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Abstract

Intriguing patterns of periodic, concentric, layered, mineral microstructure are present in nature and organisms, yet they
have elusive geneses. We hypothesize temperature oscillation can be an independent factor that causes the self-assembly
of such patterns in mineral phases synthesized in solution. Static experiments verify that rhythmic concentric multi-layered
magnesium carbonate microhemispheres can be synthesized from bicarbonate solution by temperature oscillation, without
use of a chemical template, additive or gel-diffusion system. Appropriate reactant concentration and initial pH value can
restrain the competitive growth of other mineral generations. Polarized light microscopy images indicate the
microhemispheres are crystalline and the crystallinity increases with incubation time. The thickness of a single mineral
layer of microhemisphere in microscale is precisely controlled by the waveform parameters of the temperature oscillation,
while the layer number, which can reach tens to about one hundred, is constrained by the temperature oscillation period
number. FT-IR spectra show that these microhemispheres synthesized under different conditions can be identified as the
basic form of magnesium carbonate, hydromagnesite (Mg5(CO3)4(OH)2?4H2O). SEM images exhibit the characteristic
microscopic texture of the alternating dark and light rings of these microhemispheres. TEM images and ED patterns suggest
the nanoflakes of microhemispheres are present in polycrystalline form with some degree of oriented assembly. The
temperature oscillation modulated self-assembly may offer a new mechanism to understand the formation of layered
microstructure of minerals in solution, and provide a non-invasive and programmable means to synthesize hierarchically
ordered materials.
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Introduction

Self-assembly is a fundamental aspect of nature and organisms

to form organized structures [1–3]. The diverse, intriguing

patterns of periodic concentric layered microstructure are present

in natural materials, such as ooids [4–8]; biological samples from

living organisms, such as gallstones, otolith, Liesegang ring-like

structure in certain rare pathologic zone and yolk spherocrystal

[9–13]; and laboratory products, such as the Liesegang rings

formed in gel-diffusion systems [14,15]. Such patterns often have

elusive formation mechanisms. For example, the origin of ooids

has long been postulated to be influenced by either biotic or

abiotic factors, in addition to the role of organic matter [4–8].

From the view of classic ion-by-ion attachment crystallization

theory, it is unlikely that such patterned structures can be self-

assembled by the mineral phase synthesized in aqueous solution

without the participation of another chemical component as

mediator. However, the non-classic nucleation and crystallization

theory developed in recent years [3,16–24] allows for early

structural preformation, and provides the possibility to form

complex off-equilibrium crystal structures. Stable nanoscopic

clusters of metal oxides, oxyhydroxides and carbonates can be

formed in the aqueous suspensions [17–20,25]. The chemical

mediation method, involving a chemical template, additive or gel-

diffusion system [3,17,26] has already been extensively applied to

the synthesis of several complex, off-equilibrium structures.

Interestingly, short term temperature fluctuations can induce

dramatic structural marks onto the otoliths of some incubating

fishes, such as salmonoids, and the otolith thermal marking

technique has been widely used to mark juvenile fish for their

origin identification [10,11].

Temperature is a key thermodynamic factor determining

material state and transformation. Its important role has been

embodied in the syntheses of polymorphic carbonate mineral. The

polymorph discriminations of both calcium carbonate and

magnesium-amorphous calcium carbonate have been realized by

simply tuning the reaction temperature without using any organic

additives [27–30]. The temperature modulated formation of

different polymorphs of calcium carbonate in double-jet experi-

ments was observed in coincidence with the crystal energy

sequence of different mineral phase [28]. The influence of

temperature on the preferential chemical forms, phase transfor-

mation and morphology discrimination of magnesium carbonate

has been extensively studied [31–37]. The hydrated amorphous

carbonates are metastable phase and precursors, providing a low

energy pathway for carbonate mineralization to different crystal
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forms following energetically downhill sequence [38–39]. With

these hints, the varying temperature may favor the non-classic

nucleation of minerals and may have an exclusive constraint on

this nucleation and subsequent mineral intermediate formation.

We hypothesize that temperature oscillation can be an

independent factor causing the self-assembly of periodic patterned

microstructure of minerals, if the mineralization process is

dominated by the non-classic nucleation of nanoscopic clusters

and the heterogeneously nucleated intermediates have a structural

preformation property [3,17,20–22]. Magnesium is an abundant

element dissolved in seawater and present in marine ooids [5,8]. It

also plays an important role in biomineralization [26,40].

Magnesium carbonate hydrates, present in different hydrated

and basic forms including nesquehonite (MgCO3?3H2O), lansfor-

dite (MgCO3?5H2O), hydromagnesite (Mg5(CO3)4(OH)2?4H2O)

and artinite (Mg2CO3(OH)2?3H2O), are of significance in

sedimentary geology and planetology [41,42], and extremely

important to the geo-sequestration of atmospheric CO2 [43,44].

They have also been widely used for various industrial applications

including pharmaceuticals and cosmetic manufacturing [45,46].

Recent studies have investigated the formation of nanoclusters of

magnesium carbonate with different sizes in the pre-nucleation

stage, which may be crucial for the mineral crystallization process

[47,48]. Herein, we report that temperature oscillation can

modulate the self-assembled synthesis of rhythmic concentric

multi-layered microhemispheres of magnesium carbonate.

Materials and Methods

Incubation of magnesium bicarbonate solutions under
thermostatic and temperature oscillation conditions

ACS grade chemicals and high purity water ($ 18.2 MV?cm)

were used for the chemical experiment. Aqueous solutions of

magnesium bicarbonate were prepared by mixing 120–240 mM

magnesium acetate buffers (MgAc2), pH 6.0–8.2 or 240 mM

magnesium chloride (MgCl2) with 200–500 mM sodium bicar-

bonate buffers (NaHCO3) in 200 ml clear polypropylene micro-

centrifuge tubes with an attached cap at room temperature. The

sample volumes were 50–90 percent of tube capacity. The final

concentrations of Mg2+ and HCO3
2 were in the range of 40–

137 mM and 67–250 mM, respectively; the molar ratios of Mg2+/

HCO3
2 varied from 0.5 to 1.2. Moreover, higher concentrations

Figure 1. Magnesium carbonate microparticles synthesized under thermostatic conditions. (A) Representative temperature vs. time
curves. (B) Reflected light microscopic stereo image of reaction tubes containing microhemispheres with rod-like crystals (arrow) or without. The
insert shows the shape of microhemispheres. (C and D) Transmitted light microscopic image of wet microhemispheres. (C) Microhemispheres and
fragments having non-layered internal structure. The sample was from a mixture of 240 mM MgCl2 with 500 mM NaHCO3 (V/V, 1:1) incubated at
50.860.2uC for 14 h. (D) Microhemispheres with a nearly homogeneous core structure and a radially aligned fibrous shell. The sample was from a
mixture of 240 mM MgAc2, pH 7 with 200 mM NaHCO3 (V/V, 1:2) incubated at 67.460.3uC for 14 h.
doi:10.1371/journal.pone.0088648.g001
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Figure 2. Magnesium carbonate microhemispheres synthesized under passively produced temperature oscillation conditions. (A)
Temperature oscillation patterns at different T settings. (B–G) Typical optical images. (B) A crushed microhemisphere synthesized from a mixture of
120 mM MgAc2, pH 6.5 and 200 mM NaHCO3 (1:1, v/v) at T setting of 55uC for 14 h showing dissociated single layer. (C) Partial of a microhemisphere
synthesized from a mixture of 120 mM MgAc2, pH 6.5 and 200 mM NaHCO3 (1:1, v/v) at T setting of 35uC. Layer thickness (LT): 3.360.1 mm. (D) and (E)
Microhemispheres synthesized from a mixture of 120 mM MgAc2, pH 6.0 and 200 mM NaHCO3 (1:1, v/v). (D) at T setting of 40uC, LT: 6.460.3 mm, (E)
at T setting of 50uC, LT: 6.960.3 mm. (F) and (G) Microspheres synthesized from a mixture of 240 mM MgCl2 and 500 mM NaHCO3 (1:1, v/v). (F) at T
setting of 45uC, LT: 12.860.9 mm, (G) at T setting of 55uC, LT: 13.060.4 mm.
doi:10.1371/journal.pone.0088648.g002

Layered Carbonate Formation by Thermal Oscillation

PLOS ONE | www.plosone.org 3 February 2014 | Volume 9 | Issue 2 | e88648



Figure 3. Polarized light images of magnesium carbonate microhemispheres synthesized under temperature oscillation conditions.
(A) Microhemispheres synthesized from a mixture of 240 mM MgAc2, pH 6.5 with 400 mM NaHCO3 (V/V, 1:1) at T setting of 55uC for 6 h. (B)
Microhemispheres synthesized from a mixture of 240 mM MgCl2 with 500 mM NaHCO3 (V/V, 1:1) at T setting of 55uC for 6 h. (C) and (D) Fragments of
microhemispheres synthesized from a mixture same as that of (B) at T setting of 55uC for 14 h and T setting of 50uC for 14 h, respectively.
doi:10.1371/journal.pone.0088648.g003

Figure 4. Optical microscopic images of magnesium carbonate microhemispheres synthesized from high concentration of
magnesium bicarbonate under temperature oscillation condition. Mg(HCO3)2 solutions were prepared by mixing of MgCl2 and NaHCO3

(Mg2+/HCO3
22 molar ratio, 2:1). The upper images were transmitted light images. (A) 200 mM Mg(HCO3)2 was incubated at T setting of 55uC for 6.5 h.

(B) and (C) 333 mM Mg(HCO3)2 was incubated at T setting of 55uC for 6.5 h and 22 h, respectively. The lower images, (D), (E) and (F) were cross-
polarized light images of samples from same systems as (A), (B) and (C), respectively.
doi:10.1371/journal.pone.0088648.g004
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of MgCl2 and NaHCO3, and NaHCO3 adjusted with 0035 M

sodium hydroxide to different pH values up to 10.7 were also used

for magnesium bicarbonate solution preparation to test influence

of concentration and pH value on mineralization generation.

Magnesium sulfate solution (MgSO4) was also used as an

alternative magnesium source for magnesium bicarbonate solution

preparation for a few synthesis experiments of magnesium

carbonate.

Following mixing, the magnesium bicarbonate samples were

incubated undisturbed under thermostatic conditions in a precise

incubator or under oscillatory temperature conditions that were

produced passively in a water bath with apparent constant

temperature (T) settings (35–70uC). The sample temperature was

monitored with a type K thermometer equipped with a micro

thermocouple (Extech 421501). The representative sample tubes

of a reaction system were observed with naked eyes and optical

microscope at different times to track the mineralization process.

Many samples were also incubated in a programmable PCR

thermocycler (DNA Engine Tetrad 2 thermal cycler, Bio-Rad),

while the lid temperature was set to 100uC to prevent vapor

condensation. The pH values of the mixtures freshly prepared and

after incubation were measured using a HI 2221 pH meter with a

HI 1083 micro pH electrode (Hanna Instruments).

Optical microscopic observation
The magnesium carbonate microparticles synthesized in the

magnesium bicarbonate solutions under different conditions were

observed in-situ or after loading onto slides by an Olympus

MVX10 stereo microscope or a Nikon E600 microscope using

either transmitted light mode or reflected light mode. The

fragments of microhemispheres created by mechanical crushing

or cutting were also observed on slides. The microhemispheres

and other mineral generations were also observed by polarized

light microscopy, which was realized with the Olympus MVX10

stereo microscope by inserting two circular polarizers on the

optical path, one was beneath the specimen stage and the other

was above the objective. The digital images were recorded.

Figure 5. Optical microscopic images of magnesium carbonate microhemispheres synthesized from magnesium bicarbonate with
different initial pH values under temperature oscillation condition. (A), (B) and (C) were transmitted light images of mineral generation from
mixtures of 120 mM MgCl2 with 300 mM NaHCO3 of pH 8.4, or adjusted pH 9.0 and 9.2 (V/V, 1:1) for 5.3 h of incubation at T setting of 55uC. (D), (E)
and (F) were the corresponding cross-polarized light images of mineral generations same as (A), (B) and (C), respectively. (G) and (H) were cross-
polaried light images of mineral generations from mineralization systems same as (A) and (B) but with incubation time of 18 h. (I) Cross-polaried light
image of mineral generation from a mixture of 120 mM MgCl2 with 300 mM NaHCO3 of adjusted pH 10.7 (V/V, 1:1) incubated at T setting of 5uC for
18 h.
doi:10.1371/journal.pone.0088648.g005
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Fourier Transform infrared spectroscopy (FT-IR)
The synthesized magnesium carbonate microparticles were

gently washed with water 3 times, dried at 35uC in air, and then

ground into powder. The IR spectra of the powder samples were

recorded with a JASCO FT/IR-4100typeA spectrometer in the

attenuated total reflection mode in the range of 4000–600 cm21.

The resolution was 4 cm21 and 32 scans were signal-averaged in

each interferogram. The background scan was recorded before the

sample measurement and thereafter subtracted from the spectrum

for the sample.

Scanning electron microscope (SEM) observation
The air dried magnesium carbonate microparticles and their

crushed fragments were loaded on high vacuum carbon tabs and

observed with a JEOL 6610LV scanning electron microscope.

Then the morphology of microparticles was observed at different

magnifications and the digital images were recorded.

Transmission electron microscope (TEM) observation
with electron diffraction (ED) pattern analysis

For TEM observation, the synthesized magnesium carbonate

microparticles were gently washed with water 3 times, then dried

at room temperature in air for no more than one day. The dried

samples were ground with plastic tip, suspended in pure ethanol

and ultrasonicated for 5 minutes, then a drop was transformed

onto a carbon coated Cu TEM grid. The grid was thoroughly

dried at room temperature before observation with TEM. TEM

images and ED patterns were acquired with a JEOL 2200FS

200 kV field emission transmission electron microscope.

Results and Discussion

In the control experiment, the magnesium bicarbonate solutions

were heated under thermostatic conditions (representative tem-

perature-time curves shown in Fig. 1A). Firstly, the influence of

reactant concentration on mineralization was investigated. It was

found that high reactant concentration tend to produce numerous

amorphous matter as an initial mineralization stage, such as, when

the concentration of Mg(HCO3)2 solution prepared by mixing of

MgCl2 and NaHCO3 reached 300 mM, the clear solution turned

to a cloudy suspension in a few minutes at room temperature. This

cloudy suspension was affirmed to be amorphous phase by dark

view under cross-polarized light microscopy observation. The

amorphous phase produced in these high concentration mineral-

Figure 6. SEM images of a representative microhemisphere exposed different temperature oscillation conditions during growth.
The sample was acquired from a mixture of 240 mM MgCl2 and 240 mM NaHCO3 (1:1, v/v) statically incubated at T setting of 40uC for 15 h, room
temperature for 20 min, and then T setting of 50uC for 4 h. The last stage, corresponding to 5 temperature oscillation periods, produced the 5 thick
outer layers shown in (A). (B) The magnified rings produced at the transition zone of different temperature oscillation conditions. Left side of dotted
curve represents the rings formed at T setting of 40uC, right side of dash dotted curve represents mineral formation with temperature increased to T
setting of 50uC. Zone between the two curves represents the mineral formation at room temperature. These three zones showed different radially
aligned textures. (C) Good linear fitting of summed layer thickness measured from (A) vs. layer number curve for different temperature oscillation
conditions. Slope = 4.448, R2 = 0.9998 for stage of T setting of 40uC; slope = 7.481, R2 = 0.9954 for stage of T setting of 50uC.
doi:10.1371/journal.pone.0088648.g006

Figure 7. SEM images of a conjoined magnesium carbonate microparticle grown from two cores. The sample was acquired from a
mxiture of 120 mM MgAc2, pH 6 and 200 mM NaHCO3 (V/V, 1:1) incubated at T setting of 50uC for 14 h. (A) Image of whole microparticle showing
the two isolated cores and the intimate confluentation of outer layers. (B) Magnified confluent zone showing the synchronously formed alternating
dark and light rings with similar textures. (C) Second-order polynomial fitting of summed layer thickness measured from (A) vs. layer number curves
(Y = 0.3499+8.085X20.1410X2, R2 = 0.9982).
doi:10.1371/journal.pone.0088648.g007
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ization systems could experience complicated transformation

during static heating at different temperatures. It could transform

into clustered rod-like microcrystals and microhemispheres at the

interface of the solution and tube wall in a few hours or longer

time of incubation (Fig. S1). Though microhemispheres could be

formed without concurrence of rod-like microcrystals in some

reactant tubes, these high concentration mineralization systems

often generated rod-like microcrystals. The coexistence of

competitive crystallization pathways in these high concentration

mineralization systems reflected the heterogeneous nucleation

from amorphous precursor, which probably had low energy

difference or was affected by some kinetic factors. The appearance

and enlargement of microhemispheres companying with the

reduction of clustered rod-like microcrystals was also observed in

some reaction tubes at temperature roughly above 55uC, in accord

with the literature reported crystalline transformation of magne-

sium carbonate [34,35]. An increase of crystallinity of microhemi-

spheres was also observed with incubation time by the brightness

and hues of polarized light signal under cross-polarized light

microscopy (Fig. S1), reflecting the influence of Ostwald ripening

on crystallization of microhemispheres.

Magnesium bicarbonate solutions having high initial pH values

prepared with NaHCO3 adjusted with concentrated NaOH also

tended to form amorphous mineral matter. Such as, cloudy

phenomenon appeared instantly or in a few minutes after mixing

120 mM MgCl2 with 300 mM NaHCO3, pH 10.0–10.7 (V/V

1:1). Optical imaging showed that static heating of these

mineralization systems of high initial pH induced gradual

crystallization within the colloidal suspension and resulted in the

formation of massive tiny sphere-shaped crystalline microparticles

and a small quantity of bigger but relatively loose sphere-shaped

microparticles with a hard core or not (Fig. S2).

Under other experimental conditions mentioned in the exper-

imental method section, the magnesium bicarbonate solutions

either gradually turned slightly cloudy after tens of minutes of

incubation by the formation of amorphous mineral precursors

under conditions of high temperature or high reactant concentra-

tion, or showed no noticeable cloudiness. The colloidal amorphous

precursors were unstable and tended to either quickly disappear or

else aggregate to form some irregular microparticles. Then, over

several hours to several days of incubation at different tempera-

tures, clustered rod-like microcrystals or microhemispheres of

magnesium carbonate appeared and grew slowly at the interface of

the solution and tube wall (Fig. 1B). These microhemispheres had

relatively homogeneous internal structure with or without a loose

shell composed of radially aligned microfibers under optical

microscopy observation (Fig. 1C and 1D).

When the magnesium bicarbonate solutions were heated at

passively produced oscillatory temperatures (Fig. 2A), similar

mineralization phenomena to the control experiments happened.

The high concentration mineralization systems produced colloidal

amorphous matter as first mineralization stage, then either rod-like

microcrystals, microhemispheres or both. The systems with high

initial pH values produced sticky colloidal suspension, and further

generated massive tiny sphere-shaped microparticles and a small

quantity of big but fragile microspheres with hard core or not. In

other mineralization systems, the mineral microhemispheres

appeared and slowly grew up to tens or hundreds of micrometers

in diameter over time periods from about 6 hours up to 5 days at

different T settings. However, different from what produced under

thermostatic conditions, these microhemispheres synthesized

under temperature oscillation conditions exhibited a distinct

internal structure of alternating concentric circular dark and light

rings by both optical microscopy (Figs. 2–5; Fig S3) and SEM

observations (Figs. 6 and 7; Fig S4). The characteristic Maltese

cross extinction patterns and concentric rings displayed by cross-

polarized light microscopy were similar to that of banded polymer

spherulites at some degree [49]. The enhanced crystallinity of

microhemispheres with incubation time due to Ostwald ripening

was also displayed (Figs. 3–5). The syntheses of such characterized

microhemispheres were realized with magnesium source using

MgAc2, MgCl2 or MgSO4, suggesting the anions of these

magnesium salts have no irreplaceable role in assembly of the

layered mineral structure, though acetate ions affect the concen-

tration of free Mg2+ by its weak coordination ability. The primary

repeating unit of the hierarchical internal structure was a single

layer composed of a dark ring and the neighboring light ring

shown by the microscopic images. However, the single transparent

layer could also be dissociated from the crushed microhemispheres

Figure 8. FT-IR spectra of magnesium carbonate microparticles
synthesized under different incubation conditions. The reac-
tants were (A) a mixture of 120 mM MgAc2, pH 6.0 and 200 mM
NaHCO3 (1:1, V/V), (B) a mixture of 240 mM MgCl2 and 450 mM NaHCO3

(1:1, V/V), (C) a mixture of 240 mM MgCl2 and 240 mM NaHCO3 (1:1, V/
V) and (D) a mixture of 240 mM MgCl2 and 500 mM NaHCO3 (1:1, V/V),
respectively. The T setting represents the apparent instrumental
temperature setting of water bath with actual oscillatory temperatures
and RT represents room temperature in the legend. The IR absorption
bands including three split bands around 800, 850 and 880 cm21,
neighboring bands around 1420 and 1480 cm21, and single band
around 1115 cm21 are assignable to hydromagnesite, while the bands
including single 850 cm21 band, 1098 cm21 band and three split bands
around 1514, 1470 and 1410 cm21 are assignable to nesquehonite.
doi:10.1371/journal.pone.0088648.g008
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(Fig. 2B; Fig S5). It was also observed that the multi-layered

structure of both wet microhemispheres kept with the mother

solution and dried ones stored at room temperature showed no

significant degradation in half a year of storage.

The different sizes of microhemispheres formed in the same

reaction tube under conditions of a fixed temperature oscillation

waveform had almost equal layer thickness. In a minority of

situations, the layer thickness of a microhemisphere showed a

slightly decreased trend with increasing layer number, excluding

the fibrous-like shell under optical microscope if it was present,

and a second-order polynomial fitting was better than linear fitting

(see Figs. 6C and 7C for examples). The maximal layer number of

microhemispheres was always constrained by the period number

of the temperature oscillation until the mineralization reaction

approached termination. Microhemispheres with tens of layers

could be conveniently produced under the oscillatory temperature

conditions (Fig. 2). The time to grow a single layer of the periodic

microstructure was found equal to one temperature oscillation

period by observation the microhemispheres growing under

artificially varied temperature oscillation conditions (Fig. 6).

Conjoined microhemispheres with multiple cores displayed

synchronous formation of the alternating dark and light rings

from different cores (Fig. 7). These results confirmed that the

layered growth of magnesium carbonate microhemispheres was

modulated by the temperature oscillation condition. Therefore,

the distinctive multi-layered microstructure is a thermal marker of

growth history of the microhemispheres.

The average growth speed of layered mineral microstructure,

calculated from the temperature oscillation period and layer

thickness data demonstrated in Fig. 2, was 0.5–6.7 nm/s. This

mineralization speed was at a low level, implying the condition of

low saturation of magnesium carbonate in solution or slow

transformation of amorphous matter into crystalline microhemi-

spheres. Both higher temperature and higher magnesium bicar-

bonate concentration contribute to relatively faster mineralization.

But the mineralization process is in a complicated staging way.

The high reactant concentration does not simply mean the faster

growth of microhemispheres, as the colloidal amorphous matter

can be produced in first stage as metastable intermediate and the

growth of microhemispheres may encounter the competition from

rod-like crystals. It’s not surprising that microhemispheres of

similar layer thickness were synthesized from certain systems of

different concentrations under same incubation condition (Fig. 4).

The pH values of the incubated bicarbonate solutions in which

magnesium carbonate microhemispheres were produced were in a

range of 7.8–9.3, generally not exceeding one pH unit from that of

the initial mixtures. This weak basic self-buffered reaction

condition may contribute to the slow synthesis of magnesium

carbonate microparticles. In the mineralization experiment with

pH modified NaHCO3 used, the multi-layered microhemispheres

were able to be produced in relatively low initial pH intervals

Figure 9. SEM images of a microhemisphere showing dark and light rings composed of radially and tangentially interlaced
platelets. The reactant was a mixture of 120 mM MgAc2, pH 6.0 and 200 mM NaHCO3 (1:1, v/v) at T setting of 40uC. (A) The core composed of
disorderly aligned platelets. (B) and (C) Magnified images of alternating dark and light rings composed of radially aligned short platelets and
tangentially aligned long platelets, respectively, which were distorted and interlaced.
doi:10.1371/journal.pone.0088648.g009

Figure 10. SEM images of a microhemisphere showing texture of rings composed of radially aligned platelets. The reactant was a
mixture of 120 mM MgAc2, pH 6.5 and 200 mM NaHCO3 (1:1, v/v) at T setting of 50uC. (A) The microhemisphere having roughly circular core and well
circular-shaped outer rings. (B) Magnified image of the core composed of roughly radially-aligned platelets with branches. (C) Magnified image of the
rings showed similar texture feature as the core. Furthermore, the light rings, especially in their early growth stage (area near the right outside of
dotted curves), were densely stacked by much more branched platelets, compared to the adjacent dark rings.
doi:10.1371/journal.pone.0088648.g010
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(Fig. 5), but was hindered with increasing initial pH. However,

optical microscope observation of the microspheres formed at low

productivity inside the sticky colloidal suspension of these

mineralization systems found that portion of them had a crystalline

spherical core of multi-layered structure (Fig. S6).

FT-IR spectroscopy has been extensively used in the chemical

structure characterization of different magnesium carbonate

hydrates, which are present in hydrated or basic forms

[32,33,50,51]. The basic form of magnesium carbonate, hydro-

magnesite is more common in nature than the hydrated form,

nesquehonite; the latter can readily precipitate from magnesium

bicarbonate at room temperature, whereas it is metastable and

converts readily to hydromagnesite [34]. Temperature plays a

critical role in the magnesium carbonate mineralization by

affecting the solubility of CO2, hydrolysis of bicarbonate ions,

supersaturation of carbonate solution, crystal nucleation and

growth rate, and the crystal phase [33,35–37]. The nesquehonite –

hydromagnesite transformation can occur at 52uC – 65uC
[33,34,52], whereas other parameters, including CO2 pressure,

pH value, ionic strength of solution, and crystallization kinetics

also exert significant effect on this transformation [33,37,53]. The

FT-IR spectra of the magnesium carbonate microhemispheres

synthesized under different conditions were measured (Fig. 8).

Most of the magnesium carbonate samples exhibited the

characteristic FT-IR absorption bands assignable to hydromagne-

site, including three split bands around 800, 850 and 880 cm21

(CO3
22 n2 bending vibrations), neighboring 1420 and 1480 cm21

bands (CO3
22 n3 asymmetric stretching vibrations), and

Figure 11. TEM images and ED patterns of crushed fragments of synthesized magnesium carbonate microhemispheres. (A) and (B)
TEM images of sample synthesized from a mixture of 120 mM MgAc2, pH 6.0 with 200 mM NaHCO3 (V/V, 1:1) at T setting of 55uC for 7 h. The
corresponding ED pattern was shown in (E). (C) and (D) TEM and HRTEM images of sample synthesized from a mixture of 120 mM MgCl2 with
300 mM NaHCO3 of adjusted pH 9.0 (V/V, 1:1) at T setting of of 55uC for 18 h. The corresponding ED pattern was shown in (F). Hydromagnesite of
polycrystalline structure with some degree of oritentation was affirmed from the ED dots and arcs and characteristic interplanar spacings derivated
from them.
doi:10.1371/journal.pone.0088648.g011
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1115 cm21 band (CO3
22 n1 symmetric stretching vibration)

(Fig. 8), indicating the layered microstructure of microhemisphere

was self-assembled by basic magnesium carbonate synthesized

under different conditions. The presence of H2O was confirmed

by the shoulder band at 1645 cm21 (H2O bending vibration).

However, the quite weak IR absorption bands around 1514 cm21

(CO3
22 n3 asymmetric stretching vibration) and 1098 cm21

(CO3
22 n1 symmetric stretching vibration) assignable to nesque-

honite were rarely observed in microhemispheres synthesized at

low temperature, such as those synthesized at constant 40uC
shown in Fig. 8C, implying the synthesis may approach the

interval of co-existence of hydromagnesite with nesquehonite. The

FT-IR spectra showed no significant evidence of nesquehonite –

hydromagnesite transformation in samples synthesized under

different temperature conditions. Moreover, if this time-related

transformation was present, it should have a global effect on the

mineral layers after their synthesis. However, the well preserved

multi-layered structure of microhemispheres indicated that no

observable degradation of the layered structure was caused by

possible post-synthesis chemical transformation. On the other

hand, the hydromagnesite – nesquehonite transformation was

observed during the storage of multi-layered microhemispheres

with the mother solution at room temperature as shown by the

appearance of distinct IR absorption bands of nesquehonite, such

as single 850 cm21 band, 1098 cm21 band and three split bands

around 1514, 1470 and 1410 cm21 (Fig. 8D). However, the

layered mineral structure was still vivid, indicating the aging at

room temperature did not significantly degrade the layered

structure of synthesized magnesium carbonate microhemispheres,

though chemical transformation could be involved.

SEM images of the microhemispheres clearly showed the

different loose mineral textures formed under different temperature

oscillation conditions. The innermost core of the multi-layered

microhemispheres was composed of radially aligned platelets with

different degrees of distortion (Figs. 9 and 10). The dark rings of the

layered structure were generally composed of radially-aligned

platelets, whereas the light rings were composed of either radially-

aligned or roughly tangentially- aligned platelets, affected by the

temperature oscillation conditions (Figs. 9 and 10). The abrupt

change of texture features leading to the formation of a boundary of

mineralization rings could be observed at the artificially produced

inflection point of a temperature oscillation wave (Fig. 6B). SEM

images also showed the mineral layers of these same microhemi-

spheres generally displayed similar characteristic textures, in spite of

their distance from the core (Fig. 9), indicating their architectural

stability post synthesis. Obviously, the formation of these period-

ically-layered magnesium carbonate microhemispheres with com-

plex texture was very likely not dominated by the classic ion-by-ion

attachment crystallization pathway.

TEM observation of the crushed and ultrasonicated fragments of

microhemispheres found the mineral texture was assembled by flakes

(Fig. 11). A large number of mesopores with variable diameters

(roughly , 10 nm) were randomly present within the flakes. The

mesopores of microhemispheres synthesized in short time of

incubation, which usually had low crystallinity, were enlarged and

the structure were further damaged by electron beam irradiation

during high resolution TEM (HRTEM) imaging, however, the

microhemispheres with high crystallinity had relatively stable

mesopores under HRTEM and a structure of aggregated assembly

of nanoflakes (width of several nanometers) (Fig. 11D). A lattice

fringe spacing of 2.3 Å was acquired from the HRTEM images,

probably corresponding to that of the (800) plane of hydromagnesite

(Fig. 11D). The ED patterns affirmed the nanoflakes of microhemi-

spheres were of polycrystalline structure with some degree of

oriented assembly (Fig. 11E and 11F). Hydromagnesite could be

identified according to the characteristic lattice spacing calculated

from the ED spots and arcs (Fig. 11E and 11F).

We speculate the pre-nucleation nanoclusters of magnesium

carbonate [47,48] produced in the supersaturated solutions of

incubated magnesium bicarbonate play an important role in the

multi-layered mineralization. These nanoclusters can follow two

low-energy pathways: 1) direct attachment on the surface of a

Figure 12. Schematic of the layered growth mechanism of magnesium carbonate microhemispheres. Pre-nucleation nanoclusters of
magnesium carbonate are produced in the slightly supersaturated solution under heating condition. These nanoclusters can directly attach on
preformed mineral surface, or expose self-assembled aggregation to form new nuclei and mineral intermediates with morphology preforming
property. The varying temperature disturbs the equilibrium of these two pathways adjacent to mineralization front, and finally leads to different
heterogeneous mineral textures. Higher temperature accelerates the reaction and favors production of more nanoclusters, and thus increases the
odds of aggregated nucleation pathway (ring A), on the contrary, lower temperature favors production of smaller amount of nanoclusters and surface
attachment pathway (ring B). A significant mineralization boundary may appear around the temperature inflection point. A single layer, composed of
two neighboring rings with different texture characteristics, can be formed corresponding to a temperature oscillation period.
doi:10.1371/journal.pone.0088648.g012
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preformed mineral core, and 2) self-assembled aggregation to

nucleation adjacent to the mineral surface (schematic in Fig. 12).

The oriented attachment of neighboring nuclei and further growth

can build up distinct, oriented amorphous intermediates before

transition to stable polymorphs [3,17,20–22]. Thus, the minerali-

zation texture is controlled by the synergistic action of these two

competitive pathways, while the classic ion-attachment pathway

may also be involved at some degree, depending on the specific

temperature conditions. The equilibrium of this synergistic action is

maintained under thermostatic conditions, but is disturbed by non-

equilibrium thermodynamics. As temperature determines the

mineralization speed, more nanoclusters are assumed to be

produced at higher temperature and thus increase the odds of the

aggregated nucleation pathway (ring A in Fig. 12); on the contrary,

the decreased mineral saturation at lower temperature may favor

the surface attachment pathway rather than the clustering

aggregation pathway (ring B in Fig. 12). The different characteristic

mineral textures are formed by the non-equilibrated coordination of

these pathways at different temperatures, consequently leading to

the periodic mineral layers under temperature oscillation condi-

tions. Though detailed chemical compositions of the nanoclusters

and mineral intermediates are not described in this study, their

presence in magnesium bicarbonate solutions has been demon-

strated in literatures [47,48] and implied by the characteristic

internal texture and oriented nano-polycrystalline structure of

microhemispheres exhibited by TEM images and ED patterns. The

FT-IR data support the hypothesis that mainly the basic form of

magnesium carbonate participated in the layered mineralization at

different T settings.

Evidently, both high temperature and a long period tempera-

ture oscillation waveform are factors favoring the growth of a thick

mineral layer of microhemisphere. The experiments under

passively produced temperature oscillation conditions indicate

that a higher temperature setting combined with a shorter

oscillation period could lead to a similar layer thickness as a lower

temperature setting combined with a longer oscillation period

(Fig. 2D vs. 2E, Fig. 2F vs. 2G). This speculation was further tested

by the observation of multi-layered microhemispheres synthesized

with a PCR thermocycler using different incubation settings. As

expected, the layer thickness decreased from 12.0 to 2.6 mm when

the oscillation period was decreased from 60 minutes to 15

minutes, at a constant average temperature and a constant

oscillation amplitude (a simple square wave shape was arbitrarily

chosen for this experimental trial) (Fig. 13).

Figure 13. Magnesium carbonate microhemispheres synthesized with a programmable PCR thermocycler. The reactant was a mixture
of 240 mM MgCl2 and 500 mM NaHCO3 (1:1, V/V). (A) Similar temperature oscillation patterns having different periods. (B–D) Transmitted light
microscopic images of microhemispheres produced by the temperature oscillation patterns with 60, 30 and 15-min period, respectively. The
corresponding layer thicknesses were 12.060.2, 6.060.1 and 2.660.0 mm.
doi:10.1371/journal.pone.0088648.g013
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Our experiments verified the modulation effect of temperature

oscillation on the self-assembly of mineral microstructure in

solution. Appropriate reactant concentration and initial pH can

restrain the competitive growth of other mineral generations. The

relatively slow mineralization reaction and static growth allow the

mineralization of magnesium carbonate to occur as a multi-

layered self-assembly synchronized to the oscillatory temperatures.

Further studies are required to explore the detailed mechanism of

such thermodynamic modulation, which will contribute to our

comprehensive understanding of the non-equilibrium mineraliza-

tion process. The work described in this paper does show,

however, that temperature oscillation modulation, as a non-

invasive and programmable method, has the potential to combine

with other synthetic techniques using chemical templates, additives

or gel-diffusion systems [3,17,26] for the preparation of hierar-

chically ordered mineral materials.

Conclusions

In conclusion, temperature oscillation was verified to be a

technique able to precisely modulate the self-assembly of rhythmic

concentric layered magnesium carbonate microparticles. This

novel temperature oscillation modulated self-assembly technique

may give new insight to understanding the genesis of natural,

concentric-layered mineral microparticles. The non-invasive and

programmable properties of temperature oscillation also reveal it

as a potential technique to combine with other synthetic

approaches using chemical mediators for the preparation of

hierarchically ordered mineral materials.

Supporting Information

Figure S1 Optical microscopic images of mineral
synthesized in 333 mM magnesium bicarbonate under

thermostatic condition of 556C. The magnesium bicarbonate

was prepared by mixing of MgCl2 and NaHCO3 (molar ratio, 1:2).

(A) Clustered rod-like crystals produced from the metastable

amorphous suspension in a reactant tube after 5 h of incubation.

(B) Cross-polarized light image of sample from (A) affirmed the

amorphous phase (dark view) and the crystal phase (light view). (C)

and (D) Transmitted light image and cross-polarized light image of

microhemispheres produced by 44 h of incubation and crushed

fragments. (E) and (F) Transmitted light image and cross-polarized

light image of microhemispheres produced by 5 d of incubation

and crushed fragments.

(TIF)

Figure S2 Optical microscopic images of mineral
synthesized in magnesium bicarbonate of high pH

values under thermostatic condition of 556C. (A) Mineral

generation of mixtures of 120 mM MgAc2 with 300 mM

NaHCO3 (V/V, 1:1) after 18 h of incubation. The pH values of

NaHCO3 component were 9.0, 9.2, 10.0 and 10.7, respectively,

for the reaction tubes from left to right marked as Y2, Y3, Y4 and

Y5. Colloidal suspension was present in mineralization systems

with higher initial pH values (Y4 and Y5). (B) and (C) Transmitted

light and cross-polarized light images of amorphous matter from

mineralization system (Y4) after 1.5 h of incubation. (D) and (E)

Cross-polarized light images of colloidal sample from mineraliza-

tion system (Y4) after 18 h and 2.5 d of incubation. The

appearance of many crystalline cores from amorphous phase

and formation of fragile microspheres of bigger sizes with

incubation time were displayed. Characteristic Maltese cross

extinction appeared with the crystalline core of big microspheres.

(F) and (G) Transmitted light image and cross polarized light

image of mineralization system (Y5) after 18 h of incubation. The

massive sphere-like microparticles transformed from amorphous

matter displayed significant crystalline cores. (H) Cross-polarized

light image of (Y5) after 2.5 d of incubation displayed the presence

of fragile crystalline microspheres of big sizes together with

agglomerates of massive small microparticles. (I) and (J) Trans-

mitted light image and cross-polarized light image of mineral

generation from a mixture of 160 mM MgSO4 with 333 mM

NaHCO3, pH 10.7 (V/V, 1:1) after 2 h of incubation. A large

number of tiny crystalline microspheres were transformed from

the amorphous matter.

(TIF)

Figure S3 Reflected light microscopic images of multi-
layered magnesium carbonate microparticles. (A) The

dried microparticles showing the hemispherical shape. (B) The wet

microparticles showing the translucent layered internal structure.

(TIF)

Figure S4 SEM image of the major fragment of a multi-
layered magnesium carbonate microhemisphere exhib-
iting the concentric multi-layered structure.

(TIF)

Figure S5 Transmitted light microscopic image exhib-
iting the dissociated layers of a magnesium carbonate
microhemisphere. The microhemisphere was synthesized from

a mixture of 120 mM MgAc2, pH 6.5 with 240 mM NaHCO3

(V/V, 1:1) incubated at T setting of 55uC for 6 h. (A) Intact

microhemisphere. (B) Crushed fragments.

(TIF)

Figure S6 Microspheres synthesized in colloidal sus-
pension of a mineralization system with high initial pH
under temperature oscillation condition. The product was

from a mixture of 240 mM MgSO4 with 500 mM NaHCO3 of

adjusted pH 10.7 (V/V, 1:1) incubated at T setting of 55uC for

18 h. (A) Transmitted light image showing the structure of fibrous

shell and transparent multi-layered core. (B) Cross-polarized light

image showing Maltese cross extinction of crystalline and layered

core with shell stripped.

(TIF)
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