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Abstract

Catalytic CO2 conversion to fuels and chemicals is important
for mitigating the climate change and reducing the
dependence on fossil resources. In order to achieve this
goal on a large industrial level, effective catalysts need to
be developed. Among them, gallium nitride (GaN) and
related Mg-doped and In-alloyed systems have been proven
as efficient materials for the reduction of highly stable CO:2
molecules. This work presents a density functional theory
(DFT) investigation, performing periodic boundary condition
(PBC) calculations which allow to employ a more extended
surface for a detailed analysis of the CO2 coverage, and
the effect of Mg doping and In alloying on the CO:
adsorption and its conversion to CO.

The results show
surfaces
multiple CO2 mole- cules, which is a crucial aspect for an
efficient COz conversion process. Moreover, the presence of
Mg-dopant on the top layer is found to be more beneficial
for the CO2 adsorption and activation with respect to both
the pristine and In-alloyed system, and this effect is further
improved by the inclusion of a second impurity on the top
layer. In line with the previous experimental findings, these
calculations support the potential of pristine GaN(100) to
catalyze the CO2-to-CO reduction. The results presented
here offer crucial information for the develop- ment of more
efficient and selective catalysts for the CO2 reduction.

the great potential of GaN(100)
to simultaneously bind and strongly activate

Introduction

CO:2 is considered the main culprit for global warming.l*-2
Both large, industrial point sources, as well as small, mobile
sources contribute with comparable amounts of CO:2
emissions. One potential way to reducing its emission
below critical levels is the development of novel scientific
approaches to capture CO2 and to enable its conversion as
a waste product into value- added products.[3-89-11 Both the
fields of homogeneous and heterogeneous catalysis have
been extensively explored,’>19 and several catalysts have
been reported experimentally to efficiently convert CO: into
chemicals and fuels. In this regard, density functional theory
(DFT) investigations can lead to an in- depth understanding
of the structure/property relationship, and therefore contribute
to the development of highly selective and efficient catalysts20-23

Among the promising catalysts reported in literature, we have
addressed our attention to the thermodynamically stable wurtzite
gallium nitride (GaN), which has shown unique electronic and
optical properties?42! Like other 1lI-V semi- conductor materials,
the 11I-N family provides two ways to tune the material properties
depending on the applications’ requirements: the incorporation of

donor or acceptors?-3 and the formation of substitutional alloys
using isovalent In or ALP73.32 These degrees of freedom were
shown to have a significant influence on the efficiency of CO2
reduction in experiments. In one of their works, AlOtaibi and co-
workersi®® report that the photochemical reduction of CO2 to
CH30H, CO, and CH4 can be achieved on the pristine GaN(100),
while a nearly 50-fold increase of the CO2 conversion rate is
obtained by the incorporation of Mg doping. Moreover, InxGai-
xN has been also proposed as highly promising photocatalysts
for solar fuel applications, including the CO2-to-CO and
hydrocarbons, in solutions with a wide pH range.34-42 Motivated
by these promising results, in a preliminary work,?* we have
investigated the photocatalytic activity of the undoped GaN and
GaN doped with one single Mg atom, along with the CO:
reduction to methanol. The DFT investigation was carried out
using a cluster model approach, that has some advantages
over periodic boundary condition (PBC) calculations such us the
utilization of hybrid functionals,*-43 and the investigation of
complex reaction mechanism,¢47 at lower computational cost
than periodic boundary condition (PBC) calculations. However,
cluster model approaches do not allow for the investigation of
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extended surfaces and heterojunctions, which can be more
conveniently performed by means of PBC calculations.8-5]
Therefore, the two wuse of the two methods is
complementarity and crucial for a detailed understanding of
the structure— property relationship.

Based on these considerations, in this work, we further
extend our DFT investigation performing PBC calculations,
and employing a more extended GaN(100) surface which
includes six bilayers. This allows us to explore the surface
CO:2 coverage, by considering the adsorption of one to nine
CO2 molecules on the pristine GaN(100) surface. Effects
due to the incorporation of Mg or In are further investigated
by considering up to eight different incorporation sites for
these elements. After having identified the most stable
doping/substitutional sites, we have eventually evaluated the
influence of Mg dopant and In content on the CO:
adsorption by replacing two and three Ga atoms with Mg
and In, respectively. Eventually, we have investigated the
reaction mechanism involved in the CO2 conversion to CO,
which is one of the main products observed experimentally
along with CH3OH, and CHa. It is worthy to mention that a
detailed investigation of the CO2 conversion to methanol and
CHs* (and dimethyl ether) on pristine GaN materials has
been already investigated in ref. [19 and 48]. In order to get
a direct comparison with the previously reported results, we
have focused on the CO2-to-CO reduction reaction,
occurring by the
direct breaking of the C-O bond upon CO: adsorption
and
activation. On the other hand, it is well-known that hydrogen
evolution reaction®>-54 represents a competing reaction in
the CO:2 photoreduction to hydrocarbons. Future work will
address the investigation of this potential side-reaction
occurring on GaN-based materials.

The outcomes of this study complement our preliminary
work based on cluster models, and contribute to shed light
on the properties of Mg:GaN and InxGaixN materials as
promising photocatalysts for CO2 reduction.

Results and Discussion

In this study we employ the formalism of DFT to investigate
the interaction between CO:2 and the GaN(100) surface at
different CO2 coverages (Section “CO: adsorption and
coverage on pristine GaN(100)”), and the structural and
electronic properties of Mg:GaN and InxGaixN materials
(Section “Mg and In doping/ alloying”) as promising
photocatalysts to promote CO: reduc- tion. The charge
rearrangement induced by the adsorption of CO2 and/or by
the inclusion of Mg and In elements on the GaN(100)
surface is analyzed in terms of Bader charges as discussed
in Section “Bader Charge Analysis”, while a detailed
analysis of the projected density of states (PDOS) and spin
densities are reported in Section S1 of the Supplementary
Information (SI). Details about the activation barriers leading
to the CO production are discussed in Section “CO:2
reduction to CO”.

For the sake of simplicity, the structures discussed
through- out the text are labelled as NMsitexy-z-GaN + mads?*,
where N refers to the number of impurities, M refer to

the type of impurities (M =Mg, In), x, y and z refer to their
incorporation sites and ads* refers to the m species (COz,
CO and O) adsorbed on the surface.

CO2 adsorption and coverage on pristine GaN(100)

Single CO: adsorption. As first step of our DFT study, we
have determined the preferred adsorption mode of a single
CO2 molecule on the pristine GaN(100) surface.

Several adsorption modes have been investigated and

the most favored (GaN+CO2*) is shown in Figure 1,
whose adsorption energy [computed according to

Equation (1) in Computational Details] corresponds to -

1.50 and -1.27 eV, with and without including the van
der Waals (vdW) inter-
actions, respectively.

As shown in Figure 1, the CO:2 coordinates to the
GaN(100) surface by forming one bond between the C atom
of the CO2 molecule and the N1 of the GaN(100) surface

(C-N1, 1.41 A), and two bonds among the oxygen atoms of
the CO2 molecule and the Ga atoms of the surface, (O1-
Gal and 02-Ga2, whose calculated bond distances are

2.12 and 2.29 A, respectively). Moreover, the O-C-O
angle changes from 180° in the linear free gas-phase
molecule to a 127.4°. The inclusion of the vdW corrections
does not have any significant influence on the calculated
parameters, which are reported in Table 1. Further- more,
the geometric parameters computed in this work are very
similar to those obtained previously using a cluster model
approach,?¥ and calculated by AlOtaibi and coworkers[
using PBC calculations with the optB86 exchange functional
and including van der Waals interactions (see Table 1).
Even though the CO:z adsorption energy calculated in this
work is 0.78 (0.55 with vdW) and 0.49 (0.26 with vdW) eV
more positive that than computed in Ref. [24] and [33],
respectively, all the studies support this adsorption mode as
the most favored one.

~
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Figure 1. Side view of the optimized structure GaN + COz* of the most
stable CO2 adsorption mode on the GaN(100) surface. Ga, N, C and O
atoms are represented in ball and sticks and depicted in pink, blue, cyan
and red, respectively.



Table 1. CO: adsorption energies (Eads) corresponding to the most
favored adsorption mode, along with the main calculated geometric
parameters. Values taken from Ref. [24] and Ref. [33] are also shown.
This Ref. [24] Ref. [33]
work vdW
no-vdwW
Eads [eV] -1.27 -1.50 -2.05 -1.76
C-N1[A] 1.41 141 1.42 141
Ul-Gal Al 2.12 2.10 2.32 2.24
02-Ga2 [A] 2.29 2.35 2.08 2.10
Gal-N1-Gaz2 [] 167.3 167.6 167.0 -
01-C-02 [ 127.4 127.6 127.4 128.3

CO2 coverage. The influence of higher CO2 coverage on
the adsorption energy on the bare GaN(100) surface has
been also evaluated. In this regard, the number of the CO2
molecules has been progressively increased from one (1/9
ML, single CO: adsorption, described above) to nine
molecules (1 ML, full coverage, displayed in the inset of
Table 2). In this case, only the most favorable adsorption
mode obtained with one COz molecule has been
considered. The corresponding adsorption energies are
reported in Table 2, while the optimized structures are
shown in Section S2 of the SI.

As it can be seen from Table 2, the inclusion of vdwW
interactions leads to adsorption energies which are
0.23-0.27 eV more negative than those calculated without
including vdwW. On the other hand, the two different
computational approaches lead to very similar energy trends
and to optimized structures which show identical adsorption
modes. For these reasons, only the results without including
vdW forces will be discussed below, and they will be not
included in our further investigation. The adsorption of CO2
molecules implies that the
top layer of the GaN(100) surface is partially distorted with a
consequent rearrangement of the Ga-N bonds and Ga-N-
Ga angles. On the other hand, new O-Ga and C-N
bonds (whose calculated bond distance range from 2.00 to
2.30, and from 1.40 to 1.42 A, respectively) are formed
between the adsorbed CO2 molecules and the surface Ga
atoms. The balance between the distortion/interaction

effects leads to little differences (falling in the range of the
DFT error)

Table 2. CO: adsorption energies, Eass(m CO2) (m = 1- 9, ML =
1/9-1), as function of the coverage, computed according to Equation
(1) with and without including van der Waals interactions. Values are

given in eV. Inset: Optimized structure, GaN+ 9COz*, of 9 CO:2
molecules on GaN (100) surface. Ga, N, C and O atoms are
represented in ball and sticks and depicted in pink, blue, cyan and
red, respectively.

ML no vdw

m vdw
1 v _127 -150 6 23 _-1.08 -1.35
2 29  -1.30 -153 7 79 -1.13 -1.39
3 3 -121 -146 8 89 -1.13 -1.39
4 4/9 -1.20 -1.44 9 1 -1.12 -1.39
5 59  -1.12 -1.37

in the calculated CO2 adsorption energies as a function of
the COz2 coverage. These results show that all the surface N
atoms can act as active sites and strongly bind to one CO:2
molecule, even when the full CO2 coverage (1 ML) is
considered (see the inset in Table 2). Therefore, the

capability of GaN to coordinate and activate CO2 via C-N
bonds is not hindered by the increase of the
number of COzmolecules.

The formalism of ab initio thermodynamics has been
employed to investigate the thermodynamic stability of differ-
ent surfaces in the presence of different coverages of CO:2
molecules. The computed surface free energies of the
GaN(100) surfaces with CO2 molecules adsorbed at different
coverage are shown in Figure 2. Our calculations predict
that the stochio- metric GaN(100) surface and the surface

with two adsorbed COz molecules (GaN + 2CO2*) are the
lowest energy structures for mcoz(T,p) < -1.3 and -1.3
<mcoz(T,p) < -1.1, respectively. The surface with full
CO2 coverage (GaN + 9CO2*) is the lowest energy

structure for mcoz2(T,p) >-1.1 eV. It turns out that this
surface structure is thermodynamically stable in a wide range
of temperatures T and pressures p that are relevant for
applica- tions in the realm of catalysis. These results further
support those discussed above, underlying the great
potential of this material as catalyst for CO2 reduction.

Mg and In doping/alloying

In the following, we address two relevant strategies to
explore how material properties can be tuned to increase the
efficiency of COz2 reduction processes. First, doping with Mg,
which is a common acceptor in GaN technology.[?6:27]
Second, the addition of isovalent In to form InxGaixN
alloys.l27:31

Mono Doping/Alloying sites. The effect of doping/alloying
with one Mg and In atom on the surface and “bulk-like”
bilayers has been studied, by replacing one Ga atom with
Mg or In at each layer. We did not include the last two
layers since those
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Figure 2. Surface free energies DGaas(T,p) of the GaN(100) surfaces
covered with a different number of CO2 molecules as a function of the
chemical potential of CO2 mcoz(T,p).
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Figure 3. a) Eight different Mg/In incorporation sites labelled from 1 to 8. The two most stable sites “1” (located on the first or top layer) and “3”
(located on the third layer) are highlighted; b) plot of the Ga-substitutional Mg (black line) and In (red line) sites as a function of the energy

differences (with respect to the most stable site “1”).

are fixed in our calculations. Due to the periodic boundary
conditions, all the Ga atoms in each layer are equivalent,
and, therefore, any of them can be replaced. Figure 3
shows the eight different investigated incorporation sites,
along with the plot of the corresponding energy differences
relative to the most stable site. Our calculations show
that the most stable structures (which will be referred as

Msite1-GaN, with M = Mg, In) are obtained when both Mg and
In impurities replace one Ga atom of the surface on site “1”.
Site “3” is also accessible since it requires a higher energy
of only ~ 0.10 eV with respect to site “1”. On the other hand,
energy differences of 0.20- 0.40 eV are calculated for all the
“bulk-like” incorporation sites (from “4” to “8”). Mg-doping at
sites “2” leads to the less stable energy

Figure 4. Side view of the optimized structures of a) Mg

-GaN #CO
* (CO2 adsorption on Mgsite1-GaN) and b) Mgsites-GaN +CO2* (CO2
adsorption on Mgsites-GaN). Ga, N, C, O and Mg atoms are

represented in ball and sticks and depicted in pink, blue, cyan, red and
magenta, respectively 2

structure, with an energy difference of 0.63 eV with respect
to site “1”, while the corresponding energy for the In
structure is similar to those calculated for the inner bulk-like
sites. The stability of the selected systems was evaluated by
calculating their binding energy per atom, as reported in
Section S8 of the SI.

Single CO2 Adsorption on Mono Doped/Alloyed systems.
When CO: is adsorbed on Mgsite1-GaN (Mgsite1-GaN+CO2*
in Figure 4a) the newly formed Mgl1-0O1 bond becomes 0.11
A longer than the corresponding Gal-01 calculated for the

pristine GaN(100) case, while a much shorter Ga2-02 bond
distance of 2.04 A is calculated. According to the Bader
charges’ analysis, the replacement of the surface Ga3+
(Gal) with Mg?+ (Mgl) determines an enhanced charge

transfer from the surface to the adsorbed CO2 molecule,
and the establishment of a weaker Coulombic interaction

between the divalent cation Mg?+ (Mgl) and the negatively
charged oxygen atom (O1) and a stronger Coulombic
interaction between the trivalent cation Ga®+ (Ga2) and the
negative charged O2, as underlined by the elongation and
shortening of Mgl1-O1 and Ga2-02 bonds, respectively.
The corresponding adsorption energy of CO2 on Mgsite1-

GaN is -2.13 eV, which is 0.86 eV more negative with
respect to the non-doped case. All the geometric
parameters and adsorption energies are listed in Table 3
and 4, respectively.

As seen for the CO2 adsorption on pristine GaN(100)
surface, also for the mono-doped Mg:GaN case, the
calculated adsorp- tion energy value is more positive that

that calculated in Refl? (-2.48 eV) and ReflP4 (-3.12
ev).

Nevertheless, the energy differences between the CO:
adsorption energy on the stochiometric GaN(100) and
on the mono-doped Mg:GaN (with

Mgsitel-GaN +CO2* 2Mgsite1-1-GaN + CO2*

Table 3. Main calculated geometric parameters for the optimized structures of CO2 adsorbed on Msite1-GaN, 2Msite1-1-GaN (M = Mg, In).

Insite1-GaN+ COx* 2Insite1-1-GaN+ CO>* Msie1lNsier-GaN +

01-C-02 (°)

COy*
C-N1 (&) 1.40 141 1.40 1.40 1.40
O1-M1 (A) 2.23 2.1V 2.32 2.25 2.13
02-Ga2/M2(A) 2.04 2.05 211 2.25 2.19
M1-N1-Ga2/M2 ()  164.1 161.7 166.1 164.8 162.6
124.6 126.3 124.5 122.8 123.2




Mgsite1-GaN+ COz*
Eags -2.13

Mgsite3-GaN +CO2*
-1.22

Table 4. CO2 adsorption energies (Eads) On Msite1-GaN, Msite3-GaN, 2Msite1-1-GaN, 3Mgsite1-1-1-GaN (M =Mg, In). Values are given in eV.

2Mgsite1-1-GaN +CO2*
-2.55

3Mgs\lel—1‘-1”_GaN + COZ*
-2.52

2Mgsite1-3-GaN +COz*
-1.93

3Mgies.1-1-GaN + 2CO,* Insite1-GaN +COz*

Insites-GaN +COz*

2Insite1-1-GaN+ CO2* M0site1lNsite1-GaN +CO2*

Eags -2.33 -1.71

-1.22

-2.00 -2.53

Mg replacing a surface Ga atom) are very similar and
correspond to 0.86, 0.72 and 1.07 eV for the calculations
presented here, those reported in Ref.[33] and Ref.[24]
respectively. Moreover, the adsorption energy of CO2 on
Mgsites- GaN (in which Mg replaces a Ga atom on site “3”,

Mgsite3-GaN-+CO2* in Figure 3b) is calculated to be -1.22
eV, which is 0.91 eV more positive than that calculated for
CO2 adsorbed on Mgsie1- GaN, and very similar to that
computed for the CO: adsorption on the bare GaN(100)
surface, underlying that the presence of the Mg dopant on
the top layer notably favors the CO2 adsorption. By using a
cluster model approach, similar trends have been
computed.®l Indeed, the adsorption energy of CO2
adsorbed on the GaN(100) cluster model that includes a Mg

atom in site “3” (-2.29 eV) is 0.83 eV more positive than that

including a Mg atom
similar to that calculated for

cluster model (-2.05 eV).

These results show that, besides the diverse absolute
values of the adsorption energies calculated using different
computa- tional methods and protocols, similar trends are
computed, and all the approaches confirm that the
presence of a Mg-dopant on the surface is beneficial for the
adsorption of CO2, leading to the strongest (most negative)
adsorption energies.

Replacing the Mg dopant on site “1” with In disfavors the
CO2 adsorption on Insiei-GaN of 0.42 eV. The more

positive adsorption energy calculated for Insie1-GaN+ CO2* is
explained by the further elongation of 0.09 and 0.07 A of

in site “17(-3.12 eV) and very
the pristine GaN(100)

O1-In1 and 0O2-Ga2 bhonds, respectively, in comparison

with the corre- sponding bonds in Mgsite1-GaN+COz*.
Therefore, weaker inter- actions are established underlying
a lower capability of the In

atom to activate the CO2 molecule. On the other hand, the

same adsorption energy of -1.22 eV is computed when
CO2 is adsorbed on Mgsites-GaN and Insies-GaN, which
further confirms the major influence of the surface
doping/alloying on the CO: adsorption. The relative

optimized structures of Insie1-GaN+COz2* and Insites-
GaN+COz* are shown in Section S3 of the SI.
Doping/Alloying  Concentration Influence on CO:2

adsorption. Since our calculations have shown the
importance of surface doping/alloying, the effect of impurities
concentration has been evaluated by replacing two and
three surface Ga atoms as shown in Figure 5a and 5b,
respectively. Omitting the fixed GaN layers at the bottom,
the impurities were placed within the four top-most layers. A
maximum amount of three impurities within these structures,
corresponds to a concentration of 4 %, which is a realistic
value for both, strained InGaN on GaN, as well as for
highly doped Mg:GaN.®%! According to our calculations, the
inclusion of the second Mg dopant as in 2Mgsite1-1-

GaN+CO2* (Figure 5a) leads to a CO2 adsorption energy
which is 0.42 eV more negative with respect to the mono-

doped Mg:GaN (Mgsite1-GaN+CO2*) discussed above.
Indeed, the presence of the second surface Mg atom,
Mg2-02
calculated distance is 2.05 A. Moreover, the Mg1-0O1 bond
is also calculated to be 0.12 A shorter than the mono-doped
Mg:GaN case. Bader charges’ analysis (see the next
paragraph and Section 5 of the SlI) underlines that both O1
and O2 atoms bear a more negative charge with respect to
the mono-doped and bare GaN cases, implying stronger
Coulombic Mg/O interactions which are responsible of the

leads to an additional interaction, whose

shortening of these two Mg-O bonds. Therefore, thanks to
those stronger interaction a more stable structure is

obtained. On the other

Figure 5. Side view of the optimized structures of a) 2Mgsite1-1-GaN+ CO2* (two Mg dopants on the top layer); b) 3Mgsite1-1-1"-GaN +CO2* (three Mg
dopants on the top layer); ¢) 3Mgsite1-1-1"-GaN+ 2CO2* (three Mg dopants on the top layer); d) ZMc?sitel»3'GaN+ CO2* (two Mg dopants on the top and

second bilayer,
respectively.

respectively). Ga, N, C, O and Mg atoms are represented in ball and sticks and

epicted in pink, blue, cyan, red and magenta,



hand, introducing a third surface Mg dopant, as in 3Mgsite1-1-
1- GaN+COz* (Figure 5b) has no consequence on the

calculated adsorption energy (and the calculated Mg-O
bond distances), since the third Mg atom is too far from
the COz and it cannot be involved in further interactions to
stabilize the resulting structure. Nevertheless, the presence
of the third surface Mg- dopant favors the adsorption of a
second CO2 molecule (see Figure 5c) leading to an

adsorption energy per CO2 molecule of -2.33 eV, which is
1.23 eV more negative than that on the pristine
GaN(100) (see Table 2). Eventually, to further confirm the
beneficial effect of the surface Mg-doping, we investigated
the adsorption of CO2 on 2Mgsit13-GaN (2Mgsite1-3-

GaN+CO2* in Figure 5d), in which two Mg dopants are
present and occupy site “1” and site “3”, respectively. The

calculated adsorption energy is -1.93 eV, which is 0.62

less favored than that of 2Mgsite1-1-GaN+CO2*.
Interestingly, the addition of a second Mg dopant in the

inner layer, as in 2Mgsite1-3-GaN+COz*, disfavors of 0.17
eV the CO: adsorption with respect to the mono-doped
case Mgsite1-GaN. All those results convey to demonstrating
that only surface Mg-doping is beneficial for the CO:2
adsorption and activation.

We have eventually considered the influence of
increasing In dopant’s concentration on the CO2 adsorption.
Based on the results discussed above for the Mg-doped
systems, only the most favored CO2 adsorption on 2Insite1-1-

GaN has been considered (2Insite1-1-GaN+COz2* shown in
Figure S7 of the SI). Table 3 reports the geometric
parameters calculated for CO2 on 2Mgsite1-r-GaN and

2Insie1-1-GaN. Even though very similar C-O and C-N bond
distances are computed for both the doped/ alloyed

systems, shorter M-O bonds between M and O atoms of
the adsorbed CO: are calculated for the Mg-doped
system with respect to In. Thanks to those stronger
interactions, the adsorption energy of CO2 on 2Mgsite1-1-GaN

is 0.55 eV more negative than that of 2Insjte1-1-GaN+COz*.
Eventually the coexistence of Mg doping and In alloying
has been investigated by replacing two Ga atoms with Mg
and In elements at the site 1 and 1, respectively. The
simultaneous doping/alloying does not have significant
influence on the CO2 adsorption mode in comparison with
the doping and alloying separately. Indeed, as depicted from
Figure S8 of the SI, the CO2 molecule bends upon

absorption changing the O1-C-02 angle to 123.2°. The
calculated adsorption energy is very similar to the 2Mgsite1-

1-GaN+CO2 case, and 0.53 more negative than that
calculated for the 2Insie1-r-GaN system. These results
suggest Mg-doping/In-alloying has also the potential for
enhancing the CO2 adsorption.

Bader charge analysis

To further describe the adsorption characteristic of CO2 on
pristine and doped GaN, charge analysis has been
performed following the Bader's theory, since the charge
enclosed within the Bader volume can be considered a good
approximation of the total electronic charge of an atom.[56-58]

Table 5 reports the sum of the Bader charges (2 g, e-)
of the free CO2 and CO: adsorbed on the pristine, Mg-
and In-GaN. Only the most stable adsorption modes are
reported. Ag represents the difference between the Bader
charges of the gas phase and coordinated CO2, calculated
according to Equa- tion (3) (see “Computational Details”
section).

More details about the calculated Bader charges of all the
atoms involved in the interactions between the pristine, Mg-
and In-GaN and CO: are reported in Table S1 of the SI.

The difference between the Bader charges of the free

and adsorbed CO2 molecule on GaN and M-GaN (M=Mg,
In), clearly underlines a charge transfer from the surface to
the molecule which is more marked when Mg-doped system
are considered. Similar results were obtained by AlOtaibi
and co-workers,®3 who calculated an electron-charge
increase of 0.3947 and 0.4785 e on the CO2 molecule
on the bare GaN and mono doped Mg:GaN (analogues to

Mgsite1-GaN+COz2*), respectively, implying a more surface-
mediated charge transfer in presence of Mg.
On the other hand, our calculations show that the

presence of two In dopants (2Insite1-1-GaN+CO2*) does not
contribute to an improvement of the surface charge transfer
to the CO2 molecule with respect to the pristine GaN, and
exactly the same values of Aq are obtained. Indeed, the
shortest bond distances calculated for the doped Mg:GaN
systems imply the strongest interactions between the
adsorbed CO:2 and the surface, and therefore justify the
highest charge transfer.

The co-existence of Mg and In as in Mgsieilnsitet-

GaN+CO2* leads to an increase of charge transfer from the
surface to the CO2 molecule in comparison with the pristine

GaN and 2Insite1-1- GaN+CO2*. Interestingly, in Mgsite1Insite-

GaN +COz2*, the charge transfer to the adsorbed CO2is 0.11
e and 0.18 e lower than the mono- and di-Mg doped cases,
respectively. These results on one side further support the
beneficial effect of Mg in activating the adsorbed CO: via
charge transfer, on the other side suggest that the
replacement of Mg and Ga in position 1’ by In worsens the
surface charge transfer contribution.

CO:2 reduction to CO

Pristine  GaN(100). Our results have shown that CO:2
molecule binds strongly to the pristine GaN(100) surface,
and, upon the

Table 5. Bader charge analysis for the free and adsorbed CO2 molecule on GaN and M-GaN (M=Mg, In). Only the most stable adsorption

modes are reported.

CO:z (free) GaN +COz* Mgsite1-GaN +COz* 2Mgsie1-1-GaN+ COz* 2Insie1-1-GaN +COz* MsierINsier-GaN +COz*
Iq 16.0 16.35 16.53 16.60 16.35 16.42
Aq / +0.35 +0.53 +0.60 +0.35 +0.42




adsorption, both the C-O bonds elongates and weakens
significantly. This effect is enhanced for the O1-C bond as
underlined by the calculated longer bond distance of 0.04 A
with respect to O2-C. We have, therefore, investigated the
potential direct breaking of the O1-C bond leading to the
formation of GaN +CO*-O*, in which CO* and O* species
are adsorbed on the GaN surface. In the corresponding
optimized structure, the O1 adsorbed atom is bound to two
surface Gal and Ga1’ atoms with calculated distances of
1.84 and 1.99 A, respectively, and the formed CO molecule
binds to the nitrogen atom with a C-N1 bond of 1.24 A,
while the calculated O1-C distance is 2.94 A. However, as
shown in the potential energy surface of Figure 6a (black

line), the GaN+CO*-O* is 0.49 eV above the reactants’
asymptotes and its formation involves a calculated energy
barrier of 1.96 eV.

As mentioned earlier, beside the production of CO, meth-
anol is also obtained as alternative reaction product. The
CO2 reduction pathway to CH3OH has been already
investigated.*® Due to the multi-step nature of the CHsOH
formation reaction, the energetic span model (ESM)®9%% has
been applied, leading to a calculated § E connecting the
rate-determining intermediate (TDI)

a)
pristine
Mg:doped

IGaN+CO,*/

Y GaN + CO,

d o
Hsitel

AE (eV)

GaN+CO,*

Mg

Hsitel

-GaN +CO,*

Mg ie1-GaN +CO,*

TS-Mg,-GaN

and the rate-determining transition state (TDTS) of 3.37 eV
(3.70 eV using a cluster model approach?¥). These results
underline that the direct breaking of one C-O bond of the CO:
molecule adsorbed on the pristine GaN surface is largely
preferred than the CO2z hydrogenation to methanol, in line with
the experimental findings which underline that the reduction of
CO2 to CO dominates on as-grown GaN nanowires under
ultraviolet light irradiation and a significant amount of CO (~
1130 u mol gcat-t), has been measured from the as-grown GaN
nanowires.!6ll However, the very high calculated energy barriers,
for both CO and methanol production, support the need of
photoactivating the reaction via UV-visible light.

Mg-doped. In order to determine the influence of the Mg
in the CO2-to-CO conversion, we have calculated the
activation barrier for the reaction on Mgsite1-GaN.

Interestingly, the energy barrier involved in the O1-C
bond breaking is 0.40 eV higher than that calculated on the
pristine GaN surface. As Figure 6a shows, this difference
is mainly due to the much lower energy at which the Mgsite1-

GaN+CO2* intermediate lies with respect to the analogous

GaN+CO2* in reference to the separated reactants. In
order to better understand

TS-GaN

TS-.\lg\,,\,,-Ga.\' GaN+CO*-0*

-0.08

Mgii-GaN+CO*-0*

Bsitel

GaN+CO*-O*

Mg, i-GaN+CO*-0*

Figure 6. (a) Calculated energy profile for the CO2-to-CO conversion on pristine GaN(100) (black line) and Mgsite1-GaN (red line). Energies are in
eV and relative to the asymptote of the reactant. Optimized structures of the intercepted stationary points along b) pristine and c) Mg:doped pathway.



which contributions are mainly involved in the stabilizing
those intermediates, we have decomposed the
corresponding adsorption energies, into the two main
contributions, which are the interaction, Eint, and the
distortion, Epist, energies, whose details are discussed in
Section S6 of the SI. Our results show very positive

distortion energies of 3.68 and 3.71 eV for the GaN+CO2>*

and Mgsite1-GaN+ CO2*, respectively, with a significant
contribution associated to the distortion of the adsorbed
CO2 molecule (2.64 and 2.88 eV), that support a similar
capability of both the pristine and Mg-doped systems of
activating the CO2 upon adsorption. On the other hand,

very negative values of -4.95 and -5.85 eV are
calculated for the Ent for the pristine and Mg-doped
intermediate, respectively. The significant stronger
interaction between CO2 molecule and the surface in the

Mgsitel-GaN +CO2* intermediate, is therefore responsible

for the higher activation energy required to break the C-O
bond. Differently from the pristine case, the formation

of the Mgsite1-GaN+CO*-O*(shown in Figure 6c) is slightly
exergonic of 0.08 eV with respect to the separated reactants,

while the formation of GaN+CO*-O* is a high
endergonic  process of 0.49 eV. Therefore, the
thermodynamic can play a crucial role in the CO2-to-CO
conversion catalyzed by GaN materials.

Conclusion

In this work, a DFT study based on PBC calculations has
been carried out to evaluate how the increase of the CO:
coverage influences its adsorption on GaN (100) surface,
and to investigate the structural and electronic properties of
Mg:GaN and InxGaixN  materials as  promising
photocatalysts to promote CO:2 reduction. Our calculations
support the ability of stochio- metric GaN to adsorb and
activate CO2 molecule, and the corresponding

adsorption energy is -1.50 and -1.27 eV, with and
without including vdW interactions, respectively. Even
though the CO2 adsorption energy calculated in this
work is 0.78 (0.55 with vdW) and 0.46 (0.26 with vdW) eV
more positive that than computed in previous works, all the
studies support the analogous preferred adsorption mode.

Our results have also shown that all the surface N
atoms can act as active sites and strongly bind to the carbon
atom of the CO2 molecule. Therefore, the presence of
adsorbed CO2 molecules does not hinder the coordination of
further CO2 molecules as soon as available N surface active
sites are present. Moreover, the computed surface free
energies of the GaN(100) surfaces with adsorbed CO:2
molecules at different coverage show that the surface with
full CO2 coverage (1 ML) is the most thermodynamically
stable in a wide range of temperatures (T) and pressures (p)
that are relevant for applications in the realm of catalysis.
Therefore, those results support the great potential of GaN
as catalyst for CO2 reduction.

In order to explore the influence of doping on the bulk-like
third and fourth bilayers, eight different doping sites have
been considered for both Mg and In elements. Our
calculations show that the most stable structures are
obtained when the Mg dopant replaces one Ga atom of
the top layer (site “17).

However, Mg doping on the third layer (site “3”) requires a
higher energy of only ~ 0.10 eV, and it can therefore be
considered accessible for Mg-doping. Similar results have
been obtained when the incorporation of In is considered.
Moving to the effect of the doping on the CO2 adsorption,

calculations reveal that replacing surface Ga3+ with Mg?+
enhances the charge transfer from the surface to CO2 and its
adsorption. In particular, the presence of one Mg-dopant on
the top layer, as in Mgsite1-GaN, is beneficial for about
0.9 eV and this effect is further improved by the
inclusion of a second impurity on the top layer (2Mgsite1-1-

GaN) with an additional stabilization of about 0.4 eV (~ -
1.3 eV with respect the pristine GaN). In line with this

result, when two surface Ga3+ are replaced with two In3+,
the charge transfer from the surface to the adsorbed CO:2

is lower than in the case with two Mg?+. As matter of fact,
the adsorption of CO2 on the surface enhances of only 0.7
eV compared to the case of pristine GaN. On the other
hand, the coexistence of Mg doping and In alloying has been
investigated and our results suggest Mg-doping/In-alloying
enhances the CO: adsorption, even though the charge
transfer from the surface to the adsorbed CO2 molecule is
reduced in comparison with both the mono- and di-Mg
doped cases.

Eventually, we have investigated the reaction pathway
leading to the formation of CO molecule. According to our
results, the formation of CO is favored than MeOH over the
pristine GaN (100) surface. This result is in line with the
experimental findings which underline that the reduction
of CO2 to CO dominates on as-grown GaN nanowires under
ultraviolet light irradiation.

The results presented in our study shed light on the
properties of Mg:GaN and InxGal-xN and pave the way for
the development of GaN-based materials as promising
photo- catalysts for CO2 reduction.

Computational Details

DFT calculations have been performed within PBC using the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
based on the generalized gradient approximation (GGA),[62 as
implemented in the Quantum Expresso code.®]

The spin-polarized Kohn-Sham equations were solved in the
plane- wave pseudopotential framework, with the wave function
basis set and the Fourier representation of the charge density
being limited by kinetic cutoffs of 50 and 400 Ry, respectively.
The Ga, N, C, O, Mg and In atoms were described by ultrasoft
pseudopotentials. 4

We built up the structural model for the GaN(100) surface as
shown in Figure 1, which consists of 216 atoms.

Our choice of considering GaN(100) is motivated by a previous
study in which the calculated surface energies revealed that
GaN(100) surface is more stable than GaN(110) and
GaN(001).1%%1  Moreover, GaN(100) has also been used in
Reference [24] and [33]. Our computed lattice parameters of

the GaN bulk hexagonal unit cell are a = 3.235 A and ¢ =
5.273 A, which are in good agreement with the experimental

values (a = 3.189 A and ¢ = 5.185 A).%] The GaN(100)
surface has been modeled with periodic (3 x 3) supercell slabs
consisting of six Ga N bilayer separated by more than 17 A in
the c direction perpendicular to the surface. The final dimensions
of the GaN(100) 3x3 supercell are a = 9.706 A, b = 15.820 A,

and c=



31.943 A. The threshold for energy convergence is set to 10-
6 eV. The atoms in the lowest laying two Ga N bilayer were
constrained to their equilibrium bulk like positions, while all the
other atoms were free to move under the action of the
interatomic forces. Due to the large dimension, [T point have
been used for the Brillouin zone integration.

The adsorption energies (Eags) of the CO, molecules on the
GaN(100) surfaces have been computed using Equation (1):

. ) [
Eogs = —(E

— Eganqio0) — mEco,)
m GaN(100)+mCO2

where m is the number of adsorbed CO, molecules,
Ecana100pbmco, IS the total energy of mCO, molecules adsorbed
on the surface, while Ecanaioor and Eco, are the total energies of
the stoichiometric GaN(100) surface and a CO, molecule,
respectively.

Benchmark calculations have been performed in order to under-
stand the role of van der Waals (vdW) interactions on the
adsorption of CO, molecules on the GaN(100) surface. The

zero damping DFT-D3 method of Grimmel®® has been
employed. The corresponding results suggest that the
inclusion of vdwW forces does not affect significantly the
values of the adsorption energies.

In order to study the thermodynamic stability of different
surfaces in the presence of CO, molecules we have employed
the formalism of ab initio thermodynamics.[*”1 We assume that
the surfaces can exchange CO, molecules with a surrounding
gas phase. If we assume that the system is in thermodynamic
equilibrium, the most stable surface surfaces decorated with
CO,; molecules at a given temperature T and pressure p are
given by the minimum of the surface Gibbs free energy. The
Gibbs free energy is computed with Equation (2):

[ A
Acal(lﬂ (T~ p) = Z { Eot COZ=ads {‘V(JO?}

-[Eror 320~ C2N000) L AN cospco2(T,p))}

Where A is the surface area, Ewr ©°%2% (Ncoy) is the energy of
the surface covered with N CO, molecules, Eiy $20-GaN(100) s the
energy of the clean GaN(100) slab, AN o, is the difference in
the number of CO, molecules between the two surfaces and,

Hco2(T,p) is the chemical potential representing the Gibbs free
energy of the gas phase with which the CO, molecules are
exchanged. We assume that volume and entropy contributions
are negligible in AG .us(T,p).&2 Therefore, the Gibbs free
energies are approximated by the total energies of our DFT
calculations. The upper bound of the chemical potential of CO,

Hco2(T,p) is given by the total energy of CO., Eco2. This upper
bound is taken as the zero of our energy scale by using 4l
co2=H co2(T,p)-Ecoa.

Charge analysis has been performed following Bader's theory,
since the charge enclosed within the Bader volume can be
considered a good approximation of the total electronic charge
of an atom.%6%8 The differences between the Bader charges of
the gas phase and coordinated CO, molecules, Aq, have been
calculated according to Equation 3:

Ag = Zq(COgsm’facc — bound) + z q(C O3 free)

Where 22 9C0Ozsur face — bound ig the sum of the Bader charges
of the CO, adsorbed on the pristine and M-GaN surface, and
2.9C0zfreejs the sum of the free CO,.

The reaction paths for the CO,-to-CO conversion were
investigated by means of the climbing image nudged elastic
band (CI-NEB) method,%8-7% and the corresponding activation
barrier (Ea) is defined by Equation (4):

Ea % Ers - Eis

where Ers and E;s are the total energies of the transition state (TS)
and the initial structure (IS), respectively, as defined in Section “CO,

reduction to CO”.
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