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Gallia (gallium oxide) has been proved to enhance the performance of metal catalysts in a variety

of catalytic reactions involving methanol, CO and H2. The presence of formate species as key

intermediates in some of these reactions has been reported, although their role is still a matter of

debate. In this work, a combined theoretical and experimental approach has been carried out in

order to characterize the formation of such formate species over the gallium oxide surface.

Infrared spectroscopy experiments of CO adsorption over H2 (or D2) pretreated b-Ga2O3 revealed

the formation of several formate species. The b-Ga2O3 (100) surface was modelled by means of

periodic DFT calculations. The stability of said species and their vibrational mode assignments

are discussed together with the formate interconversion barriers. A possible mechanism is

proposed based on the experimental and theoretical results: first CO inserts into surface

(monocoordinate) hydroxyl groups leading to monocoordinate formate; this species might evolve

to the thermodynamically most stable dicoordinate formate, or might transfer hydrogen to the

surface oxidizing to CO2 creating an oxygen vacancy and a hydride group. The barrier for the

first step, CO insertion, is calculated to be significantly higher than that of the monocoordinate

formate conversion steps. Monocoordinate formates are thus short-lived intermediates playing a

key role in the CO oxidation reaction, while bidentate formates are mainly spectators.

Introduction

Hydrogen production for energy-related purposes is a major

task in catalysis nowadays. One of the most promising pro-

cesses for hydrogen production is steam reforming from

methanol (SRM): CH3OH + H2O- 3 H2 + CO2.
1,2 How-

ever, methanol decomposition occurs alongside with the main

reaction and it is responsible for the production of CO in the

system.

Both the SRM reaction and its reverse, methanol synthesis

from H2 and CO2, can be efficiently accomplished over

palladium–gallium oxide (gallia)-based catalysts.3,4

The mechanisms for methanol decomposition and methanol

production from CO2 have been studied by some of us.
5,6 The

key intermediate in these two reactions was proposed to be the

formate surface species (HCOO�), which can be either decom-

posed to carbonate and Ga–H to finally desorb as CO2 and

H2, or be hydrogenated stepwise to methylenebisoxy, methoxy

and methanol.5,6 It was suggested as well that the presence of

gallium oxide also favours the reverse WGSQ3 reaction (CO +

H2O- CO2 + H2) via formate intermediates.
7

However, several formate species coexist or can be formed

under reaction conditions, and some of them suffer intercon-

version.5 The role of formate species as potential reaction

intermediates in the WGS reaction has been the subject of a

renewed debate in the recent literature. The main work has

been focused on noble metal catalysts supported on ceria. Two

main reaction mechanisms have been proposed for the WGS

reaction over these ceria-based materials:8,9 (i) a redox me-

chanism, where CO(g) adsorbs on metal sites to form a

carbonyl species, which then reacts with an oxygen atom

coming from the ceria to form CO2 (the reduced ceria is

subsequently reoxidized by water and hydrogen is produced

as a result), as follows:

CO + OLattice-CO2 + & (&: oxygen vacancy)

& + H2O- H2 + OLattice;

and (ii) a non-redox mechanism, where it was concluded that

the main reaction intermediate is a bidentate formate pro-

duced by reaction of CO with terminal hydroxyl groups on the

ceria surface (this formate species was thought to decompose

into H2(g) and CO2(g) via surface carbonate groups), as

summarized in the following steps:

CO + OH- HCOO + OLattice

HCOO- 1
2
H2 + CO2 + &

H2O + &- OH + 1
2
H2.

Based on DRIFTS analyses combined with the utilization of

isotopic tracers, Meunier’s group showed, on a Pt/CeO2

catalyst, that formates were less reactive than carbonyl and

carbonate species under steady-state conditions.8 More re-

cently, the same research group concluded, from the analysis

of the formate exchange curves between 428 and 493 K, that at

least two levels of reactivity were present.10,11 ‘‘Slow formates’’

displayed an exchange rate 10- to 20-fold slower than that of
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the reaction product, CO2, and ‘‘fast formates’’ which were

exchanged on a time scale similar to that of CO2. However, a

discussion taking into consideration the presence of different

types of surface formate groups is so far absent in those

pictures.

Thus, it seems clear that many aspects regarding the struc-

ture and reactivity of formates are still not well understood, in

particular their role as intermediates, or spectators, in the

WGS reaction. For this reason we have performed a combined

theoretical and experimental investigation of the stability of

formate species on the pure Ga2O3 surface. We have focused

on the characterization of the adsorption mode and the

relative stability of the different types of formates obtained

from the reaction: CO + OLatticeH
� - HCOO�. A possible

mechanism for formates interconversion and oxidation to CO2

is proposed based on the experimental findings and the

calculated reaction barriers.

Methodology

Computational details

The Perdew–Burke–Ernzerhof functional has been used to

compute total energy calculations as implemented in the

VASP code.12,13 The core electrons are kept frozen and

replaced by projector augmented wave generated (PAW)

pseudopotentials while the valence electrons are described

with a plane-wave basis set (cutoff = 400 eV). The valence

electrons explicitly treated are the following O: s2p4, Ga: s2p1,

C: s2p2, H: s1. A 3 � 3 � 1 Monkhorst–Pack sampling in the

Brillouin zone is used; this scheme gives converged total

energies within 0.010 eV, and surface energies within 0.005 J

m�2. Geometry optimizations are carried out with the con-

jugate-gradient algorithm. Harmonic frequencies were calcu-

lated with the finite differences method as implemented in

VASP; the structures are checked to be minima in the potential

energy hypersurface. The reaction barriers for interconversion

of different species are determined by constrained optimiza-

tion algorithms (nudged elastic band, NEB) as implemented in

the code.14

The (100) surface is thermodynamically the most stable

plane of the b-Ga2O3 crystal structure;
15 it has been modelled

by a slab containing 4 Ga2O3 layers (see Fig. 1). The surface is

terminated by tetrahedral Gat, uncoordinated octahedral Ga-

cus, and three-fold oxygen O3f atoms. A 2 � 1 unit cell is employed,

with dimensions 6.00 � 5.75 � 20 Å3, leaving a vacuum layer

of B10 Å between successive slabs. For the structure char-

acterization all the atoms are allowed to relax; for the transi-

tion states only the uppermost 2 Ga2O3 layers together with

the adsorbate are allowed to relax. The surface is terminated

by tetrahedral Gat, coordinatively unsaturated octahedral

Gacus, and three-fold oxygen O3f atoms.

Experimental details

b-Ga2O3 phase, with a Brunauer–Emmett–Teller surface area

equal to 64 m2 g�1, was synthesized following the procedure

previously reported by some of us. A self-supported wafer of

the gallia sample was placed into an infrared Pyrexs cell with

water-cooled NaCl windows, which was attached to a con-

ventional manifold system. After an in situ cleaning pretreat-

ment of the wafer (heating under O2 up to 723 K), the sample

was activated at 723 K by flowing H2 (or D2) through the cell

at atmospheric pressure, then cooling down to 298 K under

vacuum. Next, pure CO (100 cm3 min�1) was admitted into

the IR cell and the temperature was increased from 298 to 723

K. All the treatments were done at 0.1 MPa. In situ infrared

spectra were taken using a Shimadzu 8210 FT-IR spectro-

meter employing a deuterated L-alanine doped tri-glycine

sulfate (DLATGS) detector.

Results and discussion

A suitable analysis regarding formate(s) formation on the

gallia surface can be done by considering CO adsorption
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Fig. 1 The slab model used in the calculations. Coordinatively

unsaturated octahedral Gacus, tetrahedral Gat and three-fold oxygen

O3f atoms are exposed on the (100) b-Ga2O3 surface.
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and reactivity. The adsorption of CO on a bare, dehydroxy-

lated Ga2O3 surface is found to be very weak: it is not detected

in experiments and the energy stabilization is calculated to be

of 0.02 eV. Conversely, formate species are generated by CO

insertion on OH surface groups on a wide range of hydro-

xylated metal oxides (for example, ZnO, Al2O3, TiO2, V2O5,

Fe2O3, ZrO2 and CeO2
16–19). The formation and decomposi-

tion of HCOO� species on gallium oxide proceeds as shown in

the following scheme:

The first step involves the insertion of CO in the OH bond

leading to the formation of a formate species. This reaction

proceeds without electron transfer and needs the presence of a

hydroxyl group. Subsequent steps involve the oxidation to

CO2 and its desorption, leaving an oxygen vacancy on the

surface.

We have focused on the characterization of the formate

species coming from the CO insertion in the OH group. The

presence of hydride and hydroxyl groups has been detected in

IR experiments after H2 adsorption.
20 Such pairs H�/H+ are

stabilized on irreducible metal oxide surfaces (MgO, ZnO), at

variance to reducible transition metal oxides (TiO2, V2O5)

where no hydride but only hydroxyl groups are found after

hydrogenation.21,22

Computational modelling

The system considering formal adsorption of H2 as H
�/Gacus

+ H+/O3f has been modelled. The calculated adsorption

energy is �2.25 eV, indicating an exothermic process with

respect to atomic hydrogen. At this stage we did not consider

terminal or bridging hydroxyl groups that can be originated at

defects or through a different mechanism. The 2 � 1 unit cell is

shown in Fig. 2: it contains two Gacus, one of them capped by

a H atom, and a O3f–H group, together with Gacus and O3f

available for reactivity.

Carbon monoxide insertion in the OH bond was considered,

leading to four formate structures which are shown in Fig. 3.

The insertion of CO in the OH bond is exothermic for all the

structures. The most stable system is II, which corresponds to

a dicoordinate formate, stabilized by the formation of two

Ga–O bonds. The adsorption energy with respect to CO and

the hydrogenated surface is �0.82 eV. Structure IV is 0.32 eV

less stable in energy; it corresponds to the insertion of CO into

the lattice O3f–H group. Structure I is a monodentate formate

that could be formed by rearrangement of structure IV: the

lattice oxygen is abstracted and the hydride tilts to occupy the

vacancy. Structure III involves a dicoordinate formate bonded

to one gallium site; it is 0.47 eV less favourable than the

dicoordinate formate II and evolves to the latter upon opti-

mization. Note that a hydride species is always present in the

models, in some cases occupying a lattice oxygen vacancy (I, II

and III). The barriers for the interconversion of such formate

species are calculated and discussed below.

The harmonic frequencies calculated for the four structures

are reported in Table 1 (see next section for experimental

data). The calculation of intensities is not implemented in the

code. The formate stretching modes are located around 1600

cm�1 (COO asymmetric) and 1300 cm�1 (COO symmetric).

The vibrations around 3000 cm�1 and 1300 cm�1 are assigned

to the C–H stretching and bending modes, respectively. Hy-

dride groups (Ga–H) are found to vibrate at values of 1900

cm�1, that is at 100 cm�1 lower than the experimental value

(B2000 cm�1),20 which is found for metal-H frequencies

calculated by DFT.23

Infrared spectroscopy

Because the spectra in the hydroxyl IR region (3700–3000

cm�1) were opaque, by the interference of gaseous water from

the environment (i.e. outside the IR cell), the Fig. 4 shows the

infrared spectra during the temperature-programmed adsorp-

tion of CO (101.3 kPa) on b-Ga2O3 previously activated under

molecular deuterium. The IR spectra show that, as the in-

tensity of the OD bands (at 2800–2600 cm�1) decreased from

448 K, new overlapped bands developed in the 1700–1300

cm�1 region. The same spectroscopic behaviour was observed
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Fig. 2 Hydrogenated slab model. After H2 adsorption Ga–H and

O–H groups are formed. Uncoordinated Gacus and three-fold oxygen

O3f atoms are exposed, Gao stands for a H-capped Gacus.
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over the hydrogen-activated b-Ga2O3 (that is, gallium oxide

activated under H2) upon due consideration, vis-à-vis the

isotopic shifting of the respective bands. A detail of the IR

spectra at 623 K, that is at the highest total surface formate

concentration (mainly type II and III formates, see below),

together with the partial assignments of the vibrational modes

of HCOO� (DCOO�) and Ga–H (Ga–D) groups on the gallia

surface are shown in Fig. 5.

The position and relative intensity of the new set of bands in

the 1700–1300 cm�1 region refers to formate groups as fol-

lows: the most intense bands at approximately 1600 and 1330

cm�1 correspond to the asymmetric and symmetric stretching

mode of the COO group [nas(COO) and ns(COO)], respec-
tively, of the HCOO� species.5 It is clear that these bands

shifted no more than �30 cm�1 for the deuterated formate

species (Fig. 5).5 Meanwhile, the bending mode of the CH

group [d(CH)], which showed up at approximately 1360 cm�1,
was strongly affected by the isotopic exchange and shifted to

993 cm�1 (not shown), that is, by a factor of 1.37, in agreement

with the expected theoretical ratio of 1.36 [d(CH)/d(CD) =
(mCD/mCH)

1/2, where mCD and mCH are the reduced masses of

CD and CH, respectively].5 Simultaneously, two weak bands
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Fig. 3 Different formate groups calculated over the b-Ga2O3 (100) surface: mono- (I), di- (II and III), and tri-coordinate (IV) species. Between

parentheses, the relative energy with respect to CO + Ga2O3–H2, in eV; latt stands for lattice oxygen.

Table 1 Calculated and experimental harmonic frequencies for the formate (HCOO�) species

Vibrational mode

Infrared frequencies of formate species/cm�1

I II III IV

Calcd Exptla Calcd Exptla Calcd Exptla Calcd Exptla

C–H stretching 2923 2910 2973 2915 3011 2895 3062 n.d.
COO asym stretching (nas) 1634 1665 1538 1580 1581 1600 1624 n.d.
C–H bending 1341 1350 1354 1385 1250 1355 1294 n.d.
COO sym stretching (ns) 1252 1305 1310 1369 1324 1332 1187 n.d.
Dn = nas � ns 382 360 228 211 257 268 437 —

a Average values obtained from the whole set of IR spectra between 448 and 723 K, during the temperature-programmed adsorption of pure CO

(100 cm3 min�1, 0.1 MPa) over a b-Ga2O3 sample previously activated in H2 (see the experimental section for operational details). n.d.: not

detected.
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assigned to the n(CH) [B2900 cm�1] and the combination of

the nas(COO) + d(CH) modes, were also noticeable in the

spectrum obtained at high surface formate concentration (see

Fig. 5). Yet, the isotopic shifting in this last two cases could

not be measured under the temperature programmed CO

adsorption experiments because of the very low intensity of

the nas(COO) + d(CD) signal, and the overlapping between

the n(CD) peak and the n(CO) band of DCOO� and gaseous

CO, respectively.

It should be notice that (bi)carbonate species were not

detected under our experimental conditions. In a deep infrared

study of the carbon dioxide adsorption of different gallium

oxide polymorphs, some of us have shown that (bi)carbonate

groups develop several bands in the 1800–1200 cm�1 region.24

However, those (bi)carbonates were really unstable, that is,

only polydentate carbonates is still present under vacuum

(base pressure = 10�6 Torr) but they decompose under

heating (4373 K). Moreover, carbonate groups should not

show any isotopic shifting after reacting CO with OD surface

species, because no hydrogen (or deuterium) bond is involved

on CO3
�

Q4. Thus, this is a further piece of evidence that the

bands observed in the 1700–1300 cm�1 region do not belong to

carbonate groups.

Then, it is evident that more than one peak for each infrared

mode of formate are present in the spectra, which means that

HCOO� groups with different coordination coexist on the

gallia surface. Certainly, the distinction among these different

surface coordination formate species is not an easy task owing

to the IR signal overlapping. Fig. 6 shows a correlation chart,

which was built by compiling the experimental IR signals of

different formate species over several metal oxides and orga-

nometallic complexes.16–18,25–41 According to Busca and Lor-

enzelli,17 formate species can be distinguished from each other

by the band splitting of the asymmetric and symmetric COO

stretching modes [Dn(COO) = nas(COO) � ns(COO)]. After
comparing the frequency location of the nas(COO) and

ns(COO) of formate metallic complexes whose structures were
determined by X-ray diffraction, it was possible to establish

the following Dn(COO) progression for the monodentate (type
I), bidentate (type III) and dicoordinate (type II) formate

species, respectively: type I 4 type III Z type II.17 In our

case, and computing the Dn(COO) from average n(COO)
values, this last trend is identical: 291 cm�1 (type I) 4 223

cm�1 (type III) 4 208 cm�1 (type II). However, the range of
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Fig. 4 Thermal evolution of the IR spectra during the CO adsorption (760 Torr CO) over a b-Ga2O3 surface activated under D2 at 723 K.

(Background subtraction: clean wafer at each temperature, under vacuum.)

Fig. 5 IR spectra of adsorbed HCOO� (DCOO�) and Ga–H (Ga–D)

groups on b-Ga2O3 activated in H2 (A) or D2 (B), upon CO adsorption

(760 Torr CO) at 623 K.
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positions of the nas(COO) and ns(COO) bands for all of these
three types of formate are overlapped (see Fig. 6), and a clear-

cut discernment among them is very difficult from experimen-

tal data alone (that is, by merely comparing reported experi-

mental band positions and/or performing isotopic exchange

experiments). Even more, some of us have misinterpreted the

bidentate formate IR signal in the past.5,6 The theoretical

calculation of the vibrational frequencies by DFT presented

here sheds additional light on the assignment of formate

species. Thence, the calculation makes it possible to discrimi-

nate among type I, II and III formates on gallium oxide, as

presented on Table 1.

The different surface formate species (mainly, types II and

III, and traces of type I) reached a maximum at approximately

573 K (see Fig. 4), where a band attributed to the Ga–D

stretching mode showed up [n(Ga–D) = 1430 cm�1]20 and

increased its intensity up to 698 K. However: (i) type I species

could only be detected in a short range of temperature

(573–598 K), and (ii) at the highest temperature, that is 723

K, only the type II formate species remains over the gallia

surface.

At 623 K type I formate is no longer detected and (assuming

similar extinction coefficients) a much smaller amount of

formate III is still present, as compared to the type II species

(see Fig. 5). That is, similar stability of type I and III formates

is observed, being the formate II the most stable species. The

inset in Fig. 6 displays—after subtracting the intense band of

gaseous CO—the Ga–H stretching signal at approximately

2000 cm�1, in accordance with previous results.20 The experi-

mental ratio of the n(Ga–H)/n(Ga–D) frequencies was equal to
1.39, in agreement with the expected theoretical ratio of 1.40

for the H–D isotopic exchange of Ga–H species.20

Therefore, these results suggest that CO reacts with the

surface OH groups towards formate species with different

thermal stability, being the dicoordinate (type II) formate

the most stable oxycarbonaceous species. So, in an effort to

improve the picture about the coexistence and the band

assignment of the different types of formate species, an extra

IR experiment was run by feeding the IR cell with a flowing

mixture of CO2 and H2 (H2/CO2 = 3, 140 cm3 min�1) at 0.1

MPa, that is, under reverse water gas shift reaction conditions

(CO2 + H2 = CO+H2O). The b-gallia sample was activated
under O2 and H2, as previously described in the experimental

section. Next, the temperature-programmed reverse WGS

reaction was studied over the b-gallium oxide wafer using

H2/CO2 = 3. Under these experimental conditions the best

signal-to-noise ratio for the monodentate formate was

achieved at 573 K. Fig. 7 shows the IR spectrum of the

formate region and the complete assignment of the vibrational

modes of type I, II and III formates only in one spectrum

(spectrum A). For comparison purposes spectrum B, corre-

sponding to the CO adsorption on gallia at the same tempera-

ture, is also included.

It is reasonable to conclude, then, that the measured IR

frequencies for the different formate species are in good
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Fig. 6 Experimental IR vibrational frequency correlation chart of different types of formate species over several metal oxides and organometallic

complexes [comb1 stands for nas(COO) + d(CH) and comb2 stands for ns(COO) + d(CH)]. The compiled data correspond to monodentate (type
I), dicoordinate (type II) and bidentate (type III) formate species.17–19,23–39 The light-grey regions indicate the range for the reported vibrational

frequencies, while the dark-grey regions correspond to the overlapping between two neighbour light-grey regions, that is, between two vibrational

modes of the same type of formate.

Fig. 7 IR spectra of formate species I, II, and III at 573 K on b-
Ga2O3 (activated in H2 at 723 K): (A) under a flowing mixture of

hydrogen and carbon dioxide (H2/CO2 = 3, 140 cm3 min�1; 0.1 MPa);

(B) upon CO adsorption (760 Torr CO).
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agreement with those predicted by the DFT calculations

(Table 1).

Nevertheless, no experimental evidence for the tricoordinate

(type IV) formate was found under any of the experimental

conditions employed here, which confirms that formate IV is

the most unstable species on the gallia surface.

Truly, some reaction intermediates are usually difficult to be

found due to their low concentration, low stability and/or high

reactivity, while spectators (namely, stable and/or not active

species) are frequently observed instead, and sometimes erro-

neously assumed as true reaction intermediates.42,43 As a

consequence, relevant catalytic and kinetic information may

escape spectral ‘capture’, and inappropriate spectral interpre-

tation might be conducive to deficient reaction pathways. In

our case, for instance (and to circumvent this frequent hurdle),

it is apparent that the evolution of surface formate species

must be followed by using the IR signals in the 1700–1300

cm�1 region instead of the C–H stretching region, where no

distinction among formate groups can be performed whatso-

ever.

Formate interconversion

The barriers for the interconversion of the different formate

species have been calculated. A reaction path connecting the

different structures has been constructed for the hydrogenated

model, and is shown in Fig. 8.

The first step is the CO insertion into the surface OH group

leading to the three-fold coordinated formate (species IV). The

barrier calculated for the corresponding transition state is 2.11

eV. Next, the formate evolves to monocoordinated (species I)

by the abstraction of lattice oxygen, the vacancy being filled by

the hydride group. The H atom is now closer to the Gat site,

leaving a Gacus. The barrier for this process is 0.77 eV.

Structure I could then rotate and form any of the dicoordi-

nated formates II (dicoordinate) or III (bidentate). We were

not able to find a saddle point for such processes; if it existed it

would be (in either case) lower in energy than the other

barriers involving breaking/forming bonds. Monocoordinated

formate could then oxidize to CO2 by an H-transfer to a lattice

oxygen.

The calculated barrier of 2.11 eV found for the CO insertion

into the surface OH group is indeed very high. This might be

due to the coordination of the surface hydroxyl group, which

is three-fold in the model used. For the sake of completeness

we have calculated the barriers in a model containing a

monodentate hydroxyl group. The model used is equivalent

to the hydrogenated model (Fig. 2) where the hydride group is

replaced by an OH group, which is formally a water molecule

dissociated as OH�/Gacus + H+/O3f. The corresponding

reaction paths and energy diagrams are displayed in Fig. 9.

The energy barrier for the CO insertion into this singly

coordinated hydroxyl group is 1.78 eV, which is significantly

lower than the value obtained for the three-fold coordinated

one. This indicates that the CO insertion process takes place

on the terminal hydroxyl groups rather than on the many-fold

coordinated. The so-formed monocoordinate formate, I-bis, is

stabilized by a hydrogen bond to the surface. The subsequent

conversion to the most stable dicoordinate formate II-bis takes

place through a barrier of 0.54 eV. We have also calculated the

barrier for the oxidation of the monocoordinate formate to

CO2, which is 0.82 eV. This process occurs via the hydrogen

transfer to a surface gallium site forming a hydride group and

a surface oxygen vacancy.

According to these results, the rate-limiting step is the

insertion of CO in the surface hydroxyl group. The high

barrier explains the absence of reaction between CO and gallia
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Fig. 8 Reaction path for the interconversion of the different formate

species (see Fig. 3), barriers in eV. Inset: transition state structures,

distances in Å. Hydrogen atoms are indicated with a thick arrow. Olatt:

lattice oxygen, Gat: tetrahedral site.

Fig. 9 Reaction path for the interconversion/decomposition of the

different formate species on a monocoordinate hydroxyl-covered sur-

face (HOH–Ga2O3), barriers in eV. Inset: transition state structures,

distances in Å. Ovac: oxygen vacancy.
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at low temperatures, as it was observed experimentally. Once

this barrier is overcome, the evolution to a monodentate

formate takes place. Further conversion to dicoordinate for-

mates proceeds with a significantly lower barrier to species III

(isoenergetic), and species II and II-bis (the most stable).

Infrared experiments indicate the presence of both species II

and III, which are accumulated up to high temperatures. The

low intensity of the IR bands assigned to species I can be

explained by the rapid transformation to the most stable

species, type II. Therefore, the monodentate formates are

short-lived intermediates due to (i) a high activation energy

for their formation and (ii) a lower barrier for intercorversion/

decomposition to CO2. This behaviour has been observed in

other metal oxides (see for instance ref. 44).

However, type II species disappear at higher temperatures.

This might be due to the conversion to species I and subse-

quent oxidation to CO2. The monocoordinate formate would

then be the key reaction intermediate in the CO oxidation

while dicoordinated formates would mainly be spectators. The

monocoordinate formates II would ultimately be consumed by

transformation to monocoordinate I and further oxidation.

Note that the calculated barriers, even considering mono-

coordinated surface hydroxyl groups, are high (1.78 eV).

Experimentally it is observed the formation of formates at

200 C, which would correspond to lower barriers. This dis-

agreement might be due to the presence of more reactive

hydroxyl groups (as in defects, nests or more reactive sur-

faces). Also, the calculated values could be overestimated by

the DFT method used: it is known that the values of energetic

barriers strongly depend on the exchange–correlation func-

tionals employed. Overall, the mechanism proposed, despite

the high values found for the CO insertion step, is coherent

with the observed data.

Conclusions

The interaction of CO with surface hydroxyl groups leads to

the formation of stable formate species as confirmed by

infrared spectroscopy and periodic DFT calculations. The

dicoordinate formate bonded to two uncoordinated gallium

sites is found to be the most stable species. The corresponding

IR vibrations of the formate species have been calculated and

compared to experimental assignments with good agreement.

A possible mechanism for formate interconversion and oxida-

tion to CO2 is proposed based on the experimental data and

calculated energetic barriers. The first step consists in the CO

insertion into a surface OH group leading to a monocoordi-

nate formate, with a barrier of 1.78 eV for a monocoordinate

hydroxyl species. Next, the monocoordinate formate rotates to

form a bidentate formate which is the most stable species. This

process is associated to a calculated barrier of 0.54 eV. The

monodentate formate may also oxidize to CO2 with a hydro-

gen transfer to a surface gallium site, forming a hydride group

and an oxygen vacancy. The calculated barrier for this process

is 0.82 eV. This mechanism explains the observed trends in IR

experiments: formation of formates at 200 1C (the insertion of

CO into hydroxyl groups possesses the highest calculated

barrier and is the rate limiting step), type II formates accu-

mulate (and are assigned to dicoordinate species) at higher

temperatures, at 673 K the signal disappears (dicoordinate

species reconvert to monocoordinate and oxidize to CO2) and

a Ga–H band appears (hydride groups are formed by H-trans-

fer from monocoordinate formate to gallium surface sites).

The monocoordinate formate would thus be a short-lived

intermediate in the oxidation of CO in agreement with the

small signal observed in the IR spectra, while dicoordinate

species would be mainly spectators.
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