
Vaterite Structure
DOI: 10.1002/anie.201200845

Ab Initio Structure Determination of Vaterite by Automated Electron
Diffraction**
Enrico Mugnaioli, Iryna Andrusenko, Timo Sch�ler, Niklas Loges, Robert E. Dinnebier,
Martin Panthçfer, Wolfgang Tremel,* and Ute Kolb*

Many important and well-known materials, ranging from
minerals or catalysts to framework compounds and pharma-
ceuticals, cannot be grown as single crystals. In these cases X-
ray powder diffraction and pair distribution function analysis
(PDF)[1] have been used for deriving the structural informa-
tion that is fundamental for understanding material proper-
ties. Still, a number of compounds have eluded such kinds of
analysis because they are nanocrystalline, highly disordered,
with strong pseudosymmetries or available only in small
amounts in polyphasic or polymorphic systems. These mate-
rials are crystallographically intractable with conventional X-
ray or synchrotron radiation diffraction techniques.

Single nanoparticles can be visualized by high-resolution
transmission electron microscopy (HR-TEM) up to sub-
�ngstrom resolution,[2] but obtaining 3D information is still
a difficult task, especially for highly beam-sensitive materials
and crystal structures with long cell parameters. Electron
diffraction (ED) delivers higher resolved data with a signifi-
cant lower electron dose on the sample, but is biased by
a substantial number of missing reflections and the occur-
rence of dynamic scattering that affects reflection intensi-
ties.[3] Therefore, ED is mainly used in combination with X-
ray powder diffraction and high-resolution electron micros-
copy.[4]

Recently, an innovative approach for ED data acquisition
and analysis, based on the combination of automated

diffraction tomography (ADT)[5] and precession electron
diffraction (PED)[6] could overcome traditional ED limita-
tions and was shown to be an efficient routine for ab initio
structure determination of structurally complex and beam-
sensitive nanocrystalline phases.[7] The new strategy for ED
data collection used in ADT can afford 3D diffraction data
from a single nanocrystal (NC) down to a few tens of
nanometers in size.[7d] Using non-oriented diffraction patterns
with a tomographic scan of the reciprocal space, ADT
provides almost complete and pseudo-kinematic reflection
intensities from a single NC. Herein we demonstrate the
power of the ADT approach by unveiling the structure of
vaterite, the least stable anhydrous polymorph of CaCO3,
which has eluded structure determination for almost
100 years.

The scientific relevance of CaCO3 is as wide-spread as its
abundance. It plays a pivotal role in geosciences, biology, and
industrial applications. Coral reefs and other geological chalk
deposits bind an immense amount of carbon dioxide and thus
regulate our climate.[8] CaCO3 has been studied for more than
a century[9] with more than 2000 publications during the past
10 years alone. It occurs in nature as anhydrous calcite,
aragonite, and vaterite, and in hydrated forms as monohydro-
calcite,[10] ikaite,[11] and amorphous CaCO3.

[12] Vaterite is
a short-term weathering or biomineralization product. In
spite of its abundance in natural and biological systems, its
structure is still unknown. While calcite and aragonite form
well defined single crystals, vaterite typically forms polycrys-
talline spherulites composed of nanosized crystallites (10–
50 nm),[13] preventing any reliable structure determination to
date. Recent reports about the stable prenucleation of ion
clusters during the crystallization of calcium carbonate[14]

sparked a discussion concerning the effect of nucleation on
the subsequent polymorph selection. However, any under-
standing of the formation processes of the CaCO3 polymorphs
requires a knowledge of the crystal structures of all the
polymorphs at the atomic level, as these determine physical
properties, polymorph stability and crystal growth.[15]

All five previous structural models for vaterite derived
from X-ray diffraction[16] show geometrically related cells that
are difficult to distinguish on the basis of the low-quality data
available for nanocrystalline vaterite. They propose a single
carbonate CO3

2� group in the asymmetric unit and mainly
differ in its predicted site symmetry. Raman spectra provide
controversial information, as vaterite is contaminated with
other CaCO3 polymorphs.[17] While Anderson[17a] supports
Lippmann�s model,[16d] Gabrielli et al.[18] are in favor of
Meyer�s second model.[16c] Wehrmeister et al.[17b] and Behrens
et al.[19] claim that none of the proposed models is consistent
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with the Raman spectra because they indicate the presence of
two or more CO3

2� groups in the asymmetric unit. NMR
spectroscopy studies[20] of vaterite support a hexagonal sym-
metry but are not suitable for distinguishing the correct
model. Recently, a new structure model for vaterite with
hexagonal symmetry, a longer hexagonal axis and two CO3

2�

groups in the asymmetric unit was proposed based on
molecular dynamic simulations and geometry optimization
calculations.[21] Although none of the vaterite models is in
accord with all experimental findings, some structural fea-
tures are generally accepted: 1) the Ca atoms form a hexag-
onal sublattice; 2) all the CO3

2� groups are oriented along the
hexagonal axis; 3) the number of formula units per unit cell
(Z) is at least 12; 4) the presence of only one CO3

2� group in
the asymmetric unit cannot explain the observed Raman
spectra.

For the ADT/PED investigation two samples of synthetic
vaterite, prepared by different routes, were analyzed. The first
sample, prepared by mixing aqueous solutions of Ca(NO3)2

and Na2CO3,
[22] mainly consisted of spherical aggregates of

vaterite NCs with diameters of over 1 mm (Figure 1a) and
several micrometer sized crystals of calcite. After milling,
isolated single crystals of vaterite with sizes of 50 nm or less

were found on the TEM grid and analyzed (Figure 1 b). The
second vaterite sample, made by an independent non-
aqueous approach,[23] consisted of aggregates with single
domain sizes of up to 70 nm (Figure 1c). Usually, vaterite
crystals are aggregated in clusters of tens to thousands of
individuals, but isolated NCs were found on the TEM grid
(Supporting Information, Figure S1).

For both samples more than 10 independent ADT data
sets were collected and reconstructed in 3D diffraction
volumes (Figure 2) which were indexed to a monoclinic cell
with parameters a = 1.217 nm, b = 0.712 nm, c = 0.947 nm, b =

118.948. This cell is a geometric transformation of the smallest
hexagonal cell proposed by Kamhi.[16b] The cell transforma-
tions from previous models to the cell derived by ADT data
are illustrated in Figure S2 and Table S1. Despite the presence
of residual dynamic scattering, systematic extinctions arising
from C-centering were found down c* axis and a c-glide plane
orthogonal to b down a*. Down b* all general reflections (hkl)
with h¼6 3n were very weak and characterized by diffuse
scattering along c*.

The structure was determined independently from three
ADT/PED data sets collected in tilt ranges of � 608 and 18
steps. The most important experimental parameters are listed
in Table S2. The structure solution was performed ab initio by
direct methods implemented in the program SIR2008[24]

assuming the kinematic approximation, that is neglecting
dynamic effects. In all three cases the structure solution
converged to the same structure model in space group C2/c,
Z = 12. The strongest 9 maxima in the potential map corre-
spond to the 9 independent atoms of the structure and
remaining maxima are negligible. Least-square refinement
was performed with SHELXL97[25] imposing flat CO3

2�

groups and restraints of 0.128 nm on C�O distances and
0.222 nm on O�O distances. The final configuration, obtained
after 30 cycles of refinement, was close to the structure
obtained by direct methods (CIF file available in the
Supporting Information). Atomic positions were stable and
all atomic displacement parameters u were in the reliable
range of 0.00036–0.00101 nm2. The residual R1(4s) was
37.61%, a high value when compared with residuals of
structure solutions from standard X-ray diffraction data, but
within the expected range for ED refinements based on
kinematic theory.[26] The correctness of the structure was
assumed on the basis of the reproducibility and stability of the
refinement. Figure 3 shows the final model along [010] and
[103].

The structure contains most of the motifs present in
previously reported models and exclusively explains all the
features observed in the Raman spectrum and is isotypic with
the high-temperature polymorph of (Y0.92Er0.08)BO3, previ-
ously described as a vaterite-like structure and recently solved
in monoclinic symmetry by the use of neutron diffraction.[27]

In contrast to calcite and aragonite, the two crystallographic
distinct Ca2+ ions (8f and 4c site), and the two crystallographic
distinct CO3

2� ions (8f and 4e site) are separated in layers
parallel to (001). The Ca2+ ions form distorted hexagonally
packed planar arrangements that are interconnected by the
CO3

2� ions in a bridging mode. All planar trigonal CO3
2� ions

are aligned orthogonally to the planes containing the Ca2+

ions. Yet, the first set of CO3
2� (1) ions is oriented with its

twofold axis along the crystallographic b axis, while the

Figure 1. Scanning electron microscopy (SEM) and scanning trans-
mission electron microscopy (STEM) overview images of vaterite NCs:
a) SEM secondary-electrons image of typical spherical vaterite aggre-
gates from the aqueous synthesis; b) dark-field STEM image of the
same vaterite sample after ball-milling; c) dark-field STEM image of
vaterite nanoparticles from the non-aqueous synthesis.

Figure 2. 3D reciprocal space reconstructed from ADT acquisition:
a) view down the tilt axis; b) view down a* axis; c) view down b* axis;
d) view down c* axis. Note that these are projections of a 3D
diffraction volume and not 2D oriented diffraction patterns.
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second set of CO3
2� (2) ions is tilted with respect to b. This

finding is in accordance with the reported optically positive
character of vaterite, which was explained by the orthogonal
orientation of the CO3

2� ions to the basal (a,c) plane of the
structure.[28] The presence of two crystallographic distinct
CO3

2� ions, with site symmetries C2 (4e) and C1 (8f) gives rise
to three Raman active stretching modes, as reported for
natural, biological, and synthetic vaterite samples from
different origins.[17b]

In comparison with the previous models, the so-deter-
mined vaterite crystal structure exhibits a shift of the CO3

2�

ions layers along the a axis destroying the hexagonal symme-
try. This structural peculiarity may give rise to a systematic
merohedral twinning (“drilling”) suggesting the hexagonal
symmetry proposed before. It shows as well an unusual
stacking of cation and anion layers along the [001] direction
leading to an unfavorable Coulomb contribution to the lattice
energy in comparison to calcite and aragonite. Thus, calcite
and aragonite are stable polymorphs with well-defined
stability regimes in the p,T phase diagram whereas vaterite
is a metastable polymorph whose long-term stabilization is
only possible as a biomineral hybrid or confined to boundary
conditions, such as the nanosize regime.

The vaterite structure supports a number of experimental
findings: 1) The density is lower than that of calcite/aragonite
even though the Ca2+ coordination number (CN) is 8. 2) The
higher surface charge of vaterite leads to stronger surface
hydration, in particular in the presence of 3d transition metals,
such as Cu2+ (CN = 6).[29] The preference of most 3d transition
metals for sixfold coordination induces a transformation of
vaterite into calcite, while a gradual replacement of Ca2+ with
lanthanides (Ln3+) stabilizes the vaterite polymorph. 3) The
zeta potential is highly positive (Ca2+ surface layer), that of
calcite is slightly negative.[30] The formation of vaterite under
Langmuir monolayers is promoted by highly charged amphi-
philic dendron–calixarene[31] or polymeric additives.[32]

4) Consequently, calcite prefers the adsorption of electrically

neutral species whereas negatively charged species are
adsorbed on vaterite. Under a sufficiently high CO2 partial
pressure the CaCO3 crystallization is controlled kinetically,
and vaterite is formed.[33]

Closer inspection of the 3D reconstructed diffraction
volume shows diffuse scattering along c*. Single oriented
diffraction patterns collected along [010] reveal that general
reflections (hkl) with h¼6 3 n exhibit a small non-rational shift
along c* of around 0.17· j c* j (Figure 4a). The main perio-
dicity is 0.83 nm (equivalent to d001), but longer periodicities

of 6, 12, and 16 nm (namely on the same order of magnitude
of the crystal size) are also recognizable (Figure 4 b). HRTEM
images confirm the presence of a long-range stacking fault
type disorder along the c* direction, which locally can
generate ordered modulated sequences (Figure 4c,d).

An exhaustive incommensurate structure analysis of
vaterite is hampered by diffuse scattering, extra periodicities
and a fast deterioration of the material under HRTEM
conditions. At present, ADT data analysis is not able to
provide conclusive quantitative information about disorder
and incommensurate modulation even for larger domains and
more stable phases.[7e, 34] To understand the structural impli-
cation of the reflection shift along c*, a larger cell with triple c
periodicity was defined (Figure 5a). This setting is a close
approximation of the postulated incommensurate modula-
tion. The resulting cell parameters are: a = 1.217 nm, b =

0.712 nm, c = 2.532 nm, a = 90.008, b = 99.228, g = 90.008.

Figure 3. Vaterite crystal structure. Left: coordination of the Ca2+ ions
(light gray: Ca(1); blue: Ca(2)) by the oxygen atoms of the two
different carbonate groups (orange: CO3

2�(1), green: CO3
2�(2)). Right:

views down [010] and [103] (equivalent to [001] in the previous
hexagonal structure models) illustrating the layer type structure and
the pseudohexagonal arrangement of the Ca2+ ions.

Figure 4. Diffuse scattering and local modulation along c*: a) In-zone
[010] nano electron diffraction (NED) patterns; the doubled reciprocal
vectors are shown; reflections (hkl) with h¼6 3n show diffuse scattering
and a systematic small shift along c* (marked with gray arrows); three
foreign reflections are marked with circles; b) intensity profile taken
along the 40 l diffraction line, showing a main periodicity of 0.83 nm
and other longer periodicities up to 16 nm; c) HRTEM image down
[010] and related fast Fourier transform (FFT) showing disorder and
local modulation along the c* direction; d) HRTEM image down [010]
and relative FFT showing a more disordered vaterite nanocrystal.
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Intensities were extracted from the best ED volume (ADT
data set III), collected on a nanoparticle obtained by the non-
aqueous synthesis. The structure was solved ab initio by direct
methods in the triclinic space group C1. 45 of the 46 inde-
pendent atoms of the structure were localized within the first
48 peaks of the charge-density maps, although most of them
were light elements (C, O). The structure was refined
imposing geometrical restraints on the CO3

2� groups. The
structure is similar to the two-layer monoclinic model
described above with the same basic motif of Ca2+ layers
connected by orthogonal CO3

2� groups (Figure 5 b and Fig-
ure S3). The local atom coordination is preserved; the main
difference being the stacking sequence along c which changes
from the simple sequence (+ , + ,…) to a sequence
(+ , +,�, +, + ,�,…), where + and � indicate a shift of + 1/
3a and �1/3a every two anion layers.

High-resolution synchrotron powder diffraction data were
collected on the more crystalline vaterite sample obtained
from non-aqueous synthesis. Rietveld refinement based on
the two-layer monoclinic model showed a moderately good fit
but converge at relatively high residuals even for nanocrystal-
line samples (Figure 5c, Figure S2 and Table S3). In particular

the scattering maxima at Q� 27.5 nm�1 and Q� 37.4 nm�1

were not modeled correctly. In contrast, the Rietveld refine-
ment based on the triclinic six-layer superstructure converged
at lower residuals and allowed a better fit of the diffractogram
features (Figure 5 d).

Reliable structure determinations based on X-ray diffrac-
tion for nanomaterials or compounds with complex structures
available only as mixtures are very rare. Remarkably, the
structure of vaterite was solved from ED data obtained by
ADT from single crystals with a size not larger than 50 nm.
The ADT structure model can explain the Raman spectra and
all other experimental findings for vaterite. Aside from the
average structure, an analysis of the 3D scattering volume
revealed a structural modulation. Intensities extracted based
on this modulation were used to determine the modulated
superstructure ab initio.

Taking into account the inherent and not fully resolved
drawback of dynamic scattering, electron-diffraction tomog-
raphy showed its great potential for studying the structure of
nanomaterials that elude conventional methods because of
a small crystal size, low purity, structural complexity, or low
availability. This powerful approach to structure solution can
be straightforwardly applied to any type of polycrystalline
material and is therefore pertinent to a diverse range of
scientific disciplines.
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