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1 Introduction

1.1 Scope

This report starts with a brief overview of the surface

catalysis and adsorption of elements in Group I-B and
VIII. Deeper and consistent insight into these catalytic
mechanisms is of fundamentally great importance for ad-
vancing catalyst applications. In Section 2, density func-
tional theory (DFT) simulations are introduced. Sec-
tion 3 develops these methods to research some of cat-
alytic reactions: ethylene epoxide on Ag surface, dehy-
drogenation of benzene on Cu(100) and Pt(111), oxida-
tion of methanol on Pt(111), some of precursory studies
for catalysis — the adsorption of CO on surfaces of 4d and
5d elements in Group VIII and Cu clusters, and CoHy
adsorbed on Cu surface.
with available experimental evidences and other simu-

Comparisons of calculations

lations are also presented in the corresponding section.
Section 4 summarizes the main contributions and limi-
tations of these simulation works, with suggestions for
future directions in extending the developed knowledge
and associated approaches.

1.2 Overview

Over 80% of commercial chemical processes involve the
use of catalysis, with products as varied as chemicals,
oil products, fertilizers, plastics, drugs, and pharmaceu-
ticals being made through catalytic steps. Catalysis is
probably the most important means of producing mod-
ern chemicals. Precious metal catalyst is one kind of the
deepest and intensively researched catalysts that have
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been widely used in chemical industry, fuel cell technol-
ogy, environment protection, etc., such as ammonia ox-
idation (Pt, Au, and Ag) [1-5], hydrogenation (Ni, Pt,
Ph, Ir, Ru, ...) [6-9], hydrogenolysis (Os, Ru, Ni, ...)
of organic compounds [10-12], ethylene epoxidation (Ag)
[13-17], hydrogenation of CO (Fe, Co, ...) [18], and pu-
rification of automotive exhaust gases [19, 20]. Nearly
all the precious metals can be used as catalysts, usually
Pt, Pd, Rh, Ag, and Ru, especially Pt and Rh. Their
d-orbits are not fully filled. Moreover, their surfaces can
adsorb reactants easily, with moderate bonding strength,
which are propitious to form the “intermediate”. Mean-
while, they own anti-high temperature, anti-oxidation,
and corrosion-resistant properties. These make them the
most important catalytic materials.

However, there are also many problems about the cat-
alytic mechanism and the processes that limit the ap-
plication and development of the catalysts. The way to
reach a microscopic understanding of the sequence of el-
ementary steps by which a product is formed is to isolate
and identify the intermediates. These intermediates are
thermodynamically and kinetically accessible using tra-
ditional surface science techniques, such as temperature-
programmed desorption (TPD) and high-resolution elec-
tron energy loss spectroscopy (HREELS). Quantum me-
chanical computational tools, such as DFT, may then
be used to construct a reaction coordinate that is in ac-
cordance with experimental observations. This approach
allows the determination of not only the surface interme-
diates but also the relevant transition states (T'Ss) along
the reaction coordinate. The understanding of surface—
adsorbate interactions in this way, with the adsorbates
being either surface intermediates or TSs, is crucial in
the design of new or improved catalysts from first prin-
ciples.

2 Principle

In 1960s, DFT was proposed by Hohenberg and Kohn
[21] and Kohn and Sham [22]. The fundamental proof of
DFT is the existence of a local, effective mean field po-
tential, Vg, which depends on only the electron density.
Now, many software include DFT calculation code, such
as MS modeling and VASP [23]. In MS modeling, there
are CASTEP and DMol® codes [24-26]. CASTEP is a
program based on total energy plane-wave pseudopoten-
tial methods, which employs DFT to simulate the prop-
erties of solids, interfaces, and surfaces for a wide range
of material classes [27]. Owing to its unique approach
to electrostatics, DMol® has long been one of the fastest
methods for molecular DFT calculations and can quickly
perform structure optimizations of molecular systems us-
ing delocalized internal coordinates [27]. DMol® can also
be used to search very efficiently for T'Ss using a com-
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bination of linear synchronous transit (LST)/quadratic
synchronous transit (QST) algorithms with conjugate
gradient refinement, thereby avoiding the computation-
ally expensive calculation of the Hessian matrix. The
exchange-correlation functionals are consisted of the gen-
eralized gradient approximation (GGA) and local density
approximation (LDA).

Exploring the potential energy surface of any reac-
tion requires both structural and energetic, or kinetic
and thermodynamic, snapshots of each step in the re-
action process. Of particular importance is the rate-
determining step, which usually involves finding the elu-
sive TS structure. A few techniques have been well vali-
dated for finding a transition-state structure, and among
the better known of these are LST/QST and nudged elas-
tic band (NEB) [28]. The NEB method introduces a fic-
titious spring force that connects neighboring points on
the path to ensure continuity of the path and projection
of the force so that the system converges to the minimum
energy path (MEP). The NEB method has been widely
used in solid-state physics and has recently been applied
to molecules as well. The advantage of the NEB algo-
rithm is that it provides a fast qualitative examination
of the global MEP rather than the locally restricted one
and is thus more reliable than the constrained optimiza-
tion method sometimes used for time-consuming reasons.
In particular, the constrained optimization method may
overestimate activation barriers as pointed out in a re-
cent DFT study on water dissociation [29].

3 Application: case studies
3.1 Chemical industry

3.1.1 Ethylene epoxidation

Ethylene epoxidation is one of the major petrochemical
processes converting several billion US dollars annually
due to the importance of ethylene oxide as a versatile
chemical intermediate. It is also one of the most impor-
tant heterogeneous catalytic oxidation processes. There
are many features of ethylene epoxidation that have puz-
zled scientists for decades. Surprisingly, silver is an ex-
ceptional catalyst material for ethylene epoxidation. To
the best of our knowledge, no other materials come even
close to producing the epoxidation activity and selec-
tivity of silver under practical conditions. However, it
is shown that copper in UHV is an even more selective
epoxidation catalyst than silver [30, 31]. Unfortunately,
an inactivating oxide overlayer is formed on copper in
the presence of gas-phase oxygen [30, 31]. Many sci-
entists believe that the interaction between oxygen and
silver plays an essential role in understanding ethylene
epoxidation and a great research effort has been devoted
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to the silver—oxygen system [32, 33]. However, the form
and the creation of the active oxygen species are still
debated.

From now on, it is impossible to study ethylene epox-
idation directly in UHV by surface science techniques
presumably because ethylene and/or the active oxygen
species desorb before the reaction barrier can be climbed.
This is probably the main reason that the mechanism
remains controversial. However, intermediates such as
molecular oxygen [34, 35|, atomic oxygen [34, 36-39],
subsurface/dissolved oxygen [40, 41], ethylene [42], ethy-
lene oxide [42, 43|, acetaldehyde [44], water [45], car-
bon dioxide [46], and oxametallacycles [47, 48] have been
studied by surface science techniques. Furthermore, to
understand the sequence of the elementary steps to form
C9H,40, isolating and identifying intermediates are ther-
modynamically and kinetically accessible using differ-
ent surface science techniques, such as TPR [40, 49,
50], pulse reactors [50], batch reactors [51], combining
high-pressure cells with UHV techniques [52] and “frozen
in time” [53], temperature-programmed desorption and
high-resolution election energy loss spectroscopy [13],
and DFT calculations with a total energy minimization
technique.

The early research is much concerned with the ques-
tion of whether molecular or atomic adsorbed oxygen re-
acts with ethylene to form ethylene oxide [54, 55]. Exper-
imental results indicate that atomic oxygen is the active
species. Furthermore, it has been discussed whether an
Eley—Rideal or a Langmuir—Hinshelwood type of mech-
anism is appropriate to describe the process [32]. It is
also suggested that the active phase of the catalyst is
not metallic silver but a surface oxide [56]. This explains
the low stability of the active oxygen compared to ethy-
lene, the increasing selectivity with O5:CoHy ratio, and
the observed reaction orders greater than 1 [57]. The
formed surface oxide structures have been argued as a
(111) layer of bulk AgO [58], an AgyO-like oxide over-
layer with a stoichiometry of Ag;;Og phase [59], or an
AggOg overlayer [6]. The latest experimental results and
first-principle calculations demonstrate that the struc-
tures are composed of Agg motifs, such as P(4 x 4) and
C(3 x 5v/3) phases, while the latter is exceedingly sim-
ilar to the former [61, 62]. As a more simple structure,
P(4 x 4) structure consists of two Agg triangles and six
O atoms located in the “trough” between Agg trian-
gles. The Ag overlayer with 12 atoms are located ap-
proximately above the three-fold sites of the underlying
Ag(111) substrate, where half of them are near hep sites
and the others are near fcc sites [61, 62]. It is suggested
that the molecular oxygen is active because experiments
show that the atomic oxygen in UHV could not be the
active oxygen species [63]. For this reason, the mecha-
nism was largely abandoned, but recently it is demon-
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strated by a combined experimental surface science and
DFT approach that oxametallacycles are likely common
intermediates in both epoxidation and combustion [13,
14, 48]. A microkinetic model for ethylene epoxidation
is successfully established based on a reaction coordinate
calculated from first principles incorporating the oxam-
etallacycle as a central intermediate [15]. A similar reac-
tion coordinate has been calculated [16] for both metallic
silver and a surface silver oxide [47, 56].

(1) Ethylene epoxidation on Ag(111)

On Ag(111), it has been suggested that the surface-
mediated addition of ethylene to oxygen is the rate-
determining step. Generally, the atomic adsorbed oxy-
gen is accepted as the active species in the epoxidation of
ethylene. Thus, the first step of the ethylene epoxidation
is the dissociation of molecular oxygen. In Fig. 1, the cal-
culated reaction coordinate for ethylene epoxide on sil-
ver is shown, where dissociative adsorption of molecular
oxygen forms two oxygen atoms, that is, Oy+2*—20%,
The surface reactions of adsorbed oxygen and weakly
adsorbed ethylene to form ethylene oxide via a surface
oxametallacycle intermediate, CoHy*+0*—CoH40. The
dissociation of oxygen on silver is activated, with activa-
tion energies of ~1.61 eV on Ag(111) and ~0.75 or 0.26
eV on step sites depending on the function used. Thus,
it should take place mostly on stepped sites, which is
the first step in Fig. 1. The enthalpy of reaction for
oxygen dissociation on Ag(111) is estimated to be about
—0.35 eV for a Ag(111) terrace and about —0.65 eV for
a Ag step. As ethylene approaches the oxygen-covered
sites on the Ag surface, the interaction between ethylene
carbon atoms and oxygen adatoms takes place. This in-
teraction results in the formation of TS as shown in Fig.
1. It is observed that the C—C bond is elongated from
1.33 A for the gas-phase ethylene to 1.38 A for the TS,
consistent with the expected decrease of the C-C bond
order. Also, the C;-O bond is being formed in the T'S
as evidenced by the change in the hybridization of the C;

C, G,

EO
$0.22

20(ads) Et(ads)+O(ads)
Oxametallacycle

Fig. 1 Calculated reaction coordinate for ethylene epoxidation
on silver. Energy units are eV. The discontinuity in the reaction
coordinate reflects the change in oxygen molarity. The barrier for
oxygen dissociation is from Ref. [65].
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carbon from sp? to sp® with perturbation of the planar
configuration corresponding to gas-phase ethylene. The
activation energy for this elementary step is found to be
0.65 eV as calculated by cluster and periodic DFT cal-
culations, accounting for 0.35 eV for the heat of ethylene
adsorption. The product of this elementary step is the
oxametallacycle. This surface intermediate is similar to
the surface intermediate that is spectroscopically identi-
fied during the dissociative adsorption of ethylene oxide
on Ag(111) [64].

The next step is the formation of ethylene oxide from
the surface intermediate. Extensive DFT calculations
show that the formation of ethylene oxide from the sur-
face intermediate in Fig. 1 involves two characteristic
motions. The first is the motion of the weakly bound
carbon, Cy, away from the Ag surface. The approach of
Cq and the oxygen atom leads through TSy to the for-
mation of ethylene oxide. Careful examination of TSs
clearly suggests the formation of a ring structure. The
C2-0 bond is beginning to form and the O-Ag bonds
are elongated as well, suggesting that the product of this
elementary step is the gas-phase ethylene oxide, which
was confirmed by the calculations.

It is concluded that ethylene reacts with adsorbed oxy-
gen to form a surface intermediate previously identified
as a surface oxametallacycle [64]. This intermediate re-
acts to form the gas-phase ethylene oxide. A possible
reason for the unique ability of silver to selectively cat-
alyze ethylene epoxidation stems from the fact that sil-
ver provides a binding environment. The environment is
strong enough to dissociate oxygen but weak enough to
allow facile surface reaction and desorption of ethylene
oxide.

(2) Ethylene epoxidation on Ag120g¢/structure

At Ogown—Ag1 site shown in Fig. 2(A), CoHy plus
Ag150¢ structure is taken as the initial state. CoHy is
adsorbed weakly at Ag; site as discussed above (Ec,u, =
0.119 eV). The E, to produce a five-membered ring con-
taining a backbone O—C—C linkage and two Ag atoms

gfoglc ‘oo TR
¢ e
0.12\ £ /6:06
oot
(A)
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(OMME) from the CoHy adsorbed state is 0.23 €V, which
is between E, = 0.32 eV on O/Ag(111) [17] and E,
= 0.17 eV on O/Agcuster structure [13]. At the TSy,
the energetic level is 0.11 eV larger than that of the ini-
tial state where a C-O bond is created through a lateral
shift of CoHy toward Ogown. Meanwhile, Ogown moves
upward. Let subscript denote the corresponding bond,
lc—c of CoHy at TSy shown in Fig. 2(A)c is elongated
from 1.330 to 1.377 A, which is consistent with that of
1.38 A on O/Ageuster structure [13]. After TS; state is
reached, OMME is built with energetic drop of 0.05 eV
from the initial state. In the next step, CoH4O is formed
from OMME via the TS, with E, = 0.15 eV, which
is smaller than the experimental and simulated values of
E, =0.20 eV [16], E, = 0.92 ¢V adsorbed on O/Ag(111)
[17], and E, = 0.18 eV adsorbed on O/Agcuster Struc-
ture [13]. In Fig. 2(A)e, C2 moves away from Ag; to-
ward Ogown atom and Co—Ogown bond begins to form
with I, _o,... = 2.155 A. Compared with OMME, the
lc,—Ag, bond at TS, state is elongated from 2.286 to
3.439 A, while the Ic_c bond is shortened from 1.509
to 1.460 A. Thus, the product of this elementary step
is CoH40 [13]. The energetic level at TSy is 0.10 eV
higher than that of the initial state. Thus, combina-
tion of C2H4O and the oxygen-deficient oxide Ag1205 is
weak and has only a size of 0.06 V. The CoH,0+Ag1205
as the product of CoHs+Ag120¢ is 0.02 eV more stable
than CoH44+Ag120¢. Considering experimental F, val-
ues with a broad range of 0.2 to 1.1 eV [16, 17|, this
process could be realized. Note that the extraction of an
O from Ag120g makes little reconstruction of the surface
oxide. To complete this catalytic cycle, E, for O dis-
sociation on Ag2O5 examined is 0.63 eV, which agrees
with E, = 0.64 eV on O/Ag(111) [17]. At the Oyp—Ag2
site, the reaction process of CoH, is analogical with that
at Ogown—Ag: site as shown in Fig. 2(B).

At two sites in Fig. 2, the ethylene epoxidation mech-
anisms are reasonably semblable in terms of both struc-
tures and energies. The initial state for both possible

Fig. 2 Relative energy diagram for the conversion of CoHy to C2H4O at Ogown—Ag1 (A) and Oup—Ags sites (B) on Agi206/Ag(111)
overlayer using LST/QST tools. The panels from a to g indicate the corresponding states, which are, in turn, the gas-phase CoHy
and Agi20¢ structure, CoHa/Ag1206 structure, T'S; and Agi2O¢ structure, OMME/Ag1205 structure, TSz and Agi205 structure,
C2H40/Ag1205 structure, and gas-phase Co2H4O and Agi205 structure. The structures shown correspond to T'Ss and OMME where
the arrows depict the motion of atoms during the reaction. The numbers shown denote the energetic change values E, in eV between
adjacent two states. Reprinted in part with permission from Ref. [14]. Copyright (© 2007 American Chemical Society.
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processes is identical. The two TSs with larger E, val-
ues at the O,p,—Ags site, however, are much harder to
reach, while OMME at O,,—Ag> site is more stable than
that at Ogown—Ag1 site. It is known that a good cata-
lyst is characterized by low activation energy and weak
bonding of the intermediates [65]. For the intermediate
in Fig. 2, at Ogown—Ag1 site, B, = 0.16 eV to reform
the adsorbed CoHy, which is larger than that to form
CoH40 (E, = 0.15 V). The corresponding values at the
Oup—Ago site are 0.33 and 0.36 eV, respectively. This
energetic difference brings out the preferred Ogown—Ag1
site for the ethylene epoxidation in comparison with the
Oyup—Agy site. Moreover, the whole reaction of CoH4O at
the Ogown—Ag; site is degressive in energy, being opposite
to that at the Oyp—Ags site. Also, the energetic differ-
ence at the two sites after the process is 0.14 eV, which is
consistent with the difference of Ey wp—Er down = 0.13 eV
as shown above. However, Oy, is easier to recover for
its lower O dissociation barrier, which leads to larger
recovering rate and is beneficial to the process. Thus,
in reality, both sites should contribute to the ethylene
epoxidation process, while the other two sites are impos-
sible.

Obviously, ethylene can easily react with the oxy-
gen of Ag surface oxide (AgsQOg) to form a surface
intermediate and then to the ethylene oxide. More-
over, the AggOs/Ag(111) structure can easily release
the ethylene epoxidation and react with oxygen to the
AgOg/Ag(111) one.

3.1.2 Benzene dehydrogenation

The catalytic conversion of aromatic molecules on tran-
sition metal surfaces and their dehydrogenation or hy-
drogenation reaction are very important in the chemical
industry and science for both environmental and eco-
nomical reasons [66-68]. Furthermore, the adsorption of
organic molecules on transition metal surfaces is of great
relevance to a wide range of systems, from the tuning
of self-assembled monolayers to heterogeneous catalysis
[11]. In addition, open-shell organic molecules have been
the subjects of considerable interest for over 100 years.
Especially, the properties of organic radicals have been
intensively studied, including thermochemical stabilities,
chemical reactivities, and molecular and electronic struc-
tures [69].

The interaction between aromatic compounds and var-
ious substrates has been and continues to be one of the
hot fields in surface science since 1970s. As the simplest
aromatic molecule, the adsorption behavior of benzene
has received much attention. The electronic and geo-
metric structures, work function, and vibrational proper-
ties of adsorbate/substrate systems have been studied by
various techniques on different surfaces, Co(1010) [70],
Pt(111) [71, 72], Pd(111) [73], Rh(111) [74], Cu(100) [75],
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Cu(110) [76], Cu 111) [77, 78], Ag [79-81], Au(111) [82],
and Au [83].

On the Cu(111) and Cu(100) surfaces, it is generally
concluded that benzene adsorbs with the aromatic ring
parallel to the surface. This adsorption geometry sug-
gests that the out-of-plane benzene p orbitals are mainly
involved in the bonding process. Benzene chemisorption
on transition metals has also been studied as a model
system for unsaturated hydrocarbon catalysis [84]. An
example is the catalytic coupling of propyne on Cu(111),
yielding benzene among other products [85]. In relation
to the pure benzene, copper is quite inert [85-88], and
some theoretical works [89] concluded that the interac-
tion is so small that benzene physisorbs on Cu(100).

The manipulation of benzene molecules on Cu(100)
with the scanning tunneling microscope (STM) leads to
the dissociation of benzene into smaller fragments [90,
91]. The interpretation given is that benzene undergoes
a dehydrogenation reaction caused by the tunneling cur-
rent, which is also analyzed by DFT calculations [11].
The symmetry and corrugation of the constant current
STM images of the remaining fragments have been in-
terpreted to indicate that benzene is produced. Thus,
the removal of two hydrogen atoms from the benzene
molecule appears to be more favorable than the removal
of a single hydrogen. However, singly dehydrogenated
fragments are perfectly stable on noble metal surfaces.
Phenyl fragments are found after iodobenzene dissocia-
tion on Cu(111) [92]. Phenyl has been extensively stud-
ied on Cu surfaces [93].

For the catalyst used for the conversion of aromatic
molecules, Pt is one of the most important catalysts
where benzene experimentally was adsorbed parallel to
the Pt surface in UHV [94-96] under electrochemical con-
ditions [97]. For the adsorption of benzene on Pt surface,
it is now clearly established that, at low coverage, the
bonding of benzene is exclusively through the 7 electron
system, resulting in a parallel or flat configuration on
the close-packed transition metal surfaces. This is also
proven by the DFT calculations, which show both bri30°
and hcp0° being adsorbed sites, where hep and bri, re-
spectively, denote the hollow and bridge adsorbed sites,
while 0° and 30° denote the angles of C—C bonds being
rotated with respect to the atomic directions on the sur-
face. Meanwhile, the ring distortion has been observed
to eliminate ring tension as a result of the interaction of
the benzene ring 7 electron cloud with the surface [67,
68, 71, 72, 98]. For small Pt cluster models [99-101],
benzene adsorbed on Pt has a staircase structure [100]
or a tilted di-m adsorption mode [101].

In the case of benzene dehydrogenation on Pt surface,
benzene is dehydrogenated to leave an adlayer of stoi-
chiometry CgHs or CoH at 420 to 565 K, which is further
decomposed to graphitic carbon and hydrogen at 810 K
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on Pt(111) surface [102]. For benzene on Pt/Zn0O(0001)—
O model catalysts, its dehydrogenation probability on
2D Pt islands is higher than on Pt(111) surface and may
depend on island dimensions [103]. DFT calculations
indicated that the phenyl (CgHs) and ortho-benzene (o
CgHy4) could be formed in the dehydrogenation of ben-
zene on Pt(111) surface cluster model [67]. Moreover,
the decomposition of benzene on Pt surfaces were stud-
ied [96, 104, 105]. The C—H bonds are believed to break
first on Pt(111) surface and Pt(100) [106]. It is also
found that CgHjs is an intermediate for decomposition of
CgHs on Pt(111) surface [107]. Furthermore, reactive
molecules (hydrocarbon fragments) derived from gas-
phase benzene are phenyl, benzene, and triadical [69].
DFT calculations also find two minimum energy path-
ways for the dehydrogenation of benzene on Pt(111),
where the adsorption property and electronic structure
of the dehydrogenation radicals are also considered.

(1) Benzene dehydrogenation on Cu(100)

In the case of benzene dehydrogenation on Cu(100),
the first hydrogen scission leads to a phenyl radical C¢Hs
and the second one results in the benzene species, CgHy.
As previously found [108], both dehydrogenation prod-
ucts stand upright on the surface at bridge and hollow
sites, respectively, for C¢Hs and CgHy, which are shown
in panels 2 and 3 of Fig. 3. For the two endothermic
steps, each TS is determined by an NEB calculation fol-
lowed by a thorough vibrational analysis of the T'S. The
TS geometry and imaginary frequency are provided in
the top panel of Fig. 3. The imaginary frequencies corre-
spond to soft modes, revealing the appearance of a saddle
point and hence characterizing the TS. In the reactions
analyzed here, the reaction coordinates correspond to a
stretch mode of a loose C—H bond as marked by dotted
lines in the top panel of Fig. 3. Notably, the TS;_o
and TSy_3 geometries in Fig. 3 exhibit similar atomic
positions for the breaking ¢ bond. The loose C-H bond
is actually involved in a three-membered metallacycle
Cu-C-H. In other words, C and H atoms share almost
the same on the top adsorption site [109], as previously
observed for the reverse hydrogenation mechanism [110].
This similarity between the geometrical structures of
TS1_2 and TS,_3 is in apparent contradiction with dif-
ferent activation energies: the first dehydrogenation step
costs almost 0.3 eV more than the second step. This en-
ergy difference is related to the adsorption energy of the
benzene molecule. Indeed, in order to react, the benzene
molecule first desorbs and almost aligns its molecular
plane with the surface normal while pointing one C—
H bond toward one single metal atom. As a result,
this transient upright benzene and the phenyl radical
react similarly regarding the dehydrogenation reaction:
their hydrogen scission intrinsically costs ~1.5 eV. This
quantity agrees with estimates based on the dehydro-
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genation of benzene on Cu(110) [111]. However, the
calculated gas-phase dehydrogenation barrier is 4.5 eV
[112]. This large energetic difference between the gas and
chemisorbed phases is due to the attractive interaction
between the reaction products and the metallic surface.
The experiments on STM-induced dehydrogenation find
a reaction threshold at 2.9 eV on Cu(100) [113] or 2.4
eV on Cu(110) [111], the difference probably stemming
from the measuring method rather than from physical
properties [111]. At 1.5 eV, the molecule would hop away
from its original site, but no C—H fragmentation could be
observed [113]. These data are in good agreement with
the adiabatic barriers of Fig. 2 because breaking the
C—H bond globally costs 1.85 eV, but the molecule can
already desorb at 1.5 eV. The threshold to the T'S;_o
state is well below the experimental 2.4 eV needed to
dehydrogenate the molecules. Hence, at 1.5 eV, the only
possible reaction is desorption, while at 2.4 eV dehydro-
genation is possible. As discussed in Ref. [111], our cal-
culations confirm that the 2.4 eV onset is not connected
with the activation barrier for the C-H bond breaking.
The minimum energy required to traverse both TS;_o
and TS,_3 in a single step is 2.32 eV. However, if the
crossing of the first TS dissipates all of its minimum ex-

v=817i cm!
\

..

°

u_
CGHG TS CGH5I(+IH) T, . CsHy (+2H)
4-fold para E pseudo-bridge *%  4fold perp

Fig. 3 Energy profile for the successive dehydrogenation of CeHg
on Cu(100) with respect to the sum of energies of the free benzene
molecule and the relaxed Cu(100) surface. The geometrical struc-
tures of the TSs are given in the top panel with bonding distances
in A and with the imaginary frequency of the soft mode at the re-
action coordinate, which corresponds to a weakening C—H stretch
mode (dotted line). Top views of all states along the reactive profile
are given in the lower panels with the symmetry of their adsorption
site. Reprinted in part with permission from Ref. [11]. Copyright
(© 2007 American Chemical Society.
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cess energy through the recoil of its departing hydrogen
atom, an additional 1.11 eV of energy, making 3.43 eV in
total, would be required. Hence, detailed knowledge of
the reaction dynamics must be obtained before accurate
estimates of the actual threshold energy can be made.

(2) Benzene dehydrogenation on Pt(111)

As shown in Fig. 4, benzene dehydrogenations at
both bri30° and hcp0° sites lead to formation of 2a-
dehydrobenzene [69, 114, 115]. The minimum energy
required to traverse the three T'Ss in a single step is 3.21
eV at bri30° site compared with 3.06 eV at hcp0° site.
Thus, both minimum energy pathways may be feasible.
Considering their comparability, we take those at hcp0°
site as examples.

At the hep0° adsorbed site, the dehydrogenation of
benzene brings out 2a-dehydrobenzene (2a—CgHs) as
shown in Fig. 4(A). For the first C-H scission, the cal-
culated energetic values are F, 1 =1.65 ¢V and E,; =
0.50 eV. In experiments, the barrier for benzene dehy-
drogenation is found to be 1.21 to 1.87 eV [102, 116,
117]. On a cluster model, E, for the dehydrogenation
of hollow-bound benzene is endothermic by 0.52 eV [67].
CgHs is adsorbed through C at the top site on Pt(111)
surface with the adsorption energy F.q = 2.78 eV. Its
C ring plane is tilted to the surface with a straight z-
axis on Pt(111) surface as shown in Fig. 4(A)c. The
intermediate phenyl CgHs is further dehydrogenized to
ortho—benzene (0-CgHy). The calculated energetic val-
ues are E, o = 1.39 eV and E; > = 0.01 eV. 0-CgHy is
perpendicularly adsorbed at bridge site with E,q = 4.09
eV. The same adsorbed site for 0-CgHy is found on a Pt
cluster with E,q = 3.88 €V [67]. For the first and second
C-H scissions, the geometry structures of TSy ;1 is close
to that of T'Sq,; for the breaking of ¢ bond as shown in
Fig. 4(A). Moreover, the loose C—H bonds for these two
TSs are all involved in a three-membered metallacycle
Pt-C—H. Thus, the benzene molecule may firstly be des-
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orbed and it almost aligns its molecular plane with the
normal while pointing one C-H bond toward one sin-
gle metal atom for dehydrogenation. This mechanics is
proven on Cu(100) [11]. The third C-H bond scission
produces dehydrobenzene 2a-CgHs. E, s and E, 3 are
2.53 and 1.12 eV, respectively. E,3 > E,>. The rea-
son could be that the dehydrogenation mechanics in the
third step differs from that in the former two steps. The
calculated 2a—CgHj is slightly tilted adsorbed on Pt(111)
surface through four C-Pt bonds with F,q = 5.10 eV.
The distance of C; and C3 in the adsorbed 2a-CgHjs is
2.50 A. This distance is proposed to be 2.37 A for the
2B, state of gas-phase 2a~CgHs, where 2By denotes that
there is no bond forming between C; and Cj3 atoms as
shown in Fig. 4(A)g [114, 115]. Thus, the calculated
2a-CgHs should also have a 2B, state as predicted in
a computational study for the gas-phase 2a—CgHs [118].
The TR spectroscopic data indicated the presence of a
2A, with a relatively short C;—Cs distance of 1.69 A,
where 2A5 shows the formation of C;—~C3 bonding [114,
115]. This state is a slightly preferred one compared with
the 2Bg one [114, 115]. The preference of 2B, state for
adsorbed 2a—CgHs is due to the attractive interaction
between 2a—CgHs and the metallic surface.

Figure 5 presents the electron density or the elec-
tron transfer during the above dehydrogenation process.
Moreover, the 2-D slices of the electron density differ-
ence are shown in Fig. 5(B). The denser the color is,
the more the electron density changes. It is known that
the predominant effect of the above electron transfer is
the interaction between the aromatic m states and the d
band of the Pt(111) surface. This case is shown in Fig.
5(A)a and c. The donation of electrons from CgHg to Pt
and the back-donation are nearly in balance (the back-
donation is slightly larger). There is a little difference
between CgHg adsorbed at bri30° and hcp0° sites. Some
electrons are accumulated between C; and Pt atom at

f

2.54 1.43

Fig. 4 Two minimum energy pathways for the dehydrogenation of benzene on Pt(111) surface. (A) indicates the reaction coordinate
for the dehydrogenation of benzene at hcp0° site, while (B) indicates that at bri30° site. a, ¢, e, and g present the intermediates, while
b, d, and f present the TS. The energies between two states are shown in eV. Three-membered metallacycle Pt-C-H in TSy, 1, TSq 1,
and TSy, » are marked by short dot lines and the distance of atoms are also shown in A. Reproduced with permission from Ref. [12].

Copyright © 2008 American Institute of Physics.
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bri30° site as shown in Fig. 5(A)c. As reported in litera-
ture [66], C1 atom is o bonded to Pt atom at bri30° site,
except the interaction between the aromatic i states and
the d band of the surface, which could be observed more
clearly from the 2D slice of electron density difference.

Fig. 5 The plots of the electron density difference. In (A), the
order of a—b—e—f is accorded with the dehydrogenation of ben-
zene at hcp0° site, while the order of c—d—e—f is accorded with
that at bri30° site. The red (black) region shows the electron ac-
cumulation, while blue (gray) region shows the electron loss. In
(B), the 2-D slice of electron density difference as shown in (A) is
present. b and d are the different elevations of (A)b and d. The
black region shows the electron accumulation, while white region
shows the electron loss. Reproduced with permission from Ref.
[12]. Copyright (© 2008 American Institute of Physics.

For CgHs produced at bri30° site in Fig. 5(B)d, C;
gets more electrons from Pt atom, forming an o-like
bonding. The enhancement of C;/substrate interac-
tion leads to an important rehybridization with metal-
lic states. Meanwhile, the bond length of C;—Pt bond
decreases from 2.19 A in Fig. 5(B)c to 2.01 A in Fig.
5(B)d. It can be seen in Fig. 5(A)d that the d bands
of Pt atoms at the bridge site also interact with the aro-
matic m states. For CgHs formed at hcp0° site, elec-
trons are accumulated between C and Pt atoms, which
are similar to that at bri30° site in Fig. 5(B)b. The
o-like bonding and C—Pt bond length are the same as
that formed at bri30° site. The interaction between the
d band of Pt atoms and the aromatic m states, however,
nearly disappears as shown in Fig. 5(A)b. It is known
that, in a CgHs/Cu(100) system, the o bonding inter-
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action tends to cause the C ring to stand perpendicular
to the surface, while the m bonding tries to optimize the
overlap with the substrate, pushing the C ring parallel
to surface [119]. Thus, the C ring of C¢Hs adsorbed on
Pt(111) surface is also tilted in our case. Moreover, 6
is changed from 56.6° at bri30° to 69.4° at hcp0°, when
the interaction between the d band of Pt atoms and the
aromatic m states is weakened.

For the C¢Hy adsorbed on Pt(111) surface shown in
Fig. 5(B)e, electrons are also accumulated between C and
Pt atoms with two o-like C-Pt bonds where Lg, _py =
Lc,_py = 2.00 A. Although the intensity of orbital hy-
bridization between C; and Pt atom in Fig. 5(B)d and
e cannot be determined, increased bond numbers cer-
tainly increase the electron accumulation between C and
Pt atoms and strengthen the o-like bonding. This leads
to the perpendicular adsorbed geometry of C¢Hy as that
on Cu(100). Accordingly, no interaction between the aro-
matic 7 states with the d band of Pt atoms is detected
in Fig. 5(A)e.

The adsorbed property of C¢Hs has not been reported
before, which is present in Fig. 5(B)f. Note that only two
C-Pt bonds of 2-D slice can be observed in Fig. 5(B)f
due to the complicity of the four bonds. Indeed, it can
be seen in Fig. 5(B)f that the property of these four C—
Pt bonds are similar to those in Fig. 5(B)d and e. Its
adsorbed structure agrees with the former benzene rad-
icals where Lc,—pt = Lc,—pt1 = Lcg—pt = 2.02 A and
Lc,_pr2 = 2.14 A. As discussed above, these four C—Pt
bonds should be the o-like bonding. The larger size of
Lc,_py2 may result in a slightly tilted CgHs adsorbed
geometry.

3.1.3 (9 Hs adsorbed on Cu surface

Organic molecular adsorption on metallic surfaces is a
critical phenomenon in heterogeneous catalysis, tribol-
ogy, electrochemistry, and material processing [120]. The
adsorption system of acetylene (C2Hs) on Cu surfaces
has initiated a lot of scientific interest, as it involves no-
table elementary catalytic reactions, such as the trimer-
ization reaction of CyHs to form benzene on Cu sub-
strates [121, 122]. In general, CoHy always decomposes
on transition metal surfaces (such as Pd, Pt, Ni, and
Rh) at low temperature, and the adsorption behaviors
of CoHs on these surfaces are different [123]. In particu-
lar, the trimerization reaction of CoHs/Cu is unique due
to the formation of complex molecules on the metal sur-
faces [124]. Recent research has demonstrated that Cu
is a much more versatile CoHscoupling catalyst than Pd.
This is because CoHy trimerization on Cu surface is far
less structure-sensitive than on the Pd surface, and the
adsorbate mobility is also higher [122]. In addition, un-
like ethylene (C3H4) and ethane (CoHg) molecules, the
adsorbed CyHs molecule rearranges its geometry and
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changes its intramolecular binding significantly, which
provides insight into the fundamental chemistry of triple
C—C bonds on the metallic surfaces [125, 126].

For the CoHy/Cu(100) system, CoHz molecules lie on
substrates as determined by the near-edge X-ray absorp-
tion fine structure (NEXAFS) but did not give definitive
adsorption sites and orientations [127]. Subsequently, it
is analyzed the NEXAFS spectra by the multiple scat-
tering cluster (MSC) method that CyHs molecules ad-
sorb on the “two-fold aligned bridge” site of Cu(100) sur-
face [128]. However, observation with STM and inelas-
tic tunneling spectroscopy (IETS) is against the afore-
mentioned results [129, 130]. It exhibits that the “four-
fold diagonal hollow” should be the most preferable site,
i.e., CoHz adsorbs on the hollow site of Cu(100) surface,
with the plane of the molecule across the diagonal of the
four Cu atoms with square configuration [121]. This has
been verified through the determination of charge trans-
fer from Cu to CoHs [131].

For CoHz/Cu(111) system, it is suggested that C-
C axis parallels to Cu(111) surface over a bridge site,
but no information about H was given from photoelec-
tron diffraction [132]. Tt also reported the temperature-
programmed reaction of C3Hy coupling on the Cu(111)
surface and observed not only benzene formation but
also the formation of butadiene and cyclooctatetraene
[122]. Besides CzHy/Cu(100) and CoHy/Cu(111) sys-
tems, the CoHs/Cu(110) system has also been inves-
tigated [133], where the CoHs adsorption and desorp-
tion occurred over a wide temperature range from 280 to
375 K. The adsorption and reactivity of CaHy/Cu(110)
system are studied using high-resolution electron energy
loss spectroscopy (EEL) and thermal desorption spec-
troscopy [134]. The chemical bonding and geometric
structure of CoHs /Cu(110) system are analyzed using X-
ray photoelectron spectroscopy (XPS), X-ray absorption
spectroscopy (XAS), and X-ray emission spectroscopy
(XES) [135].

The inelastic scanning tunneling image of CoHsy/
Cu(100) system obtained using a Green function linear
combination of atomic orbitals (LCAO) technique is in
good agreement with experimental results [126]. The
binding energies, geometries, and vibrational frequen-
cies of this system are calculated using LCAO method
with cluster models [136]. In the CoHz/Cu(100) sys-
tem, five possible adsorption sites were proposed with
the optimized geometry and energy [125]. Subsequently,
a “four-fold aligned hollow” was suggested as the prefer-
able adsorption site. This may be a result of problems
involving the cluster modeling of metal surfaces [125].
Theoretical and experimental studies of chemisorption
parameters and STM images for CoHa/Cu(100) system
are reported [137, 138], where the geometric and elec-
tronic structure and vibrational energies were obtained

345

from DFT calculations. For the CoHz/Cu(111) system,
a cluster model with only four Cu atoms, with one lo-
cated in the first layer and the other three in the second
layer, is studied [139]. The cluster models with more
complex geometry variations are also developed [140].
For the periodic boundary conditions, the CoHs/Cu sys-
tems are systematically studied, where the most stable
adsorption sites, the orientations of CoHs molecules and
Cu substrates, the related geometric parameters, and the
charge transfer information are also achieved [141].

(1) C2Hz adsorbed on Cu clusters

The adsorption site and orientation of CsHs on
Cu(001) have been determined unambiguously by STM:
the molecule is adsorbed on the hollow sites, with the
plane of the molecule across the diagonal of the square
formed by 4 Cu atoms and the C-H bonds tilting away
from the surface [142, 143]. This orientation is related
to the excited state of acetylene in gas phase [144]. The
cluster model constructed consists of CoHs and 21 Cu
atoms [Fig. 6(a)]. Eaq = —2.70 €V by LDA and —1.09 eV
by GGA. The optimized tilting angle of the C—H bonds
to the surface and the lengthening of the C-C bond are
in good agreement with near-edge X-ray adsorption fine
structure data [145, 146] and previous calculations [147].
The vibrational frequencies of C3Hy/Cu(001) are calcu-
lated in the harmonic approximation, assuming the dis-
placement fields to be strictly localized to an H(D) atom

Fig. 6 The adsorbed structure and STM image of CoHa/
Cu(100). In (a), top view (left) and side view (right) of the
cluster are shown, while the STM image is shown in (b).

Table 1 Experimental and calculated vibrational frequencies of

CaHz on Cu(001). The calculated frequencies of Ref. [147] are
shown in the parentheses.

Mode Experimental Calculated Error
v(CH)C2H2 358 364 6,7
v(CC)CaHy 164 176 12
0as(CH)C2Ha 141 134 -7
0s(CH)C2Hao 118 119
~v(CH)C2Ha2 78 87 9
v(CM)C2Ha> 52 60 8
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Table 2 Comparison of our calculated adsorption energy F,q and interaction energies Eing values in eV /molecule on all the possible
adsorption configurations. Reprinted in part with permission from Ref. [141]. Copyright (© 2007 American Chemical Society.

C2Hz /Cu(100) CoHy/Cu(111)
Type I I 1 v A% I 11 111 v \%
—Eaq 0.48 (1.38)2 (1.38) 1.22 1.38 0.45 (1.17) (1.17) (1.17) 1.17
—FEint 2.32 (4.08) (4.08) 3.88 4.08 2.69 (3.95) (3.95) (3.95) 3.95
C2Ha/Cu(110)-longP CoHz /Cu(110)-short?

Type I I 111 v \% I I 1 v Y
—Eaq (1.13) 0.56 0.99 1.13 (1.13) 0.55 0.81 0.99 0.67 (1.13)
—Eing (4.17) 1.71 3.97 4.17 (4.17) 2.11 3.79 3.97 3.60 (4.17)

2 The parentheses indicate that the configurations are unstable, and convert to the most stable ones spontaneously after full relaxation.
Thus, their E,q values are the same as those of the most stable ones.
b CaHy may adsorb along the [001] and [110] directions of Cu(110), since the unit cell of the (110) surface is a rectangle.

for the C-H(C-D) modes and to keep the other bonds
rigid [147]. Their results are displayed in the parentheses
of Table 1. It can be seen that there is satisfactory agree-
ment between the experimental and the calculated vibra-
tional frequencies, especially for the C—H stretch modes,
which can be a benchmark of the further calculations.
For STM images, note that in the experimental images
of CoHy (CoDg) on Cu(001) the positions of the hydro-
gen (deuterium) atoms appear somewhat bright [143].
One can see from Fig. 6(b) that the simulated image re-
produces this feature well. As stated above, the binding
energies, geometries, STM images, and vibrational fre-
quencies for the CoHs on Cu(001) obtained using cluster
model agree well with the available experimental results.

(2) CoHy adsorbed on Cu surface

For the periodical system, CoHs molecule is adsorbed
on one surface of the Cu slabs, where a uniform (2x2)
unit cell is set with a CoHs coverage of 0.25 monolayer
(ML) [141]. There are five possible adsorption configura-
tions, namely “two-fold aligned bridge” (Type I), “two-
fold perpendicular bridge” (Type II), “three-fold hollow”
(Type III), “four-fold aligned hollow” (Type IV), and
“four-fold diagonal hollow” (Type V) [125, 128]. The
calculated F,q and Eji,; values are listed in Table 2. For
the CoHz/Cu(100) system, if type V is used as a ref-
erence, the F,q values of types I and IV are 0.90 and
0.16 eV larger, respectively. It is of interest to note that
type V was converted from initial configurations of types
IT and IIT spontaneously once the full relaxation took
place. Therefore, type V is the most stable adsorption
site for CoHa /Cu(100), which corresponds to experimen-
tal observations [121, 129, 130]. However, if the cluster
model with 12 Cu atoms in the first layer and 5 Cu atoms
in the second layer is employed, the calculated F,q val-
ues have the order II>I>IIT>V>IV, which differs from
experimental results. For the CoHa/Cu(111) system,
E,a1 = —0.45 €V is 61.54% greater than Faqyv = —1.17
eV, while the other three types convert to type V after
the full relaxation. Therefore, type V is also the most
preferable site for CoHa/Cu(111) system, which corre-
sponds to the experimental observations from the EEL
[134] and NEXAFS [148] as well as STM and IETS [132].

Different from the (100) and (111) surfaces, the unit cell
of the Cu(110) surface is a rectangle. Thus, CoHs may
lie along the [001] (long) or [110] (short) direction of
Cu(110) surface. Compared with the data of E,q listed
in Table 2, type IV is the preferred adsorption site. Since
Cu(110) is the most active surface among the three sur-
faces [149], the geometry of CoHs adsorption should be
very interesting.

As shown in Fig. 7, the blue areas show where the
electron density has been enriched, while the yellow ones
show where the density has been depleted. Obviously,
the CaHy molecules gain electrons, while Cu substrates
lose electrons. A similar result of charge transfer has
been reported for the saturated hydrocarbons on Cu sur-
face [150]. In Fig. 7(a), the orbitals of CoHa, which lie
on the Cu(100) substrate, lead to a larger FE;,; value.
From Fig. 7(b), it is discernible that the orbital hy-
bridization between CoHs and Cu is much weaker than
that of Fig. 7(a), showing a weaker binding strength of
CoHy/Cu(111). The orbital hybridization between the
adsorbate and the Cu(110) surface is the largest among
the three surfaces: as shown in Fig. 7(c), the blue and
yellow areas are strongly mixed. Some small yellow ar-
eas also appear around the C atoms. This is because
the charges donated from Cu are not fully accumulated
around the C atoms but partially further transferred to
H (even make the H tilt) [139, 140].
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Fig. 7 The plots of the electron density difference: (a) CoHa/
Cu(100), (b) C2Hz/Cu(111), and (c) C2H2/Cu(110). The blue
region shows the electron accumulation, while yellow region shows
the electron loss. Reprinted in part with permission from Ref.
[141]. Copyright (© 2007 American Chemical Society.
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In summary, the “four-fold diagonal hollow” is de-
termined to be the most stable adsorption site for the
CoHy/Cu(100) and CoHs/Cu(111) systems, while the
“four-fold aligned hollow” is the most stable site for the
CyoHy/Cu(110) system. The variation of the electron
density was caused by the electrons moving from Cu to
CoHs. This results in the intermolecular charge redistri-
bution between the C and H.

3.2 Fuel cell

Direct oxidation fuel cells (DOFCs) have recently inten-
sively researched, as an alternative to hydrogen fuel cells,
mainly due to easier fuel storage and handling. The most
considered type of DOFC is direct methanol fuel cell
(DMFC). Methanol has better oxidation kinetics on Pt-
based catalysts in low temperature range than all other
aliphatic alcohols and is also known to oxidize completely
to CO3, which leads to better performance of DMFCs.

As the principal chemical process occurring on the an-
odes of DMFC, the mechanism of oxidation of methanol
on a Pt surface is important [151, 152]. The DMFCs
offer the potential for direct conversion of methanol to
electricity, with efficiencies that are substantially higher
than those obtained in the conventionally combustion-
based power generation systems [153]. In order to be
economically viable, the performance of DMFCs needs
to be improved. Therefore, an understanding of the
processes occurring on the real fuel cell catalysts under
operating conditions is highly desired. Using the dif-
ferential electrochemical mass spectrometry at potential
FE < 0.45V, it is claimed that the oxidation of methanol
can only be formed via the CO,q (the subscript ad de-
notes the substance in an adsorbed state) intermediate
[154]. Analyzing oxidation currents and CO coverage,
the methanol oxidation can occur without formation of
CO.q at E > 0.5 V [155-157]. Tt is generally accepted
that the methanol can be oxidized to CO4 via a dual-path
mechanism [156, 158], that is, via CO,q [159] or non-CO
[152] involved reactive intermediates. One of the main
issues is whether the CO,q formed during the oxidation
of methanol is an intermediate in the serial pathway re-
action mechanism or is a byproduct in a parallel reaction
mechanism [160].

However, no consensus on the nature of reactive in-
termediates in the non-CO pathway was given. By us-
ing the in situ IR reflection-absorption spectroscopy or
the surface-enhanced IR absorption spectroscopy with
the Kretschmann attenuated total reflectance configu-
ration, various adsorbates, such as formyl (-HCO)aq
[161], carboxy (~COOH).q [161], a dimer of formic
acid (HCOOH)2aq [162], and formate (HCOO—,q) [152],
have been claimed to be the reactive intermediates for
methanol electro-oxidation. As an identified interme-
diate during methanol electro-oxidation, formate was
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also argued to be a catalyst-poisoning intermediate, like
CO,q [163]. For dual pathways of methanol oxidation,
it was suggested that the decision between CO and non-
CO pathways is made at the initial dehydrogenation step
[160, 164]. When 0.2 < E < 0.6 V, the non-CO pathway
was proposed to be essential [162]. When E — 0.6 V,
only 75% of the total CO3 was produced by this pathway
[157]. When the Pt(111) surface is modified by cyanide,
full oxidation could be realized [165]. Using DFT cal-
culations, the non-CO-involved oxidation of methanol
(NCOIOM) pathways on Pt(111) is also systematically
researched, which shows that both HCOO- and ~-COOH
are the reactive intermediates with two favored pathways
[166].

8.2.1 Competitive paths for methanol decomposition
on Pt(111)

It is confirmed that formation of the strong CO,4 bonds
leads to the self-poisoning of electro-catalysts. The DFT
results suggest that three pathways (Fig. 8) may be im-
portant in determining the net rate of reaction. The first
pathway proceeds as follows: CH30H — CH30 — CH20
— HCO — CO. This is simply the O—H scission path-
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Fig. 8 Schematic summary of the reaction network for methanol
decomposition through C-H and O-H bond scission in methanol
on Pt(111). Values without parentheses are energy changes of the
indicated elementary steps (negative values indicate exothermic
steps). Values in parentheses are activation energy barriers. The
energies do not include zero-point energy corrections. The dotted
lines correspond to likely decomposition pathways for methanol as
indicated in the figure legend. Asterisks indicate that such a diffu-
sion barrier (on the order of 0.1 V) exists for a particular reaction.
Reprinted in part with permission from Ref. [153]. Copyright ©
2004 American Chemical Society.
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way that has already been described in detail [167]; the
rate-limiting step of this path way is the first step, the
abstraction of hydroxyl hydrogen from methanol. The
second pathway involves an initial C—H bond scission in
methanol: CH3OH — CH,OH — CH>;O — HCO — CO.
According to our results, cleavage of the O-H bond in
CH2OH to produce formaldehyde (CH20) would likely
be the rate-limiting step of this pathway, although the
barrier to C—H bond scission in methanol (the first step
in the pathway) is of only slightly lesser magnitude. Note
that this pathway was analyzed in a recent publication
[168]. The final pathway proceeds as follows: CH3OH
— CH2OH — HCOH — CO. This pathway starts out
with C—H scission in methanol. The resulting intermedi-
ate undergoes a second C-H scission to produce HCOH.
HCOH then decomposes in a quasi-concerted reaction
to form CO. This last step begins with O-H scission
in HCOH. A configuration resembling adsorbed formyl
(HCO) forms, but the C—O bond is tilted at a much
higher angle to the surface than is the C-O bond in
our previously identified adsorbed formyl species [167].
This pseudo-formyl configuration does not appear to be
a stable state. Because of the close proximity of the
remaining carbonic hydrogen to the surface, the pseudo-
formyl species undergoes spontaneous C—H bond scission
to yield CO (we observed this effect with a variety of
ionic time steps and different numbers of layers in the
platinum slab). This effect appears to be related to the
coverage of surface hydrogen; the abstracted hydroxyl
hydrogen in HCOH forces the remaining formyl group
to rotate away from the abstracted hydrogen. The rota-
tion brings the carbonic hydrogen close to the surface,
leading to spontaneous C—H bond scission. The calcula-
tions show that the third of these pathways is likely to
be dominant under typical reaction conditions.

3.2.2  Pathways for the non-CO-involved oxidation of
methanol on Pt(111)

Two pathways are important in determining the net
rate of the reaction of the non-CO-involved oxidation of
methanol on Pt(111) based on HCOH, which is present
in Fig. 9(A). In every step, the energetic changes for ad-
sorption and desorption of molecules are not included
due to their low coverage, such as H, OH, and H>O
[164]. Contributions from other co-adsorbed species
(such as stable CO,q) are not considered yet herein,
since their effects on reactions are expected to be small
[164]. The first pathway follows a sequence of HCOH
(a) — HC(OH)s (¢) — HCOOH (e) — -COOH (g) —
COg3 (I). The rate-limiting step of this pathway is the
third step with £, = 0.74 eV, the C-H bond scission
in HCOOH. The second pathway has the following reac-
tion way: HCOH (a) — HC(OH)2 (¢) — HCOOH (¢)
— HCOO- (g') — CO3 (I'). The rate-limiting step is
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the fourth step with £, = 0.59 eV. Thus, the second
pathway is the kinetically advantaged one and HCOO-
should be the active intermediate for NCOIOM. This
is consistent with experimental results where HCOO—
(bidentate form) was proposed as a reactive intermedi-
ate for the non-CO pathway where methanol is oxidized
in gas phase either under the atmospheric pressure [170]
or in an UHV condition [171] or in the electro-oxidation
condition [152]. However, the change of HCOO- from
bidentate form to monodentate form costs 0.89 eV. This
is close to the barrier energy of C-H scission in HCOOH
(0.74 eV). It can be seen in Fig. 9(A) that HCOO- is
easier to form and harder to decompose than —COOH.
Thus, in reality, both HCOO- and -COOH may be reac-
tive intermediates for NCOIOM. In experiments, it was
also suggested that -COOH is a reactive intermediate
for non-CO pathway of methanol electro-oxidation [161,
172] in a sequence of (HCOOH)2,g — —COOH — CO2
[162]. Moreover, reaction from HCOH to COs is degres-
sive in energy and thermodynamically propitious. These
increased stabilities for intermediates would ensure the
reaction to proceed certainly, which corresponds to the
results on Pt(111) surface [153].

Fig. 9 The relative energetic diagram of two pathways for
NCOIOM based on HCOH and —CHO. The dashed line denotes
cited values [169]. a, ¢, ¢, g, ¢/, and g’ denote intermediates, while
b, d, f, f', and h’ denote TS. i and i’ denote the products. The sub-
strate is Pt(111), while the gray, red, and white balls in adsorbed
molecules denote C, O, and H atoms, respectively.

Figure 9(B)c shows the reaction of OH,q + -CHO —
HCOOH for NCOIOM pathways based on -CHO where
FE.q = 0.70 and E. = —0.79 eV. Consequently, the in-
termediate should be HCOOH adsorbed over the top of
the Pt(111) surface with E,q = 1.22 eV. The distance
between C and Pt atom is 2.97 A. The subsequent reac-
tions are shown in Fig. 9(B), where both HCOO- and
—COOH are also reactive intermediates, similar to that
in Fig. 9(A). Thus, detailed discussion of these pathways
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is ignored.

In conclusion, both HCOO—- and ~-COOH are the reac-
tive intermediates, and reactions via HCOH — HC(OH)5
— HCOOH — HCOO- [-COOH] — CO5 and CHO —
HCOOH — HCOO- [-COOH] — COg are kinetically
favored pathways for the non-CO-involved oxidation of
methanol. Thus, a non-CO pathway should be entirely
feasible in DMFCs.

3.3 Environment

With the increasing level of emissions of pollutants such
as NO,, CO, and hydrocarbons associated to the world-
wide expansion of the car market, environmental pollu-
tion is getting worse. Thus, the efficient catalysts for
cleaning and recycling these wastes are urgently need.
More recently, the introduction of catalytic filters for
diesel particulate anticipated regulations was used also
in advertisements to demonstrate the innovative profile
of some car manufacturing companies. Catalysis is thus
considered not only as a tool to meet regulations but
also part of the factors determining the car appeal to
the customers.

It is important to understand the mechanism and cat-
alytic processes of interaction of CO adsorption on metal-
lic surfaces because of their potential use in methanol re-
forming, fuel cell technology, and, especially, purification
of automotive exhaust gases [173, 174]. With the devel-
opment of calculation ability, many computational stud-
ies of CO adsorption on different kinds of surfaces have
been reported over the years, especially for surfaces of
monometallics [175-179], alloys [180-182], clusters [182—
186], and metals supported by oxides [186-188]. The cat-
alytic oxidation on a metallic catalyst surface of 4d and
5d elements in Group VIII is an efficient way for con-
verting CO to CO3 at low temperature [189]. In the re-
action process of CO/Pt(111) [190], CO/Ru(0001) [191],
CO/Rh(111) [192, 193], and CO/Pd(111) [194] systems,
the TS and reaction barrier are two crucial requirements
[190]. The former determines the amount of products,
and the latter decides the catalytic rate. It is known
that the amount of COy formation reversely depends
on E,q of CO molecules on metallic surfaces [192, 193],
which describes the chemical bond strength between the
gas-phase molecule CO and metallic surfaces. When ex-
perimental errors are considered, experimental results
show that Ead(Pd) > Ead(Pt) > Ead(Rh) > Ead(Ru) >
E,q(Ir) [Eaq(Os) is absent in the author’s knowledge
[195-199]. However, the obtained F,q values are hard to
compare because the known simulation results come from
different functionals. In addition, because relativistic ef-
fects into the core are neglected in the most previous cal-
culations for CO adsorption on the above elements, the
state-of-the-art DFT fails to predict the correct site pref-
erences for CO/Pt(111) and CO/Rh(111) systems [173,
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200, 201] because the relativistic effects lead to sizable
modifications on bonding properties of these elements.
After considering the relativistic effects into the core, the
DFT results correspond to available experimental and
theoretical results very well [202].

Transition metal clusters have potential use as cat-
alysts in many important reactions, such as oxidation
and hydrogenation [203-207]. Recent experiments re-
vealed that the activity of small metallic clusters is ex-
tremely sensitive to their sizes [208-213]. As we all know,
the properties of small clusters significantly differ from
those of their corresponding bulk crystals, which can be
attributed in part to the variation of the surface/volume
ratio. This behavior has motivated investigators to pro-
pose new approaches to control catalysis by adjusting
cluster size [203]. Thus, systematic study of the prop-
erties of a sequential growth of clusters can provide im-
portant fundamental insight into the mechanisms that
govern catalysis [214, 215]. On CO/Au clusters systems,
the odd—even vibrational phenomenon for F.4 values has
been detected [216], with 55 < n < 146 [217], which
could be induced by an inadequate representation of the
surface electronic structure in these cluster models [218].
For pyramidal Cu clusters, E.q values of CO are also
determined by the layer numbers I, which may be at-
tributed to the cluster deformation [219].

3.5.1

CO adsorbed on the surface of transition metals

The E.q(Rh) value of the most favorable atop adsorption
site for the CO/Rh(111) system is similar to experimen-
tal results, followed by the HCP, FCC, and bridge sites.
For free gas, the determined dc_o = 1.15 A is 1.7%
larger than experimental results [220]. For the atop ad-
sorption system after a full relaxation, dc_o = 1.17 A
and do_rn = 1.86 A, which correspond to experimental
data of do_o = 1.20+0.05 A and do_gy = 1.874£0.04 A
well [221]. datop < dbridge < dhollow, that is, d is reversely
proportional to E,q. Because CO molecules affect only
substrate atoms around their local environments, dc_o
and dyi—c values increase with the coordination because
of the larger occupation of electrons in the 2m* orbital
[201]. For the CO/Os(0001) system, the order of favor-
able adsorption sites is atop > HCP > bridge in terms of
the determined Eos values with datop < dbridge < ducp-
The metallic surface atoms interacting with CO move
outward from the surface, as hoped [192]. In addi-
tion, dc_o is slightly elongated compared to that of
the free gas due to back-donation of substrate electrons
into a previously unoccupied anti-bonding CO-2x* or-
bital, which weakens the C—O bond. The calculated E.q
values of the most favorable site of CO/M systems, as
shown in Table 3, have an order of E,q(Pd) > F.q(Pt) >
E,qa(Rh) > E,q(Ru) > E,q4(0s) > E,q(Ir), which is sim-
ilar to the sequence of experimental results.
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Table 3 Comparison among calculated E7 values in eV on the most favorable site, other simulation results Ea [201], E3 [222, 223],
and F4 [224], and experimental results E5 [195-199]. es denotes the electronic structure, d is the bond length in A, and the subscript
M indicates metallic element. Reprinted in part with permission from Ref. [202]. Copyright © 2007 American Chemical Society.

es Site —E —Eé’
Rh? 4485t Atop 1.71 1.55
Rh 4d85s! Bridge 1.56 1.48
Rh 4d85s! FCC 1.57 1.50
Rh 4d85s! HCP 1.62 1.59
Os? 5d%6s2 Atop 2.02
Os 5d%6s2 Bridge 1.45
Os 5d66s2 HCP 1.48
Ru 447551 Atop 1.80 1.69
Pd 4410550 FCC 1.35 1.68
Ir 5d76s2 Atop 2.12 1.64
Pt 5d96s! Atop 1.68 1.34

—ES —-E¢ —FE5 do_m dc_o
1.56 1.67 1.65 [194] 1.86 1.17
1.41 1.58 2.04 1.19
1.38 2.13 1.20
1.47 1.64 2.11 1.20
1.92 1.17

2.11 1.19

2.17 1.21

1.66 [198] 1.90 1.17

1.60 1.30 [196] 2.12 1.19

>1.96 [199) 1.85 1.17

1.72, 1.39 1.56 1.66 [197] 1.84 1.16

2 es denotes the electronic structure, d is the bond length in angstroms, and the subscript M indicates metallic element.
b For Rh and Os, simulated E values at different adsorption sites are shown.
¢ Es is calculated with the usual GGA-RPBE method without AER [201].

d F3 is determined by the molecular GGA+4U method [222, 223].

¢ E4 is determined by extrapolating the values of the chemisorption energies obtained first from the usual GGAPBE method [224].

For comparison purposes, a DOS plot of six CO/M
systems is determined and shown in Fig. 10. The elec-
tronic states of free CO in the systems are lowered in en-
ergy after binding to substrates, and the electron states
of substrates are also changed remarkably to hybridize
with CO molecules, except Pd(111). For CO/Pt(111)
and CO/Pd(111) systems, the CO-2n* peak broadens
and overlaps with the 1m orbital, and the interaction
between CO-21t* and M-(5dzz+5dyz) orbitals leads to
a hybrid orbital at higher energetic level around 2.5
eV. Because the anti-bonding dipole CO-2a* orbital is
formed by the production of a nonbonding band that
polarizes electrons of the neighboring atoms, the anti-
bonding band disappears correspondingly when lone pair
electrons transfer to a metallic surface [225]. This phe-
nomenon can also be observed for Ir, Os, Ru, and Rh
adsorption systems.
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Fig. 10 DOS plot for CO/M systems at the preferred site. The
solid and dashed lines indicate the states of CO and metals, respec-
tively. The Fermi level is located at 0 eV. Reprinted in part with
permission from Ref. [202]. Copyright (© 2007 American Chemical
Society.

3.3.2  CO adsorbed on Cu pyramidal clusters

The calculated F,q values, and the corresponding geome-
try parameters, for CO, on Cu clusters are given in Table
4. For the CO/Cu adsorption system, two-layer Cu has
the lowest F,q value and thus exhibits the largest adsorp-
tion ability. Then, F,q increases as [ increases from 3 to
5, where Foq1(l) = —1.18, —0.94, and —0.92 eV /atom,
respectively. However, F,q1 values decrease to —1.01 and
—-1.03 eV /atom when | = 6 and 7. In general, the binding
strength, or —F,q, is inversely proportional to its corre-
sponding d value between the adsorbate and the sub-
strate [226]. This is our case as shown in Table 4 where
the trend of dic_cu o Eaq1. Thus, our “abnormal” FE,q
value corresponds to their corresponding dic—cy values.
Compared with the experimental results, doc_cy = 1.91
A for CO on Cu(111) surfaces [227] is much larger than
our dic_cu values, which confirms that CO binds more
strongly on small clusters. In addition, the dic_o values
slightly increase from 1.13 to 1.15 A for all clusters in Ta-
ble 4. It is well known that the binding between CO and
low-index Cu surfaces are weak [228]. Recent experimen-
tally determined heat of adsorption for the CO/Cu(111)
system was reported to be —0.49 eV /atom [229], which
is much larger than the E,q; values listed in Table 4.
Thus, the binding strength between CO and Cu can be
significantly enhanced when size of Cu clusters is small.
It is worth noting that our E,q value for CO on 5-atom
pyramidal Cu (I = 2) is 52.99% lower than E,q = —1.17
eV/atom for CO on ground-state Cus [230]. This is be-
cause an unstable cluster is more “eager” to adsorb small
molecules to lower its free energy.

To look into the orbital hybridization conditions, the
partial density of states (PDOS) charts for CO on four-
layer Cu are calculated in Fig. 11. For comparison pur-
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Table 4 Computed adsorption energy E,q values in eV/atom
and bond length d in A for CO/Cu adsorption systems. The aver-
age bond length dave values of clean Cu clusters are also listed.

l —Faa1 dic—cu dic-o dave Adgve
2 1.72 1.79 1.15 2.45 0.11

3 1.18 1.81 1.15 2.50 0.06

4 0.94 1.83 1.15 2.54 0.02

5 0.92 1.84 1.15 2.56 0

6 1.01 1.82 1.15 2.57 0.01

7 1.03 1.82 1.15 2.58 0.02

2 Adave = |dave — dpuik|, where dpu = 2.56 A is the nearest
atomic distance of bulk Cu.
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Fig. 11 PDOS plots of CO on four-layer Cu cluster: (a) Ad-
sorbed CO, (b) Adsorbed Cu cluster where both spin-up («) and
spin-down () states are depicted, (c) Free CO, (d) Clean Cu
cluster, and (e) Bulk Cu. The Fermi level is located at 0 eV.
Reprinted in part with permission from Ref. [219]. Copyright ©
2008 American Chemical Society.

poses, plots of free CO molecule, clean Cu cluster, and
bulk Cu crystal are also depicted in Fig. 11. For a free
CO, the orbitals of 40, 1m, 50, and 2x* are localized at
about —8.99 eV, —6.57 €V, -3.77 eV, and 3.47 eV, respec-
tively. Compared with Fig. 11(c), the states of adsorbed
CO move largely to a lower energy range, where the 40
orbital is still localized, while the 50 and 1m orbitals
broaden and dominate the interaction [see Fig. 11(a)].
Both the contributions from spin-up («) and spin-down
(B) states for adsorbed Cu are plotted in Fig. 11(b),
from which it is discernable that 3 is identical to «, ex-
cept the spin direction. This consists of the conditions
of the HOMO (highest occupied molecular orbitals) and
LUMO (lowest unoccupied molecular orbitals) orbitals
for CO on small Cu clusters [226]. Comparing Fig. 11(a)
with Fig. 11(b), not only d but also s and p states of Cu
hybridize strongly with those of adsorbed CO. Thus, a
new bond is formed between C and Cu due to the charge
transfer between them. The states of the Cu cluster af-
ter adsorption move left in comparison with those of the
clean Cu cluster [see Fig. 11(d)]. This implies that the
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stability increases when small molecules are adsorbed.
Notably, the band of bulk Cu is dominated by the d or-
bital, and very weak p state can be seen in Fig. 11(e).
Interestingly, large contributions from sand p orbitals
can be detected in the PDOS plot for clean Cu cluster.
Among them, the p state becomes especially intensive
for the orbitals above the Fermi level as shown in Fig.
11(d). Thus, the Cu cluster has stronger adsorption abil-
ity than that of the bulk Cu crystal where the former
owns more empty orbitals to accept the charges from
the CO molecule.

4 Concluding remarks

Using DFT calculations, several theoretical models cor-
responding to the actually applied catalysts are estab-
lished. The reaction mechanisms for the catalytic cycle
including the associated barriers, the reactive energies,
the intermediates, and the transient states are achieved,
which are in good agreement with experimental measure-
ments. In addition, the adsorption properties of several
representative systems are also calculated. The outcome
may help us to elucidate the fundamental aspects of the
reaction chemistry at the molecular and electronic lev-
els. It can be found that DFT is powerful and plays an
important role in the research of surface catalysis, which
is helpful in the design of new materials and catalysts.

Most of the reactants and reaction steps cited in this
review are relatively simple, a reflection of the state of
the field. In spite of their limitations, these studies have
furnished much in-depth understanding of reactions,
such as oxidative additions, hydride, and reductive elim-
inations, and have impacted the design and manipula-
tion of catalysts. Collectively, the surface science studies
carried out so far have furnished a useful database for
the chemistry of organic molecules and fragments on a
variety of solid surfaces and have identified important
trends in reactivity and selectivity. Nevertheless, this
field is in its infancy; in the future, and in parallel to
adding complexity to the model used for the catalyst,
more effort is needed to study the mechanistic details of
complex reactions. The next decades are expected to not
only enrich the existing knowledge but also significantly
advance the molecular-level understanding of the surface
chemistry of more realistic systems.
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