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This work presents a theoretical investigation of carbon dioxide (CO,) adsorption on MgH, and its reaction
(chemisorption) with cobalt doped MgH,. The focus of this study is the properties and mechanisms
involved in CO, adsorption on clean MgH, surfaces and the role of Co in enhancing the adsorption
process. Density functional theory (DFT) calculations were performed to examine different CO, adsorption
sites on the MgH, surface along with the adsorption distances, binding energies, and geometric
parameters. The results indicate that physical adsorption of CO, occurs on MgH, with similar adsorption
energies at different adsorption sites. The coverage effect of CO, molecules on MgH, was also
investigated, revealing an increased affinity of CO, with higher surface coverage. However, excessive
coverage led to a decrease in adsorption efficiency due to competing surface adsorption and
intermolecular interactions. The orientation of adsorbed CO, molecules shifted from parallel to quasi-
perpendicular arrangements upon adsorption, with notable deformations observed at higher coverage,
which gives a hint of CO, activation. Furthermore, the study explores the CO, adsorption capacity of MgH,
in comparison to other materials reported in the literature, showcasing its medium to strong affinity for
CO,. Additionally, the effectiveness of a single Co atom and Co clusters as catalysts for CO, adsorption on
MgH, was examined. Overall, this theoretical investigation provides insights into the CO, adsorption
properties of MgH, and highlights the potential of Co catalysts to enhance the efficiency of the

DOI: 10.1039/d3im00096f methanation process.
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1 Introduction

Atmospheric carbon dioxide concentration reached 424.81
ppm (global mean) in June 2023, which far exceeds the
natural atmospheric carbon dioxide concentrations (280
ppm)* before the Industrial Revolution took place. This has
led to severe consequences, including climate change and
global warming. Carbon dioxide capture and storage, as well
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as carbon dioxide capture and utilisation technologies, ie.,
CCSs and CCUs, respectively, have been considered a suitable
approach to solve this pivotal problem.’> Among the main CO,
capture procedures (pre-combustion, post-combustion, and
oxyfuel combustion®™®), the post-combustion process is the
most engineered technology as it can be retrofitted to existing
power plants.” However, challenges remain, such as the
requirement for high-performance materials or the demand
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coverage); Fig. S3 (optimised geometries of Co clusters systems); Fig. S4
(optimized geometries of Co clusters systems); Fig. S5 (details of the
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on Co-catalyzed systems); Table S6 (Bader ionic charges of CO, adsorption
on clean MgH,); Table S7 (Bader ionic charges of Co adsorption on clean
MgH,); Table S8 (Bader ionic charges of CO, and H, adsorption on Co/
MgH,); Table S9 (valence Bader charge difference for CO,/MgH, systems);
Table S10 (valence Bader charge difference for Co/MgH, systems); Table S11
(valence Bader charge difference for CO,/Co-MgH, systems); Table S12
(MgH, surface energies for the k-point testing set); Fig. S9 (MgH, surface
energies as a function of the selected k-points). See DOI: https://doi.org/
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for energy for the high sorbent regeneration process.® In this
process, once CO, gas is captured by the sorption material
from industrial flue gases, it can be stored in suitable
geological formations® in the case of CCS or reused in
different industrial processes in the case of CCUs. This may
create extra operational needs (CCUs with conversion), such
as fuels or polymeric materials,"® or be ready to use (CCUs
without conversion), such as heat transfer fluid."

A possible route for CCU is methane production
(methanation) from captured CO, through hydrogenation.
CO, methanation is one of the most relevant applications for
recycling carbon dioxide, owing to its high gravimetric heat
(55.5 MJ kg™ ")."> Different means for CO, methanation have
been  proposed,
catalytic," or metal-catalyzed processes,'> among others.
Recent techno-economical analyses of the most mature
technologies showed several drawbacks, with the main need

including  photocatalytic,"”>  thermal

being the development of more efficient sorbent/catalysts to
allow scaling up to the industrial level.'® A possible route for
CO, methanation stands on the Sabatier reaction,” i.e., the
of CO, to CHy,
thermodynamically favourable (AHSyg = —165 kJ mol™*)"® but

hydrogenation reaction which s

must be catalyzed due to strong kinetics limitations.
Likewise, the hydrogen required for the methanation may be
provided to the chemical reactor'® or it could be produced in
situ. This last option could allows capturing and converting
CO, simultaneously as well as ensuring the green origin of
the hydrogen used.

Among the materials which can potentially be used as
hydrogen sources, MgH, has shown a large hydrogen storage

Egurr = 1.03]/m?

Cell volume = 2338.86 A3
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capacity.?® Nevertheless, high hydrogenation/
dehydrogenation temperatures remain technologically and
economically unaffordable for large-scale application of
MgH,. However, Ni- and Co-additives have been shown to
positively alter hydrogen absorption/desorption kinetics.>***
Cui et al® confirmed that transition metal nanoparticles
(NPs) of Ti, Nb, V, Co, Mo, and Ni enhance dehydrogenation
performance electronegativity.
Dehydrogenation co-catalyzed with MgH, was reported by
Gennari et al showing hydrogen absorption/desorption
temperatures dropping from 350 to 250 °C (ref. 26) and

due to a decrease in

activation energies from 143 to 110 kJ mol'. Liu et al
reported improved absorption/desorption
performance in terms of H, temperature release (198.9 °C)
and activation energies (76.66 k] mol™) using Co/Pd@CNTSs
catalyst.”” Therefore, taking advantage of MgH, material as a
hydrogen source, CO, hydrogenation and conversion into

hydrogen

valuable products has been assessed from an experimental
point of view using MgH, as substrate.”® Therefore, MgH,
has been considered a substrate for H, supply in the CO,
methanation process due to its natural capacity to release H,
above 350 °C.'® Theoretical studies have already been
performed in this context; Manggada et al. employed an MgH,
substrate for the CO, hydrogenation using a Mo-phosphonic
acid catalyst to report a great reduction in the interaction
energy barriers in the presence of the catalyst.>® Cu/ZrO,
system has also been evaluated in hydrogenation of CO, to
methanol showing potential active reaction sites.’® Moreover,
Chen et al. reported DFT calculations revealing an enhanced
weakening of the H-Mg surface bonds by introducing Mg

Fig. 1 Top- and two-side-view representations of the system used in the simulations. The (0 O 1) surface energy and total volume of the
optimized slab after calculation are depicted. Atom colour code: (white) hydrogen, (pink) magnesium.
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Fig. 2 Top- and side-view of the CO, adsorption structures for the P1-P7 sites, where CO, bending angles and CO,-slab distances are shown.
Atom colour code: (white) hydrogen, (pink) magnesium, (red) oxygen, (blue) carbon.

vacancies, thus facilitating CO, molecule adsorption on the
MgH, substrate.”® Experimentally, Co-based catalysts for this

reaction have been studied widely.*>**

Computational studies
based on theoretical models are in demand to accurately
assess and evaluate active sites in materials.**

CO, methanation assays with MgH, substrate as a
portable hydrogen medium under thermal conditions were
performed in previous work on cobalt catalysts. Results
showed the mechanisms for direct CO, reduction to CH, in
non-catalyzed systems, global mechanisms of
catalyzed conversion are based on the Sabatier process that is

enhanced by a Co catalyst.’® In this regard, the aim of the

however,

present work is to analyze for the first time CO,-MgH,
interactions and adsorption mechanisms with and without
adsorbed atoms of Co. We shed light on the driving forces
and electronic properties in this reaction using a theoretical
approach based on the density functional theory (DFT).

2 Results and discussion
2.1 CO, adsorption on clean MgH,

Different sites for CO, molecule adsorption were considered
on a clean MgH, (0 0 1) surface (Fig. 1) in accordance with
the of the
orientations. Gas molecules were placed on top of Mg atoms,

position molecule along with different

on top of H atoms, and over the interatomic cavities. In this
third configuration, CO, molecules were parallel to the
surface (XY plane) with two different orientations with the
aim of studying all possible interactions (Fig. Sla, ESIt).
Therefore, we have considered a slab model of 8.88 x 8.88 A;
seven different DFT calculations corresponding to seven
initial structures for the adsorption of a single CO, molecule
were performed. Optimised geometries for all the considered
systems are shown in Fig. 2, where CO, bending angles and
CO,-surface distances are also reported, while binding
energies and further geometric parameters are presented in
Table 1. Binding energies for all the considered systems are
rather similar, ranging from -0.38 to —0.43 eV, except for the
P4 structure, which shows the weakest interaction energy
(=0.20 eV) by far. These energies are directly related to the
adsorption distances, where intervals of 2.01 to 2.34 A were
observed for P1, P2, P3, P5, P6, and P7 structures and 3.11 A
for the weak P4 adsorption site. This effect may be influenced
by the electronegativity difference between O-H and O-Mg
atoms. The O-H electronegativity difference is smaller than
that between O-Mg, leading to weaker E,q4s. For all the cases,
CO, intramolecular bond lengths are maintained as before
the adsorption (Fig. Slc, ESI}) except for minor alterations
(x0.02 )i) in P2 and P7 structures. The angle, ¢o1-c-02, sShows
negligible bending. The bending molecule with the largest

Table 1 Adsorption energies and geometric parameters for CO, adsorption on different surface sites (P1-P7) on MgH,. The values for the

configurations with the highest energy (P2 and P7) are reported in bold

Eqqs (eV) I'c-o1 (A) r'c-02 (A) Pco, (deg) T'co,-slab (A)
P1 -0.38 1.17 1.17 176.73 2.34
P2 -0.41 1.17 1.17 175.49 2.09
P3 -0.38 1.17 1.19 168.38 2.01
P4 -0.20 1.17 1.17 179.77 3.11
P5 -0.39 1.17 1.17 177.83 2.24
P6 -0.40 1.17 1.17 176.46 2.26
P7 -0.43 1.16 1.17 174.25 2.10
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deviation from the CO, linear isolated molecule (179.97°, Fig.
Sic, ESIt) is found in the P3 structure (168.38°). After DFT
geometric optimisation, the CO, molecule on sites P1 and P6
underwent a reorientation, and it moved to the P2 adsorption
site and showed adsorption energies (-0.38 and -0.40,
respectively), molecule-surface distance (2.34 and 2.26 A,
respectively), and geometrical parameters similar to the P2
structure (E,gs = —0.41 eV and 7o glap = 2.09 A). In this
adsorption position, the C atom of the CO, is located in a
small cavity located on top of a Mg atom on the second layer
on the surface, and in the middle of two H atoms on the
surface. The two O atoms of the CO, molecule point to the
Mg surface atoms perpendicular to the H atoms. The final
geometry of CO, at P7 is also equivalent to the P2 adsorption
site, but in this case, the CO, molecule is not fully parallel to
the surface, and the binding energy is slightly larger (—0.43
eV). Therefore, P2, P3, and P5 were found to be the most
active sites for CO, adsorption. Furthermore, CO, molecules
starting at P3 and P5 evolve to a final position, where the C
atoms are placed between two H atoms on the surface and
the O atoms point again toward two Mg atoms on the
surface; this CO, is, however, placed over the interatomic
cavity (in contrast to P1, P2, P6, and P7 structures). For the
latter, binding energies, CO,-surface distances, and CO,
geometric parameters are similar to those reported in
previous systems, where the shortest CO,-surface distance
was found for the P3 structure (i.e., 2.00 A). Based on the
binding energy strengths, the adsorption distances, and
negligible changes in CO, geometry, physical adsorption of
the CO, molecule on the MgH, surface can be inferred for all
the proposed adsorption sites. Results agree with those
reported by Chen et al. who explained the viability of CO,
hydrogenation through ionic lattice hydrogen atoms.*!

To better understand the adsorption mechanism for CO,
gas, the effect of coverage of different CO, molecules was
considered. The full coverage limit (1 ML) was defined as 4
CO, molecules (12 atoms) on top of 12 slab surface atoms (8
hydrogen + 4 magnesium atoms). Hence, an increasing

Table 2 Adsorption energy (per molecule) and geometric parameters for
the adsorption of n CO, molecules (n = 2 to 5) on MgH,. The values for
the configuration with the highest energy (4 x CO,) are reported in bold

1 COy Eags (€V) rcoor (A) r'c-02 (A) Pco, (deg) T'co,-H (A)

2xCO, 1 -0.30 1.21 1.19 155.75 1.97
2 1.16 1.17 179.18

3xCO, 1 -0.36 1.28 1.23 131.50 1.18
2 1.16 1.17 177.39
3 1.19 1.16 177.54

4xCO, 1 -0.40 1.26 1.23 130.91 1.17
2 1.16 1.18 174.02
3 1.18 1.17 171.8
4 1.16 1.17 178.15

5xCO, 1 -0.25 1.28 1.25 123.94 1.06
2 1.17 1.18 174.76
3 1.20 1.17 175.40
4 1.18 1.17 173.54
5 1.17 1.17 173.20
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number of CO, molecules corresponding to 0.25 ML, 0.5 ML,
0.75 ML, 1 ML, and saturated 1.25 ML were added to the
MgH, surface (1, 2, 3, 4, and 5 molecules, respectively)
according to Fig. S1b, ESLf Surface saturation was used to
evaluate the eventual reorientation of the CO, molecules on
the MgH, surface. Optimized structures are shown in Fig. S2,
ESLi and the adsorption energies (per CO, molecule) and
geometric properties of each of the adsorbed CO, are
reported in Table 2. An increasing affinity of CO, molecules
to the MgH, surface is inferred whenever enlarging surface
coverage as E,qs scale from 0.3 to —0.4 eV (2 to 4 adsorbed
molecules). This means that each molecule adsorbs more
easily with an increase in coverage. Moreover, E,qs values
agree with the ones reported for a single CO, molecule (P1,
P2, P3, P5, P6, and P7), leading to efficient adsorption
mechanisms upon coverage. However, this behaviour is not
reproduced by CO, exceeding coverage structure (1.25 ML),
where the E,qs drops to —0.25 eV (per CO, molecule). The
lowering of the adsorption efficiency might be caused by the
competing effects of the surface adsorption and the CO,
intermolecular interactions imposed by the structural design
constraints together with the non-availability of the most
suitable surface adsorption sites (P1-P3 and P5-P7), and the
surplus molecules interact at a less energetically favoured site
(P4). Regarding the orientation of the adsorbed molecules,
despite the initial position of the CO, being parallel to the
surface, molecules tend to reorient after geometric
optimisation toward quasi-perpendicular arrangements. This
is more notable with the coverage effect. In contrast to
Co,

adsorption structures with

single CO,

molecules,

Fig. 3 Details of the geometric parameters of (a) adsorbed CO,
bending angle and C-H4 distance and (b) Mg2-H4-C contact angle
related to the CO, (n = 1) molecule behaviour in the structure of 5
adsorbed CO, molecules.

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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bending angles and bond distances for all the structures vary
upon adsorption (Table 2) and with CO, addition. CO, (1)
molecules located on the strongest adsorption site, ie., P2,
especially deform when coverage is increased, reaching a
bending angle of 123.94°, bond distances of 1.28 A, 1.24 A,
and 1.06 A distance to the MgH, surface hydrogens, when n =
5 in the coverage (Fig. 3a). At this adsorption site, slab
deformation is also noticeable, especially in the w, angle,
which changes from 157.78° in the clean slab to 149.94° after
the interaction (Table S1, ESIf). Indeed, it can be inferred
that a weak H-bond might be present between H, (MgH,
surface) and the C atom of CO, (1) because of the bond
distance (1.06 A) and interacting angle (140.61°), although
electronic charge transfer could also give rise to an
adsorption mechanism that also explains chemical
adsorption (Fig. 3b). A comparable situation is observed at
the opposite side: MgH, H5 atom with a C-H length of 2.41
A and contact angle of 134.34°; a slab deformation of w;
changing from 157.78° to 174.35° was observed in this case
(Table S1, ESIf). Alternate orientation of CO, molecules
forming spatially perpendicular entities (non-parallel
arrangement) were observed. This conformation may be
adopted to avoid CO, quadrupole-quadrupole interactions,
benefiting CO,-slab interactions.*® The reported effect, ie., a
stronger E,qs when coverage with n CO, molecules increases,
has already been described in previous literature for the CO,
adsorption on rutile TiO, (1 1 0) sorbent.>” This phenomenon
will be further analysed in an upcoming section using the
charge transfer phenomenon.

In summary, although the P7 position is the most stable
adsorption site, adsorption energies ranging from —0.38 to
-0.43 eV (except for the P4 position) indicate that the MgH,
causes suitable physical adsorption of CO, molecules. The
coverage effect enhances CO,-MgH, surface interactions
until full coverage is achieved. CO, molecular structure
distortion and slab deformation upon CO, adsorption unveil

Table 3 Adsorption energies and computational methodology of the
adsorption of one CO, molecule on the non-catalyzed surface of
different materials found in the literature

Methodology Material Eags (€V)  Ref.
DFT-D3, PBE MgH, -0.41 This work
DFT, PBE MgH, —-0.09 20
DFT-D3, PBE Calcite (1 0 4) -0.38 42
DFT, B3LYP AIN monolayer -0.15 43
DFT, PBE TiO, Brookite (2 1 0) —-0.16 44
DFT, PBE TiO, Anatase (1 0 1) -0.20 45
DFT, PBE y-Al,O; (11 0) -0.43 46
DFT, PBE 7-Al,03 (1 0 0) -0.80 32
DFT-D2, PBE Ni(110) -0.29 47
DFT-TS, PBE TiO, anatase (1 0 1) -0.42 48
DFT, PBE CeO, (11 0) -0.24 49
DFT, PBE CuO, (110) -1.22 50
DFT-vdW-DF2, PBE  V-MOF-74s -0.55 30
DFT-D, PBE MoS,@GeSe monolayer -0.96 31
DFT-D, PBE TiO, rutile (1 1 0) —-0.09 29
DFT-D, PBE BC; monolayer -0.11 51
DFT-D, PBE Cu-MOF —-0.82 52

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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possible chemical interaction between the CO, gas molecules
and the MgH, sorbent. Hence, activation of the CO, molecule
is demonstrated by the bending angle and bond distances of
molecules and the CO,-MgH, slab adsorption distances.

The CO, adsorption capacity of MgH, has been compared
with that of diverse sorbent materials in the literature
(Table 3). Clean MgH, slab surface shows medium to strong
affinity for CO, molecules, and therefore, noteworthy CO,
adsorption capacity. However, the adsorption capacities of
MgH, are far from those provided by other kinds of
materials, such as decorated metal-organic frameworks®®
(MOFs), doped monolayers,> y-AlL,O; (1 0 0),’ or CuO,
(110),*" as depicted in Table 3. Binding energies for the
adsorption of a single CO, molecule on different materials
reported in the literature, along with the DFT functional
employed here, are given in Table 3.

2.2 Co-doped MgH,,

To improve CO, affinity to MgH, sorbent, the Co single-atom
catalyst (SAC) and Co cluster have been proposed as catalysts
for CO, adsorption.®® Adsorption energies for the different
interacting sites of SAC (Fig. S1, ESIf) and Co-surface
distances are reported in Table 4. For the 5 possible
adsorption sites considered along the MgH, surface, C1 and
C2 structures showed larger E,qs values (=6.47 and -7.93 eV,
respectively) than C3, C4, and C5 (-3.55 to -4.49 eV)
(Table 4). Regarding geometry, the initial Co SAC position on
C1 converged to the C2 position of Co as inferred through
geometric parameters reported in Fig. 4 and Table 4. Thus,
C1 and C2 sites can be considered equivalent, although the
greater stability of the C2 SAC structure should be noted,
which reflects the Co atom embracement by H1 and H2
atoms of the MgH, surface (Fig. 4). Despite the C1 Co-
surface distances being very similar to those in C2 (Table 4),
w, and w; surface angles deformation (Table S1, ESIt) from
157.78 to 132.37° and 133.91°, respectively, manifest the
insertion of the Co atom in the MgH, surface structure. In
contrast, for the C1 structure, w, and w; surface angles
present negligible deformation (from 157.78 to 158.00° and
160.82° respectively) (Table S1, ESIT). For this reason, the C2
Co SAC structure was considered in the following section for
CO, adsorption studies.

When considering multiple Co atom catalysts, stronger
adsorption energies were observed on MgH, compared to

Table 4 Adsorption energy and geometric parameters for Co atoms
(SAC) at different MgH, surface sites (C1-C5). The values for the
configuration with the highest energy (C2) are reported in bold

Eaqs (eV) Too-r (A) Tcoiz (A)
C1 -6.47 1.52 1.50
Cc2 -7.93 1.57 1.57
C3 -4.49 2.34 2.17
C4 -3.55 1.56 1.56
C5 -4.49 1.56 1.56

Ind. Chem. Mater., 2024, 2, 587-599 | 591
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Fig. 4 Top- and side-view of the Co SAC structures for the C1-C5 sites and Co-Mg distances. Atom colour code: (white) hydrogen, (pink)

magnesium, (green) cobalt.

SAC. E.qs (per Co atom) range from -3.09 to —10.55 eV and
from -7.18 to -9.43 eV for one-by-one Co atom addition and
1/4 to full surface coverage, respectively (Tables S2 and S3,
ESIt). Interatomic Co distances, which vary from 2.16 to 4.15
A, for the one-by-one clusterization and full coverage systems
(Tables S4 and S5, ESL} respectively), agree with Co
clusterization atom distances reported in the literature.>
Catalyst adsorption on the MgH, surface causes geometric
disruption of the first and second layers of MgH,, and the Co
embracement effect observed for the SAC structures is also
reproduced for the structures with multiple Co atoms (Fig. S3
and S4, ESIf). A structure with seven Co atoms is the most
energetically stable system (-10.55 eV) for n Co clusterization
on catalyzed MgH,. The geometric parameters (Table S1,
ESIt) of the converged structure indicate that H4 and H5
atoms were displaced along the x-direction (Fig. S3, ESIt) and
closely (1.64 and 1.62 A) interacted with the central Co atom
(Fig. S5, ESIf), while Mg2-H4 and Mg3-H5 distances
extended from 1.82 A to 2.05 and 2.51 A, respectively (Table
S1, ESIt). For the structure with full coverage of Co (4/4, Fig.

S4, ESIt), the E,qs were slightly weaker (-9.43 eV) than that
for the cluster with 7 Co atoms (Table S3, ESIt). However, the
geometric disorder of the first MgH, layer is larger, exhibiting
considerable displacement of atoms and disruption of the H-
Mg-H angles (Table S1, ESIf), triggering initial structural
decomposition and Co atoms integration on the MgH, solid
surface.

For all the reported Co catalyzing structures, large
adsorption energies and non-negligible changes in surface
structure were found. Therefore, the Co catalyst is intended
to be capable of weakening substrate bond forces, and thus,
the mechanisms of interaction between CO, molecule and
MgH, surface are expected to be enhanced.

2.3 CO, adsorption on Co/MgH,

In this section, CO, and CO, + 2/4 H, adsorption on Co/
MgH, systems are discussed. First, one CO, molecule
adsorption on Co SAC/MgH, was analyzed for all the SAC
structures reported in the previous section. In the case of C1

Table 5 Adsorption energy and geometric parameters for CO, adsorption for all the Co SAC sites on MgH, considered here. Both parallel () and
perpendicular (1) dispositions of the CO, molecule were considered. The values for the configuration with the highest energy (C3 CO, |) are reported in

bold
Eaas (€V) re-o1 (A) To-02 (A) ¢co, (deg) To-co (A) Tor-co (A)

C2 CO, || -6.61 1.20 1.20 180 1.98

C2 CO, L -9.71 1.18 1.19 179.66 1.93

C3 CO, || -12.43 1.27 1.27 136.99 1.82

C3 CO, L -8.86 1.19 1.18 178.23 1.85

C4 CO, || -10.17 1.23 1.29 140.19 1.81

C4 CO, L -9.38 1.18 1.19 179.37 1.94

C5 CO, || -8.42 1.28 1.24 134.94 1.98

C5 CO, L -7.98 1.17 1.18 179.85 3.24
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and C2 structures, only the C2 SAC position was considered
as Co SAC spatial location is equivalent, and the energetic
stability is stronger. Both the dispositions of the CO,
molecule considered initially, i.e., parallel and perpendicular
to the surface on top of the SAC atom, manifested large CO,
E.qs in the range of —6.61 to —12.43 eV (Table 5). In the case
of the C2 adsorption site, CO, adsorption energy for the
parallel disposition became smaller compared to the
perpendicular disposition. However, for C3, C4, and C5
structures, parallel CO, disposition showed larger interacting
energies with respect to the surface. In general, larger
adsorption energies (more negative values) rely on stronger
interactions and greater disruption of CO, geometric
parameters (Table 5). Whereas in CO, perpendicular
disposition, no changes were noticed in the geometry of the
gas molecules, while significant structural changes were
found for the parallel disposition molecule, except for CO,
adsorption on the C2 structure. CO,-Co SAC distances are
similar for all the structures (1.81 to 1.98 A). The C3, C4, and
C5 structures featured intense disruption of the CO, bending
angles (134.94 to 140.19°) (Table 5). Therefore, despite
detecting C1 and C2 as the most stable SAC structures, CO,
adsorption turned out to be biased for C3, C4, and C5 (in
that order), as depicted through reported E.qs (Table 5).
Adsorption on the C3 structure provides stronger interaction
energy (-12.43 eV), but also the most disordered MgH, first
layer.

Two adsorption mechanisms are inferred from this
analysis: the first one and the most likely to occur (stronger
interacting energy) is adsorption through the C atom of the
CO, molecules. The second one, which is energetically
weaker, is adsorption via the O atom with a molecular
disposition perpendicular to the surface (Fig. S6, ESIT). From
the former mechanism, chemical adsorption manifestation is
proposed to occur based on the CO, and MgH, surface
structure perturbation (Table S1, ESI}), whilst physisorption
is inferred for the latter adsorption mechanism. Hence, CO,
chemical activation through carbon atoms is observed as an
effect that should be attributed to the Co catalyst.

CO, adsorption on a catalyst with two Co atoms on the
MgH, surface presented much weaker adsorption energies
for both parallel and perpendicular disposition of the gas
molecule (-2.71 and -2.69 eV, respectively), which ended up

View Article Online

Paper

converging in the same geometrical position (Fig. S7, ESIT).
Although the distortion in the CO, molecular structure in the
two-Co structure is slightly stronger (Table 6), the adsorption
mechanisms of both the SAC and two-Co catalyst seem to
behave similarly. Moderate surface deformation was observed
(Table S1, ESI¥).

Further investigation was carried out on the CO,
adsorption mechanism on MgH, by taking into consideration
H, molecules that mimic H, release from a distinct hydrogen
storage substrate. Thus, 4 and 2 H, molecules, according to
different experimentally reported methanation mechanisms
(Sabatier process and direct CO, reduction),®® were
considered, along with one CO, molecule for the C2 SAC and
two Co atoms catalyzing MgH, structures. Geometrically
optimized systems displayed in Fig. S8 (ESIt) yield adsorption
energies in the range of —2.61 to -3.43 eV with similar CO,
molecule distortion geometries (Table 7). CO, molecule
deformation is found to be in line with the previously
reported adsorbed molecules, whereas H, molecules do not
interact within the system as no structural changes occur on
the molecules themselves and there are no significant
interactions that could be observed within the MgH, surface
or the CO, molecule either (Fig. S8, ESIf). It might be
highlighted that for the C2 SAC structure interaction with 1
CO, and 4 H, molecules, the CO, molecule is turned parallel
to the surface leading to CO,-MgH, full contact, in contrast
to the remaining structures (Fig. S8, ESI{). Unremarkable
slab surface deformation was observed for these structures
(Table S1, ESI¥).

2.4 Insights into the charge transfer analysis and adsorption
mechanisms

Charge density difference — or spatial charge redistribution -
maps for the most stable aforementioned systems are shown
in Fig. 5. Panel (a) represents the charge density for the clean
slab; panels (b) to (d) depict the charge density difference of
carbon dioxide on MgH,; panels (e) to (f) show the charge
density difference of Co atoms on MgH,; and panels (h) to
(k) show the charge density difference of CO, and H, on Co/
MgH,. Blue and yellow surfaces represent charge density
depletion and accumulation, respectively. The difference plot
slices prepared for complementary charge density in relevant

Table 6 Adsorption energy and geometric parameters for CO, adsorption on MgH, for the C2 Co SAC and the two Co atom structures. Both parallel
() and perpendicular (1) dispositions of the CO, molecule were considered. The values for the configuration with the highest energy (C3 CO, || and 2

Co CO, |)) are reported in bold

Eaqs (eV) I'c-o1 (A) I'c-o2 (A) Pco, (deg) I'c—co1 (A) I'c—co2 (A) T'co1-Co2 (A)
Co SAC/C3

CO, || -12.43 1.27 1.27 136.99 1.82

CO, L —-8.86 1.19 1.18 178.23 1.85
2 Co

CO, || -2.71 1.24 1.34 129.37 1.84 2.24 2.71

CO, L -2.69 1.25 1.33 130.59 1.83 2.2 2.81

© 2024 The Author(s). Co-published by the Institute of Process Engineering,
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Table 7 Adsorption energy (total) and geometric parameters for CO, and H, adsorption on MgH, for the C2 Co SAC and the two Co atom structures.
System with 1 x CO, molecule and 2 x H, molecules or 1 x CO, molecule and 4 x H, molecules were considered. The values for the configuration with
the highest energy (1 CO, + 4 H,) are reported in bold

Eqqs (V) I'c-01 (A) I'c-02 (A) Pco, (deg) Tc-cor (A) Tc-coz (A) T'Co1-Co2 (A) TH1-H2 (A)
Co SAC/C2
1CO, +2 H, -2.61 1.26 1.26 136.72 1.83 — — 0.75
1CO,+4H, -3.43 1.32 1.25 129.73 1.80 — — 0.75
2 Co
1CO, +2 H, -3.10 1.28 1.28 136.36 1.90 1.90 2.66 0.75
1CO,+4H, -3.43 1.28 1.29 136.36 1.90 1.89 2.66 0.75

regions of the system aid in comprehending the charge
density transfer effect (Fig. 6), where red and blue colours
represent and minimum charge density
accumulation, respectively. In panels (b) to (d) of Fig. 5,

maximum

charge accumulation around oxygen and surface hydrogen
atoms is outlined, whereas atomic charge depletion is
observed for justifying  the
physisorption effect. Moderate charge transfer between CO,
molecules and MgH, is shown, except for the CO, (2)
molecules in panel (d), Fig. 5. Contrarily, large charge density

central carbon atoms,

transfer can be observed along with Co adsorption on the
MgH, surface. The chemisorption of Co SAC on the MgH,
surface is confirmed through strong charge interactions. An
analogous effect is observed for the subsequent addition of
Co atoms (Fig. 5f and g). More complex charge transfer
patterns are observed in panels h to k. Combining panels (h)

2CoCo, i

to (k) of Fig. 5 and 6, we can observe a double charge transfer
effect: first, from the Co atoms adsorbed to the H atoms on
the MgH, surface, and second, from the carbon of the CO,
molecule adsorbed to the Co catalyst atoms. Hydrogen
molecules do not seem to interchange charge density either
with catalyzing surface or CO, molecules as no surfaces are
associated with H, molecules.

Lastly, to gain insight into the CO, adsorption
mechanisms, charge density transfer was investigated via
valence Bader charges analysis. Valence electronic charges for
CO, and H, molecules, first and second layers of MgH, and
Co atoms were considered before and after the adsorption of
the corresponding atoms/molecules (Tables S6-S8, ESIf).
Next, charge transfer was calculated as the difference
between the isolated surface/CO, molecule/Co atom and the
valence Bader charges for the overall systems of the CO,

Fig. 5 Charge density difference maps (psystem — psiab — Pco — Pgas) fOr the most stable structures (a-k) with the isosurface value of 0.005e. The
yellow region represents charge density accumulation, while the blue region represents charge depletion.
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Fig. 6 Charge density difference slice for the most stable structures (a-k) considering an isosurface value of 0.005e. Red-like colours represent
charge density accumulation, while the region leaning to blue shades represents charge depletion.

molecule adsorbed on a clean MgH, surface, Co atom
adsorbed on a clean MgH, surface, and CO,/H, adsorbed on
the catalysing systems (Tables S8-S10, ESL} respectively).
Positive and negative charge differences indicate charge
uptake and charge loss, respectively. This means that an
atom with a positive charge difference has electronic charge
accumulation (negative ionic charge). Given the reported
results, minor charge differences between CO, atoms and
MgH, surface atoms confirm the physisorption mechanism
at P2 and P7 sites (Table S9, ESIf). However, a significant
charge difference was found within the CO, atoms: uptake of
electronic charge by O atoms (+0.76 to +0.85) from the central
C atom (which losses -1.51 and -1.67, respectively), favouring
weak van der Waals interactions with the hydrogens on the
MgH, surface (Table 1).

In the case of the four-CO,-molecules system, physical
adsorption could be inferred for CO, (1), CO, (3), and CO, (4)
molecules on MgH,, but chemisorption was confirmed for
the CO, (2) molecule as significant charge transfer was
observed between the H, and C; (2) atoms (Table S9, ESIf).
This result is validated by the previously observed bending
angle of the gas molecule, as well as adsorption distance
(Table 2) and accumulation/depletion charge density map
(Fig. 5d).

© 2024 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

The charge difference reported for Co atoms on MgH,
confirms strong interactions between the sorbent and
selected catalyst as a large charge transfer was found between
the hydrogen atoms on the surface and Co atoms (Table S11,
ESIt). Therefore, strong adsorption of Co atoms on the MgH,
surface was also corroborated by large adsorption energies
and short interatomic distances (Tables 4, S2, and S3, ESIf}).
The charge difference of Co,, Cos, and Co, (Co atoms on the
top of the surface H atoms), as well as Co,, for seven Co and
4/4 systems, respectively, are particularly pronounced
according to charge density maps (Fig. 5f and g).

Finally, the CO, and H, adsorption on the catalysis
systems depicted moderate charge transfer between the
MgH, surface and Co atoms combined with CO, adsorption
on top of the Co atoms. In these structures, partial charge
transfer from the C central CO, atom developed toward the O
atoms, in parallel to partial charge transfer to the Co catalyst,
leading to large ionic charge accumulation on the Co atoms.
Thus, strong interactive forces between the CO, gas
molecules and the catalysis surface are confirmed. Along with
large E,qs and short adsorption distances, these findings
corroborate the chemical nature of the adsorption
mechanism. Additionally, considerable charge density is
distributed along the CO, oxygen atoms, which may lead to

Ind. Chem. Mater., 2024, 2, 587-599 | 595
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possible interactive sites for H, adhesion. However, despite
that, low reactivity was found for H, molecules according to
the reported charge transfer and charge density plots.

Based on the reported results, two main conclusions can
be reached: i) high CO, adsorption capacity of MgH, was
confirmed with a preferential physisorption mechanism for
the clean surface and a chemisorption route for the Co-
catalysed surface, and ii) no interaction could be detected
between the adsorbed CO, and H, molecules.

3 Conclusions

In this theoretical inquiry, we systematically investigated the
properties and mechanisms governing carbon dioxide (CO,)
adsorption on magnesium hydride (MgH,) surfaces
augmented with Co atoms. The focal point of our analysis
was an unaltered MgH, surface and the impact of Co species
on the CO, adsorption process. The findings unveiled the
physical manifestation of the adsorption phenomena on the
MgH, surface, whereby disparate adsorption sites are present
indicating uniform adsorption energies. The influence of CO,
molecular coverage on MgH, demonstrated increased affinity
at enhanced surface coverage, reaching an optimal saturation
point after which excessive coverage occurred and induced a
decline in adsorption efficiency. Following adsorption, the
orientational configuration of CO, molecules transitioned
from parallel to quasi-perpendicular arrangements,
accompanied by discernible deformations at heightened
coverage.

In the context of comparative analyses with alternative
materials, MgH, emerged as a noteworthy medium with a
strong affinity for CO,. Furthermore, our scrutiny of the
efficacy of Co single atoms or clusters for CO, adsorption on
MgH, indicated the superiority of Co single atoms for
adsorption at specific sites that were reflected in heightened
adsorption energies. This mechanism entails the activation
of CO, molecules through perturbation of molecular
properties, characterisation of CO,-MgH, slab interactions,
and facilitation of electronic charge transfer.

These observations collectively contribute to a deep
comprehension of the underlying properties and
mechanisms of CO, adsorption on MgH, in the presence of
Co. Importantly, they provide pivotal insights into the initial
reaction step, thereby guiding the rational design of more
efficient CO, conversion technologies.

4 Computational methods

Quantum Espresso 6.5 software’® with the PW package was
used for DFT spin-polarised calculations. For all the atoms
involved in simulations, projector augmented wave (PAW)
pseudopotentials were used,”>>® together with the revised
version®” of the PBE exchange-correlation functional.’*>%>°
Periodic boundary conditions (PBC) were applied, and
dispersion forces were also included via the semi-empirical
correction by Grimme, DFT-D3.°° The Burai graphical user
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interface of Quantum Espresso was used to build the
systems. The DMol3 package from the BIOVIA materials
studio environment was also employed for geometry pre-
optimisation and initial systems equilibration (DFT-PBE).

Magnesium hydride is characterized by a tetragonal crystal
system with a P4,/mnm space group (o-MgH,).*"®
Experimental lattice parameters are a = b = 4.512 A and ¢ =
3.016 A.°® From this data, bulk lattice was relaxed with a
k-point Monkhorst-Pack grid®* of 12 x 12 x 12, which was
converged before considering production runs (see Table S12
and Fig. S9, ESIf) to allow the necessary energy accuracy,
along with a cut-off energy of 40 Ry (544.23 eV), according to
the largest value recommended in the employed
pseudopotentials.

The new lattice parameters of the relaxed system were a =
b = 4.503 A and ¢ = 3.01 A. To mimic the bulk crystal, a 2 x 2
supercell with 4 layers of depth was generated. A surface with
(0 0 1) Miller index was considered for the slab model since
it is the most suitable surface regarding vacancy formation
energies, and thus, the dehydrogenation process.*®®> A
twenty-Angstrom vacuum layer was set above the model slab
to avoid the interaction of neighbouring MgH, cells. For all
the calculations, two bottom layers of the slab were fixed to
maintain crystal behaviour. Fig. 1 shows the overall
simulated cell of dimensions, 8.88 x 8.88 x 30.47 A, enclosing
96 atoms.

Surface energy, Eqf for the clean MgH, slab was
calculated according to eqn (1) because the symmetry of
the two-sided slab guarantees the double counting of the
surface energy. Epy is the energy of the bulk MgH,, and
Agpap 1s the surface area of a side of the calculated supercell
slab model.

(1)

In this formula, Ny, is the number of atoms on the slab,
and Npy is the number of atoms in the bulk material.

Once the Eg,¢ of the clean MgH, slab and the energy Eco,
of the isolated CO, molecule were computed, CO, adsorption
energy (E.qs) on non-catalyzing systems was also calculated
for different positions of the carbon dioxide molecule (P1-P7)
as well as for different numbers of the CO, molecules (n = 1-
5) according to eqn (2):

Eaas = (Esurﬁnco2 ~ Equrf — nECOZ)/n [2)

Co-doped systems were then examined; first, by
considering one cobalt atom as the SAC, C1-C5, followed
by n = 1-9 cobalt atoms in a growing plain cluster
disposition; lastly, accounting for partial to full cobalt
surface coverage layouts (1/4, 2/4, 3/4, and 4/4 of the slab

surface). The energies of catalyzing systems were
calculated as follows (eqn (3)):
Eint Co/MgH, ~ (Esurf+nC0 ~ Esurt — nECo)/n (3)
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Accordingly, CO, adsorption energy (E,qs) on the
catalyzing systems was evaluated for different dispositions of
one CO, molecule (parallel and perpendicular arrangement
with respect to the MgH, surface) and for one molecule of
CO, and 2-4 hydrogen molecules (in agreement with 1:2 and
1:4 CO,/H, reaction ratio) to understand interaction
mechanisms. One Co SAC and two Co-catalyzed MgH,
systems were considered in this section. eqn (4) describes
CO, or CO, + 2/4 H, adsorption energies:

Eads = Encomgti,+nco,+nt, ~ Encomgr, ~ "Eco, =~ NEw, (4)

For the systems in which more than one carbon dioxide
molecule or hydrogen molecule 1is considered, the
calculated adsorption energy was divided by the number of
molecules to estimate the adsorption energy per molecule.
In Fig. S1, ESL} top view of the considered positions for
one CO, molecule (P1-P7, Fig. Sla, ESI) and 1 to 5 CO,
molecules (Fig. S1b, ESI{) over MgH, (0 0 1) surface are
shown as well as the initial bond distances and bending
angle of the optimized carbon dioxide molecule (Fig. Sic,
ESIf). Accordingly, SAC positions of Co (C1-C5), Co
clusterization (1 Co-9 Co), and Co coverage arrangements
(1/4 Co, 2/4 Co, 3/4 Co, and 4/4 Co) are shown in Fig. 1d,
Sie and f, ESI;} respectively.

To elucidate the CO, adsorption mechanism and CO, + H,
interactions over MgH, (0 0 1) surface catalyzed and non-
catalyzed by Co, charge density differences obtained from
electron (pseudo-) charge density quantum espresso plots
were evaluated. The final spatial distribution of electronic
charge density upon CO,/Co/H, adsorption was calculated by
subtracting the charge densities of the CO,/Co/H, entity
(Pmgn,» Pcos Pco, Pu, respectively) from the entire final
system, pcomgn,+co,+n, according to eqn (5):

Pfinal = Psys ~ PMgH, ~ PCo ~ Pco, T PH, (5)

VESTA and VMD were used to visualize charge density
differences and to evaluate charge transfer results. Bader
charges of the valence electrons were also evaluated for the
largest energy configurations. For this purpose, the Bader
code by the Henkelman group®®® was employed to identify
single atoms inside the system and evaluate their charge
density allowing the evaluation of charge transfer
phenomena upon adsorption.
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