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We demonstrate how the spatial distribution of water on the
MgO single crystal surfaces controls the texture of a new phase,
Mg(OH),, formed during a dissolution-precipitation reaction.
Modeled liquid-vapor phase separation near the solid-liquid
interface demonstrates the formation of a homogeneous film as
opposed to isolated droplets depending on the surface

wettability properties. Modeling results confirm that our

experimental observation of droplet-like features during
formation of Mg(OH), on the MgO surface is driven by the

temperature-dependent interfacial properties.

Hydroxylation and oxidation of inorganic films and mineral
surfaces in an environment containing water vapor is important
for a variety of applications including performance of
microelectronic devices,"® quantum materials stability,"® and
CO, removal via direct air capture.””> Magnesium oxide is widely
used for various thin film applications,'>** as a sorbent material
for CO, capture reactions,"*® and as a high-temperature optical
material. Recent analyses of the reactivity of MgO exposed to
water have shown a structured water monolayer at the MgO(100)
surface,'”” a multistep reaction pathway to form hydroxides,'® and
MgO passivation in humid CO, environments.'* The commonly
accepted reaction pathway for MgO exposed to water includes
four steps: hydroxylation, adsorption, dissolution, and
precipitation.’® However, multiple studies at the meso- and
macro-scales report that the morphologies of the Mg(OH),
precipitate take multiple forms which can't be explained by the
reaction rates alone.’*2* Moreover, several experimental studies
on reactivity with CO, reported on the essential role of
humidity,”>* indicating that the most efficient carbonation
occurs at a relative humidity of over 80%.

Therefore, one can hypothesize that MgO mineral
reactivity depends, in part, on the distribution of water on
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the surface. In most studies a uniform distribution of water
down to several water molecules is assumed.>*">” However,
the balance between the interfacial free energies as described
by the Young-Laplace equation suggests that under some
conditions surface tension prevents the liquid droplet from
spreading infinitely across the solid surface.

It has been demonstrated that liquid-vapor systems can be
effectively studied using a phase-field approach with a classical
double well potential expression for the thermodynamic free
energy.”® Moreover, the van der Waals theory of capillarity
allows one to model realistic systems in which the free energy
can be expressed in terms of the fluid density based on the
equation of state.***°

In this study we investigated (i) the effect of different
substrate wettability properties on interfacial liquid-vapor
density distributions and (ii) the effect of temperature on this
density distribution. We utilize the phase field modeling
approach to explain experimental observations qualitatively.
Our results demonstrate that the transition from a uniform
film to isolated water droplets/islands is controlled by the
surface wettability, and increased temperature amplifies this
effect. This is confirmed by comparison of the simulation
results with experimental observations.®® This analysis
indicates that this phenomenon plays a key role in
controlling water distributions at the interface, which change
the final texture and distribution of the Mg(OH), precipitate.

The MgO crystals used in our experiments were grown using
the carbon-arc fusion technique at Oak Ridge National
Laboratory.*> These MgO crystals were synthesized 27 years
before current experiments, and stored at ambient conditions
exposed to air. Prior to experiments, MgO crystals were cleaved
along (100) crystallographic plane into blocks approximately 3
mm in size and cleaned by sonication in isopropanol for 5
minutes. Prepared single crystals were placed in glass vials as
shown in Fig. 1a. These vials were placed in a stainless-steel
pressure vessels lined with a Teflon liner, to which deionized
water (18.2 MQ-cm) was added leaving the vials in a partially
submerged state (crystals were not in direct contact with water).
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Fig. 1 a) Schematic of the experimental setup for exposing the MgO
crystals to water vapor at different temperatures. b) Contact angle
measurement on freshly cleaved MgO single crystal. c) Contact angle
measurement on MgO exposed to air for 27 years.

After airtight sealing of the pressure vessel, they were kept in
furnaces heated to 50 °C and 150 °C for 48 and 96 hours. To
minimize the temperature gradient, the pressure vessels were
preheated to the target temperature prior to placing them in the
furnace. When heated, water vapor generated in the vessel
interacts with the MgO crystals in the vials. A representative
sample was analyzed using Raman spectroscopy to identify
reaction product phase (Fig. S4).

To estimate wettability of the MgO samples a set of
contact angle measurements were done at ambient condition
using a contact angle goniometer. Experimental details are
included in SI. Contact angles measured on freshly cleaved
MgO single crystals averaged ~96°. After a few minutes, the
contact angle changed to ~89° indicating that a surface
reaction occurs. These averages were taken from two
experiments, in the first the initial contact angle was 96.7°,
and changed to 83.3°. In the second, the starting contact
angle was 95.5°, which changed to 94.5° and then 93.3°
(Fig. 1b).

For the MgO surfaces exposed to air for 27 years,
measured contact angles were 62.2°, 75.7°, 75.6°, 91.5° and
91.8° (Fig. S2 and S3). Thus, several angle values are observed
between ~60° and ~90° (Fig. 1c).
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Measurements of contact angle on freshly cleaved MgO
crystal and the surface exposed to ambient air for 27 years
(Fig. 1b and c) were conducted to identify a range of contact
angle values assuming after 27 years surface chemistry and
wettability reached a steady state. The results indicate that
the contact angle in average is smaller for the “aged” surface
in comparison to the freshly cleaved. Therefore, the surface
becomes more hydrophilic with time. In experiment a freshly
cleaved surface was used. Since time between cleaving and
the start of the experiment is nonzero, we assume that the
contact angle at the beginning of the experiment is slightly
lower than the average ~96°, however, never becomes lower
than ~60° observed on the 27-year old MgO.

During the hydration experiment we observed the formation
of Mg(OH), precipitate as identified by Raman spectroscopy
(Fig. S4) on the surface of the MgO crystal at different
equilibrium temperatures and pressures. The mechanism of
Mg(OH), formation follows the dissolution-precipitation
scenario®*® in which, first, the magnesium ion is released into
the aqueous environment from the MgO surface and then it
precipitates as Mg(OH),. This process requires the presence of
liquid water on the MgO crystal surface. Therefore, we assume
that liquid water condensates on the MgO surface when it is
exposed to water vapor. Fig. 2 shows scanning electron
microscopy (SEM) images of the MgO crystals after they were
exposed to water vapor at different temperatures for 48 hours.
The images show completely different precipitate textures. At 50
°C the Mg(OH), forms hemispherical nodules (Fig. 2a) that are
distributed across the surface leaving uncovered areas in
between. At 150 °C magnesium hydroxide grows as randomly
oriented flakes densely covering the surface (Fig. 2b). For
comparison, the images of unreacted MgO surface are shown in
Fig. S1a. Additionally, evolution of the nodules and flakes are
presented in Fig. S1c and e correspondingly. At 50 °C we observe
larger nodules along with new smaller ones which cover the
surface (Fig. Sic), whereas at 150 °C flakes grow into a relatively
uniform passivation layer (Fig. S1e).

We hypothesize that the change in precipitate morphology
is due to a nonuniform distribution of liquid water on the
MgO crystal surface. To test how water condenses onto MgO
we used a phase-field modeling approach in which the

e ~

R BT =1
L

Fig. 2 Scanning electron microscopy (SEM) secondary electron contrast images of hydrated MgO surfaces. a) MgO single crystals reacted at T =
50 °C show separate nodules of reaction products, whereas samples reacted at T = 150 °C (b) show a uniform reaction layer.
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liquid-vapor system is simulated as a van der Waals fluid
with the vapor-liquid density, p, as an order parameter. The
generalized Helmholtz free energy consists of a
thermodynamic specific free energy, fin(p), and a nonlocal
specific free energy, £.(Vp).>? According to the van der Waals
thermodynamic theory of capillarity®* the homogeneous part
of the free energy functional can be expressed as

fao=b 1m0 )

- Cap,
1—61/) 2P

where R - is the gas constant, T is temperature, M,, — molar

b a
volume of water and ¢; = — and ¢, = — are the van der
My, My,

Waals equation of state parameters for water, which include an
excluded volume constant, b, and a molecular interaction
constant, a. The nonlocal part of the specific free energy is

Fa(Vp) = Te(Vp)*, ©)

2

where ¢ = v is related to the thickness of the smooth

w

interface, in which, v is the specific volume of the liquid phase,
and ¢ is an interface thickness. The parameter J can be
estimated using van der Waals formulation®* for the surface
tension, 7, at the liquid-vapor interface at local equilibrium?®2°

RTS )

Te(Vp)*dl = ——v(py = p,)eg

V:. M,

where (p; = py)eq. is the difference in liquid and vapor densities

at equilibrium.

In this work we assume the conditions to be isothermal.
Therefore, the governing equations for the system include
mass conservation and momentum conservation (details are
in the SI) The chemical potential can be expressed as g =
0, fm, and, since we consider only isothermal conditions, the
equation of state, which defines the pressure, P, closes the
conservation equations (eqn (S4) and (S5) in SI):

P =pp ~ fin 3)

To simplify the calculations, we fit eqn (1) using a function
that reproduces the shape of the double well potential

th=Cilp = Cl(p—C3f ~ Cup (4)

where C;, C,, C;, and C, are constants. Fig. 3 shows the
shape of the homogeneous part of the free energy functional
at 50 °C and 150 °C according to eqn (1) and the fit (eqn (4)).
To obtain dimensionless free energy density, f, we scale the
eqn (1) with fy = RT,p/M,,, where R is the gas constant, T, —
critical temperature for water, p. — critical density of water,
and M,, - molar mass of water. Dimensionless density which
represents modeled vapor and liquid water, g, is obtained by
scaling with p. (scaled quantities are indicated by a hat).

The MgO substrate is modelled as a boundary condition
for the density field for water. The Young-Laplace equation,
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Fig. 3 Normalized free energy density according to the van der Waals
thermodynamic theory as a function of normalized water density, 4.
Black curve is the free energy density obtained from the eqn (1); red
curve is a fit using eqn (4). a) Temperature T = 50 °C b) T = 150 °C.

Ysv ~VLs

cosf = , in combination with an expression for the

Yiv
surface tension, provides the boundary condition for density,

pp, Which defines the contact angle between substrate (S),
vapor (V), and liquid (L) as

[ (@) - [arRGie  ©

where py, is the density of liquid and py is the density of vapor.
Following the derivation from Borcia et al.*® the solid surface
wettability can be set to model contact angle of 0° at pj, = py, and
180° at py, = pv. The level of wettability of the MgO surface in the
model was described by a contact angle value, which was
derived from the Young-Laplace equation and eqn (5).** Two
temperatures matching the experimental conditions (T = 50 °C
and T = 150 °C) were selected to scale the governing equations
(eqn (S4) and (S5)) and the equation of state (eqn (1)).

Fig. 4 and 5 show the results of the simulations. Initially,
water vapor is distributed across the top of the simulation
domain with a constant boundary condition. This provides a
vapor supply during the course of the simulation. The MgO
surface at the bottom of the simulation domain is defined by
the constant boundary density, p,, which defines the contact
angle (wettability) of the interface. Measurements of the
contact angle (Fig. 1b and c) provided a range of contact
angles characteristic to the MgO surface. However, these
contact angles were measured at ambient conditions, and

6 = 60° =90° 6 =120°
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Fig. 4 Phase field modeling results showing the evolution of vapor-
liquid density, 5, above the substrate at T = 50 °C at different values
for contact angle. a) § = 60° b) 6 = 90° c) 4 = 120°.
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Fig. 5 Evolution of vapor-liquid density, 5, above the substrate at T =
150 °C and different values for contact angle a) § = 60° b) § = 90° c) 4
= 120¢°.

were likely different during the experiment. In literature a
molecular dynamics study indicates that at higher
temperatures MgO surface becomes more hydrophilic.*!
Therefore, in simulations we picked three characteristic
surface contact angle values which represent varied
hydrophobicity: ¢ = 60° (hydrophilic conditions), 8 = 90°
(intermediate wetting conditions), and 6 = 120° (hydrophobic
conditions).

Fig. 4 demonstrates the time evolution of density at
different wettability values at 50 °C. For the hydrophilic case
(@ = 60°, Fig. 4a) water forms a uniform film the thickness of
which increases with time. At § = 90° water nucleates as small
droplets that grow and eventually merge into a film (Fig. 4b).
Similar behavior is observed for simulations at 6 = 120°
(Fig. 4c) as well as at T = 150 °C (Fig. 5). A uniform film is
formed at hydrophilic condition (Fig. 5a). However, at § = 90°
and 0 = 120° the distribution of densities near the interface
is different. At intermediate wettability (0 = 90°) the nuclei
start to grow and eventually merge into a film (Fig. 5b).
However, the shape of the film surface is irregular in
comparison to a lower temperature result (Fig. 4b). At 0 =
120° a smaller number of nuclei droplets form. These grow
without creating additional nuclei. This results in smaller
number of larger droplets on the surface (Fig. 5¢).

Discussion

During hydroxylation of MgO magnesium ions are initially
dissolved in liquid water which allows migration of dissolved
ions and later precipitation when the local concentration
reaches saturation. This mechanism requires liquid water to
be present at the MgO surface to trigger dissolution.
Observation of precipitate structures, which depend on the
temperature of the experiment, provides information on the
distribution of Mg(OH), and, therefore, water, on the surface
of the initial MgO crystal (Fig. 2). The main observed
difference between the experiments is that at 7 = 50 °C the
precipitate is distributed nonuniformly across the MgO
crystal surface whereas at 7 = 150 °C flaky a precipitate
uniformly covers the surface. The rates of dissolution and
precipitation are also likely different, which might explain
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Fig. 6 Schematic of [Mg?*] migration pathways in adsorbed water on
the MgO surface before precipitation. a) Uniform water film; b)
separate small uniform droplets; c) separate large droplets. Arrows
demonstrate ability of magnesium ion, [Mg®*], to travel across the
whole surface or being localized within an isolated droplet island.

the shape of the precipitating crystalline solids. However, the
fact that the precipitate at T = 50 °C forms polycrystalline
nodules and not isolated single crystals with well-defined
crystallographic surfaces shows that the nonuniform
distribution of Mg(OH), on the surface cannot only be
explained by slower reaction rates. It must reflect limited
magnesium ion transport that confines the precipitate to the
regions of the hemispheres. Therefore, the primary transport
limiting mechanism is the non-uniform distribution of water,
which forms isolated islands which surface tension forces
into droplets. As a result, magnesium ion transport is far less
limited when the surface is covered by a homogeneous water
film (Fig. 6a) and is significantly limited when water is
distributed as isolated islands (droplets) as shown in
Fig. 6b and c.

Simulation results demonstrate that temperature doesn't
have a qualitative effect on the distribution of water on the MgO
surface (uniform film does not become droplets). However,
increased temperature amplifies the effect of substrate
wettability on the distribution of water droplets.
Computationally, the largest droplets are formed under
hydrophobic condition at higher temperature (Fig. 5c). This,
however, contradicts the experimental observations (Fig. 1b).
This suggests that the surface properties of the MgO change at
higher temperatures, which is consistent with a molecular
dynamics study of the surface.’’ Thus, our study reveals that
the shape and distribution of the precipitate is likely a result of
the distribution of liquid water on the surface of MgO during a
dissolution—precipitation reaction. Moreover, surface wettability
plays a key role in whether the reaction occurs in a
homogeneous water film or in isolated droplets.

Overall, the molecular dynamics simulation study®'
reports on the reduction of the MgO-water contact angle as
temperature rises, which is linked to decrease in the density
of hydrogen bonds. Our phase filed simulation results
demonstrate weak dependency of water distribution near the
surface on shape equation of state at 50 °C and 150 °C,
however, strong dependency on wetting (contact angle). Since
in experiment we observed isolated nodules at lower

This journal is © The Royal Society of Chemistry 2026
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temperature and crystals uniformly distributed over the
surface at higher temperature, we conclude the correlation
between those structures and substrate wettability.

In summary, we observed the formation of Mg(OH),
precipitates on the MgO crystal surface where reaction in
vapor led to dissolution-precipitation reactions. Experiments
at 7 = 50 °C and T = 150 °C yielded different precipitate
textures: uniformly distributed flaky structures versus
nonuniformly distributed droplet-like shapes. Phase field
modelling demonstrated that this was controlled by the
wettability of the surface, and suggested that temperature
amplifies the transition from hydrophilic to hydrophobic
behaviour. On wettable surfaces water condenses as a liquid
film, whereas on non-wettable surfaces water nucleates as
small droplets. Comparing the experimental and simulation
results we conclude that temperature changes the surface
properties of MgO which results in switching between the
spatially limited to unlimited transport of ions at the MgO
interface.
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