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Abstract

We present a detailed study of £&lsorption on CaO, by means of atomic-scale stioaks
relying on Density Functional Theory. Combining ialtio thermodynamics of the Gyas
phase and a thorough analysis of its interactioth whe oxide, we build an orientation-
sensitive adsorption model, which demonstratesltivatcoverage by the gas is expected in a
wide range of working conditions, including the dmm of stability of CaC@ calcite.
Investigation of the interactions between the dusdrmolecules reinforces this conclusion.
Our work thus provides a strong hint that calcitecleation should occur by a localised
mechanism, discarding the possibility of collectsugface transformation.

1. Introduction

Reducing the amount of G@mitted by power plants or large industrial contiouns
sources is an important environmental and sciengBue. To this aim, CaO-based sorbents
allow separation and capture of £€fdom fuels and flue gases as well as,@@pture from
ambient air [1], thus offering a possible route &osls the desired stabilization of €O
concentration in the atmosphere. The process d¢ensisa series of cycles where CaO is
transformed into CaCQin a carbonation reactor, and then calcinationCalCQ in a
decarbonation reactor allows to regenerate theesbrdnd to produce a concentrated stream
of CQO, suitable for disposal. However, a major practdifficulty stems from the significant
degradation of performance in @QCapture [2, 3] when increasing the number of
carbonation/decarbonation cycles, and several edutthve already been carried out in order
to explain this detrimental effect. In this contexhile the CaC@decarbonation reaction has
been extensively studied [4-8], only few works d&#&h a comprehensive understanding of

CaO carbonation, whereas this process may havertampcconsequences, not only for the
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capture of environmental GObut also for various other issues such as Ca@atong
minerals in underground locations or biogenic Ca@@mation.. Bathia et al. [9] have
proposed a mechanism of growth in elementary stepsCaO carbonation, but without
inferring a rate law satisfactorily modelling theaction trends. Rouchon et al. [10] have
performed a kinetic study in order to precise tin& between the carbonation rate and the
porosity structure of the CaO aggregates. They khwegvn that the reaction involves a slow
surface nucleation process followed by the grovitthe nuclei, the hypothesis of nucleation
being supported by the observation of an inducgieriod at the beginning of the reaction.
During solid-gas reactions, the nucleation proadts involves several elementary steps. In
the case of CaO carbonation, the first step shooitgist of the adsorption of G@olecules

on the CaO surface, and it is therefore of primatgrest to reach a better understanding of
this phenomenon.

Only few works have studied the interaction of G@th CaO surfaces. Voigts et al
[11] have used Metastable Induced Electron Speamipms(MIES) together with Ultraviolet
and X-ray Photoelectron Spectroscopy data (UPSXa) to investigate the adsorption of
CO, on CaO films under ultrahigh vacuum conditionsisTstudy suggests that no €O
dissociation occurs on the CaO (100) surface, hatithe O-C-O bonding angle decreases to
about 130°, in agreement with prior studies [14, TBe MIES spectra led to the assumption
that the whole CaO surface is covered with,Cthe XPS data showing the formation of
COs* complexes throughout the (100) surface. As pararofexperimental and theoretical
work on the same system [14], Density Functionaédrls (DFT) simulations allowed to
conclude that the most stable adsorption configumadf CO, occurs, as expected, via the C
atom which is adsorbed on O sites of CaO, therefmmfirming the existence of GO
complexes. No adsorption takes place via the O stmnon Ca sites. The calculations were
performed on C&x clusters, taking into account that adsorption megur either on terrace,
edge or corner sites. This study also allowed kmewledge that the molecule may be linked
to the cluster with an angle of either 0° or 45Rhwespect to the <100> atomic rows within
the (100) surface.

In this context, the present work is devoted tbadugh atomic-scale analysis of £O
adsorption on the surface of CaO. Its main purpaBde to investigate issues that have been
generally overlooked in previous studies, in pattic the way of using atomic-scale energy
calculations in order to achieve a quantitativeeassient of the adsorption properties. To this
aim, we will consider with special detail the thealgnamic modeling of adsorption. As a

second original feature, attention will be paidthe role of interactions between adsorbed
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molecules, an intricate task seldom investigatedhat atomic scale. Whereas efficient
available empirical potentials for CaO [15] and ©g(16, 17] mighta priori be convenient
tools for our goal, this would require to desigrdiéidnal empirical interactions between the
oxide and the gas. Due to this severe practicéitdify, ab initio calculations based on DFT
were preferred in this work, with pseudopotentiatsuring the required transferability to
various environments (gas and adsorption). Aftepraliminary part dealing with the
thermodynamics of COgas and a comparison of CaO clean surfaces, wes foa the
elaboration of an adsorption model following twasessive steps: (i) adsorption considering
non-interacting adsorbed GOmolecules and (ii) role of lateral interactionstvieen
molecules. Our work finally provides arguments tedato the practically important issue of

carbonate nucleation.
2. Methodological background

2.1 Ab initio calculations

The required DFT calculations were performed witl Yienna Ab initio Simulation
Package (VASP) [18, 19], using the Projector AugménWave (PAW) method. The
Generalized Gradient Approximation (GGA) was empbbywith the Perdew-Burke-
Ernzerhof (PBE) functional [20, 21]. The plane wax@ansions of Kohn-Sham orbitals were
truncated at a cut-off energy of 600 eV. With dx4kk-mesh for a CaO unit cell, these values
were found sufficient throughout to ensure the ewgence of total energies within 1
meV.atont. All bulk calculations included relaxations fomio positions as well as lattice
vectors, while surface calculations were perforrkedping fixed supercell (SC) dimensions
within the surface plane. In presence of adsorb®g €pecial attention had to be paid to the
realistic determination of the optimal height oé tmolecule above the surface plane, since
slight variations for the initial value of this paneter were found to lead to significantly

different energies.

2.2 Modeling of CO, gas
In the pressure and temperature ranges considered$ee section 3.3), the £€@as

phase may reasonably be considered as perfectpditgion function for a gas with N

identical non-interacting molecules ig = Z'\'—,/MI, where z =z, {(f) is the partition



function of a single molecule. Herg{B) is the partition function for the internal struct of

the molecule andyzhe partition function of its translational movemte

m 3y

2=V (o) (1)

where £ = 1kaT, V is the volume of the gasy the mass of the GOmolecule and: the

reduced Planck constant. The partition functioroeissed with the internal structure of the

molecule is{(f) =, {, {,, wherel, {; and{, are the electronic, rotational and vibrational

partition functions. The first two terms are givey {, = g,e"*and {, = E'Ifﬂﬁﬁ, whereg

is the ground-state energy of the moleculeitg degeneracy; a symmetry factor (2 for a

linear symmetrical molecule), ahdhe moment of inertia. The vibrational part is:

&, =T, ————— 2)

=1 22h (B R wif2)

{w.} being the four vibrational frequencies of the ncale (one degenerate bending mode
and two stretching modes). The £@bration frequencies were deduced from the atoini
analysis of the force constants, the latter beigtgrinined by applying displacements on the
equilibrium configurations of the molecule. The mégde of the displacements was selected
as 0.1 A, ensuring the required linear behavidhefatomic forces.

From the free energyF = —% In Z, the chemical potential for the G@as is readily
obtained:
aF 1 1 70E) . ImBRE. g4
Heo = 3y = ~3ing = T Wl (5 ®)

2.3 Adsorption models

Models describing the adsorption of £6h CaO are most conveniently built using the
grand canonical (GC) framework [22], namely by ¢desng the equilibrium between the
atoms adsorbed on the surface and a reservoirtélpa and energy (surrounding gas) which
imposes a given temperature and,Gf@emical potential. In the present case, thisiregu
taking into account (i) the two non-equivalent otaions of adsorbed GQand (ii) the

twofold symmetry degeneracy of these orientationghe following, type 1 (resp. type 2)



therefore refers to C{brientations of 0° or 90° (resp. 45° or 135°). Meting first the lateral
interactions between the adsorbed molecules (Imdkgre Point Defect Approximation

IPDA) leads to a simple additive form for the eneof the solid-gas system
Eipﬂﬂ (N, N,) = Erer T Efc‘""rl‘l'g:?c”: (4)

with E,.. - the reference energy of the clean surfaiig, Nlz) the numbers of particles adsorbed

for both types of orientations an&J“, Ef©) the corresponding GC energies. In the GC
formalism, the equilibrium is characterized by thaimum, with respect toN;, Ny), of the

partial GC partition function:
EGC — Q(Np NQJE_'E':E"-_':“"-'— +""'-::'n'-*|.’.'ﬂ::' (5)

with Q(nN,,N,) = 2% 2% ¢yt | the number of microscopic states, accounting tioe
degeneracy of each type of orientation. Under s$sumption of non-interacting adsorbed

molecules, the surface covera@e= Ni/N. (Ns = total number of available surface sites) is

thus given by:

_ 8 _ —E':EEG—MG.] _ 8 —ﬂ':E:GG—Mcﬂ.]
2(1-8,-6,) © : 2(1-8,-8,) : ©6)

Modeling the interactions between the adsorbed cotde is an extremely intricate
task since, strictly speaking, the latter are aumtion-dependent. In order to preserve

tractability and realistic modelling, we thus admpta correction term for the energy of the

adsorbed molecules:
E, [Nlr sz = EiPDA [NrN:] + NSEIFPA (El,ﬂzj (7)

where§EFP4(8,,8,) describes the deviation from IPDA aid= N./2 the number of sites

on the surface. Modifying accordingly the GC pautit equation (5), as:

Z9€ = 7€ (IPDA)e FVOE " (8ur) (8)



leads to the interaction-dependent coverage ragesokutions of the following non linear
system of equations € 1 or 2):
1 agpiFDAy

[ GC
: -BlE " —pcp, v —
- ————— s T (9)
2{1-8, -8

3 Resultsand discussion

3.1 CO, gasand CaO-CaCOg3 equilibrium

Table 1 presents the vibrational frequencies fer idolated C@ molecule (ground
state energy of -22.943 eV) obtained from the presaé initio calculations, together with
values for these quantities retrieved from eanlierks [22-24]. The agreement is good, which
provides a reasonable hint of the validity of thregent DFT calculations for the @Qas
phase. From equation (6), Figure 1 displays themated potentiali-, as a function of
temperature up to 1000 K, for a wide range of pness between 0.5 kPa and 100 kPa,
showing variations of ~3 eV in this domain. Perforgnthis full thermodynamic analysis of
CQ;, is required to evaluata.,_in the relevant (P, T) conditions, in a way botlffisiently

realistic and consistent with the subsequent atisorptudy.

Table 1 — Vibrational frequencies for @olecule, as obtained from the present ab initio

calculations and compared with experimental datm fiiterature (wavenumbers in &n

Mode of vibration Present work Diu et al. [24] Halet al. [23] Milloni et al. [24]

Bending 640 662 667 667
Symmetric stretch 1343 1312 1337 1388
Asymmetric stretch 2417 2333 2349 2349
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Figure 1 — CQ chemical potential as a function of temperatureé f@m various pressures, as

obtained from ab initio calculations.
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Figure 2 — Equilibrium locus for the CaO-Cag€§ystem, obtained in the present study and

compared with standard thermodynamic data.



As concerns the properties of the solid phaseqyr&ig shows the P-T equilibrium
curve of the CaO-CaCOsystem deduced from the present ab initio eneajgutations,
together with a comparison with standard thermonyoadata [25]. The agreement is
reasonable, which further confirms the validity @ir approach. The small discrepancy
probably stems from the overlooking of the vibratibfree energies for solid compounds in
the present work. On the whole, the selected DEmM&work seems adequate to investigate

the properties of the solid-gas CaO-CHdsorbed system.

3.2 CaO clean surfaces

Dealing with CQ adsorption requires selecting the most relevag@rckurface for this
phenomenon. As the thermodynamic definition ofdhdace excess free energy, which is the
relevant quantity in order to compare relative acef stabilities at equilibrium, involves the
chemical potentials of the constituents, thesedguatiase chemical potentials must be
evaluated first in the context of the present aboirstudy. A convenient way to this aim
consists in considering the point defects (PD)uwk lzalcium oxide for moderate temperature
and off-stoichiometry, so that defects do not iater(i.e. are independent). Therefore, within
the context of non-charged defects (due to therakzihg background imposed on the
defected system by the present ab initio calcuia)ioa point defect analysis of CaO was
performed on a system (supercell SC) containingck2X2a,0, unit cells, this size ensuring
reasonably converged results. The GC energies Of goént defects are displayed on Table 2
(in Kréger-Vink notation), including single inteitstls, vacancies as well as Schottky and
Frenkel pairs. While both kinds of Frenkel paire fsund to be unstable (spontaneous decay
towards single vacancies), the Schottky defectsvssignificant binding energies, however
insufficient to ensure their persistence when lomgerthe temperature. The compound is
clearly of single-vacancy type, with a typical dgfstructure at 1000 K given on Figure 3.
Finally, Table 3 displays the corresponding cal@daow-temperature chemical potentials

used for surface selection.



Table 2 — Grand canonical energies of the variaistmlefects in CaO (binding energies in
parentheses).

Defect Vga Vg Ca,->< @)

ECC 10.072 11.639 4.887 -0.402

Defect Vga + Vg Caf + qx Vga + Caf V(; + qx

ECC | 16.291 (-5.420) -4.949 (-9.434) Unstable Unstable
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Figure 3 — Calculated point defect structure of Ga@000 K.
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Figure 4 displays the influence of the slab thidehesed for surface calculations,
required to ensure the convergence of surface sxeasrgies to within a few mJm
Although all surfaces globally show similar behasiahe convergence for the (100) surface
is slightly more difficult to achieve than for othgurfaces, due to the lower size of the@a
unit cell than for Cg0g and Ca;01, (used for (110) and (111) surfaces, respectivélgj.all
surfaces considered, a thickness of four unit @isears to be a good compromise between
accuracy and limitations in computational resourdé® excess energies of these surfaces, as
calculated using the previous Ca and O chemicantietis (Table 3), are presented in Table
4. The mixed character of both (100) and (110)ientaweak dependence of their energy on
the off-stoichiometry, enhancing therefore the aterice of their stability, the (110) surface
being significantly less stable than (100). Theecak(111) is slightly more complicated, as
two termination planes (Ca or O) may be considexeggriori. Only the O termination is

relevant for our purpose, since the O@olecules cannot interact with Ca surface sité$. [1
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The preferential Ca diffusion [26], probably dueGa vacancies, is a hint that the compound
formula should be Caf. In this composition range, the (111) O energgufficiently high

so that this surface must be discarded. From thia e decided to retain the (100) surface
for the subsequent adsorption study as it presbetdower excess energy. Moreover, the
energy difference between the latter and the (l1sirface with Ca termination is not
significant and restricted tocx> 1/2, whereas the (100) stability is hardly aféecby off-
stoichiometry. This suggests (100) as the mostlest@laO surface, and thus as the most
relevant for adsorption, in agreement with previgtigdies on this system [11-14, 27] also

focusing on the (100) surface.

Table 3 — Chemical potentials (eV) at T = 0 K inGZdrom ab initio calculations and IPDA

(see text for details).

HMca Mo
Xca> 1/2 -1.24 -11.64
Xca< 1/2 -10.07 -2.81

Table 4 — Calculated excess energies ¢).of low-index surfaces in CaO on each side of
stoichiometry.

Surface HXca< 1/2) E(Xca> 1/2)
(100) 0.63 0.63
(110) 1.03 1.03

(111)Ca 7.59 0.62

(111)0 1.13 8.10

3.3 CO; adsorption
3.3.1 Assumption of non interacting CO,

The first step to explore COadsorption consists in supposing energetically
independent molecules. As mentioned above, theepiep of non interacting COnolecules
are fully described through the GC energies redativeach orientation. These quantities have
to be determined with sufficient accuracy, espécias regards the elimination of spurious
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coupling due to the periodic boundary conditionstdason of computational limitations, only
SC sizes up to 3x3 unit cells could be consideaed, Table 5 indicates that convergence is
reasonably achieved in these conditions. Applyihgsé values with the above model,
equation (9), for both orientations, Figure 5 (oggmbols) shows the influence of pressure
on the calculated CQcoverage rates for increasing temperatures. Asated, following a
typical Langmuir behavior, raising the temperatuneuces a decrease of the surface
coverage. Although orientation 2 is always favorbdjher temperatures (above 800 K)
correspond to a mixture of orientations, the adsdnmolecules being truly independent due
to the low coverage. For lower temperatures, atjhothe molecules can no longer be
considered as isolated, the figure suggests aipanig of (1, 2) orientations in proportions
of (1/3, 2/3) as a common limit for the isothernedodwv 750 K. It should however be noted
that these remarks rely solely on the GC energedype 1 and type 2 orientations, both
quantities having remarkably close values. Thisitgsoout the necessity to refine the approach
by taking into account the interactions betweerodud CQ.

Table 5 — Grand canonical energies (eV) of isol&@€&d adsorbed on (100) CaO surface for

both orientations, as a function of the superded within the surface plane.

SC size 1x1 2x2 3x3
Orientation 1 -23.309 -24.337 -24.380
Orientation 2 -23.632 -24.372 -24.412

—— 05| :

L B . L

03/, ~ —o— 650K (IPDA) i //i/. e o o o o o
L L (]

® / —=—750K (IPDA) |@™ [/ /  womon® m u
[ a 750 K [/ // []
02/ . 850K (IPDA) 037 /=
Eﬂ s " 4 850 K | m
" 0.2 [
0.1 j“‘ a e [ o
I . / L
0 tr!/I | | A ! A | A 0 i/;/“/i ‘ | | |
° 20 400 600 800 1000 0 200 400 600 800 1000
Pressure (hPa) Pressure (hPa)

Figure 5 — Calculated influence of pressure on, C@verage of the CaO (100) surface for
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both types of orientations, supposing independ®iA4) adsorbed molecules (open symbols)
or including lateral interactions (full symbols).

3.3.2 Influence of lateral interactions between CO,

Within the framework of the adsorption model preéedmabove, the main issue lies in
quantifying the interaction energ§e’*"4(f,,8,) between C® molecules with arbitrary
distributions of type 1 and type 2 orientations.oler to deal with this highly intricate
problem, we first used ab initio calculations wit2x2x4 supercell to evaluafzz#"4 for
selected configurations containing a single typeonéntation and parallel molecules (no
orientation degeneracy). The same numbers of syroakf non-equivalent configurations
were studied for each orientation and various ayes (Figure 6, full symbols). As expected,
the energy is, strictly speaking, dependent orctirgiguration (as illustrated for 25 % and 75
% coverages). Nevertheless, this configuration-deéeet dispersion remains limited, and the
study clearly reveals an increasing trend for lwtbntations, indicating the repulsive nature
of interactions between molecules with identica¢mtations, the repulsion being much more
pronounced for orientation 2. This clear-cut featurjustifies to approximate
SEPA(4. .6, = 0) = 5E, with a 4" order polynomiala, 8, + b,8,* (a1 = 0.54054 and; =
2.8611). For orientation 2, &'@rder polynomialb, 8, ® (b, = 13.649) is best suited to model
GE'P4(8, = 0,6,) = §E,. The validity of the present fitting fatE“**# was then checked on
configurations including orientation degeneracyefosymbols on Figure 6). As a working

expression fosE#P4, a linear interpolation was finally assumed:
SEFP4(0,,0,) = (1—6,)8E, + (1 - 8,)SE, (10)

Although checking thoroughly this expression woudd cumbersome, its validity was

provided some confirmation by ab initio calculagofor #,= 8, = 1/8, which showed a

reasonable agreement with equation (10). FurtHareraent of the latter expression, through
the use of an enlarged pool of ab initio data amdengeneral fitting, would simply require

supplementary computational labour, and this maginistitute an interesting extension of the
present work. Figure 5 (full symbols) displays #usorption behavior including the effect of
lateral interactions between molecules. The trdrehdy mentioned for the non-interacting
case is maintained, i. e. the prevalence of oriem&2, the effect of interactions being to
decrease both coverages.

13
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Table 6 — Calculated surface coverages for rangeodfing conditions typical of carbonate
nucleation from CaO.

P (kPa) T (K) 650 850
0,(6."°" | 2.310'(3.510Y | 7.310°(2.8 10%
’ 0,(0,"°% | 3.810'(6.210Y) | 4.410°(4.3 10
0,(6."°" | 3.710'(3.610Y | 1.310°(1.510Y
% 0,0 | 4.410'(6.410Y | 6.310'(2.410Y

14
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IPDA or including lateral interactions between £0

In order to explore the relation between the adsmmpf CG and the CaO» CaCQ
phase transition, it is instructive to considertical (P, T) conditions belonging to the
equilibrium locus (Figure 2). From Figure 7, thaeraf coverage for critical conditions
confirms the above tendency of orientation 2 pilévgiover orientation 1 in the temperature
range considered. These critical coverage valuies)bew (around 18), our results thus may
seem at odds with the earlier assumption of fublyected surface [14]. However, a more
recent work about carbonation of CaO [10] indicdteat efficient working conditions for this
process should rather correspond to 2-30 kPa abxbB0°C, namely deep within the stability
domain of calcite. Considering these temperatuie @nessure ranges (Table 6) allows to
partially reconcile our approach and previous omath CO, coverages possibly approaching
a full monolayer. On the whole, proposing a claatype of the adsorbed CaO surface beyond
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the CaO-CaC@ equilibrium curve remains complex, since Tablel€b axhibits working
conditions (at higher temperatures) consistent Wotli coverages. This feature, not only
holds within the simple framework of non-interagtiadsorbed molecules, but is maintained
if lateral interactions are included. Our studyréiere strongly indicates that nucleation of
calcite on CaO surface should be a localised pspcesplying small clusters of GO
molecules. It should discard the hypothesis ofextive transformation of a full adsorbed

monolayer.

4 Conclusion

As a first step towards a detailed knowledge oftheleation mechanism of calcite on
calcium oxide, the purpose of this paper was tovide a better understanding of the
adsorption properties of carbon dioxide on CaO, rogans of atomic-scale ab initio
calculations and thermodynamic modelings includimg gas phase as well as the system of
molecules adsorbed on the (100) surface. Our appraiowed to evaluate the respective
contributions of the two orientations possibly aiopby CQ, including symmetry-induced
degeneracies. Introducing a simplified surface geter description in terms of non-
interacting CQ indicates that adsorbed molecules behave as atdmaixcontaining both
orientations with similar proportions. The level aiverage by C®is found to remain low,
up to working conditions far beyond the oxide-daa@quilibrium locus. This approach was
refined through the ab initio study of the enemgetof various configurations involving
adsorbed molecules in a close neighborhood, whighigied a simple and reasonable picture
of the interaction energy relevant for adsorptiorthe CaO-C@system. This refined model
confirms the conclusion of CaO surfaces only plytieovered by CQ@in a wide domain of
pressure and temperature. Our work strongly sugdhat calcite formation should imply a
nucleation process occurring on a localized saaid, rules out the hypothesis of collective
conversion of adsorbed monolayer. Fruitful extemsiof this work should be provided by
taking into account the influence of other spedfies (corners, edges) on the surface, as well
as the role of surface point defects on,CGdsorption. Finally, atomic-scale experimental
investigations of the properties of adsorbed, @@uld constitute an interesting complement

to our work.
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