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ABSTRACT: Oxide films play a significant role in a wide range adsorbate

of fields from catalysis to solar cell materials. CaO films are

promising sorbents for many environmentally harmful molecules. |

Here, we report a systematic investigation of adsorption of CO,, /0/

SO,, and H,CO on bulk and Mo-supported CaO(100) films — Unsupported
— films

using density functional theory. Significant effects on adsorption
energy, charge transfer to the molecules, and degree of the C—O
bond activation were demonstrated on Mo-supported CaO films
by changing the film thickness, composition, and the strength and
direction of an applied external electric field. These findings are |

/./
./° Mo-supported ‘

Adsorption energy

films
relevant for interpreting results from scanning tunneling |
microscopy of small molecules on metal—supported oxide films External electric field
and may be useful for better control of the properties of metal
oxides, enabling a wide range of potential applications.
1. INTRODUCTION sulfur-containing impurities in coals and petroleum, bringing

adverse effects on a catalyst poisoning and equipment
corrosion in oil-derived chemical feedstocks and contributing
significantly to air pollution and smog.'’~™"" Also a toxic
organic compound, formaldehyde, induces environmental
pollution. Therefore, significant efforts have been taken to
transform these undesirable compounds to less harsh species
and to achieve better control for environmental pollution and
industrial processes including studies on characterization of
sorbent properties of CaO surfaces.'”'>*°™>* While calcite
(CaCO,) formation on bulk CaO films was demonstrated both
experimentally and computationally, the adsorption of, SO,
and H,CO have not been reported in literature, except on
prototypical MgO. In particular, SO; formation was found on a
MgO surface” and H,CO adsorption was shown to lead to
formate-like species via bonding between carbon of form-
aldehyde and oxygen of CaO layer.”**®

Recently, the effects of electric fields to CaO films were
reported in literature demonstrating that they can be used to
modify adsorption characteristics.”® In particular, it was
demonstrated that the band gap of CaO decreases in the
presence of electric field and the effect is more pronounced on
the thicker films. This is turn can directly influence adsorption

Oxide materials are key components in a wide range of
industrially relevant fields, such as heterogeneous catalysis,
microelectronics, optoelectronics, spintronics, corrosion pro-
tection, solar energy materials, and tunneling magneto-
resonance sensors.' > One of the most prominent property
of oxide films is electron transfer,” where oxide film thickness is
a decisive factor for the mechanism of electron transport: a
thin film, typically, promotes spontaneous electron tunneling
while a thick film works through ballistic transport. This
finding represents a unique feature of oxides and, in general, of
other insulating materials that allows modifying their proper-
ties by changing film thickness, as oxides at the nanoscale
typically exhibit different behavior compared to bulk material.’
In particular, the effect of the thickness of MgO and CaO films
on Au adsorption has been extensively studied by experimental
and computational approaches. Electron tunneling through
thin MgO films supported by metal was observed to provide
negatively charged Au atoms and 2D clusters on the surface,
whereas the effect becomes weaker with increasing film
thickness.”>”~'? In fact, CaO is isostructural to MgO
representing a rocksalt material and, therefore, has similar

properties such as the mélting temperature and the band gap. due to the changes in the electronic structure of CaO films.
A Iowl%\/{gdelung potential renders CaO as a good electron Interestingly, manipulation of reactivity and morphology of a
donor. " “ The valence electrons of CaO are more delocalized nanocatalyst structures by electric fields have been re-

as compared to MgO which leads to higher interaction of the
surface with adsorbates. Therefore, interaction between CaO
acid adsorbates such as carbon dioxide CO, and sulfur dioxide
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ported.””~** Experimental results demonstrate that morphol-
ogy of the gold nanoclusters and dimers on a MgO surface and
graphene can be controlled by applying electric field."*
Reduction of an Ag-supported NiO film was found to take
place under the applied electric field of ~1 V nm™.*
Hydrogen adsorption energy on doped graphene was shown to
increase up to 0.3 eV under the electric field of 1 V A™'**
Furthermore, the electric field has been shown to control the
magnetism of nanostructures.”*>**** All of these findings
highlight the diverse impact of electric field on material’s
properties.

Herein, we systematically consider adsorption of CO,, SO,,
and H,CO molecules on both bulk and Mo-supported CaO
films with varying thicknesses and as a function of the applied
electric field. The motivation for using Mo is due to the
experimental utilization as a support for CaO films and the
overall enhancement of adsorption on metal oxide surfa-

es.”*¥3° Considering the effects of an external electric field is
relevant for interpreting results from scanning tunneling
microscopy (STM) of small molecules on metal—supported
oxide films, where the molecules to be probed may feel strong
(of the order of 1 V/nm) electric fields induced by the STM

tip.

2. COMPUTATIONAL DETAILS

2.1. Electronic Structure Calculations. All calculations
were carried out by using the GPAW 1.1.0 code within the
framework of density functional theory (DFT).>” The Bayesian
error estimation function with van der Waals correction
(BEEF-vdW) was utilized.”® The choice is due to the
importance of correction for polarization and dispersion forces
for description of interfaces.”” This functional has been
previously successfully used for oxide/metallic interfaces.””*"
The core electrons of atoms were presented by PAW setups in
the frozen-core approximation. A spin-unpolarized approach
was employed for all calculations and wave functions were
described in a real space grid with the maximum grid spacing
of 0.20 A. The reciprocal space was sampled with the (6 X 6 x
1) Monkhorst—Pack k-point mesh for the supported system.
Each studied structure was allowed to relax until the maximum
residue force was 0.05 eV A™". The electric field was applied
along the nonperiodic z direction and atomic charges were
determined with the Bader scheme of charge density
decomposition.”””* The adsorption energy, AE,, defined
as the difference of total energies

AE,4, = E(ads/CaO/Mo) — E(CaO/Mo) — E(ads)
for the Mo-supported films and as
AEacls = E(ads/CaO) - E(CaO) - E(ads)

for bulk and supported CaO models, where “ads” denotes the
adsorbate. With this definition, a stronger adsorption energy is
indicated by a more negative value of AE g4,

2.2. Computational Models of Bulk and Mo
Supported CaO films. Both unsupported and supported
CaO films were modeled with the (2 X 2) surface cell. We
employed a 4-layer thick Mo slab support, on which a thin, 3, 5
or 7, monolayer thick, CaO film was placed and oxide anions
were aligned with the Mo atoms the CaO—Mo interface. The
same film thicknesses were studied for free-standing films. The
optimized lattice constant for CaO is 4.81 A and that for Mo is
3.17 A. In all calculations including the support metal, the
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theoretical Mo lattice constant was employed and the CaO
structure was adapted to that. For free-standing CaO films, the
optimized CaO lattice constant was used. Figure 1 illustrates
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Figure 1. Structural models of (a) 3 ML thick bulk CaO film and (b)
3 ML thick CaO film supported by 4 ML Mo(100) used in the study
(green, Ca; red, O; blue, Mo).

typical structure models used in the present study. In structure
optimization, the two bottom-most Mo layers were frozen to
their ideal bulk positions, while other atoms were free to relax.
For unsupported CaO, either one or two bottom layers were
frozen in the structure optimization depending on the film
thickness. A sufficient amount of vacuum region was added
above and below the slab to ensure the decay of the wave
functions within the computational cell We note that the
applied electric field lowers the symmetry of CaO films due to
the external perturbation and, therefore, makes the ions
symmetrically inequivalent. We performed calculations for
supported and unsupported films with and without adsorbates
varying the value of the electric field in a stepwise manner from
—2 to +2 V nm™ in steps of 1 V nm™". The range of the
external electric field values was selected according to typical
experimental setups in STM studies.”

3. RESULTS AND DISCUSSION

The results will be discussed as follows. We start with
adsorption characteristics of CO,, SO,, and H,CO molecules
on bulk and Mo-supported CaO films together with their
electronic structure (in section 3.1) after which we address the
adsorption energies and structure of the same set of models as
a function of the applied electric field.

3.1. Adsorption of CO,, SO,, and H,CO on Free-
Standing and Mo-Supported CaO Films. First, we
carefully explored all the possible adsorption structures of
studied molecules on a 3 ML thick CaO film. Figure 2
summarizes all the adsorption structures identified for CO,,
SO,, and H,CO.

The two nearly equally exothermic CO, adsorption
geometries on CaO are shown in Figure 2, parts a and b;
the minor, 0.1 eV energy difference is due the orientation of
oxygens in CO,. The distance between the C atom and the O
anion of the topmost CaO layer is 1.43 A. Notably, the O—C—
O angle of CO, in these adsorption structures is reduced from
180° for the gas-phase molecule to 130.2° and simultaneously
the C—O distance is elongated from 1.16 to 1.26 A. In the

DOI: 10.1021/acs.jpcc.8b06378
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Figure 2. Adsorption structures and energies of CO,, SO,, and H,CO molecules studied on 3 ML thick bulk and Mo-supported CaO films. Key:

green, Mg; red, lattice O; pink, adsorbate O; gray, C; white, H.

presence of the Mo support, CO, favors an adsorption
geometry (CaO/Mo, structure a), where the oxygen of CO,
interacts with a Ca cation with the distance of 2.35 A. A similar
adsorption geometry to the most favorable bulk CO,/CaO
structure was also found for a CO,/CaO/Mo system (d).
However, it gives about same adsorption energy as on bulk
CaO, which is 1 eV less exothermic than the best adsorption
energy on the Mo-supported CaO. This geometry differs also
significantly from the gas-phase structure since the O—C—-0O
angle is 120.6° and the C—O bond length is 1.30 A.

In the most favorable adsorption geometry, a SO, molecule
binds from a S atom to a lattice anion of CaO (Figure 2(a)
SO,) with the S—O distance of 1.72 A. Similar to CO,, the
structural properties of the molecule change compared to a
gas-phase SO, molecule: O—S—O angle reduces from 119° to
111.4° and S—O distance elongates from 1.43 to1.51 A. Again,
the presence of a Mo support changes the best adsorption
geometry of the molecule and the adsorption energy becomes
more exothermic by 2.5 eV. The molecule binds now to a Ca
cation from its oxygens with the O—Ca distance of 2.33 A. The
structural properties of SO, change also in this case, and the
O—-S—0 angle becomes 108.2° and S—O bond length is as
long as 1.62 A indicating substantial activation of the molecule.

The third molecule that we consider is formaldehyde, which
most stable adsorption geometries are shown in Figure 2. On
bulk CaO(100) the most exothermic adsorption energy is —0.8
eV and H,CO binds from the C atom to a lattice anion with
the distance of 1.49 A. In addition, C—H and C—O distances
in H,CO have changed compared to the values of a gas-phase
molecule, 1.11 and 1.20 A, to 1.30 and 1.33 A for an adsorbed
species. Similar to CO, and SO, adsorption, the presence of
Mo support leads to the different formaldehyde adsorption
geometries and energies compared to the bulk CaO surface. In
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the energetically best adsorption geometry H,CO is bound
from an oxygen atom to a Ca cation with both internal C—H
and C—O bond lengths being 1.1 A and the adsorption energy
—1.8 eV, which is 1 eV more exothermic than that on CaO.

Figure 2 shows that the Mo support introduces significant
structural changes in a CaO film. We studied the changes in
atomic positions of Ca** and O*” ions with respect to each
other, that is, so-called rumpling of the CaO/Mo interface. We
found that rumpling is ~0.4 A for the oxide—metal interface
and ~0.6 A for the top CaO layer despite the film thickness.
The rumpling results partly from the lattice mismatch between
CaO and Mo but in experiments interdiffusion of Mo atoms
into CaO films impact also on rumpling.'”*® For unsupported
CaO films, only minor rumpling, ~ 0.03 and ~0.02 A for the
bottom and topmost layers, respectively, was found.

Next, we considered adsorption on free-standing and Mo-
supported CaO films with thicknesses of S ML, and 7 ML
(Table 1) focusing on the most stable adsorption geometries
on 3 ML thick oxide films. Since previous results highlight that
the most favorable adsorption geometry of CO, on MgO/

Table 1. CO,, SO,, and H,CO Adsorption Energies on 3, 5,
7 ML Layers Thick Mo-Supported CaO Films

AE,4 (eV)

co, S0, H,CO
3 ML -11 -16 —08
S ML —1.1 —-1.6 —0.8
7 ML —-1.1 —-1.6 —-0.8
3 ML Mo -2.1 —4.1 —-1.8
S ML Mo -2.0 —4.0 —1.8
7 ML Mo -2.0 —-3.8 -1.7

DOI: 10.1021/acs.jpcc.8b06378
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Table 2. Bader Charges of Adsorbates, Distances between an Adsorbate and the Top CaO Layer for 3, 5, and 7 ML Thick Bulk
and Mo-Supported CaO Films, and the CaO—Mo Interface Distance for the Supported System

thickness
3 ML 5 ML 7 ML 3 ML CaO/Mo 5 ML CaO/Mo 7 ML CaO/Mo
CO, charge (lel) —0.45 —0.38 —0.47 —1.49 -1.39 -1.33
SO, charge (lel) —0.41 -0.37 —-0.37 —1.44 -1.36 -127
H,CO charge (lel) —-0.36 —0.38 —-0.33 -1.12 —1.11 -1.07
dco,.cao (A) 1.43 1.43 1.43 2.35 2.38 2.40
dso, cao (A) 1.72 1.72 1.73 2.33 235 2.38
dy,co-cao (A) 1.49 1.49 1.49 2.33 2.34 2.35
dyto-cao (A) (no adsorbate) - - - 2.15 2.12 2.11
dyio-cao (A) (CO,) - - - 2.07 2.08 2.09
dyio-cao (A) (SO,) - - - 2.07 2.08 2.08
dyio-cao (A) (H,CO) - - - 2.10 2.10 2.10
dc_o(CO,) (A) 1.26 1.26 1.26 1.30 1.29 1.28
angle 0—C—0 (CO,) 130.2 130.0 130.0 120.6 122.5 123.9
ds_o(S0,) (A) 1.51 1.51 1.51 1.62 1.61 1.61
angle O—S—0 (SO,) 111.2 110.9 110.9 108.2 108.8 109.2
dc_u(H,CO) (A) 1.30 1.30 1.30 1.10 1.10 1.11
dc_o(H,CO) (A) 1.33 1.33 1.33 1.38 1.37 1.36
CO2 SO2 H2CO
0.5 -1.0 0.5
B e AR S
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Figure 3. CO,, SO,, and H,CO adsorption energies on 3, 5, 7 ML layers thick bulk and Mo-supported CaO film as a function of the applied

electric field.

metal depends on the MgO film thickness,"” we checked
alternative, less stable, binding geometries, identified on 3 ML
films, for CO, and SO, on 5 and 7 ML CaO models. On the
basis of the obtained results, we can conclude that the same
geometries represent the most stable interaction for all studied
thicknesses.

Table 1 shows that on unsupported CaO films, adsorption
energies are independent of the film thickness giving the same
adsorption energies for all the studied thicknesses. However, a
systematic effect on the film thickness is observed for CaO/Mo
systems where the adsorption on the thinnest films is most
exothermic. Overall, the adsorption energy of all molecules is
significantly enhanced on Mo-supported films: 1.0 eV for CO,,
2.5 eV for SO,, and 1.0 eV for H,CO for the 3 ML systems. It
is interesting to note that this trend of enhanced adsorption
energies follows quite closely to the known trend*® of electron
affinities of gas-phase molecules: —0.60, +1.11, and —0.65 eV
for CO,, SO,, and H,CO, respectively. We believe that the
SO,/Ca0O/Mo system behaves like a Lewis acid—base with Mo
support functioning as the base.

In the following, we discuss structural and electronic
parameters collected in Table 2. For all the studied adsorbates
on free-standing CaO, the adsorption geometry and the
molecule—oxide distance are independent of the film thickness
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and CO, resides closest to the surface while SO, is located
nearly 0.3 A further away. The Bader charge analysis shows
minor variation in adsorbate charges as a function of film
thickness, but in general, each molecule gains ~—0.4 e, being
almost neutral. Similarly, the variation of internal structural
properties of adsorbed species are minor on unsupported films
with different thicknesses, further supporting the finding that
the adsorption energy remains the same on all film thicknesses

For CaO/Mo films, the presence of a Mo support introduces
~1 A increase into the molecule oxide distance but again the
variation as a function of oxide film thickness is minor being at
most ~0.05 A with increasing film thickness. The Mo—O
interface distance depends slightly on the film thickness, while
rumpling remains the same. The presence of an adsorbate
decreases the interfacial distance but this is independent of the
chemical nature of a molecule, e.g., ~0.08 A for 3 ML CaO/
Mo, which is due to the polarization of the interfacial layer
originating due to the charge transfer.”® The Mo support also
enhances charge transfer to the adsorbates so that CO, and
SO, gain about 1 lel and H,CO about 0.7 lel. These significant
changes in charge state of the molecule due to the presence of
the support are also reflected in internal structural properties of
the molecules compared to the values on a bulk CaO surface.
Interestingly, some internal structural properties depend on

DOI: 10.1021/acs.jpcc.8b06378
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film thickness, e.g.,, the O—C—O angle in CO, increases from
120.6° on 3 ML CaO/Mo to 123.9° on 7 ML CaO/Mo.
According to the Bader analysis, the charge gained by an
adsorbate originates from Mo support, which has Bader
charges of +1.1, + 0.9, and +0.8 e for 3, 5, and 7 ML thick CaO
films, respectively. Upon increasing film thickness, the charge
transfer to molecules correspondingly slightly decreases.
Similar effect has been previously reported for NO, on
metal—supported MgO.36 Opverall, our findings are in line with
previous investigations on Au adsorption, where charge
transfer decreases with increasing film thickness.*’

3.2. Adsorption of CO,, SO,, and H,CO on Bulk and
Mo-Supported CaO Films as a Function of the Applied
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Electric Field. We investigated the effect of the applied
electric field on the adsorption energies of CO,, SO,, and
H,CO on both bulk and Mo-supported 3, 5, and 7 ML thick
CaO films (Figure 3). All calculations were carried out only for
energetically the most favorable structures found for 3 ML
thick bulk and Mo-supported systems. We use a sign
convention where positive values of the electric field indicate
direction from Mo support to adsorbate, while negative values
indicate the opposite direction.

A systematic reduction of the adsorption energy is detected
for all the studied systems when the positive electric field is
applied. In opposite, a systematic increase of the adsorption
energy is seen when negative electric field is applied. Similar

DOI: 10.1021/acs.jpcc.8b06378
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effect was reported for the N-doped graphene interacting with
hydrogen.29 Therefore, such an effect of the electric field seems
to lead to manipulation of the adsorption energy. Interestingly,
CaO films without Mo support show thickness-independent
behavior as in the absence of the electric field, giving almost
identical adsorption energies. Also, Mo-supported systems
typically show the same trend as in the absence of the electric
field: thinner films have stronger interaction with adsorbates.
Such results can be rationalized based on the obtained the
Bader charges of adsorbates (Figure 4). We inspected
systematic changes in the charges of adsorbates on CaO
films with different thicknesses as a function of the applied
electric field. In particular, increased intensity of the electric
field in the negative polarity seems to lead to bigger charge
transfer which, consequently, results in stronger adsorption
energy. The changes in adsorbate charges can be explained by
the direction of the applied electric field according to our
convention, since the positive field pushes electrons from the
adsorbate to the surface while the negative field attracts
electrons to the adsorbate. A similar effect on the charge
transfer depending on the direction of the electric was
previously reported.”’

Next, we looked at the local density of states with detailed
consideration of 3 ML thick bulk and Mo-supported CaO films
(Figure S1). We found that applied electric field depending on
the direction leads to a small but systematic shift of the bands;
positively applied electric field results in shift to the right,
higher energy side, whereas a negatively applied electric field
leads to an opposite shift of the bands to the left side. A similar
effect of the band shift by the electric field was reported
before.”’ These findings are interesting regarding interpreta-
tion of scanning tunneling spectroscopy (STS) results of
adsorbates on oxides, since, routinely, the corresponding DFT
modeling is done without the consideration of electric-field
effects on the position of adsorbates electronic states in the
oxide band gap. In typical STM/STS experiments the tip bias
is in the range of 1-2 V nm™ in both polarities.”*~>*

Rumpling of the interface layer for Mo-supported models
with adsorbates under the applied electric field remains
unchanged which is explained by the restraining effect of the
metal support. Some changes are seen for bulk models, where
rumpling under —2 and +2 V nm™" intensity of the electric
field results in up to ~0.07 A that is observed to be relatively
large by taking into account that in the absence of the electric
field it is ~0.03 A.

Next, we inspected distances between adsorbate and the
topmost CaO layer as from Table 2, but only minor difference
(<0.1 A) was detected. Finally, we investigated change in
adsorbate geometry depending on the applied electric field
(Figure S). We found that the electric-field effect on the
adsorbate geometry is much stronger for Mo-supported
models that is in line with calculated adsorption energies. A
linear dependence of structural parameters on the applied
electric field is clearly observed; it is particularly interesting to
note that increasing the negative polarity of the field activates
the double bonds of the adsorbates by elongating the C—O (in
CO, and H,CO) and S—O (in SO,) bonds significantly.

4. CONCLUSIONS

We performed a systematic computational study by using
density functional theory on the adsorption of CO,, SO,, and
H,CO molecules on both free-standing (bulk-like) and Mo-
supported CaO films. Particular attention was paid to effects
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from an external electric field. The studied model systems are
relevant for interpreting experimental results of imaging small
molecules on metal—supported oxides via scanning tunneling
microscopy.

The adsorption on Mo-supported CaO films is systemati-
cally stronger than on the corresponding free-standing CaO
films, furthermore, the Mo support induces clear anionic
charging of all of the adsorbates and changes their structures
toward activated (longer) C—O/S—O bonds. The external
electric field is shown to yield additional control of the
adsorbate binding energy, charging, and structure, as it
provides means to regulate primarily the adsorbate charge via
“pushing/pulling” effects for electrons to/from the adsorbates.
These effects are shown to be more dominant on thicker Mo-
supported CaO films. This finding indicates that electric field
effects could be utilized when designing nanocatalysts from
modified oxides, particularly targeting C—O or S—O bond
activation. Significant changes of adsorption energies as a
function of the electric field strength were also observed, such
as almost 1 eV change in the range of =2 to +2 eV/nm for
both CO, and SO, on 7 ML CaO/Mo. This indicates that care
should be exercised when interpreting imaging results from
scanning tunneling microscopy and/or spectroscopy in
experimental setups where the systems are scanned over a
wide range of bias voltage, as the geometric or electronic
structure of the adsorbate(s) may change appreciably in the
scanning voltage window.
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