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ABSTRACT

The interface between aqueous solutions and the facets of kaolinite plays an important role in a wide range of technological applications including tribology, paper
production, oil recovery, waste water treatment and medical devices. This is made possible by kaolinite’s layered structure, with its two basal surfaces -aluminol and
siloxane-exhibiting different properties and reactivity. Using a combination of high-resolution atomic force microscopy (AFM) and atomistic molecular dynamics
(MD) simulations, we probe in situ the hydration structure over both facets, in water and in the presence of added NaCl. The AFM images reflect the facets’ first
hydration layer, as confirmed from simulations. Complementary AFM spectroscopy measurements show an excellent agreement between the conservative component
and MD’s water density profiles, with discrete hydration layers on both facets and little sensitivity to added ions. The dissipative component of the measured tip-
sample interactions is more sensitive to the presence of ions, with MD suggesting a link with the local water dynamics and transient instabilities between stable
hydration layers. These effects are facet-dependant and more pronounced on the aluminol facet where the first water layer is better defined. Increasing the salt
concentration allows hydrated ions to form more stable layers, with hints of organised ionic domains. The results provide unique insights into both the equilibrium
molecular structure and dynamics of the kaolinite facets, potentially informing applications involving interfacial processes.

1. Introduction

Kaolinite is one of the most abundant natural clay minerals within
soils at the Earth’s surface and within rock units in the upper crust [1,2].
It plays important roles in technological developments ranging from
pharmaceutical applications as excipient or active ingredient [3,4] and
medical coagulative testing [5], to enhanced oil recovery [6,7],
tribology [8], ceramics [9,10], wastewater and nuclear treatment [11,
12]. The wide range of uses and applications of kaolinite is directly
connected to the physical properties arising from its asymmetric layered
structure, as well as its abundance. Kaolinite (chemical formula
Al,Si205(0H)y) is a layered 1:1 clay mineral, with each layer made of
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two different sheets [13]: a tetrahedral siloxane sheet and an octahedral
aluminol sheet, linked through shared coordination oxygens atoms [13,
14] (Fig. 1). This asymmetry results in the layers being strongly dipolar,
with large dipole-dipole stacking interactions [13,15]. Hydrogen-bonds
can further contribute to attractive interactions between the siloxane
surface of a layer to the aluminol surface of a neighbouring layer. This
promotes inter-layer interactions and structuring of the mineral into
platelets. Platelets constitute the crystallographic unit of kaolinite and
can form larger aggregates [13], even when kaolinite particles are
dispersed in water and aqueous systems [16].

The combined effect of dipolar and electrostatic interactions ensures
a strong cohesion among layers and makes the interlayer region difficult
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Fig. 1. Schematic representation of a kaolinite nanoplatelet as naturally
occurring. Kaolinite is made of layers of aluminol octahedra and siloxane
tetrahedra linked through shared coordination oxygens atoms [13]. The atomic
arrangement of each layer is presented as seen from the top and from the side.
The hydrogen atoms are not shown in the top view schematic. The sideview
schematics highlights key differences in the spatial arrangement of the atoms of
the two facets. In particular, the oxygen atoms of the siloxane surface do not all
sit in the same plane. The scale bar represents 1 nm.

to access by molecules and ions from the surrounding environment. If
accessed, the interlayer spacing provides a functional, asymmetric, and
highly stable two-dimensional surface suitable for chemical reactions
and physical processes. Examples span from wastewater treatment to oil
droplets adsorbing at the interface with two anisotropic solid surfaces
[13,14]. Accurately characterising the properties of these facets is
therefore crucial, both at a fundamental level and to enable the rational
design of kaolinite-based technologies. Traditionally, experiments on
kaolinite have focused on a better understanding of the macroscopic
chemical characteristics, mechanical properties and, above all, adsorp-
tion process and charging behaviour [17-23]. Potentiometric titrations
and zeta potential measurements quantified the protonation and
charging state of gibbsite particles, considered as analogues to the
kaolinite aluminol facet. These investigations revealed the effects of
different reaction times on proton uptake and zeta potential [19] and
quantified metal adsorption [20]. Electrokinetic studies have investi-
gated the zeta potential of kaolinite suspensions, showing a dependence
on both salt concentration [22,23] and pH [22], although the impact of
salt remains a matter of debate [21-23].

These experimenal approaches are, however, limited by the macro-
scale, average picture they provide, glossing over local effects due to
surface chemical or physical singularities. Such effects are essential to
understand short range phenomena such as hydration [24-28], molec-
ular adsorption [24,29-31] and charging [32-34]. X-ray and solid-state
nuclear magnetic resonance measurements [35,36] have helped resolve
some of these phenomena, revealing the molecular coordination details
around heavy metals and oxides adsorbed on kaolinite facets [37,38].
Results have evidenced ion-pairing and hydration energy as the two
main factors that control the adsorption of mono-, di- and tri-valent ions
onto kaolinite [39,40]. Interestingly, X-ray photoelectron spectroscopy
and zeta-potential measurements showed both the siloxane and the
aluminol facets to be negatively charged when immersed in pure water
due to the deprotonation of SiOH/AIOH to SiO™ /AlO™ (pH < 7) [39,40].
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Despite these interesting advancements, the complexity of the
interfacial environment and the variety of phenomena occurring at the
interface with kaolinite in the presence of water and different ions justify
the need of molecular modelling to achieve a thorough understanding of
the systems considered. Local nanoscale insights can in principle be
obtained theoretically through computer simulations or experimentally
with techniques using local probes.

Molecular dynamics (MD) simulations at the kaolinite-water inter-
face have shown a sharp decrease of in-plane water diffusion close to the
surface [41-43], with orientation-dependent water dynamics at the
interface [41]. Adsorbed surface ions appear to have a significant impact
on the hydration structure [44], with the ions’ hydration energy
determining the preferential adsorption state (inner-sphere or
outer-sphere) on kaolinite’s facets [45]. Classical MD simulations are
however limited by the accuracy of the force fields available [46], and
cannot explicitly account for pH effects [41-43]. Ab initio simulations
can be instead used to determine the most energetically favourable
surface terminations and partial charges distributions on neutral (pro-
tonated) and negatively charged (deprotonated) kaolinite surfaces
which can then serve as a starting point for MD simulations [47]. This
combined approach confirmed previous experimental results, showing
that the deprotonation of the aluminol and silanol groups are energeti-
cally favourable at alkaline pH (above the point of zero charge). This
makes kaolinite negatively charged in neat neutral pH with surface
groups including two AIOH /2 and one SiOH per unit cell.

Experimentally, atomic force microscopy (AFM) has enabled local
probing of interfaces, often in complementarity to MD simulations
[48-50]. AFM measurements on kaolinite particles revealed the local
topography [51,52], the average distribution of surface charges [33,34,
51,53], and quantified in situ the isoelectric point for both facets with the
siloxane tetrahedral face being at pH < 4, and for the aluminol octa-
hedral facet lying between pH 6 and 8 [54-56]. AFM studies showed
that the basal planes of kaolinite have a charge that varies with pH and
salt concentration, in contradiction with macroscale studies which
suggest both kaolinite facets to carry a permanent negative charge due
to isomorphous substitution [54]. This contradiction can be explained
by local surface singularities [33] and chemical defects [6] that influ-
ence the resulting charge distribution. High-resolution AFM measure-
ments evidenced the impact of singularities on the local charge
distribution [33], showing that simple surface complexation models
assuming a unique and homogenous surface chemistry tend to fall short
for describing important aspects of real kaolinite surfaces [34].

Both macroscopic and nanoscale studies point to a strong depen-
dence of kaolinite’s surface properties on its local hydration structure.
No experimental results, however, have systematically and compara-
tively investigated the hydration landscape of both basal facets to date.
Here, we carry out such an investigation, combining AFM and classical
MD simulations with atomic-level resolution. This combined approach
allow us to overcome the limitations of each technique via the advan-
tages of the other. Specifically, AFM images highlight the differences in
the first hydration layer of each facet and serve as a basis for force
spectroscopy measurements of the full hydration profile at a given
location [57]. Water densities extracted from MD help interpret the AFM
results, both in the absence and in the presence of added Na™ ions.

2. Materials and methods
2.1. Sample preparation

The sample preparation is based on the positively charged aluminol
(negatively charged siloxane) facet of the kaolinite crystals being
attracted to the negatively charged surface of muscovite mica (positively
charged surface of sapphire) [6,34,54-56]. This allows preferentially
exposing one or the other kaolinite facet to the AFM tip and exploring
that specific basal face’s interfacial properties when immersed in ionic
aqueous solutions. High-quality V1 muscovite mica discs (SPI Supplies,
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West Chester, PA, USA) and C Plane (0001) sapphire crystals (University
Wafers Inc., Boston, USA) were glued to steel plates [29,58]. A sus-
pension of the kaolinite powder (KGa-1b from the Clay Minerals Society
Source Clay Repository) was prepared using ultrapure water (Water
AnalaR NORMAPUR, VWR International Ltd, Leicestershire, UK). The
final concentration of the suspension was 1.5 mg/ml. The pH of the
kaolinite suspensions was adjusted to favour the charging of the desired
facet and its consequent binding to the substrate of choice (mica or
sapphire). When adsorbing the suspension to the muscovite mica, the pH
was 6.8, whereas the pH for the adsorption to the sapphire substrate was
5.5.

The substrates were prepared as follows. The mica substrate was
freshly cleaved and copiously rinsed with ultrapure water. The sapphire
substrate was cleaned by rinsing with isopropanol (Sigma-Aldrich, St
Louis, MO, USA), ethanol (Sigma-Aldrich, St Louis, MO, USA) and ul-
trapure water, and by exposure to low-pressure air plasma, at a pressure
of 1 mbar and power of 300 W (VacuLAB Plasma Treater, Tantec) for 30
s [59-61].

50 mL of the kaolinite powder suspension was then drop casted onto
the substrates. Both the mica and the sapphire substrates were incubated
overnight at 40 °C, and then copiously rinsed with ultrapure water to
remove loosely bound clay particles from the substrate [6,56].

The procedure for the selective exposion of the two facets follows
similar protocols in the literature [6,56] and is furthermore confirmed
observing the tip-surface interaction force changing as a function of salt
concentration (see also Supplementary Information section 1 and
Fig. S1).

2.2. Atomic force microscopy

AFM experiments were conducted at 25 + 0.1 °C using a commercial
Cypher ES equipped with temperature control (Asylum Research, Ox-
ford Instruments, Santa Barbara, CA, USA). The AFM probes were Arrow
UHF silicon nitride cantilevers (Nanoworld, Switzerland). The cantile-
vers were thoroughly washed with pure water (20 times with 100 pl)
and then with the solution of interest (40 times with 100 pl). Experi-
ments were performed at near neutral pH 5.8. This ensured that only the
metal ions of interest were present on the cantilever. Thorough cleaning
procedures were implemented to avoid any possible sources of
contamination [28,58]. During the measurements, the cantilever and
the sample were fully immersed in the aqueous ionic solution of interest.
The thermal spectrum of the cantilever was used to perform the flexural
calibration of the cantilevers [62]. The probes were found to have a
flexural spring constant in the range 1.0-4.0 N/m and a resonance fre-
quency of ~400-900 kHz in water. These values agree with the nominal
range and the literature [29,63,64]. The cantilever oscillation was
photo-thermally driven to ensure greater stability, making sure that the
frequency response remained unaffected by any spurious contributions
due to the noise produced by mechanical coupling with other experi-
mental components of the system [65].

2.3. Imaging

An equilibrium picture of the kaolinite/aqueous solution interface
was obtained operating the AFM in amplitude-modulation (AM) [24,58,
66-69]. The oscillation amplitude was kept constant during imaging by
a feedback loop constantly re-adjusting the average tip-sample distance.
The topography is then reconstructed from the feedback corrections.
The phase lag between the driving oscillation and the cantilever oscil-
lation varied freely and carried information about the interactions be-
tween the tip and the interface [24,58,66-69]. All the data analysis was
carried out using bespoke routines programmed in Python and Igor Pro
(Lake Oswego, USA).
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2.4. Force spectroscopy

Measurements were conducted dynamically (vibrating tip) and
driven at oscillation amplitudes of ~0.2 nm, less than the thickness of a
single hydration layer [29,70]. Only the selected interfacial region
located immediately between the tip apex and the surface of the selected
kaolinite region was interrogated during a spectroscopy measurement.
High-resolution imaging was always conducted before and after force
spectroscopy to rule out any surface damages or contamination and
ensure that all the measurements were conducted at the region of in-
terest [24]. For each facet investigated, 5 different locations were pro-
bed with at least 20 spectroscopic deflection, amplitude and phase vs
distance curves per location. All the curves were acquired with an
approach speed of 50 nm/s, aiming to explore distances smaller than the
thickness of a water molecule within the relaxation time of the mole-
cules themselves (1.1 ms and 5 ms, for the inner and diffuse layers of
water, respectively) [71-73]. Out of all the acquired curves, the analysis
focused on those showing an oscillatory profile (~30 % of the total),
following the approach used in Ref. [51] where variability in the num-
ber of curves exhibiting an oscillatory profile was also reported. This can
be explained by the stochastic nature of the measurement process, and
the presence of chemical singularities and topographical defects on the
kaolinite surface, in contrast to measurements conducted on defect-free
mica and calcite surfaces [74,75]. To minimise the variability and
mitigate its impact on the results we conducted the measurements on
smooth terraces, sampling multiple locations in each case (see Supple-
mentary Information section 2 and Figs. S2-3 for representative images
of the locations probed).

For each facet, the same AFM tip was used to ensure quantitative
comparability between the different salt concentration, with minimal
impact from possible variations of the cantilever geometry on the force
spectroscopy measurements. All the measurements on a given facet were
carried out at the same location of the same clay particle. The experi-
ments were performed increasing the salt concentration, starting from
water and subsequently exchanging to the desired solution by replace-
ment of the liquid through an inlet and an outlet 1 ml syringe connected
to an otherwise fully sealed liquid perfusion cell. The exchange volume
corresponds to at least 20 times the experimental solution volume (i.e.
20 replacement volumes). This exchange procedure provided complete
removal of the previous solution while ensuring that all the measure-
ments for a given facet were performed at the same location.

The conservative and dissipative components of the tip-sample in-
teractions were calculated from the experimental data using established
procedures [76] (see also Supplementary Information section 3 and
Fig. S4). Determination of the point of contact between the tip and the
sample (zero) was calculated for each curve as the tip-sample distance
coinciding with the highest density of data points. With the data
acquisition operating at a fixed rate, the highest density of data points
within a 0.1 A window represents the average tip position where moving
closer to the sample is no longer possible due to a hard contact (atomic
Pauli repulsion). Practically, a trigger was set on the average (DC)
deflection of the cantilever, selecting a relatively low trigger value to
prevent tip damage (<1 nN). The instantaneous contact between the tip
and the surface remains intermittent due to the tip oscillation which
creates a small offset and some uncertainty over the exact position of the
zero so determined. The oscillation is however largely damped down to
<0.1 nm (see for example the representative data in Fig. S4), resulting in
a position error and offset smaller than 0.1 nm. Determination of the
maximum density of data point was obtained from bespoke routines
programmed in Igor Pro for every curve.

2.5. Molecular dynamics simulations
The experimental AFM techniques were complemented by classical

MD simulations. These were preferred over ab initio MD simulations
given the greater time and length scales they allow exploring. All the MD
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simulations were conducted with the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) software package [77]. In each
periodic simulation cell, a slab of three layers of kaolinite (the crystal-
lographic structure from Ref. [78]) was placed in the centre of the
simulation box with 5000 water molecules on each side of the slab.
Supplementary Fig. S5 depicts an image of the entire simulation cell,
including the water molecules. The simulation box for the
water-kaolinite slab was of 41.2 A x 35.8 A x 130 A in volume. To
minimise any size effects, a vacuum layer of 41.2 A x 35.8 A x 120 A
was added to the box along its z-direction. The simulations implemented
the ClayFF potential [79-81] and the rigid SPC/E model [82] for
kaolinite and water, respectively. The SHAKE algorithm was used to
constrain the rigid water molecule and the OH distance in the kaolinite
hydroxyl groups. Additional constraints on the kaolinite slab ensured
the stability of the kaolinite slab restraining the heavy atoms (Al and Si)
at their initial positions by means of a harmonic potential characterised
by a spring constant of 10 kcal/(mol Az) [83]. To simulate a saline so-
lution, NaCl ions were introduced into the system achieving a 1.2 M
concentration. Na* and CI™ ions were modelled as single-charged Len-
nard-Jones spheres following the model of Smith and Dang, albeit with
no polarizability [84]. Interactions between different species were
described using the standard Lorentz-Berthelot mixing rules based on
the interaction parameters for the individual atoms. Real-space in-
teractions with energy corrections were truncated at 10 A, and a
particle-particle-particle-mesh solver was employed to account for
long-range electrostatics [85].

All the simulations were performed with a 1 fs time step. The system
was equilibrated for 3 ns in the NVT ensemble at 25 °C using separate
Nosé-Hoover chain thermostats for water and the kaolinite slab [86].
The system equilibration was confirmed by the convergence of the
system potential energy and water oxygen density profiles (see

Experiments

Materials Today Physics 46 (2024) 101504

Supplementary Information section 4 and Figs. S5-6). After equilibra-
tion, the simulations were run over a further 3 ns collecting the data.
Here, the data included 1D and 2D density profiles and diffusion co-
efficients of the water molecules as a function of their distance from the
kaolinite facets. The diffusion coefficients were calculated considering
water molecules within slabs (20.0 A x20.0Ax3.0 10\), consecutively
taken along the direction perpendicular to the kaolinite facets. The
diffusion coefficients were extracted from molecules’ mean square
displacement curves using Einstein’s relation [83].

3. Results and discussions
3.1. Mapping the facet’s first hydration layer at equilibrium

Following established protocols (see Methods), kaolinite particles
were stably deposited on a substrate to expose either of the two basal
facets. Low resolution AM-AFM imaging was used to identify kaolinite
particles (see Supplementary Figs. S2-3), with confirmation of the facet
identity achieved through localized spectroscopy measurements: the
evolution of the tip-sample interactions with increasing salt concentra-
tion follows classical DLVO predictions [54], enabling unambiguous
facet identification (see details in Supplementary Fig. S1).
High-resolution AM-AFM imaging then allows visualisation of the
nanoscale details of the water-facet interfaces (Fig. 2). For comparison,
the simulated water densities in the first hydration layer of both facets
are shown side by side and to scale with the AFM images. In all images, a
schematic of the anticipated atomistic arrangement is superimposed to
scale.

The AFM images represent topographical maps of the hydrated sur-
face of kaolinite immersed in water, with the higher regions appearing
lighter, and using the same colour contrast as for MD to help visually

Simulations

Aluminol (001)

Siloxane (00-1)

Fig. 2. Representative experimental (AFM) and computational (MD) images of both kaolinite facets. For each image, the corresponding atomic arrangement of the
facet is superimposed to scale. The green triangle highlights the brightest periodic features appearing in both AFM and MD, showing a good agreement. The MD
images represent the density distribution of the first hydration layer over each facet. The insets show the Fast Fourier Transform (FFT) of each image and highlight
the first (red), second (orange) and third (cyan) order intensity peaks. The MD results represent a 2D projection for the water oxygen density in the first hydration
layer averaged over 3 ns. The scale bar represents 1 nm. The AFM colour scale bar represents a height variation of ~0.3 nm; the MD colour scale is based on a density
range at a fixed height (first hydration layer). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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compare the results. Experimentally, kaolinite was first equilibrated in
ultrapure water, resulting in imaging a solution with a pH close to 6.8.
When operated as in the present study, the AFM primarily maps the most
stable hydration layer of the surface imaged [28,87,88], here the first
hydration layer (see also the water density profiles in Fig. 3). This en-
ables a direct comparison with MD simulations maps of the first hy-
dration layer. The MD maps represent the distribution of the water
oxygen atoms in the first hydration layer on each facet, with higher
density regions appearing lighter (yellow-white colour).

The computational and the experimental approach show a relatively
good agreement, particularly considering that the aluminol facet
explored by the AFM is not perfectly planar (see Fig. 1 sideview sche-
matics). On the aluminol facet, the octahedral atomic arrangement
creates a hydration structure close to hexagonal symmetry, similar to a
honeycomb pattern. However, the structure is slightly distorted,
reflecting the in-plane position of the surface atoms (Fig. 1). In AFM, this
is evidenced by the fact that the honeycomb cavities appear more
triangular than hexagonal, a complexity reflected in the presence of
higher order peaks in the image FFT (Fig. 2, inset). MD results offer hints
to periodic cavities, but this is less clear due to the oxygen-bound
hydrogen atoms being considered in the results displayed here. At the
experimental pH [47], the water molecules on the aluminol facet can in
principle probe more configurational states than on the siloxane facet
due to an additional hydrogen group at the edges of the highlighted
triangles: water molecules can bind directly the aluminol oxygen and
hydrogen groups or interact with water molecules bound to the aluminol
terminal groups. The combination of these possibilities yields a rela-
tively denser first hydration layer by comparison with the one formed on
the siloxane facet and gives rise to the apparent honeycomb lattice
observed in the AFM images. On both facets, particularly bright pro-
trusions are visible (highlighted by green triangles). The MD results
indicate that they are due to a highly localized hydration shell above
specific oxygen atoms (Fig. 2). The fact that these features are present in
both AFM and MD suggests a good agreement between the techniques
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and confirms that AFM predominantly images the first hydration layer.

Over the silica facet, the atomic arrangement is easier to visualise as
a simple honeycomb structure. This is strictly speaking not correct since
not all the top-most atoms are in the same plane, leading to brighter
features in both AFM and MD (green triangles). Aside from these sub-
tleties, both techniques show a hexagonal lattice of hydration sites,
resulting in fewer higher order FFT peaks. This is due to epitaxial effects
[24,28] allowing water molecules to form hydrogen bonds with the
oxygens of the siloxane pseudo-hexagonal lattice, an additional water
molecule sitting at the centre of the hexagon with its dipole moment
oriented perpendicularly to the surface. This is further confirmed by the
lattice parameter measured in both the AFM and MD simulations maps
and which closely matches the surface lattice parameter of 5.15 A [89,
90]. Generally, the AFM images over the siloxane facet appear slightly
noisier than over the aluminol facet, consistent with the possibility that
the siloxane-water interface exhibits a slightly less compact and less
stable first hydration layer.

3.2. Probing the density and dynamics of hydration water

To gain quantitative insights into the behaviour of interfacial water,
beyond the first hydration layer, it is helpful to consider the variation of
quantities such as water density and diffusivity as a function of the
distance from the topmost atoms of the kaolinite facets.

Experimentally, quantitative information can be derived from spec-
troscopy experiments. To ensure a high sensitivity to the hydration
profiles, the AFM tip is oscillated with an amplitude comparable to or
smaller than the size of a single water molecule [57]. As the vibrating
AFM tip approaches the hydrated mineral surface, the tip oscillation is
progressively damped, leading to changes in oscillation amplitude and
phase (see Supplementary Information section 3 and Fig. S4 for further
details). Eventually, the tip presses directly onto the mineral surface,
leading to an average static (DC) deflection of the AFM cantilever. The
conservative and dissipative components of the interactions experienced
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Fig. 3. Organisation and dissipation dynamics of the hydration water at the kaolinite interface. Representative AFM conservative (interaction stiffness) and dissi-
pative (damping coefficient) spectroscopic curves are shown for the aluminol and siloxane facets immersed in pure water (top panels). The curves are vertically offset
to help visual inspection. The condensed and fine-aligned experimental data (bottom panels) is averaged (green curves with semi-transparent thickness representing
two standard deviations) and compared against MD results. The conservative component is compared with the MD density profiles for water’s oxygen, and the
dissipative with the MD-calculated inverse water molecular diffusivity. The dotted grey lines represent the position of the water layers from the local maxima in
simulated water oxygen density profiles. For each facet, about 40 experimental curves are averaged, with the green shading around the average representing two
standard deviations. The MD molecular diffusivity data has been inverted, offset to ensure zero at longer distances, and linearly rescaled to match the magnitude of
the experimental dissipation data at 0.5 nm (see also Supplementary Information section 6). The shaded grey area around the origin of the plots represents the
maximum horizontal offset used in the fine alignment of the experimental data. (For interpretation of the references to colour in this figure legend, the reader is

referred to the Web version of this article.)
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by the vibrating tip can be calculated from the changes in amplitude and
phase as a function of the AFM tip-sample distance. Under the
assumption of a locally harmonic interaction potential, the conservative
component represents the interaction stiffness, proportional the con-
servative tip-sample force gradient. The dissipative component corre-
lates with changes in the damping coefficient as experienced by the
vibrating tip. The method, summarised and illustrated in Supplementary
Information (section 3), follows an established approach described
elsewhere [76]. Practically, multiple curves are acquired in at least five
different locations of each solid-water interface with the conservative
and dissipative components individually extracted from each set of
curves. Given the inherently stochastic nature of molecular processes, a
statistical approach is then used to identify the reproducible features,
with the curves finely aligned (+1 A) with respect to a common refer-
ence. The reference is obtained as the average tip-sample distance cor-
rected with the static deflection of the cantilever. Most studies tend to
focus on the conservative component of the tip-sample interaction
where oscillations close to the mineral surface are interpreted in terms of
densification and layering of the water molecules [57,73-75,91,92].
Consequently, the conservative part of the tip-sample interaction can be
directly compared to the density profiles of the interfacial water as
calculated by MD. Following this approach, we achieve a remarkable
agreement between experimental and computational data (Fig. 3).
Interestingly, on both facets, the water layers are found at similar dis-
tances from the kaolinite topmost atoms (~0.42 nm, 0.78 nm and 1.05
nm for the aluminol facet; 0.4 nm, 0.7 nm and 1.0 nm for the siloxane
facet). It is worth highlighting that no significant post-alignment of the
AFM and MD data needs to be performed with both the experimental
and computational results naturally having their ‘zero’ that coincide
within 1 A in terms of tip-sample distance (adjustment over shaded grey
region in Fig. 3). For the AFM measurements, the zero corresponds to the
point where the oscillating tip reaches a hard contact with the surface
during each oscillation cycle. Moving the base of the cantilever closer to
the sample only results in a positive average (static) deflection of the
cantilever but no further decrease of the average tip sample distance,
within the tip oscillation amplitude. Given the significant damping of
the free amplitude (~0.2 nm) at this point, the zero obtained by AFM lies
within a fraction of the amplitude of the true zero (as determined by
MD). In practice, the zero as determined by AFM spectroscopy can be
objectively identified as the tip-sample distance with the highest density
of data points (see Methods section). For the MD simulations the zero is
given by the position of the topmost metal atoms of the alumi-
nol/siloxane facets and is known by simulations design. This experi-
mental strategy bypasses the usual arbitrary rescaling common to the
most AFM spectroscopy measurements and offer an objective zero.
The two facets present key differences in the relative densification of
the hydration shells. The MD results reveal a denser first hydration layer
on the aluminol facet, leading to a sharper transition in the AFM con-
servative interactions with the tip apparently struggling to distinguish
the strongly bound first hydration layer from the solid surface under-
neath (Fig. 3). This transition is less marked over the siloxane facet.
From MD, the density peak associated with water oxygens has a
maximum of ~3 g/ml and a width of ~0.2 nm compared to ~1.5 g/ml
and ~0.3 nm for the siloxane interface. This leads to an average density
of water of 1.26 g/ml and 0.82 g/ml on the aluminol and siloxane facets,
respectively. The second hydration peaks are comparable on both facets,
with the facets presenting density peaks of ~0.25 g/ml (aluminol) and
~0.30 g/ml (siloxane) and extending respectively up to ~ 0.4 nm and
0.3 nm further from the first layer (Fig. 3). This is consistent with
existing literature [83,93] and with the similar but relatively small local
maxima in the conservative curves. The fact that the density of the
second hydration layer is an order of magnitude smaller than that of the
first also supports the interpretation of the high-resolution AFM imaging
of the interface (Fig. 2); attempts to image the second layer leads to
significantly less stable images (Fig. S7).
Interpretation of the dissipative

component of tip-sample
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interactions is usually less straightforward. Ongoing debates and
sometimes contradictory results suggest possible dependence on the
system being investigated [73,91,94]. Here, a maximum in dissipation
often coincides with a position between the first two water layers, sug-
gesting an increased dissipation as the measuring tip passes between
cohesive layers. The absolute value obtained for the dissipation is
similar on both facets, but with a maximum in dissipation more marked
over the aluminol facet at a tip-sample distance ~0.5 nm. In fluid sys-
tems, dissipation can often be related to inter-molecular ‘friction’ or
effective viscosity. To test this interpretation, we compared the dissi-
pation data with the inverse of the water diffusivity obtained by MD. For
a given fluid, molecular mobility, captured by Einstein diffusion coef-
ficient, is inversely proportional to the viscosity (Stokes-Einstein [95])
and to dissipation (assuming a linear regime, see section 6 of the Sup-
plementary Information for details, and Fig. S8 for the full MD data).
Here, since we are primarily concerned with distance dependence from
the facets, the water diffusivity obtained from MD is inverted and sub-
sequently offset to ensure it converges to zero at longer distances
(Supplementary Information section 6). The magnitude of the resulting
curve is then linearly adjusted to match the dissipation at 0.5 nm
(maximum of inter-layer dissipation). The adjustment at 0.5 nm is also
motivated by the fact that no reliable diffusivity data is available from
MD below 0.3 nm (see Fig. S8). While qualitative, the interpretation is
physically justifiable, and correctly captures the longer-range effect of
the dissipation compared to the conservative local water densification,
with an increased effective viscosity reaching ~1 nm beyond the second
water layer. Quantitative comparison of the magnitude of the dissipa-
tion between both facets should be carried out with some caution since
different tips were used. The tips are composed of the same material,
have the same design, are both able to achieve high-resolution (Fig. 2)
and are from the same production batch, but atomistic differences exist.
While such differences are unlikely to affect the shape of the stiffness
and dissipation curves [96], they can influence the interaction domi-
nating the measurements [97,98]. The emphasis is therefore placed on
the shape of the curve, in particular the comparison between conser-
vative and dissipative interactions for each facet where, ceteris paribus,
the results show significant differences. A molecular-level interpretation
of this increased ‘effective viscosity’ could be related to a larger number
of dissipation channels available to water molecules located between
-and able to probe- several stable arrangements [99]. Consistently, on
the aluminol facet which first hydration layer appears particularly stable
and well-defined from MD predictions, dissipation steps are more
marked between the first and second water layer. If no stable hydration
layers are present (here region where z > 1 nm), dissipation could be
interpreted as inversely proportional to the local molecular mobility.
Further studies are however needed to confirm this interpretation, but
the present results suggest that AFM spectroscopy might be not only
sensitive to equilibrium density variations, but also to transient in-
stabilities of water molecules between stable hydration layers. Stiff
cantilevers are often preferred to match the conservative forces experi-
enced by the tip and the MD-derived local density variations of the liquid
[51,57,74,92]. Here, we used comparatively soft cantilevers, which
have been proved effective to image weakly adsorbed ions [24,25,88]
and may be sensitive to positional instabilities and potentially the
mobility of the interfacial molecules found between the tip and the
surface [67,100]. Previous work in a different system but with similar
operating conditions [73] also reported discontinuities in both conser-
vative and dissipative force components, with dissipative discontinuities
interpreted as effective viscosity changes experienced by the tip as it
expels solvation layers [73]. Although not directly comparable with the
present work, those results also appear to support the idea that dissi-
pative interactions can capture instabilities or transients associated with
local variations in molecular dynamics at the interface. The interpreta-
tion of dissipative measurements may also be made more challenging by
their non-equilibrium nature which makes them more sensitive to the
precise experimental parameters and geometry at the point of
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measurement compared to equilibrium AFM density measurements [51,
57,74,92].

3.3. The impact of added salt

The presence of salt affects the hydration landscape of water-solid
interfaces [28,88,101-103], modulating molecular processes including
wetting [31,40,104], lubrication [28] and mineral growth [105]. Sur-
prisingly, added ions do not appear to significantly affect the water
densification as derived by the conservative component of AFM spec-
troscopic measurements [52,73,76,91,106]. Here, we probe the effect of
Na™ cations by conducting AFM imaging and spectroscopy on both
facets of kaolinite in aqueous solutions containing 10 mM and 100 mM
NaCl. The AFM measurements are complemented by MD simulations
conducted for a system containing 1.2 M NaCl. The high concentration
used in MD reflects the need to achieve meaningful statistics.

Taking as a reference the pure water-kaolinite interface, high reso-
lution AM-AFM imaging shows that already at 10 mM, salt modifies the
coordination of the water molecules at the surface interfering with their
epitaxial organization (Fig. 4) (see also Supplementary Information
Fig. S9 for more examples). The images appear noisier than in pure
water over both facets with the appearance of local features and changes
in contrast, albeit always in registry with the expected facet lattice. The
spectroscopic curves are also more variable, as highlighted by the poorly
defined molecular layers in the conservative datasets. The layering
matches the density maxima as predicted by MD on both facets, but the
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statistical standard deviation over the curves indicates more variability.
This larger variability can be due to variations in the interface sampled
by the AFM probe due to the presence of ions. Additionally, a reduced
cohesion of the water molecules [47] in the water hydrogen-bond
network present on both surfaces is likely at play, an effect previously
reported on similar mineral surfaces [25,28,88,107]. The hydration
layers are still preserved both in the AFM conservative part of the
spectroscopy curves and in the MD results, regardless of the added salt.
The aluminol facet also retains its stronger and more cohesive first hy-
dration layer. The clearest quantitative signature of the added ions is
visible in the dissipative curves with a >30 % increase in dissipation
across the interface compared to the pure water system, the absence of
the maximum observed in pure water, and a progressively longer
dissipation range towards the bulk liquid. This is consistent with ions
affecting primarily the molecular dynamics of the interface while leav-
ing the equilibrium water organisation largely unchanged [106]. Sta-
tistically, the fact that ions have little impact over the water density
distribution should not come as a surprise; the number of water mole-
cules exceeds that of ions by a ratio of 500-5000 to 1 in this study. It is
notable that even these few ions can influence molecular motion be-
tween and along interfacial hydration layers.

Interestingly, increasing the ionic concentration to 100 mM NaCl
partially stabilises the interface with images showing a better defined,
more ordered contrast compared to 10 mM NaCl. A possible explanation
comes from the fact that at larger salt concentration, the entropic effect
of the ions in perturbing the ordered interfacial hydrogen bond network
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Fig. 4. Impact of salt on the hydration landscape of kaolinite. Experimental results at 10 and 100 mM NaCl are compared against simulations performed at 1.2 M
NaCl. Comparative high-resolution AM-AFM images acquired in pure water, 10 mM and 100 mM NaCl over both facets (top). The imaging resolution is poorest at 10
mM, together with lower reproducibility in conservative curves and higher dissipation. Using the same scaling as in Fig. 3, the dissipative curves on aluminol suggest
an intermediate simulated scenario between pure water scaled as in Fig. 3 (dashed blue), pure water scaled here for 10 mM (solid blue) and 1.2 M NacCl scaled for 10
mM (solid red). The effect is reversed when increasing the salt concentration to 100 mM NaCl presumably through the formation of ordered ionic domains (see
Supplementary Fig. S9). Consistently, the conservative and dissipative components suggest a more stable interface with lower dissipation albeit on a longer range for
aluminol. A hint of dissipation maximum is visible on the siloxane facet. The excellent agreement between AFM and MD also supports the idea of a more stable
interface at 100 mM compared to 10 mM. The dotted grey lines represent the position of the water layers from the local maxima in simulated water oxygen density
profiles. The scale bar represents 2.0 nm. The colour scale bar represents a height variation of ~0.6 nm. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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can be partially compensated by in-plane interactions between hydrated
ions [108]. This greater stability favours the formation of ionic domains
and a return to a more structured interface. Ordered ionic domains can
occasionally be observed in both AFM and MD results (Supplementary
Information, Fig. S9). Consistently, the conservative curves become
more reproducible with smaller standard deviation compared to those
obtained at low salt concentration and achieve an excellent agreement
with MD results for both facets. The dissipation decreases again in
magnitude after the associated curves reaching their highest values at
10 mM, with hints of an inter-layer maximum visible but only for the
siloxane facet. In contrast, the spatial range of the dissipation increases
mainly over the aluminol facet where MD diffusivity results predict a
slower convergence to bulk value in the presence of salt (see also
Fig. S8). The good agreement between the computational results with
the experiments performed at 100 mM NaCl also suggests that higher
salt concentrations have the effect of stabilising and ordering the hy-
drated interfacial structure.

Regardless of the molecular details of the interface, the fact that the
steepest dissipative gradient is observed at 10 mM suggests a sharper but
non-discrete transition from surface to bulk, supporting the experi-
mental observations of small salt concentrations disfavouring an or-
dered solid-like layering of the fluid. This raises the possibility that the
ionic effects well-known to affect interfacial processes on minerals [27,
87,88] may also be driven by dissipative dynamical effects in the water.
This would be consistent with the strong ionic sensitivity observed in
shearing measurements [28] especially when the specific hydration
landscape of a given surface precludes direct ionic adsorption [87].
Adding a small amount of salt (10 mM) would effectively results in a
kind of ‘slurry mixture’ with lower densification and a concurrent in-
crease in the number of dissipation channels experienced by the fluid
molecules compared to a well-ordered interface. The effect is reduced in
pure water and reversed when increasing the salt concentration high
enough to allow the formation once again of well-stratified layers.

Finally, the fact that AFM images can capture dynamical interfacial
effects at the interface even when no clear impact on the water equi-
librium structure can be identified raises the question as to what high-
resolution AFM images of immersed interface truly measure. The pre-
sent results suggest a combination of equilibrium and non-equilibrium
dynamical information.

4. Conclusions

In this study, we combine high-resolution AFM imaging and force
spectroscopy with classical MD simulations to illustrate key differences
in the hydration behaviour of the aluminol and siloxane facets of
kaolinite particles immersed in water and NaCl solutions. The first hy-
dration layer on the aluminol facet is denser and sits closer to the surface
than over the siloxane facet. In contrast, the mobility of water molecules
at the interface is reduced over a longer range at the aluminol facet,
reaching bulk mobility over ~0.5 nm in pure water. Comparing AFM
spectroscopic measurements with MD trajectories suggests that AFM can
locally capture both the equilibrium molecular organisation of the
interface as well as molecular dissipative instabilities between stable
locations. Adding salt disrupts the interfacial hydrogen bond network of
water molecules with the most dramatic effect visible in increased AFM
dissipation at 10 mM. At higher salt concentration, the ions appear to
form stable mesoscale domains, allowing more ordered and stable in-
terfaces. A similar phenomenon is likely to occur between kaolinite
platelets in salt-saturated environments. The present results have been
obtained using naturally occurring kaolinite powder rather than syn-
thetic particles. The higher frequency of defects and topographical sin-
gularities in natural kaolinite may be relevant to geochemical
phenomena and technology often based on the natural mineral. The
differences in the hydration structure and its dynamics on the two
kaolinite facets could be exploited to further support advanced tech-
nological devices. For example, the diverse water affinity and structural
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organisation on the two facets may be selectively used as a natural
adsorbent to remove specific pollutants of different hydrophilicity from
wastewater [109]. Further studies are needed to investigate the effect of
different cations and extend the current findings to other ionic species,
including for potential applications in the fields of energy and the design
of the ‘ultimate green’ wastewater and nuclear waste treatment.
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