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We have investigated the calcite growth mechanism by directly imaging atomic-scale
structural changes at the growing step edges with high-speed frequency modulation
atomic force microscopy (HS-FM-AFM). We compared the results with those previously
obtained during dissolution, where a transition region (TR) consisting of a Ca(OH),
monolayer was found to be formed along the step edges as an intermediate state. We
found that the TR is created not only during dissolution but also during the growth
process. Steps with and without a TR coexist with a ratio of 7 : 3 in both dissolution and
growth, implying that their primary reaction pathways should involve TR formation.
While all the dissolving steps show a linear shape, the growing steps additionally present
a complex non-linear shape with many kinks. The TRs formed along the linear steps
present a fixed and uniform width, while those along the complex steps present a non-
uniform and dynamically varying width. The acute and obtuse steps show similar TR
formation probability, TR width, and step velocity during growth, while a TR is
preferentially formed along an acute step during dissolution. For both step types, TRs
during growth are wider than those during dissolution. Based on these findings, we
present possible reaction pathways triggered by the adsorption of either CO, or HCOz~
for the elementary steps in calcite growth.

1 Introduction

Calcite is the most abundant carbonate mineral on the Earth, and its growth and
dissolution play critical roles in the global carbon cycle.*”® In addition, calcite has
attracted much attention due to its importance in biomineralization,*® carbon
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Fig.1 Models of the calcite (1014) surface. (a) Atomic-scale surface structure consisting of
Ca?* and COs%". (b) Step arrangement around a screw dislocation during the calcite
growth. (c) Acute steps. (d) Obtuse steps.

sequestration,*” and optical engineering.®® Thus, the mechanism of calcite
growth and dissolution has intensively been studied by various methods.'*?° In
particular, atomic force microscopy (AFM)** has been a powerful tool for visual-
izing atomistic step flows, which has helped us to understand the nanoscale
behaviors of the calcite growth and dissolution processes.'®*16>>74

In the growth process, screw dislocations serve as the source of the steps.> The
created steps take a spiral shape near the center of the dislocation and are
transformed into a linear shape as they propagate away from the center (Fig. 1b)."*
Meanwhile, the dissolution is initiated by forming small rectangular pits followed
by propagation of the four linear steps surrounding the pits.?*** These basic
behaviors have successfully been reproduced by kinetic Monte Carlo simulations,
typically with empirically determined activation energy values for the different
step edge structures (i.e., acute and obtuse steps shown in Fig. 1c and d)*® and
solution conditions (e.g., pH, degree of supersaturation, and various addi-
tives).'**”*® However, it is essential to understand the atomistic behaviors at the
step edges to understand the origin of these different activation energies.

Compared with the nanoscale step flow behaviors, the atomistic events at the step
edges have not been well understood due to the difficulties in their direct observa-
tion. So far, AFM observations of the step flow with varying pH and Ca**/CO5>" ratios
have been performed to obtain insights into the chemical reactions associated with
the adsorption or desorption of ions at the step edges.”” Meanwhile, molecular
dynamics (MD) simulations were performed to investigate the free energy landscape
for Ca®* and CO,*>~ and the stability of water near the step edges.’>**** Based on these
results, a possible model for the atomistic kink formation was proposed.*® However,
direct observations of atomistic events are strongly demanded to validate the
mechanisms suggested by these previous experiments and simulations.

We have recently developed high-speed frequency modulation AFM (HS-FM-
AFM) to solve such problems.*® The developed system allows in-liquid atomic-
resolution imaging at ~0.5 s per frame.** With this technique, we previously
performed direct imaging of the atomistic events at the step edges during the
calcite dissolution in water.*® The obtained images revealed the existence of
a layer-like structure, the “transition region (TR)”, along the step edges. The TR
typically has a width of a few nanometers and a height of 0.1-0.2 nm. This height
is lower than the atomistic step (0.304 nm) at the calcite (1014) surface. With the
help of MD simulations, we attributed the TRs to a Ca(OH), monolayer formed as
an intermediate state during the dissolution. Furthermore, we also reported their
statistical properties,** behaviors in a small etch pit,** and possible roles in the
step dissolution kinetics.*> However, the method has not been applied to studies
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on the calcite growth process. Thus, the existence of the TR and its possible roles
in the growth process remain unclear.

In this study, we have investigated the atomic-scale mechanism of the calcite
growth process by directly imaging atomistic events at the growing step edges in
a supersaturated solution. The obtained images confirm the existence of TRs in
the growth process. Their structures and dynamics are clarified and compared
with those observed during the dissolution. Based on these findings, we present
possible models to explain the atomic-scale growth mechanism at the step edges.

2 Experimental
2.1 Sample preparation

In this study, we used a calcite single crystal (Crystal Base Co, Ltd.) with a size of 5
x 5 x 2 mm?®. This crystal was fixed onto a sample holder for our AFM system with
epoxy glue. The fixed crystal was cleaved by a razor blade. Immediately after the
cleavage, 50 pl solution was dropped onto the sample surface to perform AFM
experiments in the deposited liquid.

The calcite supersaturated solution used for the AFM imaging of the growth
process was prepared as follows. We prepared an 11.6 mM CacCl, solution by
dissolving its powder form (10043-52-4, FUJIFILM Wako Pure Chemical) into
Milli-Q water. In the same way, we prepared 11.6 mM NaHCO; solution from its
powder form (31212-25, Nacalai Tesque). These two solutions and Milli-Q water
were mixed with a ratio of 1:1:7 to prepare the supersaturated solution with
a relative supersaturation (o) of 21. ¢ is defined by (C — Ceq)/Ceq, where C and Ceq
denote the real and saturated calcite concentrations, respectively. For this solu-
tion, C (=1.3 mM) is 22 times higher than C¢q (=58 uM)."

1.3 mM HCO;, produced by the ionization of the dissolved NaHCOj;, should
be subject to the following equilibrium reactions.

CO, + H,0 = H' + HCO; ™, (1)
HCO;™ = H' + CO5>". (2)

The ionization constants of reactions (1) and (2) are K,; = 4.25 x 10’ M and
K., = 5.6 x 107" M, respectively. From these parameters, the pH can be calcu-
lated to be 8.3. This pH is slightly higher than the experimentally measured value
(~7.8) due to the dissolution of CO, from the air. By taking into account this
carbon increase, we expect that the solution should contain 2.6 mM Cl™, 1.3 mM
Ca®', Na*, and HCO; ™, 60 uM CO,, and 3.6 pM CO;>".

2.2 AFM experiments

We used a custom-built HS-FM-AFM with a low-noise cantilever deflection
sensor, highly stable photothermal cantilever excitation system,***® high-
speed scanner,’”*® and low-latency wideband PLL and FM-AFM controller.>**
Details of the design and performance of this system were reported previously.*

All the HS-FM-AFM imaging was performed in the constant frequency shift (Af)
mode at room temperature. The growth process was imaged in the supersaturated
solution (¢ = 21), while the dissolution process was imaged in Milli-Q water. We
used commercially available silicon cantilevers (AC55, Olympus) with a typical
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spring constant k, quality factor Q, and resonance frequency f, in an aqueous
environment of 80 N m ", 10 and 1.5 MHz, respectively. The AFM tip was coated
with a 15 nm silicon film by a dc sputter coater (K575XD, Emitech) for cleaning
and stabilizing the tip surface.”

3 Results and discussion
3.1 HS-FM-AFM imaging

We performed HS-FM-AFM imaging of the growing steps on the calcite (1014)
surface in the supersaturated solution. The obtained images reveal the variations
in the step edge structure and dynamics. Among the 84 steps observed in this
study, 55 steps (65%) show a linear edge with a small number of kinks, as shown
in Fig. 2a and c. Meanwhile, 29 steps (35%) show a complex non-linear edge with
many kinks, as shown in Fig. 3a and c. Thus, the linear ones seem to be more
common. Both linear and complex steps were imaged with and without a TR,
which demonstrates that a TR can be formed even during the growth process.
Fig. 2 and 3 show typical HS-FM-AFM images of these different types of steps.
These images demonstrate that HS-FM-AFM successfully visualizes atomic-scale
structural changes near the step edge during the calcite growth.

The height profiles measured across the four different types of steps (Fig. 2b,
d and 3b, d) show that the height difference between the upper and lower terraces
corresponds to the single molecular step height (~0.304 nm). Thus, the steps
shown in these figures should be monomolecular ones. For the steps with a TR,
the height profiles (Fig. 2b and 3b) show a plateau or a shoulder between the
upper and lower terraces with a medium height of 0.1-0.2 nm and a width of 1-
10 nm. Because of the similarity in these structural features, the observed layer-
like structures should correspond to the TRs previously observed during disso-
lution (i.e., a Ca(OH), monolayer formed as an intermediate state). As indicated in
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Fig. 2 (a and c) Successive HS-FM-AFM images of the growing calcite step edges with
a linear shape obtained on the calcite (1014) surface in the supersaturated solution. (a) With
aTR. Af=2.67 kHz. A= 0.19 nm. 2 s per frame. 500 x 500 pix?. (c) Without a TR. Af = 2.3
kHz. A = 0.13 nm. 2 s per frame. 500 x 500 pix. (b and d) Height profiles measured along
the lines A-B and C-D. (e) Number of linear steps with and without a TR observed in this
study.
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Fig. 3 (a and c) Successive HS-FM-AFM images of the growing calcite step edges with
a complex non-linear shape obtained on the calcite (1014) surface in the supersaturated
solution. (a) With a TR. Af = 2.2 kHz. A = 0.45 nm. 2 s per frame. 500 x 500 pix®. (c)
Without a TR. Af = 1.7 kHz. A = 0.14 nm. 2 s per frame. 500 x 500 pixZ. (b and d) Height
profiles measured along the lines A-B and C-D. (e) Number of complex steps with and
without a TR observed in this study.

Fig. 2e and 3e, the steps with a TR were more often observed than those without
a TR, implying that the growth process involving the TR formation should be the
primary pathway under these experimental conditions. The same trend was
previously confirmed in the dissolution process.*

The linear steps typically propagate in one direction with little change in the
edge structure (Fig. 2a and c). The TRs formed at these steps also show a linear
edge and an almost constant width. This behavior is similar to that observed
during dissolution. In contrast, the complex steps and the associated TRs show
dynamic changes in their edge structure during their propagation (Fig. 3a and c).
In this case, the width of the TRs is not uniform and dynamically changes in the
range of 0 to 10 nm. Furthermore, the direction of the step propagation is not
necessarily constant but varies during the growth. Such dynamic changes in the
step edge structure and the TR width are not observed during dissolution.

In general, the linear step edge structure suggests preferred adsorption of the
growth unit to the kinks over the step edges. Thus, there must be a reason to
locally weaken such a preference at the location where the complex step edges are
formed. One possible reason is the distortion of the crystal lattice caused by
defects or dislocations. For example, curved steps are often formed around
a screw dislocation to form a spiral step arrangement during the growth process,*
while linear steps are created around a rectangular pit from the very beginning of
the dissolution.** Such a difference in the step flow behavior may account for the
observed difference in the atomic-scale structures. In addition, local enhance-
ment of the solute concentration may induce adsorption to the step edges. Such
variation may occur if the step density is non-uniform.

3.2 Analysis of the TR properties

During calcite growth and dissolution, steps propagate in four different crystallo-
graphic orientations (Fig. 1b). Among them, the [481]_ and [441]_ steps are known
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as acute steps (Fig. 1c), while the [481]; and [441]. steps are known as obtuse steps
(Fig. 1d). Previous studies have revealed that these two types of steps show different
step flow behaviors."''*!>16204345 To understand the correlation between such
a nanoscale step flow behavior and atomic-scale step edge structures, we compare
TR properties between obtuse and acute steps and growth and dissolution. Note
that the dissolution data was adapted from our previous report.**

Fig. 4a shows a comparison of the ratios of the steps without a TR. For the
growth process, the acute steps show a slightly lower ratio (29%) than the obtuse
steps (32%), although the difference is minor. For the dissolution process, the
same relationship is observed but with a much more significant difference. These
results suggest that the TR formation does not show a strong preference for the
step type in the growth process, while it is preferentially formed at the acute steps
in the dissolution.

Fig. 4b shows a comparison of the step velocity. The obtuse steps move slightly
faster (1.22 £ 0.736 nm s ) than the acute steps (0.95 + 0.43 nm s~ ') in the
growth process. The same relationship was observed in the dissolution, yet the
difference is more evident than that in the growth. As for the dissolution, previous
AFM studies have consistently reported a faster velocity for the obtuse steps under
various solution conditions.*"***” Meanwhile, this relationship is valid for the
growth process only at high supersaturation and is suppressed or even inverted as
the supersaturation is reduced.’*> While the Ca®* concentration (1.3 mM) in the
solution used for this growth experiment is sufficiently high, the CO;*~ concen-
tration (3.6 uM) is relatively low. This low concentration may explain the small
difference between the obtuse and acute step velocities in the growth process.

Fig. 4c shows a comparison of the TR width. A significant difference is found
not between the acute and obtuse steps but between the growth and dissolution
processes: the growing steps present a much broader TR than the dissolving
steps. This difference is observed for both linear and complex steps. Fig. 4d and e
show the correlations between the velocity and width for the growth and disso-
lution, respectively. For the growth process, there may be a weak trend that
a narrow TR is formed along a fast step while a wide TR is formed along a slow
step. Otherwise, no strong correlation is found between the two parameters.
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Fig. 4 Comparison of the TR properties between the obtuse and acute steps observed
during the calcite growth and dissolution. (a) Ratio of the steps without a TR. (b) Step
velocity. (c) TR width. The error bars in (b) and (c) correspond to the standard deviations. (d
and e) Relationship between the step velocity and TR width during the (d) growth and (e)
dissolution.
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Although the mechanism of the TR formation is not fully understood, one
possible explanation was suggested by the previous MD simulation.**** According to
this simulation, the hydration structure formed on the upper terrace almost seam-
lessly extends over the TR. Such an extended hydrogen-bonding network may
explain the energetic merit to form a TR as an intermediate state during the
dissolution or growth. If this model is correct, the wider TR width observed in the
growth process may suggest that an extended hydration structure may be more easily
formed during the growth process. However, more accurate discussions should
require atomic-scale simulations with a model taking into account the TR formation.

3.3 Atomic-scale growth mechanism

This study found that the step edge reaction involving the TR formation is the
most favorable pathway in both dissolution and growth. Here, we briefly overview
the previously proposed dissolution mechanism and then discuss possible
models for the growth mechanism. In the previously proposed model, the
dissolution is triggered by the dissociative adsorption of water to the CO;>~
vacancy at the step edge, which produces an ion pair of CaOH" and HCO; ™, as
described by

CaCO; + H,0 — CaOH* + HCO; . 3)

The produced ion pairs can form a mobile adsorption layer only when trapped
inside a nanoscale pit.*> Otherwise, the ion pair is soon subject to the following
reaction to form a TR consisting of a Ca(OH), monolayer.

CaOH" + HCO;~ — Ca(OH), + CO,. (4)

As for the growth process, an atomistic model was proposed by the recent
simulation study.? In the proposed model, CO;>~ first adsorbs at the step edge,
which induces the subsequent adsorption of Ca**. Such a model should explain
the growth mechanism without involving the TR formation. However, the growth
mechanism involving the TR formation has not been investigated by simulation
yet, making it difficult to determine the reaction pathway uniquely. Thus, here we
only present a few possible reaction pathways that can explain the observed
phenomena.

The growth process involves reactions not only at the step edges but also at the
TR edges. At the growing edge of a TR, the following reaction should form
Ca(OH),.

Ca> + 20H™ — Ca(OH),. (5)

This reaction does not progress in a bulk neutral solution. However, the
growth of the TR edges observed in this study (Fig. 2a and 3a) suggests that this
reaction can progress at the TR edges. This argument is partially supported by our
previous MD simulation study,*® where we confirmed the stable adsorption of
a Ca(OH), monolayer at the step edge.

As for the reactions at the upper terrace edges, a few different pathways are
conceivable. One of them is the inverse reactions of the dissolution process, as
described by
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Fig. 5 (a) Atomic-scale model of a step edge with a TR on the calcite (1014) surface. (b)
Possible chemical reaction pathways for the calcite growth process at the step edge.

Ca(OH), + CO, — CaOH* + HCO; ", (6)
CaOH* + HCO;~ — CaCO; + H,0. 7)

These reactions correspond to reactions (i) and (ii) in Fig. 5b, respectively.
Alternatively, these reactions may take place in one step (Fig. 5b(iii)):

C’d(OH)z + COZ - C’dCO3 + Hzo (8)

Instead of the adsorption of a CO,, the growth reaction may be driven by the
replacement of a surface OH™~ with an adsorbed HCO; ™, as described by

Ca(OH), + HCO;~ — CaOH" + HCO;~ + OH . (9)

This reaction corresponds to reaction (iv) in Fig. 5b. Afterward, reaction (ii)
should progress to produce a CaCOj3.

The concentration of HCO;~ (1.3 mM) is much higher than that of CO;>~ (3.6
uM) in the solution used for this experiment, which suggests that reaction (iv)
followed by reaction (ii) may be the major pathway under these experimental
conditions. However, a more reliable analysis should require an atomic-level
simulation study.

4 Conclusions

In this study, we have investigated the atomic-scale calcite growth mechanism by
HS-FM-AFM. We succeeded in the atomic-resolution HS-FM-AFM imaging of
structural changes at the growing calcite step edges at 2 s per frame on the calcite
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(1014) surface. We compared the results with those previously obtained in the
dissolution process and clarified the following points.

Monomolecular steps with and without a TR coexist with a ratio of 7 : 3 in both
the dissolution and growth processes. While all the dissolving steps show a linear
shape, the growing steps additionally show a complex non-linear shape with
many kinks. The TRs formed along the linear steps present a fixed and uniform
width, while those along the complex steps present a non-uniform and dynami-
cally varying width. The acute and obtuse steps show similar TR formation
probability, TR width, and step velocity in the growth process, while a TR is
preferentially formed along an acute step in the dissolution. For both step types,
TRs during growth are much wider than those during dissolution. Based on these
findings, we have presented possible reaction pathways for the elementary steps
in calcite growth. One of them is the inverse of the dissolution reactions and is
triggered by adsorption of CO, to react with surface Ca(OH),. In addition, we
presented another possible pathway triggered by a replacement of the surface
OH™ with an adsorbed HCO; ™.

So far, the atomic-scale calcite growth mechanism has been mostly investi-
gated with an assumption of the direct adsorption of the growth units to the step
edge. However, our HS-FM-AFM observations strongly suggest that the primary
growth pathway should involve the formation of a TR as an intermediate state.
This finding should improve the accuracy of the initial structure assumed in
simulation studies, and lead to a better understanding of the atomistic calcite
growth mechanism.
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