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A theoretical study of HCO,H adsorption on TiO,(110)
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This paper presents calculations (CRYSTAL program) on the interaction of formic acid with models for the (110) face of the
rutile TiO; structure. HCO,H strongly dissociates on the surface leading to a formate anion. Thus, the best adsorption mode results
from an acidic cleavage contrary to what would be expected from the comparison of the basic and acidic gas-phase cleavages. This
occurs since the adsorbed HCOj is stabilized as a bidentate species; the adsorption involves two oxygen atoms bound to two surface

titanium atoms.
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1. Introduction

TiO; is an amphoteric oxide; the exposed metallic
cations are the acidic sites and the oxygen atoms at the
surface are the basic sites. The selectivity in the catalytic
decomposition reaction of carboxylic acids and alcohols
has been used as a probe [1] of the acid—base properties.
Fragments resulting from the decomposition are acidic
and basic species adsorbed on the different sites of the
surface. Several investigations have already studied the
interaction of formic acid on TiO; [2-4], MgO [5-7], and
ZnO [8,9] single-crystal surfaces. These studies have
shown that formic acid adsorbs dissociatively to form
adsorbed formates, HCO;, and surface hydroxyl
groups.

HCO;H has two basic oxygen atoms; the oxygen from
the carbonyl group is more basic than that of the hydrox-
yl group. The molecular adsorption can involve each of
these oxygen atoms independently, or both of them
simultaneously. The dissociative adsorption implies the
cleavage of the OH bond (acidic cleavage) or that of the
OC bond (basic cleavage). Referring to heterolytic clea-
vages, it leads to the adsorption of a couple of ions or
another: a formate ion and a proton for the acidic cleav-
ageor HCO" and OH™ for the basic cleavage. The result-
ing adsorption modes correspond to different
orientations of the adsorbed fragments since the anion,
formate or hydroxyl, goes on the titanium sites whereas
the cation, HCO™ or H* goes on the oxygen sites.

Calculations are performed using an ab initio
Hartree—-Fock crystalline orbital method (the
CRYSTAL program [10,11]).

This paper is organised in the following way. We first
present the isolated molecule and the TiO, (110) surface.
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Next, we analyse the various adsorbed structures result-
ing from the molecular and dissociative adsorption. The
heats of adsorption for all the adsorption modes are
gathered in table 1. Finally, we investigate the possibili-
ties of fragmentation of the formic acid on the surface.

2. The formic acid molecule

The geometry optimisation for formic acid is per-
formed with the MONSTERGAUSS program [12] using
the PS-31G basis set for carbon and oxygen atoms, and
the 31G basis set for the hydrogen atom. This optimisa-
tion yields the parameters shown on figure 1 in agree-
ment with experimental [13] data.

The proton is oriented toward the C=0 (trans); the
opposite conformation (cis) is less stable by 7.7 kcal/
mol. An adsorption that involves both oxygen atoms

Table 1
Heat of adsorption (kcal/mol) at & = 1 (6 = 1/2in parentheses)
Adsorption on Adsorption on
the polymer the (110) surface
molecular adsorption
monodentate through
carbonyl group 32.1 58.5(65.0)
monodentate through
OH group 26.2 48.6(57.6)
1M-bidentate structure no adsorption no adsorption
2M-bidentate structure (44.2) (68.6)
dissociative adsorption
basic cleavage 51.9 104.7 (132.6)
acidic cleavage
1M-monodentate structure 44.7 69.0(95.7)
1 M-bidentate structure 6.3 61.9(80.0)
2M-bidentate structure (103.0) (174.0)
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Figure 1. Optimized bond distances and angles for trans-formic acid

(HCOOH) at the left-hand side (the experimental data are

C=0=1.202A,C-0=1.343A,0-C-0=124.9°,0-H=0.972 A, H-

0-C=106.3°, CCH=1.097 A, H-C-O = 124.1°) and for the formate

ion (HCOO™) at the right-hand side. Mulliken overlap populations are
in parentheses.

requires to rotate the proton away from the surface and
hence has to overcome the 7.7 kcal/mol energy loss.

Formic acid is known to be dimerised; the energy of
dimerisation, 18.7 kcal/mol calculated at the PS-31G
level (14.1 experimental [14]) has not been taken into
account for the evaluation of the heats of adsorption and
would reduce them.

When molecularly adsorbed, the formic acid coordi-
nates to the cation and behaves as a base. This was the
case for all the adsorbates that we have considered on
TiO,. The binding through a H-bond, where the formic
acid would be an acid is weak. Formic acid has two basic
sites, the oxygen from the carbonyl and that from the
hydroxyl group. According to the proton affinities, the
carbonyl oxygen is the most basic site:

HCOOH + H" — HC(OH);
AH = —184.1 kcal/mol
(exp. [15] = —182.8 kcal/mol)
HCOOH+H" —HCOOH;
AH=-166.6 kcal/mol.

The larger proton affinity of the carbonyl group is
explained by the coordination; the carbonyl oxygen
atom is singly-coordinated (even if it is through a double
bond) and thus more reactive than the oxygen atom from
the hydroxyl which has two neighbors. The level of the
highest occupied molecular orbital (HOMO), mainly
localised on the oxygen pair of the carbonyl group exhib-
its this difference. Mesomerism also explains the affinity
order: HC(OH); can be represented by two resonant
structures while HCOOH; must localise one electron
pair on the O atom of OH; . In contrast, the charges on
the oxygen atoms (large for the hydroxyl) and the
Mulliken overlap populations (large for C=0) would
lead to the wrong conclusion. The electrons on the oxy-
gen atom of the hydroxyl group are stabilized by the field
of the neighbours and not very reactive.

In the gas phase, the CO bond cleavage, “‘basic cleav-
age”, of formic acid is more favorable than the OH bond
cleavage, “‘acidic cleavage”.

HCOOH — OH™ + HCO™
AH = 290.6 kcal/mol
(exp. [16] = 259 kcal/mol),

HCOOH — HCOO™ + H*
AH = 356.7 kcal/mol

(exp. [17] = 345.2 kcal/mol) .

The formation of the formate ions, RO~ (R =HCO)
and H* appears to be less favorable than that of the for-
mylions, RT and OH; these results are similar to those
obtained for methanol (R = CHj3); however, in the case
of HCOO™, the presence of two oxygen atoms increases
the possibilities of stabilization by adsorption. In the gas
phase, the formyl cation, HCO™, is linear. It is a proto-
nated form of carbon monoxide, more stable [18] than
COH™.

3. The polymer and slab models

We have used two models for the adsorption of formic
acid over the rutile (110) surface: a polymer and aslab.

Our polymer representing the rutile surface is the
main building block of the rutile. It is a chain containing
the linear sequence of titanium atoms and the equatorial
oxygen atoms attached to them. This polymer can be
obtained by the cleavage of all the apical Ti—O bonds of
the rutile structure that are the weakest bonds (see
figure 2); thus, the polymer contributes to the main part
of the relative stability of the various TiO; surfaces [19].
It presents two sites of adsorption, tetracoordinated tita-
nium sites that are acidic and bridging oxygen sites that
are basic. The presence of tetracoordinated cations does
not create states in the band gap and the electronic struc-
ture remains close to that of larger systems. This poly-
mer has been used to study the adsorption of other
molecules [20-24]; hence, the adsorption of the formic
acid may be compared with those of a variety of different
adsorbates.

Figure 2. The slab model for the (110) face. The polymer model appears

by the breaking of all the apical TiO bonds (dotted lines). These dative

bonds imply a donation from the horizontal polymers (in the xz plane)
to the vertical ones (in the yz plane).
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The slab model for the (110) surface is the top layer
that results from the coupling of polymers along the x
direction by dative bonds. Half of the polymers are in the
surface plane (xz plane) whereas the others are perpendi-
cular (yz plane, see figure 2). The dative bonds generate a
charge transfer of 0.056 e from the horizontal polymers
to the vertical ones. A consequence is that the tetracoor-
dinated titanium atoms are very charged and therefore
the (110) face is very acidic. For other adsorbates, this
extra reactivity represents a factor two [25], 90%, 130%
and 160% for CO,, H,O and NHj respectively. Since the
(110) face is the most dense one and since the top layer
has no dipole moment, the (110) face is stable and can be
obtained by crystal cleavage without reconstruction
[26]. The cohesive energy of the top layer of the (110) face
calculated with 25 k-points in the irreducible Brillouin
zone, is 118 kcal/mol per TiO; unit (an improvement of
35 kcal/mol relative to the polymer). These two models
correspond to perfect surfaces assuming no defect and
no reconstruction. It is established that the structure of
TiO; surfaces are similar to those of the bulk [27-29].

The adsorption energies have been calculated accord-
ing to the expression:

E.4s = Encoon + Etio, — EHcooH/Tio,) »

where Emcoon,tio), 1s the total energy of the adsor-
bate/substrate system, ETio, is the total energy of the
substrate and Egcoon 1s the total energy of the isolated
adsorbate in its equilibrium geometry (trans conforma-
tion). A positive E,qs value corresponds to a stable
adsorbate/substrate system.

4. The molecular adsorption of HCOOH

We have investigated four configurations for molec-
ularly adsorbed formic acid on TiO; surface: monoden-
tate bound through the carbonyl group, monodentate
bound through the hydroxyl group, 1M-bidentate and
2M-bidentate (see figure 3).

4.1. Oneadsorbed function, the monodentate adsorption

4.1.1. Adsorptionthroughthe carbonylgroup
In the case of the polymer, the adsorbate is oriented

IM-bidentate
structure

2M-bidentate
structure

monodentate through ~ monodentate through

the carbonyl group the hydroxyl group

Figure 3. The adsorption modes for molecular adsorption.

in the xy plane perpendicular to the axis of the polymer
with the hydroxyl group down so that the proton inter-
acts with the surface oxygen atoms by a weak H-bond
(the H- - -O distance is 2.66 A). The adsorption energy is
positive (32.1 kcal/mol). Such adsorption mode cannot
be transferred to the (110) slab because of the repulsion
between the OH group and the oxygen atoms of the adja-
cent polymer. Then, the hydroxyl group is oriented
upwards (figure 4). The increase of the heat of adsorp-
tion (see table 1) is due to the increased acidity of the tita-
nium site in the (110) face (see section 3).

The orientation along the polymer axis (yz plane) is
favorable when the OH is oriented down; then it leads to
the 2M-bidentate (see section 4.2.2).

4.1.2. Adsorption through the hydroxyl group

For hydroxyl adsorption, the carbonyl group is
oriented away from the surface to prevent repulsion with
the oxygen atoms from the surface (figure 4). The heat of
adsorption (table 1) is smaller than for the carbonyl
adsorption as expected from the proton affinities (see
section 2).

The adsorption energy for the slab (table 1) is again
larger than that on the polymer. The C-OH bond is wea-
kened under adsorption with an elongated distance,
1.42 A (1.35 A in the molecule), and a very negative over-
lap population, suggesting an easy basic cleavage for the
adsorbate.

4.2. Two adsorbed functions, 2M-bidentate structure
(bridging structure)

No stable structure has been found for the 1M-biden-
tate conformation.

Figure 4. The optimised parameters of molecular adsorption of the for-
mic acid through the carbonyl group (right-hand side) and the hydroxyl
group (left-hand side) on the (110) face. For the adsorption through the
carbonyl group, the hydroxyl group is oriented away from the surface.
The H from CH is positively charged (Q = +0.43) and bound to the sur-
face oxygen by an important H-bond (OP=0.097). The CH and the C—
OH bond are weakened (OP(CH)=0.147 vs. 0.371, OP(CO)=0.110 vs.
0.162 in figure 1). The C=O0 is nearly unchanged, this adsorption mode
could be a precursor to the decomposition leading to CO and H,O. For
the adsorption through the hydroxyl group, the H from CH is positively
charged (Q = +0.46) and bound to the surface oxygen by a H-bond
(OP=0.054).
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In the 2M-bidentate conformation, the two oxygen
atoms of the formic acid are bound to different Ti atoms
from the surface. The adsorption energy (see table 1) is
much larger than for the adsorption through one oxygen
atom. The optimized structure is shown in figure 5. The
oxygen from the carbonyl group is more strongly bound
to the surface than the oxygen from the hydroxyl group
in spite of nearly similar distances; this appears on the
Mulliken overlap populations (0.039 vs. 0.025 respec-
tively).

5. The dissociative adsorption of formic acid

In spite of the name “‘acid’, the easiest dissociation
of formic acid in the gas phase is a basic cleavage (see
section 2). This suggests a basic cleavage on the surface
leading to the following orientation: HCO™ on O(TiO,)
and OH™ on Ti(TiOy). In table 1, it is shown that the
adsorption mode occurs dissociatively; basic cleavage is
found as long as we consider the adsorption of only one
oxygen atom.

5.1. Basic cleavage

The basic cleavage case with the OH™ group bound
to the titanium atom is favorable. On the polymer at
saturation, the formyl groups, HCO™, are oriented per-
pendicularly to the polymer in order to prevent repulsion
with the adjacent adsorbed species. The OH™ groups are
oriented to allow a sequence of H-bonds (with an
OP = 0.017), along the polymer axis, z. Such orientation
is found for the water adsorption [21]. At lower cover-
age, this repulsion between the adsorbates vanishes and
the HCO™ groups prefer to be in the polymer plane.

For the (110) face, the formyl groups, HCO", are
oriented perpendicularly to the polymer. The OH~
groups are also perpendicular to the polymer axis allow-
ing a H-bond with the formyl group (O---H = 1.77 A,
with an OP = 0.027). This is better than when the OH~
groups form a chain along the polymer axis (O---H
=2.16 A, with an OP =0.018 for the H-bonds). At

Figure 5. The optimised geometric parameters for formic acid on
TiO,.

lower coverage, the H-bond between the OH™ and the
HCO™ groupsis increased (OP = 0.041) and the perpen-
dicular orientation is still the best (at 6 =1/2,
FE,qs = 132.6 kcal/mol vs. E,qs = 118.8 kcal/mol when
OH~ and HCO™ are oriented along the polymer axis).
This strong H-bond contributes to produce a large
adsorption energy on the (110) face; it nearly doubles
(see table 1) relative to the polymer model. The opti-
mized parameters are presented on figure 6. In table 1,
dissociation to formyl is not the most favorable case.
Formyl does not seem to be experimentally observed.
This is also true on metal surfaces [30,31]. HCO™ being a
protonated form of CO, it should easily decompose to
CO and HT; the decomposition on the (110) surface is
exothermic by 17 kcal/mol.

Note that our reasoning associates the distribution
of the fragments on the surface to the heterolytic cleav-
age. An homolytic cleavage (HCOOH — HCO- + OH-)
would produce neutral fragments and would lead to a
different distribution (HCO- would go on the metal
[32]). Results of calculation (the HCO fragment goes on
the oxygen site) therefore justifies the electron count
associated with the heterolytic cleavage even if we do not
claim to access to a mechanism.

5.2. Theacidic cleavage

The acidic cleavage leads to the formate anion
(figure 1) and the proton H*. Once adsorbed on the tita-
nium oxide surface, the formate anion is bound to the
titanium atom and the proton to the bridging oxygen.
On the TiO; (110) surface, the formate ion can be
adsorbed in three different configurations: a monoden-
tate structure in which one oxygen atom of the formate is
coordinated to a surface cation via a single O-Ti bond, a
I1M-bidentate structure and a 2M-bidentate structure
(or bridging structure) (figure 7).

5.2.1. One functionadsorbed, the monodentate structure
This mode seems arbitrary since the geometry seems

favorable to a 2M-bidentate structure when the formate

is oriented along the axis of the polymer. To have 1M-

Figure 6. The optimised bond distances and angles for formic acid with

basic cleavage on the TiO; (110) surface at § =1/2. C and O atoms for

HCO are represented in black (small circles for C) and H atoms are in

white. The O- - -H bond distances for the H-bonds are indicated with the
overlap population in parentheses.
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1M-bidentate
structure

2M-bidentate
structure

monodentate

structure

Figure 7. The adsorbed configurations of formate species.

monodentate requires to avoid the interaction of the car-
bonyl with the adjacent Ti site; thus the carbonyl has to
be oriented upward, away from the adjacent Ti. The
situation may be different on other oxides with larger
metal-metal distances. The O—O distance in the formate,
2.28 A (see figure 1), is short and the bridging mode
requires the metal-metal distance to be small [4]. The
bridging mode is favorable when the M—M distances are
2.98,3.0and 3.18 A in MgO(100) [6,7], TiO,(110) [4] and
ZnO(1010) [33] respectively. In contrast, the monoden-
tate coordination is preferred on the (0001)-Zn surface
of ZnO [8,34,35] where Zn-Zn=3.25 A and on
Zr0,(100) [36] where Zr—Zr = 3.64 A, the increase of
the O—C-0O angle would be too large.

On the polymer model, the singly-coordinated for-
mate anion is in the plane xy perpendicular to the poly-
mer plane and the unbound oxygen atom is oriented
towards the surface, stabilised by H-bonding with the
proton adsorbed (the H- - -O distance is 2.29 A and the
OP 0.009; the stabilisation represents 6.25 kcal/mol).
On the slab model, the oxygen atom is oriented upward,
away from the surface plane in order to prevent the
repulsion with the oxygen atoms from the perpendicular
polymer. The adsorption energy is inferior to that for the
basic cleavage in agreement with the gas-phase cleavages

Figure 8. Dissociative adsorption of formic acid with one function

adsorbed at § = 1. The HH distance is short but does not generate a

strong repulsion since the charge of H in the formate is nearly zero; the
HH overlap population is weakly negative, —0.018.

(see section 2). The situation is very similar to that for
the methanol adsorption [24]; the CO bond cleaves more
easily than the OH bond.

5.2.2. Two functions adsorbed on one metal site, the 1 M-
bidentate structure

In the 1M-bidentate structure, the two equivalent
oxygen atoms from the HCO; group are bound to one
titanium center. The adsorption energy, very small on
the polymer, is more important on the slab (110). Besides
the high reactivity of this face (see discussion in section
3), the formate ion benefits from two H-bonds with the
adsorbed protons. This adsorption mode is, however,
not competitive with other modes (table 1).

5.2.3. Two functions adsorbed on two metal sites, the
2M-bidentate structure

This is the most stable system. It has been experimen-
tally determined on the (110) face [4] at temperature
between 180 and 230 K. This is also the best adsorption
mode on many transition metal surfaces, Mo [37,38], Ru
[39], Rh [40], Ni [41], Pd [42], Pt [43], Cu [44-46] and on
(HCOO)4Cuy(NCS), cluster [47]. According to the
metal the dissociation of the formic acid may be
endothermic or exothermic. Shustorovich [48] has calcu-
lated the activation barriers of different signs. The for-
mate is always adsorbed with the n*> coordination, or
2M-bidentate structure [37,49]. Formate may be gener-
ated from several routes starting from methanol or
formaldehyde at low temperature on ZnO [9] or on tran-
sition metal catalysts [50].

On TiO,, the adsorption energy is larger than for
any other mode (see table 1), exceeding the sum of those
for the 1M-monodentate (dissociative adsorption) and
the monodentate through the carbonyl group
(molecular adsorption). The optimised geometry for this
structure is symmetrical and remains very close to that
of the formate ion in the gas phase (compare figure 9
with figure 1) in spite of an important TiO bonding
(OP = 0.078); relative to the formate anion in the gas

3.0065 A

Figure 9. The 2M-bidentate formate anion; on the slab dco =1.26 A,
6 =127° and drijo =2.15 A and on the polymer dco = 1.27 A, § = 126°
and dTiO =2.03 A
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phase, the CO bond is weakened (0.318 vs. 0.414). The
increase in reactivity when the result on the slab is com-
pared with that on the polymer, 69%, is inferior to those
for more basic adsorbates, NH3; or H,O [25].

This adsorption mode is general for other carboxylic
acids; the heat of adsorption of the acetic acid is
112.1 kcal/mol and 182.3 kcal/mol on the polymer and
the slab respectively. These values are comparable with
those of table 1 (slightly larger). The large adsorption
value is due to the use of two functions. Dicarboxylic
acids have more possibilities; indeed, for the oxalic acid
[23] the best adsorption mode corresponds to the oxalate
adsorption with two oxygens adsorbed from the two
acidic groups. The adsorption that involves the two oxy-
gen atoms from the same acidic group (that of the hydro-
gen oxalate) is also important even if the substituent
effect of the CO,H group leads to a value slightly smaller
than that of the formic acid.

6. Decomposition of formic acid

The best adsorption mode found so far is dissociative.
Then, the question is raised of a more drastic decomposi-
tion of the formic acid on the surface. At high tempera-
ture, it decomposes. This has been observed since 1911
[51]. According to Onishi et al. [4] the decomposition of
formates is ““popular on metal oxides’ [52] and, on the
TiO,(110) surface, the decomposition is complete at
570 K to leave the clean surface and a mixture of CO,
CO,, H,, H,O and HCO;H [3,4,53]. On other surfaces
[2,36], H,CO is also formed; it is not observed on
Ti(110). The local coordination around the reaction sites
is supposed to control the decomposition [4]. Ti(110)
favors dehydrogenation below 600 K, contrasting with
other TiO; catalysts [3]. Formate ions also decompose
on metal surfaces [48]. In contrast, on transition metal
complexes the reverse reactions are known. Formic acid
is the reaction product [50,54].

6.1. Gas-phase decomposition

The fragments may be inferred from the thermody-
namics of the gas-phase reactions. Formally, formic acid
can decompose according to the following processes:

HCOOH — CO + H,O AH .. = +6.9 kcal/mol

(AHy.. = +4.1; kecal/mol when the molecules resulting
from the dissociation interact),

HCOOH — CO,; + Hy AH.. = +13.7 keal/mol

(AH_ .. = +12.7 kcal/mol when the molecules resulting
from the dissociation interact). The reaction that leads
from one result to the other is the water—gas shift reac-
tion. The first reaction takes place on acidic oxides
whereas the second one, an oxidation-reduction reac-

tion that generates carbon dioxide is associated to basic
oxides [1,3]. From CO,, one can obtain bicarbonate and
carbonate species in the presence of water.

A third reaction, disproportionation, leads to the for-
mation of formaldehyde,

2HCOOH — CO, + H,CO + H,0
AH. = +12.5 kcal/mol.

Calculated enthalpies show that these reactions are
nearly athermic. With the PS-31G basis sets, they are
found to be slightly endothermic at variance with the
similar decomposition for oxalic acid [23]; the endother-
micity would be more pronounced if the acid was initi-
ally dimerised. At the MP2/631G* level [55], the
enthalpies are —5.1, +15.2 and +8.2 kcal/mol respec-
tively.

6.2. Decomposition on the TiO; surface

In order to estimate the enthalpies of these reactions
on the slab, we need the adsorption energies of each
product, H,, H,O, H,CO, CO,, CO calculated indepen-
dently on the slab at § = 1/2 (table 2). H,O adsorbs dis-
sociatively [21]. At 6 =1/2, CO [22] and CO, [56]
molecules adsorb in upright position above Ti atoms.
Hydrogen is dissociatively adsorbed, a proton on the
outmost oxygen atoms and a hydride on the exposed
titanium atom at 2.2 A. H,CO adsorption is dissociative;
HCO™ is adsorbed on the Ti site through the carbon
atom and a proton is adsorbed on the O site. The sum of
the adsorption energies of the products, FE,4(CO/
TiO; + H,0/Ti0;,)=161.4 kcal/mol, E,4(CO,/TiO;
+ H,/TiO;)=110.2 kcal/mol and %Eads(COQ/TiOZ
+ H,CO/TiO; + H,O/TiO;) = 132.2 kcal/mol are
inferior to that of formic acid so that the decomposition
of formic acid is not facilitated by adsorption on the
oxide. A similar conclusion was reached for the oxalic
acid [23].

Table 2
Heat of adsorption of the various compounds resulting from the
decomposition of formic acid on the (110) face. For H,, the adsorption
is dissociative with one hydrogen atom bound to a surface oxygen and
the other to the metal [63,64]. The molecular adsorption on the titanium
center is very weak, 2.2 kcal/mol, and that on the oxygen center is
slightly endothermic. H,CO adsorption is dissociative; the molecular
adsorption only represents 33.8 kcal/mol. HCO™ is adsorbed through
the carbon atom; this is better than through the oxygen atom by
37 kcal/mol contrary to calculated results on MgO [32] where HOC
binds through oxygen to Mg

Adsorbed system Adsorption energies (kcal/mol)
H;Oyiss 136.2
Cco 25.2
CO, 36.1
Hogiss 74.1
HCOOH 55 174.
H,COyiss 92.0
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AHg = +19.5 kcal/mol, (1)
HCOOH/TiO, — CO,/TiO; + H,/TiO,
AHg,. = +77.5 kcal/mol,  (2)
2HCOOH/TiO, — CO,/TiO; + H,CO/TiO,
+H,0/TiO; AHce = +96.2 kcal/mol.  (3)

The first reaction appears to be the most likely decompo-
sition. The coadsorption of water and carbon monoxide
can produce formic acid (reverse reaction (1)). ““Similar
reaction has been postulated on MgO. On non-reducible
oxide surfaces oxygen can only be introduced into react-
ing molecules by the reaction with adsorbed basic OH™
groups, e.g. reduction of CO on MgO surfaces [57]”.

The second reaction is an oxidoreduction on the sur-
face. The H, adsorption is weak since the binding of H to
a titanium atom is not very favorable. According to
Raupp and Dumesic [58,59] ““the titania surfaces are evi-
dently incapable of dissociating significant amounts of
molecular hydrogen”. H,; adsorbs and dissociates
mainly at defects sites on TiO,(110) [27]. We therefore
conclude that the decomposition of the formate does not
proceed by the formation of adsorbed hydrogen
(hydride) on the Ti site. The decomposition should arise
differently from a favourable coupling of the H (proton)
adsorbed on an oxygen site with the H of the formate
(removed as an hydride, but never adsorbed on a tita-
nium site). Bringing together the two H to 1.34 A has
been found not too repulsive for the 1M monodentate
species at # = 1. This mechanism is different from that
proposed by Noto et al. [60]. A possible motion s a tilt of

Figure 10. The tilt motion of the adsorbed formate; this motion brings
the hydrogen atoms close to each other.

the formate as proposed on ZnO(1010) [33], MgO(001)
[7]and ZrO,(100) [36] with a geometry even more favor-
able (see figure 10). The tilt is destabilizing by 5-18 kcal/
mol for tilt angles in the range 30°-60°; this represents 3—
10% decreases for the heat of adsorption. It raises to 42
kcal/mol for a 90° tilt. Next, a migration of the proton
hydroxyl appears weakly destabilizing: a motion that
keeps the OH distance constant and orients the proton
toward the hydrogen of the formate (the OH is tilted by
24° and rotated) costs 9.2 kcal and leads to a H- - -H dis-
tance of 1.77 A associated with a positive overlap popu-
lation (see figure 11). This intermediate remains more
stable than CO,/TiO; + H,/TiO, by 26.3 kcal/mol.

On TiO; the decomposition leading to dehydrogena-
tion is less favorable than on MgO, which is more basic.
The estimate for MgO to be compared with reaction (2)
is less endothermic:

HCOOH/MgO — CO,/MgO + H,

AH .. = +13.4 kcal/mol. (2b)

On MgO the heats of adsorption are weaker; dihydro-
gen is not adsorbed; the CO, adsorption is strong rela-
tively to other adsorbates and thus the endothermicity of
the decomposition is weak.

Hydrogenation of CO, to formic acid (reverse reac-
tion (2)) is known experimentally using late-transition-
metal complexes as homogeneous catalyst [50,54] and
has been the subject of theoretical analysis [61]. This
does not seem to occur on metal oxides.

Figure 11. The calculated intermediate for tilt of the formate and the
orientation of the proton hydroxyl toward the formate. View in per-
spective and top view.
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On TiO;(110), the third reaction does not seem to be
possible due to the weakness of the heat of adsorption of
the formaldehyde.

7.Summary

On the TiO;, (110) surface, formic acid is found to
cleave on the clean (110) surface. Despite the trends for
the gas-phase cleavages (the acidic cleavage is less
favorable than the basic cleavage), the formate ion is
formed. The main reason is that the adsorption involves
both oxygen atoms of the formate: the formate ion is
strongly adsorbed as 2M-bidentate species in agree-
ment with the experimental results [62]. The molecular
adsorption, which is less favorable, also involves two
different adsorption sites. This observation seems to
have a general character: when the adsorbate can
involve several sites of adsorption without excessive
distortion to adapt its geometry, this leads to the opti-
mal situation; in the co-adsorption of water and ammo-
nia, ammonia is similarly bound to the surface by three
bonds [25]. The comparison of the result on the slab
with that on the polymer shows a 69% increase. The
relative increase is rather moderate compared with
other molecules but represents an absolute increase
similar to that of NHj [25]. This high reactivity of the
(110) face is due to an enhanced acidity of the titanium
sites already found for H,O and NHj;. For the same
adsorption modes, heats of adsorption at § = 1/2 are
30% larger than at 6 = 1. The comparison between the
various adsorption modes is unaffected by the cover-
age.
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