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Abstract

Mobile ions at mineral surfaces can respond to an applied electric field, adopting a new distribution that
effectively represents a polarization of the electrical double layer. When the field is released, ions relax to
their equilibrium distribution. In both cases the dynamics are characteristic of the interface. However,
current models of electrokinetic phenomena are not sufficiently robust to accurately predict collective ion
dynamics at structurally and chemically specific mineral-water interfaces. In this study we use electrostatic
force microscopy (EFM) to investigate the dynamics of ion relaxation at hydrated calcite (104) surfaces at
controlled relative humidity (RH). Electrically biased probes are used to polarize the distributions of
calcium and carbonate ions that are intrinsic to this interface, across a range of RH values. Polarization
kinetics are tracked by monitoring the tip-sample force gradient during charging, and EFM imaging is used
to characterize the spatial relaxation dynamics after the applied field is released. Electrostatic finite element
modeling of the sample/probe system across length-scales from nanometers to millimeters reproduces the
observed stretched exponential charging response. Together, the results allow us to estimate the ion
diffusivities at the interface across a wide range of RH values. These diffusivities increase by roughly five
orders of magnitude as the RH is increased from 5% to 90%, highlighting the critical role of adsorbed water

for surface ion solvation that enables ion mobility.
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Electrokinetic phenomena at mineral-water interfaces are important across diverse contexts that include
understanding the stability and collective transport properties of colloids in suspensions, the development
of interfacial charge when juxtaposed with hydrodynamic or aerodynamic flow (i.e., streaming potential),
and the electrochemical characterization of soils and sediments. Key to these phenomena is the mobility
of ions on the mineral surfaces. Surface ions may be generated by sorption from the environment, or by
dissolution of the substrate in the presence of water. The ions are generally assumed to form an electrical
double layer (EDL), with some ions being strongly bound to the surface, and others fully solvated to form
a diffuse swarm of more mobile counterions. Together, these ions comprise an electrostatically net neutral
interface at equilibrium. Although the theoretical description of these EDLs for bulk aqueous solutions is
well established, the EDL structure of mineral surfaces in humid atmospheres, in which adsorbed water
films may only consist of, on average, partial to a few monolayers of hydrating water, are poorly
understood. Moreover, the extension of EDL models to describe the non-equilibrium behavior of these
interfaces, such as during hydrodynamic flow or in applied electrical fields, remains dubious.
Understanding these electrokinetic phenomena will require new data and models for the collective response

of ions and water molecules to perturbing fields.

Improving the state of knowledge in this area could ultimately provide a basis for exploiting controlled
fields to characterize or even identify mineral-water interfaces at the nanoscale. For example, in the
geophysical characterization technique known as Spectral Induced Polarization (SIP)* 22, time-varying
electrical fields are applied to the Earth’s subsurface and the spectral response is monitored at several
locations to sense the spatial distribution of complex conductivity. Because the imaginary component of
complex conductivity can depend largely on surface conduction,® SIP data can be inverted to obtain
tomographic maps informative of subsurface properties such as mineralogy, soil texture, porosity, water
content, aqueous chemistry, fluid phases, and the effects of biogeochemical processes!. However,
successful interpretation requires models that link frequency dependent complex conductivity to key

fundamental parameters and/or processes across multiple scales. This includes atomic-scale models that



link surface ion mobility to mineral type, water activity, fluid composition, and ion speciation, as well as
continuum-scale models that predict how the collective ion motion governs complex conductivity under
variations in the size, shape, and connectivity of the mineral grains*. Our work is aimed at a long-range goal

of building these links.

The present study focuses on ion mobilities on calcite (CaCOs) mineral surfaces in a humid nitrogen
atmosphere, seeking to make a quantitative mechanistic linkage between measured and modeled electric-
field induced perturbation and relaxation of ion distributions native to this interface, nominally Ca?* and
CO3%/HCOg, as a function of relative humidity (RH). This approach enables control of the extent of surface
hydration and consequently the solvation, release, and mobilization of surface ions. Calcite is a common
mineral that has important roles in subsurface geochemistry, hydrology, and carbon sequestration, as well
as in atmospheric chemistry. Past studies®!? have shown that calcite precipitation is linked to the appearance
of a capacitive SIP signal that is strongly dependent on precipitate grain size. Accurate interpretation of

such results will require a better understanding of ion mobility on the calcite surface.

Kendall and Martin'® previously investigated the conductivity of humid calcite surfaces using
electrostatically biased atomic force microscopy (AFM) probes. They positioned a conductive AFM probe
just above (but not touching) the mineral surface and perturbed the surface ions by periodically applying a
stepped voltage. A typical AFM probe consists of diving-board shaped cantilever with a micron-scale
pyramidal or conical stylus or pillar mounted at the end that terminates in a sharp tip of nanometer-scale
curvature. When the electric field is applied, the cantilever deflects away from the surface in response to
the initially repulsive electrostatic force. By monitoring the time-dependent probe deflection, they were
able to track the collective relaxation dynamics of surface ions in response to the applied field, and thus
obtain localized, surface-specific insights on ion mobilities. A similar study by Xu and Salmeron
investigated ion mobilities on mica surfaces.** Both groups found that surface ion mobility was strongly
linked to RH, but quantitative interpretation was challenging. The AFM sensing mode used in these

previous studies has a low signal to noise ratio, which required each voltage cycle to be repeated hundreds



of times (thus limiting the timescales that could be feasibly explored). Data interpretation was also
challenging, because the probe-sample forces are influenced by a combination of short-range ion motions

directly beneath the probe tip and longer-range motions beneath the cantilever body.*®

Here we apply the AFM mode known as electrostatic force microscopy (EFM) to characterize the charge
relaxation process in much greater detail. Rather than simply monitoring cantilever deflection, EFM
monitors the phase-lag of a driven oscillating cantilever. The phase-lag is sensitive to the surface charge
distributions via the gradient in electrostatic force, with respect to probe-sample distance. Because the force
gradient decays more quickly away from the surface than the force, EFM has greater spatial resolution than
deflection-based methods!®!’. Modern EFM also has greatly improved signal-to-noise ratios, that allows us
to obtain single-point charging curves without the need for extensive signal averaging. This makes it
feasible to track the response for durations of minutes, instead of just seconds. The combination of high
spatial resolution and low noise, in conjunction with modern fast-scanning capabilities, also makes it
possible to map charge distributions in two dimensions. This has proven useful in a wide range of studies
on charge-relaxation, with applications ranging from semiconductor devices'® 1° and nanoscale charge
storage®>? to biomaterials? 24, and in this study it allowed us to track the spatial relaxation of surface

charge perturbations in real time.

New numerical tools for modeling EFM also aid data interpretation. Finite Difference Models such as
CapSol®>?” now help to model how the EFM signal depends on AFM probe geometry, which can help to
distinguish forces acting on the micron-scale cantilever from those acting on the nm-scale probe tip, and
can even provide weighting functions that relate charge-density to experimental signal.?® An innovation of
our study lies in the use of continuum-scale methods to model ion motion on the calcite surface. We have
adopted a Finite Element Model (FEM) approach that was initially designed to simulate SIP signals® and
modified it to directly simulate the motion of ions in response to electrostatic fields under an AFM probe

and predict the time-resolved experimental output. This helps us better understand how ion response occurs



across a wide range of length-scales, and better link the observed EFM results to molecular scale properties

such as charge density and ion mobility.

2. Experimental Materials and Methods

EFM charging experiments were performed using a Cypher VRS AFM (Asylum, Oxford Instruments) and
platinum-coated AC 240 probes (Olympus), with resonant frequencies between 70 kHz and 80 kHz, and
calibrated spring constants between 2 and 4 N/m. The samples were several millimeter-scale fragments of
calcite crystals, which were cleaved to expose the clean (104) surface and mounted on an electrically
grounded steel AFM puck using a small amount of Crystalbond 509 adhesive (see Fig. 1a for a schematic).
The sample surfaces were flat, with micron-scale images showing only a few nm of height variation (See
Sl section S2). Humidity was controlled by flowing humidified nitrogen through the sample chamber at a
flow rate of 100 mL/min. The RH of the input gas stream was monitored and controlled with a custom-built
mass-flow controller system. Prior to analysis, each sample was allowed to equilibrate in a humified
nitrogen atmosphere to relax any static charge. Each individual measurement consisted of two-stages: first
a charging stage that perturbs the surface charge distribution, and then an imaging stage that characterize
the shape of the perturbation and tracks its relaxation back to equilibrium. Each experimental series
consisted of multiple individual measurements, and in each series we varied key experimental parameters
(e.g., probe-height, duration of charging, or relative humidity), in order to understand the impact of that

parameter.

Prior to each charging step, we performed an amplitude-modulated force curve to find the surface and
position the AFM probe at a controlled height above the surface. We typically used a tip-sample distance
of 100 nm. Once in position, a stepped voltage was applied to the cantilever (typically stepping from neutral
to +10 V relative to the grounded puck), to generate a surface charge perturbation. The bias was typically
applied for two minutes. The positively charged probe drives ion migration, so that negative ions
accumulate under the tip and positive ions are repelled. This mode of charging is distinct from charge

injection, which occurs if the tip contacts the surface to enable a direct flow of current from the tip into
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sample. Charge injection is commonly used in EFM studies?*°-%2, but it is undesirable in this study, where
we seek to understand the mobility of the ions that are intrinsically present on the mineral surface. Prior to
each charging series, the cantilever was tuned to determine the resonant frequency in the absence of an
applied voltage. Throughout the charging stage, the probe was continuously driven at its resonant frequency
using a standard piezo drive, and an amplitude of roughly 10 nm. Changes in the cantilever’s vibrational

amplitude, phase, and deflection were tracked to quantify changes in the probe-sample interaction forces.
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Fig. 1: a. Schematic of EFM experimental configuration (not to scale), showing the calcite mineral slab
mounted on top of a grounded steel puck, and a biased conducting AFM probe mounted above the slab that
induces motion of surface-ions. B. 2D EFM image of NAP phase shift, obtained after charging for 100 sec
with a +10 V bias. The tip was held over the center of the image during charging the charging stage, and
the higher phase shift values there correspond to a local accumulation of negative charge below the tip.
The EFM image also shows finer structure that correspond to variations in surface topography and
contaminants.

Immediately after the charging step, the tip-voltage was turned off and the system was switched into an
EFM imaging mode to track discharge. EFM allowed us to characterize changes in size and shape of the
induced charge perturbation. We used a 2-pass EFM imaging mode, in which the first pass obtains
nanoscale topography with zero electrical bias, and the second pass (known as the NAP pass) scans the
probe at a fixed height above the sample surface (typically 20 to 30 nm), while a DC bias between +3 and
+6 V was applied to the probe (choosing the lowest value that would still provide clear resolution). In this
configuration, a positive phase shift during the NAP-pass indicates a local accumulation of negative charge.
Line-scan rates of ~1 Hz allow us to obtain 2D charge maps on timescales of minutes. An example of a 2D

EFM image is shown in (Fig. 1b), which was obtained after charging a calcite surface at 20% RH with a
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+10 V biased AFM probe for 100 sec at a tip-sample separation of 50 nm. We observe an accumulation of
negative charge in the center of the image, where the AFM tip was positioned during charging. But we did
not obtain full 2D images in most experiments. Instead, we obtained repeated EFM line-scans across the
center of the charge perturbation, which allowed us to track changes in the perturbation’s size and shape on
timescales of seconds. After discharging, we waited a sufficient length of time (typically several minutes
at elevated RH), to ensure that the sample relaxed back to an unperturbed state before beginning the next

measurement.

3. Experimental Results

Time evolution of charge perturbations. A preliminary experiment series tracked the formation of charge
perturbations over time. Each experiment was obtained under identical conditions (RH = 20%, tip bias = +
10 V, tip height = 100 nm), but with charging durations varied between 10 s and 720 s. Fig. 2a shows the
force gradient charging curves, f'(t), obtained for each experiment. The force gradient was calculated from

the measured phase lag, ¢, by Eq. 1, where k is the cantilever spring constant, and Q is the quality factor.

Eq. 1: f'=kQ/tan¢

This equation corresponds to the simple harmonic oscillator model, under assumptions that tip-height
variations are small and that the cantilever was driven on resonance (i.e., ¢ = 90°) prior to applying a
voltage. In each curve, f' immediately jumps upward once a voltage is applied, presumably due to the
image-force between the biased probe and the dielectric substrate. Then, as the voltage is held constant, f'
continues to gradually increase due to the migration of surface ions. There was some variation in the
charging curves between repetitions, and we found that it was important to wait long enough between

experiments for the surface to fully relax back to equilibrium. We also observed variations in the slope of



the force-gradient after several hundred seconds of charging, which are probably due to fluctuations in RH

and/or tip-sample distance.
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Fig. 2: a. Charging curves of f' vs time obtained for periods of 10 s to 720 s. (Curves are offset vertically
for visual clarity). f" immediately jumps upward when the voltage is applied at t = 0, and trends gradually
upward with continued voltage application. B. EFM line profiles through the corresponding charge
perturbations, as measured immediately after charging. The phase shift indicates an accumulation of
negative charge, peaked in the center where the probe tip was located during charging. The peaks get
larger and broader with charging time.

Immediately after each charging step, EFM line-scans were performed across the perturbation to determine
the shape of the perturbation (Fig. 2b). The scans show peaked charge profiles, with widths on the order of
microns, which grew significantly larger and wider the longer the voltage was applied. This confirms that

the charging drives the gradual evolution of a localized charge perturbation under the AFM probe.

Tip-sample separation dependence. To optimize the experimental conditions, a series of experiments was
performed with tip-sample distances ranging from 25 nm to 1000 nm, with other parameters fixed at RH =

40%, tip bias = +10 V, and charging time = 2 min. The force gradient was found to be significantly larger



when the tip-sample separation is smaller (Fig. 3a), with maximum values increasing from ~0.0003 N/m at
1000 nm distances to ~0.02 N/m at 50 nm distance. The charge perturbations also became larger and sharper
as the tip-sample separation was reduced (Fig. 3b). However, at tip-sample separations of 25 nm or less,
the sign of the charge perturbation inverted from negative to positive. This reflects a switch from ion
migration to charge injection when the tip is too close. Thus, all subsequent experiments used a 100 nm tip-

sample distance as a compromise between maximizing signal strength and minimizing the chance of charge

injection.
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Fig. 3: a. Charging curves of f' vs time obtained at different tip-sample separations from 50 nm to 1000
nm. Much larger force gradients were observed as distance is reduced. B. EFM line profiles through the
corresponding charge perturbations, as measured immediately after charging. The shorter distances
produce larger and sharper charge perturbations down to tip-sample separation of 50 nm. However, at a
nominal tip-sample separation of 25 nm, we observe an inversion on the produced signal, which indicates
a transition from ion migration to charge injection.

Influence of RH on ion dynamics. Two experimental series were performed with RH varying between 5%

and 90%. The two series used different AC 240 probes and calcite samples, but otherwise used similar



experimental conditions (tip-sample distance = 100 nm, tip bias = +10 V). In each experiment, a charge
perturbation was induced, and then repeated EFM line-scans were performed to track the decay of the
perturbation over time. (Fig. 4a). We consistently found that higher relative humidity produced larger and
broader perturbations. The peaks were reasonably approximated by a Gaussian profile superimposed on top
of a flat background, and we quantified the perturbation’s decay by fitting each timepoint to that shape (See
Sl section S3). This analysis showed that the peak height decayed with time, while the peak width grew
broader (Fig. 4b and Figs. S3 — S5). For example, the first EFM scan at 20 % RH, showed an initially
narrow perturbation width (w = ~ 700 nm) which doubled in width after decaying for ~3 min. At 50% RH,
the first scan showed a much broader perturbation (w = ~5 um) that doubled in width after ~ 2 min. As the
peaks became broader and/or less distinct, characterization of peak shape was less accurate. This was
problematic in high RH systems. For example, at 80% RH, even the earliest EFM peaks were so broad that
they exceeded the lateral scan-range of the AFM and could not be reliably characterized. However, we were
able to characterize the relaxation for experiments conducted at 60% RH and below, and we found that the
height could typically be fit well to a 1/(t — t,) dependance and the peak width followed a ./t — t,
dependance, which is characteristic of standard broadening via Brownian diffusion on a 2D surface. Thus,
we were able to obtain preliminary estimates for the ion diffusion coefficients by approximating the decay

as a Brownian process and fitting the peak-width to Eq 2:

Eg. 2: w = /4D(t —ty)

Example fits at 20% and 50% RH are superimposed on the experimental data in Fig. 4b. Note that ¢, in the
diffusion model corresponds to the hypothetical initial condition of an infinitely sharp peak. Because the
induced perturbation starts with a finite peak width at ¢t = 0, the fitting returns negative values for t,. The
estimated diffusion coefficients were found to be highly dependent on RH. As RH was increased from 5%
to 60% RH, D increased from ~ 1E m?/s to 1E*2 m?/s. (Fig. 5b). Although we could not quantify D for

RH values above 60%, the results clearly indicate that D continues to increase with RH.
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Fig. 4: a. 2D maps showing the decay of a line-profile over time for 20%, 50%, and 80% RH. The 20% RH
map shows a sharp charge perturbation that starts <1 um wide and decrease over several hundred seconds
while remaining relatively narrow. The 50% RH map shows a broader charge perturbation (~5 to 10 um
wide) that decays in less than 100 seconds. The 80% RH map shows a very broad (>20 um) that decays
even faster. B. Plots of peak width vs time for the 20% RH and 50% both show an increase in peak width
over time. Color-bands show error estimate, from the peak-fitting covariance. The estimates of peak width
become poorer as time progresses because the peak becomes less well-defined. The fits of the peak width
curves to Eq. 2, are shown in black.

To quantify ion mobility across all RH values (including values above 60%), we focus on the charging
dynamics. The phase-shift during charging can be monitored on timescales of milliseconds, allowing us to
guantify much faster processes than we can track with imaging. As in discussed previously, we saw a rapid,
immediate jump in f' after the voltage was applied, followed by a subsequent slower relaxation (Fig. 5a).
The size of the initial jump appears to be independent of RH, which is expected because the initial jump is
presumed to emerge from image-charge forces that depend on calcite’s bulk dielectric properties, rather
than the surface-specific process that could be influenced by RH. However, the subsequent relaxation is
strongly dependent on RH in both rate and magnitude. The approach toward equilibrium does not follow a
simple exponential decay, but is much better fit by a stretched exponential function (i.e., the Kohlrausch

function), as in Eq. 3.

Eq.3  f'(t) = a+b(1—eCtf
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The a parameter reflects the initial jump in force gradient, b defines the magnitude of the slower relaxation
process due to surface ion migration, f is a stretching exponent that defines the shape of the response curve,
and c defines the rate of response. Within a given experimental series (using the same samples and probes),
we found that all curves could be reasonably fit using the same a, b, and 8 values, but ¢ depended strongly
on RH. Thus, to obtain robust trends in c, the a, b, and 8 values were fixed to best represent the collective
results of an experimental series, and then ¢ was individually best-fit for each charging curve. There were
minor differences in a, b, and 8 between the two series, which presumably reflect subtle differences in
probe shape, sample geometry, and surface chemistry (See Sl section S4), but both series showed similar

trends with respect to c.
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Fig. 5: a. Five selected curves of force gradient vs time, obtained during charge-up for RH from 10% to
90%. All curves were obtained using the same sample and probe (experiment series 2). A faster and larger
response is observed with increasing relative humidity. Black curves are stretched-exponential fits to the
experimental data. B. Plot summarizing the inverse time-constants from the stretched-exponential fitting of
charging curves (blue), plotted alongside the diffusion coefficients estimated from peak spreading during
discharge (gray). The squares correspond to RH experimental series 1, and circles to series 2. Both the
inverse time-constant and the diffusion coefficient increase exponentially with RH, and both show nearly
identical exponential dependance on RH.

When c is plotted alongside the diffusion coefficient, D (Fig. 5b), both show a nearly identical exponential

dependance on RH. This suggests, unsurprisingly, that the dynamics of both charging and discharging are
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controlled by same molecular-scale processes (i.e., ion motion). If we assume that the proportionality
between ¢ and D continues to higher RH (where D cannot be measured, but ¢ can), we can predict that D
will approach values of 1-:10° m?/s at 90% RH, over 5 orders of magnitude larger than seen at 5% RH. If
we extrapolate to 100% RH, we obtain a value of D = 4-101° m?/s, which is remarkably close to the values
for diffusion in bulk water (where Ca?* and CO3? have diffusivities of 7.9-101° m?%/s and 9.6-101° m?/s,

respectively®).
4. Modeling
Finite Element Modeling Development

We developed a FEM code modified from the SIP modeling approach of Biicker et al. ?to simulate the
electrical polarization response of the probe-sample system and estimate the corresponding probe-sample
interaction forces. FEM allows the use of an unstructured mesh that can treat complex geometries across
diverse length-scales. We adopted the variable-width mesh structure used in CapSol?, because it provides
a good balance of computational efficiency, stability, and reliability. The probe was modeled using the
sphere-cone-disc approximation®® 2 that is popular for treating AFM probes, because it provides axial
symmetry and allows us to efficiently represent the system with a 2D mesh (Fig. 6).2° In our standard
simulation, the cantilever is represented as a disc with radius 35 um and thickness 0.5 um. The pillar of the
probe is represented as a 15 um high cone with half-angle 15°, which terminates in a 20 nm radius
hemisphere at its apex. The computational domain of the mesh extends to 1 mm in the radial and vertical
directions, with elemental edge sizes ranging from 1 nm near the probe tip, to 0.02 mm at the peripheries
of the simulation. The probe is positioned 100 nm above a thick slab of dielectric material (e.g. calcite),
that is topped by a 2 nm thick layer of high dielectric electrolyte (e.g. water with dissolved ions). Dirichlet
boundary conditions are applied to the probe surface and walls of the large cylindrical simulation box.
Additional details are in SI Section 1, and code is available on https://github.com/yuccadrew/sipmod. Table

1 summarizes the physical properties of the standard FEM model.
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Fig. 6: Illlustration of the simulation geometry, showing gas phase as teal, calcite as pale yellow, probe as
white, and water film as dark blue. A. Shows a large field view of the probe, highlighting the disc-cone-
sphere geometry. B. Shows a close-up of the tip apex and water film, with the FEM grid overlaid in black.

Table 1: Physical properties used in the FEM model

Property Value
Temperature [K] 293
Relative permittivity of electrolyte [SI] 80
Relative permittivity of mineral [SI] 6

Surface ion mobility [m?/(Vs)] 4x1071
Surface ion diffusivity [m?/s] 1x10715
Electrolyte concentration [mol/m?3] 0.06

lon charge [e] +2
Applied potential on cantilever [V] +10

The code employs the mathematical framework that Biicker et al.?® developed to treat electrical double
layer (EDL) polarization mechanisms in porous media. Their model was aimed at understanding how local
accumulations of ions near mineral surfaces (either specifically bound in the Stern layer, or electrostatically
attracted in the diffuse swarm) influence complex conductivity in SIP experiments. In adapting their model,
we made several simplifying approximations: We assumed a charge-neutral calcite surface, neglected
mobile Stern-layer charges, and assumed all mobile ions are present the thin water film (with no dynamic
exchange of ions exchange between the water film and the calcite surface). The real film thickness,
concentration, and mobility of surface ions on calcite is a priori unknown. Thus, as a reasonable
approximation we used an assumed mobility of 4x10** m?/(Vs) (corresponding to a diffusivity of 1x101°
m?/s), and an ion concentration of 0.060 mol/m? within a 2 nm thick the water film (which corresponds
roughly to the expected solubility product of calcite, if details of chemical speciation are neglected). This
produces a density of 7.2x10"° mobile ions/nm? for both cations (Ca?*) and anions (COs%). Although there

are uncertainties about the actual film thickness and ion concentration, we feel this is a reasonable starting
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approximation, and this configuration was also found to be more numerically tractable than simulations

with thinner films, or higher or lower ion concentrations, as discussed in Sl Section S11.

The response of the mobile ions to an applied field is governed by the Poisson-Nernst-Planck equations,
which are discussed in detail in SI Section S1.2° Our simulation framework treats perturbations of the
electrostatic potential and ion distribution from an initial, equilibrium state. The dynamic response of the
potential and ion distribution are solved in the frequency domain (i.e., we calculate the response of the
system to a sinusoidally oscillating field applied to the probe, at different frequencies). To connect with
experiment, the frequency domain results are transformed to the time domain by using the Fourier transform
methods provided in the open-source tool empymod®-% to determine the response to a step-function in
voltage. After solving for the fields and charge distributions, the force on the probe was calculated by
applying equation (7) from Sadeghi et al.?%, which determines the force on the probe by integrating over the
probe’s surface elements. This allowed us to determine the total force on the probe, and the forces acting
on individual probe components (such as the tip, pillar, and cantilever). To obtain force gradients, the mesh
was modified to move the probe 2 nm closer to the substrate. Retaining the solutions to the charge
distribution in the water film from the original mesh, we recalculated the potential distributions and forces
at the closer distance. The change in force with tip-sample distance provides the force gradient. Prior to
running simulations of ion response, we benchmarked our code and model discretization against the existing
AFM simulation code CapSol % in the simple case without ions or surface charges, and found good

agreement in both force and force-gradient (See Sl section S5).
FEM results

The surface charge distributions were determined as a function of time and plotted at selected timepoints
in Fig. 7a. (Surface charge density, in C/m? was determined by integrating over the excess ion
concentrations in the water film). Like the experimental EFM line scans that were obtained after different
charging times (see Fig. 2b), these simulations show a negative charge perturbation that grows larger and

wider with time. Differences in the timescale of relaxation are not of concern because the simulations were
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performed with an arbitrarily selected ion diffusivity. However, we should note that the width of the
simulated peaks (which are hundreds of nm across) are significantly narrower than those seen in experiment

(which are microns in width).

The time-evolution of the distribution is best visualized by tracking the surface charge density at different
distances from the tip apex (Fig. 7b). Near the tip apex (within ~ 100 nm), the high local fields drive a rapid
response to accumulate negative charge. At greater distances from the tip, the response is smaller and occurs
significantly later. Interestingly, the simulations predict that the accumulation of negative charge under the
tip leaves a ring of positive charge at the peripheries of the calcite slab. This ring gradually propagates
outward, so that the charge density at locations far away from the tip has a non-monotonic response: briefly
shifting positive before later shifting negative. Thus, we see that the charge perturbation does not decay by
a simple exponential relaxation. Instead, it grows via a concerted process of rapid ion motion near the tip,

and slow ion motion far away from the probe, such that the perturbation propagates outward as a wave.
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Fig. 7: a. Simulated surface charge distributions under the AFM probe, at different timepoints during
charging. B. Simulated time evolution of surface charge distributions at different radial distances from the
AFM tip. Larger and faster responses are seen directly under the probe. Inset highlights the response curves
for distances far from the probe apex, where the charge density shows a non-monotonic response.

The calculated force gradient response, f'(t), is shown in Fig. 8. The curve appears sigmoidal on a log-
time scale, and like the experimental data, it is well-fit to a stretched exponential function (see Sl section
S7). In a standard simulation, the stretching exponent is found to be 8 = 0.53. We also separate the force
gradient into components emerging from surface elements on the tip (i.e., sphere), pillar (cone), and
cantilever (disc). Consistent with previous models of EFM, the force-gradient is primarily associated with
the tip apex and adjacent parts of the pillar. In contrast, the force is primarily associated with the cantilever

(shown in Sl Fig. S10).
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Fig. 8: Simulated force gradient curves, including plots of the contributions from specific probe
components. The force gradient primarily arises from the AFM tip apex and adjacent parts of the pillar.
Colored circles highlight specific timepoints, for easier comparison with the charge-distributions in Fig.
7a. The inset shows a subset of the simulated data on a linear timescale, to facilitate comparison with
experimental data.

To understand the influence of various experimental parameters, variations on the standard simulation were
performed using different tip-sample separations, cone-angles, tip radius values, surface-ion concentrations,
and surface ion mobilities. Detailed analysis of tip-sample separation, tip-radius, cone-angle, and ion-
contributions are provided in the Sl sections S8, S9, S10, and S11 respectively. They show that changes in
tip geometry affect the magnitude of the force but have only slight influence over the stretching exponent.

Changes in ion concentration primarily affect the rate of response, but can also affect the magnitude of the
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final force gradient, while changes in ion mobility influence only the rate of response. One key series
simulated the response at varied tip-sample distance (Fig. 9). The magnitude of the response, and the

dependance on tip-sample separation compare favorably with the analogous experiments, which are shown

in Fig 3a.
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Fig. 9: Simulated force gradient curves with variable tip-sample distances. The profiles predict that force
gradients on the order of a few mN/m for a tip-sample distance of 200 nm, and which exceed 20 mN/m when
the distance is reduced to 50 nm. The magnitudes of these curves are similar to those seen in analogous
experiments that were performed at the same tip-sample distances.

An additional set of simulations modeling thinner films (one nm) and thicker films (four nm) was performed
to understand the impact of water film thickness. Results (shown in Sl section S12) showed that film
thickness had minor influence over the magnitude of the force gradient. The most important variable
controlling response rate was found to be the number of mobile ions per unit area of surface. Similar
response rates were observed using thicker films with dilute ions, as for thinner films with more

concentrated ions.4. Discussion

The combination of modern EFM methods and FEM simulation enabled us to make a step advance beyond
previous studies to enable a quantitative understanding of collective ion dynamics at a mineral-water
interface. Certain key features are consistently reproduced in both simulation and experiment, but some

discrepancies are also observed. These provide insights into the strengths and limitations of each approach.

The magnitude of the predicted force-gradients agrees well between experiment (Fig. 3a) and simulation

(Fig. 9). Thus, the simulations appear to accurately capture basic probe-sample interaction forces due to
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image charges and charge screening by surface ions. Any deviations are within the range of that can be

attributed to typical variations in probe geometry.

Both simulation and experiment show that a biased AFM probe will induce ion migration to produce
localized charge perturbations, but there are notable differences in the shape of these perturbations. Whereas
simulations predict sharply peaked distributions (just a few hundred nanometers wide), the experimental
peak widths range from microns at low RH, to tens of microns at high RH. This discrepancy is not due to
EFM’s intrinsic resolution. Models predict that the EFM resolution for our tip radius and imaging distance
should be on the order of tens of nanometers?! %, and we have confirmed this experimentally by resolving
small charge perturbations from surface contaminants (see Sl Fig. S2) and small perturbations at low RH
(see Fig. 4a). Instead, we suspect the inability to observe sharp peaks in EFM (especially at high RH) is due
to rapid decay of the peaks prior to and during imaging. It takes several seconds to transition from charging-
mode to discharge imaging, which provides time for the peaks to broaden before imaging. The AFM probe
may also perturb the ion distribution during EFM imaging, considering that some voltage (albeit
intermittent, and lower in magnitude than the voltage applied during charging) is necessarily applied to the
AFM probe during the NAP pass. Any spreading would naturally occur faster at higher RH, which would

explain why higher RH consistently produces broader peaks.

Both theory and experiment predict a stretched-exponential response in the AFM force-gradient. The
simulations suggest that this is related to a concerted process of ion relaxation across diverse length scales.
A combination of fast ion response directly under the probe, and increasingly slower response further away
from probe leads to a spread of relaxation times. This response is much more complex than the simple
exponential relaxation that is predicted from commonly used models that treat the tip-sample system as
simple parallel-plate capacitor coupled to a resistor. However, the combination of short-range and long-
range relaxation processes is certainly not unique to our AFM configuration, and similar effects are likely

to occur in any system with complex hierarchies of structure, including rocks and soils that are of interest
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for SIP characterization, which possess intrinsic length scales ranging from nanometer-scale clay particles,

to millimeter-scale rock particles, to macro-scale geologic features.

As an aside, it is interesting to note that the first historical use of stretched exponential functions by
Kohlrausch in 1854, was to describe the discharge of a Leyden jar capacitor.® Later work found that
conductivity of the jar’s glass surfaces, facilitated by water adsorption from the atmosphere played, an
important role in the charge and discharge of these jars.>* % We are not aware of any detailed models for
discharge of a Leyden jar that account for its geometry, but it is interesting to speculate whether surface
conduction across the jar’s varied surfaces might have contributed the complex discharge responses that

Kohlrausch observed, which included both non-monotonic behavior and stretched-exponential decay.

However, we must acknowledge that the stretching exponents for the simulated force gradient charging
curves (B = 0.5) are still significantly larger than for experiment (8 ~ 0.2). Thus, the simulations only
provide a partial explanation of the results. Variations in probe geometry, such as tip radius or pillar cone
angle, don’t have enough influence over the shape of the force-gradient profiles to explain the discrepancies
in stretching exponent (See Sl sections S9 and S10), so we suspect that certain mathematical or physical

approximations we used in the simulation are responsible for the observed differences.

The simulations employ several simplifications that may alter the response dynamics. These include a
linearization of the Poisson-Nernst-Planck equations, and the use of Fourier methods to convert frequency-
domain simulations to the time domain (which carries an implicit assumption of linear superposition). These
approximations limit the fidelity of the simulation, especially when large voltages are applied or when the
system is perturbed far from its initial configuration. The 10 V fields applied in experiment (which were
necessary to obtain measurable results) certainly exceed the range of linearity that the SIP model is
optimized for, and this may influence our estimate of stretching exponent. The modeling also involves
various physical approximations that may influence the response. These include assumptions about the
water film thickness, ion concentration, ion mobility, and ability of ions to exchange between the mineral-

surface and the water film. We generally used simple approximations, such as assuming that ion mobility
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and water film thickness is constant throughout the charging process. It is conceivable that much more
complex behaviors might occur. For example: high electric fields might locally alter ion mobility:, or local
accumulations of charge might attract water to facilitate ion motion*2. But our calculations in SI Section
S13 suggest the electric fields are insufficient to drive significant changes in film thickness. As another
potential complexity: there is evidence that water film distributions on calcite may be patchy*, which could
give more complex patterns of connectivity and ion dissipation. Calcite exposed to high-RH air for extended
periods of time can also undergo significant restructuring*-¢, which could alter ion transport in numerous
ways. (Although, we note that we did not notice any significant alteration of the calcite surface during our
experiments, which may be due to the brief durations of the experiment, or because we used CO-free humid
nitrogen rather than air). Unfortunately, our simulation results are unable to address these types of
complexities. Future work in this area will probably benefit from time-domain simulations, which are better

suited to address these types of questions.

A strength of modern EFM methods, is that time-resolved imaging of the charge distribution allows us to
guantify microscopic parameters such as ion diffusivity that cannot be obtained from charging curves alone.
Charging curves do not directly probe diffusivity, since the high fields mean that the system response is
dominated by the electromigration term in the Nernst-Plank equation. This is proportional to the product of
ion mobility and ion concentration, meaning that the ion mobility cannot be obtained without also knowing
the ion density. But during discharge of small (incompletely formed) perturbations, the electric fields
involved may be smaller, and dissipation may be dominated by the diffusive term in the Nernst-Plank
equation. Then, the diffusive response can be analyzed by comparison with Eg. 2. In future work, it will be
important to build models that can rigorously treat the discharge process. Unfortunately, our current
frequency-domain FEM model is not able to accurately treat the peak dissipation process, due to the

linearizations discussed above, and direct time-domain simulations will probably be needed.

Ultimately, these combination of charging and discharge experiments have allowed us to quantify the

diffusivity/mobility of surface ions across a wide range of RH. We see a strong exponential relationship
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between RH and ion response rates, that is consistent with the trends observed for ions mobility on mica by
Xu and Salmeron®. But thanks to our imaging capabilities, we are also able to estimate the diffusion
coefficient. Notably we find that the ion diffusion coefficients increase by 5 orders of magnitude, as the RH
increases from 5% to 90%, and extrapolates toward the diffusivity of free ions in bulk water as we approach
100% RH (a caveat being that the diffusion coefficients may be slightly overestimated if the peak

dissipation is enhanced by perturbations from the EFM scans).

Our results provided a revised and deeper understanding of Kendall and Martin’s experiments, who
previously posited a maximum relaxation time at intermediate RH. Our results confirm their findings at
high RH (where we both found exponentially faster relaxation as RH was increased), but we suspect that
their measurements at low RH (where they saw the reverse behavior) were limited by the experimental
methods of their time. Our new simulations show that the tip-sample interaction forces they were measuring
are controlled by long-range relaxation processes associated with the cantilever bodies as opposed to the
AFM tip, and our work suggests that these processes can be very slow at low RH (taking tens of minutes
or more). Thus, they are slow for quantification on the short durations (1 second) of Kendall and Martin’s
experiment. By tracking shorter-range processes over longer timescales, our new experiments confirm that

the relaxation times continue to increase as RH is decreased.

Questions remain about the molecular-scale structure of the water film in which ion relaxation occurs.
Adsorption of water on calcite is poorly understood, with highly structured water in the first layers, and
more bulk-like water further away. Various studies have suggested angstrom-scale films that grow in
thickness with humidity,* 47-%° or films of stable thickness on the order of 1.5 nm,* or even patchy water
films®:%0, Films thicker than a few nanometers seem unlikely to form at RH < 100%, except in the presence
of surface roughness that promotes capillary condensation. We modeled the surface here as a two nm-thick
water film, both for computational expediency, and because it lies in the range of previously reported
values. However, our AFM results did not support the presence of such thick water films. In past work, our

group has used AFM to measure nm-thickness water films on humid mineral surfaces,’! but we saw no
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evidence for such films here. Thus, we suspect that our calcite surfaces only hosted a few monolayers of

water at most, meaning that water is likely highly structured, and an EDL is unlikely to be fully developed.

In the absence of a thick water film, the population of mobile ions may be quite limited. In these conditions,
it may become important to consider how new mobile ions can be generated by hydration of ions from the
mineral surface. Our current model is unable to treat this exchange of ions between the surface and water-

film, but this influence may be worthy of future study.
6. Conclusions

A series of EFM charging experiments performed on calcite under controlled relative humidity (ranging
from 5% to 90%) have shown that application of local electric fields with the AFM probe can be used to
induce charge perturbations on the calcite surface. The rates of charging, and the rates of decay for the
perturbations increase exponentially with RH. We estimate that ion diffusivity increases by over 5 orders
of magnitude as we increase RH from 5% to 90%, and it appears to be approaching the diffusivity for ions

in bulk water 100% RH.

These observations can be explained by considering that RH influences both the number of mobile ions on
the surface and their mobility. Based on our AFM observations and past literature, we expect the films are
very thin (a few angstroms or less) at lower RH values. For these conditions, the limited quantity of surface
water probably impedes the ability of ions to hydrate, which is important for facilitating their dissociation
from the crystal so that they can move across the surface. This mechanism was suggested for forsterite
surfaces,® on which hydration of Mg?* ions was shown to be critical for enabling their surface diffusion.
As RH is increased further, we suspect that thicker water films will form that should be able to support
more ions. The first layers of water adsorbed on a calcite surface are highly structured, but subsequent
layers appear more like bulk water.>? Consequently, the diffusivity of water (and ions) in these films is
expected to increase with thickness*, and should approach the diffusivities seen in bulk water as films

exceed several nanometers in thickness.5?
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Our probe-scale simulations show how ion motion occurs across diverse length scales (ranging from fast
nm-scale relaxations around the AFM tip, to slower micron-scale relaxations about the cantilever) to
produce a stretched-exponential response. These complex behaviors are probably not unique to the AFM
and may also occur in any systems with diverse hierarchies of structure, including the porous subsurface
materials that are of interest to SIP. An advantage of our FEM modeling approach is that after the relevant
parameters such as ion mobility are validated using AFM, new meshes can be generated to model the

electrical response of different real-world structures.

Discrepancies between experiment and simulation remain, with differences in the stretching exponent most
notable. These discrepancies may reflect some approximations that are intrinsic to the frequency-domain
modeling approach (such as use of the linearized equations and FFT methods) but may also reflect
nonlinearities in the physical processes of ion motion (such as couplings between ion mobility, field
strength, and ion density) that we have not considered. Resolving these questions in the future will likely
require more advanced molecular-scale and continuum-scale simulations. Important improvements to the
continuum-scale modeling will probably require models that include exchange of ions between the substrate
and the water film, as well as time-domain simulations that can treat high-voltage conditions and far-from-

equilibrium states more accurately than our frequency-domain simulations.

The approaches presented here have exciting potential applications, especially due to the ability to image
and model the mechanisms of polarization and charge relaxation at the nanoscale, which creates the

potential to not only treat diverse mineral surfaces, including those with complex heterogenous structures.

Supporting Information

A Supporting Information PDF file is available free of charge at https://pubs.acs.org/

This file includes the governing equations of SIP modeling, supporting AFM data and examples of AFM

data fitting, and a summary of the output from supplementary simulations, including validations of tip-
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sample interaction forces, and simulations to evaluate sensitivity to simulation parameters, including tip-

sample separation, probe geometry, ion concentration, and film thickness.

Python code for the SIPMOD code is available at https://github.com/yuccadrew/sipmod
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