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Abstract

The Ca(OH)2/CaO cycle releases stored heat when CaO takes up water, an uptake that begins at the
oxide surface. Isovalent Mg and Sr barely move the bulk equilibrium of the cycle, but their surface
effect is unknown. We study water at 1/4 monolayer on CaO(001) with Mg, Sr or both in the top
layer, or Mg in the second layer, by density functional theory. On every surface the most stable state
we found is split: a hydroxyl bridges two cations and the proton sits on a neighbouring surface oxygen.
Water binds by 0.84 eV on CaO, 0.98 eV with Sr, 1.17 eV with Mg, 1.18 eV with both and 0.81 eV
with Mg below the surface. Mg acts through the oxygen that takes the proton, Sr through the site
of the hydroxyl, and their gains do not add. The stretching frequency of the new surface hydroxyl
tracks the binding energy (r = —0.96). On the clean surface Sr prefers the top layer by 0.46 eV and
Mg the second layer by 0.29 eV. Adsorbed water reverses the choice of Mg, but in equilibrium with
the vapour only below 530 to 790 K at 1 bar. Relative to CaO, surface Sr raises the water desorption
temperature by 65 to 105 K and surface Mg by 190 to 250 K, while the same ions move the bulk
equilibrium temperature by only —5 to +25 K. Surface doping, most reliably with Sr, thus tunes
water uptake almost independently of the storage temperature.

Keywords: Thermochemical energy storage, Calcium oxide hydration, Water adsorption, Surface
segregation, Density functional theory, Ab initio thermodynamics

Abbreviations and notation D3: Grimme dispersion correction, third generation,

with Becke and Johnson damping
BFGS: Broyden, Fletcher, Goldfarb and Shanno DFT: density functional theory

optimiser ML: monolayer, one water molecule per surface cation
Ca0:X: CaO(001) with dopant X in the top layer Oy, Os: oxygen of the water molecule; surface oxygen
CaO:Mg(sub): CaO(001) with Mg in the second that takes the proton

layer Hy,, Hs: hydrogen kept by Ow; hydrogen transferred
CS: Campbell and Sellers entropy correlation to Og



PBE: Perdew, Burke and Ernzerhof exchange and
correlation functional

PDOS: projected density of states

SCF: self consistent field

TCES: thermochemical energy storage

VBM: valence band maximum

ZPE: zero point energy

1 Introduction

Thermochemical energy storage (TCES) keeps
heat in the form of a reversible reaction between
a solid and a gas, and gives it back when the
reaction runs the other way (Pardo et al, 2014).
Few reactions have been studied as closely for this
purpose as Ca(OH)z(s) = CaO(s) + HoO(g). The
materials are cheap and abundant, the equilibrium
sits near 780 K under 1 bar of steam (Schaube
et al, 2012), and reactors have already run at
the 10 kW scale (Schmidt et al, 2014). Charging
dehydrates the hydroxide. Discharging hydrates
the oxide and releases the heat, so the rate
of hydration sets how quickly stored heat can
be delivered. That rate falls as the temperature
approaches equilibrium or as the steam pressure
drops (Schaube et al, 2012; Criado et al, 2014; Lin
et al, 2006), and it degrades further on cycling
through sintering and agglomeration (Wang et al,
2015; Dai et al, 2018; Xu et al, 2017) and through
carbonation by traces of COy (Yan et al, 2017).

Additives are the wusual remedy. Salts
such as KNOs lower the dehydration
temperature (Shkatulov and Aristov, 2017; Wang
et al, 2020), composites keep a bed reactive over
many cycles (Funayama et al, 2019), and lithium
speeds up dehydration (Yan and Zhao, 2014,
2015). In a companion study (Rauf et al, 2026) we
computed how the isovalent ions Mg?* and Sr2*,
one smaller and one larger than Ca?t (Shannon,
1976), change the bulk thermodynamics of the
cycle. They order differently in the hydroxide and
the oxide, but at 8 to 12.5 % of each ion they
shift the equilibrium temperature by only —5
to +25 K. The bulk equilibrium hardly notices
them. Hydration, however, does not begin in the
bulk. It begins when a water molecule lands on
the CaO surface, splits, and supplies the hydroxyl
groups from which Ca(OH)s grows (Manzano
et al, 2012). Whether Mg or Sr change this first
step has not been examined.

Water on clean alkaline earth oxide surfaces
is well understood. On MgO(001) a lone molecule
stays intact and binds by about 0.5 eV (Carrasco
et al, 2008; Bajdich et al, 2015; Alessio et al,
2019); it splits only in dense layers (Odelius,
1999; Giordano et al, 1998) or at steps and
point defects (Costa et al, 2006; Liu et al,
1998). Ca0O(001) is more reactive. Calculations
predict that a single molecule splits into a tightly
bound hydroxyl and a surface proton (Carrasco
et al, 2008; Hu et al, 2011), and experiments
on CaO films show the split monomers and the
chains that form at higher coverage (Fujimori
et al, 2016; Zhao et al, 2015). Calorimetry gives
an initial heat of adsorption of 85 to 90 kJ
mol~! on CaO(001) (Seifert et al, 2021), and the
binding strengthens from MgO to BaO (Hu et al,
2011), along with easier dissociation and stronger
restructuring of the surface (Maleki et al, 2024).
Work on doped CaO surfaces is scarce and comes
from carbon capture: Fe substitution was studied
for CO4 adsorption in the presence of water (Kong
et al, 2024), and Mg and Ni substitution for
CO5 adsorption and oxygen vacancies, where
isovalent Mg changed the surface chemistry only
weakly (Shi et al, 2025).

Two questions decide whether a dopant
matters for the surface step of the storage cycle:
how it changes the binding of water nearby, and
whether it is at the surface in the first place. In
rock salt oxides such as MgO, isovalent cations
larger than the host segregate to the (001) surface
in simulations and experiments (Tasker et al, 1985;
Colbourn et al, 1983; McCune and Wynblatt,
1983; Cotter et al, 1989), and simulations predict
that smaller ones are depleted there (Tasker et al,
1985). In CaO, then, Sr should sit at the surface
and Mg below it. We address both questions from
first principles for CaO(001) with Mg, Sr or both
in the top layer and with Mg in the second layer.
We locate the most stable adsorption state on
each surface, separate the contributions of the
two dopants, compute their segregation with and
without water, and turn the energies into free
energies using the vibrations of the adsorbate.
Finally we compare the temperature at which
adsorbed water leaves each surface with the bulk
equilibrium temperatures of the companion study,
which used identical settings.



2 Computational methods

2.1 Electronic structure and slab
models

We used Quantum ESPRESSO 6.7 (Giannozzi
et al, 2009, 2017, 2020) with the PBE
functional (Perdew et al, 1996), norm conserving
scalar relativistic pseudopotentials from the
PseudoDojo v0.4 standard table (van Setten
et al, 2018; Hamann, 2013) (10 valence electrons
for Ca, Mg and Sr, 6 for O and 1 for H), and
cutoffs of 90 Ry for the wavefunctions and 360
Ry for the density. These are the settings of the
companion study (Rauf et al, 2026), so surface
and bulk energies can be compared directly.
Ca0O(001) was modelled by a slab of four layers
in a (2 x 2) surface cell (6.83 x 6.83 A2, four
Ca and four O per layer, 32 atoms) built with
the PBE lattice constant of CaO (4.827 A; Rauf
et al, 2026) and separated from its images by
15 A of vacuum. The two bottom layers were
held at their bulk positions and the two top
layers relaxed. Because water was adsorbed on
one side only, a dipole correction was applied
in the vacuum (Neugebauer and Scheffler, 1992;
Bengtsson, 1999). The Brillouin zone was sampled
with a 2 x 2 x 1 mesh shifted off " in the surface
plane (Monkhorst and Pack, 1976), a spacing of
0.46 A1 that stays within the 0.5 A=1 limit of
the bulk calculations.

Geometries were optimised with the BFGS
algorithm at 70/280 Ry until the energy changed
by less than 10~* Ry and every force on a free
atom fell below 1073 Ry bohr~! (the pure clean
slab, the three clean slabs with dopants in the
top layer and the on top state on pure CaQO) or
2 x 1073 Ry bohr~! (all other structures). All
energies reported here are single points at 90/360
Ry on the optimised geometries. The lower cutoff
shifts the difference E(slab4+H;0) — E(slab) by
0.015 to 0.017 eV in all 13 states, so relative
adsorption energies change by less than 2 meV
(Online Resource 1, Fig. S1; all figures and tables
numbered with S are in Online Resource 1). SCF
cycles were converged to 10710 Ry per atom.

Dopants replaced one Ca ion in the top
layer (CaO:Mg and CaO:Sr; 25 % of the surface
cations and 6.25 % of all cations in the slab),
two Ca ions in the top layer by one Mg and
one Sr (CaO:(Mg,Sr)), or one Ca ion in the

second layer (CaO:Mg(sub) and its Sr analogue).
In CaO:(Mg,Sr) the two dopants are second
neighbours, 4.83 A apart in the ideal lattice (4.84
A after relaxation) and joined through a surface
oxygen on the line between them, the arrangement
the companion study found most favourable in
bulk CaO (Rauf et al, 2026). The adsorption
energy of water is

E.qs = E(slab+H50) — E(slab) — E(H20) (1)

where both slabs are relaxed and E(H30) is
the energy of the isolated molecule in a cubic
box of 10 A with the Martyna and Tuckerman
correction (Martyna and Tuckerman, 1999), taken
from the companion study. One molecule per
surface cell is a coverage of 1/4 monolayer (ML).
The segregation energy of a dopant is

FEses = E(dopant in 2nd layer) @)

— E(dopant in top layer)
so a positive value means the dopant prefers the
top layer. With adsorbed water, each term refers
to the most stable adsorption state found for that
position of the dopant.

2.2 Search for the adsorption states

The search had two stages. First, the molecule was
placed intact above a surface cation (Ca, Mg or Sr)
with one OH bond tilted towards a neighbouring
surface oxygen, or already split, with the hydroxyl
on the cation and the proton on the neighbouring
oxygen. Wherever the intact molecule was tried
(Ca0, CaO:Mg and CaO:Sr), it split during the
optimisation, and on CaO:Mg the intact and split
starts ended in the same state. Second, a split start
next to Mg relaxed into a different and more stable
state in which the hydroxyl bridges two surface
cations. To treat all surfaces alike, this state was
copied onto every symmetry distinct bridge of
every surface using the eight point operations of
the square surface net, keeping the heights of the
adsorbed atoms relative to the mean height of
the top layer Ca ions, and every copy was fully
optimised. Altogether 13 states were optimised
(Table S1 and Fig. S2). For Mg in the second layer
we tried two placements, one with the proton on
the oxygen directly above Mg and one with the
adsorbate as far from Mg as the cell allows.



The settings were checked on the most stable
state on pure CaO (Fig. S1, Table S2). A five layer
slab gives F,qs = —0.845 eV, and 3 x 3 x 1 and
4 x 4 x 1 meshes also give —0.845 eV, against
—0.843 €V in the production setup. The average
surface energy of the clean slab is 0.645 and 0.644
J m~2 for four and five layers, and the bulk energy
of CaO recovered from the two slabs agrees with
the bulk calculation (Rauf et al, 2026) to within
1.1 meV per formula unit. The SCF and BFGS
histories of the five most stable states are shown
in Fig. S4. To gauge dispersion, which PBE leaves
out, we evaluated the D3 correction with Becke
and Johnson damping (Grimme et al, 2010, 2011)
on the PBE geometries of all states (PBE+D3,
Fig. S8).

2.3 Electronic structure analysis

Lowdin charges (Lowdin, 1950) and projected
densities of states (PDOS, Gaussian broadening
0.15 eV) were obtained with projwfc.x for the
clean slab and the most stable adsorption state
of each surface. Each PDOS is aligned at the
highest occupied level of its system, the top of the
O 2p valence band (VBM). The charge density
difference

Ap = p(slab+H50) — p(slab) — p(H,O)  (3)

was computed with all three densities at the
geometry of the adsorbed state, the last two
from separate calculations of the slab without
the adsorbate and of the three adsorbate atoms
without the slab. Its plane average Ap(z) and the
cumulative charge Ag(z) = [~ Ap(z')dz’ show
how much charge crosses a plane at height z.

2.4 Vibrations and free energy of
adsorption

Vibrations of the adsorbate were computed by
central finite differences (£0.015 A) of the forces
on its three atoms, with the slab frozen, at the
cutoff of the geometry optimisation (70 Ry). This
gives nine modes for each of the five most stable
states, which we assigned from their eigenvectors.
The adsorption free energy at temperature 7' and

water pressure p is (Reuter and Scheffler, 2001)

AGoas(T,p) = Eaas + F235(T)

y (4)

- [GHzo(T,p) - E(HQO)}
where Fjﬁs is the harmonic vibrational free
energy of the adsorbate, zero point energy (ZPE)
included,

9
pads oy E hw; knTlIn (1 — —hw; /ksT
vib ( ) - 9 + kB n €

i=1
(5)
and the Gibbs energy of the gas molecule follows
from the ideal gas, rigid rotor and harmonic
oscillator model with the PBE frequencies of the
companion study (ZPE 0.565 eV) (Rauf et al,
2026), as implemented in ASE (Larsen et al, 2017).
Vibrations of the slab are taken as unchanged by
adsorption. We define the desorption temperature
Taes(p) by AGaas(Taes,p) = 0. Above it, an
isolated adsorbate at this coverage is less stable
than the molecule in the gas, and the equilibrium
occupation of the adsorption sites, § = [1 +
eAGaas/ksT| =1 drops below one half.

The harmonic model treats the soft frustrated
translations and rotations of the adsorbate as
small vibrations and may underestimate its
entropy. As an independent estimate we also used
the correlation of Campbell and Sellers (2012)
(CS),

Sads(T) = 0.70 S, (T) — 3.3R (6)
for the adsorbate entropy, together with the
harmonic enthalpy. The CS correlation was
derived for adsorbates that keep much of their
mobility, so for a split and strongly bound state
it bounds the entropy from above. Together with
PBE+D3 this gives three estimates of T ges,
which we use to separate conclusions that depend
on the model from those that do not.

2.5 Segregation in equilibrium with
water vapour

Adsorbed water can change where a dopant
prefers to sit, but only while the water stays
on the surface. To include desorption, we treat
each surface cell as a site that is either empty or
holds one molecule in equilibrium with the vapour,



so that its free energy is E(slab) — kg7 In[1 +
e~ AGaas/ k8T The effective segregation energy is
then

1 —AGSP /ksT
EZ5(T.p) = Puog + ko Tln R —

seg + E_AGQnd/kBT (7)

ads

where Fg, refers to the clean surface and AG;%I;
and AG21d are the adsorption free energies with
the dopant in the top and in the second layer.
It falls back to the clean surface value when
water leaves both surfaces, and to the value with
adsorbed water, vibrations included, when it stays
on both.

3 Results and discussion

3.1 Water on pure CaO(001)

A water molecule placed intact above a surface Ca
ion splits during the optimisation. The energy falls
steadily over the 86 BFGS steps, and the proton
crosses the midpoint between the two oxygens at
step 62 (Fig. S3). A geometry optimisation is not
a minimum energy path, so this does not rule
out a small barrier along another route, but it
shows that the intact molecule is not a stable
state from this starting geometry. In the resulting
state the proton sits on a neighbouring surface
oxygen (OsHg = 1.05 A) and the hydroxyl stays
on top of the Ca ion (CaO,, = 2.27 A), held by a
short hydrogen bond to the new surface hydroxyl
(Ow---Hg = 1.45 A). This state binds water by
Faqs = —0.778 eV. A second split state is more
stable, F.qs = —0.843 eV (Fig. 1, Table 1): the
hydroxyl leaves the top site and bridges two Ca
ions (2.46 and 2.50 A), 1.83 A above the surface
plane, while the proton stays where it is.

These values agree with earlier work. Carrasco
et al (2008) found the intact molecule at —0.80
eV and the split ion pair about 0.2 eV lower on
Ca0O(001) at 1/16 ML, and the split monomer
has been seen experimentally (Fujimori et al,
2016; Zhao et al, 2015). The small gap of 0.066
eV between our two split states fits the mobile
hydroxyl of that ion pair, which Carrasco et al.
found to visit neighbouring sites over barriers of
about 0.05 eV. Our binding is about 0.15 eV
weaker than theirs, a difference that may come
from the four times higher coverage and the
different computational setup. Microcalorimetry

gives an initial heat of adsorption of 0.88 to
0.93 eV (Seifert et al, 2021). PBE (—0.843 eV)
binds slightly more weakly than this and PBE+D3
(—1.048 €V) more strongly, the same bracketing
of experiment that we found for the bulk reaction
energies (Rauf et al, 2026). We therefore keep PBE
as the working functional and use PBE+D3 as a
bracket.

3.2 Effect of Mg and Sr on water
adsorption

On every doped surface the most stable state we
found is split as well, and it again consists of a
hydroxyl bridging two cations and a proton on a
neighbouring surface oxygen (Fig. 1). The dopants
change its energy considerably (Fig. 2, Table 1).
Relative to pure CaO, a Mg ion in the top layer
strengthens the binding by 0.33 eV (—1.175 eV)
and a Sr ion by 0.14 eV (—0.982 ¢V). With both
ions in the top layer the binding is —1.178 eV,
essentially the value for Mg alone, and a Mg ion in
the second layer slightly weakens it (—0.807 eV).
The full set of states shows how each dopant
works (Fig. 2 and Fig. 3b). On CaO:Mg, a
hydroxyl bound on top of Mg itself (—0.954 eV,
MgO,, = 1.98 A) is less stable than one that
bridges two Ca ions while its proton sits on an
oxygen bonded to Mg (—1.175 eV). When the
hydroxyl was started on a bridge between Ca and
Mg, it moved away from Mg (to 2.88 A) and the
binding dropped to —0.629 eV, weaker than on
pure CaO. Mg therefore helps through the oxygen
that takes the proton, not through the site of
the hydroxyl. Sr works the other way round. On
CaO:Sr the proton sits on an oxygen bonded to Sr
in all three states, and the energy is set by where
the hydroxyl goes: —0.777 eV on a bridge between
two Ca, —0.822 eV on top of Sr and —0.982 eV
on a bridge between Ca and Sr. The larger and
more polarisable Sr ion offers a better site for
the hydroxyl, in line with the stronger binding of
water on SrO than on CaO (Hu et al, 2011).

3.3 Why the two dopants do not add

On the codoped surface both starting points
we tried relaxed into the same state (—1.176
and —1.178 eV). It combines the two favourable
features: the hydroxyl bridges Ca and Sr, and the
proton sits on an oxygen bonded to Mg (and to



(a) ca0 (b) cao:sr (c) cao:mg (d) ca0:(mg,sr) (e) ca0:Mg(sub)
Eyu =-0843eV  E, =-0982eV  Eg=-1175¢V  E, =-1178¢eV E,. = -0.807 eV

i "*¢‘§.*

QDca @sr @v: @0 OH

Fig. 1 Schematic of the most stable adsorption state of one water molecule on each surface (1/4 ML), with its adsorption
energy. Top row: top view; bottom row: side view. The drawing illustrates the common bonding motif, a hydroxyl bridging
two surface cations and a proton transferred to a neighbouring surface oxygen. It is not rendered from the optimised
coordinates; the optimised geometries of all 13 states are shown in Fig. S2 and listed in Table S1

CaO: OH bridging two Ca

Cao
Ca0: OH on top of Ca
CaO:Sr: OH bridging Ca and Sr
Ca0:Sr Ca0:Sr: OH on top of Sr
CaO0:Sr: OH bridging two Ca, H on O next to Sr
=1.175! Ca0:Mg: OH bridging two Ca, H on O next to Mg
Ca0:Mg: OH on top of Mg (intact start)
CaO:Mg
Ca0:Mg: OH on top of Mg (split start)
Ca0:Mg: started on a Ca and Mg bridge, OH moved away from Mg
-1.178 [0 L e Ca0:(Mg,Sr): same state from a second start
Ca0:(Mg,Sr) T —
-1.176 [ - 5 - ~ | CaO:(Mg,Sr): OH bridging Ca and Sr, H on O next to Mg
-0.807 CaO0:Mg(sub): OH bridging two Ca, away from Mg
Ca0:Mg(sub)
-0.792 Ca0:Mg(sub): OH bridging two Ca, H on O above Mg
T T T T T T T 1
-1.4 -1.2 -1.0 -0.8 -0.6 -0.4 -0.2 0.0

Eags (€V per H,0, 6 =1/4 ML)

Fig. 2 Adsorption energies (Eq. 1) of all 13 optimised states, grouped by surface. Labels give the final position of the
hydroxyl and, where it matters, of the transferred proton. All states are split



Table 1 Most stable adsorption state on each surface: adsorption energy (PBE, PBE with the ZPE difference, and
PBE+D3), distances between the hydroxyl oxygen Oy and its two nearest cations, length of the hydrogen bond Oy - - - Hg
and of the new surface hydroxyl OsHs, and stretching frequency of the new surface hydroxyl.

Surface Eaas + AZPE PBE+D3 O, to cations O, ---Hg O.H, v(OsH) O, bonded to
(eV) (eV) (eV) (&) (&) (em™1)

CaO —0.843 —0.787 —1.048 2.46 (Ca), 2.50 (Ca) 1.478 1.033 2366 Ca

CaO:Sr —0.982 —0.921 —1.154 2.45 (Ca), 2.61 (Sr) 1.525 1.028 2463 Ca, Sr

CaO:Mg —1.175 —1.108 —1.361 2.37 (Ca), 2.53 (Ca) 1.537 1.018 2613 Ca, Mg

CaO:(Mg,Sr)  —1.178 ~1.109 ~1.353 2.43 (Ca), 2.52 (Sr) 1.574 1.014 2693 Ca, Mg, Sr

CaO:Mg(sub)  —0.807 —0.758 —~1.003 2.51 (Ca), 2.54 (Ca) 1.457 1.045 2197 Ca

Os bonded to: cations within 2.9 A of Og. In CaO:Mg(sub) the state with the proton on the oxygen directly
above Mg is 0.015 €V less stable (Table S1). AZPE: zero point energy of the adsorbate minus that of the free

molecule. v(OwH) of the bridging hydroxyl is 3773 to 3796 cm ™' on all surfaces.

Sr). The gains still do not add up (Fig. 3a). Sr
alone strengthens the binding by 0.138 eV and
Mg alone by 0.331 €V, so a simple sum predicts
0.470 eV, but the codoped surface gains only 0.335
eV. The missing 0.135 eV is almost unchanged
when the ZPE is included (0.134 V) and remains
0.114 eV with PBE+D3, so it is a robust feature
of the energetics rather than an artefact of one
treatment. The same holds for the desorption
temperature at 1 bar (Fig. 3c): Sr raises it by 85
K and Mg by 203 K, but both together by 201 K
instead of the 288 K a sum would give.

The site resolved energies explain why
(Fig. 3b). Both gains act on the same proton
shared between Oy, and the surface. Mg stabilises
the proton on the surface oxygen, and Sr stabilises
the hydroxyl that the proton has left. Once Mg
has pulled the proton firmly onto the surface, the
hydrogen bond back to Oy, is already weak (1.574
A on CaO:(Mg,Sr) against 1.478 A on CaO), and
a better site for the hydroxyl has little left to
add. In practice this means that, for the surface
step, the larger dopant effect sets the result, and
a second dopant does not compound it.

3.4 A vibrational signature of the
binding strength

The geometry of the adsorbed state follows a
common pattern (Table 1). The more strongly
water binds, the more completely the proton
has moved to the surface: the surface hydroxyl
shortens from 1.045 A (CaO:Mg(sub)) to 1.014
A (CaO:(Mg,Sr)), and the hydrogen bond back
to Oy lengthens from 1.457 to 1.574 A. The
stretching frequency of the new surface hydroxyl,
which can be measured, follows the same order. It
rises from 2197 to 2693 cm ™!, far below the 3773

to 3796 cm~! of the bridging hydroxyl because
of the strong hydrogen bond, and it correlates
with the adsorption energy with » = —0.96 over
the five surfaces (Fig. 4). With five points this
is a trend rather than a calibrated relation,
but it ties the energetics to a quantity that
infrared spectroscopy of hydroxylated CaO can
reach (Fujimori et al, 2016). The full assignment
of the nine adsorbate modes is given in Fig. S5:
three frustrated translations between 102 and 385
cm~!, two librations of the bridging hydroxyl
between 309 and 474 cm™!, two bends of the
surface hydroxyl between 1100 and 1242 cm™!,
and the two stretches. A dopant that binds water
more strongly does so by holding the transferred
proton more firmly, which also frees the bridging
hydroxyl from part of its hydrogen bond.

3.5 Electronic structure of the
adsorbed state

The charge density difference shows where
electrons move on adsorption (Fig. 5a). In the
plane through O,, and the proton accepting
oxygen, charge builds up in the OgHg bond
and on the side of O, facing the surface, and
it is depleted between O,, and Hg. This is the
signature of a proton that has moved from Oy
to Og while keeping a strong hydrogen bond.
The plane average confirms that electron density
leaves the top layer and the region just above
it for the adsorbate (Fig. 5b). The cumulative
charge reaches its minimum of —0.20 to —0.22
e at 1.2 to 1.4 A above the top layer on all five
surfaces. The Lowdin charges agree (Table S3,
Fig. ST7): the adsorbate gains 0.26 to 0.28 e
relative to its neutral atoms, the slab loses 0.28
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Fig. 3 Codoping analysis. (a) Change of the adsorption energy relative to CaO for Sr alone, Mg alone, their sum and the
codoped surface, in three energy treatments; the number above each group is the nonadditive part (eV). (b) Site resolved
adsorption energies on CaO, CaO:Sr and CaO:Mg; the dashed line marks the most stable state on CaO. “H by Sr” and “H
by Mg” mean that the proton sits on an oxygen bonded to that dopant. (c¢) Shift of the desorption temperature at 1 bar
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to 0.30 e, and the bridging hydroxyl carries —0.57
to —0.60 e on every surface.

None of these integrated quantities follows
the adsorption energy. The charge transferred is
the same on CaO and on CaO:Mg to within
0.01 e, although the binding differs by 0.33
eV, so the dopants do not act by donating
or withdrawing charge. The PDOS shows three
groups of adsorbate states below the O 2p band
(Fig. 6). The deepest, at —6.27 to —6.45 eV,
carries weight on both oxygens and on the
transferred proton and belongs to the OgHg- - - Oy
unit that shares the proton. The level at —4.25
to —4.41 eV holds about half of the weight of
the hydroxyl hydrogen and little of the transferred
proton; it is mainly the o level of the bridging
hydroxyl, mixed with Og. The 2p states of the
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protonated surface oxygen form a third peak, at
—2.44 eV on pure CaO, split off from the O 2p
band of the clean surface, while the 2p states of
Oy lie near the VBM (—1.17 to —1.25 eV).

The dopants move these levels by a few tenths
of an eV at most. On the two Mg surfaces
the shared proton level lies 0.09 to 0.13 eV
higher than on CaO, as expected from the longer
hydrogen bond to Oy, and the 2p peak of
the protonated oxygen splits into components at
—241 and —2.71 eV (CaO:Mg) or —2.43 and
—2.83 eV (CaO:(Mg,Sr)), with the lower edge of
this band 0.21 to 0.33 eV deeper. On CaO:Sr
and CaO:Mg(sub) the peak stays single, at —2.51
and —2.43 eV. The splitting reflects the bond of
the protonated oxygen to Mg. Together with the
shorter and stiffer surface hydroxyl, it points to
a local stabilisation of that hydroxyl next to Mg,
although no single level in the PDOS accounts
for the difference in binding energy. On the clean
surfaces (Fig. S6) the 2p states of the top layer
oxygens lie 0.3 to 0.4 eV closer to the VBM than
those of the second layer, and Mg extends the
bottom of the valence band to lower energy (by
0.30 to 0.38 eV in the top layer and 0.60 eV in
the second layer), the same Mg and O mixing that
splits the peak of the protonated oxygen.

3.6 Free energy of adsorption and
the link to the storage reaction

All nine vibrational modes of the adsorbate are
real on every surface (Table S4, Fig. S5). The
adsorbate has a ZPE 0.049 to 0.070 eV larger than
the free molecule, which weakens the binding by
0.05 to 0.07 ¢V on all surfaces (Table 1). The
breakdown of the free energy (Fig. 7) shows where
the temperature dependence comes from. The
thermal enthalpy terms nearly cancel (—0.04 eV at
300 K and below 0.01 eV at 700 K), and the loss of
translational and rotational entropy on adsorption
dominates: —T'AS is +0.47 to +0.48 eV at 300 K
and +1.05 to +1.07 eV at 700 K, nearly the same
on every surface. At 300 K and 1 bar, AG,qs is
therefore —0.35 eV on CaO, —0.48 eV on CaO:Sr,
—0.67 eV on the two Mg surfaces in the top
layer and —0.32 eV on CaO:Mg(sub). At 700 K
adsorption on CaQ, CaO:Sr and CaO:Mg(sub) has
already become unfavourable (+0.27, +0.14 and
+0.29 eV), while CaO:Mg and CaO:(Mg,Sr) stay
just below zero (—0.04 V). Since the entropy term
is common to all surfaces, the order of the free
energies is set by the adsorption energy alone, and
AG 445 rises almost linearly with 7' (Fig. 8a).
The desorption temperatures follow the order
of the adsorption energies (Table 2, Fig. 8b,
Table S5). In the harmonic model at 1 bar,
water leaves pure CaO at 524 K, CaO:Sr at 609
K, CaO:Mg and CaO:(Mg,Sr) at 725 to 727 K,
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and CaO:Mg(sub) at 507 K. At 0.023 bar, the
vapour pressure of water at room temperature, all
values fall by 88 to 127 K. The absolute values
depend on the model. At 1 bar, dispersion raises
them by 114 to 134 K and the CS entropy by
258 to 313 K, so Tges of pure CaO at 1 bar
ranges from 524 to 788 K. The bulk equilibrium
temperature of Ca(OH)y/CaO computed with the
same functional is 695 K at 1 bar (Rauf et al,
2026). Whether a lone water molecule on the
flat terrace of pure CaQO survives up to this
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temperature therefore depends on the model. In
the harmonic PBE model it does not, whereas
Ca0O:Mg and CaO:(Mg,Sr) keep their water above
it.

The equilibrium site occupation makes the
same point more concretely (Fig. 9). At 1 bar and
the bulk equilibrium temperature of 695 K, the
adsorption sites are 1 % occupied on CaO and
Ca0O:Mg(sub), 10 % on CaO:Sr and 68 to 69 %
on CaO:Mg and CaO:(Mg,Sr). At 0.023 bar and
its bulk equilibrium temperature of 563 K, the
occupations are 0.4 to 0.7 %, 9 % and 80 to 81 %.
These numbers come from the harmonic PBE
model and a single coverage, so they illustrate the
contrast between the surfaces rather than predict
measured coverages.

The effect of the dopants, unlike the absolute
temperatures, is robust: its sign and order are the
same in all three models (Fig. 8¢). Relative to pure
CaO, Mg in the top layer raises T'ges by 193 to 248
K, Mg and Sr together by 182 to 249 K and Sr by
65 to 105 K, while Mg in the second layer lowers
it by 16 to 23 K. In the companion study the same
ions at 12.5 % each shifted the bulk equilibrium
temperature by only —5 K (Mg), +25 K (Sr) and
+8 K (both) (Rauf et al, 2026). The dopants thus
act several times (Sr) to more than an order of
magnitude (Mg) more strongly on the binding of
water at the surface than on the bulk equilibrium
of the storage reaction.

3.7 Dopant segregation with and
without water

A dopant can only change adsorption if it is at the
surface. On the clean surface the two ions behave
as their size suggests (Fig. 10a, Table S5). The
large Sr ion prefers the top layer by Fyoe = +0.457
eV, and the small Mg ion prefers the second
layer by —0.287 eV. This agrees with simulations
and experiments on MgO, where larger isovalent
cations segregate to the (001) surface (Tasker
et al, 1985; Colbourn et al, 1983; McCune and
Wynblatt, 1983; Cotter et al, 1989), and with
simulations that predict the depletion of smaller
ones (Tasker et al, 1985). The segregation of Sr is
convenient, since its gain in water binding comes
from a site the ion occupies anyway. For Mg the
clean surface result suggests that its larger gain is
out of reach.
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Table 2 Desorption temperature Tges (K) of water at 1/4 ML for three water pressures in the harmonic PBE model,
and at 1 bar with PBE+D3 energies and with the Campbell and Sellers (CS) entropy. The last column gives the bulk
equilibrium temperature Teq of the Ca(OH)2/CaO reaction at 1 bar for the nearest bulk composition of the companion
study (Rauf et al, 2026).

Surface 0.023 bar 0.1 bar 1 bar 1 bar, PBE+D3 1 bar, CS Shift vs CaO, 1 bar Bulk Teq, 1 bar
CaO 433 465 524 658 788 reference 695 (CaO)
CaO:Sr 503 540 609 723 894 +65 to +105 720 (12.5 % Sr)
CaO:Mg 599 643 727 851 1037 4193 to +248 690 (12.5 % Mg)
CaO:(Mg,Sr) 598 641 725 840 1038 +182 to +249 703 (12.5 % Mg and Sr)
CaO:Mg(sub) 420 450 507 636 766 —23 to —16 690 (12.5 % Mg)

Shifts give the range over the three models. The bulk values are PBE with harmonic phonons and lie 83 K below
the measured T'eq of pure Ca(OH)2 (778 K; Schaube et al, 2012); the PBE+D3 bulk value is 807 K (Rauf et al,
2026).
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Adsorbed water changes this, but only at
moderate temperature. With Mg in the second
layer, the most stable adsorption state binds water
by —0.807 eV, close to pure CaO, whereas Mg in
the top layer gives —1.175 eV. The difference of
0.368 eV more than offsets the segregation penalty
of the clean surface, and with one adsorbed
molecule per cell Mg prefers the top layer by
Eyg = +0.081 eV (Fig. 10a). Dispersion changes
this value by less than 0.02 eV (40.063 eV with
PBE+D3), and the ZPE difference between the
two adsorbed states lowers it by 0.017 eV to
+0.064 eV. The preference holds only while water
stays on the surface, and CaO:Mg(sub) loses
its water at a lower temperature than CaO:Mg
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(Section 3.6). In equilibrium with the vapour
(Eq. 7), Mg prefers the top layer below 529 K at 1
bar and below 442 K at 0.023 bar in the harmonic
PBE model, below 627 and 526 K with PBE+D3,
and below 789 and 633 K with the CS entropy
(Fig. 10b, Table S5). Below the crossover the
preference for the top layer is small, at most 0.04
t0 0.07 eV, so adsorbed water at most balances the
segregation of Mg rather than driving it strongly.

The full temperature and pressure map places
these results next to the operating conditions of
the cycle (Fig. 11). In every model the boundary
between the two regions runs nearly parallel to
the bulk equilibrium line, because both are set by
the free energy of gas phase water. What differs
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of Ca(OH)2/CaO (Rauf et al, 2026)

is where the boundary lies relative to that line.
Along the bulk equilibrium line between 0.01 and
5 bar, the effective segregation energy is —0.21 to
—0.22 eV in the harmonic PBE model and —0.05
to —0.08 eV with PBE+D3, so Mg stays below
the surface there, whereas with the CS entropy it
is +0.05 eV and Mg sits in the top layer. Close
to equilibrium, where the storage cycle releases its
heat at the highest temperature, Mg is therefore
expected to stay mostly in the second layer in the
two harmonic models. Further below equilibrium,
as in a hydration step run for faster kinetics
or during cooling under steam, adsorbed water
favours Mg at the surface in all three models.
Whether Mg actually reaches the surface of a real
material then depends on how fast cations move
at these temperatures and on the history of the
oxide.

3.8 Implications for thermochemical
storage

The separation of surface and bulk effects is the
main practical result. In the discharge step, CaO is
hydrated below the equilibrium temperature, and
the closer it operates to equilibrium, the higher
the temperature of the released heat but the
slower the reaction (Schaube et al, 2012; Criado
et al, 2014). Hydration begins with water that
is adsorbed and split at the surface (Manzano
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Eeff

seg = 0. Dashed line: bulk equilibrium temperature

et al, 2012). A surface that holds water up to
higher temperatures, or at lower steam pressure
for a given temperature, should therefore keep
this first step supplied in exactly the conditions
where pure CaO is weakest, while the equilibrium
temperature, and with it the temperature level of
the stored heat, stays where it is.

Of the two dopants, Sr is the more dependable.
It segregates to the surface on its own and raises
T4es by 65 to 105 K. Mg has the larger effect,
190 to 250 K, but only from the top layer, which
it prefers under adsorbed water only below the
crossover temperatures of Section 3.7. Near the
equilibrium temperature of the cycle it is expected
to stay mostly in the second layer, where it slightly
weakens the binding. On the codoped surface the
effect of Mg dominates and the gains do not
add, so for the surface step codoping offers no
advantage over Mg alone in our model. Its benefit
lies in the bulk, where linear bridges of Mg, O
and Sr stabilise the dissolved state of both ions
in CaO (Rauf et al, 2026). Sr substitution is thus
the most direct way to strengthen the surface
step without moving the equilibrium, and Mg is
an option for hydration at lower temperatures or
wherever Mg can be kept at the surface.

These conclusions carry the limits of the
model. We considered one coverage (1/4 ML), one
dopant arrangement per surface cell and the flat



terrace only. Steps, corners and vacancies bind
water more strongly and split it more readily
on CaO and MgO (de Leeuw and Purton, 2001;
Costa et al, 2006; Seifert et al, 2021), and on
real particles they may dominate the first steps
of hydration. At higher coverage water forms
chains on CaO(001) (Zhao et al, 2015; Fujimori
et al, 2016), and the transition to a hydroxide
layer (Manzano et al, 2012) was not addressed.
In our (2 x 2) cell every surface oxygen is a
neighbour of the dopant, so whether the proton
ends up on an oxygen bonded to Mg is decided
by the relaxation; larger cells would allow dopant
contents closer to those of the companion study
and a cleaner separation of the two effects.
We report thermodynamics only. The barriers of
proton transfer and of hydroxide growth, which
control the rate, and the diffusion of the dopants,
which controls how fast segregation equilibrium
is reached, remain to be calculated. The strong
correlation between the adsorption energy and the
stretching frequency of the surface hydroxyl offers
a way to test the predicted trends by infrared
spectroscopy of doped CaO.

4 Conclusions

We have studied the first step of CaO hydration,
the adsorption and splitting of water at the
Ca0O(001) surface, on pure, Mg, Sr and Mg and Sr
substituted surfaces by density functional theory.
The main findings are as follows.

First, the most stable state found on every
surface is split: a hydroxyl bridges two surface
cations and the proton sits on a neighbouring
surface oxygen. On pure CaO this state binds
water by 0.84 eV (PBE), slightly less than the
measured heat of adsorption (0.88 to 0.93 eV),
which lies between the PBE and PBE+D3 values.
The result is converged with respect to slab
thickness and k point sampling to within about 2
meV.

Second, Mg and Sr strengthen the binding
in different ways. Mg in the top layer stabilises
the proton on its neighbouring oxygen and
strengthens the binding by 0.33 eV, while Sr
provides a better site for the hydroxyl and
strengthens it by 0.14 eV. The two effects do not
add: 0.11 to 0.135 eV of the expected combined
gain is missing in all three energy treatments,
because both dopants act on the same shared
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proton. The stretching frequency of the new
surface hydroxyl rises from 2197 to 2693 cm™!
with the binding strength (r = —0.96), whereas
the total charge transferred to the adsorbate (0.26
to 0.28 ¢) hardly changes.

Third, on the clean surface Sr prefers the top
layer by 0.46 eV and Mg the second layer by
0.29 eV. Adsorbed water reverses the preference
of Mg (40.08 eV at one molecule per cell), but
in equilibrium with the vapour only below 530 to
790 K at 1 bar, depending on the thermochemical
model. Near the bulk equilibrium temperature Mg
is expected to stay mostly below the surface in the
two harmonic models.

Fourth, the dopants raise the temperature at
which adsorbed water leaves the surface by 193
to 248 K (Mg), 182 to 249 K (Mg and Sr) and
65 to 105 K (Sr) across three thermochemical
models, whereas they shift the bulk equilibrium
temperature of the storage reaction by only —5
to +25 K. The entropy lost on adsorption is
nearly the same on every surface, so the adsorption
energy alone sets this order.

For the Ca(OH);/CaO storage cycle this
points to Sr substitution as a dependable way to
strengthen the surface step of hydration without
moving the equilibrium, and to Mg as a stronger
but temperature dependent option. Steps and
defects, higher coverage, the diffusion of the
dopants and the barriers of proton transfer and
hydroxide growth are the next steps towards a
kinetic model of doped CaO hydration.

Supplementary information. Online
Resource 1 (ESM_1.pdf) contains Figs. S1 to S8
and Tables S1 to S5: convergence checks, all 13
optimised adsorption states, the relaxation from
an intact molecule, the calculation histories, the
vibrational fingerprint, the clean surface densities
of states, the Lowdin charges and the dispersion
correction.
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