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Abstract

Tin (Sn**) and strontium (Sr*"), two potential alternatives to lead (Pb**) in perovskite formation, were explored in transform-
ing calcium carbonate (CaCOs;) into a leaving group in a cation exchange reaction. This is the first part of a sequential ion
exchange process in transforming calcite into a Pb-free perovskite material for perovskite solar cell applications. Calcite,
a polymorph of CaCO;, was successfully transformed into strontianite (SrCO;) through a cation exchange reaction. In the
Sn substitution reaction on the other hand, no SnCOj; formation was noted. Instead, oxides of Sn were formed. The wider
spaces in between Ca”* cations in (100) orientation account for the higher atomic Sn>* and Sr** concentrations as compared
to (001) orientation, where the cation movement is restricted. X-ray absorption and photoelectron spectroscopies were used
to investigate the ion-exchange transformation of calcite towards the formation of an intermediate carbonate material.

Introduction

Calcite, the most stable polymorph of calcium carbonate
(CaCO0s;) at most temperatures and pressures, is an important
and dominant component of marine sediments [1]. Trace
elements present in it had been used as indicators in different
fields of research such as a record of past climate conditions,
particularly seawater temperatures [2]. The incorporation of
Sr?* in calcite has also helped understand biomineralization
and age determination of marine limestones [3].

In this study, the substitution of Ca?* cations was
explored as the first part of a sequential ion exchange process
in transforming calcite into a Pb-free perovskite material
for PSC applications. Transforming various types of metal
carbonate structures into lead halide perovskite materials
was already reported [4]. The transformation was achieved
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through a two-step ion exchange process by first introducing
lead ions (Pb**) and replacing calcium (Ca**) and second,
by using as a leaving group the COSZ_ anion, facilitating ion
exchange with halide ions, followed immediately by methyl-
ammonium (MA) insertion to form the perovskite material
(CH3;NH;PbX3). In this study, the resulting materials were
characterized through modern techniques and several factors
affecting the ion exchange process defined. However, fac-
tors behind the ion exchange process were not investigated.
There is still a need to understand the influence of immer-
sion time and material properties such as crystal orientation
to the rate of ion exchange. Ionic adsorption on various pla-
nar surfaces of muscovite [5], kaolinite [6] and calcite [7]
had been studied through molecular dynamics simulations.
However, the rate at which Sn** and Sr** ions are diffused in
calcite at (100) and (001) orientations were not explored in
these simulations nor in experiments. In this study, reactions
for both Sn** and Sr>* were investigated for both (100) and
(001) orientations.

The cation exchange to convert calcite to cerussite or
lead carbonate (PbCO,), the first step in the two-step ion
exchange process, was already carried out in a previous
study [8]. The study was primarily aimed at the sequestration
of Pb** into bulk calcite through dissolution/ crystallization
to address Pb>* contamination in groundwater aquifers and
soils. In this study, the local environments of the incoming
cations Sn?* and Sr**—which are Pb>* alternatives, as the
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bulk calcite material is transformed, were explored. X-ray
absorption, and photoelectron spectroscopies were used to
investigate the ion-exchange transformation of single-crystal
calcite towards the formation of an intermediate carbonate
material.

For a successful cation exchange taking place, some
requirements were put forward [9]. First, there should be
higher mobility for the outgoing cation, which means a
smaller ionic radius. The ionic radii of Pb>* (1.19 A), Sn**
(1.22 A), Sr** (1.18 A) and Ca* (1.00 A) based on Shan-
non’s work [10] are nearly identical with Ca** having the
smallest—or highest mobility. Second, the outgoing cation
(Ca**) solubility should be higher than that of the incom-
ing cation, as indicated by the solubility product constant
(K,). The K, of Ca** is higher than those of Pb** and Sr**
[11]. Third, the lattice energy of the final crystal should be
less than the original crystal. The lattice energies, U of the
incoming crystal cations Pb?* and Sr** are less than that of
the outgoing cation Ca** [12].

Materials and methods
Materials

Single-crystal CaCO; (100) and (001) orientations,
10x 10x 0.5 mm, polished (MTI), Strontium nitrate ACS
reagent >99% and Tin (II) sulfate > 95% (Sigma Aldrich).

CaCo; single crystals to SnC0O;/SrCO; conversion

CaCOs single crystals were cleaved into irregular shapes and
placed on scintillation bottles with the polished surface fac-
ing up. Each bottle was filled with 20 ml of either SnSO, or
Sr(NO3), 0.5 M solutions. Low pressure (LP) samples were
immersed for 4 h at 250 mbar and continued for the next 20 h
at atmospheric pressure (AP). The Sr and Sn samples for the
8/16/24 h study were capped loosely and set aside at atmos-
pheric pressure and room temperature (30 °C). The crystals
were immersed in deionized water for 24 h to stop the con-
version reaction, washed with deionized water, immersed in
acetone for 1 h, and allowed to air dry for 30 min.

Experimental methods

The XAS at BL1.1 W: Multiple X-ray Techniques station
has a double crystal monochromator (DCM) using Si (111),
and available photon energy range of 4 to 18 keV and beam
size at sample position (HX V) of 5 mm X 2.5 mm. The XPS
at BL5.3 uses a PHIS000 Versa probe II (ULVAC-PHI,
Japan) equipped with a hemispherical electron energy ana-
lyzer. The excitation source is a monochromatic Al Ko X-ray

gun (1486.6 eV). The binding energy of all XPS spectra was
calibrated with the Cls peak at 284.8 eV.

Results and discussion
Sn?* — Ca?* cation exchange

Below Eq. (1) shows the expected transformation of CaCO,
immersed in a SnSO, solution to form stannous carbonate:

SnSO, (aq) + CaCO; (s) <> SnCO; (s) + CaSO, (aq) (1)

X-ray absorption spectroscopy (XAS) was used to deter-
mine the local environment of Sn in the cation exchange-
treated single crystal calcite. For this sample, the Sn spectra
were taken at the Sn L-edge at 4465 eV. One way to compare
Sn100_LP with references is to inspect the fine structures
before the white line at the vicinity of the Sn L; edge of
the two and compare the difference (A) of the three weak
peaks (red and blue lines) as shown in Fig. 1. The A values
of Sn100_LP, 9.8, and 12.5 eV are comparable to the SnO
A values of 11 and 11.3 eV from the SLRI standard and the
study of Liu et al. [13] (11.1 and 11.4 eV). These results
mean that Sn100_LP is more similar to SnO than SnO, and,
therefore, leans to an oxidation state of 2+ instead of 4+ .

X-ray photoelectron spectroscopy (XPS) was used to ana-
lyze the surface chemistry of the resulting materials. Table 1
summarizes the atomic concentration of Ca** and Sn** for
the Sn — Ca samples at different immersion times. Three
samples are of the same orientation (100), concentration,
and subjected to immersion times of 8, 16, and 24 h while a
4th sample from each set has a (001) orientation immersed
for 24 h at atmospheric pressure and room temperature.

The atomic concentration of the incoming cation (Sn
increased with increasing immersion time. This increase is
indicative of the rise in the number of cations exchanged as
a function of time. Consequently, the Ca** %Atom decreased
with increasing immersion time, an indication of the amount
of Ca** transformed. The %Atom for Sn100_24 is higher as
compared to Sn001_24—21.41 versus 6.04%.

The atomic concentrations and the Gaussian multi-peak
fitting spectra of both Sn3d5 and Ca2p are shown in Fig. 2.
For Sn3d5, the atomic concentrations of (100) and (001)—
21.41 and 6.04%, respectively, align with the peak heights
of the XPS spectra (Fig. 2¢ to d), with much higher peaks for
(100) at 3ds;, =485¢eV, 3d;,=493.41 eV with A=8.41eV
[14]. As expected, it is the opposite in the case of Ca2p, as
shown in Fig. 2a and b. From Fig. 2¢, (100)’s 3ds, = 487 eV
closely corresponded with tin dioxide (SnO,) while that of
Fig. 2d (001), 3ds;, = 486.34 eV, with that of SnO.

XPS spectra in the region of Sn3d5, showed the compo-
sition of Sn3d5 in terms of Sn (metal) and Sn (oxide). In
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Table 1 Atomic concentration of key elements from XPS narrow scan of Sn>* and Sr** samples
Solution Sample code Atomic concentration (%)
Ca2p Sn3d5
SnSO, Sn100_8 14.25 1.34
Sn100_16 7.51 16.64
Sn100_24 5.2 21.41
Sn001_24 11.04 6.04
Solution Sample code Atomic concentration (%)
Ca2p Sr3d
Sr(NO3), Sr100_8 12.14 0.08
Sr100_16 10.02 0.15
Sr100_24 7.03 1.34
Sr001_24 9.21 0.89

Fig. 2e and f, the content is mostly Sn oxide as compared
to the low Sn metal content. Although the Sn metal content
cannot be further broken down into SnO, and SnO oxides
in XPS, the results confirm the XAS findings on the pres-
ence of these oxides, with both techniques showing the more
dominant presence of SnO as compared to SnO,.

Sr?* — Ca?* cation exchange

Strontium is also regarded as one of the most promising
alternatives according to the Goldschmidt’s rules and quan-
tum mechanical analysis [15]. The ionic radius of Sr?* and
Pb** are nearly identical [10], implying that the substitu-
tion won’t greatly affect the crystal structure. Below Eq. (2)
shows the expected calcite to strontianite transformation:
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Sr(NO3)2 (aq) + CaCO; (s) « SrCO; (s) + Ca(NO3)2 (aq)
@)
Sr spectra for XAS were taken at the Sr K-edge at
16,105 eV. The white line peak positions, E of samples
Sr100_LP and SrO01_LP are 16,122 and 16,123 eV,
respectively, which are closer to the reference SrCO; value
of 16,126 eV as compared to the strontium oxide (SrO)
value of 16,128 eV (Fig. 3). The values of E vary across
references such as that of StCO;=16,112 eV [16] and
16,119 eV [17] while for SrO, it is 16,120 eV [17] and
16,104 eV [18]. For this reason, the data are presented as
measured and compared to values of the reference samples
measured on the same time frame.
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Fig.2 Element specific XPS narrow scan spectra for a Ca2p (100) vs. b (001) orientations and ¢ Sn3d5 (100) vs. d (001) orientations. Element
specific XPS narrow scan spectra after curve fitting for e Sn3d5 (100) vs. f (001) orientations

The absence of doublet typical in calcite or Sr in calcite
can also be observed for both (100) and (001) samples. The
doublet noted on both calcite and Sr in calcite in previous
studies [16, 19] occur at 4048 and 4060 eV peaks. This
absence means that the local structure of Sr in the samples
at a probe depth of 1-2 um is in the carbonate structure of
SrCOj; and not calcite nor Sr in calcite. The SrCO; local
structure means that there is no (or very thin) interface
between the calcite and strontianite layers.

For XPS, the atomic concentration of the incoming
Sr**cation increased while the Ca’* %Atom decreased with
increasing immersion time. The %Atom for Sr100_24 is
higher as compared to Sr001_24—1.34 versus 0.89%.

The atomic concentrations of both Sr3d and Ca2p are
also shown in Table 1, compared in terms of the starting
material calcite’s orientation: (100) or (001). For Sr3d, the
atomic concentration between (100) and (001)—1.34 and
0.89%, respectively, aligns with the peak heights of the XPS

spectra (Fig. 4c, d), with much higher peaks for (100). As
in the case of Sn, it is the opposite for Ca2p, as shown in
Fig. 4a and b. From the same reference [14], the values are:
3ds;, = 134.3 eV, 3d3/2=136.09 eV with A=1.79 eV. From
Fig. 4c, (100)’s 3ds;, = 133.78 eV and that of Fig. 4d (001),
3ds,, = 133.67 eV are more aligned with that of strontianite.

The XPS spectra in the region of Sr3d after curve fitting
are shown in Fig. 4e and f. Here, the composition of Sr3d is
mostly SrCO;. These results confirm the XAS findings on
the successful CaCO; to SrCOj; transformation.

To compare (100) and (001) orientations for calcite, crys-
tallographic images at viewing directions (100) and (001)
are shown in Fig. 5. The top figures show both orientations
with the direction of diffusion perpendicular to this orienta-
tion. The figures show varying distances between cations
from 3.3 to 4.7 A for (100) orientation which means that the
rate of cation exchange is faster due to wider spaces avail-
able for the interacting ions to move around. The same is not
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true for (001), where Ca** ions are adjacent to each other,
restricting movement. The difference in orientation accounts
for the higher atomic Sn and Sr concentrations for (100)
orientation as compared to (001) as shown in Table 1. This
anisotropic property of calcite had been demonstrated in
helium (He) diffusion [20], where diffusivities in calcite cut
in c-perpendicular direction were about two orders of mag-
nitude lower than for those in the c-parallel direction and
normal to cleavage faces, even though the diffusion activa-
tion energies for both are comparable. The reason for this is
that all minerals show larger limiting inter-atomic apertures
along the c-parallel than along the c-perpendicular direction.
Also, the degree of anisotropy can be attributed to the mag-
nitude of the aperture difference. For example, as compared
with the other trigonal minerals: dolomite and magnesite,
calcite is the most anisotropic diffusion-wise—with a 20%
difference between the smallest maximum apertures along
the [100] and [001] axes, which are 1.2 A and 1.0 A, respec-
tively. Ionic porosity, defined as the percentage of its unit-
cell volume not occupied by ions, was also put forward as an
influence to diffusion rate as these unoccupied spaces offer
pathways for diffusing ions. The linear relationship between
diffusivity and ionic porosity had been demonstrated in the
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study of both Pb>* and Sr** diffusion in calcite and other
minerals [21].

Conclusion

Calcite to strontianite transformation was confirmed by
both XAS and XPS. Sr samples with (100) and (001) ori-
entations showed the absence of a typical doublet in the
XAS spectra indicating that the local structure of Sr in
the samples is in the carbonate structure of SrCO; and
not calcite nor Sr in calcite. The atomic concentration for
both the incoming cations (Sn** and Sr**) increased with
increasing immersion time. Instead of forming SnCOj;,
the cation exchange resulted in Sn, mostly in the form
of oxides, as shown in XPS. The Sn oxides were found
to be more of SnO than SnO, based on the delta (A) of
the three peaks of the Sn sample under XAS. There are
wider spaces available for Ca’* cations in (100) orienta-
tion while the cations are adjacent to each other in (001)
orientation, restricting movement. This difference in ionic
spacing of the two orientations accounts for the higher
atomic Sn and Sr concentrations for (100) as compared to
(001) orientation.
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Fig.4 Element specific XPS narrow scan spectra for a Ca2p (100) vs. b (001) orientations and ¢ Sr3d (100) vs. d (001) orientations. Element
specific XPS narrow scan spectra after curve fitting for e Sr3d (100) vs. f (001) orientations
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Fig.5 Crystallographic image
of calcite at (100) and (001)
orientations [22]: a calcite (100)
and b calcite (001) space-filling
image viewed perpendicular to
orientation (with dimensions), ¢
calcite (100) and d calcite (001)
space-filling image viewed per-
pendicular to orientation (with
front atoms made transparent)
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