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Nanostructured Surfaces Enhance Nucleation Rate of
Calcium Carbonate

Tobias Armstrong, Julian Schmid, Janne-Petteri Niemelä, Ivo Utke,
and Thomas M. Schutzius*

Nucleation and growth of calcium carbonate on surfaces is of broad
importance in nature and technology, being essential to the calcification of
organisms, while negatively impacting energy conversion through
crystallization fouling, also called scale formation. Previous work studied how
confinements, surface energies, and functionalizations affect nucleation and
polymorph formation, with surface-water interactions and ion mobility playing
important roles. However, the influence of surface nanostructures with
nanocurvature—through pit and bump morphologies—on scale formation is
unknown, limiting the development of scalephobic surfaces. Here, it is shown
that nanoengineered surfaces enhance the nucleation rate by orders of
magnitude, despite expected inhibition through effects like induced lattice
strain through surface nanocurvature. Interfacial and holographic microscopy
is used to quantify crystallite growth and find that nanoengineered interfaces
experience slower individual growth rates while collectively the surface has
18% more deposited mass. Reconstructions through nanoscale cross-section
imaging of surfaces coupled with classical nucleation theory—utilizing local
nanocurvature effects—show the collective enhancement of nano-pits.

1. Introduction

Understanding and controlling calcium carbonate nucleation
and growth is important in both nature and technology, exem-
plified by crystallization fouling in energy applications[1–3] and
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the fabrication of advanced biomimicry
materials, like nacre.[4,5] Previous work
debates whether calcium carbonate nu-
cleation mechanisms follow the classical
nucleation theory (CNT) or non-classical
mechanisms.[6–9] Nucleating crystallites in
CNT overcome their thermodynamic nu-
cleation barrier at a critical radius through
ion-by-ion attachment.[5,10–14] Non-classical
mechanisms have complex free energy
landscapes, including multiple coexisting
nucleation pathways,[15] such as stable
pre-nucleation clusters,[16] multiple poly-
morphs (e.g., amorphous calcium carbon-
ate (ACC), calcite, etc.), and crystallization
by particle attachment.[4,17,18] Nucleation be-
havior is dependent on supersaturation,[15]

confinement,[19–22] and surface wetting by
varying surface energy, functional group
termination,[5,10–14,23–26] topography,[27,28]

temperature,[29,30] and salinity.[31] Further,
complex systems with several interfac-
es[32–34] and additives in the crystallization
solution[34,35] impact the nucleation onset.

Surface energy and functional group termination have been
shown to affect the nucleation behavior of calcium carbonate.[23]

Fluorinated and rare earth metal surfaces[30,36–39] as well as
functional groups with low affinity to calcium ions[26] tend
to inhibit nucleation while those with high affinity pro-
mote nucleation.[5,12–14,23,24] The concept is not unanimously
accepted with reports of termination-independent nucleation
mechanisms.[11,40] The effect of surface roughness on calcium
carbonate nucleation, as well as related minerals like calcium
sulfate, is not clear, with previous work showing that it can
promote,[41–45] inhibit,[27,44,46,47] or has no effect.[48] Previous work
has established that surface nanocurvature[49–51] can affect the
nucleation behavior of ice,[52,53] aspirin,[54,55] indomethacin,[55]

and hydrogen[56] as well as regulate nucleation pathways through
matching or lattice mismatching between the surface nanotopog-
raphy and crystallites.[28,52,53,55,57,58] However, the effect of surface
nanocurvature and lattice mismatching[59] on calcium carbonate
nucleation and growth is not known but is necessary to under-
stand individual crystallite nucleation and the formation of more
complex deposits and structures as found in nature and technol-
ogy.

Here we investigate experimentally and theoretically the com-
bined effects of surface nanocurvature and supersaturation
on calcium carbonate nucleation and growth from aqueous
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supersaturated solution, identify a nucleation-enhancing mech-
anism, and interpret the effect of this enhancement on the col-
lective evolution toward more complex deposits. We report that
both nanoengineered and smooth surfaces with the same sur-
face functionalization preparation show nucleation of expected
calcite formation on carboxylate surfaces. We observe no other
polymorphs, even though the nanocurvature on the nanoengi-
neered surface mismatches the calcite crystal lattice. The nano-
engineered surfaces show an enhancement of nucleation rates by
more than one order of magnitude. Simultaneous brightfield, to-
tal internal reflection fluorescence (TIRF), and digital holography
microscopy (DHM) were used to investigate individual crystallite
nucleation and growth, and we reveal that surface nanocurvature
leads to enhanced nucleation rates, with a critical crystallite sep-
aration distance resulting in a cross-over to growth, affecting the
evolution of more collective surface deposits. This characteriza-
tion was made possible through a trained instance segmentation
algorithm and the crystallite volume through phase shift recon-
struction of the acquired hologram. Through this, we were able to
show that nanoengineered surfaces can regulate both kinetic and
thermodynamic nucleation barriers. Spatial reconstruction of the
surface topographies and subsequent mapping of local thermo-
dynamic nucleation barriers at the nanoscale with classical nu-
cleation theory supports our experimental findings. We expect
that the importance of nanocurvature for calcium carbonate crys-
tallization will guide the design of advanced functional surfaces
including scalephobic ones.

2. Results and Discussion

To understand the influence of surface nanotopography on cal-
cium carbonate nucleation and growth in aqueous supersatu-
rated solutions, we generated smooth and nanoengineered sur-
faces on precision cover glass substrates, enabling the neces-
sary optical access. The nanotopography consisted of a hexagonal
nanopattern array of glass nano-bumps (height ≈80 nm), which
were generated by block copolymer lithography, sequential infil-
tration, and dry etching (Section S1, Supporting Information).
Both smooth and nanoengineered surfaces were then passivated
with silicon dioxide (SiO2), silanized, coated with evaporated
gold, and functionalized by a thiol-based carboxy-terminated self-
assembling monolayer (SAM). By using the same thiol-based
SAM surface preparation for smooth and nanoengineered sur-
faces, we ensure chemical defect comparability[60] and isolate the
nano-bump effect on nucleation. The carboxyl-termination is cru-
cial for calcite formation through high affinity to calcium ions. To
determine the effect of supersaturation, 𝜎, and flow rate, V̇ , on
the experimentally measured nucleation rate, J, separate aqueous
solutions of calcium chloride and sodium carbonate were mixed
in a microfluidic flow chamber at temperature, T = 22.5 °C, pro-
ducing uniform supersaturated solutions over our test surfaces,
𝜎 = ln[(aCa2+ )(aCO2−

3
)∕Ksp] where ai are activities of ions i and Ksp

is the solubility product of the forming phase (Section S2, Sup-
porting Information). The width and height of the flow channel
are w and d, respectively, which for a given total flow rate, V̇ , yields
the mean flow velocity, v̄ = V̇

dw
and Reynolds number Re = 2𝜌V̇

𝜂(d+w)
,

Figure 1a,b. The microfluidic cell design ensures full mixing of
the solution in a mixing zones, a large surface area to volume

ratio, and a consistent advection-driven supply of the chosen 𝜎,
which is crucial for controlling and determining the nucleation
behavior. The observation zone geometry in Figure 1b is large
enough to prevent confinement,[19–22] and due to the advection-
driven supply of the bulk supersaturation, the two substrate posi-
tions do not influence each other (Section S3, Supporting Infor-
mation). Figure 1c,e show image sequences of calcium carbon-
ate crystallites heterogeneously nucleating on smooth and nano-
engineered surfaces, respectively, in an environment of 𝜎 = 4.62
with respect to calcite and Re ≈7 (Movies S1 and S2, Support-
ing Information). All results related to smooth surfaces are color-
coded in blue, while everything related to nanoengineered sur-
faces is color-coded in green. This color code applies to all figures.
The period before the number of detected crystallites on the sur-
face, N, grows linearly with time, t, is defined as the induction
time. The linear increase of independent nucleation events de-
termines the experimental nucleation rate, dN/dt, Figure 1d,f.
After N begins to diverge from the linear slope, subsequent nu-
cleation events are no longer independent.[12] This is due to lo-
cal crystallite effects in the boundary layer and is independent of
the counter-surface through the advection-dominated bulk flow
in the observation zone channel (Péclet number, Pe ≫ 1) (Sec-
tion S4, Supporting Information). For the smooth surface, we
observe dN/dt ≈52 min−1, while for the nanoengineered surface,
we observe dN/dt ≈1534 min−1. This increase in dN/dt by more
than one order of magnitude occurs although the surface area of
the nanoengineered surface due to its Wenzel roughness,[61] rW,
is only rW = 2.45 times larger than the smooth surface, for the
length scale of the nanoengineered features, indicating that the
enhancement cannot be due to an increase in surface area alone.
Nucleation enhancement due to surface nanocurvature has been
shown for other materials, such as ice,[52,53] and is rationalized by
classical nucleation theory.

Figure 2a shows the cross-section of our nanoengineered sur-
face, which we prepared for electron microscopy by filling the
pits of the surface with tungsten (bright region) and milling the
SiO2 surface (dark region) with a focused ion beam. To charac-
terize the surface pattern, we first milled the surface in the x-
direction at y = 0, followed by taking a micrograph. We then
determine the position of the tungsten-SiO2 interface in the z-
direction (green dashed line). Sequential Δy = 5 nm milling in
the x-direction and imaging steps are then done, allowing us
to produce a three-dimensional reconstruction of our surface,
S(x,y,z), Figure 2b,c. Obtaining this reconstruction at higher res-
olution via atomic force microscopy (AFM) turns out to be im-
practical due to the convolution created by the probe tip geome-
tries not reaching the 80 nm deep pits resulting in dead zones[62]

(Section S5, Supporting Information). Using the height map in
Figure 2c, we can compute the mean surface curvature, H, at a
point, M, by knowing n̂ there, which is the unit normal to the sur-
face. The radius of mean curvature is then R = 1/H (Section S6,
Supporting Information). Figure 2d shows the cumulative distri-
bution function of the fraction of the surface, Q, that possesses
equal and smaller |R| at the nanoscale for the smooth, not includ-
ing sub-nanometer scale features introduced through the equal
surface functionalization preparation of both surfaces (Section
S7, Supporting Information) and nanoengineered case. We see
for the nanoengineered surface that there is a substantial frac-
tion of the surface with |R| < 50 nm, which is expected to be the
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Figure 1. Effect of a nanoengineered surface on calcium carbonate nucleation and growth. a) The side-view schematic shows a microfluidic cell on an
optical light microscope, having two inlets—one for calcium chloride solution and one for sodium carbonate solution—and one outlet for the mixed
solution. When the solutions mix, they become supersaturated (𝜎 > 0; in this study, 𝜎 = 4.44–4.86). b) Schematic showing the observation zone after
mixing with two substrate windows (I: bottom substrate; II: top substrate), which are in contact with the laminar (height d= 0.8 mm; width of w= 1.7 mm;

volume flow V̇ = 500 μL min−1; Re = 2𝜌V̇
𝜂(d+w)

< 10) supersaturated aqueous solutions. Image sequences showing calcium carbonate nucleation and growth

on c) smooth (blue) and e) nanoengineered (green) surfaces as bottom substrate I (𝜎 = 4.62). The number of detected crystallites in each image is
shown, N. The crystallite outline is shown for the magnified image sequence. Inset images show micrographs of the crystallites on the smooth and
nanoengineered surfaces. d), f) Plot of the number of crystallites N versus time t for the c) smooth and e) nanoengineered surface. Scale bars: c),
e) 100 μm; Inset: 500 nm.

upper bound[31] for influencing the nucleation rate according to
classical nucleation theory[50,51] (for smooth surfaces: Section S8,
Supporting Information). Our nanoengineered surfaces consist
of both convex and concave regions with |R| < 50 nm. The dashed
line indicates that concave regions alone make up a substantial
fraction of Q of the surface. As a consequence, convex regions
make up a substantial portion of the surface, too.

To predict the likelihood of deposit nucleation on a given sur-
face, previous work has analyzed individual features like bumps
or pits with a single radius of curvature.[52,53] However, these anal-
yses primarily concentrated on the first nucleation event rather
than examining nucleation rates. What has not been explored
is establishing the nucleation rate for each point M across the
entire surface, considering varying curvatures. This approach al-
lows one to quantify the effect of surface nanocurvature on the cu-
mulative nucleation rate of a realistic surface. This is especially
important when accessing the experimentally measured cumu-
lative deposition of independently nucleating crystallites. Merely
analyzing individual features is insufficient to model an overall
surface nucleation rate. Hence, surface mapping of the collec-

tive features is necessary. Once we define the nucleation rate at
each point on our smooth and nanoengineered surfaces, compar-
ing their values provides mechanistic insight into the nucleation
(Section S9, Supporting Information). First, following classical
nucleation theory, we define the heterogeneous nucleation bar-
rier at point M on the surface, S, as:

ΔG∗ (M) = f
(
𝜃,

R (M)
r∗

)
ΔG∗

H (1)

where ΔG∗
H is the homogeneous barrier to nucleation, f is the

geometrical factor ≤ 1, by which the homogeneous nucleation
barrier is reduced, which depends on the contact angle of the nu-
cleating phase with the surface and the solution, 𝜃, the critical ra-
dius of nucleation, r*, and R. The nucleation rate can then be de-
fined at each point over the surface as, J = Jkin exp(− f (𝜃,R∕r∗)ΔG∗

H

kBT
),

where Jkin is a kinetic prefactor, kB is Boltzmann’s constant, and
T is temperature. Due to its exponential dependence, a small
change in f causes a large change in J. Figure 2e shows a map
on S of [f − f (𝜃, R

r∗
→ ∞)]∕f (𝜃, R

r∗
→ ∞) where f is determined
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Figure 2. Quantification of nanotopography and its influence on the geometric factor f, influencing the thermodynamic nucleation barrier. a) Tilt-
corrected micrograph cross-section of the manufactured surfaces, with the green dashed line showing the interface between the surface and, for imaging
purposes, deposited tungsten. b) 3D topography reconstruction S(x,y,z) of the nanotopography by imaging surface cross-sections with 5 nm spacing
and 3.03 nm pixel size. c) Height map of the reconstructed topography with the origin in the bottom left corner, the x-direction horizontal, and the
y-direction vertical. d) Cumulated distribution plot of the fraction of the surface area with radii smaller than |R|, Q, versus the absolute mean curvature
radius |R|. The solid lines show both concave and convex parts of the surface. The dashed lines show only the concave, hence promoting part of the
surface. The plot area from |R| < 10 nm to < 50 nm marks the range of one magnitude higher than the critical radius r*. e) Spatial map of the variation
of the geometric factor f(𝜃 = 90°, r* = 2.13 nm, R) compared to f(𝜃 = 90°, r* = 2.13 nm, R → ∞). The geometric factor influences the nucleation rate
exponentially. Scale bar: a) 100 nm.

by the properties of the nanoengineered surface (𝜃 ≈90° and r*

≈2.13 nm; Section S9, Supporting Information). The nucleation
rate increases exponentially for increases in f in concave nano-
pits. The collective effect of nano-pits across the entire surface
thermodynamically enhances the rate of nucleation. Guided by
this theory, we proceed to experimentally explore these effects un-
der various conditions to validate the feasibility of employing this
approach for calcium carbonate formation.

Figure 3a,c show images of calcium carbonate nucleating on
smooth and nanoengineered surfaces, respectively, under dif-
ferent supersaturation conditions. The top and bottom images
denote the start and end of the period where the nucleating
crystallites increase linearly with time, t1, and t2, respectively.
Figure 3b,d show the corresponding plots of the crystallite num-
ber density, n, versus t. For decreasing values of 𝜎, t1 and t2 –
t1 increase. Additionally, n(t = t2) decreases with 𝜎, implying in-
creased mean distance between crystallites[63] (Section S4, Sup-
porting Information). Nanoengineered surfaces show calcium
carbonate nucleation and growth at 𝜎 ≤ 4.53 within the exper-
imental duration, possessing an analyzable linearly increasing
nucleation curve. Smooth surfaces at those lower supersatura-
tions show only a few crystallites that are not macroscopically
shaped like calcite (Section S10, Supporting Information). Those

differently shaped crystallites appear on all surfaces, likely in-
duced by defects, at times before the linear increase starts at t1.
Hence, for smooth surfaces at 𝜎 ≤ 4.53, t1 is larger than the ex-
perimental duration of our experiments. Figure 3e shows a plot
of ln(JI) versus 𝜎−2 for all 36 experimental runs, where the “I”
denotes the “bottom” substrate, which is either smooth or nano-
engineered (see Figure 1b). Figure 3f shows a plot of JI/JII ver-
sus 𝜎−2, where again, substrate “I” is either smooth or nanoengi-
neered while “II” is the control surface, which is always smooth.

We see that when substrate “I” is a smooth surface, JI/JII fluc-
tuates around unity, indicating that neither substrate is enhanc-
ing nucleation, while when substrate “I” has a nanoengineered
surface, JI/JII the nanoengineered surface is enhancing nucle-
ation, and even exceeds the expected enhancement ratio derived
from the results in Figure 3e. This is because nucleation on sub-
strate “II” starts only after a large number of crystallites exists
on substrate “I” in the mixing zone, growing and thereby remov-
ing calcium and carbonate ions, decreasing the bulk supersatu-
ration in the observation zone channel and thereby decreasing
the expected nucleation rate (Section S11, Supporting Informa-
tion). Substrate “II” still has a linear increasing part in its nu-
cleation curve, showing that the reduced bulk supersaturation
has an influence but not the counter-surface in the observation
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Figure 3. Nucleation rate evaluation at varying supersaturation conditions. Pairs of experimental images with increasing supersaturations for a) smooth
and c) nanoengineered surfaces. The first image shows the experiment at the end of the induction time t1. The second image shows the experiment at
the end of the nucleation dominant period with a linear increase of detected sites. b), d) Plot of the number of crystallites per area n versus time t for
the a) smooth and c) nanoengineered surfaces. Line types indicate different supersaturations. (dot: 𝜎 = 4.44; short dash: 𝜎 = 4.53; long dash: 𝜎 = 4.62;
solid: 𝜎 = 4.71; long dash dot: 𝜎 = 4.78; short dash dot: 𝜎 = 4.85). The linear nucleation dominant period is illustrated with a black solid line computed
through linear regression. The slope of this line is the nucleation rate of that experiment. e) The nucleation rates of smooth (blue unfilled circle) and
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zone channel. The linear increasing part of the nucleation curves
on the substrate “I” occurs by design before the mixing zone in
contact with substrate “I” can impact the bulk supersaturation.
Since the flow regime in the observation zone is advection-
dominated, the two substrates do not influence each other, and
the nucleation rates for substrate “I” in Figure 3e are independent
at a known supersaturation. For both surfaces, ln(JI) has a linear
dependence on 𝜎 −2. Previous work has shown that nucleation be-
havior on smooth surfaces is predictable by classical nucleation
theory,[12,14] but our nanoengineered surfaces also show classical
dependency. We can analyze the slope, B, of the lines in Figure 3e
to gain insight into the effect of supersaturation on the free en-
ergy barrier of nucleation as it is proportional to B. The slope of
the linear regression, B, decreases from B ≈724 for the smooth
surface to B ≈346 for the nanoengineered surface. We can also
determine the effect of the surface properties on Jkin, as the in-
tercept is defined as ln(Jkin). This value decreases from ln(Jkin)
≈48 for smooth surfaces to ln(Jkin) ≈34 for the nanoengineered
surfaces.

From this, we see that the free energy barrier of nucleation
for the nanoengineered surfaces is lower compared to the one
on the smooth surfaces, while the kinetic barrier to nucleation is
higher. The lower free energy barrier does not align with the phe-
nomena of lattice strain inhibiting nucleation.[18,54,58] The classi-
cal behavior of nanoengineered surfaces follows the mechanistic
insight of thermodynamically enhancing the rate of nucleation
through nanocurvature in the analysis of Figure 2. Since both sur-
face types have the same surface chemistry, this could not have
been predicted a priori without quantifying the surface nanoto-
pography spatially. The analysis in Figure 2, using classical nu-
cleation predictions incorporating curvature effects spatially, can
interpret the experimental results in Figure 3e,f at different 𝜎.
The nanotopography resolution, here ≈15 nm2 pixel−1, plays a
key role in the interpretation (Section S9, Supporting Informa-
tion). The higher kinetic barrier to nucleation can be attributed
to the collective confinement of the promoting nano-pits, leading
to kinetic restrictions compared to smooth surfaces. For equal
Jkin, nanoengineered surfaces enhance the nucleation rate for all
𝜎. However, for reduced Jkin, a threshold 𝜎 exists below which
the nucleation rate on the nanoengineered surface is enhanced.
The threshold is in a supersaturation regime for our surfaces, in
which turbid solution containing ACC flows in our observation
zone. The classical nucleation prediction of nanoengineered sur-
faces cannot be extrapolated into those regimes.

To demonstrate that the differences in nucleation rates are be-
cause of nanocurvature and not because of the increased surface
area or changes in the formation of the SAM, we perform nucle-
ation experiments on a microstructure, see Figure 4a. This mi-
crostructure is characterized by the absence of features within
the |R| < 50 nm range. Notably, it possesses a Wenzel rough-
ness of rW = 4.3, surpassing both the nanoengineered surface
(rW = 2.45) and the smooth surface (rW = 1.0). Figure 4b il-

lustrates the ln(JI/rW) versus 𝜎−2 plot previously presented in
Figure 3e without correcting for rW. This adjustment resulted in
an absolute reduction of 0.90 for the y-intercept specific to the na-
noengineered surface, indicating an even higher kinetic barrier
to nucleation. The slope, which contains thermodynamic infor-
mation, stays unchanged. This unchanged slope shows that the
increased surface area is not a major contributor to the nucleation
enhancement. Additionally, we marked the nucleation rate of the
microtopography surface at 𝜎 = 4.62 using a red circle. This sur-
face underwent identical surface preparation procedures to form
the SAM. The microstructure nucleation rate, adjacent to the lin-
ear regression line of the smooth surface, strongly indicates that
the enhancement in nucleation rate is driven by the nanocur-
vature effect rather than by increased roughness due to sur-
face fabrication,[32,64] dominating active defects of even smaller
size[65–69] (Section S12, Supporting Information) or SAM forma-
tion differences. This conclusion underscores the significance of
nanocurvature in influencing nucleation rates, providing valu-
able insights into the surface-induced nucleation mechanism.

To observe crystal growth on our surfaces, Figure 5 shows
a simultaneous acquisition of optical brightfield microscopy in
Figure 5a, TIRF microscopy in Figure 5b, and DHM in Figure 5c
of a nanoengineered surface at 𝜎 = 4.53. Brightfield microscopy
reveals the crystallite’s projected area, while TIRF isolates the pro-
jected contact area, which is not the true contact area, of calcium
carbonate sites by exploiting the exponentially decaying evanes-
cent wave to excite fluorophore molecules near the interface in
the solution (Section S13, Supporting Information). DHM phase
reconstruction offers volume information of each crystallite. This
method enables quantification of surface area and volume evolu-
tion, revealing growth rates along the surface interface and into
the bulk over time. Compared to smooth and nanoengineered
surfaces, the latter exhibit lower area and volume growth rates.
The used fluorophore molecules impact nucleation behavior, in-
creasing rates and site density for nanoengineered surfaces while
increasing rates and decreasing site density for smooth surfaces.
The excited fluorophore in the laser reflection spot enhances
local, laser-induced nucleation, creating heterogeneous condi-
tions across surfaces and introducing background illumination
through refraction at the surface crystallite interface, distorting
extracted area information. To evaluate growth rates with known
nucleation behavior, we proceed with fluorophore-free solutions
without using TIRF, building on Figure 3’s nucleation experi-
ment results.

Figure 6a–d shows the behavior of a single crystallite on the
smooth surface without fluorophore in the aqueous solution (for
the nanoengineered substate: Section S14, Supporting Informa-
tion). Brightfield images and instance segmentation were used
to obtain the projected area A of each crystallite, plotted versus
t in Figure 6b. The detected location of the single crystallite was
used to evaluate the DHM phase reconstruction, and the crys-
tallite’s volume V was plotted versus t in Figure 6d (Movie S3,

nanoengineered (green unfilled) surfaces in substrate position I (see Figure 1b) in n = 36 (smooth: n = 22, nanoengineered: n = 14 experiments).
The solid lines are the least-square linear regressions of the data points, with the surrounding shaded region being the 95% confidence interval for the
slopes: Smooth 723.8 ± 53.2 (standard error); Nanoengineered 345.7 ± 40.5 (standard error). For the y-intercepts: Smooth 48.2 ± 2.4 (standard error);
Nanoengineered 33.5 ± 1.9 (standard error). f) The nucleation rate ratios in n = 22 experiments between substrate position I, shown in e), and substrate
position II, which is always a smooth surface. The dashed lines are the ratios based on the linear regressions in e). Scale bar: 200 μm.
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Figure 4. Microstructure impact on the nucleation rate. a) Tilted-view micrograph of a micropillar array after fabrication before surface functionalization.
Tilt angle: 30°. Scale bar: 2 μm. b) Nucleation rates, normalized by Wenzel surface roughness, rW, of smooth (blue), micropillar (red), and nanoengineered
(green) surfaces in substrate position I (see Figure 3e) versus 𝜎−2. The linear regressions and the 95% confidence interval for the slopes are also shown
for all the smooth and nanoengineered surfaces (smooth: rW = 1.0, nanoengineered: rW = 2.45, microstructure: rW = 4.3). The red circle indicates the
nucleation rate of the microstructured surface at 𝜎 = 4.62.
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Figure 5. Simultaneous acquisition of single crystal growth. Images sequences at 𝜎 = 4.53 of a single calcite crystal nucleating and growing on a
nanoengineered surface at substrate position I (see Figure 1b) for a) brightfield imaging, b) TIRF microscopy imaging, and c) digital holographic
microscopy (DHM) imaging. The greyscale values of the brightfield images depend on how much light reaches the camera sensor, the grey values
of the TIRF images are emitted light of an added fluorophore (Fluorescein sodium salt), and the greyscale values of the DHM images are height values
after phase reconstruction of the acquired hologram. Each image shows the detected area A and computed volume V. The green outline of the crystals in
a) is calculated using instance segmentation. The usage of one fluorophore molecule per 100 calcium ions impacts the nucleation behavior of calcium
carbonate. Using the fluorophore and the TIRF excitation laser (yellow dashed circle indicates spot location) induces local laser-induced nucleation in
the spot before it occurs outside the spot, hence additionally impacting the nucleation behavior, likely through local heat transfer from fluorophore to
its environment, increasing the supersaturation around excited fluorophore molecules. The difference in refractive indices between crystal and replaced
water alters the light path at a crystallite site from reflection to refraction, introducing background illumination. Object detection detects the crystal in
the brightfield image before it is detected in the TIRF image. Scale bar 1st and 2nd column: 20 μm; magnified sequences 3rd–6th column: 2 μm.
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Figure 6. Single crystal volume and area growth analysis through non-invasive optical measurements. Simultaneous image sequences at 𝜎 = 4.71 of
a single calcite crystal nucleating and growing on a smooth surface at substrate position I (see Figure 1b) for a) brightfield imaging and c) digital
holographic microscopy (DHM) imaging. The greyscale values of the brightfield images depend on how much light reaches the camera sensor. The
greyscale values of the DHM images are height values after phase reconstruction of the acquired hologram. The detected area A and computed volume
V in each image is shown. The blue outline of the crystals in a) is calculated using instance segmentation. The evolution of b) the area and d) the volume
versus time t of the single crystal is plotted in blue. The black solid lines are the linear regressions. The inset shows a 3D plot of the crystal after 24 min.
The evaluated area growth rate e) and volume growth rate f) are plotted as box plots for smooth (blue) and nanoengineered (green) surfaces for 𝜎 = 4.71.
The boxes extend from the lower to upper quartile values, with a line at the median, whiskers showing the range of the data, and outliers are those past
the end of the whiskers. Smooth: n = 57 single crystals; Nanoengineered: n = 45 single crystals. T-test: e) P-value = 2 × 10−5; f) P-value = 7 × 10−8.
Scale bar: 20 μm; magnified inset: 2 μm.

Supporting Information). Regardless of the surface type, the
only calcium carbonate polymorph observed is calcite. While
this is known for smooth carboxyl-terminated surfaces,[12,14,23]

it is a new insight for nanoengineered surfaces. In our anal-
ysis in Figure 2 with the results in Figure 3, the nucleation
probability is highest in the pits within the confined volume of
the nanotopography. Previous work on confined volumes (not
within nanotopographies) with sizes ≈50 nm showed a change
in the nucleation pathway toward aragonite[22] or kinetically stabi-
lized ACC.[20,21] Calcite crystals, emerging macroscopically from
nano-pits, despite conditions suggesting a relation to other poly-
morphs, and given the nanocurvature mismatch with the cal-
cite crystal lattice, challenge intuitive expectations. While opti-
cal microscopy provides this insight, it is unable to measure ini-
tially present ACC layers reported for phlogopite micas.[11] Using
modeling approaches, like molecular dynamics, on feature sizes
of our study could provide a further understanding of whether

a metastable calcium carbonate phase is initially present[11] on
nanocurvatures and whether an amorphous layer exists, like for
ice nucleation,[52] to prevent inhibition effects of curvature as
seen for aspirin.[54] Such atomistic perspectives might be neces-
sary to look into in the future. In Figure 6b, the plot shows the
growth behavior of A, increasing linearly with time once the crys-
tallite is detected. Figure 6d shows that V follows the same linear
growth. Before the crystal is detected, the V already increases,
gradually building up to the linear growth phase. This buildup
suggests varying growth rates during the early stages of crystal-
lite development.

Figure 6e,f displays the growth rates, dA/dt, and dV/dt, for
multiple single crystallites at 𝜎 = 4.71 for smooth and nano-
engineered surfaces. Both datasets show statistically significantly
higher rates on the smooth surface. Operating under flow con-
ditions, preventing diffusion limitation (Pe > 103), nucleation
events become dependent on each other over time, exemplifying
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that growth rates are dependent on the site density and, there-
fore, crystallite spacing. Thus, the smooth surface exhibits
a 96% larger crystallite spacing at 𝜎 = 4.71. On nanoengi-
neered surfaces at different conditions (Figure S8e,f, Support-
ing Information), the lower 𝜎 shows a 35% larger spacing
and larger growth rates. Considering site densities (smooth:
≈3000 mm−2; nanoengineered: ≈12500 mm−2 at 𝜎 = 4.71)
and mean volume growth rates (smooth: ≈3.6 μm3 min−1; na-
noengineered: ≈1.1 μm3 min−1 at 𝜎 = 4.71), the total cal-
cium carbonate deposition rate across the entire nanoengineered
surfaces is ≈18% larger. On the surfaces at different condi-
tions (Section S14, Supporting Information), the total deposi-
tion rate is higher at higher supersaturations, with higher site
densities at larger supersaturations dominating over the re-

duced single crystallite volume growth. The ratios d 3√V
dt

∕ d 2√A
dt

at different conditions and different surfaces are not statisti-
cally significant. Hence, the nanotopography does not influ-
ence the growth along the surface beyond altering the crystallite
spacing.

3. Conclusion

We have elucidated the effects of surface nanocurvature and
supersaturation on calcium carbonate nucleation and growth.
Through optical measurements, spatial reconstruction of nan-
otopographies, and a cumulative model with spatially dependent
nucleation rates, we have established that nanoengineered sur-
faces substantially reduce the thermodynamic nucleation bar-
rier, which follows predictions of classical nucleation theory, ex-
tending the classical description of smooth surfaces to nanoengi-
neered ones. Our nanoengineered surfaces experienced order of
magnitudes higher nucleation rates, showing that nanotopogra-
phy can promote nucleation although increasing the kinetic bar-
rier. This shows that nano-pits and their confinement are the key
properties to control calcium carbonate formation. On nanoengi-
neering and smooth surfaces, calcite is the calcium carbonate
polymorph that is observed to grow macroscopically. Hence, con-
fined nano-pits do not alter the nucleation pathway to a different
macroscopically grown polymorph. Further, we investigated the
growth of crystallites determining the area and volume evolution,
showing lower growth rates on nanoengineered surfaces related
only to the crystallite spacing and not to an influence of nanocur-
vature. These findings on the influence of surface nanocurvature
on mineral scale nucleation and growth could have profound im-
plications on the development of interfaces, exploiting the ther-
modynamic enhancements or the kinetic restrictions. The de-
sign of heat transfer or membrane surfaces, preventing crystal-
lization fouling, must incorporate these findings and avoid ki-
netically available concave nanocurvature to develop intrinsically
scalephobic surfaces.

4. Experimental Section
Nanotopography Fabrication: The nanotopography was fabricated on

precision cover glasses (Thorlabs Inc., CG15CH). To clean the cover
glasses, they were first sonicated in acetone, 2-Propanol, and deionized
water (Direct-Q 3 System) for 5 min each, followed by drying in nitrogen.
Subsequently, the cover glasses were treated with oxygen plasma (200 W,
5 min) to remove all remaining organics. With plasma-enhanced chemical

vapor deposition (Oxford Instruments PlasmaPro 100 PECVD), a 120 nm
thick layer of SiO2 was deposited to eliminate the influence of the underly-
ing borosilicate glass. Poly(styrene-co-methyl methacrylate), (𝛼-Hydroxyl-
𝜔-Tempo)-terminated (Polymer Source. Inc., P9085-SMMAranOHT) was
mixed at 1 wt.% in toluene and spin-coated (1500 rpm, 30 s, 2000 rpm s−1)
on the oxygen plasma activated surfaces, followed by thermal annealing
at 200 °C for 4 h at <10 mbar and subsequent rinsing with toluene to
form a brush layer. Poly(styrene)-b-poly(methyl methacrylate) (Polymer
Source. Inc., P6402-SMMA) was mixed at 1 wt.% in toluene and spin-
coated (3000 rpm, 30 s, 2000 rpm s−1) on the brush layer, followed by
thermal annealing at 200 °C for 12 h at <10 mbar to form a self-assembled
block copolymer layer. Thermal atomic layer deposition (ALD) was used
for block-selective infiltration of the block copolymer structures. Trimethy-
laluminum (TMA) (Al(CH3)3, 97% purity from STREM) and distilled wa-
ter were employed in a customized ALD reactor running at 85 °C, 2 ×
10−2 mbar background pressure, and with argon (Ar) as purge and carrier
gas. The glass cover slides were vertically placed ≈3 mm behind each other
in the reactor. The protocol used a sequence of three repeated TMA half
cycles followed by three repeated H2O half cycles, which were repeated
four times in total. Each half cycle was composed of 0.4 s precursor open-
ing at 15 sccm Ar (exhaust valve closed), 30 s of exposure of the samples
in the reactor (exhaust valve closed), and a 180 s purge (exhaust valve
open) at 100 sccm Ar. Both precursors were kept at room temperature.
Subsequent oxygen plasma treatment (200 W, 5 min) removed most of the
organic material, and left an aluminum oxide mask. This mask was trans-
ferred to the SiO2 layer by anisotropic inductively coupled plasma (ICP)
etching (Oxford Instruments PlasmaPro 100 Cobra) using a fluoroform
CHF3 (30 sccm) and oxygen (10 sccm) plasma mixture at room tempera-
ture and 15 mTorr, with 700 W ICP power and 40 W radio frequency (RF)
power for 3 min (etching rate 30 nm min−1). Both surface types are macro-
scopically smooth with root-mean-square roughness < 25 nm. Previous
work on similar nanotopography interfaces influenced multiple phenom-
ena, from enhanced antireflection,[70] enhanced transmittance,[71] and ro-
bust superhydrophobicity[72] to anti-fogging.[73]

Microstructure Fabrication: The microstructure was fabricated on a 4-
inch silicon wafer. To clean the wafer, it was first treated with oxygen plasma
600 W for 5 min to remove any remaining organics. Then, the silicon wafer
was pretreated with HMDS (hexamethyldisilazane) at 110 °C for 1 min
to promote photoresist adhesion on the inorganic wafer. A 0.5 μm thick
layer of diluted AZ nLOF 2020 photoresist was spin-coated at 3000 rpm for
40 s with a ramp of 2000 rpms−1. The wafer was then baked at 110 °C for
1 min. The photoresist was exposed using a mask aligner (MA6) for 0.8 s
to transfer the pattern. Then, the wafer was developed using the developer
AZ 726 MIF. Next, we etched the wafer by deep reactive ion etching (Alcatel
AMS 200SE I-Speeder) using a SF6 plasma. Post-etching, oxygen plasma
600 W, 5 min was used to remove the remaining photoresist from the
silicon wafer, followed by drying under nitrogen. With plasma-enhanced
chemical vapor deposition (Oxford Instruments PlasmaPro 100 PECVD),
a 200 nm thick layer of SiO2 was deposited to eliminate sharp corners
below radii of 200 nm.

Surface Functionalization: To functionalize the smooth and nanoengi-
neered glass coverslips, they were passivated with 2 nm SiO2 using ALD
(Oxford Instruments FlexAL ALD) and oxygen plasma treatment for ac-
tivation. The activated surfaces were treated for 48 h by direct evapora-
tion of (3-Mercaptopropyl)trimethoxysilane (Sigma–Aldrich, 95%) at 5–
10 mbar. Subsequently, 8 nm gold was evaporated (Evatec BAK501 LL) to
form a layer beyond the percolation threshold due to the pre-treatment.[74]

The surfaces are storable, and SAMs were deposited by submerging the
surfaces for 24–30 h in a 2 mm solution of 16-Mercaptohexadecanoic
acid (Sigma–Aldrich, 90%) of 95% ethanol (Supelco.) and 5% acetic acid
(Sigma–Aldrich, ≥ 99%). The surfaces were rinsed with the solvent and
dried with nitrogen directly before assembling the surface in the mi-
crofluidic chip. The equal chemical functionalization of both surface types
with a thiol-based self-assembling monolayer ensures chemical defect
comparability[60] and isolates the nanotopography as the only influence
on the thermodynamic nucleation barrier.

Crystallization Measurements: Experimental solutions were prepared
directly before each experimental run, diluting 100 mm solutions of
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calcium chloride dihydrate (Supelco.) and sodium carbonate (VWR, 99.5–
100.5%), which were prepared on the same day. The solutions were
individually transferred to polypropylene/-ethylene syringes (Braun In-
jekt) and with PTFE/Tygon (Darwin Microfluidics), silicone (microfluidic
ChipShop) tubing, and bubble traps (Darwin Microfluidics) connected
to the microfluidic chip (Figure S2, Supporting Information; Silicon rub-
ber: Steinbach AG; PET sheets: Bleher Folientechnik GmbH). A syringe
pump (Havard Apparatus, 33 Syringe Pump Dual) continuously flowed
the solutions at V̇ = 250 μL min−1 per syringe to ensure homogeneous
supersaturation conditions at Re < 10 in the region of interest. The mi-
crofluidic geometries in the observation zones are too large to confine
calcium carbonate nucleation[19–22] and prevent supersaturation changes
for the nucleation rate analysis through deposits in the mixing zone[75]

(Section S3, Supporting Information). The experiments were conducted at
supersaturations of 𝜎 = 4.44–4.86 (Geochemist’s Workbench,[10,14] ther-
mos_phreeqc.tdat), at pH = 10.5 ± 0.1, and T = 22.5 ± 0.5 °C (Section S2,
Supporting Information). The crystallization was monitored by optical and
digital holographic microscopy (Nikon Ti2-E, Lyncée Tec DHM) at 0.5 FPS
for each substrate position. The height analysis of the reconstructed holo-
grams was validated by ex situ profilometer measurements (DektakXT, sty-
lus radius: 5 μm, stylus force: 3 mg), collecting 3D maps in the observation
zone (Section S15, Supporting Information). The crystallites were detected
once they had grown large enough. Hence, the nucleation event occurred
before the first detection. A motorized stage moved the objective up and
down to image substrate positions I and II (see Figure 1b).

Image Characterization: The brightfield images for nucleation rate
determinations were segmented with Fiji,[76] using non-local means
denoising,[77] background subtraction, edge detection, and binary thresh-
olding. The object count was computed using the OpenCV Python mod-
ule. The micrograph cross-section images to reconstruct the topography of
the nanoengineered surface were aligned with a template matching plugin
in Fiji, followed by segmentation with the same algorithms as the bright-
field images for nucleation rate determinations. The projected area of crys-
tallites in brightfield images for single crystal observation was analyzed
with a trained instance segmentation algorithm using Detectron2[78] and
tracked using TrackMate 7.[79] A total loss of 0.06624 was reached after 4.8
× 105 training steps with a training dataset labeled by us. The bounding
box mean average precision is 71.5 and the segmentation mean average
precision is 69.2.

Atomic Force Microscopy: AFM scans were collected on an Asylum Re-
search AFM (MFP-3D Origin, Oxford instruments) in air tapping mode
with PPP-NCH probes (NANOSENSORS).

Focused Ion Beam Scanning Electron Microscopy: Micrographs were
collected in a TFS Helios 5 UX (Thermo Fisher Scientific). If needed, the
samples were coated with 10 nm Tungsten in a metal sputter coater (Safe-
matic CCU-010) for tilted and top-view images.

Statistical Analysis: Data were statistically analyzed without pre-
processing using the Python module SciPy.[80] The sample size, n, for each
analysis, is given in the corresponding figure caption. The 95% confidence
intervals of the population mean for the least-square linear regressions
were calculated using the scipy.stats.t.ppf function and the values are pre-
sented as mean ± standard error of the mean. The T-test of two indepen-
dent samples was calculated using the scipy.stats.ttest_ind function and
was used to test for the null hypothesis that the samples have identical
average values. A P-value below 0.05 was considered to be significantly
different.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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E. W. Moore, J. VanderPlas, D. Laxalde, J. Perktold, R. Cimrman, I.
Henriksen, E. A. Quintero, C. R. Harris, et al., Nat. Methods 2020, 17,
261.

Small 2024, 20, 2402690 © 2024 The Author(s). Small published by Wiley-VCH GmbH2402690 (11 of 11)

http://www.advancedsciencenews.com
http://www.small-journal.com
https://github.com/facebookresearch/detectron2
https://github.com/facebookresearch/detectron2

	Nanostructured Surfaces Enhance Nucleation Rate of Calcium Carbonate
	1. Introduction
	2. Results and Discussion
	3. Conclusion
	4. Experimental Section
	Supporting Information
	Acknowledgements
	Conflict of Interest
	Data Availability Statement

	Keywords




