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The mechanism of the decomposition of formic acid HCOOH on
Zn0(1010) surfaces was investigated using the ab initio molecular
orbital method. Furthermore, the role of the dynamic bending of the
surface formate anion HCOO™ in the decomposition reaction was
also examined. The lattice Zn atom interacts with the C-H bond
of the adsorbed formate anion and cleaves the C-H bond to yield
adsorbed CO; and ZnH species. However, similar results are not
obtained with the lattice O atom or surface OH species. The energy
barriers of C—H bond cleavage and CO; desorption from the sur-
face were calculated to be 45.5 and 11.2 kcal/mol, respectively, at the
MP2 level. H, formation is a bimolecular process: another formic
acid from the gas phase attacks the ZnH surface species and pro-
duces an H; molecule. The calculated energy barrier is 2.2 kcal/mol
and the exothermicity of the reaction is 11.3 kcal/mol at the MP2
level. These results indicate that the rate-determining step of the
dehydrogenation decomposition of formic acid is cleavage of the
C-H bond. Both the decomposition reaction and the dissociative
adsorption of HCOOH occur more easily on hydrogen-covered sur-
face than on a clean surface.  © 1998 Academic Press

1. INTRODUCTION

Metal oxides play important roles in many catalytic pro-
cesses (1-23). For example, zinc oxide is a major component
of commercially available Cu/ZnO catalysts for methanol
synthesis. Many studies have examined the decomposition
processes associated with methanol, formaldehyde, and
formic acid on ZnO surfaces (1-6). In the present study, we
examined the decomposition of formic acid on a ZnO(1010)
surface from a quantum-chemical perspective.

In water gas shift reactions on the surfaces of various
metal oxides (12-15), such as MgO, Al,O3, and ZnO, the
formate anion has been postulated to be a key intermediate.
Formic acid is dissociatively adsorbed on metal and metal
oxide surfaces at room temperature, and yields a formate
anion and surface hydroxyl species (4-6, 10, 17-23). Three
structures have been proposed for a formate anion that has
adsorbed on metal oxide surfaces (4-6, 10, 17-23): bridging,
bidentate, and unidentate, as shown in Fig. 1. Formic acid

adsorbed on metal and metal oxide surfaces decomposes
into H,O 4+ CO or H,+ CO; (1-6, 11-23). Many studies
have attempted to clarify the active species, reactivities, and
selectivities of the catalysts in the decomposition reaction
of formic acid. Dehydrogenation, which is the decomposi-
tion of formic acid into H; + CO,, occurs selectively on a
ZnO surface (3). Dehydration, which produces H,O + CO,
occurs selectively on a MgO(001) surface (11).

The nature of the active sites, the structures of adsorbed
species, and the mechanism of the surface reaction remain
unclear. Theoretical studies have been performed to clar-
ify the mechanisms of hydrogen chemisorption on ZnO
(24, 25) and other metal oxide surfaces (26-33) and of the
adsorption of formic acid on metal (16) and bimetal sur-
faces (34).

The decomposition reaction of formic acid in the gas
phase has been studied theoretically, and the structures
of the transition state and the activation energies for the
dehydrogenation and dehydration reactions have been re-
ported, as shown in Fig. 2 (35, 36). The mechanisms of the
reactions on metal and metal oxide surfaces are expected
to be different from those in the gas phase.

Previously, we performed theoretical studies of the ad-
sorption of formic acid on MgO(001) (37) and ZnO(1010)
(38,39) surfaces. We used the ZnsO4 cluster embedded in an
electrostatic potential to simulate the ZnO(1010) surface
and described how formic acid is dissociatively adsorbed
to form the formate anion and surface OH species with a
small energy barrier (38). The favorable structures of the
formate anion were considered to be a bridging or uniden-
tate structure. The unidentate structure was stable because
ofinteraction with the surface OH species, and the structure
was more similar to molecularly-adsorbed HCOOH than to
adsorbed HCOO™. In the temperature range of the decom-
position reaction, formic acid is dissociatively adsorbed into
the formate anion and surface OH species on ZnO surfaces
(3-5). Therefore, we adopt adsorbed bridging formate and
surface OH species as an initial structure, as shown in Fig. 3.

When HCOOH is no longer supplied to the system, the
formation of CO, continues, while the evolution of H; stops.
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Three possible geometries of formate anion on a metal oxide

Noto et al. (3) suggested a mechanism for H, formation in
which the formic acid molecule attacks the surface Zn—-H
species from the gas phase. Therefore, we investigated uni-
molecular CO; formation and both unimolecular and bi-
molecular H, formation. We assumed that CO, is produced
by the decomposition of surface formate species, leaving
adsorbed ZnH species. CO; formation requires only one
HCOOH molecule, since the surface formate anion, which
decomposes into CO, and surface OH species, is produced
by the dissociative adsorption of HCOOH. We assume two
mechanisms for H, formation:

1. H, molecules are formed by the reaction of two H
atoms adsorbed on the ZnO surface.

2. A second HCOOH molecule attacks the adsorbed H
atom to yield an H; molecule and adsorbed HCOO™.

Path 1 is unimolecular regarding the reactant, since the
two H atoms originate from a single HCOOH molecule.
Since two HCOOH molecules are involved in path 2, it is
bimolecular. The ZnH species is formed from the surface
HCOO™ by CO; formation, and the HCOOH comes from
the gas phase in path 2.

We report our model for the ZnO(1010) surface and
the calculational method in Section 2. The contribution
of the dynamic bending mode (23) of surface formate to
the decomposition reaction and the mechanism of the CO,
formation are reported in Sections 3 and 4, respectively.
Two mechanisms of H, formation, i.e., unimolecular and
bimolecular reactions, are discussed in Sections 5 and 6, re-
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FIG. 3. Geometry of adsorbed HCOO™ and OH species.

spectively. The differences between the surface reaction on
a clean surface and that on a hydrogen-covered surface are
also discussed in Section 6. The results including electron
correlation are discussed in Section 7.

2. MODEL AND CALCULATIONAL METHOD

The crystal structure of ZnO is the Wurtzite structure
shown in Fig. 4. We use the Zn4O4 cluster, which is shown
in Fig. 5, embedded in an electrostatic field to simulate the
Madelung potential. The Zn4Oy4 cluster includes the first,
second, and third layers. The cluster is small and includes
only two of the three nearest neighbors of the reaction sites.
This small size may lead to greater reactivity than the ac-
tual surfaces, although we believe that our previous results
are at least qualitatively correct. The Madelung potential is
proportional to the ionic charge, ¢, in Zn+%O~4%, There are
several ways to estimate this quantity, but the results vary
widely; e.g., g ~ 1 (40),q ~ 0.8 (41), and q ~ 0.4 (42). We

AE®)  AE*)
CO, + H, 1046 816
CO+ H0 766 621

FIG.2. Mechanism and energy barrier of the decomposition of HCOOH in the gas phase (35, 36). Energy barriers are expressed as kcal/mol.
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FIG. 4. Structure of a Wurtzite ZnO crystal lattice: (a) whole view of
ZnO Waurtzite crystal lattice; (b) top view of ZnO(1010) surface; (c) side
view of ZnO Wurtzite crystal lattice.

used g = =+0.5 for the point charges in the study of H, ad-
sorption on a ZnO(1010) surface (24). We used a ¢ smaller
than the calculated Mulliken atomic charge of a ZnO cluster
because the electron density is spread out over the atomic
region. Mulliken atomic charge of a Zn4O4 cluster calcu-
lated at the Hartree-Fock level is approximately +1.0 on
each atom in the present study. However, we used a smaller
value, g = =£0.5, for the point charges from our previous ex-
perience (24). We placed the point charges, +0.5 on Zn and
—0.5 on O, at 464 lattice sites around the Zn4;O4 cluster.
The first and second layers of the ZnO crystal shown in
Fig. 2 are expressed by ZngyOsp, and the third and fourth
layers are expressed by ZnssOss. The whole ZnO model
used in the present study has eight layers. The ZnsO4 clus-
ter is located at the center of the surface.

The cluster geometry is fixed at the crystal lattice posi-
tion with a ZnO distance of 1.95 A during the surface reac-
tion processes. Relaxation of the ZnO surface is expected
to influence adsorption, but the large number of degrees
of freedom represents a formidable optimization problem

when they are included in the reaction path calculations. To
avoid this problem, relaxation of the ZnO surface was not
included in the calculation. Only the geometries of the ad-
sorbates were optimized using the energy gradient method.

We use the Zn,O, part of the first layer as the reaction site
for the adsorption and dissociation of formic acid. For ex-
ample, the bridging and bidentate formic acids are assumed
to be adsorbed on Zn atoms as indicated by the arrows in
Fig. 5. The molecular plane of the adsorbed formate species
on metal and metal oxide surfaces has been reported to be
perpendicular to the surface (10, 23, 43). Therefore, the
molecular plane of the adsorbed formic anion was fixed
perpendicular to the surface, except when noted otherwise.

The basis set used for the Zn atom is the (3s2p5d)/
[252p2d] set of Hay and Wadt with the Ar core replaced
by the effective core potential (44). The (9s5p)/[4s2p] sets
of Huzinaga and Dunning are used for C and O atoms,
while the (4s)/[2p] set is used for the H atom (45, 46).
Hartree-Fock and MP2 calculations were carried out us-
ing the HONDOY7 program (47).

3. CONTRIBUTION OF THE DYNAMIC BENDING MODE
The dynamic bending mode of the adsorbed formate
anion, in which it tilts toward the surface, was observed

on an Ag surface (23). Since the C-H bond interacts more
effectively with the surface by tilting of the molecular plane,

1st layer

2nd layer

O Zn
O o
=y bridging 7

bidentate
L unidentate

FIG.5. Zn40,cluster as a model of a ZnO(1010) surface. This cluster
is taken from the first, second, and third layers of a ZnO crystal lattice and
placed in the electrostatic field presented by 464 point charges located on
a ZnO crystal lattice. Zn4O,4 of the first layer is used for adsorption and
dissociation of HCOOH. Arrows indicate sites of formate adsorption in
the bridgine and bidentate forms.
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FIG. 6. Assumed decomposition path for bridging-type HCOO™. Black and white circles represent the Zn and O lattice atoms, respectively.

this mode is expected to influence C—H bond cleavage (34).
We examined this mode on MgO(001) (37) and ZnO(1010)
(38) surfaces and found that the formate anion tilts easily as
a result of a secondary perturbation: tilting the molecular
plane by 90° requires only 19 kcal/mol.

We assume that decomposition has two steps, as shown in
Fig. 6. In the first step, the molecular plane of the adsorbed
formate anion tilts by approximately 90°. In the second step,
the C-H bond is assumed to be cleaved by the lattice O
atom, giving the surface OH species, or by the surface OH
species, giving an H, molecule. As the molecular plane tilts,
the two oxygen atoms of the formate anion are fixed onto
the two lattice Zn atoms. However, both mechanisms in-
volve energy barriers higher than 75 kcal/mol, which are
too high to allow for the decomposition of the surface for-
mate species.

We next examined how the bridging formate anion trans-
forms into a bidentate structure and then tilts toward the
surface. First we examined the dynamic bending mode of
bidentate-type HCOO™ on a ZnO surface. When HCOO~
tilts up to Q = 90, the structure is unstable. The p orbital of
HCOO™ interacts with the s orbital of Zn atom; however,
the p orbital of the HCOO™ has a node, as shown in Fig. 7,
and decomposition of bidentate HCOO™ does not seem to
occur.

Based on these results, the dynamic bending mode does
not appear to contribute to the decomposition reaction.

4. DECOMPOSITION REACTION FROM
THE INTERMEDIATE

Since the interaction between the O atom of the adsorbed
formate and the lattice Zn atom is relatively weak, cleavage

of the O—Zn bond is expected to take place easily. Rotation
around the C-O bond follows O—Zn bond cleavage and
yields an intermediate product. Four structures of the in-
termediate are assumed, as shown by a, b, ¢, and d in Fig. 8.
The C-H bond interacts with the lattice Zn atom in struc-
tures a and b. The C-H bond interacts with the Zn atom in
the same Zn—O unit as the surface OH species in structure
a. In structure b, the Zn—0O unit is different from that of the
surface OH species. The C-H bond interacts with the lat-
tice O atom and surface OH species in structures ¢ and d.
However, since structures ¢ and d are unstable, the dis-
cussion of geometry optimization will not include these
structures.

When cleavage of the C-H bond starts from structures
a and b, structures e and f, respectively, are expected to be
the products. A CO; molecule is desorbed from the surface,
and the two adsorbed H atoms remain on the surface. We
investigated the geometry of the ZnH and OH species after
the desorption of CO;. The optimized geometries and the
Mulliken populations are shown in Fig. 9. The H atom is

FIG.7. Overlap between the pz* orbital of bidentate formate anion
and the s orbital of lattice Zn atom.
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FIG. 8. Assumed structures of unidentate-like HCOO™ and products. Structures a, b, ¢, and d show unidentate-like HCOO™ and surface OH

species, while structures e and f show adsorbed CO,, ZnH and OH species.

adsorbed at the same Zn—O unit as the surface OH species
in structure g, while it is adsorbed on a different Zn—-O
unit in structure h. Structure g is 38.3 kcal/mol more stable
than structure h. Furthermore, the OH and ZnH species
appear to influence each other through the Zn—O bond.
We previously reported surface activation by the adsorbed
formate anion, where the 2 p, orbital of the lattice O atom
located next to the adsorption site is activated by the ad-
sorbed formate anion (37, 38). We believe that the atom di-
rectly bonded to the active site is also activated in this case.

Next, the geometries of structures e, f and the transition
states (TS1, TS1') are fully optimized. TS1 and TS1’ are
the transition states in the reactions from structure a to e

(-0.28)
(+0.38) H
794 Hooe 009 /165
78 LN 755

and from structure b to f, respectively. The molecular plane
composed of the O and H atoms of the formate anion and
the two lattice Zn atoms is assumed to be perpendicular
to the surface during optimization of the transition states.
The optimized geometries of structures e and TS1 are al-
most the same as those of structure f and TS1', respectively.
The optimized geometries and Mulliken populations of the
bridging-type formate species, transition state (TS1), and
structure e are shown in Fig. 10. The C-O bond length of
TS1 is shorter than that of the bridging structure and is
close to that of CO,. The Zn—H distance of TS1 is almost
the same as that in the surface ZnH species, as shown in
Fig. 9. The angle OCO of TS1 is wider than that of the

(+0.37)

Zn

FIG. 9. Fully optimized geometric parameters of ZnH and OH species adsorbed on a ZnO surface. Bond distances and angles are expressed as A

and degrees, respectively. Values in parentheses show the net atomic charge.
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FIG. 10. Fully optimized geometric parameters of bridging-type HCOO™, transition state (TS1), and structure e (Fig. 6) on a ZnO surface. Bond
distances and angles are expressed as A and degrees, respectively. Values in parentheses show the net atomic charge.

bridging structure. We have assumed that CO; is adsorbed
on the surface after decomposition. However, desorption
from the surface may occur directly without adsorption.
Figure 11 shows the energy profile, where AFE is defined
by
AE = E — E (initial structure). [1]

The initial structure is shown in Fig. 3. TS1 is 39.6 kcal/mol

more stable than structure f. Therefore, the decomposition
reaction from structure a to e is more favorable than that
from structure b to f. The net charge on the Zn atom
located at the same Zn—O unit as the OH species is +1.45
on the bridging structure shown in Fig. 10, while that of
another Zn atom is +1.36. The Zn atom at the same Zn—-O
unit as the OH species is more favorable as a hydrogen
abstraction site from the C-H bond than is a Zn atom

more stable than TS1', and structure e is 38.3 kcal/mol of another unit. The energy barrier from the bridging

120
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r S n,0,
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i ’” KT < structure f .
80 ! Y 48.4
S I ’ 39.6 21404,
g - {’ 38.3 +CO2
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.au_d, r @ 10.4 95.7
= L
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by L
w F 53.1 44.3
20
0
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Reaction coordinate
FIG. 11. Energy profile of the formation of CO; and unimolecular H; on a ZnO surface.
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FIG. 12. Schematic representation of H, formation paths and fully optimized results. The lower figures represent the fully optimized H, formation
paths. The H atom of ZnH species moves in path (a), and the H atom of OH species moves in path (b). TS denotes the geometry of the transition state
in path (b). Black and white circles represent the Zn and O lattice atoms, respectively.

structure to structure e is relatively large, 53.1 kcal/mol.
The reaction from the bridging structure to structure e is
endothermic by 44.3 kcal/mol. The energy barrier for the
desorption of CO; from the surface is 10.4 kcal/mol.

5. UNIMOLECULAR REACTION TO YIELD
AN H; MOLECULE

We next assume two paths for the unimolecular reac-
tion, as shown in Fig. 12. The H atom adsorbed on the Zn
atom moves toward the surface OH species in path (a),
while the H atom adsorbed on the lattice O atom moves
toward the surface ZnH species in path (b). In path (a), the
H, molecule is not formed. However, the H, molecule is
formed with an energy barrier of 48.4 kcal/mol in path (b).
The reaction route of the H atoms in path (b) is almost the

same as that in the dissociative adsorption of an H, molecule
on a ZnO(1010) surface. Although path (b) is more favor-
able than path (a), the overall reaction is endothermic by
95.7 kcal/mol, as shown in Fig. 11.

6. BIMOLECULAR REACTION TO FORM
AN H; MOLECULE

We assume in the bimolecular reaction that another free
formic acid in the gas phase attacks the hydrogen atoms ad-
sorbed on the surface. Trans-formic acid is only 6.4 kcal/mol
more stable than cis-formic acid in the gas phase (38).
Therefore, we examined whether both trans- and cis-formic
acids attack the surface.

Figure 13 shows the assumed reaction pathway for cis-
formic acid. Cis-formic acid approaches from the gas phase,

FIG. 13. Assumed H; formation path. Cis-formic acid attacks H adsorbed on a ZnO surface giving a bridging formate anion and an H; molecule.

Black and white circles represent the Zn and O lattice atoms, respectively.
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allowing the two O atoms to interact with the two lattice
Zn atoms and allowing the acidic H atom to interact with
the H atom adsorbed on the Zn atom. This H atom inter-
acts repulsively with the H atom adsorbed on the O atom.
O-H bond cleavage and H; formation follow the molecu-
lar adsorption of cis-HCOOH. The optimized geometries
and Mulliken populations for cis-formic acid, the molecular
adsorption state, and the transition state (TS3) are shown
in Fig. 14. The four-membered ring, composed of the two H
atoms, the O, and the lattice Zn atom, is formed in the tran-

sition state. The energy barrier for TS3 to form the bridging
formate and H, molecule is 6.7 kcal/mol, and the overall re-
action is endothermic by 10.1 kcal/mol. The energy profile
of the whole reaction is shown in Fig. 15.

Next, the path for trans-formic acid was determined as
shown in Fig. 16. Only the carbonyl O atom interacts with
the lattice Zn atom, and the protic H atom interacts with
the H that is adsorbed on the Zn atom. The other O atom
of HCOOH does not interact with the lattice atoms. De-
spite optimization of the transition state, the structure was

80 |
B Zn 04H,
— 60 TS1 structure e T COZ
©
£
=
@ 40
2
2 bridging
+CO,+H
g 20 NI 22
w
molecular \ 7.7
adsorption Y
0 \
B \
— N o
20 -11.3

Reaction coordinate

FIG. 15.
the HF and MP?2 levels, respectively.

Energy profile of CO, formation and bimolecular H; formation on a ZnO surface. Solid and broken lines denote energies calculated at
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FIG. 16. Assumed H; formation path. Trans-formic acid attacks H adsorbed on a ZnO surface to form bridging formate anion and an H, molecule.

Black and white circles represent the Zn and O lattice atoms, respectively.

found to be unstable. This structure of HCOO™ is almost
the same as that of the unidentate formate anion which does
not interact with the ZnO surface, as reported previously
(38). Therefore, we concluded that trans-HCOOH is not
involved in the bimolecular decomposition reaction.

In summary, the formation of H, and CO; from formate
adsorbed on a ZnO surface occurs by the following three
steps:

Zn(l) + HCOO(a) — ZnH(a) 4+ CO»(a) 2]
COz(a) = COz(g) (3]
ZnH(a) + HCOOH(g) — Zn(l) + HCOO(a) + Ha(g). [4]

The rate-determining step is step (2), in which the C-H
bond is cleaved to form CO,.

Noto et al. (3) studied the decomposition of formic acid
using adsorption measurements and an infra-red technique
on a ZnO surface. When formic acid was trapped out of the
system, the evolution of hydrogen stopped, while that of
carbon dioxide continued at the same rate. Based on these
results, they suggested the following mechanism:

1. The evolution of carbon dioxide arises from the de-
composition of a formate anion, while the hydrogen atom
remains on the surface.

2. The formic acid molecules attack the adsorbed hydro-
gen atoms, and surface formate anions and hydrogen atoms
are formed.

The present theoretical results support the mechanism they
suggested.

The present results indicate a difference between the dis-
sociative adsorption of HCOOH on clean and on hydrogen-
covered surfaces. The energy barrier of dissociative adsorp-
tion on a clean surface was 11.7 kcal/mol (38), while that
on a hydrogen-covered surface was 6.7 kcal/mol. Thus, a

hydrogen-covered surface is more reactive than a clean sur-
face for this kind of surface reaction.

7. EFFECT OF ELECTRON CORRELATION

We examined the effect of electron correlation on the
decomposition path using the MP2 method. The results are
shown in Table 1 and Fig. 15, in which the geometries op-
timized at the HF level are used. In Fig. 15, the overall
features of the reaction diagram are similar for the HF and
MP2 results. However, upon closer examination, we note
several differences. The energy barriers at the MP2 level are
smaller than those at the HF level. Molecular adsorption
is more stable at the MP2 level than at the HF level. The
overall reaction is endothermic at the HF level, whereas
electron correlation reveals that the reaction is exothermic
by 11.3 kcal/mol. Ueno et al. reported an activation energy
of 37.9 kcal/mol for the formate decomposition reaction
on ZnO powders (15), and Vohs and Barteau reported an

TABLE 1

The Energy Barriers (AE") and Formation Energies (AE)
Calculated at the HF and MP2 Levels

HF MP2
AE* (TS1) 531 455
AE (CO;, desorption)? 10.4 11.2
AE (molecular adsorption)® 31.7 19.0
AE* (TS3)* 6.7 2.2
AE (bridging structure + CO, + H,)* 7.7 -113

¢ Energy barrier of Eq. [2] in Section 6.

b Energy barrier of Eq. [3] in Section 6.

¢ Energy difference between the initial structure and molecular adsorp-
tion shown in Fig. 14. Energy difference is calculated by Eq. [1].

4 Energy barrier of Eq. [4] in Section 6.

¢ Energy difference between the initial structure and products. Energy
difference is calculated by Eq. [1].



62

activation energy of 35.8 kcal/mol on a Zn-polar surface
(1): activation energies on nonpolar and polar Zn surfaces
are almost the same. This result is supported by the present
result that only Zn atoms serve as reaction sites in the de-
composition reaction of formic acid. The activation energy
for the decomposition reaction is 45.5 and 53.1 kcal/mol at
the MP2 and HF levels, respectively, and therefore the MP2
result is more reasonable than the HF result, in view of the
experimental data.

8. SUMMARY

The results of the present theoretical study on the de-
composition of formic acid on a ZnO(1010) surface can be
summarized as follows:

(1) Cleavage of the C—H bond does not appear to occur
on the lattice O atom or on the surface OH species, while
it does occur on the Zn atom through a unidentate-like
intermediate with an energy barrier of about 45 kcal/mol
(MP2 level).

(2) Although we expected that dynamic bending of the
surface formate anion on a ZnO(1010) surface would play
an important role, we did not obtain any clear results which
would support this view.

(3) Theenergy barrier for the unimolecular H, formation
reaction was calculated to be 48.4 kcal/mol at the HF level,
and the overall HCOOH decomposition reaction on a ZnO
surface was determined to be endothermic. In contrast, the
energy barrier of the bimolecular H, formation reaction was
6.7 kcal/mol at the HF level and 2.2 kcal/mol at the MP2
level, and the overall HCOOH decomposition reaction on
a ZnO surface was exothermic by 11.3 kcal/mol at the MP2
level.

(4) We concluded that CO, formation is due to a uni-
molecular reaction, whereas H, formation is due to a bi-
molecular reaction. The rate-determining step lies in the
CO, formation step through cleavage of the C-H bond.
Only the Zn atom serves as a reaction site in this decompo-
sition reaction.

(5) The energy barrier for dissociative adsorption on a
clean surface was 7.5 kcal/mol at the MP2 level (38), while
that on a hydrogen-covered surface was 2.2 kcal/mol at the
MP?2 level. Thus, the dissociative adsorption of HCOOH on
a hydrogen-covered surface is preferable to that on a clean
surface.
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