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Abstract

®

CrossMark

Following defocused ion beam sputtering, large area highly corrugated and faceted nanoripples
are formed on calcite (10.4) faces in a self-organized fashion. High resolution atomic force
microscopy (AFM) imaging reveals that calcite ripples are defined by facets with highly kinked
(11.0) and (21.12) terminations. In sifu AFM imaging during the exposure of such modified
calcite surfaces to PbCl, aqueous solution reveals that the nanostructured calcite surface
promotes the uptake of Pb. In addition, we observed the progressive smoothing of the highly
reactive calcite facet terminations and the formation of Pb-bearing precipitates elongated in
registry with the underlying nanopattern. By SEM-EDS analysis we quantified a remarkable
500% increase of the Pb uptake rate, up to 0.5 atomic weight % per hour, on the nanorippled
calcite in comparison to its freshly cleaved (10.4) surfaces. These results suggest that
nanostructurated calcite surfaces can be used for developing future systems for lead sequestration

from polluted waters.
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1. Introduction

Human population growth poses stress on the environment
and it is responsible for the continued increase in water pol-
lution. High concentrations of heavy metals (e.g. As, Cd, Pb,
Hg, Zn, Co) in water can enter into the food chain and cause
serious health problems in humans, as well as in animals and
plants [1]. To reduce the amount of heavy metals in the
environment, it has been proposed the use of some minerals to
remove dissolved metal cations from polluted water [2—4].

© 2023 The Author(s). Published by IOP Publishing Ltd
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For this purpose, minerals such as carbonates [2-6], phos-
phates [7], sulphates [8, 9] and clays [10-13] have been
recognized to be very suitable materials. Furthermore, nano-
confinement of molecules and/or reactive chemical species in
solids play a crucial role for tailoring chemical and physical
properties, such as reaction rate, selectivity, and optoelec-
tronic response [14—16]. In order to maximize surface inter-
action, the nanoscale tailoring of mineral surfaces is
fundamental to use them in effective systems for sequestration
of pollutants. In this respect, cost-effective approaches are
required to achieve a functionalization of large-area surfaces
suitable for environmental applications ranging from indus-
trial waste purification to river water monitoring. In this vein,
the production of self-organized and self-assembled nano-
patterned materials represents a key strategy to create
homogeneous structures over macroscopic areas, which per-
mit, at the same time, control at multiple scales [17-23].

Self-organized ion beam sputtering of surfaces can be
used to generate anisotropic patterns with controlled morph-
ology at the nanoscale, and it represents a promising route for
large-area nano-functionalization of minerals. Using this
approach, highly ordered faceted nanorippled profiles have
been already achieved on top of dielectric substrates by
exploiting a nanoscale ion-induced wrinkling instability,
which strongly enhances the degree of order and the vertical
dynamic of the anisotropic nanopatterns [21]. These peculiar
high aspect ratio nanopatterns have recently enabled a variety
of large-area applications ranging from optoelectronics and
biosensing to nanomechanics [22-27]. However, the effective
nanopatterning of mineral surfaces is still an open issue since
only a few experimental attempts have been performed so far
[28], generally achieving shallow nanopatterns with no pre-
ferential orientation of their ridges and, therefore, with a low
efficiency for contaminant sequestration.

Here we show a first example of high-aspect ratio mineral
nano-template at the surface of calcite (CaCOj3). Its peculiar
wrinkled morphology, characterized by defined facets extends
homogeneously over large area (cm?), it is a promising can-
didate for enhanced metal sequestration at the nanoscale. To
investigate the contaminant sequestration capabilities of such
a modified calcite surface we used atomic force microscopy
(AFM). Since its invention, AFM turned into one of the most
versatile techniques to investigate the reactivity of natural
mineral surfaces at the nanoscale. In situ and ex situ AFM
observations of those surfaces in contact with undersaturated
and supersaturated aqueous solutions are allowing us to gain
an unprecedented understanding of the way in which minerals
interact with fluids [29]. Crystal growth, congruent and
incongruent dissolution, incorporation of chemical species
into crystal structures (i.e. solid solution formation), and
leaching processes are some of the phenomena whose mole-
cular-scale mechanisms can be now investigated by this
technique [30]. Furthermore, the use of aqueous solutions
containing organic molecules and nanoparticles permits to
directly investigate processes such as adsorption on mineral
terraces, inhibition of monostep motion and self-assembly of
molecules on surfaces [31, 32]. In the context of the present
work, the interaction of calcite with lead in aqueous solution

was already investigated using AFM on freshly cleaved
crystals without artificial nanostructures [33-37]) Here we
show enhanced Pb sequestration on relatively large areas of
the abundant mineral calcite, which have been previously
nanopatterned in a self-organised fashion with high aspect-
ratio nanowrinkles to enhance their reactivity. Nanoscale
resolved AFM measurements performed in sifu within a flow
cell allow us to monitor in real time the formation of aniso-
tropic Pb-precipitates which are formed in registry with the
highly reactive kinked nanopatterns. The in situ AFM results
are complemented by ex sifu scanning electron microscopy
(SEM) microscopy and by ex-situ Scanning Electron Micro-
scopy (SEM) microscopy and Energy Dispersive X-ray
Spectrometry (EDS) elemental characterization of the local
Pb uptake, which show that Pb sequestration is much faster
on the nanostructured and faceted calcite substrate. Geo-
chemical simulations support the experimental observations,
indicating that hydrocerussite followed by cerussite are pos-
sibly the main Pb bearing mineral precipitates formed on
calcite surfaces.

2. Results and discussion

Maskless defocused ion beam irradiation of calcite (CaCQOs3)
was performed under grazing incidence conditions (8 = 80°
with respect to the sample surface normal), directly exposing
the freshly cleaved calcite (10.4) face to the action of the Art
ion beam, at an ion flux of 260 A cm  and an energy of
800 eV while keeping the sample holder at room temperature
(more details on the experimental setup and experimental
parameters are described in the Methods section). Under these
ion irradiation conditions a slight temperature increase by few
tens of degrees of the top surface layers is estimated to take
place, which in combination with ion-induced balistic energy
transfer favours diffusion and recrystallization of the mobile
surface adatoms [18, 21]. As shown in the AFM topography
of figure 1(a), following ion irradiation of the pristine calcite
substrate, large-area anisotropic ripple nanopatterns are
effectively induced. The AFM topographies are measured in
ambient conditions with the experimental setup described in
the Methods section. Remarkably, the self-organized ion
irradiation promotes the formation of high aspect-ratio
nanoripples elongated parallel to the ion beam direction, and
characterized by vertical dimension exceeding 100 nm, as
highlighted by the AFM cross-section profile (figure 1(b)).
The evolution of this peculiar high-aspect ratio nanopattern in
the so called erosive regime can be attributed to the pre-
ferential sputtering of the mineral facets directly exposed to
the ion beam incidence. Here the ion induced roughening
mechanism is strongly boosted promoting ripples’ growth
[38]. The average ripples peak to valley height, h, reads about
92 nm, corresponding to a root mean square average (RMS)
surface roughness of 33 nm. The dominant periodicity A, of
the two main spatial modulations reads about 265 nm and
540 nm, as estimated from the first two peaks of the auto-
correlation function of the AFM topography (figures 1(c)—(d)
and from the 1D-PSD power spectral density described in
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Figure 1. (a) AFM topography image of a rippled calcite (10.4) surface and (b) AFM cross-section profile of the same nanopattern extracted
by the image shown in panel (a). (c) 2D autocorrelation pattern of the AFM image shown in panel (a) and (d) corresponding cross-section
profile extracted through the center and perpendicular to the ripple elongation.
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Figure 2. (a) AFM topography image of a rippled calcite (10.4)
surface and (b) polar histogram of two-dimensional slope distribu-
tion of AFM topography of 1(a). (c) line profile of slope distribution
orthogonal to ripple axis. (d) ball-stick model of calcite surface
showing the structure of the possible predominant facets which
define the ripples.

figure SI3 of supporting information (SI). These values are
reflected in the very high average aspect ratio, #/A = 0.31, of
the nanoripples by the steep slopes and by bunching of a high
density of laterally correlated and kinked atomic steps. We
have also estimated the minimum radii of curvature of the
ripple crests and of the valley bottoms which respectively
read 9.2nm and 5.9 nm (at most), with the second value
possibly influenced by convolution with the tip shape.

A more detailed and quantitative analysis of the high-
resolution AFM topographies, performed in terms of facet
slope distribution, is represented in figure 2(a). The two-
dimensional histogram of the facet distribution (figure 2(b))
and the one-dimensional cut orthogonal to the ripple axis
(figure 2(c)) allows to identify the predominant presence of
specific (11.0) facets tilted at about 52° from the global plane,
and bounding the ripple sides. A significant density of step
bunching is also observed on the opposite side of the ripples
(facets at negative angles reaching up to 3 = —72°).

Once measured the ripple slopes, an in-depth study of the
calcite structure was performed. The ball-stick model shown in
figure 2(d) allowed us to identify that to those slopes corre-
spond to well defined crystal terminations, i.e. the (11.0) facets
with a slope of 52° and the (21.12) facets with a slope of —23°
with respect to the calcite (10.4) surface. Such facet termina-
tions expose a high density of reactive kink sites [39, 40].

An issue to be stressed is that self-organized ion beam
sputtering of a complex multicomponent mineral surface such
as calcite not only leads to the formation of a periodic ripple
pattern, but remarkably also leads to the formation of faceted
terminations bound by reactive nanosteps. Previous reports on
nanopatterning by ion beam sputtering of amorphous or
crystalline materials, usually showed the formation of patterns
which are amorphized in the topmost layers corresponding to
the ions penetration depth [38, 41]. Faceting has been
reported in the case of irradiation near room temperature of
metal surfaces with low melting point and non-directional
bonding [38, 42]. More recently faceting has also been
reported in the case of elemental semiconductors Ge(001)
[43, 44] provided very high sputtering temperatures, above
the recrystallization transition, are chosen.

The further possibility to modify via self-organized ion
beam sputtering mineral surfaces such as calcite (10.4) face to
obtain highly corrugated nanorippled morphologies bound by
unusual reactive facets might permit to exploit their enhanced
reactivity in water remediation applications. In the following,
we describe a controlled experiment in which the morphology
of a faceted calcite sample was exposed to a Pb-rich aqueous
solution while it was monitored in sifu and in real time with a
AFM equipped with a liquid cell.

The time evolution of the surface morphology as the
sorption process goes on is illustrated in the sequence of AFM
topography images shown in figure 3. Two stages can be
clearly distinguished. In a first stage, the calcite surface
morphology resembles that of the original ion-beam induced
ripples. Then the interaction of the surface with the lead-
bearing aqueous solution leads to a continuous decrease in the
surface roughness and to a broadening of the rippled structure.
Four hours later (figure 3(d)), the ripple pattern decomposed in
several regions and for longer times (5 h, figure 3(e)) most of
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Figure 3. (a)-(g) AFM topography images of a rippled calcite (10.4) surface after 1 to 7 h (approximately) in contact with a PbCl, aqueous
solution 38.8 mM. Frame sizes: 10 10 gm?. (h) RMS roughness of the rippled calcite as a function of time of exposure to a PbCl, solution
38.8 mM. A few initial points could not be recorded due to the time required for focusing the laser beam onto the AFM cantilever immersed

in the solution.

(a)

154 (d) I
®
£ 1.0
) .
[1]
2
2 05 I

0.0 {

0 1 2 3

Time (hours)

Figure 4. SEM topography images (backscattered signal) of the rippled calcite surface after exposure into a bath of PbCl, solution for (a) 1 h,
(b) 2h and (c) 3 h. The yellow scale bars are 5 um long. (d) Time evolution of the average Pb concentration onto a rippled calcite (10.4)
surface (red squares) and onto a reference flat calcite (10.4) surface (black squares).

the pristine ripples were smoothed out. Only sections of the
most protruding ridges remained separated by atomically flat
areas (figure 3(f)). When the exposure to the Pb-rich solution
was further extended, the remains of the original ripples
evolved into irregular structures with a pronounced three-
dimensional character (figure 3(g)). The variation of the RMS
roughness during the first 7 h of the sorption process is shown
in figure 3(h). As can be seen in this figure, the RMS roughness
decreased down to 20 nm within the first 4.5 h. From this point
onwards, the roughness started to increase again. Interestingly,
the rates of decrease and increase of RMS roughness have
almost the same value (1.9 nm h™).

In figures 4(a)—(c) we show representative SEM images
of another rippled calcite substrate acquired in the back-
scattered electron channel, after exposure to the Pb-rich
solution for up to 3 h. The high contrast regions correspond to
Pb-bearing precipitates characterized with a higher molecular

mass compared to that of the pristine calcite substrate. After
1 h exposure to the Pb-rich solution (figure 4(a)) the elonga-
tion of the Pb precipitates matches quite well the pristine
calcite ripple ridges. For longer exposure times (2h and 3 h,
figures 4(b)-(c)), even if the calcite ripples dissolved, the
elongated Pb precipitates showed clear evidence of aniso-
tropic coarsening in the direction of the pristine ripple pattern.

To test the Pb sequestration efficiency of the calcite nano-
rippled morphology, we have performed chemical analysis of
local surface composition using energy dispersive x-ray spec-
trometry (EDS) (see Methods and SI for details) on different
areas of the original sample removed after 1, 2 and 3 h from the
aqueous Pb-rich solution. The same was done on freshly-cleaved
calcite (10.4) reference faces, which were not exposed to the ion
beam nanopatterning process. Remarkably, Pb sequestration rate
on the nanorippled surface increases at approximately 0.5 atomic
weight % per hour, i.e. about 500% faster compared to the lead
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Figure 5. Simulation of the evolution of the saturation indexes of Pb-
bearing phases and pH as the concentration of Ca increases in the
solution due to calcite dissolution. This simulation has been
conducted with the code PHREEQC by assuming that the first
precipitated phase is hydrocerussite.

uptake rate observed on the calcite (10.4) flat surface
(figure 4(d)). We stress that such a high increase in the reaction
rate cannot be fully explained by the 60% increase in active
surface area of the nanostructured calcite surface with respect to
the pristine flat surface reference. The results instead point out to
the crucial role played by the highly kinked and reactive stepped
(11.0) and (21.12) facet terminations, which are produced during
the ion beam sputtering process.

Already in the early stages of the exposure to the Pb-rich
solution we occasionally observed some isolated and randomly
distributed Pb-bearing 3D-crystallites on top of the rippled
pattern (e.g. figure SI 2a recorded after 2 h exposure to the Pb-
rich solution). We stress that in the EDS analysis shown in
figure 4(d) we avoided to include regions containing those 3D
crystallites. As a comparison, the growth of Pb-bearing crys-
tallites on freshly cleaved calcite surfaces proceeds slowly and
they are not elongated, as shown in the SEM image of figure SI
2b recorded after 2 h exposure on a flat cleaved surface. In this
case, the shallow Pb-bearing crystallites preferentially nucleate
along the step edges produced during cleavage. For exposure
times to the Pb-rich solution longer than 3 h, once the ripple
pattern decomposes, the randomly distributed 3D crystallites
become the dominant feature on both flat and rippled calcite
substrates. In order to determine accurately the enhancement of
Pb uptake associated to the anisotropic distribution of calcite
steps in rippled templates, and to avoid artifacts due to the
disordered 3D distribution of the Pb-bearing precipitates
observed at longer exposure times, the EDS analysis was thus
limited to surfaces after a maximum exposure time to the Pb-
rich solution of 3 h (figure 4(d)).

To better understand the experimental results observed
with AFM and SEM, geochemical modelling was performed
using the code PHREEQC, a robust computer program for
chemical speciation, widely used to model dissolution and

precipitation processes in geochemical systems involving
both aqueous solutions and minerals. In figure 5 we plot the
PHREEQC simulations to determine which phases could
precipitate from a PbCl, solution in contact with calcite sur-
faces 1ie. the phases with the highest saturation
indexes-(SIphase) defined in equation (1) of the methods
sections. When Slph.e < O an aqueous solution is under-
saturated with respect to the mineral phase, when Slyp,e > 0
such a solution is supersaturated with respect to the mineral
phase, and when Sl,p,.c = 0 the mineral-solution system is at
equilibrium. When the Pb-bearing solution was theoretically
placed in contact with a calcite surface, the later started to
dissolve. As a consequence, the aqueous solution becomes
highly supersaturated with respect to hydrocerussite,
Pb3(CO3),(OH), (SI = 6.55), followed by Pb,(OH);Cl
(SI = 4.21) and cerussite, PbCO3z, (SI = 2.61) (see
equation (1) in the methods section). If dissolution continues
until the solution becomes saturated with respect to calcite,
the SI for hydrocerussite increases up to 11.13. Differently, if
we assume, as shown in figure 4, that hydrocerussite pre-
cipitates once it reaches its saturation state (SI = 0), the
crystallization of this hydrated lead carbonate leads to a
decrease in the pH of the aqueous solution, which further
favors the dissolution of calcite. This results in a new increase
in the pH of the solution. In such a scenario, when the con-
centration of Ca is very low at the first stages of dissolution
(less than 1 mmol kg ' w"), the most supersaturated phase is
laurionite, PbC1(OH). However, when the concentration of Ca
in solution increases above 1 mmol kgf1 wfl, cerussite
becomes the most supersaturated phase while laurionite and
other Pb-bearing phases progressively decrease their SI
values. Therefore, we can assume that hydrocerussite fol-
lowed by cerussite are the two main phases that precipitate in
our experiments. Nevertheless, in AFM images only crystals
resembling cerussite were detected, probably due to the low
adhesion between the hydrocerussite crystals and the calcite
surface, which made them easily movable by the AFM tip.

3. Conclusions

We have shown a first example of maskless nanofabrication
of high-aspect ratio calcite nanopatterns extending homo-
geneously over a large scale (cm?) by self-organized Ion
Beam Sputtering. Remarkably, the nanorippled calcite (10.4)
surfaces, are characterized by singular facet arrays with
probable (11.0) and (21.12) terminations. From in situ AFM
imaging and SEM and EDS analysis, we confirmed that Pb
sequestration from an aqueous solution of PbCl, is much
faster on calcite nanostructured substrates than on flat ones. A
remarkable 500% increase in the Pb up take rate leads to the
formation of elongated Pb-bearing precipitates, which orien-
ted parallel to the original calcite rippled nanopattern. The
high reactivity of the kinked (11.0) and (21.12) calcite facets
seems to be responsible for the strong enhancement of Pb up
take rate compared to a flat calcite (10.4) reference face.
Geochemical modelling are consistent with the experimental
observations, and they indicate that hydrocerussite followed
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by cerussite are the main lead minerals formed on calcite
surfaces. The superior performance of these novel nanos-
tructured calcite surfaces in promoting sequestration of heavy
metal ions (i.e. Pb) paves the way towards the fabrication of
large scale porous membranes for water purification and
environmental applications.

4. Methods

Ton beam sputtering. A flat calcite slab (20 x 15 x 3 mm®)
is rinsed in de-ionized water and dried with a N2 gas flux. The
sample is then placed in a custom-made vacuum chamber
equipped with a TECTRA ion gun and irradiated at room
temperature with a low energy defocused 800eV Ar' ion
beam at 4 x 10~* mbar of pressure (gas purity N5.0). Positive
charge build-up on the sample surface is avoided by a biased
tungsten filament through electron thermionic emission. The
ion beam irradiates the calcite sample at an incident angle of
0 = 80° with respect to its surface normal. The ion fluency is
equal to 5.9 x 10"®ions cm 2.

Reacting solution. The concentration of the initial solution
used in the experiments and the dissolution of the calcite sub-
strate in contact with such a solution was simulated using the
PHREEQC code for chemical speciation [45]. The saturation
indexes for the different lead phases (Slypase) in the solution were
calculated using the PHREEQC code, the PHREEQC.dat data-
base, the Tipping_Hurley.dat database for solubility products of
lead phases and the following general expression:

IAP
SIphase = log( Ksp )s (D

where IAP is the ion activity product of the dissolved ions and
K is the solubility product of the considered mineral phases.

For the reacting solution, a slightly supersaturated solu-
tion with respect to PbCl, was chosen, i.e. SI = 0.09. Using
PHREEQC and equation (1) the concentration of the solution
used in the experiments was 38.8 mM at 20 °C. The solution
was prepared using PbCl, powder and deionized water (Milli-
Q, resistivity 18 M{2 cm).

Atomic force microscopy (AFM). The topography ima-
ges of the calcite surfaces immersed in the PbCl, aqueous
solution were acquired with a NanoWizard 4 AFM (JPK
Instruments, Berlin) operated in contact mode with ContAlG
probes (<10nm tip radius; 13 kHz frequency by Budget-
Sensors) at 10 nN with a line rate of 1 Hz.

Scanning electron microscopy (SEM). Top view back-
scattered electrons images were acquired with a variable-
pressure Hitachi VP-SEM SU3500 thermionic scanning
electron microscope, operating in the 10kV accelerating
voltage range and 20-30 Pa pressure range to avoid surface
charging on the insulating substrate.

Energy dispersive x-ray spectrometry (EDS). EDS mea-
surements were performed by means of the Hitachi VP-SEM
SU3500 equipped with a Thermo Scientific Noran System 7
Compact EDS module. EDS spectra were collected and analyzed
with Termo Scientific NSS 3 x-ray Microanalysis software. EDS

spectra (see SI) were acquired with a primary electron beam
energy of 10kV at 40 Pa of pressure by scanning a sample area
of 2.83 x 107> mm® Several spectra were collected for each
considered sample and averaged to obtain the Pb weight per-
centages reported in figure 4(b). Note that, since the EDS sam-
ples about 0.5 pm spots, single ripples could not be resolved.

Calcite structure study. The in-depth calcite structure
study was performed using VESTA software [46]. Different
planes with inclinations approximating the AFM measure-
ments were simulated for the ripples, considering the face
(10.4) as the horizontal surface from which the ripples are
generated. The calcite structure used for this study is the one
defined by Maslen et al [47].
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