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Abstract In this paper, the catalytic activities of various (3-
Ga,0; surfaces for CO, hydrogenation have been studied by
density functional theory (DFT) calculations. The surface
dependence of adsorptions and coadsorptions of reactants
are investigated on two terminations of Ga,0O;, which are
Ga,05(001) and Ga,O5(111). The active termination of
Ga,03(001) is identified and a surface structure rearrangement
is determined. The thermodynamic profiles of surface inter-
mediates involved in the reaction pathways for methanol
formation are systematically calculated, and the initial key
step of CO, hydrogenation to bicarbonate is analyzed in
detail. It has been found that the active Ga,03(001) termina-
tion gives rise to a lower hydrogenation barrier largely due to
the fact that saturated lattice O at Ga,O5(001) can act as a
favorable site for both hydrogen adsorption and transfer while
the unsaturated O at Ga,O5(111) is much less effective for
these processes.
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Introduction

Gallium oxide (Ga,03) is an important wide band gap (4.2-
4.9 eV) semiconductor [1-3]. Among its different poly-
morphs, only the monoclinic 3 phase is stable at high tem-
peratures up to its melting point, and it has drawn a lot of
attention for its potential application as optoelectronic devices
[4, 5], gas sensors [6, 7], spintronic devices [8, 9], etc. Besides
experimental studies, many theoretical simulations using first
principles calculations have been carried out to explore its
structural [10, 11], electronic [12], and optical [13] properties.

In recent decades, Ga,O5 has also been particularly noted
for its catalytic activity in CO, hydrogenation [14]. It is even
expected to be able to compete with the classical industrial Cu/
ZnO catalysts [15]. Several reaction pathways have been
proposed to explain its catalytic mechanism [16—19]. Infrared
(IR) spectroscopy studies of Ga,O5 based catalysts have iden-
tified different surface reaction intermediate species such as
formate, carbonate, and bicarbonate in various adsorption
states [20]. Moreover, when Ga,O3 supported Pd nanoparti-
cles were used, active hydrogen species spilled over from
supported metal were found to accelerate the reaction [20,
21], and the formation of surface Pd-Ga alloy at high temper-
atures was also proposed to explain the high activity [22]. The
occurrence of carbonate and bicarbonate species was believed
to be the indication of CO, activation [23]. Accordingly, the
addition of other oxides which could enhance the adsorption
of CO, and the formation of these intermediates over Ga,0O;
was studied [24]. The hydrogenation of formate to
methylenebisoxy was also identified as a possible rate deter-
mining step when the amount of active H was sufficient [25].
It has also been proposed that surface oxygen vacancies which
could enhance CO, adsorption and H; dissociation might play
a crucial role in this reaction as well [26-29].

Adsorbate behaviors on Ga,03 such as CO, [27], CH4 [30],
H, [28, 29, 31], formate [32], CH30H [33] etc. have been
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investigated by using different theoretical methods. Most of these
simulations were based on the lowest-energy (100) termination
surface of 3-Ga,0O5 [11]. With combined experimental and
computational methods, H,O, alcohols, and carboxylic acids on
different terminations of Ga,O5(100) have also been studied [34].
It has been found that the adsorption strength is very sensitive to
the surface termination and the less stable surface is more reac-
tive. More recently, thin films with different Ga,O5 surface
orientations such as (100), (2 01) and (001) were successfully
prepared [35, 36], and various shapes of Ga,O5 nanostructures
have also been constructed [37—45]. A plate like Ga,O3 material
with dominating {001} facets has been reported to be much more
active and exhibit stronger metal-support interaction compared to
the {111} dominated nanorod [46]. It is therefore crucial to
understand the promoting effect of Ga,O3(001) facet as it might
lead us to some new understanding of this material in catalysis.

In this work, we performed systematic density functional
theory (DFT) calculations of the adsorption of reactants and
intermediates involved in the hydrogenation of CO, at (3-
Gay05(001). We also attempted to compare the key steps of
CO, activation on different 3-Ga,05(001) and (111) surfaces,
which may shed light on the origin of the catalytic properties
of low index 3-Ga,O; surfaces and their roles in the plate and
nanorod like materials.

Computational details

All calculations were conducted in the framework of DFT by
using the Vienna ab initio simulation package (VASP)
[47-50]. The projector-augmented wave (PAW) potentials
[51, 52] were used for the core electron interaction. The
Perdew—Burke—Ernzerhof (PBE) functional [53, 54] based
on the generalized gradient approximation (GGA) was
employed to evaluate the non-local exchange-correlation en-
ergy. For all structural optimizations, a plane wave basis set
with a cutoff energy of 400 eV was used and the ionic
positions were allowed to relax until the forces were less than
0.02 eV/A. Spin polarization was also included in all calcula-
tions, and Bader charge analyses [55-58] were applied to
study the charge distribution. The nudged elastic band
(NEB) method was used to determine the transition states
(TS) along the reaction pathways [59—64].

In this work, the unit cell model for the bulk monoclinic 3-
Ga,0; contained four Ga,Oj3 units (see Fig. 1). A 2x8x4 k-
point grid determined by the Monkhorst-Pack method was
used in the bulk cell optimization, which gave rise to cell
parameters of a=12.255 A, b=3.052 A, ¢c=5.828 A, in good
agreement with the experimental values (a=12.230 A, b=
3.040 A, c=5.800 A). There are two inequivalent Ga sites
(tetrahedral Ga(I) and octahedral Ga(Il)) and three
inequivalent O sites (out of plane of Ga triangle O(I), in the
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Fig. 1 Bulk unit cell of monoclinic 3-Ga,03. The pink balls denote Ga
atoms and the red balls are O. Different Ga and O atoms are labeled

plane of Ga triangle O(II) and tetrahedral O(III)) in each unit
cell as shown in Fig. 1.

Two different Ga,05(001) terminations were built as de-
scribed in ref. [11], namely (001)-A and (001)-B. The 2x2
surface supercell (12.630%6.104 A%) was used in this study
for both (001) slabs. To study the Ga,O5(111) surface, we built
a stoichiometric unreconstructed Ga,O3(111) slab containing
three eight-member rings and one four-member ring on the
termination in each surface cell. A 2x1 supercell (12.630x%
6.578 A?) was used to make the surface size similar to that of
Ga,03(001). The bulk-truncated models of these three sur-
faces could be found in Supporting information (SI) (see
Fig. S1) and distinct surface Ga and O sites are labeled. The
changes of the coordination number of surface atoms with
respect to the corresponding bulk atoms are summarized in
Table 1.

Both Ga,03(001) and (111) surfaces were modeled by
periodic slab models with 24 Ga,O3; molecular units being
distributed in six Ga layers. The bottom two layers were
frozen at their bulk positions while the top four layers were
allowed to relax in all calculations. The k-point sampling used
a2x4x1 grid, and a vacuum layer of 12 A along the z direction
perpendicular to the surface was employed to prevent
spurious interactions between the repeated slabs in all
these models.

To estimate the adsorption energies, the following equation
was considered:

Table1 Coordination number changes of Ga,0O; surface atoms (bulk-
surface)

(0} (001)-A (001)-B (111) Ga (001)-A (001)-B (111)
number number

1 3-2 4-2 3-2 1 4-3
2 3-3 3-3 3-2 2 - - 6-5
3 4-4 3-3 4-3 3 6-5
4 4-4 4 4-4
5 3-3

6 3-3
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Fig. 2 Top and side views of surface structures of bulk-truncated Ga,Os (a) (001)-A, (b) (001)-B, and (c¢) (111) after optimization

Eags = _(Eslab+mol_(Eslab + Emol))7

in which E ., and E . are the total energies of Ga,O5 surface
slab and a single adsorbate molecule in gas phase; E gap+mol
denotes the total energy of slab with adsorbed molecule.

Results and discussion
Bare (001)-A, (001)-B, and (111) surfaces of Ga,03

The optimized structures of bare Ga,05(001) surface with two
different bulk-truncated terminations, namely Ga,O3(001)-A
and (001)-B, are presented in Fig. 2. For Ga,03(001)-A
(Fig. 2(a)), the most distorted part after optimization is around
the Gal site. The O2 atom shifts up by 0.635 A while the Gal
atom bends down by 0.075 A, contracting and averaging the
three Ga-O bond lengths (1.812 A, 1.812 A, 1.801 A) of Gal
from 1.839 A, 1.839 A, and 1.860 A, respectively, and creat-
ing a planer triangle like coordination environment. This is
mainly due to the fact that Gal is type I tetrahedral Ga in the
bulk which bears coordination decrease on the surface while
Ga2 keeps all its surrounding octahedral oxygen.

It needs to be noted that this Ga,O3(001)-A surface can
undergo a further asymmetric distortion (see Fig. 3) when the
CO, molecule adsorbs on it (Fig. 4(a)). We then optimized the
adsorption-induced reconstructed surface and found that the
rearrangements of surface atoms can further reduce the total
energy of the clean surface slab by around 2 eV. As presented
in Fig. 3, the Ga2’ atom shifts by 1.096 A along the [010]
direction, which elongates the bond between Ga2’ and O3’
from 2.099 to 3.013 A. The corresponding Ga2-O3 bond
beside the adsorbate area is decreased to 2.001 A, which also
reduces the Gal-O1 distance to 1.912 A to form a tetrahedral
like coordination for Gal. Moreover, the O3 and O3’ atoms
further drop below the surface, which may make them more

difficult to be reached by other reactants. It needs to be
mentioned that such reconstruction could also be identified
when other reaction intermediates such as HCOO, COOH,
and HCO (see below) adsorb at Ga,03(001)-A. Thus we used
the optimized rearranged surface as reference when we calcu-
lated adsorption energies on this surface.

The Ga,05(001)-B (Fig. 2(b)) termination exhibits slight
fluctuation after optimization, especially at its Gal site. The
Gal atom here is a type II octahedral Ga in the bulk and it has
two lattice oxygen removed on the surface. It embeds into the
surface by 0.214 A and the angles of O1-Gal-03, 02-Gal-O3,
and 03-Gal-O3 change from 91.0°, 95.5°, and 100.4° in the
bulk to 104.8°, 97.8°, and 109.4°, respectively, indicating a trend
for the Gal to evolve to tetrahedral coordination for stabilization.

Fig. 3 Top and side views of calculated rearranged surface structure of
Ga,0; (001)-A

@ Springer



2543, Page 4 of 9

J Mol Model (2014) 20:2543

Table 2  Calculated Bader charges (in |e|) of surface and bulk Ga

Ganumber  (001)-A (001)-B (111)

surface  bulk  surface  bulk  surface  Bulk
1 1.77 1.82 1.82 1.89 1.77 1.83
2 1.81 1.90 1.80 1.82 1.82 1.88
3 1.84 1.90
4 1.79 1.83

The Ga,O5(111) structure bears a more complicated coor-
dination change for the surface atoms compared with those in
the bulk. All four exposed Ga rise up along the surface normal
vector (Fig. 2(c)). The movement of these Ga pushes O1 atom
to the center of Gal-Ga2-Ga4 triangle and reduces the Gal-
01 distance from 3.515 A t0 2.192 A, which produces a bond
compensation for the tetrahedral Gal while maintaining the
coordination environment of Ga2 and Ga4.

The Bader charge analyses (Table 2) unsurprisingly
showed that for all three slabs the Ga atoms on the surfaces
are less positive than their counterparts in the bulk, indicating
slight reduction of surfaces. Moreover, the charge of sixfold
coordinated Ga2 on Ga,03(001)-A changed the most signif-
icantly which may be due to the stretching of its surrounding
bonds.

Adsorptions and surface reactions

Adsorptions of hydrogen and CO, on Ga,03(001)-4, (001)-B,
and (111) surfaces

According to our calculations, H, molecule adsorbs rather
weakly on these Ga,Oj5 surfaces. The calculated H, adsorption
energies at Ga,05(001)-A, (001)-B, and (111) are 0.04 eV,
0.05 eV, and 0.04 eV, respectively, and the distances between

(a

H, and surface O atoms are all longer than 2.4 A (calculated
structures are presented in Fig. S2). For H atom, the most
stable adsorption sites are always the unsaturated O1 of the
surfaces and the adsorption processes are all exothermic. The
corresponding adsorption energies (with respect to half H,)
are 0.75 eVat Ga,03(001)-A, 0.26 eVat (001)-B, and 0.63 eV
at (111) surface. The Ga,05(001)-A gives the highest adsorp-
tion energy which could favor hydrogen spillover from sup-
ported metal. We also tested various Ga sites for H atom
adsorption. However, all those processes are endothermic or
the H atom moves to O sites beside the Ga after optimization.

For CO, adsorption, our calculation showed that Ga,O3(111)
gives the strongest adsorption. The adsorption energy is 0.94 eV
on it, while it is 0.92 eV on Ga,O3(001)-A and only 0.17 eV on
Ga,03(001)-B. In Fig. 4, we present the calculated structures of
CO, adsorption at these surfaces. The blue balls denote the O
atoms in CO,. As one may expect from the adsorption structures,
the bending of the CO, forms a carbonate-like species accompa-
nied by electron transfer to the molecule, which may give rise to
its strong interaction with the surface. The bended CO, on both
Ga,03(001)-A and Ga,Os(111) sits at the least positive Ga atom
of each surface. The Bader charge analyses showed that all the
adsorbed CO, are negative, and calculated charges are —0.19 |e|
and —0.20 |e| at Ga,05(001)-A and (111), respectively. While for
the weakly adsorbed linear CO, on Ga,053(001)-B, the calculated
charge is only —0.01 |e|, which suggests the nature of a neutral
molecule. The charges transferred from the surfaces could there-
fore activate the CO, and lead to further reactions.

Coadsorption of H atom and CO, molecule on Ga,03(001)
-4, (001)-B, and (111) surfaces

Based on the most stable adsorption structures of CO, on the
three Ga,O3 surfaces, we tried various coadsorption configu-
rations of H atom and CO, molecule. Since the adsorption of
H, is generally very weak, H atoms involved in the

Fig. 4 Top and side views of the most stable CO, adsorption structures on Ga,0Os (a) (001)-A, (b) (001)-B, and (c¢) (111). O of CO, are in blue
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Fig. 5 Top and side views of the most stable CO,+H coadsorption structures at Ga,O5 (a) (001)-A and (b) (001)-B

hydrogenation processes are very likely to spill from support-
ed metal clusters [20]. These coadsorption structures could
then be the initial states of further hydrogenation reactions.
The most favorable coadsorption structures at Ga,O3(001)-A
and (001)-B are presented in Fig. 5. At Ga,O3(001)-A, the
coadsorption energy is 1.74 eV and the distance between the
adsorbed H and the nearest O atom of neighboring CO, is
1.783 A. This carbonate-like adsorbed CO, molecule tilts
down to the H and the coadsorption forms a very stable
structure on the surface. It is energetically 0.67 eV more stable

than the COOH intermediate (SI, Fig. S3(b)), and the barrier
for the H to transfer to form such COOH is as high as ~2.5 eV.
Thus the H atom could hardly move to CO, to undergo further
reactions and this strongly adsorbed co-adsorption intermedi-
ate tends to be eventually stuck in this structure. However,
there are actually five O sites around the adsorbed CO,
(Fig. 5(a)), among which the O2 and O2’ (type 1I) and the
Ol (type I) may also be the sites for H adsorption and the
distances between such H and O in CO, are within 3 A. We
then expected another co-adsorption structure presented in

AV

LT

;Axﬁxxz

TN AT

Fig. 6 Top and side views of coadsorption structures as initial states for the following reactions at Ga,O3 (a) (001)-A and (b) (111)
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Fig. 7 Calculated relative energies of the intermediates adsorbed at Ga,O3 (001)-A and (111)

Fig. 6(a) to be the initial state for the hydrogenation reaction at
Ga,03(001)-A. In this second most stable co-adsorption con-
figuration at Ga,03(001)-A, the H sits on the saturated O2
next to the CO,. The corresponding co-adsorption energy was
calculated to be 0.50 eV and the distance between H and the
nearest O of CO, is 2.750 A. On the other hand, the CO,
coadsorbs with H atom weakly on Ga,03(001)-B (Fig. 5(b)).
The adsorption energy is 0.56 eV, and the distance between H
and the lower O in CO, is 3.042 A while the H-C distance is
3.177 A. Also, the CO, molecule still keeps a linear configu-
ration and the H atom is actually embed in between two O
atoms, which makes it even harder to approach the CO,. Then,
from the calculated co-adsorption structures of H and CO,,
one can expect that the Ga,05(001)-A could play a more
crucial role than (001)-B in CO, hydrogenation to CH;0H.
It needs to be noted that at Ga,O3(111), the most
favorable H adsorption site Ol is blocked by pre-
adsorbed CO,. Among the O sites around the adsorbed

Fig. 8 Calculated strucutres of HCO intermediate at Ga,O3 (a) (001)-A; (b) (111)
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CO,, only two of them can hold the H with the distance
between H and O in CO, less than 3 A, which are 02
(type I) and O3 (type III). The most favorable
coadsorbed H atom sits on surface O2 (Fig. 6(b)),
which gives independent H adsorption energy of
0.49 eV. Correspondingly, the calculated coadsoprtion
energy is 1.42 eV, which does not show any promotion
effect with respect to the separate adsorptions, and the
distance between H and the nearest O of CO, is
2.703 A. This coadsorption is quite similar to that at
Ga,03(001)-A (Fig. 6(a)) and we took it as the initial
state for the CO, hydrogenation at Ga,O3(111).

Hydrogenation of CO, on Ga,03(001)-A and (111) surfaces
As the active {001} facet and the initial states are confirmed,

we then compared the reactions at Ga,03(001)-A and
Ga,05(111). To investigate this process, we added hydrogen

(b)
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atoms to the adsorbed CO, one by one and remove water
molecule if needed to construct a series of reaction interme-
diates leading to methanol. The diagram of calculated relative
energies is plotted in Fig. 7 and the intermediates structures
can be found in SI (Fig. S3-S11). All the energy values listed
in Fig. 7 are estimated relative to adsorbed CO, on each
surface and gas-phase H, and H,O molecules.

One can see from the diagram that the product methanol
(Fig. S11) and most of the intermediates in each step have

Fig. 9 Calculated potential 1.5 5

energy profiles of H transfer at
Ga,0; (a) (001)-A and (b) (111)

1.0 +

0.5 +

E/eV

0.0

-0.5 -

similar relative energies with differences below 0.20 eV. From
the thermodynamic point of view, we could identify the
lowest-energy reaction route below the zero energy base line
along COOH_b (Fig. S3(b), (e)), HCOOH (Fig. S4), HCO
(Fig. 8), H,CO (Fig. S8), H,COH (Fig. S10), and finally the
methanol on these two surfaces. In particular, calculated en-
ergies of HCOO intermediates on the two surfaces (Figs. S3(c)
and (f)) are approximately 2 eV higher than COOH on the
corresponding surfaces, indicating that the latter should be

1.367

TS1(+0.91) T52(+1.07)
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IM1(+0.08)--

2.0 4 (b)

1.070

1.5 ~

1 Ts3(+1.21)
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0.5

0.0 2.703

1S2 -
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13679 TS4(+1.85)
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o
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0.981

Reaction Coordinate
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more likely to form in the first step of hydrogenation. The
activation of CO, to such bicarbonate species is therefore a
key step during the whole process for methanol formation. It
should also be mentioned that the HCO species (Fig. 8)
formed as the result of bicarbonate reduction actually gives a
formate structure, which could be further hydrogenated to
methanol as reported by Collins et al. [20, 22].

The detailed process of H transfer for COOH formation
was then calculated. From the initial co-adsorption state (IS),
the H could first move to the nearby O of the CO, (interme-
diate, IM) and then diffuse to the upper O, which gives the
most favorable final state (FS) as a bicarbonate-like species.
These processes are presented in Fig. 9. The related H-O
distances are also presented in red.

From the calculated energy profile we can find that the first
step of hydrogen transfer is endothermic on both these sur-
faces. The intermediate state on Ga,03(001)-A is 0.08 eV
higher than the initial state after climbing over a barrier of
0.91 eV. By contrast, at Ga,O5(111), the intermediate state is
0.89 eV less stable than the initial one and the barrier is
1.21 eV, both of which are higher than the corresponding ones
at (001)-A. The diffusion of H within the CO, molecule is the
second step, which needs to overcome a barrier of 0.99 eV at
(001)-A and 0.96 eV at (111). One can see that this inner-
molecular H diffusion process is quite similar at the two
surfaces as it is obviously very weakly affected by oxide
surfaces. The occurrence of the final state is exothermic with
respect to the initial state on (001)-A, but it is still endothermic
for (111).

The above calculations regarding the first H transfer pro-
cesses showed that CO, hydrogenation is much more favor-
able to occur at Ga,05(001)-A compared to Ga,O3(111). As
we have mentioned, among the O sites surrounding the
adsorbed CO,, saturated O2 and O2’ of type II and unsaturat-
ed O1 of type I at Ga,O5(001)-A could act as the H adsorption
sites and give the distances between H and O in CO, below
3 A. Similarly, unsaturated O2 of type I and unsaturated O3 of
type III are where the H can co-adsorb at Ga,O3(111) with
adsorbed CO,. The advantages of Ga,O5(001)-A is mainly
due to the fact that the saturated O2 (type II) in a distorted
planer triangle coordination environment is energetically more
suitable than the two unsaturated O at Ga,O3(111) which hold
the H too strongly in promoting the hydrogenation transfer. It
might also benefit the subsequent steps and finally lead to the
higher conversion rate of CO, on (001)-A dominated plate
like Ga,0s;.

Conclusions

We have performed systematic DFT calculations to compare
3-Ga,05(001) and (111) surfaces in promoting CO,

@ Springer

hydrogenation to methanol in this work. Our results identified
the 3-Ga,03(001)-A termination as the active one for
Ga,03(001) and showed a face dependence of the catalytic
performance of Ga,O; based materials. In particular, the sim-
ilar bending adsorption structures of CO, at Ga,03(001)-A
and (111) indicate a charge transfer from surface to molecule
and its activation at these two surfaces, while Ga,O3(001)-B is
much less active for CO, adsorption and activation. Moreover,
the saturated surface O in a distorted planer triangle coordi-
nation environment at Ga,05(001)-A can benefit hydrogen
transfer to CO,, which is the first and key step in the whole
process for methanol formation.
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