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Abstract: Crystallization by particle attachment is widely
observed in both natural and synthetic environments. Although
this form of nonclassical crystallization is generally described
by oriented attachment, random aggregation of building blocks
to give single-crystal products is also observed, but the
mechanism of crystallographic realignment is unknown. We
herein reveal that random attachment during aggregation-
based growth initially produces a nonoriented growth front.
Subsequent evolution of the orientation is driven by the
inherent surface stress applied by the disordered surface layer
and results in single-crystal formation by grain-boundary
migration. This mechanism is corroborated by measurements
of orientation rate versus external stress, which demonstrated
a predictive relationship between the two. These findings
advance our understandings about aggregation-based growth
via nanocrystal blocks and suggest an approach to material
synthesis that takes advantage of stress-induced coalignment.

Aggregation-based crystal growth (AG), which occurs by the
aggregation and coalescence of nanoparticles rather than by
ion-by-ion attachment, has been widely observed in the field
and laboratory.[1] Typically, the resulting material can be
identified as single crystal by diffraction techniques.[2] A
number of studies proposed that this kind of structure forms
through oriented attachment (OA), that is, the addition of
nanocrystals with identical or twin-related crystallographic
alignments.[3]

Recently, in situ transmission electron microscopy (TEM)
in a liquid cell was used to directly show that nanocrystals
made several attempts to attach before they found a perfect
lattice match, after which they became irreversibly fused in an
oriented manner.[3a] Despite clear proof for the existence of
OA, the achievement of perfect crystallographic alignment
between crystalline blocks over large dimensions is likely to
be difficult in general.[4] There is extensive evidence for the
involvement of distinct polymorphs during crystal growth,
thus eliminating the possibility of the direct coalignment of

building blocks.[5] Moreover, random attachment (RA) rather
than OA during crystal growth has also been directly
observed, despite the fact that, in both cases, the products
are still single crystals.[6] The mechanism that allows these
misaligned crystals and/or polymorphs to transition into
single crystals during RA-based crystal growth is un-
clear.[1e, 5d, 6a] Herein, we demonstrate that the inherent stress
applied on the disordered surface layer is the driving force for
the evolution of crystal orientation during RA, thus resulting
in the formation of a bulk single crystal through grain-
boundary migration.

Calcium carbonate (CaCO3) was used as the model
system for investigating the evolution of crystal orientation
during AG because it is the most abundant rock-forming
mineral and biomineral in nature, and has been reported to
grow by either AG or classical crystal-growth mecha-
nisms.[3d,7] In our experiment, a mixed solvent (ethanol/
water, v/v 9:1) was used as the reaction medium to switch
from the classical crystallization pathway to AG. The high-
ethanol-content system reduced the solubility of CaCO3, thus
reducing the possibility of dissolution–reprecipitation com-
peting with AG (see the Supporting Information). When CO2

gas was bubbled into Ca(OH)2 solutions, CaCO3 nanocrys-
tallites were rapidly formed (within 1 min).

The initially formed particles in the reaction solution had
a typical size of (8: 2) nm (Figure 1a,f), and they were
identified as the vaterite phase by X-ray diffraction (see
Figure S3 in the Supporting Information). The use of these
nanocrystals as the building blocks for crystal growth resulted
in the formation of a final spindle-shaped vaterite single
crystal (Figure 1a–e, 1 h; see also Figures S4 and S5). The
crystal-growth process was also monitored in situ under
a fluorescence microscope (see the Supporting Information),
which confirmed the AG pathway. The grain features on the
surface of the final vaterite crystal were identified by scanning
electron microscopy (SEM; see Figure S6) and atomic force
microscopy (AFM; see Figure S7), and the results supported
our conclusion that the final vaterite crystal resulted from
aggregation of the initial vaterite nanoparticles.

High-resolution TEM (HRTEM) showed that the thin
surface layer of each crystal actually consisted of disordered
nanocrystals, as seen from lattice-fringe images and fast
Fourier transform (FFT) patterns (Figure 1g; see also Fig-
ure S8). These disordered nanocrystals were similar to the
initial nanocrystals in the solution (Figure 1 f). In contrast,
sensitive selected-area electron diffraction (SAED) showed
typical single-crystal-like features in the crystal bulk (Fig-
ure 1h). Ultrathin section images from the surface to the bulk
(Figure 1 i–k) revealed the structural evolution. The polycrys-
talline surface layer was thin and had a typical thickness of 5–
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20 nm (Figure 1 j). Underneath that, the bulk phase was
a perfect vaterite single crystal (Figure 1k). Higher-magnifi-
cation TEM images showed grain boundaries between the
bulk single-crystal vaterite and the nonoriented surface layer
(Figure 1 j), which does not show lattice matching or twin
boundaries. Because the surface layer was only around 10 nm
in thickness, its contribution to the SAED pattern (over the
size of 200 X 200 nm2) was minor, and therefore the patterns
(Figure 1h) were dominated by diffraction from the under-
lying bulk vaterite single crystal instead of the disordered
surface layer.

To understand the structural evolution during crystal
growth, we used observations of lattice fringes to track order
in the surface layer over time. Notably, the thickness of the
polycrystalline surface layer did not increase, even though the
vaterite crystals grew from nanometer-sized particles to
micron-sized spindles. The thickness of polycrystalline surface
remained in the range of a few to ten nanometers, thus
showing that, as nanocrystals continually attached to the
surface of the vaterite crystal, the underlying layer of

misaligned blocks recrystallized
to adopt the same orientation as
that of the interior of the bulk
crystal (Figure 2a–c). More-
over, owing to this reorganiza-
tion, structural evidence for par-
ticle aggregation during forma-
tion of the bulk crystal was
abolished.[5b, 6b]

Figure 2d shows the typical
steps of the approach, attach-
ment, and fusion of nanocrystals
to the surface of the bulk vater-
ite crystal. The crystalline struc-
ture of the unattached nano-
crystals could be clearly
observed from the lattice fringes
(Figure 2d, I). When the nano-
crystals attached to the surface
of the main crystal, no lattice
match was found at the interface
between the two (Figure 2d, II).
Even after the nanocrystal at-
tached to the surface layer, no
lattice match was observed (Fig-
ure 2d, III), thus demonstrating
the RA pathway. The RA pro-
cess generated a surface layer of
vaterite nanoparticles with
random orientations (Figure 2d,
IV) surrounding the bulk crystal
(Figure 2d, V). However,
recrystallization occurred
through movement of the grain
boundaries, thus leading to the
growth of bulk single-crystal
vaterite. From these steps in
the process, it follows that the
growth front during RA con-

sisted of a nonoriented nanometer-thick layer of vaterite,
despite the fact that the bulk phase was a single crystal.

These findings demonstrate that underneath the randomly
aggregated nanoparticle layer, realignment occurs; but what
is the driving force? Previously, improvement of the orienta-
tion of crystals was generally understood to be an aging
process driven by the dissolution of less stable particles, and it
was thought that the incorporation of the growth units into
stable particles was controlled by interfacial tension.[8] How-
ever, even after aging for 2 weeks at 25 88C, the outermost
layer of vaterite spindles still remained in the disordered state
without any realignment (Figure 3a). This result shows that
the process of realignment is not a simple aging process.

After trying several ways to induce the evolution of crystal
orientation in the surface layer, we discovered that the
application of high pressure promoted realignment. We
stored the final particles in a high-pressure environment
(under nitrogen gas at a pressure of 2 MPa) at 25 88C (see
Figure S9). After aging of the vaterite for 4 h, the outer shell
exhibited the same orientation as that of the bulk (Figure 3 b;

Figure 1. Characterization of the AG of vaterite. a–e) TEM images showing that nanocrystals served as
building blocks for the final spindle-shaped vaterite crystal. During this process, the nanoparticles were
formed first (a), followed by particle attachment to generate a vaterite sphere (b,c, <375 s). During
crystal growth, spindle-shaped vaterite was formed (d, ca. 625 s). In the end, all nanocrystals were
attached to spindle vaterite, and the background became clean (e, ca. 750 s). f) Initially formed
nanoparticles with lattice fringes, indicating that the blocks were crystalline vaterite. Inset: higher-
magnification image of a nanocrystal (scale bar: 5 nm). g) The surface of the final spindle vaterite (ca.
750 s) consisted of randomly aligned nanocrystals. Notably, the attached nanocrystals had a similar
shape and size to those of the initial nanoparticles. h) The SAED of the spindle-shaped vaterite was the
same as that of a single crystal of vaterite. i–k) Cross-section of a final spindle vaterite crystal showing
the structure from the surface to the bulk: The surface layer contains nonoriented vaterite grains (i); the
grain boundary between the bulk and nonoriented surface layer is indicated with a dotted line (j); the
bulk is single-crystal vaterite (k).
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see also Figure S10). We confirmed that surface realignment
was not induced by dissolution of the nonoriented surface by
performing a similar pressure experiment in pure ethanol (see
Figure S11). This finding suggests that stress is the key to the
realignment.

In the polycrystalline surface layer, grain boundaries
separated the vaterite nanoparticles with different orienta-
tions (Figures 1 j and 2), and no obvious gaps were found at
these boundaries. Thus, we believed that recrystallization
could only occur by grain-boundary migration, which has
been widely observed in metallurgy and geology.[3a, 9] Grain-
boundary migration is equivalent to the growth of one
crystallite at the expense of its receding neighbors. If this
process were occurring in the vaterite crystals, it could

eventually alter the orientation
of grains underneath the surface
layer to produce a single crystal.

Stress is known to be a driv-
ing force for grain-boundary
migration (see the Supporting
Information), and the effects of
stress on realignment were seen
in this study (Figure 3b).[9] In
the absence of applied stress, the
source of stress that leads to
grain-boundary migration below
the disordered surface layer can
be understood by considering
the inherent surface stress, ssurf,
of a nanoparticle of radius R,
which is given by (see the Sup-
porting Information):

ssurf ¼
8g

R
ð1Þ

in which R is the curvature of
a vaterite spindle (R& 20–
200 nm) and g = 40 mJm@2.[10]

Equation (1) gives a ssurf value of about 16–1.6 MPa.
Besides the inherent surface stress, the application of

a hydrostatic external pressure from solution (pex) will be
transferred to the grain boundaries through the outer shell.
The total stress exerted (stotal) can be expressed as (see the
Supporting Information):

stotal ¼ pex þ ssurf ð2Þ

Because of the high stress produced by the surface layer
(16–1.6 MPa), stress-driven migration of shell–bulk grain
boundaries leads to the recrystallization of vaterite beneath
the surface layer. However, the outer surface only receives
stress from the external pressure (pex) of the atmosphere
(0.1 MPa), which is ten times less than the stress experienced
by the interior. Therefore, no realignment was observed in the
outermost layer.

The rate, u, of stress-driven grain-boundary migration can
be quantitatively expressed as a function of stress, s, by the
equation (see the Supporting Information):

u ¼ aue@
Q0
kT e

avWs
kT ð1@ e@

DVs
kT Þ ð3Þ

in which a is the hopping lattice distance for diffusion; u is the
Debye frequency; Q0 is the diffusion barrier without stress;
a is a positive nondimensional coefficient; v is the Poisson
ratio; W is the unit volume; and DV is the change in volume
upon grain-boundary migration. As the grain boundary
migrates outward from the bulk, the fraction, f, of oriented
vaterite increases and is determined by the migration rate:

f ¼ u
d
> t ð4Þ

Figure 2. Evolution of crystal orientation in the vaterite bulk phase. a–c) The vaterite crystals always
contained a 2–20 nm nonoriented surface layer during the crystal-growth process, and underneath the
surface was the single-crystal bulk: a) 150 s, b) 300 s, c) 450 s. d) Attachment of nanocrystals onto the
vaterite surface at an early stage (at 300 s): I) Individual nanoparticle; II) initial attachment of a nano-
crystal without lattice matching; III) later stage of attachment of a nanocrystal with the spindle vaterite
surface without lattice matching; IV) nonoriented surface layer; V) oriented bulk.

Figure 3. Stress-driven realignment of the surface layer. a) The surface
layer still remained nonoriented after aging for 2 weeks, thus proving
that realignment could not be simply understood as the result of
aging. Top right: low-resolution TEM image of a vaterite spindle (scale
bar: 500 nm); bottom right: fast Fourier transform (FFT) of the lattice-
fringe image. b) The surface layer became oriented after aging at an
external pressure of 2 MPa, thus supporting the hypothesis that the
evolution of the crystal orientation process was driven by stress. Top
right: low-resolution TEM image of a vaterite spindle (scale bar:
500 nm); bottom right: FFT of the lattice-fringe image.
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in which d is the depth of the shell. Combining Equations (2–
4) gives:

f ¼ CðeBpex
kT @ e

ðB@DVÞpex
kT Þt ð5Þ

in which C, B, and DV are constants for a given particle size.
The oriented fraction in the shell layer can be analyzed from
HRTEM images (see the Supporting Information), and the
parameters in Equation (5) can be obtained by calculating the
slope of f versus t at different external pressures (Figure 4a;
see also Figure S12). From our data, we obtain C = 0.0059 h@1,
B = 1.1 X 10@26 m3, and DV= 4.0 X 10@27 m3 (Figure 4b). With
these parameters, the realignment of the surface layer at any
given external pressure and time can be predicted, and these
predictions were corroborated by our experiments (Fig-
ure 4c).

The findings reported above show that vaterite forms
through AG by random attachment followed by the evolution
of the crystal orientation pathway. Moreover, they reveal the
mechanism underlying the realignment process and confirm
the driving force for realignment (Figure 4d). In general, the
reorganization of randomly attached crystallites (nonoriented
attachment) requires that huge barriers are overcome, as
demonstrated by the high external pressure required for
realignment of the outer layer in our experiments. However,
the surface layer of randomly aggregated nanoparticles
naturally generates a high surface stress, which is sufficient
to induce the evolution of crystal orientation in the inner
region of the crystal. This surface stress is the driving force for
the recrystallization of polycrystalline aggregates to form
well-oriented bulk single crystals.

By uncovering the evolution of the crystal orientation
process and its mechanism, we hope to advance our under-

standing of both the natural formation and laboratory syn-
thesis of minerals by AG. AG that appears to occur through
OA or nearly oriented attachment may coexist with AG
through RA, followed by stress-induced crystallization (e.g.
the growth of akaganeitie, hematite, anatase, rutile, and
goethite).[1a,f, 6b] Most of these systems have been assumed to
pass through an OA process, without any direct observation of
such a process. Crystal growth in some porous media, such as
collagen fibrils, may be induced by capillary action as a result
of stress-driven alignment.[11] Furthermore, this finding sug-
gests an approach to materials synthesis that takes advantage
of stress-induced coalignment, which could improve the
performance of materials. More generally, understanding of
stress-driven realignment during nanoparticle attachment
provides a strategy for orientation control and grain-boun-
dary reconstruction in crystal engineering, and paves the way
to the rational design of materials with controlled orientation.
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Figure 4. Stress-driven realignment process. a) Under external pressure, the fraction of oriented vaterite in the surface layer increased with time.
Higher stress promoted the evolution of the crystal orientation process. Symbols are experimental data points, and lines are fitting results. b) The
fitting of Equation (5) represents the relationship between the slopes of the plots in (a) and external pressure. By fitting, the parameters B, C, and
DV in Equation (5) were determined. c) Predictions of oriented fractions for a range of external pressures and times on the basis of Equation (5).
Symbols are experimental data points, and lines are results calculated by Equation (5). d) Schematic illustration of the process of random
attachment followed by realignment. Nanocrystals attach randomly to the surface of a vaterite crystal to form a polycrystalline surface shell on the
bulk. The outer surface shell inherently generates a high surface stress, which is sufficient to induce realignment in the inner region of the crystal.
Crystal growth of the bulk (realignment process) occurs by grain-boundary migration, which needs to overcome a diffusion barrier, Q0. The stress,
s, is the driving force for realignment.
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