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ABSTRACT: Molten hydroxides, often used for crystal growth
and nanoparticle synthesis, have recently been applied for the
single step densification of several inorganic materials under
moderate uniaxial pressures and 1000 °C below their usual
sintering temperatures. The latter approach, termed cold sintering
process (CSP), is a mechanochemically driven process that enables
the densification of inorganic materials through a dissolution−
precipitation creep mechanism. In this study, we report the main
densification mechanisms of BaTiO3 in a NaOH-KOH eutectic
mixture. A chemical insight at the atomistic level, investigated by
ReaxFF molecular dynamics simulations, offers plausible ionic
complex formation scenarios and reactions at the BaTiO3/molten
hydroxide interface, enabling the dissolution−precipitation reactions and the subsequent cold sintering of BaTiO3.
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■ INTRODUCTION

Sintering is generally referred to as a thermally driven process
occurring at a temperature T > 0.5Tm (where Tm is melting
temperature) to allow the densification of a powder compact
through surface or volume atomic diffusion mechanisms.1,2

This consideration is true, except for the cold sintering process
(CSP), a chemically driven sintering process that can occur at
T < 0.2Tm through the pressure solution creep mechanism.
Pressure solution, often encountered in structural geology, is
fluid-assisted stress-driven mass transport3−5 enabled by
chemical potential gradients between highly stressed solid−
solid contacts and little stressed pore surfaces (Figure S1). The
CSP recently drew a lot of attention, as it is an energy- and
cost-efficient technique that enabled the low-temperature
densification of ceramics and several ceramic-based composites
at temperatures lower than 400 °C.6−10 Like CSP, other
processes such as cool SPS (spark plasma sintering),11−13

hydrothermal sintering,14−17 and RTS (room-temperature
sintering)18,19 are based on the use of moderate heat, uniaxial
pressure, and an enabling transient chemistry to promote
pressure solution mechanisms.
Although aqueous solvents, organic acids and polar solvents,

chelating agents, and hydrated organics are mainly used in this
process,20 occasionally metastable grain boundaries result and
require a secondary heat treatment to achieve highly functional
properties. Molten hydroxides, which are generally used for
crystal growth and nanoparticle synthesis,21−23 were success-
fully used recently for the single-step densification of several

inorganic materials such as BaTiO3, SrTiO3, CeO2, ZnO,
Bi2O3, WO3, CuO, MnO, (KxNa1−x)NbO3 (KNN), and
NASICON-type structures.8,24−26 Relative densities above
90−95% and functional properties within similar performances
to those observed with materials processed with other sintering
techniques, but at temperatures up to 1000 °C lower. This
approach represents a major breakthrough in sintering science
and can be extended to several other inorganic materials as a
cost- and energy-efficient process.9,27,28 which also enables the
fabrication of high-performance functional devices at record
low temperatures.29−31 In spite of widespread use of molten
salts for synthesis and crystal growth in both open or closed
systems (as hydrothermal molten salt (HyMoS)32 or hydro-
flux33 when mixed with approximately 30−40 wt % water),
fundamental knowledge of chemical mechanisms is still limited
as the use of in situ structural characterization techniques in
this environment is still a challenge.21

This study aims to improve the fundamental knowledge of
densification mechanisms with a chemical perspective in cold
sintering using molten salts, and the investigated material
system is barium titanate, BaTiO3 (BTO). BTO is a very
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important dielectric material with high permittivity,34 used to
fabricate 4 trillion multilayer ceramic capacitors (MLCC)
every year and with 8% annual growth. The sintering process is
typically conducted to enable the cofiring with Ni inner
electrodes, and therefore in a partially reducing atmosphere at
1200 °C or higher. There is a need to continue to improve the
reliability of BaTiO3-based dielectrics that is limited by the

electromigration of oxygen vacancies. With a new process such
as cold sintering, there are new opportunities to improve the
performance of high permittivity dielectrics. We recently
established a low-temperature densification of BaTiO3

(BTO), using a molten NaOH/KOH eutectic (51/49 mol
%) hydroxide system at 300 °C and under a uniaxial pressure
of 350 MPa.

Figure 1. BTO’s time-dependent evolution of the (a) relative density (semilog plot) and (b) strain ε (log−log plot) during CSP at 300 °C and 350
MPa. (c) X-ray diffraction, (d) photograph highlighting translucency. Credit: The Pennsylvania State University/Dr. Kosuke Tsuji. (e) High-
resolution scanning electron microscopy (HR-SEM) and (f) scanning electron microscopy (SEM)−energy-dispersive spectroscopy (EDS) analysis
of the as-cold sintered BTO ceramic. The SEM-EDS image in f was obtained with simultaneous acquisition of secondary electron image and
elemental maps of barium (Ba), titanium (Ti), sodium (Na), potassium (K), and oxygen (O). Scale bar: 10 μm.

Figure 2. (a) Bright-field transmission electron microscopy (TEM) image, (b) EDS spectra highlighting the presence of potassium (K) element in
point 1 and point 2 shown in figure d, (c) high-angle annular-dark-field scanning transmission electron microscopy (HAADF-STEM), and the
corresponding (d) scanning transmission electron microscopy−energy-dispersive spectroscopy (STEM-EDS) mapping of a triple junction in BTO.
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Given the success of our recent establishment, we report
here the main densification mechanisms of BaTiO3 in a
NaOH-KOH eutectic mixture. A chemical insight at the
atomistic level, investigated by ReaxFF molecular dynamics,
demonstrates a plausible scenario of the BaTiO3/molten
hydroxide interface-coupled dissolution−precipitation reac-
tions and the subsequent dissociation of the hydroxide mixture.

■ RESULTS AND DISCUSSION
Densification of BaTiO3 with a NaOH-KOH Eutectic

Flux. The densification behavior of BTO in molten hydroxides
was first investigated using a semiautomated press system,
equipped with a dilatometer (see the Supporting Information,
Method 1 and Figure S2).35 BTO’s time-dependent shrinkage
information were converted into relative density values (see
the Supporting Information, Method 2) to obtain the
densification curve shown in Figure 1a. In the applied
conditions, BTO reaches a relative density of 90% in less
than an hour (3155 s) and 95% in about 3 h (11465 s) after
starting the thermal cycle (Figure 1b). The log−log plot of the
strain (ε) as a function of time (t) is shown in Figure 2b. The
slope of log ε = f(log t) gradually changes during the
densification pertaining to different unfolding mechanisms.10,36

In conventional sintering, the exponent term n is usually
applied to determine power laws associated with densification
mechanisms (from the relation ε = tn). At this time, such a full
analytical consideration would be premature, as CSP with the
molten hydroxides is based upon multiple coupled phenomena
that are still under investigation. We do observe evolution of ε
in the first 200 s, associated with the particle rearrangement
step, without obvious influence on relative density (Figure 1a).
This shows that the residual water adsorbed on hydroxides
does not play a critical role in initiating the densification of
BTO at the low temperatures. It is noted that most of the
densification occurs between 200 and 3000 s, during the
temperature increase and the melting of NaOH-KOH eutectic
mixture (Figure 2b). The relative density evolves from 63.8 to
89.4%. Zhang et al.37 have shown that large solid−solid stress
concentrations could be obtained at small strains. Therefore, in
the presence of a fluid, local chemical potentials are sufficiently
high enough to enable a pressure solution mechanism. BTO
nanoparticles are insoluble in a NaOH-KOH eutectic melt at
atmospheric pressure.38 However, at small strain, the locally
high contact stresses between BTO nanoparticles on contact
with a NaOH-KOH melt can lead to dissolution at BTO/
hydroxide melt interfaces. Insights into the detailed mechanism
of chemical effects during cold sintering will be discussed with
the application of ReaxFF molecular dynamics. In the later
stages of densification, at larger strains (t > 3000 s), the driving
force for pressure solution is lower and the process becomes
precipitation controlled.
The X-ray diffraction (XRD) data shows a high phase-purity

BTO after densification by CSP (Figure 1c). The cold sintered
BTO ceramic is also translucent, as highlighted in Figure 1d.
This reflects a high relative density (Figure 1a), together with
an average grain size of 76 ± 27 nm and nanopores (Figure
1e), which limits the light scattering.39 Despite the fact that
solvents/fluxes are used as transient liquids in CSP, the
efficiency of their elimination from the sample depends on
their viscosity8 and ability to evaporate. In the BTO ceramic,
residual hydroxides were observed by scanning electron
microscopy (SEM)−energy-dispersive spectroscopy (EDS)
analysis (Figure 1f). Onto the BTO surface, we can observe

residues composed of NaOH and small amounts of KOH. The
microstructure of the NaOH/KOH residue let us assume an
ongoing phase separation between the two compounds, given
the morphology40 of KOH. The observation of NaOH residues
following a phase separation with KOH is consistent with
previous observations.8 Further investigation are conducted to
locate KOH residues. The bright-field transmission electron
microscopy (TEM) shows an image in (Figure 2a) that
confirms high densification and grain structures with
equilibrated achieved by CSP. No secondary phase is
observable at this magnification. Figure 2c displays a
HAADF-STEM micrograph focusing on a triple junction,
whereas the bottom grain has been tilted to its ⟨001⟩ zone axis.
The corresponding scanning transmission electron micros-
copy−energy-dispersive spectroscopy (STEM-EDS) mapping
is shown in Figure 2d with Ti and K elements highlighted.
There is an obvious nanoscale K segregation and incorporation
into the perovskite grain boundary regions and triple points in
Figure 2b. Comparing Figure 2c and Figure 2d, one can note in
the EDS data that the K segregation area overlaps with 3−4
atomic layers of BTO unit cells at the bottom grain as viewed
here. It indicates that the formation of the grain boundary
during cold sintering is accompanied by the incorporation of
K-ions into the A-site of the perovskite lattice, with little
evidence of the corresponding Na ions being incorporated into
these regions. In summary, these observations indicate both
high densities, with some preferential incorporation of K+ ions
into the lattice near the grain boundaries and at triple points.

Analysis of the NaOH-KOH Melting Process and
Dissolution of BTO by ReaxFF Molecular Dynamics.
Motivated by the complexities in the above experimental
findings, we focused on atomistic level investigation of the
BTO interfaces in the presence of NaOH and KOH melts. The
interfaces were modeled using ReaxFF molecular dynamics
(MD) simulations.41 The ReaxFF has the capability of
simulating elevated temperatures and pressures, which are
the conditions used in CSP, and was also successfully applied
to model CSP surface reaction kinetics at the metal oxide
interfaces.42,43 The ReaxFF force field used in this work was
adapted by combining two previously developed force fields for
BTO and KOH-NaOH44 (see the Supporting Information,
Method 4, and Figure S3).
BTO, a multi component oxide material with perovskite

structure, has two possible terminations at the (001) surface,
namely, TiO2 and BaO. Both terminations have different
surface potentials due to different metal and oxygen
concentrations on the surface. The structure of TiO2
terminated surface is relatively more open as both Ti4+ and
Ba2+ ions are visible, whereas Ba2+ ions are the only visible ones
for BaO-terminated surfaces (see Figure S3). In this study,
both surface terminations were modeled separately in addition
to a mixed surface termination that included rough surfaces
with a steep curvature to simulate the overall interfacial
interactions of NaOH and KOH. Unless specifically
mentioned, all findings of our study correspond to both
surface terminations.
ReaxFF simulations demonstrate that, as soon as the

temperature is increased, the molten hydroxides either create
small ionic clusters and polynuclear complexes through olation
(nNaOH → Nan(OH)n, mKOH → Km(OH)m, nNaOH +
mKOH → NanKm(OH)n+m) and oxolation (Nan(OH)n →
NanOn−1 + H2O) reactions or dissociation of hydroxyl ions on
to the BTO surface. The clustering is observed for both
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hydroxides. On the one hand, KOH clusters are metastable
and dissociate with the increase in temperature, which may
explain in part the precipitation of KOH on BTO surface. On
the other hand, NaOH clusters are more stable and requires
more temperature for dissociation. This can be seen in the
radial distribution functions (RDFs) for both species (Figure
3e, f). Although the initial structures were prepared by
randomly placing the hydroxides, the RDF of K+ show a
structured distribution (Figure 3e), whereas Na+ shows one
peak corresponding to the clusters (Figure 3f). The clustering
is also visually checked, and the simulations reveal that
Nan(OH)n clusters changes in size with n up to 15. The
clusters are formed through a series of olation and oxolation
reactions as described above. The olation reactions are
observed more frequently compared to oxolation reactions;
however, pH may affect the frequency in experiments. As Na+

and K+ are both alkali metal ions, they interact with other ions
mostly electrostatically, and the ionic radius of these ions
determines the hydration energy due to the interactions with
the dipole moment of water molecules. Because the ionic
radius of Na+ is smaller than K+, its charge density is higher,
which strengthens the hydration energy and results in more
stable clusters. The relatively more stable clustering may play a
role in the formation of micrometer-size NaOH residues
observed in the densified material (Figure 1f) by acting as
seeds. It should be noted that because of limited simulation
time scales, only reactions at a molecular level and early signs
of cluster formation are accessible. However, the full extent of
Na+ ions crystallization up to micrometer scales remain
inaccessible by ReaxFF molecular dynamics.

The precipitation behavior of alkali metal ions present in the
molten flux is significantly influenced by the surface
termination due to the different surface potentials. For TiO2-
terminated surfaces, K+ ion sits on the Ba site of the lattice and
is coordinated by all lattice oxygens (Figure 3d). The
adsorption of Na+ is much weaker than K+ because Na+ ions
do not bind to the lattice site. However, they are strongly
adsorbed to surface oxygen anions (Figure 3c) if they are not
clustered. Regarding BaO-terminated surface regions, K+ ions
sit on Ti sites and strongly interact with surface hydroxyl
groups (Figure 3b). On the other hand, Na+ ions are adsorbed
to surface hydroxyls (Figure 3a) and do not sit on the Ti site.
As a result, these ions are more likely to dissolve back into the
solvent phase. The bond distributions of precipitated ions
highlight the stronger adsorption of K+ ions to surface (Figure
3d) than Na+ ions (Figure 3c). Differences observed in terms
of adsorption behavior explain the higher K+ concentration at
the interfaces experimentally confirmed by STEM-EDS (Figure
2b−d). It is also supported by the population analysis of ions
adsorbed at the surface (Figure 3g) estimated from ReaxFF
MD simulation outcomes (see the Supporting Information,
Method 5), showing the presence of a K+ ion population
significantly higher than that of Na+ ions at the interface
between two grains. Furthermore, the adsorption dynamics can
be affected by the presence of water in the system. An
additional population analysis in the presence of water
molecules in the system was conducted and can be seen in
the Supporting Information, Method 6 and Figure S5.
The preferential adsorption trends, as also observed

experimentally, may significantly affect the dissolution
dynamics. For example, as discussed above, the adsorbed

Figure 3. Representation of precipitated K+ and Na+ ions from molten hydroxide phase to surface. (a) Sodium adsorbed to two surface hydroxides.
(b) K+ bonded to four surface hydroxides. (c) Na+ bonded to a surface oxygen. (d) K+ bonded to four surface oxygens. Key: barium (light blue);
titanium (green); potassium (purple); sodium (blue); oxygen anions on the surface (red); oxygen anions of hydroxides (orange); hydrogen atoms
(white). The same colorization is used for all images. Evolution of the (e) K−K and (f) Na−Na radial distribution functions after interacted with
BTO surface. The blue line represents the initial configuration, which belongs to randomly distributed ions. The red line represents the state after
ions interacted with the surface at room temperature. Potassium ions adsorbed on the surface sites as can be understood from the several peeks in
RDF. Sodium ions create clusters by sharing OH−. (g) Number of potassium and sodium ions within 1.5 Å from the surface during the MD
simulation indicating the number of potassium ions near the surface is significantly higher than the number of sodium ions.
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Na+ ions do not complete the undercoordinated lattice
structure of the surface but instead weaken the surface oxygen
bonds by binding to them. On the other hand, the interactions
between KOH molecule and the surface lead to the
dissociation of KOH into K+ and OH− ions, after which the
K+ ion sits on the Ba site. In a system with TiO2-terminated
surface asperities and 100 KOH and 100 NaOH molecules
(Figure 4a), it was observed that as a result of this preferential

adsorption, the dissociated OH− ion creates a bond with
surface Ti4+ ion to form TiOH complex (Figure 4b, Step 1). At
the same time, the adsorbed Na+ ions create a NaOH complex,
which interacts with surface TiOH complex and forms NaTiO
complexes (Figure 4c, Step 2), which further weakens the TiO
bonds at the BTO surface. An extended visualization of the
chemical reactions from side and top views was provided in
Supporting Information, Method 7 and Figure S6. These
interactions, not dominant but frequently observed in our
simulations, may experimentally correspond to the formation
of a soluble Na2TiO3 previously reported by Liu et al. as an
intermediate compound during the flux-assisted synthesis of
BaTiO3.

38 In addition to preferential adsorption, the presence
of molten flux in the system may energetically favor the
dissolution, which is shown by comparing relative energies for

dissociation of Ti4+ and Ba2+ ions from the BTO lattice at the
surface in the presence and absence of the molten flux. The
ReaxFF analyses showed that energy required for dissociation
of Ti4+ and Ba2+ ions from BTO surface are both reduced
significantly in the presence of molten fluxes (Supporting
Information, Method 8 and Figure S7a−c).

■ CONCLUSION
In summary, an atomistic level description of chemical
reactions at the BTO/NaOH-KOH interface was unveiled
using ReaxFF molecular dynamics, and several experimentally
observed phenomena were explained. Analyses revealed that
very complex dynamics occur between Na+ and K+ ions and
the BTO surface, subsequently enabling densification by
pressure solution creep at a broader scale. During the
densification, interfacial interactions lead to an incorporation
of K+ ions at grain boundaries, up to 3−4 atomic layers of
BTO unit cells. We highlighted the dynamics of the clustering
of NaOH during NaOH-KOH phase separation occurring at
the precipitation stage, also observed experimentally. The
phase separation was mainly due to a stability difference
between Na+- and K+-clustered ions, which can be assumed to
be a result of the hydration energy differences. It was also
shown that there is a formation of transient complexes that
enable the dissolution of both Ba and Ti from the solid during
the cold sintering of BTO in molten NaOH-KOH. Therefore,
using other types of molten salts, for example, alkali or alkaline
earth metals with small radii (i.e., lithium, magnesium, barium,
strontium), may also produce desired results. Indeed, the
chemistry at the interface that enables CSP is strictly related to
the interactions between the materials of interest and the
molten salt ions. The nature of the molten salt to select for a
given material requires a thorough understanding of these
interactions and the resulting intermediate complexes.
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Figure 4. Representation of the major chemical reactions observed at
the interface in ReaxFF MD simulations. (a) The BTO structure with
asperities on the TiO2 terminated surfaces and 100 KOH and 100
NaOH molecules at the beginning of the MD simulation. (b) First,
dissociation of KOH into K+ and OH− ions. K+ ion sits in Ba site and
OH− ion creates a bond with the Ti4+ surface ion to form TiOH. In a
second step, another KOH molecule participates in an oxidative
dehydrogenation of TiOH to form TiO and a H2O molecule, while
K+ ion sits in Ba site. (c) In a first step, KOH dissociated into K+ and
OH− ions, following an interaction between KOH and a Ti4+ surface
ion. In a second step, the Ti−OH complex interacts with a NaOH
molecule to form a NaTiO intermediate compound and H2O. Key:
barium (light blue); titanium (green); potassium (purple); sodium
(blue); oxygen atoms in BTO (red); oxygen atoms of hydroxides
(orange); hydrogen atoms (white).
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