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ABSTRACT: The coprecipitation of barium carbonate and silica spontaneously
creates complex micrometer-scale objects such as sheets and helices. These structures
consist of densely packed crystalline nanorods that in the case of sheets align in radial
direction. We report the existence of an additional level of self-organization that
creates oscillatory height variations in biomorph sheets. These topographic features
take the form of either concentric rings or disordered, patchy patterns and form
immediately in the wake of the crystallization front. Their wavelength varies around
6.5 μm and shows no pronounced dependence on the reactant concentrations.
Atomic force microscopy reveals height variations of up to 500 nm which equal 45% of the average sheet thickness. These
undulations are accompanied by a systematic out-of-plane displacement of the nanorods. Our results are discussed in the context
of an earlier hypothesis that predicts pH oscillations near the crystallization front.

■ INTRODUCTION

One of the great opportunities for modern materials science is
the use of nonequilibrium conditions for the design of systems
that self-assemble complex, functional structures.1 This
approach has the potential to replace conventional, serial
lithography techniques with highly efficient, parallel bottom-up
strategies. Recent advances toward this goal include the
synthesis of functionalized meso-structures,2−5 hybrid materi-
als,6−8 catalytic nanodendrites,9,10 self-propelled particles,11,12

and self-healing polymers.13,14 Also, natural biomineralization
provides striking examples for the emergence of structural
complexity from dynamic chemical environments.15 For
instance, mollusk shells form multiscale morphological features
in response to chemical variations at the growth front. The
resulting hierarchical architectures impart the shells with
performance properties that cannot be accessed by classical
crystallization. It is hence not surprising that significant efforts
have been made to understand and reproduce biomimetic
crystallization pathways for the production of bioinspired
materials.16−18

An important model for studying the bottom-up assembly of
complex materials is the coprecipitation of silica and barium
carbonate in alkaline media.19−24 In this system, the simple
diffusion of atmospheric carbon dioxide into the reaction
solution prompts the formation of elaborate polycrystalline
microstructures known as biomorphs. Interestingly, these
purely inorganic aggregates assemble life-like morphologies
such as cardioid leaves, curved worms, and helical
filaments.25−27 Recent hypotheses on the growth mechanism
are based on the solubility trends of barium carbonate and silica
in different pH environments.28,29 Specifically, the nucleation of
barium carbonate nanocrystals decreases the local pH which
causes the precipitation of amorphous silica. The resulting pH
increase at the growth interface induces the deposition of

further carbonate crystallites. During each cycle of the
oscillatory process, the carbonate nanorods are cemented into
an amorphous silica framework. Although some experimental
observations have provided indirect support for this mecha-
nism,30−32 no direct evidence for the chemical oscillations has
been reported yet. In this study, we document and characterize
periodic modulations in the biomorph structure that
unambiguously arise in an oscillatory fashion. Faint evidence
for the oscillations was seen earlier reports, but these features
were neither studied nor acknowledged.24,26,28 Last, we discuss
the implications of our findings for the validity of the pH
oscillation model.

■ EXPERIMENTAL METHODS

Silica−carbonate biomorphs are deposited from 4 mL solutions
of [BaCl2] = 5 mM and [Na2SiO3] = 8.4 mM in Greiner Bio-
One Petri dishes with 3.5 cm diameters. The average height of
the crystallization solutions is thus 0.42 cm. After adding the
reactants, we adjust the pH to 10.2−10.6 by adding 3−5 drops
of 0.1 M HCl and mix the solution. The biomorph structures
form spontaneously over a period of 8−10 h and are observed
using a Nikon Elements Ti inverted microscope equipped with
a Photometrics Coolsnap HQ2 charge-coupled device camera.
Time-lapse imaging of the biomorph growth is controlled by
the NIS Elements software package. For the instrumental
analyses, the biomorph structures are grown on rectangular
glass slides. The substrates are retrieved, rinsed, and dried after
the crystal aggregates grow to their mature biomorphic shapes.
The samples are subsequently coated with thin Au films in

preparation for electron microscopy analysis. A Zeiss 1540EsB
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field emission scanning electron microscope operating at 10−
20 kV is utilized to obtain high-resolution micrographs of the
biomorph sheets. The elemental composition of the crystal
aggregates is determined using an EDAX Apollo XPP SDD
detector. In addition, we conduct atomic force microscopy
using an MFP-3D Asylum Research AFM coupled to an ARC2
controller. The topographic images are acquired at a scan rate
of 0.25 Hz from 10 × 10 μm2 regions on the biomorph sheet
surface. These measurements are performed in the intermittent
contact mode using aluminum-coated AC160TS-R3 Olympus
tips. The sheet thickness and roughness data are then analyzed
with the help of Igor Pro software.

■ RESULTS AND DISCUSSION
Figure 1 shows optical micrographs of typical biomorphs that
nucleate (a) close to the solution−air interface and (b) on a

glass surface in the reaction medium. Despite some minor
morphological differences, the biomorphs consist of globular
structures surrounded by thin sheets. In the early growth stages,
the globules form by the successive branching of carbonate
crystallites according to the well-established rod−fractal-
dumbbell pathway.16,33 In contrast to other systems that
cease crystal growth at this stage, the silica−carbonate reaction
subsequently assembles the striking sheets shown in Figure

1a,b. These structures emerge from the globules and typically
adopt cardioid-like shapes with diameters ranging from 10 to
300 μm. Notice that the crystal aggregates near the solution−
air interface develop radial structures reminiscent of flower
petals (Figure 1a).
Both types of biomorph leaves display stripe patterns. These

nearly concentric bands are particularly obvious near the
globules from which the sheets originate (arrows in Figure
1a,b) and typically decrease in intensity with increasing distance
from the globules. The stripes are not externally templated by
the nucleation surface, but represent an inherent morphological
characteristic of the biomorph leaves. In addition, these features
do not qualitatively change when observed through optical
bandpass filters, thus disproving the possibility of optical
interference effects such as Newton’s rings. With increasing
distance from the globule, the ordered bands (Figure 1b, solid,
blue box) occasionally transition to disordered patterns
reminiscent of coarse laser speckles (dashed, red box). We
conduct Fourier transforms on selected 26 × 26 μm2 areas for
these two types of patterns. The corresponding power spectra
reflect the directional preference of the oscillatory stripes and
the approximate isotropy of the patchy region (Figure 1c,
insets). Note that the analysis yields an identical wavelength of
about 3.7 μm for both regions. Furthermore, we analyze the
biomorph sheet patterns obtained at different reactant
concentrations. Figure 1d shows that changing the barium
(filled circles) and silicate concentrations (open circles) does
not produce an appreciable trend in the average wavelength.
We conclude that the characteristic wavelength is largely
independent from the pattern type and the initial bulk
concentrations.
We monitor the growth dynamics of the crystal aggregates

using time-lapse optical microscopy. The biomorph sheets
begin to develop after an induction period of approximately 3 h.
Figure 2 shows the sheets (a) at an intermediate growth stage

Figure 1. Optical microscopy images of biomorph aggregates at (a)
the liquid−air interface and (b) the growth substrate. White arrows
highlight the oscillatory patterns that form on the sheet structures.
Field of view: (a) 280 × 350 and (b) 130 × 160 μm2. The blue and red
boxes indicate the regions selected for Fourier analysis. (c) Power
spectra of the corresponding sheet patterns. (d) Plots showing the
effect of varying [Ba2+] at [SiO3

2−] = 8.4 mM (filled circles) and
[SiO3

2−] at [Ba2+] = 5 mM (open circles).

Figure 2. Optical micrographs of (a) an expanding biomorph and (b)
the same structure after 50 min. The arrows indicate the growth
direction of the two sheets. Field of view: 135 × 110 μm2. (c) Space-
time plot of the biomorph growth constructed by extracting one-
dimensional intensity profiles (blue, dotted line) from successive
images. The arrow highlights the emergence of a second thin sheet
from the crystalline globule.
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and (b) after the expansion is complete. Earlier studies found
that the striking cardioid shapes result from local growth arrest
due to a curled-in state of the sheet edge that ultimately
terminates the sheet expansion.28 We observe that the
concentric stripes occur parallel to the propagating edge and
normal to the growth direction (blue arrow). This finding is
obvious for the right sheet in Figure 2 but also holds for the left
sheet (see Movie 1 in the Supporting Information).
Further insights into the mesoscopic dynamics can be

obtained from the space-time plot in Figure 2c. We construct
the plot by stacking one-dimensional intensity profiles from
subsequent images of biomorph growth. These profiles are
extracted from a constant line across the center of the
biomorph (Figure 2b, dotted, blue line). During the expansion,
the right sheet front is oriented perpendicular to this line and
its cusp occurs only as the sheet expansion ends (approximately
after 1 h). Accordingly, the edge of the right sheet appears as a
rightwards propagating front and its slope is the inverse growth
speed in normal direction to the crystallization edge. The
oscillatory stripes occur as vertical bands of constant width and
remain stationary throughout the experiment. Most impor-
tantly, the stripes form in the immediate wake of the front (or
at least within the first 30 s). These findings rule out the
possibility of stripe formation due to the delayed deposition of
secondary crystals and/or physical buckling instabilities which
frequently occur in soft materials.34,35 However, our results are
consistent with the existence of chemical oscillations in close
vicinity to the propagating crystallization front.
The normal front velocity of the sheet in Figure 2c

accelerates only slightly and averages 0.98 μm/min which is
in agreement with values reported earlier.28,31 This measure-
ment allows us to determine the period of stripe formation and
hence the period of the possible concentration oscillations.
Considering the average stripe distance of 6.3 ± 0.5 μm, we
find a period of approximately 6.4 min. Within the resolution of
our measurements, we surprisingly detect no evidence for
oscillations in the growth speed. The lack of front oscillations

has been commented upon by others28 but is in our opinion
still perplexing.
The space-time plot provides additional information

regarding the physical nature of the band patterns. Notice
that a second deposition layer emerges from the globule
approximately 45 min after the nucleation of the first sheet
(Figure 2c, arrow). This secondary layer does not grow to a
full-sized leaf but traces one of the stripes in the original sheet.
Our observation suggests that the stripes affect the biomorph
surface. We hence probe the surface morphology using atomic
force microscopy (AFM). Parts a−c of Figure 3 show
topographic maps from three sheet regions at increasing
distances from the crystalline globule. Bright and dark colors
correspond to high and low surface elevations, respectively (see
scale bar). The highest points are within the small triangular
domain in the lower, left corner of part a, which represents the
globule edge. The diagonal bands in part a correspond to the
innermost stripes in the optical micrographs. The map in
Figure 3b is measured within a spatially disordered, patchy
region similar to the one shown in Figure 1b (dashed, red box).
In this particular sample, stripes reemerged near the periphery
of the biomorph sheet causing correlated height variations
(Figure 3c). Despite the large area covered by our AFM
measurements (100 μm2), we resolve some of the much smaller
barium carbonate nanorods.
The AFM measurements allow us to quantify the amplitude

of the height oscillations. For this purpose, we collapse the
topographic maps into average height profiles along the growth
direction (Figure 3d). For the representative examples in Figure
3a−c, we find periodic height variations of 350−500 nm in the
oscillatory regions (solid, blue and dotted, yellow curves) and
approximately 60 nm for the patchy pattern (dashed, red
curve). The average wavelength measures 6.6 ± 0.4 μm, which
is consistent with our optical data. In the following, we evaluate
the significance of the oscillation amplitudes by comparing our
measurements to the local surface roughness and the total sheet
thickness.

Figure 3. AFM characterization of the surface morphology (a) close to the crystalline globule, (b) in the patchy, middle region, and (c) in the
peripheral oscillatory region. Field of view: 10 × 10 μm2. The arrows indicate the sheet growth direction. (d) Plots of the average amplitude variation
in the sheet growth direction. (e) Average local roughness at selected 250 μm2 areas of the sheet surface. (f) Representative plots of the height
difference between the glass substrate and the biomorph surface.
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Figure 3e shows the local surface roughness as a function of
the distance x from the edge of the globule. The roughness is
measured from 500 × 500 nm2 subsections and fluctuates in an
interval of 20−55 nm. These values are an order of magnitude
smaller than the oscillation amplitude. Figure 3f shows height
profiles across the edges of three biomorph sheets (see also
Figures S1 and S2). The average thickness measures 1.1 ± 0.2
μm and has no systematic dependence on the sheet diameter or
the measurement position. Height oscillations in the
representative samples were absent at these close distances to
the sheet edge. We conclude that the oscillatory height
variations constitute 25−55% of the sheet thickness and their
mechanistic origin must hence be an essential component of
the biomorph growth.
The large amplitudes of the observed height variations raise

the question if the oscillations result fromor at least coincide
withperiodic changes in the nanoscopic architecture of the
biomorphs. Earlier studies have established that biomorph
sheets consist mainly of dense assemblies of crystalline barium
carbonate (witherite) nanorods.22,25 Electron microscopy,
microfocus X-ray diffraction, and polarized optical microscopy
revealed that the nanorods are aligned in the radial direction.22

Parts a−c of Figure 4 show images of the sheet surface obtained
by field-emission scanning electron microscopy (FE-SEM). The
micrographs strongly suggest that the nanorods are aligned
parallel to the average sheet plane in the valleys but protrude
out of the plane near the maxima (Figure 4a,b). In addition, we
find that the nanorod diameter is highly consistent and
measures 52 ± 5 nm (Figure 4c) which is comparable to the
local roughness of the biomorph surface. The observed
oscillations in nanorod alignment and sheet heights are
surprisingly not accompanied by periodic compositional
variations. Figure 4d shows the molar percentage of barium
carbonate (solid circles) and silica (open circles) as measured
by energy dispersive spectroscopy (EDS). The data span a
length of more than two wavelengths but show no indication of
compositional oscillations.

■ CONCLUSIONS
Our study provides the first direct experimental evidence for
oscillatory phenomena during the growth of biomorph sheets.
We specifically report the existence of large amplitude height
variations that take the shape of nearly concentric stripes or
disordered patchy patterns with essentially identical wave-
lengths. These topographic structures correlate with directional
variations in the nanorod alignment tilting them periodically
out of the average sheet plane. Our results can be discussed in
the context of an earlier proposed mechanism for biomorph
growth. This model predicts the alternating precipitation of
silica and barium carbonate as a central part of pH oscillations
at the expanding sheet front. In each iteration of this cyclic
process, the deposition of amorphous silica limits the barium
carbonate structures to nanorods, thus preventing them from
growing into larger euhedral witherite crystals.32

Our results show that the topographic patterns form in the
immediate wake of the crystallization front which is in
agreement with the pH oscillation model. In addition, the
stripes are parallel to the growing front suggesting a spatial
synchronization of these oscillations. In this context, one can
interpret the patchy patterns as desynchronized states with
similar frequency and wavelength that lack long-range, lateral
correlation. Interestingly, we occasionally observe line defects
in the stripe structures that separate synchronized but phase-

shifted band patterns (Figure S3). These patterns might present
another dynamic state of the oscillatory system. Despite this
supporting evidence for chemical oscillations, there remain
open questions and some potential contradictions. Foremost,
our data show no compositional variations that would be
expected from spatiotemporal changes in the production of
barium carbonate and silica. Furthermore, the pattern wave-
length shows no appreciable dependence on the reactant
concentrations. We also do not observe oscillatory changes in
the front speed.
These seeming contradictions might be explainable in terms

of more complex mechanistic features. Recent studies have
reported the formation of prenucleation clusters during the
crystallization of alkaline earth metal carbonates in the presence
of polyanionic species.16,36−39 Similar interactions between the
silicate oligomers and barium ions can possibly assemble
prenucleation clusters during the biomorph crystallization. In
this context, the deposition of silica and barium carbonate are

Figure 4. FE-SEM images of nanoscale features on the biomorph
leaves. Scale bars represent (a) 1 μm, (b) 300 nm, and (c) 100 nm. (d)
Plot of the percent molar composition of barium carbonate (filled
circles) and silica (open circles) at increasing distances from the
crystalline globule.
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not simply coupled by indirect pH changes, but must be
considered as a cocrystallization process.
Regardless of the validity of the pH oscillation model, one

can raise the question why the observed nanorods tilt out of the
sheet plane. One plausible explanation are variations in the rate
of nanorod nucleation and/or termination that intermittently
induce overcrowding and force directional adjustments. A
similar process might explain the front arrest due to the
reported curling and self-trapping of the sheet edge that gives
rise to the familiar cardioid leaves and helices. A periodic
change in the nucleation-termination balance is also supported
by occasional observations of expanding biomorphs that
alternate between thin sheets and thick globule-like segments
(see Movie 2). These exceptions could be understood as
extreme cases of the typical topographical oscillations.
Another unresolved issue is how the growing biomorphs

select and maintain their average thickness. Using reliable AFM
measurements, our study reports this value as 1.1 μm for
substrate-bound sheets. As noted in the literature, the
preferential direction for nanorod growth is along the c-axis,
which introduces a bias for flat sheets.22,25,28 In addition,
symmetry breaking occurs due to the planar substrate surface
(which also provides ample nucleation sites). These factors as
well as fluctuations and nanorod defects must be considered in
a complete description of the basic and oscillatory growth
processes. It is less clear in how far diffusion plays a critical role
in this system but relaxation oscillations could also occur from
the interplay of diffusive transport and thickness-dependent
production and consumption at the front. The goal for future
studies should be to perform more quantitative measurements
of the local concentration fields40 and ultimately develop a
rigorous description capable of reproducing the results reported
here.
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