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®CMk Insight into both coverage and surface structure
dependent CO adsorption and activation on

sor 15 s e e different Ni surfaces from DFT and atomistic
thermodynamics+

Xiaobin Hao,? Baojun Wang,*® Qiang Wang,® Riguang Zhang*® and Debao Li°

CO adsorption and activation on Ni(100), (110) and (111) surfaces have been systematically investigated
to probe the effect of coverage and surface structure on CO adsorption and activation. Herein,
dispersion-corrected density functional theory calculations (DFT-D) were employed, and the related
thermodynamic energies at 523 K were calculated by including the zero-point energy, thermal energy
and entropic corrections; the results show that the saturated coverage of CO on the Ni(111), (100) and
(110) surfaces correspond to 8/9, 9/12 and 9/9 ML, respectively. As the coverage increases, the stepwise
adsorption free energies decrease on the flat (111) and (100) surfaces, whereas small changes occur on
the corrugated (110) surface. CO migrates from the three-fold hollow site to the top site on the (111)
surface, and from the four-fold hollow to the two-fold bridge site on the (100) surface, while all the CO
molecules remain at the short-bridge site on the (110) surface. As a result, the obtained intermolecular
CO-CO repulsive interactions on the flat surface are stronger than the interactions on the corrugated
surface. Furthermore, the computed CO vibrational frequencies at different levels of coverage over the
Ni surfaces agree well with the experimental results. On the other hand, kinetic analyses were utilized to
compare the stepwise CO desorption with the dissociation at different degrees of coverage on the three
Ni surfaces. CO desorption is more favorable than its dissociation at all coverage levels on the most
exposed Ni(111) surface. Analogously, CO desorption becomes more favorable than its dissociation on
the Ni(110) surface at higher coverage, except for coverage of 1/9 ML, in which CO desorption
competes with its dissociation. However, on the Ni(100) surface, CO dissociation is more favorable than
its desorption at 1/12 ML; when the coverage increases from 2/12 to 3/12 ML, equilibrium states exist

Received 12th March 2016, between dissociation and desorption over the surface; when the coverage is greater than or equal to

Accepted 18th May 2016 4/9 ML, CO desorption becomes more favorable than dissociation. By applying the atomistic thermodynamics

DOI: 10.1039/c6cp01689h method, the determination of stable coverage as a function of temperature and partial pressure provides
useful information, not only for surface science studies under ultrahigh vacuum conditions, but also for

www.rsc.org/pccp practical applications at high temperature and pressure in exploring reactions.

1 Introduction carbon-one reactions, Fischer-Tropsch synthesis, water—-gas

reaction, car exhaust catalysis, and so on. These chemical
Carbon monoxide (CO) is a very important basic chemical that processes have been carried out on the basis of heterogeneous
has been widely used in many catalytic processes, such as the catalysis,"” and the interactions between CO and metal surfaces
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been given in Part 1. The stepwise CO adsorption energies at different coverage levels with and without dispersion correction have been presented in Table S1. The test
results about the effect of vacuum thickness, supercell size and slab layers on CO adsorption energy over different Ni surface models have been presented in Table S2.
The detailed presentations about the most stable adsorption configurations of CO, C and O atoms on Ni(111), (100) and (110) surfaces, and the initial and optimized
structures, the total energies of adsorbed CO molecules at different coverage, as well as the structures of initial states, transition states and final states involved in the
dissociations of CO molecules at different coverage on Ni surfaces have been presented in Fig. S1-S7. It is also noted that only the initial and optimized structures at the
short-bridge site at different coverage levels on the Ni(110) surface are listed, since all CO molecules migrate from the other sites to the short-bridge site after geometry
optimization. See DOI: 10.1039/c6cp01689h
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play a key role in the initial step of these catalytic processes.>™
CO adsorption and activation can affect the formation pathways
of CH, intermediates during the reactions related to syngas
conversion.”'° For example, when direct dissociation of CO into
C is carried out, the CH,, intermediate is predominantly formed
by C hydrogenation, whereas on CO hydrogenation to CH,O or
CH,OH, followed by C-O bond cleavage, the CH, intermediate is
produced. Therefore, a preliminary understanding of CO adsorp-
tion and activation on the metal surfaces is necessary in order
to probe the essential information for the initial step of these
surface-catalyzed reactions.

Experimental studies on CO activation have thus far
revealed that under realistic conditions, the catalyst surface is
always covered by CO molecules.""'* For example, Iglesia et al.®
have probed the effects of CO coverage on the binding energies
and the C-O bond activation paths on Fe and Co catalysts,
using experiments and theoretical calculations, which suggest
that hydrogen-assisted CO activation is the predominant
kinetically-relevant step. Compared to the adsorption energy
of CO at the coverage of 0.25 ML on Fe and Co, at the coverage
of 0.75 ML it decreases by about 1 eV on the respective surfaces.
At high coverage on Ru catalyst,'* the CO binding ability is
reduced, and H-assisted dissociation is the predominant path
for CO activation, instead of direct dissociation. Recently, using
the DFT method, Jiao et al.**** also found that at high coverage
on Fe and Mo,C surfaces, the adsorption and dissociation
of CO became more difficult. Furthermore, Scheijen et al.'®
believe that the adsorption energies of CO are coverage-
independent from 0.25 to 0.50 ML on the body-centered cubic
metals. The above results therefore show that the effect of
coverage on CO adsorption and activation is a key factor for the
initial activation pathway of CO in the metal catalysis systems.

High activity and selectivity of Ni catalyst has been obtained
in the methanation of syngas,’”2° in which CO adsorption and
activation are the key initial steps of the methanation process.
Among the three low-index surfaces of face-centered cubic Ni,
the adsorption of CO on the close-packed Ni(111) surface has
been widely studied in experiments. Using infrared reflection-
absorption spectroscopy (IRAS), Greenler et al>' and Surnev
et al.”® have shown that CO molecules are adsorbed at the two-
fold bridge and three-fold site under low coverage, and move
from the three-fold to the two-fold bridge site with increasing
coverage, which also agrees with the previous results.>*"°
However, scanning tunneling microscope (STM) images have
shown that CO occupies both fcc and hep three-fold sites with
the molecular axis tilted with respect to the surface normal.>”
Held et al.”® reported that CO resides at the three-fold site for
low coverage up to 0.50 ML, based on low energy electron
diffraction (LEED) and X-ray photoelectron spectroscopy (XPS)
and temperature programmed desorption (TPD) studies. Further,
CO molecules occupy the same hollow sites at 0.50 ML cover-
age, as observed by photoelectron diffraction (PED),>*** surface
extended X-ray-absorption fine-structure studies (SEXAFS)*°
and LEED.*' In addition, CO prefers to desorb from the Ni
surface, rather than dissociate at low coverage, as concluded
by Ng et al.** and Andersson et al.**
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On the Ni(100) surface, Lauterbach et al.** reported that CO
molecules are arranged in incommensurate or weakly incom-
mensurate adsorbate layers above the coverage of 0.50 ML,
and Biberian et al.*® showed the different regular structures at
coverage >0.50 ML, based on LEED, high resolution energy
electron loss spectroscopy (EELS) and infrared spectroscopy
(IRS). The variation of the occupation ratio of terminal to
bridged CO species at the low coverage at 18 K strongly suggests
that the substrate-mediated interactions between CO molecules
operate at a relatively long range.?” Subsequently, Rupprechter
et al.>® observed that CO adsorbs at the top site, but the bridge-
bonded CO at the coverage <0.50 ML could not be detected
using infrared-visible sum frequency generation (SFG) surface
vibrational spectroscopy, which agrees with the previous work
by Pendry et al.,*® using LEED at 120 K.

On the Ni(110) surface, regarded as the most strongly
corrugated of the low-index fcc surfaces, some studies such
as LEED,"*** SEXAFS*! and EELS,*>** as well as high resolution
IRS,* have suggested that CO prefers to adsorb at the short
bridge site at high coverage. However, other studies involving
LEED,"® off-specular EELS"” and X-ray photoelectron diffraction®®
(XRD), claim that CO favors the top site. Voigtlinder et al*’
attributed the difference to the fact that the previous specular
EELS assignments to the short bridge site relied on an interpreta-
tion of a marginal excitation peak frequency.

As mentioned above, extensive experimental studies on
Ni surfaces have investigated CO adsorption and activation;
however, the preferable adsorption site of CO from low to high
coverage on Ni surfaces remains controversial. Moreover, cover-
age dependent CO adsorption on Ni surfaces is not well
addressed. Nowadays, theoretical investigations have provided
useful information for understanding the adsorption con-
figurations of CO molecules and its dissociation at different
degrees of coverage over metal surfaces."”* For CO adsorption
and dissociation on Ni surfaces, some theoretical studies have
been carried out. For example, on the Ni(111) surface, DFT**~*
results have indicated that CO prefers to be adsorbed at the hcp
site at the coverages of 0.33, 0.25 and 0.50 ML, and the barrier
for CO dissociation are higher than its desorption energy
at 0.25 ML°>® and 0.11 ML.>***> Hammer et al.’” and Zhou
et al.>® have shown that CO prefers to adsorb at the hollow site,
rather than the top and bridge sites on Ni(100) surfaces with
coverage of 0.25 and 0.17 ML, respectively. Moreover, Andersson
et al** studied the activation pathways of CO at two different
levels of coverage on the Ni(100) surface, and concluded that the
COH route is more likely to occur than the direct dissociation.
Demirci et al.* investigated CO adsorption at the top and short-
bridge sites on the Ni(110) surface, with coverage of 0.25, 0.50,
0.75 and 1.00 ML. Mohsenzadeh et al®® suggested that the
desorption and dissociation barriers of CO have little difference
(1.89 vs. 1.83 eV) on the Ni(110) surface at the coverage of 0.25 ML.

On the basis of the importance of CO adsorption and
activation on Ni surfaces, the reported theoretical studies have
provided useful information for understanding CO adsorption
and activation, and explained many experimental findings on a
microscopic scale. However, some key factors should also be
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considered: (a) coverage dependent CO adsorption and activa-
tion on Ni surfaces is not well addressed; (b) the effect of Ni
surface structures on CO adsorption and activation has not
been systematically mentioned; (c) the effect of temperature
and CO partial pressure on CO surface coverage has not been
considered. Therefore, in order to account for the above con-
siderations, in this study, we have carried out the systematic DFT
calculations, together with thermodynamic and kinetic models
to investigate CO adsorption, dissociation, and desorption at
different levels of coverage and different conditions on Ni(111),
(100) and (110) surfaces.

2 Computational details
2.1 Calculation methods

All calculations have been performed using the periodic DFT
with the projector-augmented wave (PAW) method that is
implemented in the Vienna Ab Simulation Package (VASP).*">
The exchange correlation energy of the electrons is treated with
the generalized gradient approximation (GGA) in the Perdew—
Burke-Ernzerhof (PBE) formalism,*>®* which is widely used in
various systems, such as the Fe and Mo,C system,'>™" as well
as the Ni system.®*®>®® Moreover, considering the long-range
dispersion corrections for van der Waals interactions, the
DFT-D method is used in this study.®”®® Our results show that
DFT and DFT-D calculations give negligible differences for the
adsorption configurations and energies of the stepwise CO
adsorption on Ni surfaces at different levels of coverage, with
and without dispersion correction (see Table S1, ESIT). The
reason may be that DFT-D methods well describe the weak
physical adsorption and the conformations of long-chain alkane
and molecular clusters. For example, Jordan et al.*® have employed
DFT-D calculations to correct the CO,-surface interactions because
CO, molecules interact relatively weakly with the rutile (110)
surface. Chen et al”® have also employed DFT-D correction to
investigate the conformation of (H,), and (N,), clusters.

Since Ni is a magnetic metal, spin-polarized calculations are
applied to correctly account for its magnetic properties, which
were found to be essential for an accurate description of
adsorption energy.”" A cutoff energy of 400 eV was used for a
plane-wave basis set, electronic convergence was setto 5 x 10~ ° eV,
and the forces converged to 0.03 eV A™*. A3 x 3 x 1 k-points grid
was used for sampling the Brillouin zone, and the smearing width
was 0.20 eV. The vibrational frequency for the adsorbed system was
determined in single point calculations with the metal atoms fixed
at their positions.”

The bulk lattice constant and magnetic moment of Ni were
calculated to be 3.524 A and 1.63 puB per atom, which agree well
with the experimental values of 3.523 A”® and 1.61 uB,”*
respectively. The gaseous CO molecule was optimized in a
10 x 10 x 10 A cubic cell with a single k-point.”” The C-O
bond length was calculated to be 1.144 A, which is close to the
experimental value of 1.130 A.”®

On the other hand, in order to locate the transition states of
CO dissociation on Ni surfaces, the climbing-image nudged
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elastic band method (CI-NEB)"””® was carried out to obtain
minimum energy paths, which were decided with at least four
optimized iteratively intermediate images between the initial
and final states. The images of highest energy along the
reaction coordinates were designated as the transition-state
structures, and the located transition states were optimized
using the dimer method,”®®° and were further confirmed by the
existence of only one imaginary frequency. The forces for all
atoms in the transition state structures were less than 0.05 eV A",

2.2 Surface model

In order to probe the complex CO equilibrium adsorption on all
three low-index surfaces of Ni at different levels of coverage,
before the calculations of CO adsorption and activation, we
tested the effect of vacuum thickness (10 A, 12 A, 15 A), the
supercell size (p(3 x 3), p(3 x 4), p(4 x 4)), and the slab layers
(3, 4, 5 layers for Ni(111) and (100) surfaces, and 4, 5, 6 layers
for Ni(110) surface) of different Ni surfaces on CO adsorption.
The corresponding results are listed in Table S2 (ESIY).

According to the data in Table S2 (ESIt), the three low-index
Ni surfaces maintained the vacuum of 10 A between the
repeated slabs to exclude the slab interactions. The Ni(111),
(100) and (110) surfaces were modeled using the p(3 x 3),
P(3 x 4) and p(3 x 3) unit cells, respectively. The slab thickness
of four-layers was used to model the (111) and (100) surfaces,
and a thickness of five-layers was used to model the (110) surface;
these have been widely used in previous studies.”>***'"®* In the
model tests, the top two layers of atoms and all adsorbed species
were allowed to relax, while the remaining layers were fixed in their
bulk positions.

Fig. 1 presents the different adsorption sites on three low-
index Ni surfaces. The (111) surface is the flat surface with four
adsorption sites: top (T), bridge (B), hep and fec (three-fold
hollow) sites. The (100) surface is also the flat surface, which
has three adsorption sites: top (T), bridge (B) and four-fold
hollow sites (4F). However, the (110) surface presents the
corrugated surface, which has five adsorption sites: top (T),

Top view

Side view

(a) (111) (b) (100) (0) (110)

Fig.1 The top and side views of the Ni(111), (100) and (110) surfaces,
together with the different adsorption sites.
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long-bridge (LB), short-bridge (SB), four-fold hollow (4F) site
and the pseudo three-fold hollow site (pseudo 3F).

2.3 Thermodynamics

86-88 the methanation

As mentioned in many previous studies,
of syngas, catalyzed by Ni-based catalysts was carried out at a
temperature around 523 K, at which higher activity and higher
CO conversion were exhibited. Therefore, in order to provide
deep analysis and practical applications of CO adsorption and
activation at the different levels of coverage on the Ni surfaces,
the Gibbs free energy®”®° at the temperature of 523 K is given in

Sections 3.2-3.4 by the following eqn (1):

G(T,p) = Erotar + Ezp. + U’ — TS” + yRT [1 + In(pcolp”)]

(1)

where E\, is the total energy determined by DFT calculations,
Ezpr is the zero-point vibrational energy, R is the gas constant,
Pco is the partial pressure of the gas-phase CO molecule.

As for the gaseous CO molecule, y is equal to 1, the thermal
change from 0 K to 523 K and the standard entropy at the
temperature of 523 K can be calculated using the Shomate
equation, and the related parameters are taken from ref. 76.

Ezpg is the zero-point vibrational energy, which is calculated
by the following eqn (2):

L Nahv;
2

Ezpg =
i=1
where # is Planck’s constant, v; refers to vibrational frequency,
and N, is Avogadro’s number.

As for the tightly bound species involved in CO, C and O
adsorption at different levels of coverage, the translational and
rotational modes were replaced by vibrational modes, and y is
equal to 0. Consequently, the standard molar thermal change
and entropy of these adsorbed species are given by the eqn (3)
and (4), where kg is Boltzmann’s constant.

" Nahv;
0__ AIVi
U=y 8)
i=1 gkgT _ |
- AN N 7
sT=>" —Rm(l—Mﬂ)4wﬁéﬁi— (4)
i=1 eks_}—lT

On the other hand, the atomistic thermodynamics method has
been employed as the key measure to connect the practical
reaction conditions with the theoretical calculations. This
method has been successfully applied in many systems.">™
In this study, for the adsorption of nCO molecules on the surface,
the change in the Gibbs free energy at the given temperature and
CO pressure is obtained using the following equations:

AG(T,pJ[CO) = Eslab/nCO - Eslab - [nECO + nG(T,P())
+ nksTIn( peolp”)] (5)

In this equation, Egapmco, Esap and Eco refer to the total
energies of the slab surface with n adsorbed CO molecules,
the corresponding bare slab surface, and the single CO
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molecule obtained from DFT calculations, respectively. G(T,p")
was calculated by Gaussian software, considering the vibrational,
translational and rotational contributions of the CO molecule
in the gas phase, n is the number of the CO species, kg is the
Boltzmann constant, p° is the standard atmospheric pressure.
The detailed descriptions of the method have been presented
previously."*™"

2.4 Kinetic model

In order to compare the stepwise CO desorption and dissocia-
tion at different levels of coverage on Ni metal, a simple kinetic
model was used.

CO +* — CO*
CO* +* — C* + O*

The CO dissociation rate is 74is = kqgisfco-0*, while the desorption
rate is 7'ges = Kaesfcor; Ocor is the coverage of adsorbed CO, and 6* is
the coverage of the free sites. Both rate constants are derived from
transition state theory (TST),” given by the following eqn (6):

I-n
kB T pg *AG#'()
= —| — RT
k== (RT ¢ (©)

where, k is the rate constant, T is the reaction temperature, kg,
h, p” and R are Boltzmann’s constant, Planck’s constant,
standard atmospheric pressure and the fundamental gas con-
stant, respectively. 7 is the number of reactants, and AG™" is
the change in the standard molar Gibbs free energy barrier,
which is the activation barrier from DFT calculations with the
thermodynamic correction.

3 Results and discussion
3.1 CO, C and O adsorption

The adsorption energy (E,qs) is always regarded as a measure of
strength for the adsorbate-substrate interaction. The adsorp-
tion energy of the adsorbed species on the slab surface can be
expressed as follows:

Eads = Es/slab - (Eslab + Es) (7)

where Eg,p, is the total energy of the slab surface with the
adsorbed species, Eq,p, is the total energy of the corresponding
bare slab surface, E is the total energy of the gas-phase species.
With this definition, the more negative E,q; is, the stronger the
adsorption is. The most stable configurations of the single CO,
C and O adsorptions on Ni(111), (100) and (110) surfaces are
shown in Fig. S1 (ESIT).

3.1.1 Ni(111) surface. For the single CO molecule, our
calculated results show that CO prefers to adsorb at the hcp
site (—1.93 eV), then the fcc (—1.91 eV), bridge (—1.78 eV) and
top (—1.49 eV) sites, which are in accordance with the previous
results.**>"°> The adsorption energy (—1.93 eV) at the hcp site
is similar to that (—1.92 eV) obtained by Yuan et al,> using
the same surface size and functional. Moreover, the C-O bond
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length at the hcp site is elongated to 1.195 A, with the
corresponding average Ni-C bond length of 1.947 A.

For the adsorption of C and O atoms, no matter where the C
or O atom is placed, they always migrate to the three-fold sites
after geometry optimization, in which the C atom prefers the
hcep site, while the O atom favors the fcc site. The adsorption
energies of C and O atoms are —6.87 and —5.80 eV, respectively,
the average C-Ni and O-Ni bond lengths are 1.768 and 1.843 A,
respectively, which are in good agreement with the previous
DFT results.””*®

3.1.2 Ni(100) surface. For one CO molecule, adsorption
at the four-fold hollow site is the most stable configuration.
The adsorption energy (—2.01 eV) is larger than the energy at
the bridge and top sites, by 0.11 and 0.31 eV, respectively. The
adsorption energy (—2.01 eV) at the four-fold hollow site is
similar to that obtained by Hammer et al. (—2.00 eV).”” More-
over, the CO molecule is perpendicular to the Ni(100) surface,
with the C-O bond length of 1.215 A and the average Ni-C bond
length of 2.042 A, which are consistent with the reported values
of 1.227 and 2.047 A, for the C-O and Ni-C bond lengths,
respectively.>®

In the case of C and O atoms, no matter where they are
placed, they also migrate to the four-fold site after geometry
optimization, suggesting that C and O atoms prefer to be
adsorbed at the four-fold hollow sites, rather than the top and
bridge sites, which is in good agreement with the previous
DFT results.””®> The adsorption energies of the C and O atoms
are —8.38 and —6.08 eV, respectively, which have the C-Ni bond
length of 1.839 A and the O-Ni bond length of 1.949 A.

3.1.3 Ni(110) surface. For one CO molecule adsorbed at the
five adsorption sites of the Ni(110) surface, CO adsorbed at the
short-bridge site is the most stable configuration, with the C-Ni
and C-O distances of 1.873 and 1.183 A, respectively, which are
in complete accord with the previous DFT calculated results.*
The adsorption energy (—1.83 eV) is similar to the available
data obtained by PBE functional (—1.89 eV) in a p(2 x 2)
model,®® and the PW91 functional (—1.79 eV).?* The calculated
adsorption energies of CO decrease in the order of pseudo
three-fold hollow (—1.71 eV) > four-fold hollow (—1.68 eV) >
top (—1.66 eV) > long-bridge (—1.53 €V) sites.

For C atoms, adsorption at the long-bridge site is the most
stable configuration, in which the C atom coordinates with two
surface Ni atoms and two subsurface Ni atoms; the corres-
ponding adsorption energy is —7.48 eV, with the average C-Ni
bond length of 1.835 A. The O atom prefers to adsorb at the
pseudo three-fold hollow site, where it coordinates with two
surface Ni atoms and one subsurface Ni atom; the corres-
ponding adsorption energy is —5.99 eV, with the average
O-Ni bond length of 1.860 A.

3.2 CO adsorption at different levels of coverage

In order to probe the effect of surface coverage on CO adsorp-
tion, we needed to obtain the most stable co-adsorption
configurations of CO molecules at the individual coverage
level. The stepwise CO adsorption free energies (AE.qs)
have been defined to determine whether the metal surface
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attains adsorption saturation, according to the following
equation:

AEacls = Econ+1/slab — (ECOn/slab + ECO) + AEads (COI‘I‘CCtiOI‘l)

(®)

The stepwise CO adsorption free energy correction AE,qs
(correction) refers to the change in Gibbs free energy correction
between the adsorbed (n + 1)CO systems and the adsrobed
nCoO systems plus the gaseous isolated species (see the ESIf).
With this definition, a positive AE,qs for n + 1 adsorbed CO
molecules indicates the adsorption saturation with nCO
molecules.

In this coverage regime, we investigated all the possible
different adsorption patterns of CO molecules, based on the
periodic slab with limited size at individual coverage. To obtain
the stable adsorption configurations of CO molecules at different
coverage levels, the initial adsorption configurations, where one
additional CO molecule was added to the previous most stable
adsorption configuration, considering different adsorption
possibilities, were calculated. The optimized configuration with
the lowest total energy is the most stable co-adsorption configu-
ration at the given coverage. All possible adsorption configura-
tions of CO at different coverage levels have been examined and
are presented in the ESIT (see Fig. S2-S4). Fig. 2-4 present the
most stable adsorption configurations and the corresponding
stepwise adsorption free energies of CO molecules at different
coverage levels; the corresponding average lengths of C-O
bonds on three Ni surfaces are listed in Table 1. Moreover,
the C-O vibrational frequencies of the most stable configura-
tions at a given coverage have been calculated for comparison
with the experimentally detected CO stretching frequencies,
which are listed in Table 2.

3.2.1 Ni(111) surface. For n = 1-3, all CO molecules are
located at the hcp sites with the average C-O bond length of
about 1.191 A. The differences in the stepwise adsorption free
energies of these CO molecules indicate that the lateral repulsive
interactions between the adsorbed CO molecules are very weak.

8(-040eV)  9(535eV)

6 (-0.81 &V) 7 (-0.18 eV)

Fig. 2 The most stable configurations and the free energies of the
stepwise CO adsorption on Ni(111) surface at different coverage levels.
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Fig. 3 The most stable configurations and the free energies of the
stepwise CO adsorption on the Ni(100) surface at different coverage levels.

e

1(2.00eV)  2(-1.96eV)  3(2.00eV) 4(-2.04 eV) 5(-1.87 eV)
6(-191eV)  7(-143eV)  8(-136eV)  9(-1.30eV)

Fig. 4 The most stable configurations and the free energies of the
stepwise CO adsorption on the Ni(110) surface at different coverage levels.

Table 1 The average lengths of the C~O bond (dc_o/A) for CO adsorp-
tion at different coverage levels on Ni surfaces

Coverage (ML)

Surfaces 1/9 2/9  3/9  4/9 5/9 6/9 7/9 8/9  9/9

(111) 1.195 1.193 1.191 1.188 1.183 1.180 1.176 1.172 —
(110) 1.183 1.180 1.179 1.178 1.177 1.176 1.176 1.175 1.179

Coverage (ML)
2/12  3/12  4/12 5/12 6/12 7/12 8/12 9/12

Surfaces 1/12

(100) 1.215 1.215 1.227 1.210 1.202 1.181 1.190 1.188 1.180

For n = 4-6, all CO molecules are located at the hep and fcc
sites, similar to the findings at the coverage of 0.50 ML.>”*%732
Compared to the first three adsorbed CO molecules, the
less negative stepwise adsorption free energies and the
shorter average C-O bond lengths suggest that the repulsion
between CO molecules have begun to affect the stability of CO
adsorption.

For n = 7, interestingly, one CO molecule stands uprightly at
the top site surrounded by six CO molecules adsorbed at the
three-fold hollow sites, which maximizes the intermolecular
distances, and lowers the Gibbs free energy. However, the
weaker stepwise adsorption free energy and the average C-O
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Table2 The calculated and experimental vibrational frequencies (vco/cm™)

of the C-O bond for CO adsorption at different coverage levels on Ni
surfaces

Coverage (ML) Our calculated values Experimental values

(111) surface

1/9 1763 1817, 2045**

2/9 1760-1786

3/9 1771-1806

4/9 1786-1849

5/9 1786-1897 1815-1910>19%%
6/9 1750-1922

7/9 1745-1909, 2076

8/9 1820-1912, 2053-2080

(100) surface

1/12 1623

2/12 1625-1634 1885-1924%
3/12 1634-1658

4/12 1638-1673 2016-2048%°
5/12 1649-1682, 1876

6/12 1645, 1847-1893, 2007 1863-1875%
7/12 1662-1727, 1860-1897

8/12 1596-1701, 1886-1934 2019-2029%7
9/12 1701-1731, 1880-1953

(110) surface

1/9 1843 1985**

2/9 1843-1885

3/9 1845-1891

4/9 1848-1905 1880-1940, 1998*°
5/9 1852-1912

6/9 1855-1924

79 1826-1934

8/9 1855-1952 1840-1920, 1960*°
9/9 1871-1963

bond length of 1.176 A indicate the near saturation coverage of
CO adsorption over the Ni(111) surface.

At the coverage level of 8/9 ML, which exceeds the experi-
mental prediction of 0.62 ML at 220 K in an ultrahigh vacuum
system, it is no longer energetically favorable to add more CO
molecules onto the surface.”® The stepwise adsorption free
energy is —0.40 eV, and the average C-O bond length decreased
to 1.172 A, moreover, one CO molecule is far away from the
surface due to the strong repulsive lateral interaction. Through-
out the adsorption process, it was concluded that CO prevailingly
adsorbs at the three-fold hollow site from low to saturated
coverage on the Ni(111) surface.

On the other hand, to better understand the adsorptive
characterization of CO on the Ni(111) surface, the vibrational
frequencies of adsorbed CO molecules at different coverage levels
were calculated on the basis of the most stable adsorption
configurations. For nCO = 1-6, the C-O bonds of the adsorbed
CO molecules have vibrational frequencies in the range of 1750-
1922 em™ %, since all CO molecules are adsorbed at the three-fold
hollow sites. At the coverage levels of 7/9 and 8/9 ML, there are two
types of CO adsorption configurations: the vibrational frequencies
in the range of 2053-2080 cm ™" at the top sites, and those in the
ranges of 1745-1909 and 1820-1912 cm ™" at the three-fold hollow
sites. The shift of CO vibrational frequencies to higher wave
numbers from the low to high coverage exhibits that the C-O
bond length is shortened, and the Ni-CO interaction is weakened.
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Previous IRAS experimental studies reported by Greenler
et al. on the Ni(111) surface*’ have shown that the stretching
frequencies of CO adsorbed at the three-fold sites and at the top
sites are 1817 and 2045 cm ™', respectively. Moreover, the CO
stretching vibrational frequency shifted continuously from
about 1815 cm ™" at very low coverage, to about 1910 cm ™' at
the coverage of 0.50 ML on the Ni(111) surface.***°> There-
fore, the calculated vibrational frequencies in our study are in
good agreement with the experimental results, indicating that
the most stable configurations of CO adsorption at different
coverage levels can be used to understand the effect of coverage
on CO adsorption.

3.2.2 Ni(100) surface. For n = 1-4, the CO molecules are
perpendicularly adsorbed at the four-fold hollow sites on the
Ni(100) surface. Compared to the free CO molecules (1.144 A),
the bond lengths (about 1.215 A) of the adsorbed CO molecules
show that the CO molecules become activated at the low
coverage levels. The similar stepwise adsorption free energies
indicate the weak lateral repulsive interactions between the
adsorbed CO molecules.

For n = 5, one CO molecule adsorbs at the bridge site, while
the others are still located at the four-fold hollow site, which
has the stepwise adsorption free energy of —1.79 eV, with the
average C-O bond length of 1.202 A. However, when the cover-
age increased to 8/12 ML, more CO molecules began to move to
the bridge and top sites, in which different tilt degrees of CO
molecules appeared among the adsorbed CO molecules to
minimize the increasing lateral repulsions. By comparing the
stepwise adsorption free energies and the C-O bond lengths at
the coverage of n = 5-8, with those at the coverage of n = 1-4,
it was found that the adsorption strength became weaker at
high coverage.

At the saturated coverage of 9/12 ML, the average C-O bond
length for nine molecules was reduced to 1.180 A, the stepwise
adsorption value increased to —0.50 eV, three CO molecules
were adsorbed at the four-fold hollow sites, and six CO mole-
cules were located at the bridge sites.

Throughout the adsorption process on the Ni(100) surface,
three adsorption sites (top, bridge and four-fold hollow site)
appeared; the bridge and four-fold hollow sites were the
dominant adsorption sites. However, no available experimental
data at the four-fold hollow sites can be compared with our
calculated results since almost all experimental methods could
detect only the bridge-bonded and top-bonded CO species,*”°
which may be due to the fast dissociation of CO molecules at
the four-fold hollow site, leading to rapid build-up of deposited
carbon.*® As a result, the carbon species might hinder CO
molecules from locating at the four-fold hollow site.

On the Ni(100) surface, CO molecules adsorbed at the four-
fold hollow sites have low vibrational frequencies in the range
of 1623-1673 cm ™ * for n = 1-4. At the coverage of 5/12 ML, the
bridge-bonded CO molecule has the vibrational frequencies of
1876 cm ™', while the others at the four-fold hollow site have the
C-O vibrational frequencies in the range of 1649-1682 cm ™.
At the coverage of 6/12 ML, there are three adsorption config-
urations, and the CO vibrational frequencies are 2007 cm™ " for
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the top configuration, 1847-1893 cm™" for the bridge configu-
ration, and 1645 cm ™" for the four-fold hollow configuration.
For n = 7-9, the calculated CO vibrational frequencies show
1596-1731 cm ™ * for the four-fold sites and 1860-1953 cm ™" for
the bridge sites. Experimentally, the FIIRA spectra exhibit the
C-O stretching frequencies of 2016-2048 cm ™" at the top sites
and 1885-1924 cm ™' at the bridge sites.>® IRAS also assigned
the bands observed at about 2019-2029 cm ™" and 1863-1875 cm ™
to CO stretching vibrational modes at the top and bridge sites,
respectively.’” Therefore, our calculated vibrational frequencies
agree well with the experimental observations on the Ni(100)
surface.

3.2.3 Ni(110) surface. On the Ni(110) surface, all CO mole-
cules are located at the short-bridge sites, and the C-O bond
lengths are elongated to around 1.180 A at all coverage levels.
From n = 1 to 6, the stepwise adsorption free energies remain
almost constant at about —1.96 eV. At higher coverage, the
stepwise adsorption free energies increased to around —1.30 eV,
and the slightly tilted CO molecules reduced the repulsive lateral
interactions, which is in agreement with the experimental observa-
tions that the CO molecules were tilted by about 19°, from ESDIAD
measurements, when the coverage was above 0.75 ML.>

In general, the stable adsorption site for the CO molecule is
the short-bridge site, and the stepwise adsorption free energies
slightly change at different coverage levels on the Ni(110) sur-
face, which agree well with the experimental facts that the
desorption energy remains almost constant over the whole
coverage range on the Ni(110) surface.’>®” Further, the satura-
tion coverage of 9/9 ML is also in accordance with the conclu-
sion obtained by Behm et al.,”” in which the saturation coverage
of CO adsorption is also 1.00 ML at temperatures below 250 K.

On the other hand, the calculated vibrational frequency
range of 1826-1952 cm™ " at the short-bridge site below the
coverage of 8/9 ML, is close to the vibrational frequency ranges
of 1880-1940 cm ™, below # ~ 0.80 ML,** and 1840-1920 cm ™"
below 0 ~ 0.85 ML,*® for CO adsorption at the bridge sites on
the Ni(110) surface. The vibrational frequencies at 1985 cm™*,**
1998 cm™"*® and 1960 cm ™" *° at full monolayer coverage are
in general accordance with our frequency ranges from 1871
to 1963 cm ™.

3.3 The lateral repulsive interaction at different coverage levels

In surface science, the intermolecular CO-CO repulsive inter-
action over metal surfaces, caused by electron transfer between
metal and CO species, plays a key role in the adsorption and
activation process of CO over the metal surface at different
coverage levels. Feng et al.,”® using scanning tunneling micro-
scopy (STM) and photoelectron spectroscopy at room tempera-
ture, observed that the Pt (557) and Pt (332) surfaces break up
into nanometer-sized clusters when CO coverage reaches 1.00 ML,
which is explained by the strong intermolecular CO-CO repulsion
interaction, using DFT calculations. Therefore, the lateral repulsive
interaction has an important contribution to the system energy.
According to eqn (9),” the lateral interaction can be calculated
between the co-adsorption system and the individually adsorbed
system.
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Elate = Gapyslab T Estab — Gasstab — Gpjslab 9)

where Ej, is the lateral interaction, Gag/siap, Gasstab and Ggsiab
are the Gibbs free energies of the co-adsorption AB system, as
well as the individual adsorbed A and B systems, respectively.
For describing the CO-CO repulsive interaction on the metal
surface, we define the lateral repulsive energy using eqn (10):

AEja¢e = Geonrsiab + Esiab — Geonsstab — Georstab (10)

where AEj, represents the lateral repulsive energy between an
added CO molecule and the previous most stable adsorption
configuration of CO molecules, Ecou+1/s1ap denotes the Gibbs
free energy of the system consisting of (n+1)CO molecules and
the slab surface, Eq,p represents the total energy of the pure
slab surface, Gconysiab and Geoysiab are the Gibbs free energy of
the slab surface with adsorbed nCO molecules and the slab
surface with the single CO molecule, respectively.

Eqn (10) can be further simplified to the difference of a
single CO adsorption free energy, AE.qs(n = 1CO), and the
stepwise adsorption free energy AE.qs, as shown in eqn (11):

AElate = AEads — AEads(ﬂ = 1CO) (11)

The corresponding lateral repulsive energies of CO molecules
on the three Ni surfaces at different coverage levels are shown
in Table 3. On the (111) surface, the lateral interaction energies
at the coverage below 3/9 ML are 0.02 and —0.34 eV, respec-
tively. When the shared surface Ni atoms appear at the coverage
levels of n = 4 and 5, the CO molecules have repulsion inter-
actions with each other. Correspondingly, the repulsive energies
increase sharply to 0.36 and 0.82 eV, respectively. For n =6 and 7,
the crowded CO molecules over the Ni surface lead to the greater
repulsive interactions of 1.14 and 1.77 eV, respectively, and the
strong lateral repulsive interaction explains the above-mentioned
characteristic structure at the coverage of n = 7, in which one CO
molecule is adsorbed in an upright position at the top site,
surrounded by other CO molecules located at the three-fold
hollow sites. The lateral repulsive energy (1.54 eV) at the satura-
tion coverage of 8/9 ML causes the CO molecule to ultimately stay
far away from the surface.

A similar phenomenon also occurs on the Ni(100) surface,
where the lateral repulsive interactions increase with the increas-
ing coverage. When the amount of CO molecules increases to
7 and 8, they migrate alternately from the four-fold hollow site to

Table 3 The lateral repulsive energies (AEie/€V) between an added CO
and the previous most stable adsorption configuration of CO molecules at
different coverage levels on Ni surfaces

Coverage (ML)
Surfaces 1/9 2/9  3/9 4/9 59 6/9 7/9 8/9 9/9

(111) 0.00 0.02 -0.34 0.36 0.82 1.14 1.77 1.54 —
(110) 0.00 0.04 0.00 —0.04 0.13 0.09 0.57 0.64 0.69

Coverage (ML)

Surfaces 1/12 2/12 3/12 4/12 5/12 6/12 7/12 8/12 9/12

(100) 0.00 0.13 0.00 0.13 0.40 047 0.65 0.58 1.69
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the bridge site, so as to adjust the distances between themselves
and their partners. However, at the saturated coverage of 9/12 ML,
since CO molecules cannot adjust the distances between them-
selves and their partners within the limited Ni(100) surface areas,
two-thirds of the CO molecules move to the bridge sites, leading
to the repulsive interactions of 1.69 eV.

Interestingly, unlike the flat Ni(111) and (100) surfaces, for
the corrugated Ni(110) surface, when the coverage is below
6/9 ML, the lateral interactions are <0.13 eV. Although the
lateral repulsive interactions increase to 0.57 and 0.64 eV at the
coverage of 7/9 and 8/9 ML, respectively, they are still weaker
than those on the flat (111) and (100) surfaces at the same
coverage; only the repulsive interaction of 0.69 eV is found at
the saturation coverage, due to the tilting of the CO molecules.
Therefore, for the Ni(110) surface, we can conclude that
both the corrugated surface with the large surface area and the
tilting of CO molecules dominantly contribute to the weakness
of the lateral repulsive interactions between CO molecules.

Overall, with the increasing CO coverage on the flat Ni(111)
and (100) surfaces, the strong lateral repulsive interaction and
substrate-mediated metal-sharing effects tend to dominate
the stability of the CO molecules on the metal surface, and
alter their preferable adsorption configurations. However, on
the corrugated (110) surface, the lateral repulsive interaction
of CO molecules is independent of coverage, due to the larger
CO intermolecular distances. Moreover, the lateral repulsive
interaction on the flat surface is stronger than that on the
corrugated surface.

3.4 CO dissociation and desorption at different coverage
levels

As mentioned above, the saturation coverage of CO molecules
(the most stable adsorption configuration) and its stepwise
adsorption free energy at different coverage levels have been
obtained on three Ni surfaces. In order to probe the adsorption
state of the CO molecules at different coverage levels, we made
a comparison between the dissociation and desorption of CO
adsorbed on these surfaces. In the CO dissociative reaction, the
free energy barrier of CO dissociation (E,) and the reaction free
energy (AEg;s) are defined as follows:

E, = Exs — Eis + AE, (correction) (12)
AEg4is = Egs — Eig + AEg;s (correction) (13)

where Es, Ers, and Eys are the total energies of the surface with
the initially adsorbed CO molecule, the final dissociated C and
O atoms, and the transition states of this reaction, respectively;
the dissociation free energy barrier correction AE, (correction)
refers to the change in Gibbs free energy correction between
transition states and initial states; the dissociation reaction free
energy correction AEg;s (correction) corresponds to the change
in Gibbs free energy correction between final states and initial
states (see the ESIT). The corrected stepwise adsorption free
energies further serve as the reverse stepwise desorption free
energies, to carry out a comparison between the dissociation
and desorption of adsorbed CO molecules over Ni surfaces.
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Table 4 The C-O bond distances in the transition state (A), CO stepwise desorption free energies (AEqes/€V), dissociation free energy barriers (E,/eV)
and reaction free energies (AEqys/eV), including the zero-point energy correction, thermal energy correction, entropies at the temperature of 523 K, and

the corresponding dissociation (rg;s/s ™t site™)

and desorption (rdeS/s’1 site™Y) rates at different coverage levels on Ni surfaces

Coverage (ML) Dissociation pathways dco E, AEges AEg;s Tdis T'des

(111) surface

1/9 1CO — 1C + 10 1.865 3.72 1.94 1.52 1.52 x 1072 2.43 x 1077

2/9 2CO - 1CO + 1C + 10 1.876 3.75 1.93 1.53 1.37 x 107> 9.13 x 1077
1CO+C+0 — 2C+20 - — 1.76 — - —

3/9 3CO — 2CO + 1C + 10 — — 2.29 — — —

(100) surface

1/12 1CO - 1C + 10 1.917 1.90 2.20 0.12 3.84 x 1077 5.93 x 10 '°

2/12 2CO — 1CO + 1C + 10 1.909 1.95 2.07 0.04 2.35 x 1077 1.53 x 1078
1CO+C+0 — 2C+20 1.919 2.02 1.80 0.20 2.13 x 1078 4.49 x 10°°

3/12 3CO — 2CO + 1C + 10 1.908 1.92 2.20 0.18 6.41 x 1077 2.14 x 107°
2C0 +1C + 10 — 1CO + 2C + 20 1.896 2.00 1.71 0.20 6.44 x 1078 6.02 x 107°
1CO + 2C + 20 — 3C + 30 2.020 2.80 1.72 1.71 5.50 x 107 ° 2.41 x 107°

4/12 4CO - 3CO +1C + 10 1.917 2.25 1.66 0.38 5.02 x 10~ 3.67 x 107

5/12 5CO — 4CO + 1C + 10 1.921 2.06 1.79 0.36 3.72 x 1078 2.55 x 10°°

(110) surface

1/9 1CO - 1C + 10 1.942 1.96 2.00 0.63 1.39 x 1077 6.43 x 1078

2/9 2CO — 1CO + 1C + 10 1.997 2.11 1.96 0. 96 8.73 x 107° 3.13 x 1077
1CO+C+0 — 2C +20 1.993 2.16 1.33 0.83 1.23 x 107° 0.18

3/9 3CO — 2CO + 1C + 10 1.996 2.15 2.00 0.92 4.62 x 107° 1.93 x 1077

Table 4 lists the calculated dissociation free energy barriers,
reaction free energy, the stepwise desorption free energies and
the corresponding rates at different coverage levels on three Ni
surfaces. The corresponding structures of initial states (IS),
transition states (TS), and final states (FS) are given in the ESIT
(see Fig. S5-S7).

3.4.1 Ni(111) surface. For the dissociation of one CO
molecule on the surface, starting from CO adsorbed at the
hep site, CO dissociates into C and O atoms via the transition
state, TS1, in which the O atom arrives at the top site. In the
final state, the dissociated C and O atoms are adsorbed at the
hep and its para-fee sites, respectively. The length of the C-O
bond in TS1 is elongated to 1.865 A. The dissociative reaction is
endothermic by 1.94 eV, with the dissociation free energy
barrier of 3.72 eV, which agrees well with the available result
of 3.74 eV at the low coverage (1/9 ML), as reported by Zhang
et al.>* The dissociation rate is about seventeen orders of
magnitude lower, and the free energy barrier is 1.78 eV higher
than the desorption energy, suggesting that CO dissociation
at the coverage of 1/9 ML is kinetically and thermodynamically
unfavorable.

Similar to the coverage of 1/9 ML, the dissociation free
energy barrier (3.75 eV) of the first CO molecule at the coverage
of 2/9 ML is higher than the desorption free energy (1.93 eV);
accordingly, the dissociation rate (1.37 x 10 >* s~ ' site ) is
lower than the desorption rate (9.13 x 10~7 s~ " site™ '), suggest-
ing that CO dissociation at the coverage of 2/9 ML is kinetically
unfavorable, compared to its desorption. Meanwhile, our
results show that when two C and two O atoms are initially
adsorbed at the two hcp and two fcc sites, respectively, one C atom
can interact with the adjacent O atom to form a CO molecule after
geometry optimization, due to the limited O adsorption sites over
the Ni(111) surface, there is no opportunity for the dissociation of
the second CO molecule.

17614 | Phys. Chem. Chem. Phys., 2016, 18, 17606-17618

Surprisingly, for three co-adsorbed CO molecules (3/9 ML),
the first CO molecule dissociates into C and O atoms, as well as
the other two CO molecules. Our results show that when the
C and O atoms, as well as the two CO molecules are initially
adsorbed over the surface, one CO molecule can interact easily
with the adjacent O atom to form a CO, molecule after
geometry optimization, which means that CO dissociation
cannot occur on the Ni(111) surface at the coverage of 3/9 ML.

The great gap of both the free energy barrier and reaction rate
between dissociation and desorption shows that CO dissociation
into C and O atoms is unfavorable, compared to its desorption at
the lowest coverage (1/9 ML); moreover, since there are unavailable
adsorption sites at coverage >2/9 ML, CO molecules cannot
dissociate into atomic C and O. Therefore, CO will adsorb mole-
cularly on the Ni(111) surface in the methanation process.

3.4.2 Ni(100) surface. For the single CO dissociation on the
surface, CO dissociates via the transition state, TS1, into C and
O atoms, which are located at two adjacent four-fold hollow
sites. In TS1, the C-O bond length is elongated to 1.917 A. The
computed dissociation free energy barrier (1.90 eV) agrees well
with the result of 1.87 eV at low coverage, reported by Andersson
et al>* The dissociation free energy barrier is lower than the
desorption energy (2.20 eV); correspondingly, the dissociation
rate of 3.84 x 10”7 s~ ' site™ " is higher than the desorption rate
of 5.93 x 107 '° s7! site™. Thus, CO dissociation is more
favorable than desorption at the coverage of 1/12 ML.

For two co-adsorbed CO molecules (2/12 ML), they will
dissociate into CO + C + O, followed by further dissociation
into the final 2C + 20 state on the surface. The stepwise
dissociation free energy barriers of 1.95 eV for the first CO
and 2.02 eV for the second CO, are lower than their corres-
ponding desorption free energies (2.07 and 1.80 eV), suggesting
that there will be dissociative and molecular adsorption of CO
molecules at this coverage under realistic conditions.
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When the coverage is up to 3/12 ML, the dissociation free
energy barrier of the first CO molecules (1.92 eV) is lower than
the corresponding desorption free energy (2.20 eV). However,
the dissociation barriers of the second and third CO molecule
(2.00 and 2.80 eV) become much higher than their desorption
free energies (1.71 and 1.72 eV). Thus, these CO molecules can
have equilibrium between dissociation and desorption at the
coverage of 3/12 ML. Furthermore, with the increase of the
dissociation numbers of CO molecules at the coverage level,
shown in Table 4, the dissociation rate decreased by nine
orders of magnitude, and the desorption rate increased by four
orders of magnitude, suggesting that the CO dissociation
became more difficult, compared with desorption.

At the coverage of 4/12-5/12 ML, the dissociation free energy
barriers (2.25 and 2.06 eV) for the first CO molecule become
higher than the corresponding desorption free energies (1.66
and 1.79 eV). Correspondingly, the dissociation rates are lower
than the desorption rates. As a result, CO dissociation is
unfavorable, compared to desorption at these coverage levels.

Since there are free adsorption sites available at low cover-
age, the lower dissociation free energy barrier with the higher
rate indicates that the dissociation of CO into C and O atoms is
the preferred route, rather than its desorption at the lowest
coverage (1/12 ML); in the range from 2/12 to 3/12 ML, the
equilibrium between the dissociation and desorption over the
surface occurs. However, with the increase in coverage (>4/12 ML),
CO molecules should be the most dominant species rather than C
and O atoms over the Ni(100) surface.

3.4.3 Ni(110) surface. For the single CO molecule on the
surface, CO adsorbed at the short-bridge site dissociates into C
and O atoms located at the long-bridge and pseudo three-fold
hollow sites, respectively. In the transition state, the C atom
moves to the long-bridge position, and the O atom is adsorbed
at the short-bridge site, with the distance between C and O
atoms of 1.942 A. This elementary reaction is endothermic by
0.63 eV, and the dissociation free energy barrier is 1.96 eV,
which agrees well with the reported result of 1.83 eV at the low
coverage level (1/4 ML), reported by Mohsenzadeh et al.®® The
dissociation free energy barrier is slightly lower than the
desorption energy of 2.00 eV, and correspondingly, the disso-
ciation rate of 1.39 x 1077 s~ ' site”' is higher than the
desorption rate of 6.43 x 107% s™' site™!, suggesting that
the CO dissociation is slightly more favorable than desorption
at the lowest coverage.

For the dissociation of two co-adsorbed CO molecules
(2/9 ML), the two-step dissociation is endothermic by 0.96
and 0.83 eV, with the corresponding dissociation free energy
barriers of 2.11 and 2.16 eV, respectively. The dissociation free
energy barrier of the second CO molecule is 0.83 eV higher than
the corresponding desorption free energy, which leads to the
difference of eight orders of magnitude between the dissocia-
tion and desorption rates (1.23 x 10" °vs. 0.18 s~ * site” ). These
results indicate that the CO dissociation at this coverage is
unfavorable, compared to desorption. Furthermore, the disso-
ciation of the first CO molecule is still unfavorable, based on
the comparison of the free energy barrier and the rates of
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dissociation and desorption at the coverage levels of 3/9 ML
(2.15 vs. 2.00 eV, and 4.62 x 107 % vs. 1.93 x 10”7 s~ " site” ).

Consequently, the increasing lateral repulsive interactions
make CO dissociation into C and O atoms more difficult at the
higher coverage. Thus, CO desorption will compete with disso-
ciation only at the lowest coverage, 1/9 ML, while CO desorption
is favored with increasing coverage on the (110) surface.

3.5 General discussion

As mentioned above, the adsorption and dissociation of
adsorbed CO molecules at different coverage levels over the
three Ni surfaces have been systematically investigated; in this
section, we discuss the adsorption state of CO on the Ni surfaces,
as well as the effects of the CO coverage, and the surface structure,
on the adsorption and dissociation of adsorbed CO molecules.

Compared to the (111) surface, the (100) surface has the
lower CO adsorption capacity, with saturation coverage of
9/12 ML, and increasing the coverage leads to the migration
of the most stable adsorption sites from the four-fold hollow
site to the two-fold bridge site. The Ni(111) surface, which is the
most exposed surface of the Ni catalyst, has better CO adsorp-
tion capacity with saturation coverage of 8/9 ML. As the cover-
age increases, the most stable adsorption site converts from the
hep and fec sites to the top sites in order to balance the lateral
interaction of CO molecules. In the process of increasing CO on
these two surfaces, both the decrease in the stepwise adsorp-
tion free energies and the blue shifts of the CO vibrational
frequencies reveal that the CO-Ni interaction is gradually
weakened. Therefore, the adsorption sites and adsorption
ability of CO molecules over the Ni(111) and (100) surfaces
show strong coverage dependence.

Unlike the flat Ni(111) and (100) surfaces, the saturation
coverage of CO adsorption over the corrugated (110) surface can
reach 1.00 ML, which exhibits the maximum CO adsorption
capacity among the three Ni surfaces. All CO molecules prefer
to adsorb at the short-bridge site, and the stepwise adsorption
free energies and the CO vibrational frequencies remain almost
constant at different coverage levels. Therefore, the adsorption
sites and adsorption ability of CO over the Ni(110) surface are
independent of coverage.

Further, by comparing the stretching vibrational frequencies
of CO over the three Ni surfaces on the basis of the most stable
adsorption configuration at different coverage levels, the (100)
surface has a stronger activation ability toward CO molecules
than the (111) and (110) surfaces, from low to high coverage,
due to the lower stretching frequencies.

Kinetic analyses were utilized to compare the stepwise CO
desorption and dissociation at different coverage levels on the
three Ni surfaces, and it was concluded that CO desorption
from the (111) surface is more favorable than its dissociation
on the surface at all coverage levels. With increasing coverage,
there are stronger repulsion interactions, and there are no
available adsorption sites for the C and O atoms. A similar
case also occurs on the (110) surface, while equilibrium exists
between the desorption and dissociation at the lowest coverage;
however, on the Ni(100) surface, there are dissociative adsorptions
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Fig. 5 Equilibrium phase diagram of the stable CO coverage as a function
of the temperature and CO partial pressures on different Ni surfaces,
(a) Ni(111); (b) Ni(100); (c) Ni(110).

for nCO = 1, and equilibrium exists between molecular and
dissociative CO adsorptions for nCO = 2-3. Compared to the
(111) and (110) surfaces, the (100) surface has better catalytic
ability for CO dissociation.

We further plotted the equilibrium phase diagrams (Fig. 5)
of stable CO adsorption states at all possible coverage levels on
Ni(111), (100) and (110) surfaces to consider the effects of the
different experimental temperatures and CO partial pressures.
These phase diagrams not only reveal the change in the stable
CO phase coverage with temperature at given pressure, but also
provide the saturated stable CO coverage at different 7 and po.

On the most exposed Ni(111) surface, as shown in Fig. 5(a),
there are five regions at a given CO partial pressure with
increasing temperature: one maximum adsorption region
(V, 8/9 ML), and three other CO adsorption regions (IV, 7/9-8/9
ML; 111, 6/9-7/9 ML; 11, 3/9-6/9 ML), as well as one CO free region
(I, 0 ML). Under the ultrahigh vacuum (UHV) conditions
(107'°-10"° Pa, In(pco/p”) = —25.3 to —34.5), CO molecules
adsorbed on the surface start to desorb at 550 K. The
desorption temperatures are higher than the experimental
TPD results of about 420 K at high coverage on the Ni(111)
surface without the support,*” but interestingly, they agree very
well with the TPD results of CO on Ni/ZrO, (SiO,) ranging from
458 to 762 K.'® On the Ni(100) surface, as presented in
Fig. 5(b), there are four regions: two molecular adsorption
regions (IV, 9/12 ML; III, 4/12-9/12 ML), one CO free region
(I, 0 ML) and one narrow dissociative adsorption region (II, C + O),
which suggests that a fraction of the CO molecules prefer the
dissociative adsorption at a given temperature and pressure.
Moreover, Ibach et al.**" experimentally achieved the CO coverage
of 0.80 ML at 300 K by IRAS when the CO pressures increased to
1 mbar (0.150 Pa). Interestingly, our results show that when
CO pressures increase to 1 mbar (0.150 Pa), the CO coverage is
0.75 ML at 300 K, which generally agrees with the above
experimental facts."*"

On the Ni(110) surface, there are four regions, as shown in
Fig. 5(c): the broad region (IV) shows the coverage of 9/9 ML, which
is quite stable below 813 K, suggesting that the surface is covered
with CO molecules under realistic conditions, the other two regions
have very narrow temperature ranges (II, 1/9-7/9 ML; 111, 7/9-9/9 ML).
The last region is the clean surface without CO molecules (I, 0 ML).

On the basis of the above analysis, although the systematic
investigations and comparisons reveal that every Ni surface has
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characteristic regions at given temperatures and pressures, as
well as their difference in CO adsorption states and coverage, it
can be qualitatively concluded that molecularly adsorbed CO is
the dominant characteristic state at the different temperatures
and pressures on Ni surfaces. The computed CO adsorption
patterns quantitatively agree with the experiments of the Ni
surfaces under ultrahigh vacuum conditions. Consequently,
these thermodynamic phase diagrams can still provide useful
information for CO adsorption and activation on Ni catalysts,
such as the supported Ni catalyst. Therefore, we can apply these
phase diagrams to the Ni catalytic system, for example, taking
the realistic CO methanation conditions in the range of
423-673 K at atmospheric pressure;'®" only molecular adsorp-
tion of CO is favorable on the Ni catalyst, which further reveals
that direct dissociation of CO is not a major factor for the
formation of C on Ni catalysts.

4 Conclusions

In this study, the adsorption and dissociation mechanisms of
CO molecules at different coverage levels on three low-index Ni
surfaces have been systematically investigated, using dispersion-
corrected density functional theory calculations, together with
thermodynamic and kinetic analysis at 523 K. The saturated
coverage of CO on Ni(111), (100) and (110) surfaces are 8/9, 9/12
and 9/9 ML, respectively. With increasing coverage, the stepwise
adsorption free energies become more negative on the flat (111)
and (100) surfaces, while little changes occur on the corrugated
(110) surface; CO migrates from the three-fold hollow site to the
top site on the Ni(111) surface, and from the four-fold hollow site
to the two-fold bridge on the (100) surface, while no migration of
CO occurs on the (110) surface. Moreover, the computed vibra-
tional frequencies of CO over the three Ni surfaces agree well
with the experimental vibrational frequencies, and it can be
concluded that the (100) surface has a stronger activation ability
toward CO molecules from low to high coverage than the (111)
and (110) surfaces. On the other hand, the comparisons based
on the kinetic analysis between the stepwise CO desorption and
dissociation at different coverage levels on the Ni(111) and (110)
surfaces suggest that CO desorption from these surfaces is more
favorable than its dissociation at almost all coverage levels.
However, on the Ni(100) surface, CO dissociation is more favor-
able than the desorption at 1/12 ML. When the coverage is 2/12
to 3/12 ML, equilibrium states exit between the dissociation and
desorption on the surface. When the coverage is greater than or
equal to 4/9 ML, CO desorption becomes more favorable than its
dissociation. Compared with the (111) and (110) surfaces, the
(100) surface has better ability for CO dissociation.

By the atomistic thermodynamic method, the thermo-
dynamic phase diagrams can provide useful information about
CO adsorption and activation on Ni catalysts, including CO
adsorption states on each surface, and the equilibrium cover-
age at a given temperature and pressure. Moreover, a deep
understanding of CO adsorption and activation on Ni-based
catalysts has been qualitatively achieved, molecular adsorption
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is the main characteristic state at different temperatures and
pressures on the Ni surface, and further molecular adsorption
of CO is favorable on Ni catalyst under realistic methanation
conditions.
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