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Highlights
e Highest activation barriers for reactions with significant geometric differences
between initial and final configurations were found.
e The presence of superficial O vacancies promotes surface reactivity in the
formation of intermediate species.
e Our results on surfaces with oxygen vacancies, especially ZnO (0001)vacO, are
in line with current interest on these substrates in catalysis applications.
e Traditional BEP relationship (AEact vs AEreac) did not allow a good correlation
to predict activation energy barriers.
e BEP relationships referred to the initial and/or final states, allowed to
accurately find activation energy barriers.

Abstract

A systematic theoretical study of the consecutive hydrogenation reactions of the
CO molecule for the methanol synthesis catalyzed by different oxides of Zn, Ce and
Ga is reported in this work. First, the CO hydrogenation with the formation of
formyl species (HCO) was analyzed, followed by the successive hydrogenations
that lead to formaldehyde (H2CO), methoxy (H3CO) and, finally, methanol (H3COH).
The co-adsorption with H, in almost all the intermediate species, allows the
corresponding hydrogenation reaction. Oxygen vacancies promote the reactivity in
the generation of both formaldehyde and methoxy species. The formation of these
species involves an important geometric difference between the initial and the
final states, leading to high activation barriers. Comparing the surfaces studied in
this work, we found that ZnO (0001)vacO has shown to be of a greater interest for
methanol synthesis. However, the foregoing is not the most relevant of our results,
but, instead, that the Bronsted Evans Polanyi (BEP) relationships between the
initial or the final states and the transition states (TS) allowed to find a very good
correlation between surface structure and reactivity.
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Introduction

Catalysts are used to increase the rate of a given chemical reaction. Despite the
fact that the catalyst does not enter into the overall stoichiometric balance, its
accelerating effect is generally due to the creation of an alternative reaction
pathway- usually multistep -, which is characterized by a lower activation energy.
Appropriate selection of the catalyst and reaction conditions make it possible to
lead the reaction along a preselected pathway to yield the required product(s). The
selectivity of a given catalyst depends mainly on the type of intermediates formed,
and on their interactions with the surfaces exposed to the reacting media.

Nowadays the methanol synthesis, starting from CO/CO2/H2 gas mixtures, is a
very important catalytic process [1]. Methanol, which is technological and
industrially relevant for the synthesis of several chemical compounds, is expected
to play a key role in the next generation of renewable energy sources to be used in
fuel cells [2,3] and, also, as an intermediate for Hz storage and transportation.
Efficient dissociation of the H2z molecule is usually carried out by a highly dispersed
metal supported on a metal oxide, onto which - in most cases- CO hydrogenation
proceeds.

In a recent study, Kattel et al. [4] made a direct comparison between the
activity of two model catalysts, ZnCu and ZnO/Cu, to obtain more insight about the
performance of the contemporary industrial catalyst for methanol synthesis,
composed by Cu/Zn0O/alumina, which is not as efficient as it would be desirable.
By combining x-ray photoemission spectroscopy, density functional theory, and
kinetic Monte Carlo simulations, they found a synergic effect in an interface made
by ZnO/Cu that will enable the design of new catalysts which will save energy by
working at lower temperatures and pressure.

Stampfl et al. [5] studied the reactivity and reaction pathways of various
intermediates during the synthesis of methanol on thepolar ZnO (0001) surface by
performing DFT calculations. They investigated the effect of surface coverage and
found that a low coverage is energetically more favorable. The ZnO (0001) surface
with oxygen vacancies was studied by Kiss et al. [6] to characterize molecular
adsorption during methanol synthesis. They found that O defects are active sites
for both CO and H2 activation. CO interacts strongly with oxygen vacancies on the
ZnO (0001) surface, in particular at F2* sites. When ZnO is used as the catalyst
support, there are still some unanswered questions about the reaction mechanism
that yields methanol. Under high-pressure conditions, methanol is formed from CO
on Cu-free ZnO catalysts [7], but some experimental data indicate that CO2 is the

primary carbon source for generating alcohol on Cu/Zn0/Al203 [8].

Likewise, in the last few years, there have been many studies of several aspects
of bulk ceria and the reactivity of ceria surfaces, from both theoretical and
experimental perspectives [9-19]. Fabris et al. studied the adsorption and

oxidation of CO on CeO2 (111) and (110) by means of DFT+U calculations. They
found that the CO molecule is physisorbed on the (111) face and chemisorbed on



the (110) face of ceria [20]. The authors attributed this behavior to the formation

of intermediate COx complexes.

Several workers have been suggesting different reaction pathways to obtain
methanol via hydrogenation of CO and CO:z [6,21-26]. It is well known that the
alcohol synthesis on oxides proceeds following different reaction mechanisms than
onto metallic surfaces. Experiments with tracer isotopes have made it clear that
under commercial conditions for synthesizing methanol from CO/CO2/H2
mixtures, 70% of the preferred source of carbon -at least in the case of Cu-based
catalyst - comes from COz [8,27,28]. Therefore, the CO2 molecule would appear to
be a more important carbon source than CO for the alcohol synthesis on these
materials. Nonetheless, Yang et al. studied the methanol synthesis with CO/CO2/Hz
mixtures on Cu based catalysts by means of Fourier Transform Infrared (FTIR)
spectroscopy and found that the main carbon source was not exclusive of CO or
CO:2 but, rather, it depended on operating temperature. For elevated temperatures
(higher than 453 K) CO2z was the main source of carbon, whereas at lower

temperatures (lower than 453 K) the carbon source was CO.

Considering the importance and desirability of having catalytic processes able
to operate at low temperatures, and the fact that the commercial synthesis of
methanol still take place around 523 K, the interest of the present paper is
oriented to the hydrogenation of CO to methanol on different oxides of Zn, Ce and
Ga. The latter oxide was chosen because of recent reports about its excellent
performance as promoter of active, and selective novel catalysts for methanol
synthesis from carbon oxide(s) mixtures [29,30].

The systematic analysis of the relative capacity of the studied oxides to carry
out the synthesis of methanol from the CO and Hz molecules represents a tool for
both the design of new catalysts and the improvement in silico of their
performances. So, the primary aim of this article is to quantify the reaction
energies and activation barriers involved in the successive CO hydrogenation
reactions that occur until the formation of methanol. In this way, our first goal is to
be able to identify the best oxide surface to improve the selective hydrogenation of
the carbon oxide. Following the systematic study of the adsorption of Hz, CO and
CO:z species on the same surface oxides reported by Reimers et al. [31], this work
was also undertaken to help in providing a firm foundation for novel process
development in methanol synthesis from carbon oxides, steam reforming of
methanol for hydrogen production, and/or the water-gas shift reaction.



Computational details

Spin polarized density functional calculations (DFT) for periodic supercells
representing different oxide surfaces were performed using the Vienna Abinitio
Simulation Program (VASP, version 5.2.11). The projector augmented wave (PAW)
method [32] was used to represent the interaction between the valence electrons
and the atomic cores considering explicitly the Ce (4f, 5s, 5p, 5d, 6s), O (2s, 2p), C
(2s,2p), and H (1s) electrons as valence states. The one-electron states were
expanded on a plane-wave basis set with a kinetic cutoff energy of 415 eV. A
proper Monkhorst-Pack grid of special k-points was used for all calculations [33].
Said calculations have been carried out using the PW91 [34,35] form of the
Generalized Gradient Approximation (GGA) corrected with the so called on-site
Hubbard parameter (U) [36]. GGA averages the exchange correlation of the
electronic interaction, but does not correct the non-physical interaction of
electrons derived from classical Coulomb interelectronic repulsion. When the
CeO2x with reduced Ce atoms is studied, the Ce-4f strongly localized band is
partially occupied and therefore DFT describes poorly the electronic structure.
Then, considering the strong localization of the 4f electrons at Ce*3, all calculations
were done using the local density approximation (LDA + U) to obtain the optimal
geometry of the systems and the generalized gradient approximation (GGA + U) in
order to calculate the energy and charge values, where U is the Hubbard parameter
that penalizes double occupation of the 4f orbital [36,37]. The optimal values of the
Hubbard parameters selected by the LDA + U and GGA + U calculations were U = 5
and U = 3, respectively, in agreement with previous DFT studies [15].

Taking into account that dispersion effects on these systems were negligible,
these calculations were done without van der Waals correction.

The Zero Point Energy (ZPE) corrections in the hydrogenation energies of CO,
CHO, CH20 and CH30 were analyzed. The differences found between the
calculations with and without these corrections were negligible (lower than 0.005
eV). For this reason, it was possible to neglect these corrections in our results.

Climbing-image Nudged Elastic Band method (CI-NEB) [38] implemented in the
VASP code was used to search the pathway of the minimum energy between the
reactants and products. This method involves performing successive calculations
to find the true transition state. The initial and final states were verified with all
values of real vibrational frequencies and the transition states were verified
obtaining a single imaginary vibrational frequency. This imaginary frequency must
be associated to the movement of atoms within the meaning of reaction pathway.

Models

The oxide surfaces analyzed in this work were: Zn0O(0001) (Fig. 1A),
Zn0/Ce02(111) (Fig. 1B), Ce02(111)(Fig. 1C), Ce02(331) (Fig. 1D), and Gaz03(100)
(Fig. 1E). For the cases of ZnO (0001), CeO2 (111) and Ga203 the respective
surfaces with O vacancies were also studied, from now on named as
Zn0(0001)vacO, Ce02(111)vacO, and Ga203(100)vacO, respectively (not shown in



Fig. 1). All al them were selected because they are the most stable crystal surfaces
[39-48]. In addition, the polar ZnO (0001) surface was selected due to its relevance
to both methanol synthesis and the water-gas shift reaction [5]. Lastly, a
monolayer of ZnO on Ce02(111) was analyzed, to compare its reactivity with those
of the pure oxides. The ZnO monolayer was placed on an optimized slab
representing the CeO2(111) surface. This monolayer was geometrically relaxed,
together with the three nearest layers of CeOs.

The size of the cell used to model the surface is determined by the size and
shape of the molecule to be adsorbed and the surface coverage to be studied. In
this work, the perfect surfaces of CeO2(111) and CeO2z(111)vacO were represented
by 2x2 slabs with 9 atomic layers, allowing the relaxation of the three uppermost
layers. The perfect surface of CeO2(331) was represented by a 2x1 slab with 18
atomic layers, and ZnO was represented by a 3x3 slab with 9atomic layers, being in
these cases six and three uppermost layers relaxed, respectively. Finally, a slab
with one layer of ZnO over the slab of Ce02(111) was built to represent ZnO grown
epitaxially on CeO2(111). All the slab models were separated by a vacuum >14 A.
Imposing periodic boundary conditions on the electrostatic potential of an
asymmetric slab could give rise to an artificial electric field across the slab.
Therefore, because the slabs analyzed in this work are not symmetric, we carried
out single-point calculations using dipole correction to analyze possible changes in
the adsorption energy [49,50].

Results and discussion

As a starting point, the initial (IS) and final states (FS) of each hydrogenation
reaction were geometrically optimized. The reaction energies were calculated for
all the studied surfaces as follows:

1) H+CO/surf — HCO/surf
Ereac1= E(HCO/surf)-E(H+CO/surf),

2) H+HCO/surf — H2C0/surf
Ereac2= E(H2CO/surf)-E(H+HCO/surf),

3) H+H2C0/surf — H3CO/surf
Ereac3= E(H3CO/surf)-E(H+H2C0/surf),

4) H+H3CO/surf — H3COH/surf
Ereaca= E(H3COH/surf)-E(H+H3CO/surf),

where H+CO/surf, H+HCO/surf, H+H2CO/surf and H+H3CO/surf correspond to the
co-adsorption of H and CO, H and HCO, H and H2CO, H and H3CO on vicinal sites of
the surface, respectively. At this point it is necessary to clarify that we considered
only the simplest hydrogenation reactions. The existence of other more complex



reaction pathways are also possible, but they have not been studied until now.
From the IS and FS, the minimal energy pathway and the corresponding TS were
found (Figs. 2A-2D). In almost all the surfaces the formation of formyl (HCO) and
methoxy (H3CO) species involves similar IS and TS configurations (see Figs. 2A and
2C). The hydrogenation that leads to the formation of methanol presents TS and FS
analogous configurations as well (Fig. 2D). However, the geometric difference
between the IS, TS and FS in the case of the reactions to form formaldehyde is
significant, as it can be appreciated in Fig. 2B.

An alternative way to find more easily the TS was explored. So, in order to find
all the activation energy values the Bronsted Evans Polanyi (BEP) method was
used. The traditional lineal-BEP relation is defined as

Bt =B 0 + 5 (1)

The objective was to find a linear relationship between the activation and
reaction energies, from the values previously found with the NEB method, for each
of the four hydrogenation reactions on every studied surfaces. The activation and
reaction energy values for each hydrogenation reaction on the oxide surfaces are
jointly indicated in Fig. 3A. As it can be observed, the web of points does not fit a
linear relationship, except for the case of the formation of methoxy. The BEP
traditional equation for the formation of methoxy species is separately displayed
in Fig. 3B (correlation coefficient, r2=0.96). Plausibly, these results might be due to
different geometric changes in the other reactions, where in some of them the IS
and TS are similar but not in the others. Even so, Fig. 3A indicates that 75% of the
reactions studied are exothermic.

Despite this initial setback, it was still possible to resort to some other linear
relationships that enabled us to predict the absent activation energies. For
example, Fajin et al. [51] found a linear relationship for the dissociation of CH3OH
on different metal surfaces in terms of descriptors such as the co-adsorption
energy for CH30 and H species and also descriptors in terms of the energy of
adsorption of one O atom. Other authors, as Wang et al. [52], studying the surfaces
of transition metals, have found linear relationships with descriptors in terms of
the dissociation energy of the CH4, H20, NH3 and Hz molecules. Lee et al. [53]
considered descriptors in terms of the relative energy for initial and final states, in
a DFT study for dissociation reactions of C-H, O-H, C-C, C-O and C-OH on bimetallic
surfaces of Rh-Ni.

Likewise, Vojvodic et al. [54] proved that it is possible to build BEP
relationships for transition metal oxides as well, which are strongly dependent on
the dissociation of the molecule and/or surface reactivity linking properties. Then,
several descriptors taken from these research teams were tried in this work. With

respect to the initialand final states, transition state energies can be defined as

AEs = dAE; 0 + B (2)
AErs =a'AE 5 + (3)



respectively, where:

AETS = ETS - Emolecule - Esurface (4)
AEinitial = Einitial - Emolecule - Esurface (5)
AE final — Efinal - Emolecule - Esurface (6)

Einitial, ETs and Efinal are the total energies of the initial, transition and final states
respectively and Emolecule is the total energy of the gas molecule(s), in our case CO
plus a fraction of Hz. For the hydrogenation reaction of CO leading to formyl
formation (Fig. 4A and 4B) both descriptors are acceptable, because they have
similar correlation coefficients. For the reaction of formyl hydrogenation
(formaldehyde formation) a low value of the correlation coefficient, r2= 0.762, was
found using the relative descriptor for initial state (figure not shown). Certainly,
this is the only possible descriptor for this reaction. For the hydrogenation of
formaldehyde an acceptable fitting with the descriptors relative to the final state
was found (figure not shown). This fitting, together with the one obtained from
traditional BEP constituted good approaches to find the absent transition state
energies (i.e., the sought-after activation barriers). In Figs. 4C and 4D the
descriptors referred to the initial and final configurations, respectively, are
displayed for the reaction step of methanol formation. In both cases, we obtained a
high correlation coefficient of around 0.99, being both excellent predictors for the
interpolation needed to obtain the activation barriers. Finally, the BEP relationship
for all of the reaction steps on the set of studied oxides, with descriptors referred
to both initial and final states, are displayed in Fig. 5. The fitting found using the
BEP method with a descriptor relative to the initial energy was more suitable.
Herein, we highlight the following descriptors because they have shown acceptable
linear relationships for future predictions:

1) Formation of formyl (HCO)

Relative to the initial state: AE;y = 0.92AE; ;;,, +0.55 (7)
Relative to the final state: AE,, =1.06AE, , +1.17 (8)

2) Formation of formaldehyde (H2CO)

Relative to the initial state: AE;g =0.73AE, ;. +0.99 (9)
3) Formation of methoxy (H3CO)
Traditional BEP: AE, ivation = 0-85AE ., ion +1.75 (10)

Relative to the final state: AE.; =0.67AE,,, +1.12 (11)



4) Formation of methanol (H3COH)

Relative to the initial state: AE; =1.07AE,;;, +0.56 (12)
Relative to the final state: AE,; =1.41AE, , +1.19 (13)

Using these BEP-derived relationships we can predict the values of the needed
activation energies that could not be found by both the NEB method and
traditional BEP equations. For that purpose we used the predictors 7-13 as
appropriate. Inputting known values in the x-axis, either Ereaction, AEinitial Or AEfinal,
and by means of equations 14 to 25 (see below) we calculated the whole set of
energy barriers:

1) Formation of formyl (HCO)

AEinitial (HCO) = Einitial (HCO) - Ecogas _% EH 2gas Esurface (14)
1 (15)

AETS (HCO) = ETS (HCO) - ECOgas - E EH 2gas Esurface

AEfinal (HCO) = Efinal (HCO) - Ecogas _% EH 2gas Esurface (16)

where Einitial, ETs, Efinal are the IS, TS and FS energies, respectively, for the first

hydrogenation step: formyl formation from CO and % Hz. ECO,,, and EH 2qas A€

the energies of the free CO and H2 molecules.

2) Formation of formaldehyde (H2CO)
AEinitiaI (H 2CO) = Einitial (H 2CO) —EH ZCOgas - Esurface (17)
AE (H,CO) = E5(H,CO) —EH,CO,, — B, tace (18)
AE finaI(HZCO) = EfinaI(HZCO) —EH Zcogas - Esurface (19)

where Einitia, Ers, Efinal are the energies of IS, TS and FS, respectively, for
formaldehyde formation and EH,CO,, is the energy of the free H2CO molecule.

3) Formation of methoxy (H3CO)

AEinitiaI(HBCO) = EinitiaI(H3CO) - ECOgas _g H Esurface (20)

2gas

3 21
AETS (H SCO) = ETS (H3CO) - ECOgas - E H 2gas Esurface ( )



3 22
AEfinal(Haco) = EfinaI(Hsco) - ECOgas _E H 2gas Esurface ( )

where Einitia, ETs, Efinai are the energies of IS, TS and FS, respectively, for the
hydrogenation of formaldehyde to adsorbed methoxy and ECO,,, and EH,  are

s 2gas

the energies of the CO and H2 free molecules.

4) Formation of methanol (H3COH)

AEinitiaI(H:s‘CC)H) = EinitiaI(H3COH) —EH 3COHgas - Esurface (23)
AETS (HSCOH) = ETS (HSCOH) —EH SCOH gas Esurface (24)
AE final (H3COH) = EfinaI(H3COH) —EH SCOHgas - Esurface (25)

whereEinitial, ETs, Efinal are the energies of IS, TS and FS, respectively, for the final
hydrogenation of methoxy to methanol and EH,COH  is the energy of free

methanol molecule.

Reaction and activation energies for the formation of each intermediate on the
different oxide surfaces are reported in Table 1, where the regular and boldface
values correspond to the activation barriers found by NEB and by interpolation,
respectively. For the case of the interpolated values, where more than one
predictor is possible, the value calculated with the predictor of highest coefficient
of correlation was reported first.

As it can be observed from Table 1, when two predictors were used the
obtained results were similar, with the lowest difference between them (0.05 eV)
for the reaction methoxy-methanol on the CeO2 (111)vacO surface, and the highest
(0.4 eV) for the formation of methoxy on the perfect surface of ZnO (0001). An
exception occurred for the interpolation in the methoxy formation reaction on
Gaz03 (100)vacO. With one of the predictors (traditional BEP) a value of 0.12 eV
was obtained, whereas with the final state predictor the value was -0.60 eV
instead. Taking into account that the values of energy barrier cannot be negative,
this singularity might be explained based on the significantly difference between
the energy of the final state energy and the energy of the transition state. In
addition, their respective geometries are also very different.

Be that as it may, it is worth to note that the highest values of activation energy
barriers corresponded to the reactions of hydrogenation of formyl and
formaldehyde on perfect surfaces. The highest values occurred in ZnO (0001),
being 3.05 eV for formaldehyde formation and 4.50 eV for the methoxy formation.
The hydrogenation reactions leading to formation of formaldehyde and/or
methoxy on these perfect surfaces constituted the determining step for the
synthesis of methanol. The other reactions (formyl and methanol formation) have
smaller barriers. Also, it should be underlined that the barriers for formation of



formaldehyde and methoxy decrease considerably when the surface has oxygen
deficiency. The lowest energetic barriers were found for the formation reaction of
formyl and methanol, on each of the studied surfaces.

Reactivity trends.

From the former analyses, for all the studied hydrogenation reactions the
corresponding reaction pathways were built. The hydrogenation of CO to formyl
on the perfect surfaces: ZnO (0001), CeOz2 (111), CeO2 (331) and Ge20s is displayed
in Fig. 6A. The same reaction on ZnO (0001)vacO, CeOz (111)vacO, Gaz03
(100)vacO and ZnO/CeOz (111) is shown in Fig 6B.

The zero energy reference was computed with respect to free gaseous species
(CO and H2) (see Egs. 14 to 16). In this way, the zero point of energy corresponds
to: Esurr + E(CO) + %2 E(Hz2) (black line in the graphic).

As it can be observed, this reaction is exothermic on the perfect surfaces and
also on the surfaces with O vacancies. However, it is endothermic on Zn0O/CeO2
(111).

The highest activation barriers -around 1 eV -, were found on Gaz203 (100),
Ga203 (100)vacO and ZnO/CeO2 (111). For the other surfaces these barriers are
smaller than 0.5 eV. Although the activation barriers on CeO2 (111), ZnO
(0001)vacO and Ce02 (111)vacO are lower than 0.5 eV, this reaction is scrolled left;
that is, regenerating the reagents instead of progressing to the final state (formyl).

On ZnO (0001), Ga203 (100) and ZnO/CeO2 (111) the reaction is displaced
instead to the final state, even though the barriers on Ga203 (100) and ZnO/CeO2
(111) are around 1.2 eV. Finally, on CeO2 (331) the activation barrier is small and
the reaction is significantly exothermic.

The hydrogenation of HCO to formaldehyde on the perfect surfaces: ZnO
(0001), CeO2 (111), CeO2 (331) and Gaz03 (100) is described in Fig. 7A. The same
reaction on ZnO (0001)vacO, CeO2 (111)vacO, Gaz203 (100)vacO and ZnO/CeO2
(111) is shown in Fig 7B. The reaction is exothermic on Ga203 (100), Gaz203
(100)vacO and CeO:z (111)vacO and endothermic on ZnO (0001) and ZnO
(0001)vacO. Comparing the perfect surfaces with the respective ones with O
vacancies, a remarkable decrease in the energy barriers of the latter was found.

To analyze the preferred direction of the reaction, a similar study as the one for
the formation of formyl species was made. From Eqs. 17 to 19 the tendency of the
reaction with respect to the final state was analyzed. Here, the ‘zero’ point of
energy corresponds to: E_  + E(H,CO). As it can be observed in Fig. 7, both on the

bare and/or with O-vacancy surfaces (Ga203 (100), CeO2 (111), ZnO (0001)vacO,
CeO2 (111)vacO and Ga203 (100)vacO) the reaction trend is toward the products.
However, only the CeO2z (111) and Gaz03 (100)vacO surfaces exhibit energy
barriers lower than 1 eV. On the epitaxial ZnO/CeO2 surface the reaction is
displaced to the reactants, with a small activation barrier. Noteworthily, the
energetic requirement from the final state (CH20surf) to the ‘zero’ (CH20gas +
surface) is around 3 eV. However, the reverse energy barrier in order to return to



the initial state is lower than 1eV. On the ZnO (0001) and CeOz (331) surfaces the
tendency toward products or reactants is the same, because the energy of
transition state is close to that of the products.

The energy diagram for the formation of methoxy from H2CO hydrogenation on
the perfect surfaces: ZnO (0001), CeOz (111), CeOz2 (331) and Gaz03 (001) is
displayed in Fig. 8A. The same reaction on ZnO (0001)vacO, CeOz2 (111)vacO, Gaz03
(100)vacO and ZnO/CeOz2 (111) is shown in Fig. 8B. All the reactions on the
surfaces with O vacancies are exothermic, while on the other ones are
endothermic. It is apparent, then, that the presence of superficial O vacancies
produces a considerable decrease in the activation barriers for this reaction. For
this intermediate species, methoxy, the reference energy with respect to the
reactants was: CO + 3/2 Hz. The zero point of energy corresponds to
E...; + E(CO)+3/2 E(H,) (see Egs. 20 to 22). On ZnO (0001) and Gaz03 (100)vacO

the reaction is displaced towards the formation of reactants, although the energy
barrier for the case of gallia is small (<0.5 eV). Conversely, on ZnO (0001)vacO and
CeO2 (111)vacO (both exhibiting small activation barriers), the opposite occurs. No
particular tendency could be appreciated for CeOz (111), CeO2 (331) and Gaz03
(100).

Finally, the energy diagram for the hydrogenation of H3CO to methanol on the
perfect surfaces: ZnO (0001), CeO2 (111), CeO2 (331) and Gaz0s3, is presented in
Fig. 9A. For clarity purposes, the same reaction on ZnO (0001)vacO, CeO:
(111)vacO, Ga203 (100)vacO and ZnO/CeO2 (111) is shown in Fig. 9B.

On ZnO(0001) and Gaz203 (100)vacO, the reactions are exothermic, being
slightly so on CeO2 (111), ZnO/Ce02 (111) and CeO2 (111)vacO. However, on CeO2
(331), Ga203 (100) and ZnO (0001)vacO the reaction is slightly endothermic. The
activation barriers reported for methoxy hydrogenation are smaller than for the
previous species. This might be possible because of in this last hydrogenation
(methoxy to methanol) the geometric configurations of the initial and the final
states are only slightly different.

The energy diagram for this reaction was referenced to the final state. The zero
point of energy corresponds to: E_,; + E(H,COH) (see Egs. 23 to 25). As it can be

observed in Figs. 9A and B, on the ZnO (0001), ZnO/CeO2 (111) and Gaz03
(100)vacO surfaces this reaction favors the products, with the smaller barrier for
Zn0O (0001). On the contrary, the reaction on CeO2 (111), CeO2z (331), Gaz203 (100)
and both ZnO (0001)vacO and CeOz (111)vacO shows displacement toward the
reagents.

Potential energy surfaces

Up to now an energetic analysis of the separate formation of each intermediate
species and the final CO hydrogenation product, methanol, was made. In this way,
the energy of the species that may exist in gas phase (i.e. formaldehyde and
methanol) was defined based on the final configuration for the respective reaction



step, while those species that exist as radicals (surface adsorbate) were referred to
the initial constituents of the hydrogenation process (CO and Hz2).

To have a more complete vision of the relative stabilities of the formed species
throughout the complete hydrogenation process on each surface, the relative
energies vs. reaction coordinate were displayed in Figs. 10 to 12. Here, the same
reference energy for all the dehydrogenation reaction steps was take,, which was
defined as: E,,, =E,,+E(2H,)+E(CO), where Esuf stands for the free surface

energy, E (2Hz2) is the energy of two Hz molecules and E (CO) is the energy of the
CO molecule, both in the gas phase.

For the purpose of completing the total amount of the 4H involved in the
alcohol synthesis we added to the corresponding adsorbate or product, for each
surface and each hydrogenation step, the energy of the H: fraction involved,
namely: For formyl formation: + E(3/2 Hz), for formaldehyde formation: + E(Hz),

for methoxy formation: + E(1/2 Hz), and for methanol: +0.

So, it can be readily appreciated that for ZnO (0001), ZnO (0001)vacO and
Zn0/Ceria(111) the co-adsorption of each of the intermediate species and a
neighbor hydrogen is favored. However, the largest quantum wells (i.e.,, where
there is a major stability), correspond to the hydrogenation steps leading to formyl
and formaldehyde co-adsorbed with a H atom. For the case of the generation of
methoxy on ZnO/CeO2, the co-adsorption with H was slightly unstable. The
formation of the formaldehyde and methoxy intermediates are the most
energetically demanding steps on both the perfect ZnO (0001) and the ZnO
(0001)vacO surfaces. From these figures we can observe that the latter is the most
favorable surface for all the hydrogenation reactions. However, both ZnO (0001)
and ZnO/Ceria(111) surfaces show transition state energies (formation of
methoxy and methanol, respectively) higher than the initial separate systems energy,
indicating a major stability of formyl and formaldehyde species.

The two perfect surfaces of CeO2 and CeO2 (111)vacO are shown in Figs. 11A-C.
In the three surfaces greater energetic stability for the methoxy co adsorption with
an H atom, was found. Again, it can be appreciated that the presence of oxygen
vacancies, now in CeOz (111), turns the surface more reactive. From these figures
it could also be inferred that the most likely species on the perfect Ceria surfaces
are HCO and H2CO while in the case of CeO;-vacO surface are CO and HCO.

In Fig 12 the reactivity of the perfect Ga203 (100) and Ga203 (100)vacO surfaces
is shown. In either case the co adsorption with H did not increase the stability of
the adsorbed species. In addition, the reactivity of Gallia does not increase when O
vacancies are present.



Conclusions
The sequential hydrogenation reactions undergone by the CO molecule for

methanol synthesis on different oxides of Zn, Ce and Ga were studied by DFT

calculations. Our main findings were the following:

e The higher activation barriers for the formation of the formaldehyde and
methoxy surface intermediates are probably due to the significant geometric
difference between their initial and final configurations.

e The presence of superficial O vacancies for all the studied oxides promote the
reactivity in the formation of both the formaldehyde and methoxy species.

e “Surfaces with oxygen vacancies, ZnO (0001)vacO and CeO2 (111)vacO, as well
as stepped CeO2 (331), have shown a reactivity enhancement with respect to
the perfect ones”.

e The traditional BEP relationship (AEact vs AEreac) did not allow a good
correlation to predict activation energy barriers. However, BEP relationships
referred to the initial and/or final states allowed to find them satisfactorily.

e No preference between the initial and final descriptors for the activation
energies calculation was observed. Although in some reactions a good
descriptor was found for the initial state reference, the situation was the
opposite in other cases.

We hope that the present findings might stimulate further theoretical and/or
experimental investigation about the synthesis of methanol. We found trends and
preferences in the reaction pathways leading to the different intermediates, which
may allow in the design and optimization of novel, more efficient catalysts. This
would then enable, a less energy-intensive production of this alcohol. Being a clean
fuel, methanol may positively contribute to a significant reduction of
contamination at a global scale.
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Formation

Surface of E react (V) E act (eV)
Zn0(0001) Formyl -0.64 0.14
Formaldehide 2.83 3.05

Methoxy 3.34 450/4.10
Methanol -0.91 04
Zn0O(0001)vacO Formyl -0.84 0.1
Formaldehide 1.55 2.01
Methoxy -1.27 0.37

Methanol 0.45 0.65/0.45
ZnO/Ce02(111) Formyl 1.31 1.24
Formaldehide -0.09 0.48
Methoxy - e
Methanol -0.22 0.9
Ce02(111) Formyl -1.59 0.14
Formaldehide -0.23 2.97
Methoxy 0.5 2.15
Methanol -0.05 0.13

CeO2(111)vacO Formyl -0.43 0.52/0.72
Formaldehide -1.59 0.89
Methoxy 2.1 0.19

Methanol -0.72 0.24/0.29
Ce02(331) Formyl -1.31 0.17
Formaldehide -0.02 1.29
Methoxy 0.58 2.36
Methanol 0.3 0.51
Ga»03(100) Formyl -0.09 1.21
Formaldehide -3.69 1.37

Methoxy 1.1 2.68/2.55
Methanol 0.49 0.60
Ga203(100)vacO Formyl -0.33 1,05
Formaldehide -3.28 0.39

Methoxy -1.92 0.12/-0.60
Methanol -0.75 0.7

Table 1: Reaction (Ereact) and activation (Eact) energies for the formation of each
intermediate species on the different oxide surfaces, where the regular and boldface
values correspond to the activation barriers found by NEB and by interpolation,
respectively.
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Figure 1: Pristine surfaces of (A) ZnO (0001), (B) Zn0O/CeO2 (111), (C) CeO2
(111), (D) Ce02 (331), and (E) Gaz03 (100). Grey spheres: Zn atoms, blue spheres:
Ce atoms, red spheres: O atoms, and green spheres: Ga atoms.
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Figure 2: Representative hydrogenation reaction steps to produce adsorbed
intermediates on the different studied surfaces: (Ai) Formyl on CeO2 (111). (Aii)
Formyl on ZnO (0001). (Bi) Formaldehyde on ZnO (0001). (Bii) Formaldehyde on
CeO2 (111)vacO. (Ci) Methoxy on CeO2 (331). (Cii) Methoxy on ZnO (0001)vacO.
(Di) Methanol on CeO2 (111). (Dii) Methanol on ZnO/CeO2 (111). IS: initial state -
TS: transition state - FS: final state.



35 @ formyl
3ml = formaldehyde

S\ 55 | A methoxy
> A

; A + methanol
S ] )

2

L | 1.5 1

c | ¢

S .-

2 5

g . A 00.5 1 *

A o® o0 ¢
c -4 -2 0 2 4
. ( Reaction Energy (eV)
y =0.8451x + 1.7513

R R? = 0.9606
>
2

>

o

[}

c

w : ‘ ‘ ‘ ‘
.5 4 3 1 2 3 4

T
=
I3
<
-1.5 -
Reaction Energy (eV)
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Figure 10: Relative energy diagram for the hydrogenation of CO to methanol on:
(A) ZnO (0001). (B) ZnO (0001)-vacO, and (C) ZnO/Ce02 (111).
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Figure 11: Relative energy diagram for the hydrogenation of CO to methanol on: (A)
Ce02(111). (B) Ce02(331), and (C) CeO2(111)-vacO.
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Figure 12: Relative energy diagram for the hydrogenation of CO to methanol on: (A) Ga203
(100) and (B) Ga203(100)-vacO.



