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ABSTRACT: Calcite dissolution plays critical roles in the global carbon
cycle in the Earth, biomineralizations, and weathering of buildings.
However, in spite of the importance, the atomistic events at the step
edges during the dissolution have remained elusive because of the
difficulties in their direct visualization. In this study, we used high-speed
frequency modulation atomic force microscopy (FM-AFM) for visual-
izing various atomic-scale step edge structures and dynamics during the
calcite dissolution in water. The obtained images reveal the coexistence
of the steps with and without a transition region (TR); a Ca(OH),
monolayer formed along the step edge as an intermediate state in the
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dissolution. The TRs are more frequently observed along the slowly

dissolving acute steps than along the rapidly dissolving obtuse steps. This finding and our imaging of the TR formation process
suggest that the free energy to form a TR is comparable to that for removing ions directly from the step edge and an increase in
the local ionic strength may alter this balance to facilitate the TR formation. Once the TRs are formed, their width or height
shows no significant dependence on the crystallographic orientation or the step velocity. We also found that the FM-AFM
images of the TRs show several variations. However, the hydration structures obtained by our molecular dynamics simulation
demonstrate that the observed variations can be explained by the different tip trajectories on the different hydration layers.
These findings should improve our understanding on both the calcite dissolution mechanism and the FM-AFM measurement

principle.

B INTRODUCTION

Calcite (CaCO;) is the largest carbon reservoir in the Earth,
and its reaction plays important roles in the global carbon
cycle.' ™ For example, the calcite dissolution affects global
landforms, climate, and the aqueous environment through the
changes in the CO, concentration in the atmosphere and pH
of the environmental water.” In addition, the calcite dissolution
is also closely related to the biomineralization,® weathering of
buildings and monuments,” and CO, leakage in the geological
carbon sequestration.” For understanding, predicting, and
controlling these phenomena and processes, the mechanisms
of calcite dissolution have widely been investigated. These
previous studies include macroscopic elemental flow analyses
using a flow-through reactor, microscopic step flow analyses by
atomic force microscopy (AFM) or optical interferometry,”"*
and theoretical simulations by molecular dynamics (MD),
kinetic Monte Carlo (MC), or density functional theory."*~"
These previous works enabled us to describe the macroscopic
dissolution behavior by an analytic rate equation with
semiempirically determined parameters and reproduce some
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of the nanoscale dynamics of the dissolving calcite surfaces by
kinetic MC simulation.

However, the atomic-scale physical and chemical processes
at the step edges during the dissolution are yet to be
understood. Such atomistic events are the most fundamental
steps in the whole dissolution process and hence their
understanding is essential for its robust simulation, prediction,
or control under various environments. One of the major
problems in such studies is the lack of an in situ imaging
technique. While AFM is one of the most promising candidates
to solve this problem, conventional AFM techniques do not
have either sufficient spatial or temporal resolution. For
example, Ando et al. developed high-speed amplitude-
modulation AFM with a speed of 10—100 ms/frame and
enabled to image nanoscale dynamics of proteins in liquid.*
However, spatial resolution of conventional high-speed AFM is
limited to ~1 nm. In the meantime, Fukuma et al. enabled to
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Figure 1. High-speed FM-AFM images of calcite dissolving in water and the atomistic model of the step edge. (a) Atomistic model of the calcite
(1014) surface. (b) Snapshots of the successive FM-AFM images of the calcite surface in water. Imaging speed: 0.5 s/frame. Scan size: 10 X 5 nm?.
Pixel size: 500 X 250 pix”. (c) Average height profile measured along line A—B indicated in (b). The dotted lines around line A—B indicate the
width of the averaging. (d) Atomistic model of the step edge with a TR made of Ca(OH),.

operate frequency modulation AFM (FM-AFM) with atomic
resolution in liquid and visualized subnanometer-scale surface
structures and hydration structures at solid—liquid interfa-
ces.””*” However, the speed of the conventional FM-AFM was
limited to ~1 min/frame, which is often insufficient to visualize
dynamics related to crystal growth or dissolution.

To achieve sufficient spatial and temporal resolution, we
have recently developed high-speed FM-AFM that allows us to
perform atomic resolution imaging in liquid at ~1 s/
frame.”>™*" With the developed system, we directly imaged
atomic-scale structural changes at the step edges during calcite
dissolution in water.”” The obtained images revealed the
formation of a characteristic transition region (TR) along the
step edges with an intermediate height between the upper and
lower terraces and a width of a few nanometers. In addition, we
performed simulations with various possible models of the step
edge structures and found that the observed TR is most likely
to be a Ca(OH), monolayer formed as an intermediate state in
the dissolution process. Based on this finding, we proposed an
atomistic calcite dissolution model to explain the atomistic
events happening at the step edges during the dissolution.

The finding of the TR should give significant impacts on the
current discussions on the dissolution mechanisms. For
example, it has been well known that the dissolution kinetics
are greatly influenced by an adsorption of ions or molecules at
the step edges and such an adsorption is sensitive to the
atomistic features such as kinks and hydration layers.’***
Therefore, the formation of the TR should be taken into
account when we perform a simulation or interpretation of
experimental results. However, little is known on the properties
of the TR, and hence, it is difficult to quantitatively associate it
with a specific issue on the dissolution mechanism. For
example, it has not been clarified if the step edge always shows
a TR with the same height and width. If there are any
variations, their dependence on the crystallographic orienta-
tions and step velocity should be statistically analyzed. In
addition, we should also address if the observed images reflect
the real surface topography. This is because AFM images of the
same structure can show different image contrasts because of
the variations in the tip apex conditions or other experimental
parameters.” In particular, such apparent variations become
evident at solid—liquid interfaces, as the tip can be scanned
either on the solid surface or on one of the hydration layers.*

In order to answer these fundamental questions, we have
performed a systematic study on the atomic-scale step edge

structures of calcite observed by high-speed FM-AFM during
the dissolution in water. We present several variations in the
observed step edge structures and discuss possible origins of
the variations based on the simulated hydration structures and
different tip scan trajectories on them. In addition, the
obtained images are statistically analyzed to understand the
relationship between the observed variations and the crystallo-
graphic orientation, the step velocity, and the width and height
of the TRs.

B EXPERIMENTAL SECTION

AFM Experiment. In this study, we used a calcite substrate
(Crystal Base Co, Ltd.) with a size of 5 X 5 X 2 mm®. The
substrate was glued to the sample holder. Inmediately after the
cleavage of the substrate, 50 uL of Milli-Q water was added
dropwise to the sample surface. In the dropwise added water,
we performed high-speed FM-AFM imaging in the constant
frequency shift mode at room temperature. For all experi-
ments, we used the commercially available silicon cantilevers
(ACSS, Olympus), with a typical spring constant k, quality
factor Q, and resonance frequency f, in an aqueous
environment of 80 N/m, 10, and 1.5 MHz, respectively. To
eliminate the contaminants on the tip surface, the tip was
coated with a 15 nm silicon film by a dc sputter coater
(K575XD, Emitech).”” For high-speed FM-AFM operation
with atomic-scale resolution, we used the custom-built FM-
AFM setup with the low-noise cantilever deflection
sensor,””~*> highly stable photothermal cantilever excitation
system,”>*® high-speed scanner,””*® low-latency wideband
phase-locked loop, and FM-AFM controller.”” ™"

MD Simulation. The detailed methods for the MD
simulation were previously reported elsewhere.”®*” Thus,
here we only describe them briefly. All simulations were
performed using the MD code large-scale atomic/molecular
massively parallel simulator,” and analysis was performed
visually using visual molecular dynamics or numerically by
bespoke code using the Python library MD analysis.*"** For
this system, the same force field is used for the MD simulations
as in the previous work.>? In that work, we tested different
setups with several species for investigating the origins of the
TR and found calcium hydroxide as the most likely model.

B RESULTS AND DISCUSSION

Typical Step Edge Structure. In the previous study, we
reported the typical high-speed FM-AFM images of the
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dissolving calcite step in water and their interpretation. Here,
we show another example of such typical images and thereby
briefly explain the reported interpretation and model to explain
the dissolution mechanism (Figure 1). The cleaved calcite
surface consists of calcium and carbonate ions as shown Figure
la. Figure 1b shows three snapshots selected from the
successive FM-AFM images (see Movie S1 consisting of all
of the successive images). In these images, the atomic step
retreating from the right to the left is visualized. Figure Ilc
shows the average height profile measured along line A—B in
Figure 1b. This profile reveals that the height difference
between the upper and lower terraces is ~0.3 nm, which
corresponds to the height of a single atomic step on the calcite
(1014) surface (0.304 nm). In addition, this profile also shows
the existence of a TR having a height of ~0.2 nm from the
lower terrace. Our previous study showed that this TR is most
likely to be a Ca(OH), monolayer formed as an intermediate
state in the calcite dissolution (Figure 1d).*?

The imaging mechanism of this TR is explained by the
simulated water density map as shown in Figure 2. This figure
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T4—>

Figure 2. MD simulation of the calcite (1014) surface in water with
the TR made of Ca(OH),. The [441] projection of the water density
map obtained by averaging the simulated distribution over each unit
cell area. The white arrows show the hydration layers, whereas the
yellow dotted line shows the expected tip trajectory for the image
shown in Figure 1b.

shows the formation of at least three hydration layers on the
upper and lower terraces (U1—U3 and L1—L3) and five layers
on the TR (T1—TS) as indicated by the arrows in Figure 2. As
demonstrated in the previous study, the tip can be scanned on
one of these hydration layers.”” Thus, there exist many possible
tip trajectories. By comparing these trajectories with an
experimentally measured height profile across the step edge
(e.g, Figure lc), we can narrow down the possible tip
trajectories. For example, in the previous study, we determined
the tip trajectory Ul — T1 — L1 indicated by the yellow
dotted line in Figure 2 for the typical appearance of the TR
with an intermediate height between the upper and lower
terraces (e.g,, Figure 1b).

In the following discussions, we present the FM-AFM
images showing different step edge structures and their
dynamic changes. We demonstrate that these variations can
be largely explained by the combinations of the different tip
trajectories (U1—3, T1-S5, L1-3) indicated in Figure 2. We do
not individually discuss possible influence of the scan artifacts
caused by the feedback errors, set point drifts, or nonideal tip
geometry to avoid repeated discussions on the same point.
Instead, we discussed these points in the Supporting
Information with additional FM-AFM images (Figures S1—
SS).

Variations in the Step Edge Structure. Figure 3a shows
the successive FM-AFM images of the dissolving calcite steps
showing a contrast change during the imaging (see Movie S2
consisting of all of the successive images). At 0 and S s, the
TRs with an intermediate height (~0.16 nm) between the
upper and lower terraces are observed along the step edges as

confirmed by the height profile A—B (Figure 3b). However,
the appearance of these TRs was changed at 10 s and then
remained to be imaged as a depression. The apparent depth of
this depression is 0.071 nm from the lower terrace as
confirmed by the height profle C—D (Figure 3c). By
comparing the height profiles shown in Figure 3b,c with the
hydration structure at the step edge, this contrast change can
be explained by the change of the tip trajectory from U3 — T4
— L3 (before 5 s) to U3 — T2 — L3 (after 10 s).

Such a dynamic change in the tip trajectory can be caused by
the changes in the local ion concentration or tip apex structure.
While this experiment was performed in pure water, calcite
dissolution should produce interfacial ions diffusing near the
surface, which may induce time-dependent variations in the
local ionic strength. The force versus distance curve measured
by FM-AFM in liquid is known to be sensitive to the local
solution condition and tip apex structure. Therefore, it is
reasonable to expect that such a slight change in the force
versus distance curve should cause a discontinuous change in
the tip trajectory.

Figure 3e shows another example of the FM-AFM images
showing a contrast change during the imaging (see Movie S3
consisting of all of the successive images). At 0's, a depression
is observed along the step edge. The height profile E—F
(Figure 3f) shows that the apparent depth from the lower
terrace is 0.22 nm, which is slightly deeper than the one
observed in Figure 3c. In addition to this depression, we also
found another characteristic region with a few nanometer
width at the edge of the upper terrace (the gray background
region in Figure 3f,g). At 0 s, the height of this region is almost
the same as that of the upper terrace. However, it was lowered
by 0.26 nm at 10 s (Figure 3f). Thus, two TRs with different
heights exist at 10 s.

Figure 3h shows the tip trajectories expected from the height
profiles. The height difference between the depressed area and
lower terrace suggests that the tip was scanned on T1 at the
depressed region and on U3 and L3 at the upper and lower
terraces, respectively. At the edge of the upper terrace, the tip
was scanned on TS5 at O s because this layer has almost the
same height as U3. At 10 s, the tip position on the TR was
changed from TS to T3. Note that fine stripes observed on the
upper terrace almost seamlessly extend over this region as
indicated by the arrows. This result indicates that the hydrogen
bonding network formed on the upper terrace is extended over
the TR. This is consistent with the simulated hydration
structure and the previously reported explanation for the
energetic merit to form the TR at the step edges.”

Similar to the discussion that we made for Figure 3a, the
dynamic change of the tip trajectory can be explained by the
changes in the local ionic strength or the tip apex structure. As
for the discontinuous jump of the tip position in the middle of
the TR, a few possible reasons can be suggested. First, the
Ca(OH), layer formed along the step edge should not be
perfectly uniform but it should vary as a function of the
distance from the upper terrace edge. Similarly, the local
distribution of the interfacial ions should not be uniform due
to the difference in the chemical reactions at the upper and
lower terrace edges. Such a gradation in the surface structure
and local ionic strength should result in a gradual change in the
force versus distance curve. As the tip position can only take
one of the discrete positions, the gradual change of the force
profile will lead to the discontinuous change in the tip
trajectory in the middle of the TR.
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Figure 3. High-speed FM-AFM images of calcite dissolving in water with various TR appearances. (a) Successive FM-AFM images of the calcite
surface in water. Imaging speed: S s/frame, scan size: 50 X 50 nm?, pixel size: 500 X 500 pix”. (b,c) Average height profiles measured along line A—
B and C—D indicated in (a). (d) Tip trajectories that can account for the height profiles in (b,c). (e) Successive FM-AFM images of the calcite
surface in water. Imaging speed: 10 s/frame, scan size: 20 X 20 nm?, pixel size: 500 X 500 pix’. (f,g) Average height profiles measured along lines
E—F and G—H indicated in (e). (h) Tip trajectories that can account for the height profiles in (fg).
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Figure 4. High-speed FM-AFM images of calcite dissolving in water with various appearances of the step edges. (a) Snapshots of the successive
FM-AFM images showing the step edge with the two-divided TR. Imaging speed: 1 s/frame, scan size: 10 X 5 nm? pixel size: 500 X 250 pix’. (b)
Average height profile measured along line A—B indicated in (). (c) Tip trajectory that can account for the height profile in (b). (d) Snapshots of
the successive FM-AFM images without a TR. Imaging speed: 0.5 s/frame, scan size: 10 X § nm?, pixel size: 500 X 250 pix*. (e) Average height
profile measured along line C—D indicated in (d). (f) Tip trajectory that can account for the height profile (e).

Figure 4a shows the snapshots of the successive FM-AFM
images showing another two-dividled TR (see Movie S4
consisting of all of the successive images). In the images, four
areas with different heights are visualized. The height
difference between the highest and lowest areas is 0.304 nm,
which approximately equals to the height of the single
molecular step (Figure 4b). Thus, the intermediate two

regions should correspond to the two-divided TR. Unlike the
structure observed in Figure 3e, the lower half of the TR is still
higher than the lower terrace. Comparison between the height
profiles and hydration structure reveals that there are three
possible tip trajectories Ul - T2 - T1 — L1, U2 —» T3 —
T2 — L2, and U3 - T4 — T3 — L3. Although we cannot
conclusively determine a single trajectory, we suggest the
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Figure S. Snapshots of the successive FM-AFM images of the dissolving calcite in water and average height profiles measured along lines A—B and
C-D indicated in the images obtained at 0 and 38 s. Imaging speed: 2 s/frame, scan size: 10 X 10 nm? pixel size: 500 X 500 pix’.

trajectory Ul — T2 — T1 — L1 as the most plausible model
because of the clear atomic-scale contrasts observed on the
upper and lower terraces. This two-dividled TR can be
explained by the same imaging mechanism that we suggested
for the images shown in Figure 3e.

Figure 4d shows the snapshots of the successive FM-AFM
images of the dissolving calcite step without a TR (see Movie
SS consisting of all of the successive images). The height
profile measured across the step shows no plateau correspond-
ing to a TR (Figure 4e). These results suggest that CaCO,
molecules at the step edge desorb from the surface without
forming an extended layer of Ca(OH),. Strictly speaking, we
can see a narrow intermediate region with an atomic-scale
width (<0.5 nm). Thus, there may be a single Ca(OH), row
adsorbed at the step edge. However, this width roughly
corresponds to the expected width of the irregular hydration
structure formed along the step ed%e even without any
adsorption of Ca(OH), molecules.">** Therefore, here, we
define such steps with an intermediate region having a width
less than 0.5 nm as a “step without a TR”. The imaging
mechanism of such steps can be explained by the tip trajectory
Ul - LI, U2 = L2, or U3 — L3. Although we cannot
uniquely determine the tip trajectory, the clear atomic-scale
contrasts observed in the images suggest that the tip trajectory
Ul — L1 (Figure 4f) may be most plausible.

Formation Process of the TR. Among the 117 steps
observed in our experiments, 27 steps were imaged without an
extended TR, which correspond to ~23% of the whole steps.
Thus, they are less common and may be energetically
unfavorable compared to the steps with a TR. In fact, we
were able to observe the formation of a TR during the imaging
as shown in Figure 5 (see Movie S6 consisting of all of the
successive images). From 0 to 6 s, there is no extended TR as
confirmed by the height profile A—B. From 8 to 26 s, an
intermediate region showing stripe features indicated by
arrows in Figure S is gradually formed and grows in the
width. From 28 to 34 s, the stripe features become less evident.

At 36 s, a clear TR with a width of 3—4 nm is formed as
confirmed by the height profile C—D.

During the imaging, the step position showed almost no
change. The estimated step velocity (0.06 nm/s) is much
slower than the average value measured in our experiment for
this crystallographic orientation (0.431 nm/s). This result
suggests that the adsorption and desorption of the ions during
the imaging were nearly balanced. Thus, the dissolved ions
were probably diffusing around the step edge. This idea is also
consistent with the other observations. For example, the stripe
features were once formed at 26 s but soon disappeared at 32 s,
which indicates that the local solution condition is close to the
equilibrium value. In addition, the edge of the stripe features
shows blurred contrasts, suggesting the rapid adsorption and
desorption of the ions at the step edge compared to the
imaging speed.

According to the previous study, the chemical reactions
during the calcite dissolution at the step edge can be described
by the following formulae.”

CaCO, + H,0 — CaOH" + HCO;~ (1)

CaOH' + HCO,~ — Ca(OH), + CO, (2)

Therefore, the observed TRs can be explained by the two
possible models: a CaOH" monolayer with diffusing HCO;~
ions or a Ca(OH), monolayer. In our previous study, our MD
simulation suggested that the latter model is much more stable
and consistent with the clear atomic-scale contrasts observed
by FM-AFM.” Thus, we attributed the observed TR to the
Ca(OH), monolayer. In this study, we observed the striped
features showing a large fluctuation as an intermediate state to
form the stable TR. This may be explained by the transient
formation of a CaOH" monolayer with diffusing HCO;™ ions.

Statistical Analyses of Step Edge Structures and
Dynamics. To obtain insights into the physical origins for the
observed variations in the step edge structure, we investigated
their dependence on the crystallographic orientation. Figure 6a
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Figure 6. Statistical analysis of calcite step edge structures and
dynamics observed by high-speed FM-AFM in water. (a) Schematic
illustration of an etch pit formed on the dissolving calcite (1014)
surface. (b) Ratio of the steps without a TR. (c—e) Dependence of
(c) step velocity, and (d) height and (e) width of the TRs on the
crystallographic orientation. (f) Dependence of the TR width on the
step velocity. This data was obtained from the same dataset as those
used for (c—e). Number of the steps (IN) used for each statistical
analysis is given in the figure.

shows the schematic illustration of the calcite steps with
different orientations. The dissolution of a calcite surface
progresses by the step retreats in the four different directions.
These steps form a parallelogram etch pit with the angles
between the two adjacent steps of 102° and 78°. The two
opposing steps form a pair of acute ([441]_ and [481]_) or
obtuse ([441], and [481],) steps as shown in Figure 6a.

We performed FM-AFM imaging of various steps at random
positions and statistically analyzed the obtained images. The
result shows that the ratio of the steps without a TR is 29—-39%
for the obtuse steps and 13—14% for the acute steps (Figure
6b). These values suggest that the steps without a TR are less
common for both crystallographic orientations, but they are
more frequently observed for the obtuse steps.

For the steps with a TR, we have analyzed the dependence
of the step velocity, and the height and width of the TRs on
the crystallographic orientation as shown in Figure 6c—e.
Figure 6¢ shows that the average velocity of the obtuse step
(~1.0 nm/s) is faster than that of the acute steps (~0.5 nm/s).
This is consistent with the results reported by the previous
studies, where the faster velocity of the obtuse steps is
attributed to the lower free-energy change caused by the
sequential removals of the ions from the step edge.*”**

Figure 6d shows the average height of the TRs. In this
experiment, 65% of the TRs were imaged as a protrusion (e.g.,
Figure 1b), while the rest were imaged as a depression (e.g.,

19791

Figure 3a). The positive and negative heights shown in Figure
6d were obtained by independently averaging the heights of
these two types of TRs. For both the positive and negative
heights, no strong dependence on the orientations was
observed. Similarly, the average width of the TRs shows no
significant dependence on the orientation as shown in Figure
6e. We also confirmed that there is no significant dependence
between the average width of the TR and the step velocity as
shown in Figure 6f. These results reveal that the probability of
the TR formation depends on the crystallographic orientation
but, once it is formed, its properties do not depend on the
crystallographic orientation or the step velocity.

Figure 6b,c suggests that a TR is more frequently formed
along the slowly dissolving acute steps than along the rapidly
dissolving obtuse steps. In addition, almost no step movement
was observed during the TR formation (Figure S). These
results consistently suggest that the slow dissolution condition
is favorable for the TR formation. Although we were able to
observe the TR formation, the disappearance of a TR has not
been observed. In addition, our statistical analysis suggests that
the steps without a TR are less common. These results imply
that the steps with a TR may be thermodynamically favorable
than those without a TR. In the meanwhile, the coexistence of
the step edges with and without a TR suggests that the
energetic barrier to form a TR is comparable to that for the
removal of ions directly from the step edges. Therefore, the
subtle difference in the free energy to remove the ions from the
acute and obtuse steps** can lead to the difference in the
probability of the TR formation.

B CONCLUSIONS

In this study, we have performed the systematic study on the
TR observed by high-speed FM-AFM during the calcite
dissolution in water. By statistically analyzing a large number of
atomic-scale images of the calcite step edges, we obtained
important findings on the mechanisms of both the FM-AFM
imaging and calcite dissolution.

The FM-AFM images of the TRs show several variations,
including a protrusion, depression, and two-divided steps with
and without a depression. These variations can be explained by
the different tip trajectories on the different hydration layers
formed on the same step edge structure with a TR. Such
variations in the tip trajectory are probably caused by the
differences in the tip structures and/or the local ion
concentration. These results demonstrate that the atomic-
scale contrasts in the high-speed FM-AFM images are sensitive
to the local hydration structures and ion concentration. This
can make the image interpretation complicated yet may help us
to visualize subtle differences that cannot be visualized by
other techniques. In fact, the capability of FM-AFM to
visualize the hydration structure allowed us to find the TRs and
their variations for the first time. This capability should also be
useful for investigating atomistic processes at the step edges of
various crystals during their growth or dissolution.

The majority of the calcite steps in the dissolution condition
has a TR (~77%). However, we also confirmed the existence
of the steps without a TR. The ratio between them shows clear
dependence on the crystallographic orientation: the acute steps
more frequently show a TR than the obtuse steps. This result
and direct imaging of the formation of the TR suggest that the
free energy to form a TR is comparable to that for removing
ions directly from the step edge, and an increase in the local
ionic strength may alter this balance to facilitate the TR
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formation. Once the TR is formed, its properties such as the
width and height do not depend on the crystallographic
orientation or the step velocity. These findings of the statistical
properties of the TR will allow us to quantitatively correlate
the atomistic step edge structures having a large variation with
the averaged macroscopic properties reported by the previous
studies. Such multiscale understanding of the calcite
dissolution mechanism should lead to the future improvements
in the prediction and simulation of the various phenomena
related to the global carbon cycles, fabrication of optical
components and biomineralizations.
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