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Carbonated hydroxyapatite (CHAp) powders with controllable morphologies and sizes were successfully
synthesized via hydrothermal treatment by using hexamethylenetetramine (HMT) as a hydroxide anion-generating
agent in a phosphate-surplus precursor solution. The products were characterized by X-ray diffraction, field
emission scanning electron microscopy, energy-dispersive X-ray spectrometry, transmission electron microscopy,
and selected area electron diffraction. Results revealed that the morphologies (such as micro-rods,
sheet-like-assembled flowers, shaft wheel-like structures, bur-like spheres, dumbbell-shaped structures, and
microspheres) of the products could be well tailored by regulating the reaction acidity and time. A possible growth
mechanism accompanied with the effects of HMT on crystal nucleation and growth was preliminarily proposed
for the formation of the controllable structures. This work indicated that the use of HMT as a hydroxide
anion-adjusting agent is an effective strategy to finely control the morphology of CHAp crystals.

Introduction
The synthesis of nanocrystals with controllable shapes and sizes is significant in obtaining unique physical and
chemical properties.1 Controlling the crystal shape is important to understand the shape–property relationship and
to develop functional materials for specific applications. Over the last few decades, excellent studies on the
shape-controlled synthesis of inorganic crystals have been reported, such as rods,2 wires,3 flowers4 and dendrites.5
For example, several groups have fabricated hydroxyapatite [Ca10(PO4)6(OH)2, HAp] nanocrystals with various
shapes via different wet chemical approaches (wet chemical precipitation,6, 7 microemulsion,8, 9 microwave
irradiation,10 and sonochemical method11) and investigated their shapes and sizes.
HAp is one of the most intensively investigated inorganic mineral materials. Given its chemical similarity to
human bone and excellent biocompatibility, HAp is widely used as artificial bones12 and catalysts,13 as well as in
drug delivery14, 15 and environmental engineering.16, 17 Numerous studies on the synthesis and characterization of
HAp in solid state have been conducted over the past years. Most of the reported examples have focused on the
development of HAp synthetic approaches toward size- and shape-controlled structures, such as nanoparticles,9
nanorods,18 whiskers/fibers/wires,19 microspheres,20 and mesoporous particles.21 Lin et al. used calcium silicate as
a precursor and obtained HAp with controllable morphologies and chemical compositions by adopting a
hydrothermal route.22 Ito et al. found that dicalcium phosphate is a suitable precursor to control HAp crystal
structures through a solution-phase pathway.23 Uniform nanorods of HAp with an unusual orthorhombic shape
were also synthesized in the presence of gelatin and CO(NH2)2. Zhan et al. found that a
single-crystal-to-single-crystal top chemical transformation may be attributed to the evolution of HAp nanorods
from the precursor octacalcium phosphate [Ca8(HPO4)2(PO4)4·5H2O, OCP] phase.24 Although many kinds of
morphologies have been investigated for HAp, studies on the alkaline source to control HAp crystal structures are
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limited and the mechanism of nucleation and crystal growth of HAp crystals are not completely elucidated.
In this paper, we present micro-rods, sheet-like-assembled flowers, shaft wheel-like structures, bur-like spheres,
dumbbell-shaped structures, and microspheres of carbonated HAp (CHAp) crystals obtained via hydrothermal
process. In contrast to previous studies that employed NH3·H2O or NaOH to adjust the solution pH, the present
study introduces hexamethylenetetramine (HMT) as a hydroxide anion-generating agent to gradually increase the
solution pH at a controlled rate in a phosphate-surplus solution (Ca/P ratio = 0.67 precursor solution). The
synthesis of HAp product with shaft wheel-like structures is rarely reported. Therefore, we successfully synthesize
the CHAp powders with unique three dimensional architectures via a simple and effective approach. The
formation mechanisms of the shaft wheel-like structures and the effects of HMT on crystal nucleation and growth
are also discussed.

Experimental Section
Synthesis. In a typical process, CaCl2 (0.01 mol) and ethylenediaminetetraacetic acid (EDTA) (0.01 mol) were
dissolved in 100 mL of hot distilled water. When the solution became clear, 0.0152 mol of Na2HPO4 and 0.02 mol
of HMT were gradually mixed into the solution with vigorous stirring. Drops of 6 M HCl or NaOH solution were
added to adjust the pH to different values. The mixture solution was concentrated to 100 mL, transferred into a
Teflon-lined stainless steel autoclave, and maintained at 190 °C for 4 h. After the reaction was completed, the
solid precipitate was filtered and washed several times with distilled water, and the obtained powders were dried
in a lyophilizer.
Characterization. X-ray diffraction (XRD) analysis was performed using an X’Pert PRO X-ray diffractometer
with Cu Kα radiation. The 2θ range used was from 3° to 60° with a speed of 4°/min. Fourier transform infrared
(FT-IR) spectra (KBr pellets) were obtained using a Nicolet-6700 FT-IR spectrometer. Field emission scanning
electron microscopy (FESEM) images were obtained with a Zeiss Ultra 55 scanning electron microscope at an
accelerating voltage of 15 kV. Elemental analysis was conducted by using an Oxford X-Max 50 energy-dispersive
X-ray spectrometer, which was directly connected to the scanning electron microscope. High-resolution
transmission electron microscopy (HRTEM) and electron diffraction were performed using a Zeiss Libra 200FE
transmission electron microscope at an accelerating voltage of 200 kV. The samples for transmission electron
microscopy (TEM) were prepared by dispersing powdered CHAp products on carbon-coated Cu grids. The
Brunauer–Emmett–Teller (BET) surface area was quantified by measuring the N2 adsorption–desorption
isotherms by using a Micromeritics Tristar 3000 porosimeter.

Results and Discussion
In our research, the hydroxide anion-generating agent is the key factor in fabricating different forms of
crystalline CHAp and is the unique aspect of our study compared with previous reports.25 When the alkaline
source is supplied by NaOH or ammonia–water instead of HMT, the products show different morphologies.
NaOH or ammonia–water rapidly provides hydroxide anions because of its strong basicity. When NaOH acts as
the alkaline source, samples exhibit needle-like, whisker-like and plate-like structures, and their width is in a large
size range.26 Zhu et al, used KOH and ammonia–water to adjust the pH value of reaction solution, and obtained
prism-like morphology HAp crystals with well crystallinity and a relatively large size.27 When NH3·H2O is chosen
as the alkaline source, nonuniform morphologies are found and there is a distribution of small particles and large
agglomerates.28 However, during the chemical reaction at a high temperature, OH− is supplied by HMT in a
homogeneous gradual process, and the generation rate of HAp nanoparticles is slow in the solution. The relatively
slow generation rate of HAp is favorable for the subsequent growth of various crystal structures along the
determined direction. HMT, as a pH buffer, can function as a slow release source of OH− ions (simplified
reactions (1) and (2)), and the release behavior is consistent with the observed long-term pH of the reactive
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(1)
(CH2)6N4 + 6H2O → 4NH3 + 6HCHO
+
−
NH3 + H2O → NH4 + OH
(2)
The pH value decreased from 10 to 30 min starting from pH values higher than 6.1. This decrease is due to the
consumption of OH−: (i) during the transition from Ca8H2(PO4)6(H2O)5 (OCP) to Ca10(PO4)6(OH)2 (HAp), the
H3PO4 production can decrease the reaction solution pH, as shown in the simplified reactions (3) and (4) for the
formation of the HAp phase. The X-ray diffraction (XRD) pattern (Fig. S1, ESI†) of CHAp sample obtained after
30 min, 1 h and 4 h with initial pH 8.1 indicate the presence of OCP as transient precursor. Fig. S1A, ESI†
displays the characteristic diffraction reflections of OCP phase (JCPDS card: No. 26-1056). By increasing the
hydrothermal time up to 1 h the major part of the sample was composed of hydroxyapatite crystals most probably
coming from the OCP hydrolysis (Fig. S1, ESI†).
8Ca2+ + 8HPO42− + 5H2O → Ca8H2(PO4)6(H2O)5 + 2H3PO4
(3)
Ca8H2(PO4)6(H2O)5 + 8H2O → 4Ca10H2(PO4)6(H2O)2 + 6H3PO4
(4)
(ii) Given the initial basicity of the solution, the dissolution and ionization of CO2 became more active, whereas
the action of NH3 was suppressed (simplified reactions (5) and (6)). An acidic carbonate-anion-rich solution was
then formed. 30
CO2 + 2OH− → CO32− + H2O
(5)
+
−
NH3 + H2O → NH4 + OH
(6)

Fig. 1 pH values of growth solution measured after hydrothermal reaction for 10 min, 30 min, 2 h, 4 h, and 16 h to
as-prepared CHAp samples synthesized with different initial pH values.
Figure S2, ESI† shows the activity evolution versus pH of the main calcium, EDTA, and phosphate species and
ion pairs in the mother solution in the pH range between 3.5 and 11.0. The data shown in Figure S2, ESI† were
generated at 100 oC due to the temperature limit of the modelling software. Hence, the activity values are not the
actual experimental values but provide a trend for the activity. Figure S2, ESI† shows that the Ca-EDTA complex
(CaEDTA−2) tends to stabilize with the pH increase. The activity of the ionic CaH2PO4+ pair was higher at lower
pH and it decreased when increasing the pH, which may be EDTA caused a decrease in free calcium ions in
solution. However, the activity of the CaPO4− pair increased with the pH. It should be noted that previous studies
on HAp precipitation had identified the calcium phosphate pair as the CaP growth units.31, 32 The saturation index
of the calcium phosphate (CaP) phases as a function of pH (Table S1, ESI†) shows that SI(HAp) increases with
the pH. The data of SI(OCP) showed a trend of first increase and then decrease. According to the classical theory
of nucleation the increase of supersaturation produced a decrease of the nucleation activation energy and
consequently an increase of the nucleation rate may occur.33, 34 For the system under study, the increase of
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Fig. 2 Scanning electron microscopy images of as-prepared CHAp samples synthesized at 190 °C for 4 h with
different initial pH values: (A) pH = 2.6 and (B) pH = 3.1; XRD patterns of samples synthesized at 190 °C for 4 h
with different initial pH values: (C) pH = 2.6 and (D) pH = 3.1 and the standard data of brushite (JCPDS No.
70-1425) as a reference; (E) energy-dispersive X-ray spectrum of a rod-shaped crystal in Fig. 2B.
The chemical composition of the precursor solution had a Ca/P ratio of 0.67 (lower than the stoichiometric
value), which indicates the presence of an excess amount of phosphates in the apatite crystal forms. The product
was dicalcium phosphate anhydrous (CaHPO4, DCP) at lower pH, and the obtained morphologies were dependent
on the Ca/P ratio. Fig. 2 shows FESEM images and XRD patterns of the samples prepared at initial pH values of
2.6 and 3.1 with hydrothermal treatment at 190 °C for 4 h. At the experimental conditions shown in Fig. 2A,
neatly arranged platelet crystals were produced. When the pH value was increased, platelets and rod crystals were
observed (Fig. 2B). The samples were sequentially analyzed via XRD. The product prepared at an initial pH of 2.6
was identified as the DCP phase (JCPDS card: No. 70-1425). The sample prepared under initial pH 3.1 is
identified as the mixture of DCP and HAp phases (JCPDS card: No. 09-0432). The energy-dispersive X-ray
spectrometry pattern is shown in Fig. 2E. The Ca/P ratio of 1.5 indicates that the rod-like product was probably
composed of Ca-deficient apatite because the Ca/P ratio of HAp was 1.67. It could be present the transition from
DCP to HAp with hydrolysis occurred in an alkali solution.
The XRD patterns (Fig. S3, ESI†) of the CHAp samples at various initial pH conditions (keeping the ratio of
Ca/P as 0.67) show similarity to those of Ca5(PO4)3OH (JCPDS card: No. 09-0432). The diffraction peaks of the
five samples can be indexed as a pure hexagonal phase with space group P63/m (176), which coincides well with
the standard data for the HAp phase. A significant difference was observed in the relative intensities based on the
(002), (211), and (300) peaks for the five samples in the XRD patterns. This result indicates the possibility of
different preferential orientation growths at different pH conditions.
The FT-IR spectra of CHAp prepared at different pH values are shown in Fig. S4, ESI†. The band at around
3570 cm−1 was assigned to the stretching vibration of the hydroxyl group. From Fig. S4A, the characteristic
hydroxyl group band of HAp at 3570 cm−1 (νOH) was not clearly visible. The intensity of the hydroxyl group
band gradually became strong when the pH values were increased above 3.5 because a considerable amount of
OH− can enter the hexagonal crystal lattice with increasing pH value (Figs. S4B–E, ESI†). The wide absorption
bands at around 3426 and 1633 cm−1 were attributed to the adsorbed water. The broad and weak bimodal peaks at
1466 (ν3) and 1406 (ν3) cm−1 were attributed to the carbonate ion in the B-site, which indicates the replacement of
some PO43− ions by CO32− ions.35 The peaks at 1091 (ν3), 1023 (ν3), 963(ν1), 606 (ν4), and 565 cm−1 (ν4) were the
characteristic bands for PO43−. Therefore, the FT-IR spectra indicate that all the as-synthesized samples were
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CO32−-substituted apatite crystal. A quantitative analysis of the carbonate content was carried out based on the
FTIR spectra (Table S2, ESI†). Featherstone et al. reported that the extinction ratio was a function of carbonate
content, the calculated carbonate contents were about 1.88–3.28 wt% in all CHAp samples.36 The result shows
that the crystals incorporated more carbonate and hydroxyl ions at a high pH than those at a low pH. The increase
in CO32− substitution to a particular extent was possibly due to the presence of CO2 from the atmosphere.
Fig. 3 shows the typical FESEM images of CHAp powders prepared at 190 °C at various initial pH values.
Various 3D hierarchical superstructures of CHAp were synthesized simply by adjusting the pH value. Significant
differences existed in the morphology and crystallite sizes of CHAp powders. The CHAp powder prepared at pH
3.5 was composed of microrods with about 10–20 µm in length and 0.5–1 µm in diameter in Fig. 3A. A hexagonal
prism composed of hexagonal prismatic units was arranged in parallel (Fig. 3B). When the pH was increased from
3.5 to 6.1, a uniform 3D-structured flower-like product was observed (Fig. 3C). The diameter of the obtained
flowers was about 10–25 µm, and the flowers consisted of 2D nanosheets. The high-magnification image shows
that the nanosheet had a thickness of about 20–50 nm, widths of 1–3 µm and lengths up to 2 µm, and almost no
particles or rods were observed (Fig. 3D). When the pH was increased to 8.1, shaft wheel-like structures of
self-assembled high-aspect-ratio micro-sheets (lengths up to 3 µm and widths of 300–500 nm) were obtained in
Figs. 3E and 3F. The powder prepared at pH 10.2 was composed of bur-like microspheres of self-assembled
nanorods (Figs. 3G and 3H). At pH 11.0, dumbbell-shaped structures and microspheres of self-assembled
nanorods were obtained. The high-magnification image in Fig. 3J shows that the microrod crystals grew out of
small nanorod crystals via the splitting. Consequently, the overall morphology changed from 1D microrods to 3D
hierarchical superstructures when the pH was increased from 3.5 to 11.0. Therefore, pH is an important factor in
controlling CHAp with various morphologies.

Fig. 3 FESEM images of as-prepared CHAp samples synthesized at 190 °C for 4 h with different initial pH values:
(A, B) pH = 3.5, (C, D) pH = 6.1, (E, F) pH = 8.1, (G, H) pH = 10.2, and (I, J) pH = 11.0.
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Fig. 4 FESEM images of CHAp samples synthesized at 190 °C with pH = 6.1 and at different reaction times: (A)
10 min, (B) 30 min, (C) 4 h, and (D) 16 h.
In this work, several time-dependent hydrothermal experiments were conducted to investigate the growth
mechanism of various CHAp structures. The size and morphology of the samples prepared at 190 °C for 10 min,
30 min, 4 h, and 16 h with an initial pH value 6.1 were characterized via FESEM (Fig. 4). After 10 min of
hydrothermal treatment, only a small amount of the product was obtained. As shown in Fig. 4A, the morphology
of the as-produced samples in the early stage had a willow-like shape with a thickness of about 100 nm, widths of
100–300 nm and lengths of 500–800 nm. When the hydrothermal time was increased to 30 min, these sheets
assembled into flower-like structures (Fig. 4B). When the reaction time was further increased to 4 h, the flowers
grew wider, longer, and thicker than those in Fig. 4B. The morphology of the final product is shown in Fig. 4D.
Thick sheets were assembled into flower clusters. The arrow shows a typical hexagonal shape at the sheet end.
Figs. 4A–D shows the process of self-assembling growth from a willow-like to flower-like morphology.

Fig. 5 FESEM images of CHAp samples synthesized at 190 °C with pH = 8.1 and at different reaction times: (A)
30 min, (B) 4 h, (C) 16 h, and (D) 24 h.
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Fig. 6 TEM (A, C) and HRTEM (B, D) images of CHAp powders synthesized at 190 °C with pH = 8.1 for 4 h and
16h, respectively. Insets: corresponding SEAD patterns.
The apatite products were obtained after hydrothermal treatment at 190 °C for 30 min, 4 h, and 16 h with an
initial pH value 8.1. The size and morphology of the samples were characterized via FESEM to investigate the
formation mechanism of the 3D structured apatite flowers (Fig. 5). In Fig. 5A, the as-prepared product had a
sheet-like shape with widths of 300–700 nm and lengths up to 800 nm at a hydrothermal reaction time of 30 min.
The sheets underwent lateral aggregation to form shaft wheel-like-structured CHAp. When the hydrothermal
treatment time was increased to 4 h, the sheets grew longer and more orderly than those in Fig. 5A. The BET
surface area was 46 m2/g, which is a relatively high value. Materials with these unique structure characteristics
and high surface areas can be potentially used in catalyst and water treatment.13, 37 When the reaction time was
above 16 h, the sheet-like crystals radiated from a central nucleus assemble into flower-like structures (Figs. 5C
and 5D).
Fig. 6 shows the TEM and HRTEM images and the corresponding selected area electron diffraction (SAED)
(top right insets) images of individual apatite sheets (from Figs. 5B and 5C). The samples obtained at reaction
times of 4 and 16 h displayed the same crystal structures. The HRTEM image shows the lattice fringes with
interplanar spacings of 0.34 nm which correspond to the (002) plane of HAp (Fig. 6B), and the preferential
growth direction was along the c-axis of the hexagonal HAp. The HRTEM image in Fig. 6D shows that the fringe
spacings of a single nanosheet were 0.46 and 0.67 nm, which correspond to crystal planes (110) and (001). The
discrete SAED spots demonstrate that the synthetic apatite sheets are well-crystallized hexagonal single crystals.38

Fig. 7 Scheme illustration of a possible formation mechanism of 3D-structured CHAp flowers.
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The formation mechanism of the 3D-structured CHAp flower crystal is proposed based on the experimental
results, as shown in Fig. 7. The experimental results indicate that the entire formation process includes nucleation,
growth of sheet-like crystals, and self-assembly growth. Normally, HAp has different crystallographic planes
({100} and {001} planes). HAp columnar structures bound by six (100) facets are grown along the c axis, which
leads to the formation of HAp rods. However, platy forms were produced at a relatively high pH even at the
hydrothermal condition. Adding HMT into the reaction solution was favorable for the formation of nanosheet
HAp crystal mainly at the earlier stage of crystal growth (Fig. 5A) maybe because the growth of c-surfaces was
limited, whereas the growth of the a, b-surfaces was enhanced. Thus, HAp nanosheets were obtained, and this
result is in agreement with the XRD results (Fig. S3C, ESI†). The nanosheet HAp crystal was observed by
Kobayashi et al. in a supersaturated solution system based on SBF.39 Lin, et al used urea as the homogeneous
precipitation reagent and obtained a product with a nanosheet morphology.40 In the presence of HMT, the
formation of the nanosheet HAp nanocrystallites facilitated aggregation parallel to the c axis. The side-by-side
sheet-like structure along the c axis grew in an orderly manner based on the FESEM and TEM micrographs (Figs.
5B and S5, ESI†). Given the high surface energy of the nanocrystals, the newly formed HAp sheets were
organized in a specific orientation to reduce their surface energy as the reaction time progressed. In this way, the
final product was a 3D-structured CHAp flower, which was formed by the sheet-like crystals radiating from a
central nucleus.
The FESEM images of the products prepared at specific reaction time intervals with an initial pH value of 11.0
are shown in Fig. 8. The formation process includes nucleation, splitting growth, and formation of microspheres.
When the reaction time was short, the crystals were bundle-like particles. This morphology is symmetric to the
long axis. Based on the experimental results, at higher pH, the anisotropy of surface charge distribution could be
caused by the adsorption of hydroxide ions onto preferential crystal facets, which had a strong effect on the
formation of particular particle shapes via oriented aggregation of the primary particles.10 When the reaction time
was increased, the bundle-like particles grew and split at the end of the broom-like crystals. This phenomenon
differs from the dumbbell-like growth reported in a double-diffusion system.41, 42 When the reaction time was
further increased, HAp microspheres were obtained.

Fig. 8 FESEM images of CHAp samples synthesized at 190 °C with pH = 11.0 and at different reaction times: (A)
30 min, (B) 2 h, (C) 4 h, and (B) 16 h.
In principle, crystal growth and crystal morphology were determined by various extrinsic and intrinsic factors,
such as solution pH value, the degree of supersaturation, chelating reagent and the crystallographic phase of the
nucleated seeds. In this paper, the pH value is an important factor that influences the precipitation of apatite phase
from aqueous solutions. The main morphologies of the CHAp samples are governed by solution pH value (HMT
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as alkaline source in this paper). In addition, the relationship between the distribution of pH value and the
supersaturation degree of the reaction system may also have important functions in the formation of the different
morphologies of CHAp crystals. According to the calculated SI values at different pH values (Table S1, ESI†), the
formation of CHAp with different morphologies (shown by representative FESEM images) are possible with
different supersaturation levels. Olson, et al. synthesized fluorapatite nanostructures with various shapes
(prismatic, ellipsoidal, star, and aggregate) and found that their structures are correlated with the supersaturation
of the system.43 More in-depth study on the crystallization rule for CHAp will be performed in future works.
Conclusions
We fabricated different forms of nanocrystalline CHAp, such as microrods, sheet-like-assembled flowers, shaft
wheel-like structures, bur-like spheres, dumbbell-shaped structures, and microspheres arrays at hydrothermal
conditions by controlling pH in phosphate-surplus precursor solutions. The morphology, size, and alignment of
CHAp nanoforms could be controlled by varying different experimental parameters, such as synthesis acidity,
time, and HMT presence. In the crystallization process, the effect of the gradual release of OH− from HMT is vital
to regulate the nucleation and crystal growth of the 3D-structured CHAp flower crystal. The ability to design
carbonated apatites will open up a wider choice of materials for use in biomedical implants, catalysts and
environmental engineering.
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