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1 Introduction 

ABSTRACT 
Calcium carbonate crystals with various morphologies have been found in a 

variety of biospecimens and artificially synthesized structures. Usually, the 

diversity in morphology can be attributed to different types of interactions 

between the specific crystal faces and the environment or the templates used for 

the growth of CaC03 crystals. On the other hand, isotropic amorphous calcium 

carbonate (ACC) has been recognized as the precursor of other crystalline 

calcium carbonate forms for both in vivo and in vitro systems. However, here we 

propose a self-confined amorphous template process leading to the anisotropic 

growth of single-crystalline calcite nanowires. Initiated by the assembly of 

precipitated nanoparticles, the calcite nanowires grew via the continuous 

precipitation of partly crystallized ACC nanodroplets onto their tips. Then, the 

crystalline domains in the tip, which were generated from the partly crystallized 

nanodroplets, coalesced in the interior of the nanowire to form a single-crystalline 

core. The ACC domains were left outside and spontaneously formed a protective 

shell to retard the precipitation of CaC03 onto the side surface of the nanowire 

and thus guided the highly anisotropic growtl1 of nanowires as a template. 

Living creatures produce large amounts of calcium 

carbonate biominerals for carrying out various 

functions, for example, the biominerals in brittlestars 

function as optical micro lens arrays [1]. Most of these 

biogenic CaC03 minerals are shaped into unique 

anisotropic morphologies exhibiting thermodynamically 

unstable crystal faces [1-6]. Selected area electron 

diffraction (SAED) and atomic force microscopy (AFM) 
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observations have revealed that some of these minerals 
are not single crystals but mesocrystals [7]. There 
has been extensive research on biomineralization to 
understand the design strategies adopted by organisms 
for fabricating these biominerals, which are very 
different from the minerals with abiotic origin. The 
synergistic effect of an insoluble template and soluble 
proteins has been proved to be important for bio-
mineralization [8, 9]. Moreover, the role of amorphous 
calcium carbonate (ACC) in the formation of bio-
minerals, which has been discussed for decades, is 
also found to be crucial [6, 10]. ACC is quite unstable 
and has the highest solubility among all forms of 
CaCO3. Nevertheless, this thermodynamically unstable 
form can be kinetically stabilized by organic molecules 
and inorganic ions, such as acidic proteins and 
magnesium ions, respectively. The stabilized/meta- 
stabilized ACC can then be readily used by organisms 
as the precursor for the successive crystallization in 
various types of biogenic CaCO3 crystals [11–13]. The 
relationship between the biogenic ACC and the 
crystallization behavior has been elucidated [14–16]. 
Notably, a layer of ACC and/or macromolecules exists 
in some specimens even when most of the ACC has 
crystallized [17, 18]. 

Inspired by biomineralization, the morphology 
control of synthetic CaCO3 crystals, especially those 
with high anisotropy, has attracted much attention 
[19, 20]. Generally, the formation of anisotropic crystals 
can be achieved via tuning of the surface energy of 
crystal faces by changing the temperature and pH, or 
by adding specific molecules as modifiers [21–25]. An 
alternative method is to use prefabricated templates 
with designed shapes and surface functional groups 
[26–29]. In short, it is necessary to have diversity either 
in the crystal faces or in the prefabricated templates 
for the anisotropic growth of crystals. 

On the other hand, the emergence of amorphous 
phases in some reports has proved them to be important 
intermediates for in vitro mineralization systems [10, 
30]. The stabilization and transformation of the ACC 
phase has been studied [31–41]. Gower et al. proposed 
a so-called polymer induced liquid precursor (PILP) 
process which has been found in many mineralization 
processes where polymers were used as stabilizers 
[10, 31]. According to their observations, the wick effect, 
which was proposed for the vapor–liquid–solid process 

of other kinds of nanowires [42], could explain the 
anisotropic growth of CaCO3 nanowires [10]. Qi et al. 
reported the growth of calcite micropillars through 
the assembly of polymer-stabilized nanoparticles  
into pure amorphous precursor nanofibers that then 
crystallized into the calcite form [38]. They suggested 
that the anisotropic growth was induced by the 
dipole–dipole effect or the fusion of the nanoparticles. 
These theories have successfully explained many 
observations. However, according to our recent study, 
a polymer-stabilized ACC protective shell coating 
on the crystalline core, rather than the wick effect or 
specific interactions between different crystal faces 
and polymer molecules, is found to be crucial for  
the growth of highly anisotropic calcite nanowires. 
Moreover, this ACC shell is analogous to the ACC 
layers found in nacre and sea urchin spine that are the 
remnants of the crystallization of the biogenic ACC 
[17, 18]. We thus propose a new mechanism for the 
ACC-induced anisotropic growth of single-crystalline 
calcite nanowires. 

2 Experimental 

2.1 Preparation of Kitano solution 

CO2 gas was bubbled through a CaCO3 slurry (2 g of 
CaCO3 and 1 L of de-ionized water (DIW); Sangon 
Biotech, LLC) first at 25 °C for 6 h, and then at 4 °C for 
another 15 min [43]. The slurry was filtered to remove 
the remaining CaCO3. This fresh Kitano solution was 
kept in a beaker sealed with a plastic wrap at 4 °C for 
12 h for further use. 

2.2 Preparation of substrates 

Glass slides were cut into 1 cm × 1 cm squares, and 
then treated with piranha solution (concentrated 
sulfuric acid: 30 wt.% hydrogen peroxide = 4:1) at 
80 °C for 6 h. In order to facilitate the precipitation of 
CaCO3 and study the growth mechanism, two types 
of substrates were prepared: chitin and collagen 
substrates. The chitin substrates were prepared by 
spin-coating a 2 wt.% chitosan solution (in 2 wt.% 
acetic acid; Sinopharm Chemical Reagent, LLC) onto 
the treated glass slides and subsequent drying of the 
slides at room temperature, which were then immersed  



  

into a mixture of methanol and acetic acid anhydride 
(1:4, v/v) for 6 h at 45 °C. These acetylated substrates 
were then rinsed with ethanol, 0.1 M NaOH solution 
and DIW successively. For preparing the collagen 
substrates, 0.1 g of collagen (MP Biomedicals, LLC) 
was dispersed in 100 mL of 0.5 M acetic acid. The so 
obtained partly dissolved suspension was applied 
onto the glass slides, and then dried at 40 °C for 3 h 
followed by a final wash with DIW. 

2.3 Mineralization of CaCO3 

The precipitation of CaCO3 was carried out by 
immersing the coated glass substrates into 50 mL of 
Kitano solution containing Mg2+ (2 mM) and polyacrylic 
acid (PAA; 0.2 mM, MW = 1,800; Sigma-Aldrich, LLC) 
as additives. The beaker was then placed in a 
polymethyl methacrylate (PMMA) cube with twelve 
air holes (each 0.5 mm in diameter) in the lid by 
which the dissipation rate of CO2 could be precisely 
controlled (Fig. 1(a)). The temperature was maintained 
at 37 °C in an incubator. In a typical experiment, four 
air holes were opened and the mineralization process 
took 48 h. The resulting specimens were washed gently 
with DIW and immediately immersed in ethanol to 
quench the crystallization process. 

2.4 Measurements and characterization 

Scanning electron microscopy (SEM) images were 
obtained using a Carl Zeiss Supra 40 field emission 
scanning electron microscope (5 kV). All specimens 
were directly observed without sputtering gold onto 
their surfaces. Transmission electron microscopy (TEM), 
high resolution TEM (HRTEM), SAED, and energy 
dispersive spectrometry (EDS) data were obtained 
using a JEOL JEM-ARM200F transmission electron 
microscope (200 kV). The images were taken in a few 
seconds to avoid the destruction of the structures by 
the electron beam. TEM samples the chitin substrate 
was carefully dissolved in hexafluoroisopropanol, then 
the solvent was evaporated from this mixture and 
finally, the resulting precipitates were gently washed 
with ethanol three times. For the nanowires grown 
on the collagen substrates, the samples were carefully 
scraped away from the substrate and were then 
suspended in ethanol. X-ray diffraction (XRD) data 
were measured with a PANalytical X'Pert PRO X-ray 
diffractometer equipped with Cu K  radiation (  = 
1.54056 Å). The concentrations of Ca and Mg were 
measured using a PerkinElmer ICP-OES Optima 7,300 
DV spectrometer. The concentrations of the dissolved 
CO2 were measured using an FC-100 CO2 analyzer 

 
Figure 1 (a) Illustration of the experimental setup. (b) and (c) SEM images of the samples prepared in the presence of 2 mM Mg2+ and 
0.2 mM PAA, CaCO3 nanowires with high aspect ratio formed on both (b) chitin and (c) collagen substrates after mineralization for 48 h.
(d)–(f) Enlarged views of the specimens on chitin substrates obtained after (d) 36, (e) 48 and (f) 72 h of mineralization. 



4

(Beijing Zhecheng Tech., LLC). All pH data were 
collected using a Mettler Toledo FEP20 pH meter. 
Hydrophilic interaction liquid chromatography (HILIC) 
data were acquired using a Waters ACQUITY UPLC 
H-Class System with an ACQUITY UPLC BEH HILIC 
column (1.7 m). The solutions were centrifuged (at 
the rate of 8,000 rounds per minute for 10 min) to 
remove larger particles and the pH of the solutions 
was adjusted to 4 by adding 0.01 M HCl before the 
chromatographic tests. A mixture of acetonitrile and 
water (5% water for 0–4 min, up to 80% water in 
3.5 min, 30 s isocratic 80% water, down to 5% water 
in 30 s and reequilibriate for 5 min with 5% water) was 
used as the eluent. Zeta potential data were acquired 
using a Beckman Coulter Delta Nano C Particle 
Analyzer. All the specimens were tested instantly after 
sampling and each data point was measured 3 times. 

3 Results and discussion 

With the typical configuration, the CaCO3 nanowires 
were formed in the presence of Mg2+ and PAA on the 
substrates with widths ranging from 40–80 nm, and 
lengths up to 50 m (Figs. 1(b) and 1(c); the effects of 
the number of open air holes and the concentrations 
of Mg2+ ions and PAA on the growth of CaCO3 
nanowires are discussed in detail in the Electronic 
Supplementary Material (ESM), Fig. S1). Therefore, 
the formation of CaCO3 nanowires was not sensitive 
to the substrate type (Fig. S2 in the ESM), indicating 
the independence of the nanowire growth. 

The growth of CaCO3 nanowires on the chitin 
substrate was examined by SEM to gain further insights 
into the mineralization process. The growth of nano-
wires took place in four stages: the pre-nanowire- 
growth stage (0–30 h), the seeding stage (30–36 h), the 
booming stage (36–48 h), and the overgrowth stage 
(>48 h). Prior to the nanowire growth, with the 
dissipation of the dissolved CO2 (Fig. S3 in the ESM), 
the degree of supersaturation of CaCO3 in the solution 
reached a critical point and CaCO3 nanoparticles began 
to accumulate on the substrate from the solution to 
form a micrometer-thick CaCO3 particle layer that 
showed very weak peaks in its XRD pattern (stage 1; 
Figs. S4(a) and S4(e) in the ESM). Then, the aggregation 
and assembly of these nanoparticles initiated the 

formation of the nascent nanowires (stage 2; Figs. S4(b) 
and S4(c) in the ESM and Fig. 1(d)), which then 
grew along their long axes to form micrometer-long 
crystalline nanowires (stage 3; Fig. 1(e)). A similar 
mechanism has been proposed for the BaSO4 system 
[44]. As the reaction went on, the nanowires underwent 
an overgrowth on their side surfaces (stage 4; Fig. 1(f)). 
With an extended period of reaction time, the nano-
wires finally transformed to an ordered prism array 
structure, which exhibited a strong reflection peak in 
the XRD pattern attributed to the calcite {104} planes 
(stage 4; Figs. S4(d) and S4(e) in the ESM). 

It was observed that these nanoparticles did not 
aggregate and assemble to form seed-like large particles 
until 30 h after the commencement of the reaction 
(Fig. S4(b) in the ESM), indicating a long pre-nanowire- 
growth stage. Analysis of the crystallinity of some 
partly crystallized ACC nanodroplets in the solution 
(these nanodroplets continuously precipitated onto the 
substrate to form the nanoparticle layer) demonstrated 
that almost all nanodroplets were completely amor-
phous up to 24 h (Fig. 2(a)), and began to partly 
crystallize only after 30 h from the commencement of 
the reaction (Figs. 2(c) and 2(d)). While the crystallinity 
of the nanodroplets in the solution as well as the pre-
cipitated nanoparticles increased gradually (Fig. 2 and 
Fig. S5 in the ESM), the initial nanowires necessarily 
consisted of large crystalline subunits (see below). 
Thus, it could be concluded that proper crystallization 
of the nanoparticles, was essential for the initialization 
of the nanowire growth. Moreover, the degrees of 
their crystallinity (Figs. 2(c) and 2(d)) and their sizes 
(Fig. 2(b)) were not quite uniform. As the crystallinity 
of the nanoparticles was not uniform, the nanoparticles 
with higher crystallinity started self-assemble earlier 
than the poorly crystallized particles, which led to 
the different growth rates of nanowires. Similarly, the 
non-uniformity in the nanowire diameters may be 
attributed to the non-uniformity in the diameters of the 
nanoparticles that initialize the nanowire growth. 

The crystallinity of the obtained CaCO3 nanowires 
was confirmed by SAED (Fig. 3(a), inset). Definite 
diffraction spots, but not polycrystalline rings, were 
observed in the patterns, indicating that the nanowires 
had a single-crystalline nature. The single-crystallinity 
of the nanowires was further confirmed by the HRTEM 



  

images (Fig. 3(b) and the inset). Despite the fact that 
the initial short nanowires were mesocrystals, no 
grain boundary or subunit could be observed within 

the long nanowires (Fig. S6 in the ESM), confirming 
that these nanowires were not mesocrystals, which has 
been defined as an assembly of small single-crystalline  

 
Figure 2 (a) HRTEM image of a polymer-stabilized liquid-like ACC nanodroplet (24 h, highly amorphous). The small dark regions 
(<2 nm) might be pre-nucleation clusters [45]. (b) TEM image of ACC nanodroplets, showing their sizes were not uniform (30 h). (c) A 
partly crystallized ACC nanodroplet with low crystallinity (30 h). (d) A partly crystallized ACC nanodroplet with high crystallinity (30 h).

 
Figure 3 (a) TEM image of a CaCO3 nanowire; inset: SAED pattern. (b) HRTEM image of the red square in (a); inset: reduced fast
Fourier transformation (FFT) of the HRTEM image. (c)–(e) EDS mapping of (d) Ca and (e) Mg in (c) the nanowire. 
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nanograins with the same mutual crystallographic 
orientation [7, 46]. The fact that the nanowires were 
single-crystalline does not contradict their growth 
mechanism of their growth, because the subunits and 
boundaries rather than the formation mechanism are 
the criterion to distinguish a mesocrystal from a single 
crystal [46]. We examined the growth directions (Z 
axis) of several nanowires grown on both chitin and 
collagen substrates, and all of them were found to 
have grown in the [2

—

1
—

1
—

] direction (Fig. S6 in the ESM). 
The uniformity in their orientations was supposed to 
originate from the oriented assembly of CaCO3 particles 
during the early stages of the nanowire growth as 
the orientation of the initial nanowires was the same 
as that of the long nanowires (Fig. S7 in the ESM). 
According to attachment growth mechanism [21, 44], 
it was suggested that the PAA molecules could 
selectively adsorb onto and protected the specific 
crystal planes of these small CaCO3 particles, and then 
the other crystal planes with higher surface energy 
attached to each other to reduce the total surface energy 
and formed the initial nanowires, thereby providing 
specifically oriented seeds for the subsequent growth. 
Eventually, the polymer-adsorbed planes with low 
energy were left, e. g., {102

—

} planes. The EDS mapping 

of Mg clearly showed a homogeneous distribution of 
Mg in the nanowires (Fig. 3(e)); the molar ratio of 
Mg:Ca was measured to be 1:10.17 (Figs. 3(c)–3(e)), 
while the doping molar ratio of Mg:Ca was estimated 
to be 1:10.64 (Fig. 3(b) and Fig. S8 in the ESM), 
demonstrating that most of the Mg2+ ions (ca. 95.6%) 
were doped into the calcite structure. 

Both Mg2+ ions and PAA are known to actively 
participate in the precipitation of CaCO3 as the 
stabilizer of ACC [10, 12, 33, 47, 48]. Moreover, ACC 
emerges frequently in the formation of CaCO3 fibers 
[24, 28, 34, 38, 39]. Accordingly, in immature nanowires, 
we found an ACC layer (Figs. 4(a)–4(d), ca. 5 nm, 
marked with red borderlines; see also Figs. S9 and S10 
in the ESM) coated on the crystalline interior. On the 
contrary, no such amorphous layer could be found on 
the tip area of the nanowires (Fig. 4(a) and Fig. S10(a) in 
the ESM). The amorphous and polycrystalline domains 
are fewer (Fig. 4, marked with yellow borderlines) 
in the areas that were farther away from the tip area, 
and the ACC shell became thicker and purer (Fig. 4; 
enlarged in Fig. S10 in the ESM). This suggested a 
non-classical mechanism for the growth of single 
crystals through the attachment and rearrangement of 
crystalline domains with random orientations and the 

 
Figure 4 (a)–(d) HRTEM images of an immature nanowire (42 h). The black arrows in each image represent the growth direction
(Z axis) of the nanowire. Its tip area is shown in (a); areas successively farther away from the tip are shown in (b)–(d), respectively. The 
insets are the reduced FFT patterns of the corresponding area. Regions with red borderlines are the amorphous shell layers of each area. 
Polycrystalline domains whose orientations are different from that of the main body of the nanowire are marked with yellow borderlines.
(e) TEM image of the tip area of the initial nanowire (36 h) with an amorphous tip and a jagged crystalline interior. (f) A nanowire that 
was transforming from the slow on-the-layer growth to the fast in-the-solution growth (36 h). 



  

consequent assimilation with the single-crystalline core 
[19]. As a result of the aggregation and coalescence of 
crystalline domains to form the core, the amorphous 
domains were spontaneously left outside thus forming 
the shell [27]. However, these expelled amorphous 
domains did not crystallize and assimilate into the 
single-crystalline core instantly because they could be 
temporarily stabilized by the Mg2+ ions and the PAA 
molecules, whereby, the nanodroplets in the solution 
could remain partly amorphous for a long time (Fig. 2). 

As we have already discussed, three mechanisms 
have been proposed for the anisotropic growth of 
CaCO3 crystals. In our experiment, any line-shaped 
template or crystalline seed was not used [28]. The 
ACC layer rather than crystal faces was exposed to the 
solution at the side surface of the immature nanowires 
and the tip surface was partly amorphous (Fig. 4(a) 
and Fig. S10(a) in the ESM), thus the mechanism 
that morphological anisotropy through the selective 
growth of crystal faces with different energies could be 
excluded. Moreover, unlike the PILP systems reported 
previously, we did not observe the presence of any 
“wick”, i.e. “bobble” [31] at the tip of these CaCO3 
nanowires during any of the growth stages. Thus, 
although this mechanism could well explain the 
formation of CaCO3 wires in some previous reports, 
it could not explain our experiments well; the 
experimental configurations were not the same. It 
might be suspected that the organic substrate played a 
role in the growth of the nanowires. However, it has 
been verified that the nanowires were developed on 
the top of a flat layer of CaCO3 nanoparticles and not 
directly on the organic substrate, and the orientations 
of all the nanowires were uniform for both the 
substrates. Therefore, the organic substrates did not 
directly affect the anisotropic growth. An interesting 
mechanism has been speculated that the accumulation 
of stabilizers might cause a significant difference 
between the side surface and the tip, which then guided 
the anisotropic growth of CaCO3 [39]. However, in 
our case, the ACC shell layer on the side surface of the 
nanowire rather than the stabilizers was suspected to 
be responsible for the highly anisotropic growth. 

To understand how this shell confined and guided 
the growth of the crystals, the structures of the forefront 
of the nanowire growth and the amorphous shell were 

compared. Figures 4(a)–4(d) (enlarged in Fig. S10 in 
the ESM), show that the tip area was composed of 
small crystalline domains with various orientations and 
randomly distributed amorphous domains, and in the 
forefront, some crystalline surfaces were exposed to the 
solution. In contrast, a typical shell consisted of pure 
amorphous CaCO3. It was the different interactions 
between these two surfaces and the involved CaCO3 
species that directly drove the anisotropic growth, 
so these species should be considered as well. It has 
been experimentally confirmed that in the presence 
of specific polymers, CaCO3 could form liquid droplets 
that act as precursors (i.e. PILP) for the subsequent 
growth [10]. In our experiments, the existence of these 
polymer-stabilized liquid-like ACC nanodroplets has 
also been directly observed and verified (Fig. 2 and 
Fig. S11 and Movie S1 in the ESM). The crystalline and 
amorphous structures observed in our experiments 
indicated the participation of polymer-stablizer liquid- 
like ACC nanodroplets as the major building blocks in 
the growth stage, as such complicated structure could 
not be well explained under the regime of classical 
crystallization theory [10, 19]. However, although 
observations of the overgrowth indicated an ion- 
dominated classical pathway, the roles of other CaCO3 
species such as free ions, ion pairs and small clusters 
[45, 49–52] before the final overgrowth stage could not 
be unambiguously identified based on the previous 
experiments and data. Nevertheless, both ions and 
nanoparticles have been found to be the primary 
units for crystallization according to a recent study 
on the growth of silicalite-1 [53]. Because of the much 
higher concentration of Ca (about 10.43 mM initially 
and 6.35 mM at 72 h; Table S1 in the ESM) with 
respect to PAA (0.2 mM initially and about 0.057 mM 
at 72 h; Fig. S12 in the ESM, calculated from the relative 
integral area) and the absence of amorphous pre-
cipitates on the nanowire tips during the overgrowth 
stage, the existence and participation of these CaCO3 
species were quite possible with continuous and 
gradual dissipation of CO2 and PAA (Figs. S3 and 
S12 in the ESM). In other words, besides the verified 
ACC nanodroplets, other CaCO3 species may also 
precipitate on the tip of the nanowire through a 
competitive growth mechanism [19]. 

Based on the above analyses, it could be concluded 
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that this ACC shell played the role of a template for 
the growth of CaCO3 nanowires. The ACC with higher 
chemical potential is thermodynamically unstable 
compared to the calcite form. As a result, the ACC 
shell subsequently crystallized and transformed into 
calcite (Fig. S6 in the ESM, mature nanowire). It is 
known that in heterogeneous nucleation process, a 
surface with lower chemical potential can reduce the 
energy required for forming a new surface and thus 
facilitate the nucleation better [13, 19]. As a conse-
quence, the ACC shell was not as good as the crystal 
face for the heterogeneous nucleation. Therefore, the 
forefront where many calcite crystal faces were exposed 
was more favorable for the heterogeneous nucleation. 
This surface selectivity driven by the free surface 
energy was responsible for the precipitation of both 
ACC nanodroplets and other possible CaCO3 species 
in the solution. It should be noticed that there have 
been reports of the ACC serving as the nuclei for the 
heterogeneous nucleation [52]. However, the properties 
of the ACC were quite different in our work. Therefore, 
our conclusion that the ACC shell significantly retarded 
the precipitation of CaCO3 did not contradict previous 
observations. On the other hand, the ACC nano-
droplets, which were stabilized by the negatively 
charged PAA, had a net negative charge (ESM, 
Table S2). Consequently, the ACC shell derived from 
these ACC nanodroplets also had a negative surface 
charge. Therefore, there was a repulsive electrostatic 
force between the ACC shell and the ACC nano-
droplets. It was believed that the crystallized CaCO3 
contained less stabilizer molecules because the 
crystallization suggests that they were de-stabilized. 
Moreover, the crystallization-induced extrusion of the 
additives, which then accumulated at the interface, 
has been confirmed previously [26]. Consequently, 
the repulsive force was weaker between the tip and 
the ACC nanodroplets because there were many 
crystalline surfaces exposed to the solution in the 
forefront (Fig. S10(a) in the ESM). Hence, these ACC 
nanodroplets preferred to precipitate on the tip of the 
nanowires rather than the ACC shell. In addition,  
as we have reported previously [47], the selective 
wettability of the nanodroplets with different surfaces 
in the presence of Mg2+ ions might also contribute to 
the anisotropic growth. We can thus explain why a 

proper concentration of Mg2+ ions best facilitated the 
formation of nanowires (Fig. S1 in the ESM). Although 
the ACC shell in the nanowires can exist for more than 
a month in dry air or ethanol, as the reaction went on 
and CO2 as well as PAA continuously dissipated, it 
inevitably crystallized and the nanowires ripened in 
the solution (42 to 48 h; Figs. S6 and S10 in the ESM). 
On the other hand, in the absence of the ACC shell, 
the side surfaces of the nanowires started to grow 
and eventually the nanowires vanished (Fig. 1(f) and 
Fig. S4(d) in the ESM), which in turn confirms the 
template role of the ACC shell. 

The self-confined amorphous template process is 
illustrated in Fig. 5. CaCO3 precursors in the solution: 
the ACC nanodroplets (green) and possibly free ions, 
ion pairs and, clusters (purple), approached the 
nanowire from various directions. However, the ACC 
shell (yellow) on the side surface of the nanowire 
prevented the precipitation of these precursors because 
of its higher surface energy and the stronger repulsive 
electrostatic force between the surface and the charged 
nanodroplets (red arrows). Therefore, the nanowires 
could only grow along their Z axis. Once a liquid-like 
nanodroplet coalesced with the tip, it would not 
solidify instantly but remain liquid-like (light green). 
Hence, the polycrystalline domains (blue), which were 
created by the partly crystallized nanodroplets, were 
still rotation-free and assimilated by the single- 
crystalline interior (steel blue) via axis rotation and 
lattice match, or via Ostwald ripening [54, 55], and 
then the amorphous domains in the tip were left 
outside to form the new shell. As this process continued, 
the nanowire kept growing. 

Besides the highly anisotropic growth of the nano-
wires, the different growth speeds in stages 2 and 3 
could also be attributed to the difference between the 
ACC surface and the surface exposing many crystal 
faces. No nanowire was formed in the first 30 h. Then, 
after 6 h (30–36 h), the nanowires started to form but 
most of them were still very short (Fig. S4(c) in the 
ESM). However, in the next 12 h (36–48 h), the length 
of the nanowires boomed to dozens of microns and 
covered the substrate (Fig. 1(b)), indicating a transition 
in the growth kinetics. By comparing the tips of two 
nanowires from these two stages, it was found that 
the tip area of a short nanowire (36 h) was totally  



  

amorphous which was analogous to the ACC shell  
at the side surface (Fig. 4(e)), while the tip of an 
immature long nanowire (42 h) was partly crystallized 
(Fig. S10(a) in the ESM). The significant differences 
between these two surfaces gave rise to different 
growth kinetics. A possible explanation for this is 
that at the beginning of the nanowire growth, the 
nanoparticles that had high crystallinity and large 
single-crystalline domains and were close to the tips 
of the nascent short wires lying on the top of the 
precipitated CaCO3 particle layer, were able to attach 
to the tips crystal-face-selectively; the probability of 
contact and match between the particles with large 
single-crystalline domains and the nanowire tips was 
much higher than that between the particles with 
lower crystallinity and the nanowire tips (the crys-
tallinity of the nanodroplets, i.e. the precursor of the 
nanoparticles, was not uniform; see Figs. 2(b)–2(d)). 
The coalescence of the poorly crystallized nanoparticles 
was retarded by the electrostatic force originating 
from the ACC layer on the nanowire tip. Despite the 
fact that the attachments of the nanoparticles with 
high crystallinity to the nanowire tip were permitted, 
the initial growth was slow because the contact and 
match took time and only a part of the nanoparticles 
fulfilled the condition of crystallinity. Consequently, 
the short nanowires were quite distinct from the long 
ones; the jagged crystalline interior was composed of  

large subunits and the tip was totally amorphous since 
the crystalline domains were assimilated during the 
slow growth period (Fig. 4(e)). This process was 
significantly accelerated when the nanowires grew 
longer, left the surface of the precipitated particle 
layer, and stretched into the solution. At this stage, 
regardless of the crystallinity, all ACC nanodroplets 
in the solution were able to attach to the tip of the 
nanowire because of their considerable kinetic energy 
brought about by Brownian motion. These new 
participants changed the tip of the nanowire into a 
complicated one where some crystalline surfaces 
were exposed to the solution (Fig. S10(a) in the ESM) 
and in turn, further weakened the electrostatic barrier 
and facilitated the attachment of new nanodroplets. 
As a matter of fact, the intermediate state of these 
two stages has already been captured (Fig. 4(f)). Both 
the morphology change of the crystalline interior and 
the absence of an amorphous tip clearly illustrated 
this transformation. Notably, the dark tip did not 
mean the crystallinity was higher than the jagged 
part, but rather indicated a tip consisting of many 
polycrystalline and amorphous domains. 

4 Conclusions 

In summary, we propose a new mechanism by which 
the polymer-stabilized ACC shell could guide the 

 
Figure 5 Schematically illustrating the proposed mechanism of nanowire growth (see the context for detailed explanation). 
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anisotropic growth of single-crystalline calcite nano-
wires through a self-confined amorphous template 
process. The amorphous template prevented the 
overgrowth of the nanowires on their side surfaces 
by retarding the precipitation of CaCO3 via liquid- 
like precursor-mediated as well as ion-by-ion growth 
pathways. By implementing the self-confined amor-
phous template process in artificial environments, it 
can be better understood how the living organisms 
carry out biomineralization and control the various 
aspects of biominerals, such as their shapes and radii. 
Moreover, the present work may shed light on the 
understanding of in vitro biomineralization and help 
to develop new strategies for the synthesis of other 
crystals via amorphous precursors. 
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