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The adsorption, dissociation and desorption of CO at different coverage over two Co surfaces and the cor-
responding equilibrium phase diagrams under different temperatures and partial pressures have been
systematically investigated; here, the results are obtained using density functional theory calculations
and atomistic thermodynamics together with the periodic slab model. Our results show that the satu-
rated adsorption on both Co(0001) and (100) surface are 7/9 ML; meanwhile, on these two surfaces, the
lateral repulsive interaction has an effect on the adsorption structures and the corresponding stepwise

ggy words: adsorption energies of these adsorbed CO molecules, and become stronger with the increasing of CO cov-
Adsorption erage, which further leads to CO migration over Co surface; moreover, the adsorption energies decrease
Dissociation gradually with the increasing of CO coverage until to the saturated adsorption. According to the stepwise
Fischer-Tropsch synthesis adsorption configurations, further calculations on CO dissociation show that only molecular adsorption
Coverage CO is favored over (0001) surface; whereas on Co(100) surface, when the coverage is 1/9 ML, CO dis-

Density functional theory sociation is more facile than its desorption; when the coverage is from 2/9 to 5/9 ML, only the first CO
dissociation is preferred, while desorption is more favored for the left CO molecules; when the coverage
is equal to or greater than 6/9 ML, CO desorption will be more favorable than its dissociation. Further,
the adsorption and activation of CO under different temperatures and partial pressures from atomistic
thermodynamics method well illustrate the relationship between the stable CO adsorption with the tem-
peratures and CO partial pressure on Co(0001) and Co(100) surface, respectively. Therefore, on the basis
of above results, we can obtain that the surface structures mainly affect the adsorption form of CO due
to the different activity towards CO, while CO coverage will affect its adsorption energies and configura-
tions, as well as CO dissociation on Co surfaces. The calculated stretching frequencies of CO molecule at
different coverage agree with the available experimental data. This study provides a more accurate and
detailed information for the process of CO adsorption and activation on Co surface.

© 2016 Elsevier B.V. All rights reserved.

the higher carbon products, as well as the relative low cost [5,7-8].
The studies about the interaction of small molecules with catalyst
surfaces is important to understand the surface structure of catalyst
and the catalytic processes, moreover, it has been well recognized

1. Introduction

Fischer-Tropsch synthesis (FTS), that converts syngas (CO+Hy)
to various chemical products [1-4], such as long-chain alkanes,

mono-alkenes and oxygenates, has attracted great interests due
to the extensive sources of syngas [5,6], in which CO adsorption
is carried out on the basis of heterogeneous catalysis. Meanwhile,
Co-based catalysts have been widely used in FTS due to its lower
water gas shift activity, the higher selectivity and activity towards
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that CO adsorption and dissociation are the first step in FTS mech-
anism [9-12]. Therefore it is necessary to probe into the behavior
of CO adsorption and activation on Co catalyst surfaces.
Nowadays, extensive studies have been carried out to inves-
tigate CO adsorption and activation over Co-based catalysts, and
mainly focus on the ideal close-packed (0001) surface. CO adsorp-
tion on Co surface have been experimentally characterized by
the thermal desorption (TPD) [13,14], work function measure-
ments [14,15], low-energy electron diffraction (LEED) [13-17], and
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photoelectron spectroscopy [17,18]. It is found that CO adsorb
molecularly on Co(0001) surface for temperatures up to 450K
[13,15]. At the coverage less than 1/3 of a monolayer (ML), CO
adsorbs at the top site with the C—0 bond normal to the surface
[14-16]. At the saturation coverage, an overlayer of CO with 7/12
ML coverage has been formed. On the other hand, the theoreti-
cal studies have also been employed to investigate CO adsorption
and activation over Co surface. Ge and Neurock [19] have investi-
gated CO adsorption and activation over the flat Co(0001), as well as
the stepped Co(10-12) and Co(10-24) surfaces, suggesting that CO
strongly chemisorbs on these surfaces but does not show a strong
dependence on the surface structure among the hexagonal close-
packed (HCP) Co; the adsorption energy of CO tends to decrease as
the increasing of CO coverage, in which only the coverage of 1/3,1/4
and 1/9 ML have been considered. The studies by Cheng et al. [20]
on the flat and stepped Co(0001) surfaces have suggested that both
the dissociative and molecular CO adsorption are needed in FTS
reaction. Ojedaetal.[9] and Gongetal.[21] have studied CO adsorp-
tion and dissociation over the p(2 x 2)and p(3 x 3) Co(0001) surface
corresponding to the coverage of 1/4 and 1/9 ML, respectively. Joos
et al. [22] have probed into CO adsorption and dissociation on the
clean and C-covered p(3 x 3) Co(0001) surface corresponding to 1/9
ML.

As mentioned above, most of theoretical studies about CO
adsorption and activation over Co surfaces are mainly carried out
under its low coverage conditions from 1/9to 1/4 ML[19-22].Up to
now, the studies about CO adsorption and activation at high cover-
age over Co surface are still scare, moreover, few studies have been
performed to probe into the effect of coverage on CO adsorption
and activation over Co surface. Moreover, the effects of tempera-
ture and CO partial pressure on CO surface coverage have not been
included.

It is well known that the effects of surface structure on CO
adsorption and activation usually focus on the flat and stepped sur-
faces that cleaved from HCP Co. However, it should be noted that Co
can exist in two crystallographic structures in FTS, the hexagonal
close packed (HCP) phase and the face-centered cubic (FCC) phase.
It has been reported that HCP Co has higher FTS activity than FCC
Co, this structure sensitivity is, however, complicated by a phase
transition from HCP to FCC upon decreasing the catalyst size, vary-
ing the supports and promoters, as well as pretreating the catalysts
[23-27]. Therefore, it is important to provide the useful informa-
tion of CO adsorption and activation on two crystallographic Co
structures. Among all Co surfaces, the (0001) and (111) surfaces
are the most stable and flat surface corresponding to HCP and FCC
crystallographic structures, respectively, both have the lowest sur-
face energies of 131 and 127 meV/AZ2, respectively [23]. But there
are the identical surface structures between the (0001) and (111)
surfaces, which lead to the same surface properties and character-
istics. Alternatively, we choose the flat (100) surface of FCC Co with
the relative higher surface energies of 154 meV/AZ, and the (100)
surface is more open and exhibits the higher activity towards CO
activation among all FCC Co facets. As a result, in this study, the
(0001) and (100) surfaces have been chosen to consider the effect
of surface structure on CO adsorption and activation.

Therefore, although the FTS mechanism is still under discussion,
CO adsorption and activation are certainly attractive as an impor-
tant and simple model step. In the present study, density functional
theory (DFT) calculations together with atomistic thermodynamic
method have been employed to investigate the adsorption, disso-
ciation and desorption of CO molecules at diverse coverage over
Co(0001) and (100) surface, as well as the corresponding equi-
librium phase diagrams under different temperatures and partial
pressures. Itis expected that our results can provide a better under-
standing about the effects of coverage and surface structures on CO
adsorption structures and energies over Co catalyst, the effect of

temperature and CO partial pressure on CO surface coverage, and
the existence form of CO over catalyst surface. Further, the mecha-
nism of CO activation at the initial stage of FTS can be revealed.

2. Computational details
2.1. Surface model

The effects of vacuum layer, slab thickness and surface size on
CO adsorption energy have been tested before the calculations of
CO adsorption, dissociation and desorption at different coverage
over Co surfaces. The corresponding results of CO adsorption at the
hcp site on Co(0001) surface and that at the 4-fold hollow site on
Co(100) surface, both are considered to be the most stable adsorp-
tion structures as presented behind, have been listed in Tables S1
and S2, respectively.

Based on above test results, a periodic p(3 x 3) supercell con-
taining four-layers Co atoms has been employed to model Co(0001)
surface, and a 12 A vacuum layer is inserted between the periodi-
cally repeated slabs to avoid interactions. Co(0001) surface has four
different adsorption sites: Top, Bridge, Hcp and Fcc, as presented in
Fig. 1(a). On the other hand, for Co(100) surface, the model consists
of a periodic p(3 x 3) supercell containing four-layers Co atoms, a
vacuum slab of 12 A is inserted into the direction perpendicular to
the surface to separate the periodically repeated slabs, three differ-
ent adsorption sites on Co(100) surface are presented in Fig. 1(b):
Top, Bridge and 4-fold hollow. In all calculations, the top two layers
Co atoms and all absorbed species are allowed to relax, while the
bottom two layers are fixed in their bulk position.

2.2. Calculation methods

In this study, the plane-wave based density functional theory
(DFT) calculations are performed with projector-augmented wave
(PAW) method [28,29] that implemented in the Vienna Ab Ini-
tio Simulation Package (VASP) [30,31]. The generalized gradient
approximation (GGA) proposed by Perdew-Wang (PW91) [32] is
used to describe the exchange-correlation energies and potential.
All calculations are spin-polarized due to the magnetic proper-
ties of cobalt with a plane wave cutoff energy of 400eV [33], the
reported structures will be converged while the energy differences
are smaller than 10> eV, and the forces are less than 0.03 eV/A.
A5 x5 x 1 k-points grid generated via the Monkhorst-Pack proce-
dure [22,34] is used for sampling the Brillouin zone. The calculated
lattice constant of bulk HCP Co is 2.49 A, which agrees with both
the experimental value of 2.51 A [35] and other calculated values
of 2.51 and 2.49 A [9,36], respectively. Meanwhile, the calculated
lattice constant of bulk FCC Co is 3.53 A, which is in good consistent
with both the experimental value of 3.54A [37] and other calcu-
lated values of 3.52 and 3.53 A [38,39], respectively. Spin-polarized
calculations on the isolated CO molecule, C and O atoms are carried
out in a 10 x 10 x 10 A cubic unit cell with a single k-point [40].
The calculated C—0 bond length of gas phase CO molecule is 1.14 A,
which also agrees with the experimental values of 1.13 A [41]. In
addition, DFT functional are well known to have the limitations for
calculating CO frequency when it is bonded to transition metals,
and our results also indicate that the computed stretching frequen-
cies of CO molecule in the gas phase is 2126 cm~!, which is lower
by around 40 cm~! than the experimental value of 2169 cm~! [35].

To investigate CO dissociation on Co surface, the Climbing-
image Nudged Elastic Band method (CI-NEB) [42,43] is employed,
and the transition states are optimized using the dimer method
[44,45]. The transition state structures will be converged when the
forces for all atoms are less than 0.05 eV/A. Vibrational frequencies
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Fig. 1. The surface morphology and possible adsorption sites of (a) Co(0001) surface, (b) Co(100) surface.

for all adsorbed species were determined in single point calcula-
tions with metal atoms fixed at their positions.

2.3. Thermodynamic analysis

Given that the contributions of zero-point vibrational energy
(ZPE), thermal energy and entropy to the standard molar Gibbs
free energies, the thermodynamic statistical formulas derived from
partition functions have been used to correct the total energy
obtained directly from DFT calculations. The standard molar Gibbs
free energy for gaseous and adsorbed CO species can be obtained
by the following Eq. (1):

GY(T, p) = Etotal + EZPE + U? — TS? + yRT[1 + In(pco/p?)] (1)

Where E, refers to the total energy obtained directly from DFT
calculations, R is the gas constant, p is the partial pressure of the
gas-phase molecule, y is O for surface adsorbed species and 1 for
gaseous molecule; Ezp is the zero-point vibrational energy, U? and
$% are the thermal energy and entropy, respectively, the detailed
descriptions for the calculations methods of Ezpg, U? and S9 are pre-
sented in the Supplementary material. Moreover, since FTS process
proceeds at the temperature range of 473-623 K under the realistic
condition [46], all energies including adsorption free energy, step-
wise adsorption free energy, reaction free energy barrier, reaction
free energy are calculated at the temperature of 500 K.

As a convenient tool to solve problems referring to reaction
conditions, atomistic thermodynamics proposed by Scheffler and
Reuter [47,48] has been successfully applied to many systems
[49-53]. We took CO adsorption on Co(0001) and Co(100) surfaces:
Co+CO(g)— CO/Co as an example, and the change of Gibbs free
energy (AG) for this adsorption process can be described by Eq. (2):

AGYS(T, p, nco) = G[Co(slab)/{nco}] — G[Co(slab)] — Ggas(CO)  (2)

In Eq. (2), G[Co(slab)/{nco}] is the Gibbs free energy of Co sur-
face with n CO molecules, G[Co(slab)] is the Gibbs free energy of
the pure Co surface. Compared with the great contribution of vibra-

tion to the gases, this contribution to the solid surface is negligible
because of their enormous mass differences and that the vibrations
involving only the metal atoms are low frequency vibrations and
will mostly cancel out. Thus, we apply the total energy of the pure
solid Co surface obtained directly from DFT calculation to substi-
tute the corresponding Gibbs free energies. However, the M—C and
C=0 vibrations for the gaseous and adsorbed CO species need to be
considered, as a result, the Gibbs free energy has been calculated
for the gaseous and adsorbed CO species.

The Ggas(CO) term is equal to ncotco(T, p), and the CO chemical
potential can be described as Eq. (3):

peo(T, p) = E + Lico(T, p?) + ks T In(pco /p?) 3)

where kg, pco and p® are the Boltzmann constant, CO partial pres-
sure and standard atmospheric pressure, respectively. Here, we can
obtained the change of Gibbs free energy during CO adsorption at
different temperature T and pressure p by using Eq. (4):

AGS(T, p, nco) = G[Co(slab)/nCO ] — E[Co(slab)] — nGi%! —
nfico(T, p’) — nksT In(pco/p”) (4)

where G[Co(slab)/(nCO)] and G¢g are the Gibbs free energies of the
corresponding systems, E[Co(slab)] is the total energies of the pure
solid Co surface obtained directly from DFT calculation.

3. Results and discussion
3.1. The adsorption of the single CO molecule, C and O atoms

The adsorption free energy (E,qs) of these species on Co surfaces
is calculated using Eq. (5):

Eads = Espe/sur—(Esur + Espe) + AGygs(correction) (5)

where Egpe/s is the total energy of the adsorbed species together
with the slab Co surface in the equilibrium state, Esy; is the total
energy of the optimized bare slab surface, and Espe is the total
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Fig. 2. The most stable adsorption configurations of the single CO molecule on
Co(0001) and (100) surfaces, respectively. The Co, C and O atoms are shown in the
purple, grey and red balls, respectively. The energies are in k] mol~'. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

energy of the isolated species, AG,qs(correction) refers to the
change of the Gibbs free energy correction between the adsorbed
systems and the gaseous species. In addition, in order to obtain the
most stable adsorption site of C and O radicals, C and O adsorp-
tion energies referenced to gas-phase CO (Eqgs, 0 =E20-En2 and
Eqqgs,c =Eco-Eo) instead of C and O radicals, which are typically not
well described by DFT [54]. Thus, the more negative values of E, 4
denote that the adsorption is more stable than the corresponding
substrate and free adsorbate. The corresponding data is presented
in Figs. 2, S1 and S2.

For the adsorption of one CO molecule, four different sites on
Co(0001) surface have been examined, and the most stable adsorp-
tion configurations are presented in Fig. 2(a). CO prefers to adsorb
at the hcp site via C atom with an adsorption free energy of
—189.8kJmol~1, and the C—0 bond is oriented perpendicular to
the surface with its length elongated from 1.14A in gas phase to
1.20 A, which agrees well with the previous studies [20]. C and O
atoms preferentially adsorb at the hcp site (see Fig. S1). C atom has
an adsorption energy of —97.6 k] mol~! with the C—Co bond length
of 1.78 A. O atom has an adsorption energy of —14.6 k] mol~! with
the O—Co bond length of 2.15A.

As for the adsorption of single CO molecule on the Co(100)
surface, three different sites have been considered, as shown in
Fig. 2(b). CO prefers to adsorb at the 4-fold hollow site with an
adsorption free energy of —198.8kJmol~!, the C—O bond is per-
pendicular to the surface, and the corresponding bond length is
elongated to 1.22 A from 1.14 A in gas phase. C and O atoms prefer
to adsorb at the 4-fold hollow site (see Fig. S2) with the correspond-
ing adsorption energies of —219.2 and —52.0 k] mol !, respectively;
meanwhile, the C—Co and O—Co bond lengths are 1.88 and 1.98 A,
respectively.

3.2. CO adsorption at different coverage

To probe into the characteristics of CO adsorption over dif-
ferent Co surfaces, the most stable co-adsorption configurations
at individual coverage on Co(0001) and (100) surfaces have been
investigated, respectively, in which the numbers of CO molecules
on Co surfaces are increased gradually on the basis of the most
stable adsorption configuration of the single CO on Co surfaces.

The stepwise adsorption free energies of CO at different cover-
age are calculated using Eq. (6):

AEygs = ECOn+1/slab_(ECOn/slab +Eco) + AG,qs(correction) (6)

where a positive AE,4s for n+1 CO molecules indicates the satu-
rated adsorption with n CO molecules [52,53].

As mentioned above, the hcp and 4-fold hollow sites are the
most stable sites for the single CO adsorption over Co(0001) and

Co(100) surfaces, respectively. Hence, in the below studies, all CO
molecules are located at the most stable site in their initial configu-
rations. Correspondingly, the most stable co-adsorption structures
and the stepwise adsorption free energies of CO molecules at differ-
ent coverage over Co(0001) and (100) surfaces have been displayed
in Figs. 3 and 4, respectively. In addition, the stepwise adsorption
energies directly obtained from DFT and all possible co-adsorption
configurations have been presented in the Supplementary material
(see Table S3, Figs. S3 and S4).

3.2.1. Co(0001) surface

For the coverage of 1/9-2/9 ML, CO molecules are all adsorbed at
their most stable hcp sites with the C—0 bond almost perpendicular
to the surface, and the stepwise adsorption free energies for these
CO molecules (—189.8 and —180.2 k] mol~1) are similar, suggesting
that the lateral repulsive interactions between the adsorbed CO
molecules are nearly negligible when the coverage is less than or
equal to 2/9 ML.

For the coverage of 3/9-6/9 ML, it can be found that the cor-
responding adsorption free energies (—145.6, —110.7, —155.1 and
—116.9k] mol~1, respectively) are smaller than the first two CO
molecules, indicating that the lateral repulsive interaction have
affected the stability of CO adsorption. The adsorbed CO molecules
migrate from the hcp to fcc sites, but others are very close to the
bridge site, in which the first two C—Co bond become shorten and
the third C—Co bond is stretched (the adsorption site in this config-
uration is called as like-bridge site). Moreover, with the increasing
of CO coverage, more CO molecules will tend to migration to adjust
the distance between the adsorbed CO molecules.

For the coverage of 7/9 ML, it can be found that CO molecules
are adsorbed at the 3-fold hollow (hcp and fcc), like-bridge and
top sites, suggesting that the lateral repulsive interaction obvi-
ously affects the adsorption structures and stepwise adsorption
free energies of these CO molecules. And the corresponding adsorp-
tion free energies (—30.1 k] mol~') are smaller than the first six CO
molecules.

When the coverage reaches 8/9 ML on the surface, the calculated
AE,4s has become a positive value of 220.4 k] mol~1, namely, it has
reached the saturated adsorption over Co(0001) surface.

3.2.2. Co(100) surface

For the coverage of 1/9-2/9 ML, all CO molecules are adsorbed
at their most stable 4-fold hollow sites, and the C—0 bond is almost
perpendicular to the surface; the adsorption free energies for the
first two adsorbed CO molecules (—198.8 and —206.3 k] mol~1) are
nearly same, which show that the lateral repulsive interactions
between these two adsorbed CO molecules are negligible when the
coverage is less than or equal to 2/9 ML.

When there are the coverage of 3/9 ML of CO molecules
adsorbed on the surface, all molecules still have the most stable
sites of 4-fold hollow, the corresponding adsorption free energy
(—189.0k] mol~1) is smaller than the first two CO molecules, sug-
gesting that the lateral repulsive interaction begins to gradually
affect the adsorption of CO.

For the coverage of 4/9-6/9 ML, CO molecules begin to move
to the bridge site, and the corresponding adsorption free energies
gradually decrease (—168.0, —170.0 and —134.1 k] mol~1). Namely,
when the coverage is greater than or equal to 4/9 ML, the lateral
repulsive interaction obviously affects the adsorption structures
and energies of CO molecules. Thus, as the CO coverage increases,
more CO molecules will migrate to the bridge site from the 4-fold
hollow site.

For the coverage of 7/9 ML, due to the stronger repulsive
interaction, more CO molecules begin to transfer from the initial
4-fold hollow to the bridge sites, and the corresponding adsorption
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Fig. 3. The most stable configurations and the free energies for the stepwise CO adsorption on Co(0001) surface. See Fig. 2 for color coding. The energies are in kj mol-'.
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Fig. 4. The most stable configurations and the free energies for the stepwise CO adsorption on Co(100) surface. See Fig. 2 for color coding. The energies are in k] mol-".

free energies of —31.9kJmol~! is far smaller than the former CO
molecules.

When the coverage reaches 8/9 ML on the surface, the calcu-
lated AE,qs is found to be a positive value of 53.0 kJ mol~!. Thus,
CO reaches the saturated adsorption with the coverage of 7/9 ML
over Co(100) surface.

On the other hand, in order to re-check the most stable struc-
tures of CO adsorption at high coverage, beside the most stable
adsorption site, CO adsorption at other adsorption sites are fur-
ther calculated at the coverage of 6/9 and 7/9 ML over Co(0001)
and Co(001) surfaces, respectively. In their initial configurations,
CO molecules are adsorbed at the bridge and top sites of Co(0001)
and Co(100) surface, respectively. Our results show that for CO
adsorption at high coverage, the hcp sites of Co(0001) surface and
the 4-fold hollow of Co(001) surface are still more stable than
other sites, in their optimized configurations, CO molecules tend
to migrate to the hollow sites, namely, the 3-fold and 4-fold hol-
low sites are more preferred for CO adsorption from low to high
coverage over Co(0001) and Co(001) surfaces, respectively.

Table 1
The calculated and experimentally vibrational frequencies (vco/cm~1) of adsorbed
CO from the lowest to saturated coverage over Co(0001) and (100) surfaces.

Adsorption Our calculated data Experimental data
site

Co(0001) Co(100) Co [54] Co(0001) [55]
hollow 1740-1829 1576-1750 1740-1830 1850
bridge 1795-1931 1879-1962 1840-2010 1900
top 2075 2030-2130  2000-2130
gas phase CO 2126 2169 [35]

3.3. Stretching frequency of CO adsorption at different coverage

As mentioned above, the most stable adsorption configurations
of CO at different coverage from 1/9 to 7/9 ML over Co(0001) and
Co(100) surfaces have been obtained, we further calculated the
corresponding stretching frequencies of adsorbed CO, as listed in
Table 1.

On Co(0001) surface, all CO molecules are adsorbed at the
hcp site with the stretching frequencies of 1740-1790cm~! for
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the coverage of 1/9-3/9 ML. For the coverage of 4/9 ML, the fre-
quency of 1852cm~! means the mixed-adsorbed CO species at
the 3-fold hollow and like-bridge sites, in which the like-bridge
configurations have the C—O stretching frequencies in the range
of 1795-1796cm~1, CO adsorbed at the 3-fold hollow site has
the stretching frequency of 1780cm~!. For the coverage of 5/9
ML, CO located at the like-bridge sites have the stretching fre-
quencies in the range of 1813-1905cm~!, while the stretching
frequency of CO at the 3-fold hollow site is 1793 cm~!. For the
coverage of 6/9 ML, there are two characteristic frequencies of
1940 and 1851 cm™!, these signals should be attributed to the
multiple-bonded CO species, which are similar to the characteristic
frequency for the coverage of 4/9 ML; and the C—O stretching fre-
quencies are 1833-1836cm~! and 1858-1861 cm™! for like-bridge
sites. For the coverage of 7/9 ML, three adsorption configurations
coexist, and the C—O stretching frequencies are 2075cm~! for
the top sites, 1870-1873 cm~! for the like-bridge sites, as well as
1798-1800cm~! for the 3-fold hollow sites; besides, the stretch-
ing frequencies of 1931 and 1829 cm~! are mainly attributed to
the adsorption of CO at the like-bridge and 3-fold hollow sites,
respectively.

On Co(100) surface, all CO molecules adsorbed at the 4-fold hol-
low sites have the stretching frequencies of 1607-1645cm~! for
the coverage of 1/9-3/9 ML. For the coverage of 4/9-7/9 ML, the
bridge configurations have the C—O stretching frequencies in the
range of 1879-1962 cm~!, while those at the 4-fold hollow sites
are shifted to the lower stretching frequencies of 1576-1750cm™1.
Moreover, with the increasing of coverage, the stretching frequen-
cies of CO, on Co(0001) or (100) surface, are shifted to higher wave
numbers, which indicates a lower activation degree of the C—O
bonds at high coverage. Compared to Co(0001) surface, the C—O
stretching frequencies is in the lower wave number range on (100)
surface, indicating that the 4-fold hollow site have better activity
than the 3-fold hollow for CO adsorption. Hence, Co(100) has better
ability to activate the C—0 bonds than Co(0001).

To deeply understand the adsorption properties of CO on Co
surfaces, we make a direct comparison with the available exper-
imental frequencies, as presented in Table 1. The earlier Raman
spectra results [55] have reported that the vibrational frequen-
cies of CO adsorption observed at the top sites on Co metal are
2030-2130cm™!, those at the bridge sites are 1840-2010cm™!,
while those at the 3-fold hollow sites are shifted to lower wave
numbers of 1740-1830cm~!. Kuipers et al. [56] have investi-
gated CO adsorption on Co(0001) surface with RAIRS spectra, in
which the vibrational frequencies observed at the top sites are
2000-2130cm™!, those at the bridge and 3-fold hollow sites are
about 1900 and 1850cm™!, respectively. Although there are no
available experimental data for CO adsorbed at the 4-fold hollow
site, to a certain extent, our calculated results agree reasonably with
the experimental frequency range on Co surfaces. Interestingly,
these frequencies of 1940, 1851 and 1852cm~! agree very well
with the observed characteristic frequency of 1900 and 1850 cm™!,
which attributed to multiple-bonded CO species on Co(0001) sur-
face [56].

3.4. CO dissociation and desorption at different coverage

According to the most stable adsorption configurations of CO
molecules that displayed in Figs. 3 and 4, the dissociation pro-
cesses of these CO molecules at different coverage over Co(0001)
and Co(100) surfaces have been investigated, respectively. Reac-
tion free energy, free energy barrier and desorption free energy
including the zero-point energy, thermal energy, entropies at the
temperature of 500K, and the C—0 bond length in transition state
for CO dissociation at different coverage over Co(0001) and Co(100)
surfaces are listed in Table 2, the corresponding structures of ini-

tial states, transition states and final states for CO dissociation are
presented in Figs. 5 and 6. Meanwhile, the potential energy (total
energy and free energy) profile of CO dissociation at different cov-
erage over Co(0001) and (100) surfaces (see Figs. S5 and S6 in the
Supplementary Information).

For the dissociation reaction of CO on Co surface, the dissociation
free energy barrier (E; ) and reaction free energy (AE) are calculated
according to the following Eqgs. (7) and (8):

Ea= (Ets—Eis) + AGy(correction) (7)
AE = (Eps-Ejs) + AG(correction) (8)

Here Eis and Egg are the total energies of Co surface together
with the adsorbed CO molecule and the dissociated C+0O atoms,
respectively; Ers is the total energy of transition state for the
corresponding dissociation reaction; AG,(correction) refers to the
change of Gibbs free energy correction between transition states
and initial states; AG(correction) corresponds to the change of
Gibbs reaction free energy correction between final states and
initial states, in which the zero-point energy vibrational energy,
thermal energy and entropies have been taken into considera-
tion. Moreover, the corrected stepwise adsorption free energies
are further served as the reversed stepwise desorption free ener-
gies to further carry out a comparison between the dissociation
and desorption of adsorbed CO molecules over Co surface. Finally,
the thermal energy and entropies, as well as the dissociation free
energy barrier and reaction free energy were calculated at the tem-
perature of 500K and the standard pressure (p®) for gas-phase
species and the adsorbed state species.

3.4.1. Co(0001) surface

For the dissociation of CO at the coverage of 1/9 ML on the
Co(0001) surface, starting from the adsorbed CO, CO dissociates into
C and O atoms via transition state TS1, where C and O are located
at two adjacent hcp sites, as shown in Fig. 5. The dissociation free
energy barrier of this elementary reaction is 235.0 k] mol~!, which
is much lower than the C—0 bond energy (1070.3 k] mol~!) of CO
in the gas phase, and this reaction is endothermic by 94.5 kj mol~1;
while the corresponding desorption free energy is 189.8 k] mol~1,
suggesting that CO desorption is more favored rather than its
dissociation. Previous studies have shown that the barrier of CO
dissociation on Co catalyst is similar to our results in this study. Ge
and Neurock [19] have reported that CO dissociation on Co(0001)
surface has an activation barrier of 232.0k] mol~!. Gong et al. [21]
have obtained CO dissociation barrier of 260.0 k] mol~! on Co(0001)
surface. Joos et al. [22] have also obtained the barrier and reaction
energy of 221.4 and 88.5 k] mol~! for CO dissociation on Co(0001)
surface. Therefore, CO dissociation on Co(0001) is expected to be
an unfavorable process.

For the dissociation of CO molecules at the coverage of 2/9 ML,
as shown in Fig. 5, the adsorbed two CO molecules firstly disso-
ciate into CO+C+0 via transition state TS2, subsequently, the left
CO molecule dissociates into 2C+20 via the transition state TS3,
in which two C atoms and two O atoms are adsorbed at the 3-
fold hollow site. The dissociation of these two CO molecules is
endothermic by 123.1 and 165.9kJmol~! with the correspond-
ing dissociation free energy barriers of 249.5 and 260.4 k] mol 1,
respectively. However, both dissociation free energy barriers of
these two CO molecules are rather high compared to their cor-
responding desorption free energies of 180.2 and 151.7 k] mol-1,
respectively, indicating that CO dissociation at this coverage is also
unfavorable compared to CO desorption.

According to above results, when the coverage increases from
1/9 to 2/9 ML, the dissociation free energy barriers of adsorbed
CO increase from 235.0 to 260.4 k] mol~!, the desorption free ener-
gies of these CO molecules decrease from 189.8 to 151.7 kjmol~!,
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Table 2

Reaction free energy (AE), free energy barrier (E,) and desorption free energy (Eqes) including the zero-point energy correction, thermal energy correction, entropies at the
temperature of 500K, and the C—0 bond length in transition state for CO dissociation at different coverage over Co(0001) and Co(100) surfaces.

nCoO Dissociation route deolA AE/k] mol~! Ea/k] mol~! Eges/k] mol~!

Co(0001) surface

1CO 1C0—1C+10 1.84 94.5 235.0 189.8 (167.3)

2CO 2CO0— 1CO+1C+10 1.85 123.1 2495 180.2 (164.6)
1CO0+1C+10—2C+20 1.83 165.9 260.4 151.7

Co(100) surface

1CO 1C0O— 1C+10 1.84 —46.0 131.0 198.8

2CO 2C0—1CO+1C+10 1.87 —124.2 146.9 206.3
1C0+1C+10—2C+20 1.88 533 236.9 189.7

3COo 3CO0—2CO0+1C+10 1.87 —24.2 140.3 189.0
2C0+1C+10— 1CO+2C+20 1.85 5.4 141.0 105.1
1CO0+2C+20—3C+30 1.83 16.0 213.2 1123

4CO 4C0—3CO0+1C+10 1.86 -116.0 157.8 168.0
3CO0+1C+10—2CO+2C+20 1.81 -9.8 241.0 181.3
2CO0+2C+20— 1CO+3C+30 1.87 91.5 286.0 187.0
1CO0+3C+30—4C+40 3.18 236.2 246.3 1519

5CO 5C0—4C0+1C+10 1.84 —-101.5 142.4 170.0
4CO0+1C+10—3C0O0+2C+20 1.86 88.2 331.2 148.3

6CO 6CO—5CO0+1C+10 1.88 -13.0 214.6 1341

1CO+1C+10

TS3

Fig. 5. Structures involved in the dissociations of 1-2CO molecules on Co(0001) surface. See Fig. 2 for color coding.

indicating that with the increasing of coverage, the dissociation bar-
rier of adsorbed CO molecules increases, and the desorption free
energy decreases. Therefore, when CO coverage is larger than or
equal to 1/12 ML, the dissociation free energy barriers of adsorbed
CO molecules are obviously higher than their corresponding des-
orption free energy, suggesting that the dissociation of adsorbed
CO molecules will be unfavorable both kinetically and thermody-
namically on Co(0001) surface.

3.4.2. Co(100) surface

For the dissociation of CO molecule at the coverage of 1/9 ML
on Co(100) surface, CO dissociates via transition state TS1 into C
and O atoms, the C and O atoms are located at two adjacent 4-
fold hollow sites, as shown in Fig. 6. This elementary reaction is
exothermic by 46.0 k] mol~! with a dissociation free energy barrier
of 131.0kJ mol~1, which is much lower than the C—O bond energy
(1070.3kJmol~1) of CO in the gas phase, and the corresponding
desorption free energy of 198.8 kJ mol~!, indicating that CO disso-
ciation is more favorable than the desorption at the coverage of 1/9
ML.

At the coverage of 2/9 ML, as shown in Fig. 6, the adsorbed two
CO molecules will firstly dissociate into CO+C+0O via transition
state TS2, this elementary reaction is exothermic by 124.2 kj mol-1,
and the dissociation free energy barrier is 146.9 k] mol~!, which
is smaller than the corresponding desorption free energy of
206.3 k] mol~!. Subsequently, the left CO will dissociate through
transition state TS3 to the final state, in which there are two C

atoms and two O atoms adsorbed on the surface. The dissociation of
the second CO molecules is endothermic by 53.3 k] mol~! with the
corresponding dissociation free energy barriers of 236.9 k] mol~!,
which is higher than the corresponding desorption free energies
of 189.7kjmol~!. Thus, at the coverage of 2/9 ML, there are CO
molecules and dissociated C and O atoms exist on the surface.

For the coverage of 3/9 ML, these CO molecules will stepwise dis-
sociate through the transition states TS4-6, as displayed in Fig. 6.
The dissociation free energy barriers of these CO molecules are
140.3, 141.0 and 213.2kJmol~!, respectively, and the stepwise
reaction free energies are —24.2, 5.4 and 16.0k]mol~!, respec-
tively. While the corresponding desorption free energies of these
COmolecules are 189.0,105.1 and 112.3 k] mol~!, respectively, sug-
gesting that at the coverage of 3/9 ML, only one CO dissociation is
preferred, thus, there will be C and O atoms together with two CO
molecule existed on the surface.

For CO molecules at the coverage of 4/9 ML, they dissociate
successively into 4C+40 atoms via the transition states TS7-10
with the dissociation free energy barriers of 157.8, 241.0, 286.0
and 246.3 k] mol~!, respectively, and the corresponding reaction
free energies of these elementary steps are —116.0, —9.8, 91.5 and
236.2 k] mol~!, respectively. Compared to the desorption free ener-
gies of these CO molecules(168.0, 181.3, 187.0 and 151.9kJ mol~1,
respectively), we can see that at the coverage of 4/9 ML, only one CO
dissociation is preferred, thus, there will be C and O atoms together
with three CO molecules existed on the surface.
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Fig. 6. Structures involved in the dissociations of 1-6 CO molecules on Co(100) surface. See Fig. 2 for color coding.

At the coverage of 5/9 ML, it is found that the first CO dissocia-
tion through the transition state TS11 has a free energy barrier of
142.4k]mol~1, and the reaction is exothermic by 101.5k] mol-1;
while the second CO dissociates through the transition state TS12
with a free energy barrier of 331.2kJmol~!, and the reaction
is endothermic by 88.2 k] mol~1. Meanwhile, the desorption free
energies of these two CO molecules are 170.0 and 148.3 kJ mol-1,
respectively, suggesting that at the coverage of 5/9 ML, it is also

only one CO dissociation is preferred, and there will be C and O
atoms together with four CO molecules on the surface.

Further, the dissociation of the first CO at the coverage of 6/9
ML is also investigated, and the calculated results show that the
dissociation free energy barrier is 214.6 k] mol~1, and the reaction
free energy is —13.0 k] mol~1. However, the corresponding desorp-
tion free energy is 134.1 k] mol~!, suggesting that at the coverage
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greater than or equal to 6/9 ML, the dissociation of CO will be unfa-
vorable compared to the corresponding CO desorption.

Generally, when the coverage increases from 1/9 to 6/9 ML,
the dissociation free energy barriers of adsorbed CO increase from
131.0 to 331.2k] mol-1, and the desorption free energies of these
CO decrease from 206.3 to 105.1 k] mol~!, indicating that with the
increasing of coverage, the dissociation barrier of adsorbed CO
molecules increases, and the desorption free energy decreases, as a
result, the dissociation becomes more difficult, and the desorption
become easier. Moreover, with the increasing of the dissociation
numbers of CO molecules on metal surface, the left free sites on
surface decrease, namely, the larger the coverage of CO is, the less
the left free site is, which means that CO prefer to desorb from the
surface than dissociate on the surface at high coverage. Therefore,
when the coverage is 1/9 ML, CO dissociation is more favorable
than its desorption; when the coverage ranges from 2/9 to 5/9 ML,
only the first CO dissociation is preferred, while desorption is more
favored for the left CO molecules; however, the coverage is greater
than or equal to 6/9 ML, CO desorption will be more favorable than
its dissociation.

3.5. Microkinetic model

FTS process proceeds at the temperature range of 473-623 K
[46], in order to further obtain the in-depth analysis of CO disso-
ciation and desorption on Co(0001) and (100) surfaces under the
realistic FTS conditions, we compared CO dissociation and des-
orption rate constants at different coverage at the temperature
of 500 and 600K respectively and further calculated CO dissoci-
ation rate using the kinetic model at the temperature of 500K (see
Tables 3 and 4). The corresponding descriptions of rate constants
and kinetic model are presented in the Supplementary material.

On Co(0001) surface, at the coverage of 1/9 ML, the dissociation
rate constants is far less than the desorption rate constant at 500
and 600K, respectively; when the coverage increases to 2/9 ML,
the dissociation rate constant decreases, the desorption rate con-
stant increases comparing to the coverage of 1/9 ML, moreover, the
desorption rate constants of adsorbed CO molecules are obviously
higher than their corresponding dissociation rate constants, sug-
gesting that CO prefer to desorb from the Co(0001) rather than its
dissociation, these results are in agreement with that obtained by
the stepwise desorption free energy.

On Co(100) surface, at the coverage of 1/9 ML, the dissociation
rate constants is far greater than the desorption rate constants at
500 and 600 K, respectively, indicating that CO dissociation is more
favorable than its desorption. When the coverage increases from
2/9 ML to 3/9 ML, as shown in Table 3, the dissociation of the first
CO molecule remains the larger rate constant compared to that of
the left CO molecules, which show that there will be C and O atoms
together with two CO molecule existed on the surface. But, when
the coverage reaches to 4/9 and 5/9 ML, only the dissociation and
desorption of the first CO molecule will compete due to the closed
rate constants compared to those at the coverage from 1/9 to 3/9
ML, and the left CO molecules will desorption. At the coverage of 6/9
ML, the desorption rate constants are much larger than the dissoci-
ation rate constants, indicating that CO begin to desorb exclusively
compared to the dissociation on Co(100) surface. Thus, on Co(100)
surface, there is only the dissociative adsorption of CO at the cov-
erage of 1/9 ML, and only molecular adsorption CO is possible at
the large coverage of 6/9 ML, the co-existence of the molecular and
dissociative adsorption CO becomes possible at the medium cover-
age from 2/9 to 5/9 ML. In addition, our results show that the rate
constants of both CO dissociation and desorption increase with the
increasing of the temperature, namely, the high temperature can
promote the dissociation and desorption of CO over Co(0001) and
(100) surfaces.

Pressure (atm)

100K 300K

500K
Temperature

700K

Pressure (atm)

300K

500K
Temperature

Fig. 7. Phase diagram of stable CO coverage on Co(0001) and Co(100) surfaces.

Moreover, seen from Table 4, at the coverage of 1/9 and 2/9
ML on Co(0001) surface, the negative reaction rates suggest the
recombination rate of C and O is faster than the forward dissocia-
tion reaction. Thus, it is concluded that CO adsorbs molecularly on
Co(0001) surface.On the other hand, on Co(100) surface, CO could
dissociate fast into C andO at the coverage of 1/9 ML, and the corre-
sponding reaction rate is 0.02 s~ ! site~1, indicating that the Co(100)
has better ability for CO dissociation at the lowest coverage. At
the coverage of 2/9 ML, the dissociation of the first CO molecule
is obviously more facile than the second. Moreover, at the coverage
between 3/9 and 5/9 ML, as shown in Table 4, with the decreasing
of the free sites on the surface, CO molecule dissociation rate slowly
decreases and even become negative, which suggest the recombi-
nation of C and O become favorable than the forward dissociation
reaction. These results suggest CO dissociation become more diffi-
cult with the decreasing of free site at each of coverage. Further, the
CO dissociation rates decrease generally as the coverage increases.
Noting the dissociation rate of the first CO molecule at the coverage
of 5/9 ML is abnormally close to that of the first CO molecule at 3/9
ML, which attributes to the open environment around in TS11.

3.6. CO coverage on temperature and pressure

On the basis of above discussed CO adsorption, desorption, dis-
sociations energies and CO chemical potentials under different
conditions, we plotted the equilibrium phase diagram of stable CO
coverage as the functions of temperature and CO partial pressure,
as shown in Fig. 7.

On Co(0001)surface, there are six regions and each region shows
the possibility of getting stable CO coverage within the range of
temperature or partial pressure. The first region shows the cover-
age of 7/9 ML (n¢o = 7), which is only stable at very low temperature
(<30K). The second region shows the coverage of 6/9 ML (nco =6),
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Table 3
The rate constants of the dissociation (kq;s) and desorption (kges) of CO with different coverage at different temperature on Co(0001) and Co (100) surfaces.
nCO Dissociation 500K 600K
route
kdis kdes kdix kdes
Co(0001) surface
1CO 1C0— 1C+10 2.93x10°12 1.54 x 1077 434x10°8 3.74x 10
2CO 2C0—1CO0+1C+10 8.94x 10714 1.55x 1076 2.37x107° 2.56 x 1073
1C0+1C+10—2C+20 6.50 x 10-13 148 x 1073 2,67 x 10710 0.78
Co(100) surface
1CO 10— 1C+10 0.21 1.77 x 10°8 49.00 6.15x 1073
2C0 2C0—1CO+1C+10 4.68 x 1073 2.92x107° 2.03 1.37x10°°
1C0+1C+10— 2C+20 1.85x 10712 1.58 x 1077 2.97 x 108 3.81x10°*
3CO 3C0—2CO0+1C+10 0.02 1.87 x 1077 7.62 439x10*
2C0+1C+10— 1CO+2C+20 0.02 1.09 x 102 6.63 8.84 x 10?
1C0+2C+20—3C+30 5.55 x 1010 19.30 3.43 x10°6 2.09 x 103
4C0 4C0—3C0+1C+10 3.40 x 104 2.92x10°° 0.23 0.03
3CO0+1C+10— 2CO0+2C+20 6.91x 1013 1.19x10°6 1.30x10°8 2.05x 1073
2C0+2C+20—1CO+3C+30 1.38x 107 3.03x 1077 1.58 x 1012 6.55x 104
1CO0+3C+30— 4C+40 1.93x10°13 1.41x1073 4.50x10°° 0.75
5CO 5C0—4C0+1C+10 138 x 1072 1.81x 107> 5.00 1.98 x 1072
4C0+1C+10—3C0+2C+20 3.24x 10722 334x103 1.83 x 10716 1.53
6CO 6C0—5C0+1C+10 3.96 x 10710 0.10 2.59 x 1076 0.26 x 10%
Table 4

The free energy barriers of the forward (E,) and reverse (E,,) reaction, and reaction rate (rq;s) at the temperature of 500K for CO dissociation at different coverage over

Co(0001) and Co(100) surfaces.

nCo Dissociation route E./k] mol-! Ear/k] mol-1 Tais/s ™" site™!

Co(0001) surface

1CO 1C0—1C+10 235.0 140.5 —247x104

2CO 2C0—1C0+1C+10 2495 126.4 -8.0x 1073
1C0+1C+10—2C+20 260.4 99.5 -20.71

Co(100) surface

1CO 1CO—1C+10 131.0 177.0 0.02

2CO 2C0—- 1CO0+1C+10 146.9 271.1 8.09 x 104
1C0+1C+10—2C+20 236.9 183.6 -3.39x 1077

3CO 3C0—2C0+1C+10 140.3 164.5 4.44 x 1073
2C0+1C+10— 1CO+2C+20 141.0 135.6 -1.16x 103
1CO+2C+20—3C+30 213.2 197.2 —-2.90x10°°

4C0O 4C0—3CO0+1C+10 157.8 273.8 8.40 x 10—
3C0+1C+10—2CO0+2C+20 241.0 250.8 991 x 101
2C0+2C+20—1CO+3C+30 286.0 194.5 —5.50 x 10-8
1CO0+3C+30—4C+40 246.3 10.1 —1.81 x 10"

5CO 5C0—-4C0+1C+10 142.4 243.8 3.41x 1073
4CO0+1C+10—3CO0+2C+20 3303 2421 —2.61x101

6CO 6CO— 5CO0+1C+10 214.6 227.6 1.26 x 1012

which is quite stable at a wide temperature. The third, fourth and
fifth regions show the coverages of 4/9-5/9, 2/9-3/9 and 1/9 ML
(nco=4-5, 2-3 and 1), respectively, and they have comparatively
narrow temperature ranges. The last region is the clean surface and
free from CO molecules. From this phase diagram, we can obtain the
equilibrium of coverage change at the corresponding temperature,
for example, at standard atmospheric pressure, the first CO des-
orption starts from ncg =7 to 6 at 80 K (7/9-6/9 ML), the second CO
desorption starts from nco =6 to 5 at 510K (6/9-5/9 ML), the third
CO desorption starts from ncg =5 to 4 at 620K (5/9 to 4/9 ML), the
fourth CO desorption starts from ncg =3 to 2 at 700 K (3/9-2/9 ML),
and the final CO desorption starts from 1/9 ML to become a clean
surface at 700-810 K. Under ultra-high vacuum conditions, the full
desorption of the adsorbed CO molecules takes places in the tem-
perature range of 260-420 K. Kuipers et al. [56] have found that
the behavior up to 490K can be explained in terms of a decrease in
CO coverage with the increasing of temperature. Wintterlin et al.
[57] also shown that the dissociation of CO at CO pressures up to
0.25 mbar and the temperature up to 493 K by in situ scanning tun-
neling microscopy on Co(0001). Lahtinen et al. [ 14] have presented
the (/7/3 x v/7/3)R10.9°CO structure in a small coverage range

around 6=0.43 ML and the (4/12/7 x 1/12/7)R 10.9° structure

with0=0.58 ML at saturation exposure at 180 K from the X-ray pho-
toelectron spectroscopy, thermal desorption spectroscopy (TDS)
and low energy electron diffraction. Both theory and experiment
agree very reasonably.

On Co(100) surface (see Fig. 7), we also computed both the
molecular and dissociative desorption states as well as the tem-
peratures. At the standard atmospheric pressure, the first CO
desorption starts from ncog=7 to 6 at 210K (7/9-6/9 ML), the sec-
ond CO desorption starts from ncg=6 to 5 at 690K (6/9-5/9 ML),
the third CO desorption starts from ncg=5 to 4 at 710K (5/9-4/9
ML), the fourth CO desorption starts from ncg=3 to 2 at 840K
(3/9-2/9 ML), and the final CO desorption starts from 1/9 ML to
become a clean surface at 840-865K. Under the ultra-high vac-
uum conditions, the full desorption of the adsorbed CO molecules
takes places in the temperature range of 280-500 K. However, there
are no available UHV experimental studies of CO desorption on
Co(100) surface. Thus, our calculated CO desorption states and tem-
peratures might provide some references for further investigations
using modern surface science techniques and analytical methods.

Most interestingly, the phase diagram also provides the
information about CO adsorption and dissociation at the high
temperature and high partial pressure on Co(0001) and Co(100)
surfaces. Such information is directly associated with the initial
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Fig. 8. The relationship between CO coverage and the stepwise adsorption free
energy on Co(0001) and Co(100) surfaces at the temperature of 500 K.

stage of the Co-based FTS catalysts, where the surfaces are proved
to be precovered with CO [9,58-59]. On the basis of these dates, it is
interesting to investigate the effects of hydrogen in CO activation,
either direct dissociation or hydrogen-assisted dissociation under
the realistic reaction condition.

3.7. General discussion

The adsorption and the equilibrium between the dissociation
and desorption of adsorbed CO molecules at different coverage have
been clarified, in this section, the adsorption form of CO on two
different Co surfaces will be identified, and the effect of coverage
and surface morphology will be discussed.

For CO adsorption at different coverage over Co(0001) and
Co(100) surfaces, with the increasing of coverage, the lateral repul-
sive interaction become stronger, and the stepwise adsorption free
energy decreases (see Fig. 8), meanwhile, CO molecule start to
move away from the initial site to balance the interaction. Hence,
CO coverage has a few effects on both the adsorption site and
strength of CO molecule on Co surface; moreover, the desorption
free energies decreases with the increasing of CO coverage on both
Co surfaces, which indicates that the higher CO coverage is, the
easier CO desorption is. On the other hand, compared to Co(0001)
surface, Co(100) has better activation ability for the C—O bond from
the low coverage to the high coverage due to the high activity of
4F hollow site.

The dissociation and desorption of these adsorbed CO molecules
at different coverage are discussed to clarify the mechanism of
CO initial activation process on the basis of the reaction free
energy barrier and reaction rate constant, as well as the dissoci-
ation rate. For the adsorbed CO molecules over Co(0001) surface,
it is found that the dissociation is unfavorable compared to the
desorption from low to high coverage, suggesting that molecule
adsorption CO is more preferred rather than its dissociation. While
for the adsorbed CO molecules over Co(100) surface, as the coverage
increases, the reaction free energy barrier of the first CO dissocia-
tion become higher, the corresponding rate constant become small,
accordingly, the dissociation of CO become more and more diffi-
cult because of lower dissociation rate compared to the decreasing
desorption energies. Therefore, the coverage affect CO dissociation
on Co(100) surface, and Co(100) surface structure is more favor-
able for CO dissociation than the structure of Co(0001) surface; as
a result, the adsorption form of CO is mainly determined by the
surface structures.

4. Conclusions

In this study, the adsorption, dissociation and desorption of
CO molecules at different coverage over Co surfaces have been
systematically investigated with density functional theory calcu-
lations. It is found that the saturated adsorption on Co(0001) and
(100) surfaces are 7/9 ML, meanwhile, on these two surfaces, the
lateral repulsive interaction begins to affect the adsorption struc-
tures and the corresponding adsorption energies of these adsorbed
CO molecules, and the interaction will became stronger with the
increasing of CO coverage, which leads to CO migration over Co sur-
faces. Meanwhile, the adsorption free energies decrease gradually
with the increasing of CO coverage until to the saturated adsorption.
Moreover, the respective stretching frequencies of CO molecule at
different coverage agree with the available experimental data. On
the other hand, based on the stepwise adsorption configurations,
only molecule adsorption CO is favored over (0001) surface; while
on Co(100) surface, when the coverage is 1/9 ML, CO dissociation
is easily than its desorption. When the coverage is from 2/9 to 5/9
ML, only the first CO dissociation is preferred, while desorption is
more favored for the other CO molecules; when the coverage is
greater than or equal to 6/9 ML, CO desorption will be more favor-
able than its dissociation. Generally speaking, we can come to a
conclusion that the coverage of CO has effects on the adsorption
site and strength, as well as the dissociation of CO molecule on Co
surfaces, however, the surface structures affect the adsorption form
of CO molecule in a large extent.
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