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ABSTRACT: Calcite dissolution is initiated by the formation of a nanoscale etch pit
followed by step edge propagation and hence strongly influenced by the interactions
between surface diffusing ions and step edges. However, such atomic-scale dynamics are
mostly inaccessible with current imaging tools. Here, we overcome this limitation by
using our recent development of high-speed frequency modulation atomic force
microscopy. By visualizing atomic-scale structural changes of the etch pits at the calcite
surface in water, we found the existence of mobile and less-mobile surface adsorption
layers (SALs) in the etch pits. We also found that some etch pits maintain their size for
a long time without expansion, and their step edges are often associated with less-mobile
SALs, suggesting their step stabilization effect.

Calcite is one of the most abundant minerals in the earth,
and its dissolution strongly affects the global environ-

ment. For example, it plays important roles in the global
carbon cycle, influencing the concentration of carbon dioxide
in the atmosphere and the pH of seawater.1−4 In addition,
calcite dissolution is related to the weathering of monuments
and buildings,5 land formation,6 and biomineralization.7,8 For
predicting and controlling these phenomena, the mechanisms
of calcite dissolution have been intensively studied both with
experiments and simulations. In the experiments, macroscopic
dissolution behaviors have been typically studied by monitor-
ing the flow of material input to and output from a flow-
through reactor,9 while the microscopic or nanoscopic
behaviors have been studied by atomic force microscopy
(AFM),10−12 optical interferometry,13,14 transmission electron
microscopy (TEM),15 and X-ray reflection interface micros-
copy.16 Alongside this, theoretical studies have been performed
by molecular dynamics and kinetic Monte Carlo simulations
using classical potentials or density functional theory.14,17−21

Calcite dissolution starts by the formation of a rhombic etch
pit and progresses by the dissolution at its edges, leading to the
propagation of the step edges.22,23 Thus, the atomistic
behaviors at step edges and inside of the etch pits can critically
influence the kinetics of the dissolution. However, such
atomistic phenomena have not been fully understood due to
the difficulties in their direct visualization. For example, while
previous experimental and theoretical studies suggested that
the dissolution at the step edges may involve the dissociative
adsorption of water, it has been difficult to directly confirm it
by experiments.10,21,24−27 In addition, the behavior of the ions
desorbed from the step edges is also poorly understood. They
may be directly desorbed from the step edges but can diffuse
on the surfaces before desorption. Such surface diffusion

processes should play an important role in the interaction
between dissolving steps, especially at the edges of a small etch
pit. However, the correlation between the surface diffusion of
ions and the dissolution behavior of the step edges has not
been understood in detail.
AFM was used earlier to visualize the nanoscale behaviors of

the step edges and etch pits. Previous observations revealed the
dependence of the step flow rate on the crystallographic
orientation and pH.28 Furthermore, the influence of impurities
such as metal ions and organic additives on the shape and
propagation of the step edges was also clarified by the AFM
measurements.7,29 However, it has been a great challenge to
directly visualize atomic-scale structural changes at the step
edges due to either insufficient spatial or temporal resolution.
For example, high-speed amplitude modulation AFM (AM-
AFM) was developed and successfully used for visualizing the
dynamics of proteins as well as crystal growth and
dissolution.30−32 However, its spatial resolution has been
limited to 1 nm. In the meantime, the development of the
liquid-environment frequency modulation AFM (FM-AFM)
enabled atomic-resolution imaging of various materials in a
liquid.33−35 However, its imaging speed was limited to 1 min/
frame.
To overcome these limitations, we have recently developed

high-speed FM-AFM and enabled atomic-resolution imaging
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in liquid at 1 s/frame. With the developed system, we imaged
atomic-scale structural changes at the step edges during
dissolution in pure water and revealed the formation of a layer-
like structure, referred to as the transition region (TR), along
the step edges with an intermediate height between the upper
and lower terraces and a width of a few nanometers.36,37 In
addition, our simulations suggested that the TR is most likely
to be a Ca(OH)2 monolayer formed as an intermediate state in
the calcite dissolution. However, in these works, we failed to
clarify the role of TR in the dissolution mechanism and the
influence of the CaOH+ and HCO3

− on the interfacial
structures and processes, despite them being obvious steps in

the dissolution process. Furthermore, although the high-speed
FM-AFM was previously used for the imaging of the isolated
step edges, it has not been applied to the atomic-scale imaging
of the nanoscale etch pits in spite of its importance in
understanding the very initial stage of the calcite dissolution
process.
In this study, we perform high-speed atomic-resolution FM-

AFM imaging of nanoscale calcite etch pits in water. On the
basis of the obtained images, we clarify dynamic changes in the
atomistic structures formed near the step edges and inside the
etch pits. In addition, we present important findings on the

Figure 1. (a) Snapshots of successive FM-AFM images of the etch pits on the calcite (10 1̅4) surface in water. Imaging speed: 5 s/frame. Scan size:
200 × 200 nm2. Pixel size: 500 × 500 pix2. E1 and E2 are obtuse steps. E3 and E4 are acute steps. (b) Height profile measured across line A−B.

Figure 2. (a) Snapshots of successive FM-AFM images of the etch pits on the calcite (101̅4) surface in water. Imaging speed: 2 s/frame. Scan size:
20 × 20 nm2. Pixel size: 500 × 500 pix2. E1 and E2 are obtuse steps. E3 and E4 are acute steps. (b, c) Height profiles measured along lines A−B and
C−D, respectively. (d) FM-AFM image obtained immediately after the acquisition of (a). Imaging speed: 2 s/frame. Scan size: 60 × 60 nm2. Pixel
size: 500 × 500 pix2. (e) Schematic model of each etch pits obtained in (a) and (d).
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correlation between the observed step edge structures and the
dissolution mechanism.
Figure 1a shows snapshots of successive FM-AFM images of

the etch pits on the calcite surface in pure water obtained at 5
s/frame. These images were obtained by applying a linear drift
correction to the raw data and magnifying the same area
around the etch pit. (See Movie 1 and Figure S1 for more
details.) These images clearly show the dynamic structural
changes of the nanoscale etch pits, demonstrating the
capability of high-speed FM-AFM to visualize the initial
stage of the crystal dissolution process.
At 0 s, two nanoscale etch pits are observed (P1 and P2).

Among them, P1 shows two regions with different heights (R1
and R2). From 0 to 25 s, while P2 remains the same, P1
gradually expands to the lower direction in the image. From 15
to 25 s, P2 is merged into P1 to form a rhombic pit.

Simultaneously, R1 and R2 dramatically changed their shape,
and a layer with a constant width was formed along step edge
E1. From 25 to 55 s, the etch pit shows anisotropic expansion.
E2−E4 show almost no movement while E1 gradually moves
downward in the image.
The height profile measured along line A−B (Figure 1b)

shows that R1 is 0.3 nm lower than the upper terrace. This
height corresponds to the single molecular step height of the
calcite (101̅4) surface (0.304 nm). R2 shows an intermediate
height between the upper terrace and R1. Because of the
dynamic changes of the R2 shape, it cannot be explained by a
tip artifact. These results suggest that there are mobile species
inside the etch pit and that they form a layer-like structure
along a step edge. Hereafter, we refer to this layer-like structure
as the surface adsorption layer (SAL).

Figure 3. (a) Histogram of the long diagonal length distribution of the observed stable pits. (b) Snapshots of successive FM-AFM images of the
etch pits on the calcite (101̅4) surface in water. Imaging speed: 2 s/frame. Scan size: 30 × 30 nm2. Pixel size: 500 × 500 pix2. The yellow dotted line
shows the form of the SAL in the upper left corner. E1 and E2 are obtuse steps. E3 and E4 are acute steps. (c) Height profile measured across line
A−B.
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As discussed above, we previously found a similar layer-like
structure, referred to as TR, formed along an “isolated”
dissolving step edge as an intermediate state of dissolution.36

However, our observation suggests that the SAL observed in
Figure 1a is different from the TR. First, the width of TR is
typically a few nanometers while that of the SAL can be as
wide as 20 nm (Figure 1b). In addition, the width and shape of
TR show little change during the dissolution while those of the
SAL show significant changes.
A calcite (101̅4) surface shows two types of molecular steps:

acute and obtuse. They are known to show different step
velocities during dissolution, with the obtuse steps dissolving
faster than the acute steps. In Figure 1a, E1 moves much faster
than the other edges. Since E1 is an obtuse step, it is
reasonable that it moves much faster than E3 and E4 (i.e.,
acute steps). However, another obtuse step, E2, moves as
slowly as the acute steps move, which cannot be explained by
the dependence on the crystallographic direction.
In addition to the crystallographic orientation, it is likely that

surface diffusing ions and adsorption layers formed at the step
edges should also have a significant influence on the step
dissolution rate, especially for small etch pits. To obtain further
insights into the atomistic correlation between the step
dissolution and surface adsorbed ions, we obtained successive
FM-AFM images of a smaller etch pit with atomic-scale
resolution as shown in Figure 2a. (See Movie 2 for more
details.)
At 0 s, the image shows the rhombic etch pit surrounded by

the four step edges E1−E4. The height profile A−B (Figure
2b) shows that the depth of the pit is much lower than the
single molecular step height (∼0.3 nm). Thus, the pit should
be filled with an SAL.
From 0 to 6 s, the pit expands mainly in the directions of

step edges E1 and E2. At 6 s, a depression is created beside the
tip near E3. After the formation of this depression, the pit starts
to expand rapidly (from 6 to 14 s). However, E3 remains at
almost the same position. When the rectangular depression is
formed, a layer-like structure is formed along E3. The height
profile C−D (Figure 2c) shows that this structure has a width
of ∼3.5 nm. From 10 to 14 s, the width and the shape of this
structure show little change.
To confirm the shape of the pits after expansion, a large area

was scanned immediately after the acquisition of these
successive images, as shown in Figure 2d. In this image, two
SALs are observed along the step edges: SAL1 and SAL2.
These two SALs have different structural and dynamic
properties. SAL1 formed along E3 has a uniform width of a
few nanometers and shows almost no structural changes.
These features correspond well to those of a TR. In contrast,
SAL2 formed along E1 and E2 has a nonuniform width of 2−
10 nm and shows dynamic structural changes. These features
are similar to those of the SAL observed in Figure 1a.
From these observations, we found that there are at least two

types of SALs formed in a small pit: mobile and less-mobile
SALs. On the basis of this finding, here we present a schematic
model to explain the observed pit expansion process in Figure
2e. At 0 s, the pit was completely filled with an SAL. Upon the
creation of a rectangular depression at 6 s, an SAL with a low
mobility is formed along E3. From 6 to 24 s, the pit expands
laterally. This expansion is mostly caused by the dissolution of
E1 and E2, along with the formation of a high-mobility SAL.
Meanwhile, E3 and E4, along which a less-mobile SAL is
formed, show almost no displacement. These results, together

with the results shown in Figure 1, consistently suggest that the
less-mobile SAL may stabilize the step edges and prevent the
pit expansion.
In this experiment, we found approximately 1 pit per a few

μm2 of surface area. Among the 63 pits observed in this study,
we found that 23 of them (36.5%) maintain their shape and
size for a relatively long time. This is unexpected because we
performed experiments in pure water, where etch pits are
supposed to expand rapidly. It is particularly surprising that
even a relatively large pit (>50 nm) can maintain its shape
without dissolution, as indicated by the size distribution of the
observed stable pits (Figure 3a). Since it is impossible to see
the moment of etch pit formation, it is difficult to accurately
measure the stable period and to statistically analyze it. For the
same reason, it is also difficult to confirm if such a period
always exists after the pit formation. However, from the
relatively large ratio of the stable pits (36.5%), we speculate
that many of the pits are stabilized before they start to expand.
To investigate the mechanism stabilizing the pit structure,

we observed atomic-scale structural changes at the step edges
of a stable pit as shown in Figure 3b. (See Movie 3 for more
details.) These images show that the rhombic shape and
nanoscale size of the observed pit are largely maintained for
more than ∼110 s.
Along the edges E1−E4, SALs with a width of a few

nanometers are formed. Their apparent height is ∼0.1 nm as
confirmed by the height profile in Figure 3c. These SALs seem
to be relatively stable yet show minor structural changes as
indicated by the yellow dotted lines in Figure 3b. This is
probably due to the desorption and adsorption of the surface
diffusing ions. Owing to the geometry and stability of the
observed SAL, it is most likely to be a less-mobile SAL (i.e.,
TR). These results also support the hypothesis that the less-
mobile SAL may stabilize the step edges.
To understand the species constituting the mobile and less-

mobile SALs, the ions dissolved in the solution should be
clarified. According to previous studies,38 calcite dissolution in
water involves the following chemical reactions:

+ → ++ −CaCO H O CaOH HCO3 2 3 (1)

+ → ++ −CaOH HCO Ca(OH) CO3 2 2 (2)

→ ++ −Ca(OH) Ca 2OH2
2

(3)

+− + −FHCO H CO3 3
2

(4)

Thus, the ions and molecules on the right side of these
formulas are candidates for the observed adsorbates to form
the SALs.
In our previous study, we performed extensive MD

simulations with various SAL models with different combina-
tions of these ions and molecules. The obtained results
revealed that in most of the models the adsorbates immediately
form calcite or desorb from the surface, and only two models
can stably form a layer-like structure along a step edge: models
I and II in Figure 4. In these models, a monolayer depression is
formed in the center of the periodic surface slab to create the
upper and lower terraces. The adsorbates are placed along the
left step edge to observe their stability. The snapshots shown in
Figure 4 are taken 7.45 ns from the start of the simulation.
In model I, CaOH+ and HCO3

− ions produced by reaction 1
form an SAL, where a CaOH+ monolayer is adsorbed on the
lower terrace and its positive charge is compensated for by the
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HCO− ions weakly adsorbed on it. Although CaOH+ ions stay
adsorbed in the proximity of the step edge, they are mobile
enough to laterally diffuse. In model II, Ca(OH)2 produced by
reaction 2 forms an SAL, which corresponds to the TR
reported in the previous studies.36 In contrast to ions in model
I, Ca(OH)2 molecules show almost no lateral diffusion and are
much less mobile. Therefore, the mobile and less-mobile SALs
observed here most likely to correspond to models I and II,
respectively.
In this study, we have performed high-speed FM-AFM

imaging of nanoscale etch pits formed on the calcite (101̅4)
surfaces in water. The obtained images successfully visualized
atomic-scale structural changes near the step edges in real time.
From these images, we found that some of the small etch pits
are surprisingly stable even in pure water, where calcite is
supposed to dissolve. Inside of these small pits, two different
types of SALs are found: the mobile and less-mobile SALs. The
mobile SALs show dynamic changes in their shape, and the
width measured from the step edge can be wider than several
tens of nanometers. In contrast, the less-mobile SALs have a
more uniform and narrower width of a few nanometers and
show little change in their shape. These SALs show a strong
correlation with the stabilities of the step edges constituting
the etch pits. Namely, when the step edges of the etch pits are
static, they are partially or wholly adjacent to the less-mobile
SAL. When they are dissolving to expand the etch pits, they are
mostly adjacent to the mobile SAL. These results strongly
suggest that the formation of the less-mobile SAL can stabilize
the step edges and hinder the expansion of the etch pits. In
addition, we performed atomistic MD simulations of various
SALs and found that only two types of SALs can stably exist
along the step edges: models I and II. The simulation shows
that in model I consisting of CaOH+ and HCO3

−, ions are
much more mobile than model II consisting of Ca(OH)2
molecules. Thus, it is likely that models I and II correspond to
the observed mobile and less-mobile SALs, respectively. These
findings of the structures and properties of SALs provide
atomic-scale insights into the very initial stage of calcite
dissolution.

The present study, together with the previous reports,36,37

has demonstrated that high-speed FM-AFM is a powerful tool
for investigating the atomic-scale mechanism of the calcite
dissolution process. Although other applications of this
technique have not yet been explored, it should be potentially
useful for studying various other solid−liquid interfacial
phenomena, including crystal growth and the dissolution of
various materials, the self-assembly of organic and biological
molecules, and structural changes associated with electro-
chemical reactions. The present work should stimulate such
future studies in various scientific areas.

■ EXPERIMENTAL SECTION

In this study, we used a calcite substrate (Crystal Base Co,
Ltd.) with a size of 5 × 5 × 2 mm3. The substrate was glued to
the sample holder. Immediately after the cleavage of the
substrate, 50 μL of Milli-Q water was dropped onto the sample
surface. In the dropped water, we performed high-speed FM-
AFM imaging in constant frequency shift mode at room
temperature. For all experiments, we used the commercially
available silicon cantilevers (AC55, Olympus), with a typical
spring constant k, quality factor Q, and resonance frequency f 0
in an aqueous environment of 80 N/m and 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).39 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,40−42 highly stable photothermal cantilever excitation
system,42,43 high-speed scanner,44 low-latency wideband PLL,
and FM-AFM controller.45 The use of a high-speed FM-AFM
system was essential for the imaging of atomic-scale dynamics
at the dissolving step edges. The detailed discussions on the
required AFM imaging speed is given in the Supporting
Information.
The detailed methods for the MD simulation were

previously reported elsewhere.46,47 Thus, here we describe
them only briefly. All simulations were performed using the
MD code LAMMPS,48 and analysis was performed visually
using VMD or numerically by the bespoke code using the
Python library MD Analysis.49,50 For this system, the same
force field is used for the MD simulations as in the previous
work.36 In that work, we tested different setups with several
species to investigate the origins of the TR and found calcium
hydroxide to be the most likely model.

■ ASSOCIATED CONTENT
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Discussions on drift correction for Figure 1 with
supplementary figures S1 and AFM speed required for
imaging atomic-scale dynamics around dissolving step
edges (PDF)

Movie1.mp4: Successive FM-AFM images of calcite
surface obtained in water, 5 s/frame; four images were
selected and are shown in Figure 1a (MP4)

Movie2.mp4: Successive FM-AFM images of calcite
surface obtained in water, 2 s/frame; six images were
selected and shown in Figure 2a (MP4)

Figure 4. Snapshots of MD simulation models of the calcite (101̅4) in
water with (a) model I: CaOH+ monolayer with diffusing HCO3

− and
(b) model II: Ca(OH)2 monolayer. Snapshots were taken at 7.45 ns
from the start.
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Movie3.mp4: Successive FM-AFM images of calcite
surface obtained in water, 2 s/frame; 12 images were
selected and are shown in Figure 3b (MP4)
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