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Abstract

We present here a theoretical investigation of the mechanism of the decomposition of formic acid on perfect and
defective MgO(100) surfaces using the ab initio molecular orbital method. The decomposition reaction does not occur
on a perfect surface, but is feasible on defect surfaces: the surface with an O2− vacancy is more favorable than the
surface with an O vacancy. Although the mechanism is different from that in the gas phase, C–H and C–O bond
cleavages occur at the same time in the transition state, as in the gas phase. The carbonyl O atom moves into the
vacancy to form an intermediate structure. The intermediate is more stable by 41.7 kcal mol−1 at the UMP2 level
than the bridging structure. The C–H interacts with the lattice O atom to form a surface OH species. The interaction
between the C–H and lattice Mg atoms is repulsive. The energy barrier is 28.3 kcal mol−1 and the overall reaction is
endothermic by 48.9 kcal mol−1 at the UMP2 level. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction oxide surfaces at room temperature and gives
formate anion and surface hydroxyl species [4–
6,11,18–24]. Three structures have been suggestedIt is well known that metal oxides are good
for the formate anion adsorbed on metal oxidecatalysts for a variety of chemical processes [1–
surfaces [4–6,11,18–24]; bridging, bidentate, and26]. For example, methanol, formaldehyde and
unidentate structures (Fig. 1). The formic acidformic acid readily decompose on MgO catalysts
adsorbed on metal and metal oxide surfaces[7,8,10–12]. Formate anion has been suggested to
decomposes to produce H2O+CO or H2+CO2be a surface intermediate in various water gas shift
[1–6,12–24]. Many attempts have been made toreactions on metal oxide surfaces [13–16 ]. Formic
clarify the active species, the reactivities and theacid is adsorbed dissociatively on metal and metal
selectivities of catalysts in the decomposition of
formic acid. The hydrogenation is favored on MgO* Corresponding author. Fax: +81 75 753 5910.
powder in the reaction under continuous flow ofE-mail address: hiroshi@sbchem.kyoto-u.ac.jp

(H. Nakatsuji) reactant [25], while the reaction under ultrahigh
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late MgO(100) and found that formic acid is
dissociatively adsorbed to form the formate anion
and a surface OH species with a low energy barrier
on a MgO(100) surface. The favorable structure
for the formate anion on a MgO(100) surface was
the bridging structure [42]. Within the temperature
range of the decomposition reaction, formic acid
is dissociatively adsorbed into the formate anionFig. 1. Three possible geometries of a formate anion on a

surface. and a surface OH species on MgO surfaces [11,12].
Therefore, we adopted adsorbed bridging formate
anion and surface OH species for the initial geome-vacuum ( UHV ) conditions over the surface of an
try, as shown in Fig. 3.MgO single crystal was found to favor dehydra-

Some investigations of the reactive behavior oftion [26 ].
the well-defined MgO(100) surfaces indicated aThe decomposition reaction of formic acid in
close association of catalytic activity and the pres-the gas phase has been reported previously using
ence of coordinatively unsaturated adsorption sitestheoretical methods [27,28]. The structures in the
rather than the saturated five-fold coordinationtransition state and the activation energies for
sites of the ideal MgO(100) surface [45–47]. Penghydrogenation and hydration reactions have been
and Barteau have reported that formaic acid andreported as shown in Fig. 2.
acetic acids adsorb on the five-fold coordinatedHowever, many questions remain unanswered,
Mg–O site pairs of the MgO(100) surface in thesuch as the active site, the structure of the adsorbed
form of carboxylates and the thermal decomposi-species, and the mechanism of the surface reaction.
tion under UHV conditions proceeds via dehydra-Theoretical studies have been reported for
tion alone [26 ]. They reported the dissociativehydrogen chemisorption on a MgO surface [28–
adsorption of the weaker Brønsted acid such as32] and other metal oxide surfaces [33–40] and
CH3OH in the subsequent paper [48], and sug-for the adsorption of formic acid on metal [17]
gested that the ideal five-fold sites of MgO(100)and bimetal [41] surfaces. Previously, we theoreti-
may become populated with the adsorbed speciescally studied the adsorption of formic acid and its
via a mechanism akin to spillover, involving ansurface reactions on MgO(001) [42] and
initial activation of the corresponding acid at aZnO(101:0) [43,44] surfaces. We used an Mg8O8

cluster embedded in a Madelung potential to simu- defect site followed by later migration of the

Fig. 2. The mechanisms and energy barriers of the decomposition reaction of HCOOH in the gas phase [27,28]. The energy barriers
are in kcal mol−1.
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Fig. 3. The geometries of adsorbed HCOO and OH species.

conjugate base. Wu and Goodman [49] also
showed that thermally generated surface defect
sites with a low coordination number exhibited
higher activity to surface reactions. With regard
to the acquisition of adsorptive–catalytic reactivity
of the surface, only high temperature dehydration
has been reported [50]. This suggests that the

Fig. 4. Mg8O8 clusters as a model of the MgO(100) surface.defect site on the surface plays an important role
Model a represents a part of the first layer of a MgO crystalin the decomposition reaction. In this study we
lattice and is placed into an electrostatic field represented byexamine the decomposition rections on a perfect
284 point charges located on the MgO crystal lattice. Model b

MgO(100) surface and on surfaces having O and is a part of the first and second layers of a MgO crystal lattice
O2− vacancies. and is placed into an electrostatic field represented by 284 point

charges located on the MgO crystal lattice. The first layer of
each cluster is used for the adsorption and dissociation of
HCOOH. The arrows indicate the sites for the bridging struc-2. Model and calculational method
ture in formate adsorption.

We used Mg8O8 clusters (Fig. 4) embedded in
an electrostatic field to simulate the Madelung an Mg atom behind the defect site would directly

affect the reaction site. Therefore, we put one morepotential. The entire MgO model used in this study
has three layers, and each layer can be expressed layer behind the defect site. Although these clusters

are small, they include all of the nearest neighborsby Mg50O50. The Mg8O8 cluster is located at the
center of the surface, and we put point charges at of the reaction sites. Considering the region of the

interaction between the ad-molecule and the sur-the 284 lattice sites around the Mg8O8 cluster.
Model a is used to simulate a perfect flat surface. face, this cluster can represent the surface on which

the decomposition reaction of formic acid takesWe previously reported the adsorption of HCOOH
and the surface reaction on an MgO(100) surface place. The Madelung potential is proportional to

the ionic charge, q, in Mg
8
q+O

8
q− The Mullikenusing this model, and our results were consistent

with experimental data [42]. Therefore, we think atomic charge of the Mg8O8 cluster calculated at
the Hartree–Fock level is about ±1.3–1.5, whichthat this model is appropriate. Model b is used to

simulate a defective surface, and the Mg8O8 cluster overestimates q because of the spatial distribution
of the electron cloud. We used point charges, +1.0consists of two layers. We think that the defect

site plays an important role as a reaction site, and on Mg and −1.0 on O, located at the 284 lattice
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sites around the Mg8O8 cluster. The cluster geome- been observed on a Ag surface [24]. Since the C–
tries are fixed at the crystal lattice positions with H bond interacts more effectively with the surface
a MgO distance of 2.105 Å during the surface by tilting of the molecular plane, this mode is
reaction processes. We expect that relaxation of expected to be important for inducing C–H bond
the MgO surface should play an important role in cleavage [41]. We examined this mode on
adsorption and surface reactions, but the large MgO(001) [42] and ZnO(101:0) [43] surfaces
number of degrees of freedom presents a formida- and found that the formate anion easily tilts by
ble optimization problem when it comes to reac- secondary perturbation: perturbation of only
tion path calculations. To simplify this task, we 16 kcal mol−1 can tilt the formate anion by 90°
did not include relaxation of the MgO surface in on a MgO(100) surface [42]. We assume that the
our calculations. Only the geometries of the adsor- mechanism for the decomposition has two steps,
bates were optimized using the energy gradient as shown in Fig. 6a. In the first step, the molecular
method. plane of the adsorbed formate anion tilts toward

We used the first layer of the Mg8O8 cluster for the surface by 90°. In the second step, the C–H
reaction sites. For example, bridging formic acids bond is assumed to cleave on the lattice O or Mg
are assumed to be adsorbed on the Mg atoms atom or the surface OH species. The C–H bond is
shown by the arrows in Fig. 4. The molecular located above the lattice O atom when the molecu-
plane of the adsorbed formate species on metal lar plane tilts. When the C–H bond interacts with
and metal oxide surfaces has been reported to be a Mg atom or OH species, the formate anion needs
perpendicular to the surface [11,24,51]. Therefore, to move. The transfer of the formate anion while
the molecular plane of the adsorbed formic anion keeping the molecular plane parallel to the surface
is fixed to be perpendicular to the surface, except has almost no energy barrier. After the C–H bond
when noted otherwise. cleaves on the lattice O or Mg atom, an adsorbed

The basis set used for the Mg atom is the CO2 molecule and the surface OH and MgH
(3s3p)/[2s2p] set of Hay and Wadt and the Ar species are expected to be formed, respectively.
core is replaced by the effective core potential [52]. When the C–H bond interacts with the surface
For C and O atoms, the (9s5p)/[4s2p] sets of OH species, adsorbed CO2 and H2O molecules are
Huzinaga and Dunning are used, and the (4s)/[2p] expected to be formed. However, the energy barri-
set is used for H atoms [53,54]. ers are higher than 80 kcal mol−1 in all cases.

Restricted and unrestricted Hartree–Fock and We previously studied formic acid decomposi-
unrestricted MP2 calculations were carried out tion on a ZnO(101:0) surface [44]. The formate
using the program HONDO8 [55]. anion rotated around the carbonyl CO bond to

form the intermediate, which had a unidentate
geometry, and then the C–H bond cleaved on the

3. Decomposition reaction on a perfect MgO(100) Zn atom. We consider the same mechanism for
surface the MgO surface, as shown in Fig. 6b. However

the energy barrier is again higher than
We first examine the decomposition reaction on 80 kcal mol−1.

a perfect flat surface using model a in Fig. 4. We These barriers are too high for the decomposi-
assume the mechanism shown in Fig. 5. A three- tion of surface formate species. Thus, we could
membered ring, which has the same geometry as not find a favorable mechanism for the decomposi-
the transition state in the dehydration reaction in tion reaction on a perfect MgO(100) surface.
the gas phase, is expected to be formed in the
transition state. The energy barrier of this reaction
is 93.8 kcal mol−1. 4. Decomposition reaction on surfaces with O and

We next examine the role of the dynamic bend- O2− vacancies
ing mode in the decomposition reaction. The

Tsukada et al. [56 ] investigated the electronicdynamic bending mode of an adsorbed formate
anion, in which it tilts toward the surface, has structure of the defect state associated with an
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Fig. 5. Assumed decomposition path for bridging type HCOO− on a perfect MgO surface (model a).

Fig. 6. Assumed decomposition path way for the bridging type HCOO− on a perfect MgO surface (model a). The C–H bond cleaves
on a lattice O atom in path a, while it cleaves on a lattice Mg atom in path b.

oxygen vacancy of an MgO surface by the DV-Xa electron density between the O2− and O vacancies
is defined bycluster method. They concluded that two charge

states of the vacancy (O and O−) are present on
Dr=r(O2− vacancy surface)the MgO(100) surface. We therefore assumed the

three charge states of an oxygen vacancy surface: −r(O vacancy surface) (1)
O, O− and O2− vacancies. An O vacancy on the
surface means that a lattice O atom is missing and is shown in Fig. 7.

The Mg atoms located next to the vacancy,from the surface and the O− and O2− vacancies
mean that lattice O atoms with one and two which are Mg3 and Mg4 shown in Fig. 7, are

polarized towards the vacancy site. And the all Oelectrons are missing, respectively. However the
O− vacancy state had the convergence problem in atoms, especially O1 and O2 atoms located next

to the vacancy, are polarized towards theour calculation of the electronic structure. We first
compare the electronic structures of MgO surfaces vacancy site.

We examine here all the same mechanisms aswith O and O2− vacancies. The difference in
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We next assume the mechanism shown in Fig. 8.
This mechanism consists of the following two
steps. In the first step, the carbonyl oxygen atom
moves into the vacancy to form the intermediate
shown in Fig. 8. Yamamoto et al. [57] suggested
the presence of formate unidentate configuration,
which has the same configuration as the intermedi-
ate in the first step of our mechanism, from the
sum-frequency generation (SFG) experiment.
There are then two possible paths for the second
step. In path a, the C–H bond interacts with the
lattice O atom. In path b, the C–H bond interacts
with the lattice Mg atom. However, the interaction
between the C–H bond and the lattice Mg atoms
is repulsive on both surfaces, i.e. on both O and
O2− vacancies. Therefore, path b will not be
discussed further.

We first optimize all the structures of path a in
Fig. 8 by the RHF method; however the energy of
the initial structure does not converge. Therefore,
we discuss the energies and properties calculated
by the UHF method. The energy profiles of path
a on the O and O2− vacancy surfaces calculated
by the UHF method are shown in Fig. 9. The
energy is calculated as

DE=E−E(initial structure). (2)

Fig. 7. The density difference between the O and O2− vacancy The intermediate on the O2− vacancy surface
surfaces as defined by Eq. (1) in the x–y plane. Solid, dotted is 38.9 kcal mol−1 more stable than that on the O
and broken lines denote positive, zero and negative values of vacancy surface. The energy barrier on the O2−
the electronic density shifts, Dr, respectively.

vacancy surface is 26.0 kcal mol−1, while that on
the O vacancy surface is 106.7 kcal mol−1. The
reaction on the O2− vacancy surface is exothermicthose examined in the previous section on those

surfaces. The first mechanism includes the three- by 35.6 kcal mol−1, while that on the O vacancy
surface is endothermic by 17.2 kcal mol−1.membered ring structure in the transition state as

shown in Fig. 5. The energy barriers of this mecha- The optimized geometries and the net charge
on each atom in the intermediate and the transitionnism were as large as than 80 kcal mol−1 on both

O and O2− vacancy surfaces. We next examine the state in path a are shown in Fig. 10. We first
discuss the intermediate. The carbonyl C–O2 bondrole of the dynamic bending mode in decomposi-

tion reaction on the vacancy surfaces. The mecha- lengths on both O2− and O vacancy surfaces are
longer than that in the bridging structure (1.27 Å)nism has two steps as shown in Fig. 6a. The energy

barriers on the O and O2− vacancy surfaces are [42] (initial structure shown in Fig. 8). The C–O
bond becomes weaker because the carbonyl Ohigher than 80 kcal mol−1 in all the cases where

the C–H bond interacts with the Mg and O lattice atom forms four new bonds with the lattice Mg
atoms. The carboxyl C–O1 and C–O2 bondatoms and the OH adsorbed species. The energy

barriers for the mechanisms shown in Fig. 6b are lengths on the O vacancy surface are longer than
those in the O2− vacancy surface. The molecularalso higher than 80 kcal mol−1 on the vacancy

surfaces. orbital diagram of the intermediate on the O2−
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Fig. 8. Assumed decomposition path ways for bridging type HCOO− on defective MgO surfaces. The intermediate, which has a
unidentate structure, is formed in the first step of both paths a and b. The C–H bond cleaves into the surface OH species and the
CO molecule in path a, while it cleaves into the surface MgH species and the CO molecule in path b.

vacancy surface is shown in Fig. 11. The O–C–O vacancy surface is more favorable as a proton
acceptor than that on the O vacancy surface.p1 orbital is occupied by the one electron on the

O2− vacancy surface, while the O–C–O p1 orbital We next discuss the geometries of the transition
state. The carbonyl C–O1 bond distance on theis filled with the two electrons on the O vacancy

surface. Therefore, the C–O bond lengths on the O2− vacancy surface is close to that in the CO
molecule (1.12 Å), while the C–O1 distance on theO vacancy surface become longer. The net charge

(−1.51) on the lattice oxygen atom (O3 atom in O vacancy surface is longer than that in the CO
molecule. The net charge on the CO1 part of theFig. 10) on the O2− vacancy surface is larger than

that (−1.25) on the O vacancy surface. Therefore, transition state on the O2− vacancy surface is
slightly positive, while that on the O vacancywe think that the lattice oxygen atom of the O2−
surface is negative. The carbonyl C–O2 bond
distance on the O2− vacancy surface becomes
longer than that of the intermediate on the O2−
vacancy surface and that of the transition state on
the O vacancy surface. The distance between the
H and lattice O3 atoms on the O2− vacancy surface
is shorter than that on the O vacancy surface.

Thus, the decomposition reaction on the O2−
vacancy surface is favored. We found that the C–
H and C–O bond cleavages occur at the same time
in the transition state. The C–H bond cleaves on
the lattice O atom and the H atom is pulled out
as a proton to form the surface OH species. One
carbonyl O atom is left on the surface to fill the
vacancy site.Fig. 9. Energy profiles for the formation of CO and surface OH

species on the O and O2− vacancy surfaces. Yamamoto et al. [57] have reported that the
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Fig. 10. Fully optimized geometrical parameters of the intermediate and the transition state on the O and O2− vacancy surfaces in
path a (Fig. 8). Bond distances and angles are in Å and degrees, respectively. Values in parentheses show the net atomic charge.

MgO(001) surface was roughened by the desorp- HF level. The inclusion of electron correlations by
the UMP2 method does not affect the conclusiontion of water molecules at low temperature. Xu

and Koel [58] proposed that a latice oxygen was for the decomposition reaction on the MgO
surface.ripped off on low temperature desorption of

H2O, leaving behind an oxygen deficit site, from
an acetate-covered MgO(001) surface. We there-
fore suggest that the surface hydrogen atom, which 6. Summary
was produced on the dissociation of formic acid
on the surface, and the lattice oxygen atom react We have studied theoretically the mechanism of

the decomposition reaction of HCOOH on a Mgto produce the H2O molecule and the oxygen
deficit site. The deficit oxygen site is consumed for surface. We first found that the decomposition

reaction does not occur on a perfect surface. Wethe CO production and is reformed by the H2O
desorption. did not find any evidence that the dynamic bending

mode of surface formate anion has an important
role in the decomposition reaction on perfect and
defective MgO surfaces, just as we could not find5. Effect of electron correlation
any role for this mode on a ZnO(101:0) surface
[44].We examined the effect of electron correlations

for the decomposition path a on an O2− vacancy The decomposition reaction on an O2− vacancy
surface is more favorable than that on an Osurface (Fig. 8), which is most favorable using the

UMP2 method. The geometries optimized at the vacancy surface. The mechanism is different from
that in the gas phase. However, C–H and C–OHF level are used and the results are shown in

Table 1. The geometries optimized at the HF level bond cleavages occur at the same time in the
transition state, as in the gas phase.are used. The energy barrier calculated by the

UMP2 method is almost the same as that at the The carbonyl O atom moves into the vacancy
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Table 1
The energy barriers (DE‡) and the formation energies (DE) cal-
culated at the UHF and UMP2 levels for the decomposition
reaction on the O2− vacancy surface

UHF UMP2

DE (intermediate structure)a −31.3 −41.7
DE‡ (transition state)b 26.0 28.3
DE (products)c −35.6 −48.9

a The energy difference between the initial and intermediate
structures shown in Fig. 8. The energy difference is calculated
using Eq. (2).
b The energy barrier of path a in Fig. 8 on an O2− vacancy

surface. The energy difference is calculated using Eq. (2).
c The energy difference between the initial structure and the

products shown in Fig. 8. The energy difference is calculated
using Eq. (2).

C–H and lattice Mg atoms is repulsive. One car-
bonyl O atom is left on the surface to fill the
vacancy site. The energy barrier is 28.3 kcal
mol−1 at the UMP2 level. The overall reaction is
endothermic by 48.9 kcal mol−1 at the UMP2
level.
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