N

N

Understanding the mechanisms of CaO carbonation:
Role of point defects in CaCO3 by atomic-scale
simulations

Rémy Besson, Loic Favergeon

» To cite this version:

Rémy Besson, Loic Favergeon. Understanding the mechanisms of CaO carbonation: Role of point
defects in CaCO3 by atomic-scale simulations. Journal of Physical Chemistry C, 2014, 118 (39),
pp.22583-22591. 10.1021/jp506102¢ . hal-01100957

HAL Id: hal-01100957
https://hal.science/hal-01100957
Submitted on 7 Jan 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01100957
https://hal.archives-ouvertes.fr

Understanding the mechanisms of CaO carbonation:
the role of point defects in CaG®y atomic-scale simulations
Rémy Besson*
Groupe de Métallurgie Physique et Génie des Matéridnité Matériaux et Transformations, CNRS
UMR 8207, Université de Lille 1, F-59655 Villeneud&scq, France
Loic Favergeon

Ecole Nationale Supérieure des Mines, SPIN-EMSE$RC Department

CNRS UMR 5307, LGF, F-42023 Saint-Etienne, France

ABSTRACT

In order to improve our understanding of the me@raa underlying the carbonation
of CaO by CQ, a practically important reaction, we present taitkrl atomic-scale study, by
means of ab initio density functional calculation$,the point defect properties in calcite
CaCQ. We perform a thorough investigation of the cheahipotentials relevant in
experimental conditions. Focusing on C and O dsfeldsely related to CQOdiffusion, we
point out the absence of interstitial C, exceptspgag in complex form with other defects,
whereas interstitial O is found stable. Whereasn@ & vacancies are not significant in
neutral form at low temperature, their role is dipaevealed when charged states are
included. The formation energies of O and C vaas)dbgether with the profiles of chemical
potentials across the growing calcite layer, aresistent with joint C and O diffusion by
separate vacancy mechanisms of roughly equal ardpbt As regards the possible influence
of complex point defects, our results suggest ititatstitial diffusion of CQ is unfavorable.
Conversely, the strong binding of the £@cancy may enhance g@iffusion.
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INTRODUCTION

Of high practical importance is the current issdfeaohieving a more efficient
management of carbon dioxide. This requires a baitelerstanding of the physical
mechanisms underlying the capture and release efl@Quitable substrates. Among these
substrates, calcium oxide CaO offers several prentiadvantages [1], which turn it into a
good candidate for the purpose of large numbecapfure-release cycles. The aim is to reach
a better reversibility of the process, embodiedha CaO + CQ « CaCQ carbonation
reaction converting the oxide into carbonate (¢@)ciln the final stage of this carbonation
reaction, the reaction rate is widely controlledtbg diffusion of CQ through the carbonate
layer [2], possibly via bulk as well as grain boandmechanisms. Nothing is known about
the mechanisms of G@liffusion within CaC@, which may occur in molecular form, but also
after appropriate dissociation towards @ CO molecules, or even in elemental O or C
species. Getting more information about Qfiffusion would certainly help building more
realistic reaction mechanisms for the global cadbion reaction, of wide utility in
macroscopic kinetic investigations [3].

On the route towards elucidating these complex tgpres are more basic issues
connected with the point defect (PD) propertiesGa#CQ, since these properties most
probably have a direct influence on the Qg@haviour in the compound. Recently, CaCO
calcite has formed the subject of several atomatesstudies, using either semi-empirical
force fields or ab initio Density Functional Thedi®FT) simulations, for the modelling of
bulk or surface properties [4-8] or for the invgation of nucleation from CaO [9]. As
concerns PD properties, Fisler et al. [4] developesemi-empirical shell model for CagO
and applied this model to the study of PDs in t@sbonate. The PDs investigated were the
Ca(+2) and Cgl-2) vacancies, and the authors also consideredstmettky pair of such

vacancies. The cases of antisite defects, intatstiéand other (C, O, Cf..) vacancies were



not studied. On the whole, the PD properties of Ga@re still widely unknown, and

elucidating this issue forms the subject of thesen¢ work. To this purpose, atomic-scale
first-principles calculations will be employed, sinthe latter provide the most efficient way
to probe nanoscale features hardly accessible xparenents. While CaCgQis a ternary

compound, which makes its point defect structuteeracomplicated, the level of intricacy is
raised further by the possibility of interstitialsnd special care will therefore be given to
these defects below. After describing the methaglodd background, the results will be
presented, first in the context of neutral defestsich conveniently allows a global survey of
PD properties, and then including more specifictiily effect of PD charges. Our results on

PDs in CaC@will then be discussed in the context of CaO casbion.

METHODS

First-principles calculations

The ab initio calculations were performed using DT approach, with the Vasp
software [10,11] in the projector-augmented wave\Wh framework [12] and the generalized
gradient approximation (GGA) with the Perdew-Bukkezerhof (PBE) [13] form of the
exchange-correlation functional. A Gaussian smegamas used, together with a 4x4x4
Monkhorst-Pack k-point mesh and a cutoff energp@® eV for the plane wave basis. All
static T=0K calculations included relaxations of #itomic positions as well as optimizations
of the system size and shape around the PDs.

CaCQ calcite (Figure 1) is a rhombohedral compound (8.637 nm,a = 46°)
containing 3 sublattices (one for each chemicatisg® hence 9 types of point defects (6
types of antisites, 3 types of vacancies). In aoldithe possibility of single interstitial species
was investigated, as described below. In the ptestedy of PDs in calcite, most T = 0 K

relaxations and all molecular dynamics calculatiarese performed starting from a perfect



80-atom system (supercell) containing 2x2x2,@&G®s unit cells. The effect on the PD
properties of increasing the system size - up2@@&atom supercell built on 3x3x3 £La0s -

will also be discussed.

(b)

Figure 1 : Schematics of the rhombohedral unit calld,,as) of CaCQ calcite: (a) top view,
(b) front view. The [111] direction is the rhombadlnal axis (third order symmetry). Ca, C
and O are represented, respectively, by red cjreleine disks and blue circles. The green

square depicts a <1/2;0;0> interstitial position.

IPDA modeling of point defects

Point defect-related properties in ordered compsuabund stoichiometry can be
conveniently investigated by means of the indepenideint-defect approximation (IPDA)
[14]. Initially devised for selected systems, tR®OA framework has been recently applied to
various compounds with increasingly sophisticatduenaistries and crystallographies.
Whereas the IPDA has proved to be successful imalhtesystems, including complex
ordered compounds [15], its efficiency has alsonbdmonstrated by several works on non-
metallic systems involving charged defects [16-ZPhese works were however mainly
concerned with oxide semiconductors, and the céssamonates such as calcite remains

largely unexplored. The hypothesis underlying IP@fAndependent PDs allows the energy of



the system to be written as a simple linear fumctbthe PD amounts. Minimization of this
function with respect to the PD amounts at givemgosition is an efficient way to obtain an
overall picture of the composition-dependent PDtire of a compound at low temperature
(T = 0 K limit) [23]. In the case of a ternary cooynd such as CaGQit conveniently allows
to identify important composition domains charaeta by two types of dominant PDs, the
latter being required, even at low temperaturesa¢doommodate off-stoichiometry, and
therefore named “constitutive” PDs. As illustrateelow (section “Survey of neutral PDs”),
these domains are separated by tie-lines, theingpe$ which corresponds to sharp changes
in the PD properties of the compound. The assatigtemical potentials, which also undergo
sharp changes, can be obtained easily in each dpfmain the conditions of zero formation
energies, in the low-T limit, for constitutive POegether with the relations between
formation energies and chemical potentials (EqbEdw). At higher temperatures, including
various contributions to the entropy (configuratiphonons, etc.), the IPDA can be employed
with either its NPT (constant particle numbers,sptge and temperature) v T (constant
chemical potentials, volume and temperature) edgemidormulations [14], allowing to obtain
the PD structure and related properties (free gfeag a function of composition and
temperature, and its ability to multiple extensioowards more various fields, e.g. solution
electrochemistry, has been pointed out recently. [Z4he IPDA analysis relies on the
determination of grand canonical (GC) energiesngefj for a PD of type p and charge q, as:
Ecc(p.q) = Bo(p.q) — Berr &y

where p and Eers are respectively the total energies of defectetipmrfect systems of same
size. It allows easy determination of the PD ameumt their respective sublattices, namely
given by:

x(p.q) = exp[-Ep,q)/KT] @)

where Eis the formation energy of the PD:



E«(p,q) = Esc(p,q) +0u(P) + QHe ®)
where e is the electronic chemical potential, controllitige global charge of the defected
system.du(p) is a defect-dependent term involving the elai@enhemical potentials: its
value is respectivel§u(p) = H1(A) for a vacancy (¥) on an A sublatticgl(A)- u(B) for a B
antisite atom (R) located on an A sublattice, an@(A) for an A atom (A) on an interstitial
sublattice. Other specific temperature effects, iftstance stemming from local defect-
induced vibrations, can be included in relation[@D),25], but in the case of Cag@his will
be left for future work. Finally, it should be ndtéhat most previous works on charged PDs
were concerned with semiconductors, i.e. interesieitie point defect structure in systems
with possibly non-zero global charges. This ex@aimhy these works investigated the
influence of the electron chemical potential, sirtbe latter quantity controls the global
charge. Conversely, in our case, although varibiasge states of PDs were also investigated,
we did not consider the possibility of non-zerolglbcharge. Therefore, all other (i.e. Ca, C,
O) chemical potentials being determined from sebtidl and solid/gas equilibria, the electron

chemical potential was obtained via Eq. (1) from giobal neutrality condition.

RESULTS

Choice of chemical potentials

Table 1 : Determination of chemical potentials in Ca£@sing local equilibria at the
external (subscript “ext”) calcite/gas and intergslibscript “int”) calcite/oxide interfaces,
relations used to obtain the elemental chemicamitls in Q + CG; conditions, via gaseous
chemical potentialgi(O,), H(CO,), and compound energies E(CaO), E(CgCW®ote that, in
the present work, no attempt has been made tolamrexternal” and “internal” interfaces
with specific crystal planes. We simply use theseds to distinguish between two different
types of thermodynamic equilibria, implying diffetechemical potentials.
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external interface (calcite/gas) internal interfézacite/oxide)

H(O2) = 2ex(O) H(O2) = 2int(O)
H(COy) = Hex(C)+2ex(O) E(Ca0) 7uin(Ca)#int(O)
E(CaCQ) = Hex(Ca)*Hext(C)+ Jex(O) E(CaCQ) = Hintl(Ca)+Hint(C)+ 3uint(O)

The PD structure of an ordered compound such asOg&Cwell-known to depend
critically on the composition, or equivalently, ¢ime elemental chemical potentialgCa),
H(C) andu(O), which therefore have to be taken into accohataughly. To this aim, it is
reasonable to choose ;@ CG,” working conditions, namely characterized by a sumthng
O, + CO, gas phase with controlled temperature and pagtedsures, in order to fix(Ca),
H(C) andu(O), viap(Oy), K(COy), E(Ca0) and E(CaCfp according to the relations given in
Table 1. In practical conditions for carbonatior;adcite layer is growing at the expense of
the oxide, and the elemental chemical potentiats therefore deduced from the local
equilibria existing at the external (calcite/gas)dainternal (calcite/oxide) interfaces.
Moreover, whereas CQs active only at the external interface, it iagenable to suppose that
O, with uniform gaseous chemical potential existshat internal interface as well. Under
these assumptions, while E(CaO) and E(CgCare directly obtained from ab initio
calculations of solid compounds, the gaseous clarpiatentialsu(O,) andu(CO,) can be
conveniently obtained from statistical thermodynasnilescriptions of ideal gases, using ab
initio estimations of energies for isolated @hd CQ molecules, together with rotation and
vibration partition functions obtained using chaesistic frequencies from experiments

available in literature. Resorting to literaturdadéor the vibration and rotation parts avoids



performing ab initio calculations for these quaesit which is justified by previous studies
[26] on CQ demonstrating the excellent agreement between &ffdulations and literature
data. Moreover, it was previously found [27] th#iceent experimental conditions for the
carbonation reaction correspond to {gBessures ranging between 2 and 30 kPa, whil®ihe

pressure is maintained at low values, typically P@0
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Figure 2 : From ab initio-based calculations, chemical ptéds of gaseous Oand CQ
molecules as a function of temperature, togethén thie corresponding elemental chemical

potentials of C and O at the external (calcite/gas) internal (calcite/oxide) interfaces. While



P(®,) = 100 Pa throughout, the effect of P(f@ investigated (full lines: 2000 Pa, dashed

lines: 30000 Pa).

Using these conditions, the effect of temperatunetime gaseous and elemental
chemical potentials is displayed on Figure 2. Thessvious experiments [27] suggested
using 800 K as working temperature, and the latiérthus be considered in our work. At
this temperature, while the pressure effectg80,) appears rather low in the range of
interest, the local equilibria imply that the C ofieal potential is significantly lower (~1 eV)
at the internal interface than at the external émeally, it is important to note that, while,O
+ CQ; conditions were selected as most convenient fotlaoretical study, they will have to
be compared (see Discussion below) with availakjpeemental results, obtained undeiCH
+ CQO, conditions often used in practice. Indeed, thegexy residual pressure is often
overlooked in experiments, contrary to R(H, which was shown to have a critical effect on

the carbonation rate [28].

Interstitial defects in CaCO

Due to the low symmetry of the Cag®tructure, finding the possible sites occupied
by interstitials species is an intricate issuetfiis purpose, ab initio molecular dynamics was
employed to investigate the properties of intaedsitinCaCQ. As a first step, using the three
equivalent positions <1/2;0;0> (top part of Fig®)eas a reasonable starting point, systems
containing each interstitial species on this positivere initially relaxed to T = 0 K and zero
pressure. In a second step, each system was themtwd to 2000 steps (1 fs) of molecular
dynamics, using a 1000 K initial temperature andBNsbnditions, namely with constant
particle numbers, volume and energy. Figure 3 @otpart) displays the final configuration
for each species. As a main result, the interktidnaviour appears to be strongly species-

dependent. Interstitial Ca undergoes an instapilitgich spontaneously converts it into a



Cac+Cint two-site complex PD (Figure 3a). Likewise, isothiaterstitial C is unstable, and

produces a three-site 2@V complex (Figure 3b). Conversely, interstitial Ofgsind to be

stable (Figure 3c). On the whole, O will therefbeethe only species considered as possibly

occurring in simple interstitial form in CaGOWe will briefly discuss the possible effect of

complexes, such as the previous ones, includipg €ich complexes, however, should be

hardly mobile, having thus no influence on thewdfén properties in calcite.

Initial relaxed configurations of interstitials
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Figure 3 (color online) : Behaviour of interstitial defedts calcite viewed along the [111]

direction: initial relaxed positions of interstigatop pictures), and configurations after 2000

steps of ab initio molecular dynamics for the vasi@hemical species: (a) Ca, (b) C and (c) O

interstitials (DFT calculations in the PAW-PBE frawork). The interstitials are added to an

80-atom reference system built from 2x2x2,C®s unit cells. The symbols of chemical

species are the same as on Figure 1.
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Survey of neutral PDs

Due to the complexity of the CaGQ@tructure, involving a priori 9 types of PDs as
well as O interstitials, it is useful, in a firstep, to confine our investigations to neutral
defects and low temperature. The main advantagbi®fpreliminary study is to provide an
easy “at-a-glance” picture of the PD propertiethef compound. On the other hand, including
temperature and charges (next section) makes #igsésimore cumbersome, which imposes
to focus on selected working conditions (such asdhdescribed above) and fails in yielding a

comprehensive idea of the PD properties of the camg.
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Figure 4 : Grand canonical energies of neutral point defatCaCqQ, in 2x2x2 CaC,0¢ unit
cells from PAW-PBE (circles) or PAW-LDA calculatisr{squares), and in 3x3x3 ££a0g

systems for PAW-PBE (crosses).

Following these lines, the PAW-PBE grand canonmaérgies of neutral PDs are
displayed on Figure 4 in the case of 2x2x2 systéenspty circles) for all relevant PDs,
namely excluding interstitial Ca and C due to thastability pointed out in the previous
section. Figure 4 also displays the GC energiegiodd for 3x3x3 systems (crosses), showing
excellent convergence except fordCRor purpose of comparison, PAW-LDA results asoal
presented (full squares). Although global trends the same as for GGA, some dispersion
however exists, especially for Ca and C vacaneusch suggests that further investigation
would be useful in precising the effect of the deobf the DFT scheme on the PD and
diffusion properties of CaCf In this work, however, we will confine to the PARBE

framework, leaving such investigation for future.
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Figure 5 : Validity domain (area surrounded by bold lingmsents) of O and C chemical
potentials, as obtained from positivity conditichas all formation energies of neutral PDs
(one line for each PD, the arrow indicates the-pllhe respecting this condition — various
colors are used as a guide for the eye). Each cofrtae domain corresponds tothe T =0 K
H(O) andu(C) values given on Figure 6 (PAW-PBE calculatioid)e blue and red straight
lines within the validity domain will be discussbkdlow (“Discussion” part). The blue square

indicates the working conditions of Fig. 2.

While the elemental chemical potentials, péC) ~ -15 eV andqi(O) ~ -5 eV, relevant

for experimental conditions of calcite formatiore agiven on Figure 2, it is instructive to
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confront these values with their counterparts deddoom the PD properties of calcite, since
the chemical potentials of ordered compounds arewknto be strongly sensitive to
temperature and composition around stoichiomethge present low-temperature survey of
PD properties easily allows to estimate the coesst between (i) the above choicepg€)
and p(O) from gaseous conditions and (ii) the chemicakptials deduced from the CagO
compound properties. Noticeably, this provides ay vi@ investigate the validity and
transferability (gas vs solid) of the ab initio DEFBmework used for To this aim, since all
the PD formation energies defined by relation @yento be positive, this provides conditions
on the elemental chemical potentials, which implrest these quantities have to be confined
to a restrictive domain. This is described on Fegbr which displays this domain as a
polygon, each corner of which corresponding to mmasition domain (see Figure 6 below)
characterized by a couple of structural PDs. Casalgr each polygon edge corresponds to a
(infinitely at 0 K, see Figure 6) thin line of tition between a defect type and a
neighbouring one. In this context, the working dtinds deduced from Figure 2 are depicted
as a blue square on Fig. 5, which indicates thttoagh these conditions are located on an
edge of the positivity domaim(C) andu(O) can be varied of a few eV within this domain.
However, a strong lowering @f(O) should be compensated by an increasg(@), which
will be illustrated below (“Discussion” part) wheliscussing KO + CG conditions. On the
whole, Figure 5 confirms the ability of the selecteAW-PBE framework to describe the
gaseous as well as the solid properties relevarthéoCaO + CQ«— CaCQ reaction.

Following the IPDA framework, the dc parameters straightforwardly provide a
survey of the composition-dependent PD structur€asfQ at low temperature. The T =0 K
limit allows to emphasize only the major “structlirdefects, required to accommodate for
departures from stoichiometry, while discardingeottihermally activated types of PDs. The

results, displayed on Figure 6 in a form similargpresentations of ternary phase diagrams,

14



evidence seven domains delimited by various conipasiie-lines (s Xc and » being the
atomic fractions in the compound;¢+ Xc + Xo = 1), namely a rather intricate PD structure
for the CaCQ@ compound. Providing the composition-dependent wypart of Figure 5
(associated with chemical potential-dependent pt@se, this demonstrates the sensitivity of
CaCQ to the external conditions, such as the gaseauswsuing, and the influence of these
conditions on the CaC{zomposition and PD-based properties, especidilysion. As main
predicted properties for PDs in calcite, C vacaneaiad interstitial O are never found as major
defects whatever the composition range. Conversalypus types of antisites do occur, and
O or Ca vacancies may be favoured depending ondimposition domain. Corresponding to
these PDs, the analysis also yields the chemictnpals of the CaC®ordered phase,
constant in each composition domain in the low-terafure limit (Figure 6, also each
polygon edge on Figure 5). Confronting these reswith the chemical potentials deduced
from the gas phase allows to connect the relevBndédmains with the composition range of
the compound in working conditions. This range nsbedied by the arrows represented on
Figure 6, suggesting the importance of tag=4/5 tie-line, and to a secondary extent that of
Xo=3/5 and »=3xc. In this relevant composition domain, the carbenahould be
characterized by Ca vacancies together with &al @ antisites. Whereas these major PDs
are probably consistent with Ca diffusion, theyra provide any easy explanation for the
diffusion of elemental O and C, while this should bf primary importance in case of
dissociation of the COmolecule at the external interface. This may iathdhat CQdiffuses

as such within the layer, a hypothesis to be exadifurther (see below). Moreover, our
results suggest that the domains of variation @habal potentials, when going from the
external to the internal interface, may lead todiossing of the ¢¢=1/5 line, hence a possible

change of the PD structure across the carbonage. [@his probably implies a change of the
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diffusion properties, especially for Ca, but thgs not critical for carbonation, since this

reaction is not submitted to Ca diffusion.

n(C) =-16.005 X, =3X,.
n(0) =-3.318
n(C) =-17.443 n(C) =-5.278
n(0) = -4.756 4 p0)=-6.894
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1(0) = -9.716 1(0) = -9.716

Figure 6 : Survey of composition-dependent structure oftrayoint defects of CaC{Qn
the T = 0 K limit, as obtained from grand canonigaérgies in 2x2x2 G&,0¢ unit cells and
PAW-PBE framework. The central triangle figures otite ternary phase diagram
representation of compositions around stoichiome@aCQ (central full circle). In each
composition domain, the O and C chemical potenti@is units) are displayed, as deduced
from the IPDA analysis. The arrows indicate likelgmains of stability for the compound,

according to the elemental chemical potentials deddrom Table 1 and Figure 2.

Charged defects
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Figure 7 : Electronic densities of states for charged dsfetcalcite: (a) Ca(q=+1/+2) and

(b) Vo (g=-1/0) (PAW-PBE calculations in 2x2x2 systems).

While the previous study allowed to describe thénni@nds of PDs in CaCit was
restricted to neutral PDs, whereas the presenaharged defects may be possible in such
carbonates. Investigating charged PDs requirekiibg/ledge of the electronic densities of
states (DOSs), primarily for the perfect, undeféctgstem, since it directly influences the
amounts of conduction electrons and valence hdieace the global charge balance. In
addition, the DOS for each type of charged PD isiatde as it may provide information
about defect instabilities possibly occurring fquesific charge levels. Although such
instabilities have hitherto been reported in soramisonductors like G&®; [22], similar
features cannot a priori be discarded in carbonaislarify this issue for CaCfall charge
levels in the range {-2 ; +2} were taken into acabtor all PDs, this range being possibly
extended up to q = +/-4 for some defects, whenwhs required to localize the formation
energy minimum according to relation (1). From excpon of all corresponding DOSs, the

most remarkable result is obtained in the cas&agffor q < +2 (Figure 7a) andd/for g <0
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(Figure 7b): whereas in most cases the Fermi |lsvidcated within, or closely above, the
valence band, such charged defects correspondditicacl peaks of occupied states just
below the conduction band. As will be checked belynthe detailed analysis of formation
energies, this should entail a strong increasenefgy cost for these charge levels, and the
latter should thus be unstable. For all other PBd eharges, the DOSs (not shown for
brevity) sometimes reveal the existence of inteliatedpeaks located in the gap, especially
for Cca Oc, Co and Qk, but contrary to Gaand \b, the analysis below will indicate no such

charge-dependent changes of behaviour for these PDs
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Figure 8 : GC energies of charged defects in calcite, fedminitio PAW-PBE calculations

(2x2x2 systems).

The GC energies of charged defects, displayed gur&i8, show a globally increasing
trend with charge decrease. This suggests thatdimenant effect is due to the band energy, a
more negative charge entailing the occupation giiéri one-electron energy levels in the DFT
framework. The other contributions to the total rgygeare not sufficient to modify this
globally monotonic behaviour. For charges comprigetiveen -2 and +2, the slope is quite
identical for all PDs, except for @and \b, namely both PDs pointed out in the previous

DOS analysis. A similar behaviour is detected f@r ¥nd Ca, though for more negative
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charges. These GC energies allow to investigatéotineation energies of charged defects in
O, + CQO, working conditions (Figure 9). In these conditip@RaCQ is found to be exactly
stoichiometric (to within 18) and pe = 1.432 eV for charge neutrality. Considering Ca
defects, \a is found to be strongly stabilized by q = -2, wdees values = -2 and > +2 are
required for Ca and Ca respectively. With a formation energy of ~ 0.5 ¢ée Ca vacancy
remains by far the most stable PD in CaC®hich is consistent with our previous results
obtained from neutral defect analysis, pointing \ég4 as structural defect. This conclusion is
not ruled out by charge effects. As for C defe€is, and G have very similar behaviours,
being more stable in neutral state, but their @esrgemain very high. Conversely,cV
displays a much lower formation energy (~ 3 eV) antoderate charge dependence, which
should probably turn it into a favourable defectvarious conditions. Finally, as regards O
defects, \6 remains neutral in its most favourable state~E eV), while @ and Q,; have
very close formation energies (~ 3 eV) and may adompeting charge levels between -2
and 0, and @, requires q = -3 though maintaining a high formatemergy (~ 5 eV). Finally,

it is worth noting that ¥, Vc and Qy have relatively low formation energies, which nake

them good candidates for C and O diffusion in thietext of CaO carbonation.

DISCUSSION

Our results on PDs in calcite can be compared witse of previous works, in
particular the semi-empirical shell model for CaQfoposed by Fisler et al. [4]. The only
comparison with our work is possible fog¥+2) with a formation energy of ~ 20 eV, to be
compared with ~ 7 eV in our work for the same chdayel. Although the difference is quite
large, both works agree to indicate that positivelvarged Ca vacancies are energetically
unfavourable, and our work, considering other cbdeyels for this defects, indicates that a

negative charge is more favourable. Moreover, bathks differ in the chemical potentials
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selected in order to obtain the formation energigsgs (3) in our work), which may explain
the numerical discrepancy forc¥+2). More systematic investigations would be reegiito
compare the semi-empirical and ab initio energetidSaCQ.

The previous results were obtained for PDs perallyicepeated in 2x2x2 unit cells of
CaCy06, which raises the issue of possible interactioeasvben defects. While Figure 4
indicates that such interactions can reasonablgdggected for neutral systems, the case of
charged defects may require further investigatilug to the long-range nature of electrostatic
energies. For larger systems consisting of 3x3xBaatls, each given (PD ; charge) involves
~ 270 atoms, which remains very demanding for euircemputational resources. Since the
wide panel (~ 60) of PD types and charges in @leidds to exceedingly long calculations,
we therefore limited our study of these intricab@wergence issues to several cases of PDs. In
these cases, we checked that our PD analysis @gsi® unit cells led to errors < 10 % in
GC energies, which is reasonable in regard of theropossible sources of uncertainties
inherent to the ab initio — IPDA approach, e.g. va&dity of the PAW-PBE energy model.
We thus leave more accurate investigations forréutworks. Finally, the issue related to the
alignement of local electrostatic potentials, atsmnected with the handling of charged
systems [16], was also examined for PDs in Ca®@0t the possible offsets (< 0.5 eV) were

not found significant with respect to other souragesrrors.
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Figure 9 : Formation energies of charged and neutral deiec€aCQ under “Q+CQ,” (see
text) working conditions: T = 800 Ki(C) = -15 eV,u(O) = -5 eV, from ab initio PAW-PBE

calculations.

Our study of point defects in calcite, emphasizihg roles of O and C vacancies,
suggests that C and O diffusion in Ca@fay occur by vacancy mechanisms. Moreover, it is
worth noticing that the profiles of C chemical pttiels across the calcite layer imply (using
relation (1) andu(C) int. <u(C) ext. on Figure 2) that thecMormation energy should be
lower at the internal interface. This entails ahieig concentration of §/ hence a ¥ flux

towards the external interface, namely an oppdtibe of C atoms towards the internal
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interface, which is the zone where carbonation mclihe existence of such gradients for C
will also be shown to be true in,8 + CQ conditions, see Table 2. Although the same
argument cannot be applied to O vacancies underhgpothesis of equal O chemical
potential at both interfaces, a driving force foe ext— int. O flux may stem from a strong
binding between C and O vacancies, as seen below.

Table 2 : In H,O + CQ conditions (P(HO) = 200 Pa, P(C£ = 2000 Pa) and for T = 800 K,
influence of H pressure (Pa) on the,HO and C chemical potentials (eV) at the intearal

external interfaces.

H, pressure H(Hy) H(O)(ext/int) H(C)(ext) H(C)(int)
10° -7.73 -7.35 -9.22 -90.88
10" -7.41 -7.67 -8.59 -9.24

10 -7.09 -7.98 -7.95 -8.61

While the previous low-T analysis suggested thah bloe x5, = 1/5 and ¥ = 3xc tie-
lines may be important in determining the PD prtipsrof calcite, the more precise account
of O, + CO, working conditions performed in this section alot focus on the role obx=
3xc. Crossing this tie-line may imply deep changetharmal defects within the calcite layer.
In order to explore this possibility, we have chetkhat small changes p{C) entail no
change of PD type across the calcite layer.

While this work was mainly focused on simple PD<afcite, our preliminary study
of interstitials, stressing Ca and C instabilitialso reveals the formation of complex defects,
namely 2G+Vc and Ca+Ciy. In the context of CaO carbonation by carbon diexiit

therefore seems reasonable to consider possibleecbons between complex PDs and,CO
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diffusion in calcite. Although a detailed investiga of complex defects in CaG® beyond
the scope of this work, two complexes come to nmatlirally in this framework, namely GO

(i) vacancy and (ii) interstitial. As for the lattease, our investigations suggest that interktitia
C should be accompanied by C vacancies, ratherlhamterstitial O as required in the €O
molecule. Confirming this point would imply addmial molecular dynamics investigations,
in order to attempt to detect possible favourakliks dor the C@ molecule within the calcite
lattice. Leaving this highly exploratory task fatdire work, we here emphasize the role of the
CO, vacancy located in a Gplane of CaCg) for which ab initio calculations indicate a
strong binding energy ~11.6 eV in neutral form. @anng this value with the formation
energies of the isolated corresponding neutral aiefé~igure 9) leads to a GQacancy
formation energy below 1 eV, a remarkably low valoesuch a complex PD, which should
entail a strong enhancement of £diffusion via the complexation of O and C vacascie
Further insight into this issue would be gainedrfrimvestigating the diffusion mechanisms in
the calcite structure.

Table 3 : Comparison of PD formation energies (eV) in+4CQ, and HO + CQ working
conditions. The most stable charge level, indicéigveen parentheses, was selected for each
defect (forp(C) at external interface). Values relative to Rilevant for diffusion during

carbonation are highlighted.

defect Q+CO H.O + CQ

P(H,) = 10° Pa P(H) = 10 Pa
Ved(-2) 0.57 1.0 1.2
Cco(0) 13.8 9.3 8.6
Oc«-3) 4.5 6.9 8.7
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Vc(-3) 31 74 7.8
Cac(-2) 2.2 5.8 6.0
Oc(-2) 2.5 9.8 11.3
Vo(0) 4.4 2.4 17
Cao(+4) 7.0 5.1 4.2
Co(0) 13.4 5.3 3.4
Oini(-2) 2.2 3.7 3.9

As mentioned in the introduction, it is also usetimlconsider C®+ H,O working
conditions, which correspond to carbonation pertmnunder controlled water, rather than
oxygen, pressure. These conditions are importaptantice [28], previous works indicating
gas pressures P£8) = 200 Pa and P(G= 2000 Pa as efficient for CaO carbonatidhe O
chemical potentialu(O) is determined via the dissociation equilibriush H,O, which
however leaves the H chemical potential undeterchihe the present work, the latter was
therefore considered as a parameter controlled bgad. To elucidate the influence of this

parameter, we studied (Table 2 and thin lines gurei 5) the variation qi(C) andp(O) with

M(H2) at 800 K and (P(kD) = 200 Pa, P(C£€ = 2000 Pa). From these data, Table 3 then
displays the comparison of PD formation energie©it+ CO, and HO + CQ working
conditions withu(C) at the external interface. It shows that thei@h of conditions has a
strong influence on the PDs. In particular, while, Yemains dominant in both cases; &hd

Vo are strongly affected by Ovs HO control: whereas the former case corresponds to
relatively equal amounts of these defects, therateeply breaks the balance in favour gf V
while also raising the role of;@ The efficiency of purely vacancy mechanisms tntj O

and C diffusion should thus be lowered igCH+ CQ, conditions, the diffusion of O occurring
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then by interstitial mechanism. Moreover, the B (idfluence remains quite moderate, which
suggests that our conclusions are reliable whatieeexperimental conditions for which this
parameter remains uncontrolled.

Finally, it is useful to emphasize the connectietween our work, providing clear-cut
trends on point defect properties in CaCéand the more general context of CaO carbonation
by carbon dioxide. The carbonation reaction, whadturs at the internal CaO/CagO
interface, requires diffusion of O and C througle ttarbonate layer. Since diffusion is
mediated by point defects, the present atomic-geslalts on point defects in Cagf@rovide
a first, but necessary, step towards this connect@ur work gives hints on how to select
those relevant species for diffusion: it indicatiest such species could reasonably include O
and C vacancies, as well as interstitial O (but imt¢rstitial C) and C@ vacancies. As
mentioned previously, the case of interstitial Ofould deserve separate investigations.
Further steps towards the elucidation of the caabon mechanism would be related to
thorough atomic-scale diffusion studies of the vaitd defect species. The goal of these
further works would be to reach a comparison of #ificiencies of several diffusion
mechanisms for O and C within the carbonate laj/kis comparison would allow to select
the more efficient mechanism, which would be oédirutility in more macroscopic studies of

CaO carbonation by GOin closer connection with practical issues.

CONCLUSION

The present work was devoted to a thorough atopatesstudy, by means of density
functional calculations, of the point defect prdjger in CaCQ@ calcite. In addition to
vacancies and antisite atoms, the stability ofrgtials was explored by means of ab initio
molecular dynamics, revealing that this possibisibould be discarded for Ca and C, ,while

interstitial O should be taken into account. Theimsic complexity of this ternary compound
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giving rise to a wide panel of point defects, westfiinvestigated neutral defects, which
conveniently provided a survey of the influencdlesf overall compound composition on the
point defect properties. This influence appeared rather complex, with numerous
composition domains limited by various tie-lineshis demonstrated the importance of
determining the conditions of composition, or egilantly chemical potentials, undergone by
CaCQ, especially during growth. In the practically infamt framework of improving our
knowledge of CaC®formation from calcium oxide and G@as, chemical potentials were
therefore determined for experimental conditioms.atldition, the role of charged defects,
well known in semiconductors but far less documernte carbonates, was analysed. This
pointed out O and C vacancies as thermally impodefects, together with interstitial O. The
latter conclusion has important consequences op dffusion within CaCQ@ and CaC@
growth, since it is consistent with joint C and @usion via vacancy mechanisms of roughly
equal amplitudes. As regards the possible influesfceomplex point defects, our results
suggest that, while interstitial diffusion of @@ unfavourable, a strong binding of the £O

vacancy may enhance ¢@iffusion.
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