than its desorption energy

Table 4. CO Stepwise Dissociation Barriers (Ea), Desorption
Energies (ΔEdes), and Dissociation Energies (ΔEdis) at
Different Coverages on the Fe(210) Surface

nCO pathways Ea, eV
ΔEdes,
eV

ΔEdis,
eV

1CO 1CO → 1C + 1O 1.11 2.00 −0.32
2CO 2CO → 1CO + 1C + 1O 1.11 2.00 −0.21

1CO + 1C + 1O → 2C + 2O 1.07 1.89 −0.27
3CO 3CO → 2CO + 1C + 1O 1.12 1.92 −0.22

2CO + 1C + 1O → 1CO + 2C + 2O 1.26 1.93 −0.21
1CO + 2C + 2O → 3C + 3O 1.11 1.87 −0.40

4CO 4CO → 3CO + 1C + 1O 1.29 1.97 −0.15
3CO + 1C + 1O → 2CO + 2C + 2O 1.17 1.88 −0.34
2CO + 2C + 2O → 1CO + 3C + 3O 1.28 1.88 −0.19
1CO + 3C + 3O → 4C + 4O 1.05 1.83 −0.47

5CO 5CO → 4CO + 1C + 1O 1.26 1.69 −0.14
4CO + 1C + 1O → 3CO + 2C + 2O 1.12 1.87 −0.36
3CO + 2C + 2O → 2CO + 3C + 3O 1.58 1.70 −0.14
2CO + 3C + 3O → 1CO + 4C + 4O 1.22 1.65 −0.40
1CO + 4C + 4O → 5C + 5O 1.24 1.59 −0.10

6CO 6CO → 5CO + 1C + 1O 1.58 1.69 −0.08
5CO + 1C + 1O → 4CO + 2C + 2O 1.28 1.63 −0.29
4CO + 2C + 2O → 3CO + 3C + 3O 1.23 1.56 −0.15
3CO + 3C + 3O → 2CO + 4C + 4O 1.56 1.59 −0.15
2CO + 4C + 4O → 1CO + 5C + 5O 1.18 1.57 −0.39
1CO + 5C + 5O → 6C + 6O 1.08 1.60 −0.20

7CO 7CO → 6CO + 1C + 1O 1.56 1.57 −0.11
6CO + 1C + 1O → 5CO + 2C + 2O 1.25 1.59 −0.30
5CO + 2C + 2O → 4CO + 3C + 3O 1.12 1.60 −0.07
4CO + 3C + 3O → 3CO + 4C + 4O 1.52 1.52 −0.15
3CO + 4C + 4O → 2CO + 5C + 5O 1.27 1.52 −0.26
2CO + 5C + 5O → 1CO + 6C + 6O 1.39 1.39 +0.68

8CO 8CO → 7CO + 1C + 1O 1.53 1.57 −0.04
7CO + 1C + 1O → 6CO + 2C + 2O 1.57 1.61 −0.13
6CO + 2C + 2O → 5CO + 3C + 3O 1.30 1.59 −0.08
5CO + 3C + 3O → 4CO + 4C + 4O 1.26 1.54 −0.16

9CO 9CO → 8CO + 1C + 1O 1.58 1.45 −0.04

Table 5. CO Stepwise Dissociation Barriers (Ea), Desorption
Energies (ΔEdes), and Dissociation Energies (ΔEdis) at
Different Coverages on the Fe(211) Surface

nCO pathways Ea, eV
ΔEdes,
eV

ΔEdis,
eV

1CO 1CO → 1C + 1O 1.06 1.94 −0.20
2CO 2CO → 1CO + 1C + 1O 1.05 1.92 −0.22

1CO + 1C + 1O → 2C + 2O 1.03 1.93 −0.14
3CO 3CO → 2CO + 1C + 1O 1.02 1.92 −0.29

2CO + 1C + 1O → 1CO + 2C + 2O 1.30 1.94 +0.22
1CO + 2C + 2O → 3C + 3O 1.94 1.92 +1.01

4CO 4CO → 3CO + 1C + 1O 1.29 1.92 +0.09
3CO + 1C + 1O → 2CO + 2C + 2O 1.30 1.91 +0.73
2CO + 2C + 2O → 1CO + 3C + 3O 1.92 1.75 +1.02

5CO 5CO → 4CO + 1C + 1O 1.44 1.62 +0.40
4CO + 1C + 1O → 3CO + 2C + 2O 1.72 1.67 +0.61
3CO + 2C + 2O → 2CO + 3C + 3O 1.79 1.43 +0.90

6CO 6CO → 5CO + 1C + 1O 1.10 1.37 +0.22
5CO + 1C + 1O → 4CO + 2C + 2O 1.75 1.54 +0.92

7CO 7CO → 6CO + 1C + 1O 1.43 1.06 +0.59
8CO 8CO → 7CO + 1C + 1O 1.92 1.57 +0.65
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(1.30 vs 1.91 eV), the dissociation process is strongly
endothermic (0.73 eV), and the recombinative reaction
becomes more favorable. For the third CO molecule, the
dissociation barrier becomes higher than its desorption energy
(1.92 vs 1.75 eV), and the dissociation is highly endothermic
(1.02 eV). Consequently, the final adsorption state might have
4CO and 3CO + C + O in equilibrium on the surface at this
coverage.
For nCO = 5 and 6, although the dissociation barriers of the

first CO molecules are lower than their own desorption
energies, the dissociation processes are strongly endothermic,
indicating that a molecular instead of dissociative adsorption is
more favorable. For the second and third CO molecules, the
dissociation barriers become higher than their desorption
energy, and the dissociation is strongly endothermic. Therefore,
the final adsorption state most likely has 5CO on the surface at
this coverage. For nCO = 7 and 8, the dissociation barriers of the
first adsorbed CO molecule are larger than their desorption
energy (1.58 vs 1.45 eV), indicating a preference for desorption
over dissociation. At nCO = 5−10, therefore, only molecular
adsorption is possible.
(f) Fe(310). For nCO = 1 (Table 6), the lower CO

dissociation barrier than its own desorption energy (0.98 vs

2.13 eV) and the exothermic dissociation reaction (−0.38 eV)
indicate that CO dissociation is favorable both kinetically and
thermodynamically. The final adsorption state is only
dissociative on the surface.
For nCO = 2, the dissociation barriers of both CO molecules

are lower than their desorption energies, and the dissociation
processes are almost thermoneutral. Considering their low
recombinative reaction barriers of 1.10 and 1.00 eV, both CO
molecules might have equilibrium between molecular and
dissociative CO adsorptions.

For nCO = 3, the behavior of the first two CO molecules
mimics those for nCO = 2, and they might have equilibrium
between molecular and dissociative CO adsorption; however, it
should be noted that for the third adsorbed CO molecule, the
dissociation barrier is lower than its own desorption energies
(1.58 vs 1.69 eV), and the dissociation process becomes
exothermic (−0.30 eV). The final adsorption state should be
only dissociative on the surface at this coverage.
For nCO = 4, the barriers for all stepwise dissociations are

lower than their desorption energies, and the dissociation
processes are nearly thermoneutral. Considering their recombi-
native barriers, the final adsorption state might have equilibrium
between molecular and dissociative CO adsorptions.
For nCO = 5, the barriers for all stepwise dissociation are

lower than their desorption energies, and the dissociation
processes are endothermic for the first two CO molecules and
nearly thermoneutral for the last three CO molecules. This
indicates the preferable molecular adsorption for the first two
CO molecules and equilibrium between molecular and
dissociative adsorption for the last three CO molecules. The
final adsorption state might have equilibrium between
molecular and dissociative CO adsorptions. Similar results
have been found for nCO = 6. However, for nCO = 7, desorption
is more favorable than dissociation for the first CO molecule.
Therefore, for nCO = 7−9, only molecular CO adsorption is
possible.

3.5. CO Stable Coverage and Adsorption States with
Temperature and Pressure. On the basis of our identified
molecular and dissociative CO adsorption states at different
coverage, the effects of temperature and pressure on CO
adsorption and activations can be estimated by applying ab
initio thermodynamics. These thermodynamic data provide
useful information and references for not only UHV
experimental studies but also practical applications at high
temperature and pressure.
On the basis of the changes in Gibbs free energies of CO

adsorption at very low pressure, the changes in CO coverage on
iron surfaces at different temperatures can be obtained. This is,
indeed, related to the thermal CO desorption, which can be
detected with TPD spectroscopy under UHV conditions. As
reported in our previous work,42 the computed molecular
desorption states (α1-α3) and the recombinative desorption
state (β) on the Fe(100) surface under the consideration of CO
dissociation at low coverage agree very well with the available
experimental results. Now we compare our calculated CO
desorption states at the range of pCO = 10−9−10−14 atmosphere
on the other surfaces with the available experimental data in
Table 7.
On the (110) surface, there are mainly two desorption states:

one molecular CO adsorption (α) at 375−450 K and one
recombinative desorption state (β) of the dissociated C and O
atoms at 550−675 K. Actually, Gonzalez et al.8 observed one
low-temperature molecular desorption peak at ∼400−420 K
and one recombinative desorption peak at about 675−800 K in
the thermal desorption study of CO on the Fe(110) surface.
Both theory and experiment agree very reasonably.
On the (111) surface, there are mainly two molecular

desorption states at about 350−400 K (α1) and 425−475 K
(α2) as well as one recombinative desorption state (β) at 525−
575 K. Experimentally, Seip et al.23 detected two low-
temperature molecular CO desorption peaks at ∼340 K (α1)
and 420 K (α2) with the exposure temperature at 220 K on the
Fe(111) surface. Bartosch et al.24 and Whitman et al.25 also

Table 6. CO Stepwise Dissociation Barriers (Ea), Desorption
Energies (ΔEdes), and Dissociation Energies (ΔEdis) at
Different Coverages on the Fe(310) Surface

nCO pathways Ea, eV
ΔEdes,
eV

ΔEdis,
eV

1CO 1CO → 1C + 1O 0.98 2.13 −0.38
2CO 2CO → 1CO + 1C + 1O 1.06 2.19 −0.05

1CO + 1C + 1O → 2C + 2O 1.05 1.86 +0.05
3CO 3CO → 2CO + 1C + 1O 1.13 2.05 +0.01

2CO + 1C + 1O → 1CO + 2C + 2O 1.22 1.73 +0.10
1CO + 2C + 2O → 3C + 3O 0.96 1.93 −0.30

4CO 4CO → 3CO + 1C+1O 1.31 2.09 +0.08
3CO + 1C + 1O → 2CO + 2C + 2O 1.12 2.03 −0.01
2CO + 2C + 2O → 1CO + 3C + 3O 1.16 1.57 +0.04
1CO + 3C + 3O → 4C + 4O 1.00 1.79 −0.08

5CO 5CO → 4CO + 1C + 1O 1.44 1.82 +0.42
4CO + 1C + 1O → 3CO + 2C + 2O 1.22 1.76 +0.16
3CO + 2C + 2O → 2CO + 3C + 3O 1.35 1.42 −0.02
2CO + 3C + 3O → 1CO + 4C + 4O 1.22 1.38 +0.03
1CO + 4C + 4O → 5C + 5O 1.03 1.28 −0.22

6CO 6CO → 5CO + 1C + 1O 1.72 1.86 +0.55
5CO + 1C + 1O → 4CO + 2C + 2O 1.39 1.81 +0.29
4CO + 2C + 2O → 3CO + 3C + 3O 1.23 1.35 +0.06
3CO + 3C + 3O → 2CO + 4C + 4O 1.40 1.42 +0.14
2CO + 4C + 4O → 1CO + 5C + 5O 1.17 1.22 −0.14
1CO + 5C + 5O → 6C + 6O 0.91 1.32 −0.36

7CO 7CO → 6CO + 1C + 1O 1.53 0.56 −0.16
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found two molecular CO desorption peaks at about 325 K (α1)
and 400 K (α2) with the exposure temperatures at 83 and 100
K. In addition, they also found a recombinative desorption state
(β) of the dissociated C and O atoms at about 650−750 K. All
these experimental results support our theoretically computed
desorption states and temperatures.
However, it should be noted that our computed temper-

atures of the recombinative desorption states are generally
lower than the reported experimental results, and this may
result from the energy barrier of the recombination of surface C
and O atoms to CO, which was not included in our
thermodynamics method.
On the other high miller index surfaces, we also computed

both the molecular (α) and dissociative desorption states (β) as
well as the temperatures. On the Fe(210) surface, there are one
molecular desorption state at about 325−450 K and one
recombinative desorption state at about 500−600 K. On the
Fe(211) surface, one molecular desorption state at about 300−
400 K and one recombinative desorption state at about 450−
575 K have been computed. On the Fe(310) surface, one

Table 7. CO Desorption States and Temperatures on Six
Iron Surfaces

surface state theory experiment

(100) α1 275−300 K 220−250 K12

α2 325−375 K 306−340 K12

α3 400−450 K 400−440 K12

β 700−750 K 750−820 K12

(110) α 375−450 K 400−420 K8

β 550−675 K 675−800 K8

(111) α1 350−400 K 325−340 K24

α2 425−475 K 400−420 K24

β 525−575 K 650−750 K24

(210) α 325−450 K
β 500−600 K

(211) α 300−400 K
β 450−575 K

(310) α 325−475 K
β 525−650 K

Figure 5. Phase diagram of stable CO adsorption states on six iron surfaces.
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molecular desorption state at about 325−475 K and one
recombinative desorption state at about 525−650 K from the
adsorbed C and O atoms are found; however, there are no
available UHV experimental studies of CO desorption on these
surfaces. Therefore, our computed CO desorption states and
temperatures on these high miller index surfaces might provide
some references for further investigations using modern surface
science techniques and analytical methods.
To consider the effects of temperature and pressure at the

same time, we further plotted the phase diagrams (Figure 5) of
stable CO adsorption states and coverage on the (100), (110),
(111), (210), (211), and (310) surfaces. These phase diagrams
provide useful thermodynamic information on CO adsorption
states at high temperature and pressure, which is of great
importance for industrial applications. Systematic comparisons
show that each surface has characteristic regions at a given
temperature and pressure, and this reveals their differences in
CO adsorption states and coverage. On the basis of these phase
diagrams, the six surfaces can be divided into two groups. The
first group includes the (100), (110), and (211) surfaces that
have a molecular adsorption region and a mixed molecular and
dissociative adsorption region, as well as a fully dissociative
region and clean surface region. The second group includes the
(111), (210), and (310) surfaces, which have a molecular
adsorption region, a fully dissociative region, and a clean surface
region.
Actually, these thermodynamic phase diagrams provide new

insights into the CO activation mechanism on iron surfaces that
are quite different from previous studies at very low coverage,
especially those high-temperature and -pressure regions. Taking
T = 625 K and pCO = 40 atm (ln(pCO/p

θ) = 3.69) as reference,
the adsorption states of CO on each surface present quite
different thermodynamic characteristics; that is, only molecular
CO adsorption is favorable on the (110), (111), and (211)
surfaces; mixed molecular and dissociative CO adsorption are
favorable on the Fe(100) surface; and only dissociative CO
adsorption is favorable on the (210) and (310) surfaces.
3.6. Stretching Frequencies of Adsorbed CO Mole-

cules. To provide some references for additional experimental
studies, we have computed all CO stretching frequencies from
the lowest to the saturated coverage on all surfaces. All the
individual C−O vibrational data are listed in Supporting
Information (Table S3−S8); and the range for each adsorption
configuration at different coverage is listed in Table 8 for
comparison.
On the Fe(100) surface, HREELS studies18 found three

molecular adsorption states having very different CO stretching
frequencies: 1180−1245 cm−1 for the α3 state and 1900−2070
cm−1 for the α1 and α2 states. At the lowest coverage, the
computed CO stretching frequency is 1172 cm−1 at the 4-fold
hollow, 1700 cm−1 at the bridge, and 1900 cm−1 at the top
sites.42 At the saturated coverage, the calculated CO stretching
frequencies show mainly three ranges; 1179−1280 cm−1 for the
4-fold, 1800−1850 cm−1 for the bridge, and 2012 cm−1 for the
top adsorption configurations.
On the Fe(110) surface, Erley7 reported the shift of the C−

O and Fe−C stretching frequencies from 1890 to 1950 cm−1

and from 456 to 500 cm−1 with exposure up to 0.7L (θCO = 1/4
ML), respectively, and from 1950 to 1985 cm−1 and 484 to 444
cm−1 with exposure in the range of 0.7−1.5 L (θCO = 1/2 ML).
They attributed this to the presence of the designated and
displaced off-center CO adsorptions on the top site with
increasing coverage. Computationally, the C−O and Fe−C

stretching frequencies are 1900 and 436 cm−1 at θCO = 1/12
ML (nCO = 1), as well as 1888 and 1919 cm−1 and 436−440
cm−1 at θCO = 1/6 ML (nCO = 2). At θCO = 1/4 ML (nCO = 3,
the same coverage as in experiment), the C−O and Fe−C
stretching frequencies are 1889, 1894, and 1933 cm−1 and
438−447 cm−1. These show reasonable agreement between
theory and experiment in CO and Fe−C stretching frequencies
with the exposure up to 0.7L (θCO = 1/4 ML).
At coverages higher than 1/4 ML, however, the computed

stretching frequencies of the adsorbed CO molecules disagree
with the experimental results. For nCO = 4 (1/3 ML), for
example, the most stable adsorption configurations are located
on the long bridge sites with stretching frequencies in the range
of 1688−1733 cm−1. For nCO = 5 and 6, the adsorbed CO
molecules on the long bridge and 3-fold have stretching
frequencies in the range of 1696−1789 cm−1. For nCO = 7 and
8, short bridge, long bridge, and 3-fold adsorption config-
urations are possible, and the CO stretching frequencies are
1723−1800 cm−1 for the long bridge and 3-fold adsorption
configurations and 1820−1931 cm−1 for the short bridge
adsorption configurations. It shows clearly that all of our
computed CO stretching frequencies have much lower wave
numbers than the reported range of 1950−1985 cm−1.
Because CO stretching frequencies are directly associated

with the C−O distances at the adsorbed equilibrium states, the
shift of the CO frequencies to higher wave numbers upon an
increase in the coverage should come from the weakening of
the Fe−CO interaction and, therefore, the shortening of the
CO distance. For one CO adsorption on Fe(110), for example,
the computed CO stretching frequency is 1900 cm−1 at the top,
1733 cm−1 at the short bridge, 1659 cm−1 at the long bridge,
and 1659 cm−1 at the 3-fold sites.
To understand this discrepancy at coverage higher than 1/4

ML, we computed the thermodynamically less stable
adsorption configurations at the top site (Supporting
Information, Figure S2). For nCO = 4−6, the top adsorption
configurations are less stable than their most stable adsorption
configurations by 0.22, 0.25, and 0.30 eV, respectively. The
computed CO stretching frequencies of these less stable top
states are 1877−1947 cm−1 for nCO = 4, 1875−1956 cm−1 for
nCO = 5, and 1847−1954 cm−1 for nCO = 6. This agrees with the
experimentally observed shift of the CO frequencies to higher
wave numbers upon coverage increase. In particular, the CO
frequencies for nCO = 5 are in the range of the experimentally

Table 8. C−O Vibrational Frequencies (cm−1) on Six Iron
Surfaces

surface state theory experiment

(100) top 2012 1900−207018

bridge 1800−1850
4F 1179−1280 1180−124518

(110) top 1850−1956 1890−19857

(111) top 1907−1980 1945−201524

sh 1739−1856 1735−186024

dh 1482−1569 1325−153024

(210) top 1841−1918
4F 1115−1313

(211) top 1905−2011
bridge 1602−1881
4F 1192−1526

(310) top 1845−1920
4F 1104−1330

ACS Catalysis Research Article

dx.doi.org/10.1021/cs500287r | ACS Catal. 2014, 4, 1991−20052002



detected 1890−1985 cm−1.7 In addition, the shift in the Fe−C
frequencies from 442 to 401 cm−1 shows the same trend as also
observed experimentally. It is also noted that for nCO = 7−8, it
is not possible to find such less-stable top adsorption
configurations, as found for nCO = 4−6. Similar discrepancies
were also found by Stibor et al.33 and Jiang et al.34 They
attributed the site preferences at different coverages to the
choice of DFT methods.
On the basis of the computed CO stretching frequencies and

energy differences, it is reasonable to conclude that the
observed shift of the CO stretching frequencies might come
from the shift of the equilibrium from the most stable
adsorption configurations to the less stable top adsorption
states at elevated temperature.
Early TPD studies of CO adsorption on the Fe(111) surface

found three low-temperature molecular desorption states (α0,
α1, and α2). As discussed, we also found three CO molecular
adsorption configurations coexisting on the Fe(111) surface,
and they may correspond to the experimentally detected low-
temperature desorption states. At the lowest coverage, the
computed CO stretching frequency is 1906 cm−1 at the top,
1793 cm−1 at the shallow hollow, 1547 cm−1 at the deep
hollow, and 1453 cm−1 at the 4-fold sites. At saturated
coverage, the computed CO stretching frequencies are in the
range of 1907−1980 cm−1 for the top; 1739−1856 cm−1 for
shallow hollow; and 1482−1569 cm−1 for the 4-fold hollow
adsorption configurations. Experimentally,23−25 the three
nondissociative CO adsorption configurations have C−O
stretching frequencies of 1945−2015 (top), 1735−1860
(shallow hollow), and 1325−1530 cm−1 (deep hollow),
respectively. However, we could not find the reported 1325
cm−1 frequency from the lowest to the saturated coverage.
On the Fe(210) surface (Supporting Information Figure S4)

at the lowest coverage, the computed CO stretching
frequencies are 1793 and 1865 cm−1 at the two top sites;
1739, 1644, and 1641 cm−1 at the three 3-fold sites; and 1115
cm−1 at the 4-fold hollow site. At the saturated coverage (nCO =
12), top and 4-fold hollow adsorption configurations coexist,
and the computed C−O stretching frequencies are in the range
of 1841−1918 cm−1 for the top and 1115−1313 cm−1 for the 4-
fold hollow adsorption configurations.
On the Fe(211) surface (Supporting Information Figure S5)

at the lowest coverage, the computed CO stretching
frequencies are 1701 and 1870 cm−1 at the two top sites,
1807 cm−1 at the bridge site, and 1274 cm−1 at the 4-fold
hollow site. At saturated coverage (nCO = 10), the coexistence
of top, bridge, and 4-fold adsorption configurations becomes
possible, and the C−O computed stretching frequencies are in
the ranges of 1905−2011 cm−1 for the top, 1602−1881 cm−1

for the bridge, and 1192−1526 cm−1 for the 4-fold adsorption
configurations.
On the Fe(310) surface (Supporting Information Figure S6)

at lowest coverage, the computed CO stretching frequencies are
1772 and 1834 cm−1 at the two top sites, 1625 cm−1 at the 3-
fold hollow site, and 1104 cm−1 at the 4-fold hollow site. At
saturated coverage (nCO = 9), both bridge and 4-fold hollow
adsorption configurations are possible, and the C−O stretching
frequencies are in the ranges of 1845−1920 cm−1 for the top
and 1104−1330 cm−1 for the 4-fold adsorption configurations.
However, there are no available experimental CO stretching
frequencies on these three high-index surfaces for direct
comparison with our calculated data.

■ CONCLUSION

Spin-polarized density functional theory computations have
been carried out to study the adsorption, dissociation, and
desorption of CO on the iron (100), (110), (111), (210),
(211), and (310) surfaces at different coverages. The most
stable adsorption configurations and the stepwise dissociation
of the adsorbed CO molecules at different coverage have been
computed. These detailed studies into the CO activation
mechanisms provide some references about the initial stages of
iron-based Fischer−Tropsch synthesis, in which CO adsorption
and dissociation as well as surface carburization play the
essential roles in the structures, stability, and activity of the
catalysts. The computed CO desorption energies and
dissociation barriers at different coverages and temperatures
can be used for kinetic modeling, which is of practical
importance.
At the lowest coverage (one CO adsorption), there are no

direct correlations of the surface stabilities (surface energies) to
the adsorption strengths (adsorption energies and CO
stretching frequencies) as well as to the dissociation barriers
and dissociation energies. This is because of their different
adsorption sites and configurations. The most stable adsorption
configurations and sites are coverage-dependent, and the
coexistence of diverse adsorption configurations at different
sites is possible at high coverage.
On the basis of the computed stepwise CO adsorption

energies and dissociation barriers, equilibriums between
molecular and dissociative adsorptions at high coverage have
been found. On the Fe(100) surface, only dissociative
adsorption is possible for nCO = 1 and 2, whereas possible
equilibrium between molecular and dissociative CO adsorp-
tions are found for nCO = 3−7. For nCO = 8−11, only molecular
CO adsorption can be found. On the Fe(110) surface, only
dissociative CO adsorption is found for nCO = 1, whereas
equilibrium between CO + C + O and 2C + 2O is possible for
nCO = 2. For nCO = 3 and 4, the surface adsorption states have
mixed molecular and dissociative CO adsorptions coexisting;
however, only molecular CO adsorption is found for nCO = 5−
8. On the Fe(111) surface, only dissociative CO adsorption is
found for nCO = 1; possible equilibrium between molecular
(nCO) and dissociative (nC + nO) adsorptions is found for nCO
= 2, 3, and 5. For nCO = 4, mixed molecular and dissociative CO
coadsorption is possible. In contrast, only molecular CO
adsorption is found for nCO = 6−9.
On the Fe(210), only dissociative CO adsorption is favorable

for nCO = 1−6, whereas only molecular CO adsorption is
possible for nCO = 9−12. For nCO = 7 and 8, the molecularly
and dissociatively adsorbed CO molecules can coexist, and they
might form equilibrium. On the Fe(211) surface, only
dissociative CO adsorption is favorable for nCO = 1−2, and
only molecular CO adsorption is possible for nCO = 5−10. In
addition, the molecularly and dissociatively adsorbed CO
molecules can coexist (nCO = 3), and they might form an
equilibrium (nCO = 4) on the surface. On the Fe(310) surface,
only dissociative adsorption is possible for nCO = 1 and 3,
whereas molecular and dissociative CO adsorptions are possible
for nCO = 2, 4, 5, and 6. For nCO = 7−9, only molecular CO
adsorption is preferred.
Along with the computed most stable molecular CO

adsorption configurations at different coverages on the (100),
(110), and (111) surfaces, the respective C−O and Fe−C
stretching frequencies are in excellent agreement with the
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available experimental data from high-resolution electron
energy loss spectroscopy studies. Particularly, our computations
clearly reveal that the experimentally observed shifts of the C−
O and Fe−C stretching frequencies on the (110) surface up to
the change of coverage come from the change in the
equilibrium from the most stable adsorption configurations to
the less stable top adsorption states at elevated temperature.
The computed desorption states and temperatures on the
(100), (110), and (111) surfaces are in perfect agreement with
the available experimental data from temperature-programmed
surface reaction studies. The computed CO adsorption and
dissociation as well as desorption properties on the (210),
(211), and (310) surfaces at different coverages invite modern
experimental investigations. Our studies will provide useful
references for the studies of CO related reaction mechanisms.
The interplay in CO activation mechanisms between theory

and experiment on these iron surfaces reveals the intrinsic
relationship of surface structures and catalyst activities in
general and might contribute to a more rational catalyst
development in the future.
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