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ABSTRACT: We investigated the influence of the porosity of
the growth medium on the crystallization of calcium carbonate
in hydrogels with different gelatin solid contents (2.5, 5, and
10 wt %). In all experiments, the precipitate consisted of calcite
with occasional occurrences of some vaterite and aragonite.
The calcite grew as compact radial intergrowths of crystals that
show rhombohedral external faces. The crystal surfaces consist
of identical 1−10 μm sized rhombohedral sub-blocks. Electron
backscatter diffraction (EBSD) uncovered the radial inter-
growth structure of the aggregates. EBSD also documented the internal microscale mosaicity and mesocrystal-like constitution of
the gel-grown calcite. Raman spectroscopy and thermogravimetric analysis confirmed the presence of gelatin within the crystals.
It reached up to ∼2 mass % in the calcite-gelatin composites that formed in hydrogels with 10 wt % gelatin content. Calcite
morphology and mosaicity varied with the gelatin content of the hydrogel, such that an increase in gelatin content initiated the
growth of smaller crystal aggregates having progressively rougher surfaces, increasing amounts of incorporated gel, and increasing
degrees of misorientation in the internal mosaic structure. Apart from biospecific morphology, the gel growth experiment
successfully mimics many characteristics of calcite biomineralization such as formation of a hierarchical hybrid composite, crystal
mosaicity, and mesocrystal-like constitution.

■ INTRODUCTION

Crystal growth in hydrogel matrices is a long-stated method, and
its advantages to model biomineralization become increasingly
evident.1,2 Numerous authors have emphasized the role of
organic matrices in the biomineralization processes in a variety of
organisms (molluscs, corals, coccolithophorids, etc).3−5 Such
matrices consist of assemblies of polysaccharides, proteins, and
glycoproteins and show different active groups as well as different
porosities. Moreover, it is well-established that most biominer-
alization processes occur in confined environments within
organic matrices.6,7 These natural organic matrices show features
strikingly similar to those of hydrogel-systems. The possibility of
fine-tuning the porosity and the chemical characteristics of
hydrogels by using different solid gel contents and additives in
their preparation constitutes a further advantage of hydrogels for
modeling biomineralization processes.8−11

Numerous authors have studied the crystallization of CaCO3

in a variety of hydrogels (silica, agar, gelatin, polyacrylamide,
etc).12−17 In many cases, experiments yielded calcite crystals that
exhibited a wide range of unexpected shapes (octahedron,
cuboctahedron, dodecahedron, etc.). Such crystals were built up
by nanometric to micrometric rhombohedral sub-blocks that are
slightly tilted relative to each other. These crystal entities often
incorporate small amounts (1−3 wt %) of the hydrogel matrix

that is present at the contact between the building sub-
blocks.15−19 For these objects, descriptive terms such as “hybrid
structure of calcite crystalline assemblies”15 or “single-crystalline
nanoclustered calcite of semicoherent domains”18 have been
coined. More recently, these objects are described as
“mesocrystals”.1,20−23 The definition of a mesocrystal evolved
to the statement of Seto et al.:22 “a mesocrystal ideally comprises
a 3D array of isooriented single crystal particles of size 1−1000
nm” (with no reference to hybrid composite structure). Song and
Cölfen24 assign mesocrystal formation in gels to nanoparticle
alignment along an organic matrix, based on work by Grassmann
and co-workers15−18 and Huang et al.19 Nanoparticle assembly
processes or so-called nonclassical crystallization becomes an
increasingly important concept in the crystallization of
mesocrystals and in nucleation and growth of calcium
carbonate.1,25−30 Carbonate biominerals in skeletons and teeth
typically have characteristics of a hybrid (organic−inorganic)
mesocrystalline assembly and a hierarchical architecture over
several length scales.31−36 Grassmann et al.16 already described
nanoparticle assembly as a nonclassical growth mode of calcite
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forming at high supersaturation in gels, a notion which has been
suggested for general systems with very low molecular solubility
or high supersaturation by Cölfen and Antonietti.23

Over the past decade, the influence on carbonate crystal-
lization of both, the hydrogel types as well as the organic and
inorganic additives, to the growth medium have been extensively
explored.2,37−41 To the knowledge of the authors, only Helbig42

has studied the effect of the solid gel concentration of
polyacrylamide hydrogels on the polymorph selectivity and
morphology of CaCO3 crystals. It has been concluded that the
solid content of the hydrogel has little to no effect on polymorph
selectivity.42 However, it strongly affects the morphology of
calcite crystals, which upon growth, evolves from rhombohedron
to octahedron-shaped single crystals and crystal aggregates
composed of oriented sub-blocks.
Gelatin is an interesting hydrogel, since its porosity can easily

be modified by changing the solid content of the gel. In this
study, gelatin hydrogels were used to conduct CaCO3 crystal
growth experiments by using a double diffusion setup. The gels
were prepared with three different gelatin contents: 2.5, 5, and 10
wt %. One major aim of this work was to explore the influence of
gelatin content on the nucleation of CaCO3 and to investigate
the variation in experimental waiting time for the first optically
visible crystal, the position of the first precipitate, the number of
nuclei, and the type of polymorph formed. A further aim was to
study the effect of gelatin content on the growth morphology of
calcite crystals, focusing on possible differences in their
mosaicity. The final goal of this work was to relate changes of
CaCO3 precipitates to changes in porosity and diffusivity of the
crystallization medium relative to the gelatin content of the
hydrogel.

■ EXPERIMENTAL PROCEDURES
Crystal Growth Experiments. CaCO3 crystal growth experiments

were conducted at 15 °C in a double-diffusion system consisting of two
vertical branches separated by a horizontal column of hydrogel. At this
temperature, the hydrogels remain rigid. Also, this temperature is within
the range of common temperatures in shallow sea waters,43 the living
environment for a variety of organisms.44−46

The reagents, aqueous solutions of calcium chloride (0.5 M CaCl2;
Sigma Aldrich) and sodium carbonate (0.5 M Na2CO3; Sigma Aldrich),
filled the vertical branches fromwhere they counter-diffused through the
porous structure of the hydrogel. The hydrogel was prepared by
dissolving porcine gelatin (Sigma Aldrich; Type A, Bioreagent) in high-
purity, deionized (Milli-Q) water (18.2 MΩ) heated at 60 °C. The
gelification was carried out at 4 °C for an hour, and the hydrogels were
subsequently set at 15 °C for 24 h before pouring the reagent solutions
in the vertical branches. The hydrogels were prepared using three
different contents of gelatin: 2.5, 5, and 10 wt %. The hydrogel column
was 70 mm long and had a diameter of 9 mm in all the cases. At the start
of the experiments, the counter-diffusion of the reagents determined
that eventually CaCO3 nucleation and growth occurred in a narrow
region of the hydrogel column. The time (tw) that elapsed between the
start of the experiments and the occurrence of the first crystals that were
detected with 400× magnification was measured as a means to
determine differences in physicochemical conditions in the experiments
during early crystallization stages. It is important to note that, although
the experimental waiting time for the first optically visible crystal is
always longer than the actual nucleation time and is influenced by the
method used to detect the first nuclei, the error involved in its
measurement is identical in all experiments, which makes this parameter
(tw) suitable for comparison between the different experiments. Crystal
growth was monitored by optical microscopy. One week after the
observation of the first optically visible crystals, the experiments were
stopped and the crystals were extracted by dissolving the gel in hot water
and filtering the precipitate through a 1 μm pore-sized membrane. The

crystals were subsequently washed 3 times with Milli-Q water heated at
60 °C to remove any impurity and dried in air at room temperature. The
entire extraction/washing procedure lasted ∼15 min. In order to ensure
that this procedure does not influence the morphological characteristics
nor the surface features of crystals, we have conducted the following
experiments:

Reference crystals with rhombohedral faces were prepared (i) by
crushing a Spar quality calcite single crystal and sieving to select small
fragments of the desired size, (ii) by growing calcite rhombohedra in
water by the gas-diffusion method. SEM images of the crushed crystals
without further treatment and water-grown crystals, which were washed
in alcohol and rapidly dried, were obtained. The gel extraction
procedure (washing at 60 °C for 15 min) was then applied to the
reference crystals, and those sample were SEM-imaged similarly. The
crushed calcite crystals were bounded by flat (104) faces, the calcite
cleavage plane, as expected. The only feature that could be distinguished
by SEM on their surface, irrespective of their having been in contact with
the hot water or not, was the presence of cleavage steps that formed
during the crushing. Calcite crystals obtained by gas diffusion in (ii)
showed the typical rhombohedral habit, with flat (104) faces and straight
edges. No differences were detected by SEM between crystals that had
been in contact with hot water and those that had not. In summary, no
SEM-visible etch pits formed on the crystal surface of calcite as a result of
their being in contact with 60 °C water for 15 min (Figure S1 of the
Supporting Information).

Qualitative Analysis of the Gel Porosity. In order to obtain
qualitative information on the porosity of the hydrogel as a function of
its gelatin content, small volumes (30 mL) of hydrogel with different
gelatin contents were prepared following the procedure described for
the growth experiments. Hydrogel samples were frozen with liquid
nitrogen and subsequently lyophilized during 24 h in a lyophilizer
(Lyoquest-55 Eco, Telstar) to eliminate all the water trapped in the gel
pores. Fragments of the dried samples were double coated first with
carbon and subsequently with gold. Scanning electron microscope
images were obtained with a JEOL JSM 6400 operated at 20 kV. Since it
is expected that the lyophillization process alters the porosity of the
samples, these observations are exclusively used for comparison
purposes.

Reagent Concentrations at Nucleation Time and Location. In
order to obtain information on the concentration of the reagents at the
experimental waiting time for the first optically visible crystal in the
region of the hydrogel columnwhere the first crystals formed, two sets of
independent experiments were conducted. In both cases, one of the
vertical branches of the experimental setup was filled with water, while
the other was filled with one of the reagent solutions. Independent runs
were conducted for each content of solid gelatin in the hydrogel. The
experiments were stopped after times equal to the time delayed between
the beginning of the corresponding growth experiment and the
observation of the first crystals: ∼24 h for the hydrogel with a 2.5 wt
% solid content,∼84 h for the hydrogel with a 5 wt %, and∼120 h for the
hydrogel with 10 wt % gelatin content. The gelatin column was then
recovered and the region of this column corresponding to the location of
the first nuclei was cut, dissolved in water, and analyzed. Ca analyses
were conducted by inductively coupled plasma-optic emission
spectrometry (ICP-OES) using an ICP-Arcos (spectrolab). The
concentration of carbonate ions was determined by potentiometry,
using a pH-meter Orion 710A. The information obtained in this way
allowed us to estimate the relative supersaturation at an experimental
waiting time of the first optically visible crystal in the region of the
hydrogel column where the first nuclei were detected and correlate it to
the gelatin solid content of each hydrogel. This calculation was
conducted using the geochemical speciation code PHREEQC47 and the
PHREEQC.DAT database.

CaCO3 Crystals Characterization. The crystals obtained were
coated with carbon and imaged using a FEG-SEM (JEOL JSM 6400)
operated at 20 kV. Selected crystals were characterized using X-ray
powder diffraction (XRD). The XRD analyses were carried out on a
Philips X’Pert Pro X-ray diffractometer in the 2θ angle range between 5°
and 80° in steps of 0.02° using Cu Kα radiation. Raman spectra of the
samples were obtained using a confocal Thermo Fischer DXR Raman



Microscope. It allowed us to establish the correlation between a given
crystal morphology and a specific CaCO3 polymorph. The objective
selected was of 10× together with a laser source 780 nm at 10 mV in a
laser mode power at 100%. The average spectral resolution of the Raman
shift ranging from 70 to 3000 cm−1 was 2−4 cm−1 (i.e., grating 400 lines/
mm). Operated under OMNIC 1.0 with a pinhole aperture of 50 μmand
a bleaching time of 1−2 s, 4 to 8 exposures of 10 to 15 s were averaged,
depending on the sample. Thermogravimetric and differential thermal
analyses (TGA-DTA) were performed using a SDT-Q600 apparatus on
calcite samples to detect the possible incorporation of the different
amounts of gelatin as a function of the gelatin solid content in the
hydrogel. The weight loss between room temperature and 150 °C was
considered the consequence of drying. The weight loss corresponding to
the loss of gelatin was considered to start at 200 °C.
EBSD measurements were performed on embedded and highly

polished crystal surfaces. The required highly even surface of the
samples was achieved by a final etch-polishing with colloidal silica in a
vibratory polisher. The samples were coated with 4 nm of carbon. EBSD
maps were obtained at 20 kV on an FEG-SEM (JEOL JSM 6400)
equipped with an Oxford Instruments NordlysNano EBSD detector.

■ RESULTS
Hydrogel Porosity. During their preparation for SEM

imaging, the hydrogels undergo a certain shrinkage associated
with the elimination of the water trapped in their porous
structure. This shrinkage was similar in all samples (∼17 wt %
volume reduction) and affected mainly their outer region. In
order to guarantee a minimum effect of this shrinkage with the
porous structure of the hydrogels, all the SEM images were
collected on fresh fracture surfaces on the core of the samples.
The comparison between SEM images obtained on samples with
different gelatin content clearly indicates that the concentration
of gelatin strongly influences the porosity structure of the
hydrogels. This influence is reflected by a progressively more
complex porosity as the gelatin content increases and is also
evidenced by changes in both the pore sizes and pore wall
thickness (Figure 1). Thus, hydrogels with 2.5 wt % gelatin show
pore sizes >10 μm (Figure 1, panels a and d), whereas in
hydrogels with solid-gel contents of 5 and 10 wt % pore sizes are
≤5 μm (Figure 1, panels b, c, e, and f). Moreover, the thickness of

the pore walls clearly increases with higher gelatin content in the
hydrogel. These walls are very thin and show a spiderweb-like
structure (see areas within the square frames in Figure 1d) in
hydrogels with 2.5 wt % gelatin content. Pore walls in hydrogels
with 5 wt % gelatin content are thicker. Although in this case the
spiderweb-like structure shows a poorer development, each pore
seems to contain several subpores of smaller sizes (see areas
within the square frames in Figure 1e), which appear located on
the walls separating bigger pores. Finally, pore walls in hydrogels
with 10 wt % solid gel content are significantly thicker and show
no development of a spiderweb-like structure. It is important to
note that in this case, a complicated arrangement of thinner walls
develops within the pores. These thinner walls connect opposite
sides of bounding-pore walls and subdivide the bigger pores in
cages with sizes in the range between 1 and 2 μm (see areas
within the square frames in Figure 1f).

Influence of the Gelatin Content on the Early Stages of
Crystallization and Polymorph Selectivity. Table 1
summarizes the experimental waiting time for the first optically
visible crystals (tw), the location of these crystals in the hydrogel
column (distance measured from CaCl2 reservoir), the number
of crystals (NC), and the type of polymorph observed. The

experimental waiting time for the first optically visible crystal
progressively increased with the gelatin content in the hydrogel,
being∼24 h for 2.5 wt % gelatin content,∼84 h for 5 wt % gelatin
content, and ∼120 h for 10 wt % gelatin content, respectively. In
all experiments, the crystals first appeared in a narrow, central
region (∼5 mm) of the hydrogel column. An increase in gelatin
content caused the displacement of the location of the first
optically visible crystals toward the calcium reservoir. With
increased gelatin concentration, the number of crystals in the first
visible precipitate decreased. In our experiments, the hydrogel
column remained transparent and did not show any shade
change before the observation of the first crystals. The first
optically visible crystals always were calcite irrespective of the
gelatin content of the hydrogel. Moreover, in all experiments
calcite remained the main component of the precipitate. In the
final stages of crystallization some vaterite was also present. We
could observe a distinct negative correlation between the amount
of vaterite and the gelatin content of the hydrogel. This strongly
implies that gelatin inhibits the crystallization of vaterite. While
vaterite represented ∼10% of the precipitate in the experiments
conducted using hydrogels with a 10 wt % gelatin content, its
amount increased up to ∼40% when the hydrogel contained 2.5
wt % gelatin (see Table 1). Aragonite was not observed in the
experiments conducted with 2.5 wt % gelatin hydrogel. It was
detected as a minor phase when the gelatin content in the
hydrogel was 5 and 10 wt %.

Figure 1. SEM images illustrating the variation of the porosity of gelatin
hydrogels as a function of their solid content. Images (a−c) show a
general overview of this porosity when the gelatin content was 2.5, 5, and
10 wt %, respectively. Images (d−f) show closeups of the pores in (a−c),
respectively. A progressive reduction of the pores size with increasing
gelatin content in the hydrogel is observed. This reduction correlates
with a thickening of the walls, separating the pores and an increase of the
complexity of the porosity structure. White squares in images (d−f)
highlight the existence of small pores on the walls interconnecting larger
pores. White arrows highlight the thickness of the interpore walls.

Table 1. Experimental Waiting Time for First Optically
Visible Crystal (tw), Location of the First Crystals in the Gel
Column (Distance Measured from CaCl2 Reservoir) and
Total Number of Crystals (NC) of Calcite (Cal), Vaterite
(Vtr) and Aragonite (Arg) Individuals Measured 24 h after the
Observation of the First Crystal

NC

wt % gelatin tw (hours) position (mm) Cal Vtr Arg

2.5 ∼24 32−35 70 28 0
5 ∼84 37−39 32 6 1
10 ∼120 38−41 17 3 1



Influence of the Gelatin Content on Crystal Size and
Morphology. The size of the crystals was measured 7 days after
their first observation. Vaterite grew as spherulitic aggregates
with a mean size of∼100± 20 μm. These aggregates consisted of
small lens-shaped individuals (∼ 10 × 1 μm) in a rosettelike
arrangement (Figure 2a). The gelatin content of the hydrogel did

not affect the size of the vaterite crystals. Aragonite grew as
aggregates consisting of radiating, fibrous crystals (Figure 2b). In
the case of calcite, both the morphology and the size of the crystal
changed significantly with the gelatin content of the hydrogel.
Calcite grew in hydrogels with 2.5 wt % gelatin content as blocks
formed by several subparallel crystals bounded by flat, terraced
(104) surfaces (Figures 3, panels a and b) and had a mean size of
220 ± 70 μm. Calcite grown in hydrogels with 5 wt % gelatin
content appeared as both blocks, as above, and radial aggregates
composed of small and blocky rhombohedra. These crystals were
bounded by strongly terraced (104) as well as rough, rounded
vicinal surfaces (Figures 3, panels c and d). The mean size of the
calcite aggregates was 400 ± 50 μm. Single crystals that were
elongated parallel to their c axis were also observed (Figure 3e).
These crystals also showed flat (104) but also rough, curved
surfaces that seem to belong to the prism region. In these rough
surfaces, crystalline sub-blocks were present (Figure 3f) that
were slightly tilted relative to each other. Calcite grown in
hydrogels with 10 wt % gelatin content formed crystal aggregates
of numerous individuals. The mean size of these aggregates was
∼500 μm. Their constituting individuals had sizes around 100
μm and were bounded by rough (104) faces with curved, rough
edges and corners (Figure 3g). The increased roughness in
regions near the crystal edges is depicted in Figure 3h, where the
presence of the tilted crystalline sub-blocks can be observed.
Each sub-block, ranging from less than 1 μm to over 5 μm in size,
shows the typical morphology of the calcite rhombohedron
(Figure 4a). An interesting example of the rhombohedral sub-
blocks forming the calcite crystal aggregates grown in a hydrogel
with 10 wt % gelatin is shown in Figure 4b. The rhombohedron-
shaped sub-blocks seem to be hierarchically arranged, with their
dimensions covering several size ranges. A comparison of
crystallite size determined from XRD and the Scherrer equation
(without corrections for stress) to selected hkl reflections with
the pixel-step of the EBSDmeasurements is shown in Table S1 of
the Supporting Information.
Influence of Hydrogel Gelatin Content on Crystal

Morphology and Mosaicity. Figures 5 and 6 show EBSD
(electron backscatter diffraction) maps and corresponding pole
figures of crystal aggregates that grew in hydrogels with different
gelatin content. Figures 5a and 6a show crystals obtained from

hydrogels containing 2.5 wt % gelatin, and Figures 5b and 6b
display crystals that were obtained from hydrogels with 10 wt %
gelatin content. Crystallographic calcite orientation patterns are
given color-coded in both the EBSDmaps and the corresponding
pole figures. Superimposed on the color in the map is the EBSD
band contrast (Figure 5, panels a and b). This is a gray scale
component that gives the signal strength in each individual
EBSD-Kikuchi diffraction pattern. Where carbonate mineral is
present, the strength of the EBSD pattern is high, while in pores
and gel inclusions, the strength of the EBSD pattern is low. The
band contrast signal thus indicates the distribution of
incorporated gelatin within the crystal. Also shown in Figure 5
is the mean calcite orientation for all crystals composing the
investigated aggregates. For crystal aggregates grown in hydro-
gels with 10 wt % gelatin, the orientation of the constituting
crystals shows random scatter (Figure 5b), while for the crystal

Figure 2. (a) Spherulitic aggregates of vaterite and (b) radially growing
fibrous aragonite.

Figure 3. (a) Blocky calcite bounded by (104) surfaces grown in a
hydrogel with 2.5 wt % gelatin content. (b) Detail of the surface, with flat
appearance. (c) Calcite crystal grown in a hydrogel with 5 wt % gelatin
content, bounded by (104) surfaces and nonsingular surfaces. (d) Detail
showing the formation of curved surfaces due to the accumulation of
rough steps. Note that, while (104) surfaces are relatively flat, other
surfaces are very rough. (e) Calcite crystal grown in a hydrogel with 5 wt
% gelatin content. The crystal is elongated along the c axis. (f) Detail
showing the high roughness of the curved surfaces. (g) Calcite crystal
aggregate grown in a hydrogel with 10 wt % gelatin content. (h) Close
up of (g), showing the higher roughness of the surfaces near the edges.



aggregates grown in hydrogels with 2.5 wt % gelatin (Figure 5a)
some degree of mutual co-orientation of the constituting crystals
is present. This correlates with the vaguely rhombohedral overall
shape of the aggregates grown in hydrogels with 2.5 wt % gelatin.
We observe significant differences in the morphology of the

crystal aggregates grown in the two different media. An increase
in hydrogel gelatin content causes rounded crystal surfaces
(Figure 6b) and a pronounced internal mosaic structure of each
crystal in the aggregate (i.e., each crystal is composed of several
microscale subcrystals).
Incorporation of Gelatin into Calcite Crystals during

Growth and Mesocrystallinity. In order to study the
incorporation of gelatin into the calcite crystals during their
growth, Raman spectra were collected on three selected calcite
samples. The spectra are shown in Figure 7. The Raman
spectrum of calcite is characterized by two low frequency bands
at 155 and 281 cm−1, which arise from external vibrations and
three higher frequency bands at 711, 1085, and 1435, resulting
from the CO3

2− group’s internal vibrations.48−51 All these bands
are clearly identifiable and show identical characteristics in the
spectra of the three studied calcite samples. Most interesting is
the presence of weak bands around 488, 1016, 1341, 1748, and
2952 cm−1 in all three spectra. Although the band at 1748 cm−1

may be interpreted as resulting from the combination of calcite
bands ν1 and ν4,

52 the other bands cannot be assigned to any
vibration in the calcite structure. However, some of these bands

occur at wavelengths that indicate gelatin in the calcite crystals.
The Raman spectrum that was collected on the powdered
porcine gelatin that was used to prepare the hydrogels is shown in
Figure S2 of the Supporting Information. For example, the
sharper band around 2900 cm−1, present in the spectrum of the
powdered gelatin, is commonly assigned to the CH stretching
mode and is considered indicative of the presence of organic
material.53 Most significant is the band located around 1016
cm−1, that is present in both the calcite crystals and the powdered
porcine gelatin spectra. Bands in the region between 1005−1020
cm−1 occur in the spectra of different gelatins.54 They have also
been found in the shells of some marine mollusks,55 lobster shell
pigments,56 birds feathers,57 and are indicative of the presence of
methyl groups, either as a CH out-of-plane58 or as the
deformation-activated CHCH wagging modes.53 The increas-
ingly stronger intensity of the 1016 cm−1 band in the calcite
spectra (see inset in Figure 7) supports the interpretation that
gelatin is incorporated into calcite crystals and that this
incorporation is much more marked as the hydrogel gets heavier.
Thermogravimetric analyses (TGA) and differential analyses

(DTA) of calcite samples grown in hydrogels with different
gelatin solid content also supported the incorporation of small
amounts of organic hydrogel into the calcite crystal aggregates
(Figure S3 of the Supporting Information). This amount varied
as a function of the gelatin concentration in the hydrogel, being
extremely small, around 0.2 mass %, for crystals grown in
hydrogels with 2.5 wt % gelatin. It increased to 0.9 and 1.5mass %
for crystals formed in hydrogels with 5 and 10 wt % gelatin
contents, respectively. These values are consistent with the 1.9
mass % of gelatin content determined by TGA in calcite
mesocrystals grown at 25 °C in a gelatin hydrogel with a 10 wt %
gelatin solid content(19) and are similar to the estimated amount
of organic hydrogel network (0.7 mass %) incorporated into
calcite grown in a polyacrylamide hydrogel.16 Details on the
characteristics of TGA/DTA analyses of the different calcite
samples can be found in Figure S3 of the Supporting
Information.
High-resolution EBSD allows the investigation of crystallite

and particle arrangement with a spatial resolution in the
submicrometer scale range.59,60 Figure 8 shows one crystal in
an aggregate grown in a hydrogel with 10 wt % gelatin. Well
visible in the band contrast map of Figure 8c are traces of
incorporated gelatin. These appear as gray lines and green and

Figure 4. Images of the surface of calcite crystals grown in a hydrogel
with 10 wt % gelatin content. An increased surface roughness is present
and indicates that the crystal aggregates consist of rhombohedral sub-
blocks arranged in an approximately equal orientation. (a) Near the
edges of the crystal surface, roughness is increased. (b) The size of the
rhombohedral sub-blocks varies between 1 to 5 μm.

Figure 5.The influence of hydrogel gelatin content on the morphology of crystal aggregates. Figure 5a: crystal aggregate grown in a hydrogel with 2.5 wt
% gelatin. Figure 5b: crystal aggregate grown in a hydrogel with 10 wt % gelatin content. Crystal orientation patterns are given color-coded, in both, the
EBSD maps as well as in the corresponding pole figures.



black dots within the crystal. The variation of colors (which code
for crystal orientation) in Figure 8 (panels a and d) clearly
indicates that the crystal is composed of a multitude of mosaic
blocks, each having a slightly different orientation (Figure 8,
panels a, e, and f). For the same crystal, Figure 9 highlights calcite
misorientation variations along five trajectories within the crystal
(Figure 9, panels a−e) and displays the overall statistics of
internal misorientation of all measured EBSD pixels with respect
to the average orientation of this particular crystal (Figure 9h).
The misorientation in degrees also defines the color scale of the
maps. Misorientation in the crystal ranges up to 6 degrees
(Figure 9h). It is not evenly distributed. In the center of the
crystal, the orientation happens to be identical to the average
orientation (blue colors), while misorientation generally
increases toward the rims. The misorientation profiles (Figure
9, panels a−e) indicate that misoriented mosaic blocks exist on
the scale of tens of micrometers down to one micrometer or

below. The microscale mosaic blocks are usually separated by
sharp small-angle boundaries associated with steps in the
misorientation profiles. Moreover, a close inspection by zooming
into local areas of the map (e.g., 9g, i) reveals a misorientation
mosaic structure on the length scale of the 400 nm step size of the
present EBSD measurement (i.e., the pixel size in the maps of
Figure 9, panels f, g, and i). Accordingly, the crystal is constituted
of an array of nanocrystallites which are imperfectly co-oriented.
We may speculate that the imperfect co-orientation of the nano-
scale building blocks is related to the presence of incorporated gel
matrix not only on the microscale (as visible in Figure 8) but also
on the nanoscale (Figure 9). Such a structure has been described

Figure 6.Difference in the degree of mosaicity of crystals, composing a crystal aggregate grown in hydrogels with 2.5 and 10 wt % gelatin solid contents.
(a) While the ∼100 μm sized crystals composing the aggregate grown with 2.5 wt % gelatin content show very little internal structuring, (b) all crystals
composing the aggregate grown with a gelatin content of 10 wt % display an increased internal substructuring (mosaic structure).

Figure 7. Raman spectra of three calcite samples grown in gelatin
hydrogels with different gelatin solid content. The inset highlights the
increasing intensity of the band at 1016 cm−1 as the gelatin solid content
in the hydrogel increases. Raman spectrum of the powdered skin pork
gelatin used to prepare the hydrogels is provided as Figure S2 of the
Supporting Information. Figure 8. The mosaicity and hybrid composite constitution of a crystal

in an aggregate grown from a hydrogel with 10 wt % gelatin. (a) A color-
coded EBSD map and (b) corresponding pole figure. (c) The band
contrast image of the crystal highlights the incorporation of gelatin. (d)
Map showing superimposed color-coded orientation and band contrast.
(e and f) show the difference in the two major orientations that are
encountered in this crystal.



as mesocrystalline (cf. Seto et al.22 for the definition of a
mesocrystal). The mesocrystal architecture allows continuous
orientation gradients as can be seen in Figure 9c. Crystallite size
estimation from XRD line broadening is given in Table S1 and it
supports the mesoscale structure on a length scale consistent
with the EBSD observation.
Figure 10 compares the internal microscale mosaicity within

the crystals composing a crystal aggregate grown in a hydrogel
with 2.5 and 10 wt % gelatin content, respectively. Well visible is
the difference in internal structuring as well as internal
misorientation. In the calcite grown in a hydrogel matrix with
10 wt % gelatin, the overall mosaic spread is more than three
times as high (up to 6 degrees) as the internal misorientation

(about 1 degree) within the calcite of a crystal aggregate grown in
a hydrogel with 2.5 wt % gelatin. These results clearly show the
effect of gelatin content of the hydrogel matrix on CaCO3

crystallization and crystal aggregate formation. Note the almost
dendritelike, branching mosaic structure in the sample from the
gel with 10 wt % gelatin.

Physicochemical Conditions at Early Crystallization
Stages. Table 2 summarizes the measured pH, Ca2+ and CO3

2−,
concentrations for the diffusion experiments conducted with
only one ion species for the estimation of the supersaturation at
the experimental waiting time in the portion of the gel column
where the first optically visible crystals were detected. Table 2
gives the calculated activities and nominal supersaturation levels

Figure 9. Profile lines showing local misorientation versus position within a crystal in a crystal aggregate grown in a hydrogel with 10 wt % gelatin
content (Figure 9, panels a−e). (f−i) Internal misorientation is displayed as color-coded maps and overall statistics (histogram h) over the complete
crystal shown in f. The misorientation between microscale mosaic blocks composing the crystal reaches up to 6 degrees. (g and i) Note also the
mesocrystal-like constitution indicated by the pixel-to-pixel misorientation shown in the enlarged regions; EBSD pixel (step) size is 400 nm, and
experimental orientation resolution is ±0.3°.



with respect to calcite. The nominal supersaturation is based on
the assumption that no crystals or solid precursor phases are
present. It is expressed in terms of the saturation index (SI)

according to SI = log(Ω) = log (IAP/Ksp), where ion activity
product (IAP) is the product of the activities of the reacting ions
(in this case, Ca2+ and CO3

2−) powered to their stoichiometric

Figure 10.The effect of hydrogel gelatin content on the degree of calcite misorientation in the crystals composing a crystal aggregate grown in a hydrogel
with 2.5 and 10 wt % gelatin content, respectively. The mosaic spread (misorientation) in the crystals composing a crystal aggregate that grew in a
hydrogel with 10 wt % gelatin is more than three times as high as that of crystals composing a crystal aggregate that grew in a hydrogel with 2.5 wt %
gelatin. Note the branching, almost dendrite-like mosaic blocks which are separated by small-angle grain boundaries in the misorientation map.

Table 2. Summary of the Fluid Chemistry in the Hydrogel Pores at Experimental Waiting Time for the First Visible Crystal: pH,
Total Concentration of Calcium and Carbonate ([Ca2+], [CO3

2]) in mmol/L, Activity of Calcium and Carbonate Ions (aCa2+,
aCO3

2−), and Saturation Index and Saturation State with Respect to Calcite (SICal and ΩCal, respectively)

gelatin solid content wt % pH [Ca2+] (mmol/L) [CO3
2] (mmol/L) aCa2+ (×10−4) aCO3

2− (× 10‑2) SICal ΩCal

2.5% 9.64 5.10 42.47 2.66 1.137 2.9 794
5% 9.84 48.02 97.24 17.03 2.022 3.9 7943
10% 10.01 50.31 116.25 15.96 2.365 4.0 10000



number in the solid formula, Ksp (thermodynamic solubility
product) is the value of IAP at thermodynamic equilibrium, and
Ω = IAP/Ksp is the saturation state. The saturation indexes were
calculated from pH and analytical chemical data of the aqueous
solutions using PHREEQC3.0 and the PHREEQC.DAT data-
base, in which the Ksp for calcite at 15 °C is 10−8.3.
As it can be seen from Table 2, at the early stages of

crystallization, increasing levels of supersaturation of the aqueous
solution in the pores must be expected with increasing
concentrations of gelatin in the hydrogel, unless an invisible
precursor forms and buffers the supersaturation. Even though for
all three cases the calculated nominal supersaturation is very high
compared to situations where calcite forms in free solutions, it
becomes extreme when the gelatin content in the hydrogel is 5
and 10 wt %, respectively. At these stages, the nominal saturation
state values are more than ten times higher than in hydrogels with
2.5 wt % gelatin at the time when the first, optically visible calcite
crystals are detected.

■ DISCUSSION
Our results show that the solid content of the gelatin hydrogel
has a slight influence on CaCO3 polymorph selection, with
calcite being the main component of the precipitate in all the
cases and vaterite representing about 40% of the precipitate in 2.5
wt % gelatin hydrogels and only 10% in 10 wt % gelatin
hydrogels. Since the crystals grow against the hydrogel structure,
the influence of the solid content of the gel becomes obvious
from the size and morphology of the obtained crystals. The
crystals become progressively smaller and have rougher surfaces
as the solid content in the hydrogel increases. Moreover, higher
solid contents in the hydrogel correlate with increasing
imperfection in crystalline constitution on (at least) three length
scales: (i) a mesocrystal architecture with increasing imperfec-
tion in the precise coalignment of the constituting nanoscale
units, (ii) a microscale intracrystalline mosaic structure with
subgrains separated by small-angle boundaries or, occasionally,
smooth continuous orientation gradients, and (iii) the formation
of radial aggregates of crystals on the scale of tens to hundreds of
micrometers. For the gel with 2.5 wt % gelatin, the ∼100 μm
sized crystals constituting the aggregate still show some degree of
mutual coalignment, while for the gel with 10 wt % gelatin, a co-
orientation can no longer be observed. In order to understand
these findings, it is necessary to investigate how an increase in the
solid content of the hydrogel affects the physicochemical
conditions of the fluid where crystallization occurs.
Physicochemical Conditions at Early Stages of Crys-

tallization. In hydrogels, nucleation and early stages of 
crystallization occur in confined solutions, within the volume 
of a pore. In this type of system, the concentration of the 
reagents, the pH, and the supersaturation continuously evolve in 
time and space. It has been demonstrated that this evolution 
depends on the boundary conditions61,62 (i.e., the initial 
concentration of the reagents in the deposits and the length of 
the diffusion column). Furthermore, it has been stated that the 
characteristics of this evolution control the supersaturation at 
which nucleation (of whichever phase) occurs.54,55 This 
supersaturation is referred to as the threshold supersaturation. 
While in the case of crystallization from free aqueous solution, 
the critical supersaturation (i.e., the supersaturation at which 
nucleation rate reaches 1 cm−3s−1) has a single value for a given 
system,63 the threshold supersaturation, which applies to systems 
where supersaturation is a function dependent on both time and 
space, has different values depending on the supersaturation rate

(Rβ) (i.e., the rate at which the system moves from
equilibrium).64 It has been demonstrated that higher concen-
trations of the counter-diffusing reagents and shorter lengths of
the diffusion column result in nucleation occurring under higher
supersaturation levels (i.e., lead to higher values of the threshold
supersaturation).65,66 The reason underlying this behavior is a
faster change in the concentration profiles along the gel column
and, consequently, a higher supersaturation rate.
In the crystal growth experiments conducted in this study,

both the concentration of the reagents and the length of the gel
column were identical. The optically first visible crystals
corresponded to calcite, and the time needed to form them
increased significantly with increasing concentration of gelatin in
the gel.
A possible explanation for the increase of waiting time by a

factor of 5 between the 2.5% and the 10% gelatin gel may be a
reduced diffusion rate in the denser gels. The diffusion coefficient
in the gel (Dg) relates to the diffusion coefficient in water (Dw) by
the expression:

φ τ=D D ( / )g w
2

(1)

where φ and τ are the porosity and the effective tortuosity of the
hydrogel, respectively.67 An increase in the solid content of a
hydrogel correlates with a decrease of its total porosity and
necessarily induces a decrease of the diffusion coefficients
compared to those in water. This effect can be enhanced if higher
solid contents also determine more complex porosity structures
and, consequently, higher tortuosity, for instance, by generating
isolated pores, dead-end pore paths, etc. This is the case in gelatin
hydrogels, where an organized porosity of greater complexity
appears as the gelatin content in the hydrogel increases. Both, the
lower percentage of porosity and the more complex structure of
porosity will lead to lower diffusion coefficients. Consequently,
the counter-diffusion of the reagents must occur at lower rates in
hydrogels with higher gelatin contents and, as a result, longer
diffusion times should be required to reach identical super-
saturation (of whichever phase) in the different gels. To test this
hypothesis, we conducted the single-component diffusion
experiments (with either Ca2+ or HCO3

−, respectively) in the
different gels. The result, however, clearly contradicts the
hypothesis of a diffusion-related delay. Given the measured
waiting times, the diffusion through the gel column clearly
delivered much larger amounts of Ca2+ and HCO3

− to the
location of crystallization at early stages of calcite formation, than
in the gel with less gelatin. For the denser gels, the calculated
calcite nominal supersaturation from the ionic concentrations at
the early stage of calcite crystallization is even more than ten
times higher than for the gel with 2.5% gelatin (Table 2). None of
the gels showed any sign of turbidity. Turbidity would have been
a clear sign for the formation of a finely dispersed precursor,48−50

which, if present, would provide a sink for the calcium carbonate
in solution. The absence of turbidity, however, does also not rule
out the presence of dilute nanoscale precursor particles.
The experiments with higher gelatin content lead to much

more disordered structures of the calcite aggregates (with respect
to a perfect single crystal). In accordance with the nominal
supersaturation data, the early stages of calcite crystallization take
place significantly farther away from equilibrium conditions as
the gelatin content in the hydrogel increases. Therefore, an
important influence of the gel structure on the nucleation and
growth of the calcite must be concluded. Either, the denser gel
structure leads to a dramatic increase of the critical super-



saturation for calcite formation, and/or it induces a dramatic
increase in the formation of a nanometric solid precursor. For the
latter, however, we see no evidence so far.
In order to explain the potential effect of the gel solid content

on supersaturation at early crystallization stages, other character-
istics of the porosity than its complexity and influence in
diffusivity have to be considered. A most relevant feature of
porosity is the size of the pores. In gelatin hydrogels, this size
clearly decreases as the solid content increases, mainly due to the
increase of the pore wall thickness and the formation of subpores
within bigger pores. Nucleation and early crystallization stages in
gels occur in the bulk of aqueous solutions confined in the
volume of pores. It has been demonstrated that diminishing the
pore size in silica gel and gelatin lowers the nucleation
probability.65,68,69 This can be easily explained, considering
that nucleation occurs as a result of fluctuations that bring
together a sufficiently large number of ions to exceed the critical
size.70 In the case of sparingly soluble phases, such as calcium
carbonate polymorphs, the number of ions in a given volume is
small, even if supersaturation is high. Diminishing the volume of
solution cells makes this number smaller and, consequently,
nucleation less probable. This consideration is further supported
by the fact that the number of visible crystals at the waiting times
specified in Table 1 decreases significantly with increasing gelatin
content of the hydrogels. We thus conclude that higher
supersaturation levels are required for crystallization from
solutions confined to smaller pores. An increase of the
supersaturation increases the number of ions available in the
volume of a small pore, facilitating the nucleation process.
Crystallization Process. As explained above, higher gelatin

content in the hydrogels correlate with a lower number of calcite
crystals per volume of hydrogel, smaller crystal sizes, and a
predominance of spherulitic aggregates with respect to single
crystals in the precipitates. Crystallization occurring at
significantly higher supersaturation can explain the variation in
the crystal sizes and the predominance of aggregates as the
hydrogel gets heavier.
It is notorious that crystallization in hydrogels always occurs

under high (at least nominal) supersaturations.40,42,65,66,71 Under
these conditions, neither nucleation nor growth follows classical
paths. Nonclassical nucleation can lead to the formation of
amorphous or metastable phases.72 Although the formation of a
nanometric phase prior to calcite in these experiments cannot be
confirmed nor discarded by our experiment, calcite, the stable
CaCO3 polymorph at 15 °C, was always the main component of
the precipitate and the first phase that was optically detected.
Moreover, the amount of vaterite found was higher in the
precipitate formed in the hydrogel with the lower gelatin content
(i.e., where nominal supersaturation at early crystallization stages
should be lower). The reason for the formation of this higher
amount of vaterite in the later stages of crystallization in lighter
gelatin hydrogels and its inhibition in heavier hydrogels are
unclear and cannot be connected to an effect of the super-
saturation parameter.
The classical layer-by-layer growth mechanism, which involves

the integration of atoms or molecules onto energetically
favorable sites on crystal surfaces,73,74 is not likely to be efficient
when mass transfer is limited, the aqueous solution is confined in
the small volume of pores, and supersaturation is very high.
Moreover, the peculiar characteristics of the calcite crystals
grown in hydrogels with high gelatin content cannot really be
explained by a layer-by-layer growth mechanism. In this case an
alternative scenario can be contemplated. It is generally

accepted1,16,25,27 that under these conditions (solution confined
in small pores and high supersaturation), crystal growth occurs
through a specific mechanism involving the oriented attachment
of short-range ordered (subcritical) clusters due to dipolar
forces.75−78 The presence of large amounts of these clusters
would also reduce the activity of the calcium and carbonate ions
and, hence, the supersaturation compared to the nominal
supersaturation, which we calculated from the results of the
single-component diffusion experiments. The driving force for
particle attachment would be the reduction of the surface free
energy that results from the crystallographic fusion of aggregated
nanoparticles.1,16−19,23,37 This aggregation mechanism leads to
the formation of an assembly of nanometric, basically equally
oriented sub-blocks. This mechanism can therefore explain the
characteristics of the calcite crystals obtained in this work in
hydrogels with gelatin content ≥5 wt %. During the aggregation
process, a small amount of hydrogel is incorporated in between
the assembled nanoparticles. This amount directly relates to the
concentration of gelatin solid in the hydrogel and the increased
thickness of the hydrogel pore walls. Larger incorporations may
also be favored by both higher viscosities and supersaturations in
the growth medium. The characteristics of calcite crystals formed
in hydrogels with 2.5 wt % gelatin content does not support the
idea that aggregation played a dominant role in their growth.
These crystals also grew under high supersaturation, although it
is not as high as that for the crystals formed in hydrogels with
gelatin content ≥5 wt %, and incorporated some gelatin. Our
results point to the switch from classical to nonclassical growth
mechanisms, depending on subtle relationships between super-
saturation, growth medium viscosity, and hydrogel incorporation
during growth.
It is important to know that the dipolar forces involved in the

oriented attachment of crystal sub-blocks strongly vary with
distance. Consequently, mesocrystals formed in more viscous,
thicker wall-pored hydrogels should show a less perfect co-
orientation of their nanometric building blocks. This is
consistent with our EBSD observations, which show that the
mosaic spread within calcite crystal individuals grown in
hydrogels with 10 wt % gelatin content is almost twice as high
as that measured in calcite crystals formed in hydrogels with 2.5
wt % gelatin.
It is also interesting that the mosaic spread measured within

crystal individuals grown in 10 wt % gelatin hydrogels is not
homogeneous but increases from core to rim. To attain a perfect
coalignment of the nanoparticles, the hydrogel has to be expelled
from in between the particles. This process will necessarily
involve the deformation of the hydrogel pore walls as they are
squeezed by the attaching particles, and it will give an increase of
the viscosity of the growth medium at the front of the growing
mesocrystal aggregate, as the hydrogel is expelled from inner to
outer regions. The direct consequence is a higher hydrogel
incorporation in the rim region of the crystal aggregates, which in
turn leads to the higher particle misorientation in the rim in
comparison to that in the core of the mesocrystals, as evidenced
by the EBSD measurements.

■ CONCLUSIONS
CaCO3 was crystallized in gelatin hydrogels with different solid
contents. Our results show that this parameter strongly
influences the crystallization of carbonate crystals. Regarding
early stages of crystallization, the nominal supersaturation
markedly increased with the gelatin content of the hydrogel.
However, this parameter had little effect on the CaCO3



polymorphic selection, with the precipitate always consisting of
mainly calcite. With regard to the characteristics of calcite
crystals, we observed that with increasing gelatin concentrations
in the hydrogel, the calcite (1) showed smaller crystals sizes,
rougher surfaces, more complex growth morphologies, and a
tendency to develop as crystal aggregates rather than as single
crystals, (2) incorporated increasing amounts of gelatin during
their growth, and (3) showed an increasing degree of internal
structuring with an orientational mosaic spread that increases
rapidly with increasing gelatin concentration of the hydrogel. For
low gelatin concentrations, we find a certain degree of mutual
coalignment of the ∼100 μm sized crystals forming the
macroscopic (submillimeter) aggregates, while for 10 wt %
gelatin concentration in the gel a spherulite-like radial
configuration of the macroscopic aggregates prevails. The
internal mosaic structure within the individual crystals of the
aggregates comprises both microscale mosaic blocks separated
by small-angle boundaries as well as an underlying mesocrystal-
line structure: the microcrystals are built of imperfectly coaligned
nanoscale units.
The influence of the hydrogel solid content on the

crystallization process and the characteristics of calcite crystals
arises from changes in hydrogel porosity characteristics. The
changes in porosity (1) induce changes in the diffusivity and, in
turn, (2) in the evolution of the physicochemical conditions of
the gel during counterdiffusion, they affect the early stages of
crystallization by varying the volume of aqueous solution
available within the hydrogel pores, and (3) induce the transition
from a classical layer-by-layer crystal growth mechanism to an
aggregation mechanism as the hydrogel becomes more viscous,
thereby promoting the formation of mesocrystals.
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(17) Grassmann, O.; Löbmann, P.Chem.Eur. J. 2003, 9, 1310−1316.
(18) Sethmann, I.; Putnis, A.; Grassmann, O.; Löbmann, P. Am.
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