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Biological organisms can use amorphous precursors to produce inorganic skeletons with continuous structures
through complete particle fusion. Synthesizing monoliths is much more difficult because sintering techniques
can destroy continuity and limit mechanical strength. We manufactured inorganic monoliths of amorphous
calcium carbonate by the fusion of particles while regulating structurally bound water and external pressure.
Our monoliths are transparent, owing to their structural continuity, with a mechanical strength approaching
that of single-crystal calcite. Dynamic water channels within the amorphous bulk are synergistically controlled
by water content and applied pressure and promote mass transportation for particle fusion. Our strategy
provides an alternative to traditional sintering methods that should be attractive for constructing monoliths of

temperature-sensitive biominerals and biomaterials.

norganic materials, especially minerals
and ceramics, play important roles in
modern society (I-4), but the manufacture
of their monoliths is a great challenge (5).
In practice, many inorganic materials are
produced in powder forms and then conso-
lidated by pressing and sintering (6-10). How-
ever, mass transportation among particles is
often insufficient through sinter treatment,
complete particle-particle fusion cannot be
achieved within bulk materials, and particle
boundaries remain. Owing to internal dis-
continuities, the properties of sintered inor-
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ganic bulks are not ideal (11, 12), especially
with respect to mechanical strength (13). In
nature, biological organisms [e.g., sea urchins
(14) and coccoliths (75)] can produce inorganic
skeletons that have continuous structures with
flexible morphology (16). Accordingly, these
inorganic skeletons are superior to artificial
skeletons because of their structural integra-
tion. Increasing evidence has demonstrated
that these biological organisms use amorphous
particles as precursors to produce skeletons via
particle-particle fusion (17-19). Inspired by this
biological phenomenon, we suggest that the
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manufacture of monolithic inorganic materials
can be achieved by fusion of their amorphous
precursors under pressure (P). However, many
previous attempts using amorphous mineral
phases such as amorphous calcium carbonate
(ACC) and amorphous calcium phosphate have
revealed that external P frequently induces
crystallization of amorphous particles rather
than particle-particle fusion (20-23). These
amorphous mineral phases contain abundant
water, which induces dissolution and recrys-
tallization of the intermediate amorphous
phases under P.

By controlling the water content (n) within
amorphous precursors and the external P, we
can achieve biomineralization-like particle fu-
sion, which follows the discovery of pressure-
driven mass transportation through dynamic
water channels in amorphous phases. By using
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Fig. 1. Coalescence of ACC
particles under pressure.

(A) SEM images of ACC
particles compacted under 0.5,
0.8, 1.5, and 2 GPa, respectively
(al to dl). Images a2 to d2
correspond to binary process-
ing of images al to dl. Blue,
noncoalescent area; white,
coalescent area. Scale bars,

1 um. (B) Scheme of coales-
cence of ACC particles labeled
with Au nanoparticles under
pressure. (C) Characterization
of ACC labeled with Au nano-
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particles. (D) Transmission elec-
tron microscopy cross-sectional
view of compacted ACC labeled
with Au. (E) In situ high-pressure
synchrotron radiation XRD
analysis of ACC particles. 26,
diffraction angle. (F) Changes

in apparent density and trans-
parency of ACC bulk as
pressure increases. Error bars
indicate the SD of the average for
0 five measurements.

§(100

75

50

Transparency (%)

25

25 05 1.0 1:5
Pressure (GPa)

2.0

lof5

1202 ‘Pz aunc uo /b1o-Bewasusios aoualos)/:dny woiy papeojumod


http://science.sciencemag.org/
SH-USER1
Text Box
HPSTAR
1201-2021


RESEARCH | REPORT

ACC as a typical amorphous precursor, we ex-
perimentally demonstrated this control of
complete fusion of ACC particles to result in
a transparent calcium carbonate monolith.
The monolith exhibits optimal mechanical
strength with a hardness (H) of 2.739 GPa and
a Young’s modulus (E) of 49.672 GPa; these
values are superior to those of common cement
materials and almost reach those of single-
crystal calcite (24).

The chemical formula of ACC is CaCO3-nH,0,
with n frequently being >1 (20, 25, 26). In our
experiments, we synthesized ACC particles
with an average size of 450 + 100 nm (fig. S1)
while controlling n between 0 and 1.6 (fig.
S2A). We confirmed that ACC particles with
n = 1 cannot coalesce under external P, be-
cause phase transformation-based crystalli-
zation happens instead (fig. S3), but keeping
n < 1 enables us to avoid this issue. We used
ACC with n = 0.7 (fig. S2B) for our typical

samples in a subsequent compaction treat-

ment under P. In all of our experiments, the
treatment time was 5 min at room temperature.
At P < 0.5 GPa, we did not observe fusion be-
cause we could observe the particles and their
boundaries under scanning electron microscopy
(SEM) (Fig. 1A). When P increased to 0.8 GPa,
some ACC particles began to coalesce, but we
could still identify their original spherical mor-
phology. The particles further coalesced at a
large scale, and the spherical shape disappeared
as Pincreased to 1.5 GPa. At P = 2.0 GPa, all ACC
particles coalesced completely to form a con-
tinuous and uniform bulk. To clearly express
the coalescence behavior of ACC particles, we
additionally processed their SEM images with
binarization (Fig. 1A; blue areas represent non-
coalesced particles). The structural discontinu-
ities decreased as P increased from 0.2 to 2.0 GPa,
and finally, all individual particles were fused
into an integral whole. We used Au nanopar-
ticles to confirm complete coalescence at the
nanoscale (Fig. 1B and fig. S4). In this exami-
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Fig. 2. Behaviors of particle fusion to bulks. (A) Nanoindentation tests of ACC bulks, which are obtained at different
pressures from 0.2 to 2.0 GPa. C. P. represents pure calcite bulk, which is obtained from calcite particles at 2 GPa.
Error bars indicate the SD of the average for more than five measurements. (Inset) Optical photos of the ACC bulks
obtained under 0.2 and 2.0 GPa, respectively. The diameter of each ACC bulk is 4 mm. (B) Comparison of mechanical
properties between prepared ACC bulks through coalescence of ACC particles (our sample) with other materials.
PS/Calcite, calcite-filled polystyrene. (C) Phase diagram of ACC particles with different n under different pressures. Red
circles, nonfusion conditions; green triangles, fusion conditions; blue rhombuses, crystallization conditions; black
squares, conditions in which more than one phenomenon is detected. Gray regions represent the boundaries of
fusion-nonfusion, fusion-crystallization, and nonfusion-crystallization areas. (D to G) SEM images of representative
coalescence behaviors, corresponding to points (D) to (G) in panel (C).
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nation, the ACC particle surfaces were labeled
with Au nanoparticles (Fig. 1C). After fusion
treatment, these Au particles “moved” from
the surface into the interior and were com-
pletely surrounded by the uniform ACC phase
(Fig. 1D and fig. S5). We verified the surrounding
ACC by element mapping (fig. S6) and electron
irradiation-induced crystallization (fig. S7). Be-
cause we did not observe a gap or pore structure
in the Au-labeled monolith, we again confirmed
complete particle-particle coalescence.

We performed in situ high-pressure syn-
chrotron radiation x-ray diffraction (XRD)
analysis (Fig. 1E) and Fourier transform in-
frared spectroscopy (fig. S8) to show that the
resulting monolith was still ACC and did not
undergo crystallization during treatment. This
observation is not consistent with previous
studies (20, 21). We argue that it follows from
our observations that the phase stability of
ACC improved as n decreased. During the
fusion process, the apparent density (which
includes the void volumes) increased, along
with the bulk transparency (Fig. 1F). The ap-
parent density of the compacted ACC bulk
was ~1.30 g/cm® at 0.2 GPa, and it increased to
2.45 g/cm® at 2.0 GPa. Because the docu-
mented densities of ACC are 1.62 to 2.18 g/cm?®
(27-29), the value of 2.45 g/cm?® follows from
the formation of a more densified ACC bulk.
A comparison of samples before and after the
pressure treatment showed that the water
content in ACC remained almost unchanged
(fig. S2C), which excludes the possibility of
water removal from ACC (30). Thus, we at-
tribute the apparent density increase to the
elimination of defects and pores by particle-
particle fusion. In addition, under the same
pressure treatment, the ACC with a lower
water content (n = 0.3) has a higher apparent
density, 2.60 g/cm®. The theoretical density of
vaterite, a single crystal of calcium carbonate,
is 2.71 g/cm®, and the theoretical density of ACC
is in the range of 2.18 to 2.65 g/cm® (29, 31) at
different water contents. This close-packed
characteristic follows the continuous internal
structure of the resulting ACC monolith.

Microstructural defects in materials com-
monly cause light scattering, which leads to
opacity. The constructed bulk compacted at
P = 0.2 GPa is white and nontransparent (inset
of Fig. 2A), which is due to internal disconti-
nuities (Fig. 1A). When P was increased to
2.0 GPa, the degree of transparency increased
substantially, and the constructed bulk be-
came almost transparent (Fig. 1F and inset
of Fig. 2A), which indicates that light scat-
tering decreased as a result of improved inter-
nal continuity. We used nanoindentation tests
to examine the mechanical strengths of the
bulks constructed under different P values
(Fig. 2A). We calculated E and H using the
load-displacement curve. The bulk material
constructed at 0.2 GPa performed poorly,
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Fig. 3. Evolution of water clusters during pressure treatment. (A) Peak displacement of the in situ Raman
spectrum in a compression-decompression process. Solid points and hollow points respectively represent
compression and decompression processes. (B and C) PDFs [denoted by g(r)] of the C-Ow (carbon atom of
carbonate—oxygen atom of water) and Ow-Ow pairs calculated according to simulations under different pressures.
r, radius. (D) Changes in average water cluster size and total number of water clusters. The average water cluster
size represents the average number of water molecules that are contained in clusters. “All clustered water”
represents the total number of water molecules that form clusters. Error bars indicate the SD of the average for
successive 5-ns data windows. (E) lllustration of a typical water cluster. (F) (Top) lllustration of the aggregation
between clusters with increasing pressure. A main water cluster (blue) will gradually aggregate with other small
clusters (cyan) to form a lager cluster. (Bottom) lllustration of the dynamic equilibration between clusters under
pressure. Water in a cluster (red) will form new clusters (light blue) while disconnecting and reaggregating.

with E = 0.100 + 0.020 GPa and H = 0.003 =
0.001 GPa. At 2.0 GPa, E and H of the result-
ing material increased to 32.783 + 3.537 GPa
and 1.962 + 0.327 GPa, respectively, which are
substantially higher than those of the calcite
bulk (fig. S9) constructed with calcite powder
at the same P, which had E and H of 0.100 to
2.700 GPa and 0.010 to 0.040 GPa, respectively
(Fig. 2A). In comparison with the original
ACC particles, the monolith exhibited improved
stability with increased Kinetic persistence
against crystallization (fig. S10), which is at-
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tributed to its reduced specific surface area
by particle fusion.

To provide a comprehensive understanding
of the P-induced fusion of ACC with differ-
ent n values, we generated a phase diagram
of ACC from our collected data. The phase
diagram shows three major zones of crystal-
lization, fusion, and no fusion (Fig. 2C). The
phase diagram reveals that both P and n have
important effects on the behaviors of the ACC.
At low P, the driving force is insufficient,
so all primary ACCs with different n values

are neither fused nor crystallized. As P in-
creases, the driving force becomes sufficient,
and an effect of 7 exists. ACC takes different
paths, depending on the value of n. ACC with
abundant water (7 > 0.7 to 1.2, which is related
to P) is more likely to crystallize (path 1) to
form calcite or vaterite (Fig. 2G). With de-
creasing n, P-induced coalescence (path 2)
becomes increasingly favorable, which leads
to particle-particle coalescence rather than
crystallization (n < 0.7 to 1.2, which is related
to P) (Fig. 2, E and F). However, sufficient
water is important to maintain the shape sta-
bility of ACC. If nis less than ~0.1, ACC neither
coalesces nor crystallizes, but cracks under
P (path 3 in Fig. 2D) and forms numerous
tiny particles. The diagram shows that the
synergistic effect of n and P is key to ensuring
particle-particle fusion. Generally, n (the water
in ACC) includes mobile and structural water
(32). The thermogravimetric analysis curves
indicate the domination of structural water
when n < 0.6 (fig. S2D). Figure 2C shows
that increasing the amount of either struc-
tural water (n = 0.1 to 0.6) or mobile water
(n = 0.6 to 1.1) promotes the fusion process,
because both are involved in the pressure-
driven treatment. Furthermore, our Raman
study implied a degenerate state of water
under high pressure for fusion (fig. S11) (30).
According to the phase diagram, both n and
P can be further optimized, and the “best” ACC
monolith was prepared under conditions of
n ~ 0.3 and P = 3.0 GPa (the maximum P in our
experiment), with £ and H values of 49.673 +
3.490 GPa and 2.739 + 0.249 GPa, respectively
(fig. S12). This fused ACC monolith is superior
to many cements and calcium carbonate-based
composites and is even similar to single-crystal
calcite (Fig. 2B) (24).

We used in situ Raman spectroscopy of
ACC at a high P and molecular simulation to
understand P-driven coalescence and crys-
tallization. The peak at ~712 cm ™ in the Raman
spectrum (fig. S13) corresponds to the in-plane
bending (v,) of carbonate molecules. The peak
had a blueshift and redshift during compres-
sion and pressure release, respectively (Fig. 3A).
The same changes also appeared in two other
peaks at 490 and 1082 cm™. In ACC, H bonds
are considered the primary interaction between
water and carbonate and result in a redshift
in the C=0 vibration frequency (29). The ap-
parent blueshift with increasing P implies
the weakening of these H bonds, which reflects
dissociation between water and carbonates.
This effect contributed to the loss of absorbed
water (33) after the separation of H,O and
CO,%" in the ACC phase. With separation,
water and ions aggregate to form water clusters,
which provide migration channels to enhance
mass transportation within ACC (34).

We employed a bulk phase of ACC to un-
derstand its internal ion transport with different
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Fig. 4. Understandings of diffusivity in ACC. (A) N; becomes larger with increasing pressure.

(B) Calculated diffusivity with increasing pressure, for d = 4.1 and 5.2. (C) Diffusion coefficient D, of
water and Ca (calcium ions). The diffusion coefficient of carbonate is approximately equal to that of Ca.
The gray area is where ACC particles fuse. (D) Distribution of water clusters directly affected by water
content. The largest cluster is an infinite cluster throughout the whole system.

n and P values. The coordination environ-
ment, presented by pair distribution func-
tions (PDFs), at 2 GPa is clearly different
from those at lower P values (Fig. 3, B and C),
indicating that diffusivity varies with pressure
change. The structural changes reflected in the
PDFs (Fig. 3, B and C, and fig. S14) verify the
dissociation between water and carbonate and
the aggregation of desorbed water from the
carbonate, showing consistency between the
Raman and simulation results. We can use
percolation theory (35) for clusters to under-
stand the relation between the structural
change and diffusivity in a semiquantitative
way. With aggregation, the changes in the scale
and morphology of water clusters are substantial
and act on mass transfer. We used 3.8 A as the
cutoff distance to analyze water clusters (34). The
calculation results intuitively reflect the aggrega-
tion of water, forming larger clusters (Fig. 3, D
and E) under P. However, clusters exist under
dynamic equilibrium (Fig. 3F and fig. S15) in-
stead of as a localized framework so that clus-
ters will disperse throughout the whole system
with sufficient time. Moreover, the ability of
mass transfer D for units in water clusters is
related to the scale length A, (35), which is
affected by the scale and the fractal dimension
7\‘]2an +1/v

Do Do viia @
(]
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where D, is the diffusivity of a single, un-
clustered water molecule; 1, is the unit size
of water; and He(—1/v,0) and v = 0.9 are
coefficients related to the fractal dimension
of water clusters (35). The diffusivity of all
water D is the arithmetic mean of D

D _ ZZMDOXlZ Hl.ﬁ»l/vlkg 1/vi—H; (2)

>IN
where 7 is the number of molecules contained
in a water cluster and N; is the number of
water clusters that contain 7 molecules. For all
water clusters, A, can be regarded as the same.
Dy as an intensive quantity can be affected
by the coordination environment. Consider-
ing the maintenance of the ACC frame during
pressing (fig. S13), D, is regarded as a constant,
and the dominant factors that determine D
are scale and morphology. We employed two
methods (34) to measure the fractal dimension
of clusters, both of which show the invariance
of the fractal dimension for large clusters (figs.
S16 and S17). Because large clusters contribute
much more than small clusters to D (fig. S18),
the fractal dimension is approximately con-
sidered to be the same for each cluster. Thus,
; can be substituted by 7, and D can be written
as follows

.dM
ZZW d=3—Hi+1/v (3)

1

D oc

where d is a coefficient with a value of 4.1
to 5.2 (considered constant during pressing).
Because clusters exist in dynamic equilibrium,
N; is replaced by the time-averaged N; in
statistical calculations. According to Eq. 3,
molecules in a cluster that contains more
molecules or has simpler morphology have
stronger diffusivity. Specifically, these water
molecules are less restrained by carbonates
(36). As expected, N; becomes larger along
with P (Fig. 4A), and D increases slowly until
P = 2.0 GPa, then rises sharply with increasing
P (Fig. 4B), whether near the lower bound of
d = 4.1 or the upper bound of d = 5.2, consistent
with another result calculated from the free
path (Fig. 4C and fig. S19). This critical P at
approximately P = 1.0 to 2.0 GPa is close to the
boundary of the fusion and nonfusion areas in
the phase diagram. Although the discussion
above concerns water, it should be noted that
the diffusivity of ions is correlated with water
(Fig. 4C), owing to the interactions between
ions and water. Strong water diffusion must
be accompanied by corresponding strong ion
diffusion in ACC (37, 38). From this analysis,
we suggest that gradual aggregation leads to
a qualitative change in the capacity of mass
transportation for the whole system, finally
leading to complete fusion.

Our results above could also be used to
understand the role of water content in the
experimental phase diagram. According to
Eq. 3, the cluster distribution N; apparently
controls the diffusivity. N, is directly determ-
ined by water content. For two types of ACCs
with different n values of 0.5 and 0.7, the
largest water cluster sizes are approximately
18 and 77 under ambient conditions. Consid-
ering the high order of 7 in Eq. 3, the gap in
diffusivity is particularly evident and will widen
under high P. This gap suggests why fusion
is difficult to observe in areas with low water
content. However, after n increases to ap-
proximately 0.8 to 0.9, a type of water cluster
that expands the boundary of the simulation
cell appears (Fig. 4D)—it is termed the infinite
cluster (39). Typically (34), the critical condition
of n for infinite clusters is independent of the
simulation scale. The value of 7 of these infinite
clusters is considered infinite; then, D approaches
infinity as well, which contradicts common
sense. Actually, the infinite clusters exceed the
domain of the definition applied for finite
clusters in Eq. 1, so Eq. 3 becomes invalid. Any
point of the solid can reach from the outside
to within this kind of infinite cluster (40) to
enable long-range mass transfer, which results
in particle fusion as well as phase separation
(crystallization). We note that » = 0.8 to 0.9 is
close to the critical value of the phase diagram
for different tendencies previously reported (34).

In our experiments, the fusion process of the
pure ACC particles is independent of their
sizes, synthesis methods, or pressing device
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(opened or closed) for appropriate values of
(figs. S20, S2C, and S21) (30). However, humid-
ity and temperature are the surrounding con-
ditions that may affect the formation of monoliths
as well as their structural uniformity and
continuity, because the induced crystallizations
are competitive with fusion (figs. S2A and S10)
(80). Moreover, high temperature (>50°C) can
result in decreased n for the ACC samples (fig.
S2D). Natural and many synthetic ACC sam-
ples contain additives (41, 42). Although fusion
could proceed in the presence of additives such
as Mg?*, citrate, and polyacrylic acid, higher
pressures were always required (fig. S22). The
interactions between additives and water or
ions (43-48) decrease their initial diffusion
coefficients (30). Therefore, the control of ad-
ditives is an approach to regulate pressure-
induced fusion. The similar pressure-driven
fusion of amorphous particles could be extended
to other inorganic ionic compounds such as
calcium phosphate and magnesium carbon-
ate, demonstrating its general applicability
(fig. S23).

This pressure-driven fusion through dynamic
water channels provides a feasible method to
achieve inorganic monoliths with optimized
characteristics from their amorphous particles.
Furthermore, the resulting monoliths can be
used as conformable precursors for moldable
preparation of crystalline materials by a shape-
and mechanical strength-preserving solid-state
crystallization (fig. S24) (49). Our preparation
of a calcite bulk from the ACC particles is anal-
ogous to biomineralization of complete skel-
etons by using numerous amorphous particles.

Understanding the role of water channels
promotes the mass transportation of solid
inorganic particles, favoring the fusion of par-
ticle precursors for monolithic material con-
struction. This approach is distinct from the
classical sintering approach because high
temperature is necessary in sintering to im-
prove mass transportation, which is incom-
patible with thermally sensitive materials.
Our findings focus on the internal structure
of solid inorganic particles to improve mass
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transportation, which is extremely suitable for
the construction of most thermally sensitive
materials, such as biominerals and biomaterials.
This understanding establishes an alternative
strategy for the construction of continuously
structured materials, enabling large-scale and
efficient manufacturing of inorganic monoliths.
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The making of a monolith

Amorphous calcium carbonate is a hard material that is difficult to make into large, clear blocks. It is also sensitive
to heating, and compacting the starting nanopatrticles too much tends to lead to crystallization. Mu et al. determined the
optimal amount of water in amorphous calcium carbonate to create clear, solid monoliths through compression. The key
is to regulate the amount of diffusion in the system so that particle boundaries fuse without triggering sample-wide
crystallization. This fusion strategy may also work for similar amorphous inorganic ionic compounds.
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