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a  b  s  t  r  a  c  t

Morphological  evolution  of  materials  becomes  a prodigious  challenge  due  to  their  key  role  in defining
their  functional  properties  and  desired  applications.  Herein,  we  report  the synthesis  of  hydroxyap-
atite  (HAp)  microstructures  with  multiform  morphologies,  such  as spheres,  cubes,  hexagonal  rods  and
nested  bundles  constructed  from  their  respective  nanoscale  building  blocks  via a simple  cost  effective
vailable online 18 November 2015

eywords:
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lectron microscopy

hydro/solvothermal  method.  A possible  formation  mechanism  of  diverse  morphologies  of  HAp  has  been
presented.  Structural  analysis  based  on X-ray  diffraction  (XRD)  and  Fourier  transform  infrared  (FTIR)
spectroscopy  confirms  the purity  of  the  HAp  microstructures.  The  multiform  morphologies  of  HAp  were
corroborated  by using  Field  emission  scanning  electron  microscope  (FESEM).

© 2015  Elsevier  B.V.  All  rights  reserved.

icrostructures

. Introduction

The recent development in the research of biomaterials has
xpanded to micro- and nano-scale which has promoted a big
reak through on the design of advanced functional materials.
t this scale, natural materials show delicate hierarchical organi-
ations, complex structures and combination of these, to realize
pecific functionalities. These micro- and nano-structures assem-
led from nanoscale building blocks such as nanorods, nanoplates,
anowires, etc., have incredible variations in their specific sur-

ace area, particle and pore size, surface roughness and density.
ence, the surface morphology of nanostructured materials plays

 major role in determining their structural, optical and surface
roperties. Accordingly, they can be used in various fields such as
hotocatalysts, sensors, energy devices, anticancer agents, adsor-
ents, drug delivery systems etc. [1–4]. For instance, mesoporous
e3O4 nano/micro spheres can be used as drug carriers and MRI
ontrast agents [5]; micro cubes and nano plates structures of
ismuth ferrite show considerable performance during liquefied
etroleum, carbon dioxide and ammonium gas sensing applications
6]; ZnO nanodisks and nanorods show sunlight driven photocat-

lytic activities for methylene blue [7]; LiMnO2 microcubes with
nterlaced nanoplates is more suitable for application in lithium
on batteries [8]; and the synthesized SnS2 nanoflakes, nanoflowers

∗ Corresponding author.
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and nanoyarns find application in promoting photo-reduction of
extremely toxic and lethal Cr(VI) that endorse a new technique
for harvesting energy and purification of wastewater [9]. Con-
sequently, synthesizing nanostructured materials with expected
morphologies using appropriate and cost effective methods have
become a promising issue.

Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is one such best ever
known bio ceramic material [10] with wide applications depending
on its morphology. Its significance in numerous surface depend-
ent industrial applications such as catalyst support, adsorbents,
liquid chromatographic columns, lighting materials, powder car-
riers, chemical sensors, ion conductors, retardant of cancer cells
and drug delivery agent [11–13], etc. are enormous. Though sev-
eral conventional physical and chemical methods have been used
to synthesize nanostructured HAp, hydro/solvothermal synthesis
finds its own  advantages over the others in controlling their com-
position, size and morphology under tolerable reaction conditions
[14–18]. However, the pH of the precursors, additives, solvents,
reaction temperature, reaction time and templates [19–23] influ-
ence the structure of HAp significantly. Generally, synthesis of
nanostructured hydroxyapatite is carried out either at high reaction
temperature above 200 ◦C or at reaction time 24 h and above, nei-
ther the above; post-annealing must be done at high temperatures
beyond 300 ◦C. For example, HAp scaffolds of cauliflower, urchin

and porous nanofibrous network grown on titania substrates were
synthesized at 240 ◦C for 4 h [24]; Hydroxyapatite flower-like mor-
phology assembled from nanosheets was synthesized at 200 ◦C for
24 h [25]; and HAp microspheres were synthesized using droplet
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XRD did not show any other peaks corresponding to secondary
phases or intermediate compounds, such as CaHPO4·2H2O or Ca8
(HPO4)2(PO4)4·5H2O suggesting that the reaction resulted in the
formation of phase pure HAp [26]. All the diffraction peaks were
6 I.R. Mary et al. / Applied Su

enerator device, sintered at 1100 ◦C [4]. Hence the present work
as focused on the evolution of novel multiform morphologies of
ydroxyapatite microstructures using mild synthetic conditions.

Herein, we report the synthesis strategies of HAp spheres and
exagonal rods from nanorods, nested bundles from nanosticks and
ubes from nanoplates as their nanoscale building blocks by suit-
bly adjusting the additives, pH and solvent of the reaction system
t the reaction temperature of 180 ◦C for 12 h without the necessity
f post-annealing treatment. The structural analysis, morphological
nalysis and the growth mechanism of the so called hydroxyapatite
ovel microstructures were also dealt in detail. The uniqueness of
he present report is the formation of novel multiform morpholo-
ies of HAp for the first time under facile reaction medium.

. Experimental

.1. Materials

Calcium nitrate tetrahydrate (Ca(NO3)2·4H2O), di-ammonium
ydrogen phosphate ((NH4)2HPO4), acetic acid (CH3COOH),
ydrochloric acid (HCl), thiocarbamide (CH4N2S), cetyltrimethy-

ammonium bromide (CTAB), urea (NH2CONH2), tri-sodium citrate
Na3C6H5O7·2H2O), 30% ammonia solution (NH4OH), sodium
ydroxide (NaOH), potassium hydroxide (KOH), ethylene glycol
C2H6O2), ethanol (C2H5OH) and di-methyl formamide (DMF) were
rocured from SDFCL, India. All the above chemical reagents were
f analytical grade and used without further purification.

.2. Synthesis of HAp microstructures

The HAp nanoparticles with multiform morphologies were syn-
hesized by suitably adjusting the additives, pH and solvent of the
eaction system under mild hydro/solvothermal reaction condi-
ions.

In a typical HAp microsphere synthesis process, 1 g of CTAB and
.1 M of calcium nitrate tetrahydrate (CNT) were dissolved in 2:1
atio of distilled water (DW) and ethylene glycol (EG), and stirred
or 30 min  in a magnetic stirrer. Also, 0.06 M of di-ammonium
ydrogen phosphate (DHP) and 1 g of urea were dissolved in 2:1
atio of distilled water and ethylene glycol. The pH of this solution
as adjusted to 10 using NaOH solution and continuously stirred

or 30 min. The prepared phosphate solution was added drop wise
o calcium solution and the pH was further adjusted to 5 using
ydrochloric acid. Then, 2 g of tri-sodium citrate was  added to the
esultant solution and stirred for another 30 min  to make a homoge-
ous mixture. This homogeneous mixture was further transferred
o teflon lined stainless steel autoclave and hydrothermally treated
t 180 ◦C for 12 h and cooled down to room temperature naturally.
he final precipitate was washed several times with distilled water
o remove the impurities and dried in hot air oven at 100 ◦C. The
eactions were carried out in different solvent systems: (i) distilled
ater (DW), (ii) DW and ethanol (EtOH), (iii) DW and DMF, and

iv) DW and EG. The HAp spheres were obtained in DW-EG solvent
ystem.

In the synthesis process of cubes, 0.3 M of DHP was  dissolved
n DW and aqueous ammonia was added till the pH becomes 10.
he phosphate solution was added drop wise to the prepared 0.5 M
alcium solution and the pH was adjusted to 5 using acetic acid.
hereafter the same procedure for the preparation of spheres was
dopted to obtain the cubes. The reaction was repeated by using

arious pH adjusters for the phosphate solution: (i) potassium
ydroxide, (ii) sodium hydroxide and (iii) aqueous ammonia. The
Ap cubes were found to be optimized when aqueous ammonia
as used to adjust the pH of the phosphate solution.
Science 361 (2016) 25–32

The hexagonal rods were attained by preparing the HAp
nanoparticles using the following process. The 0.3 M DHP solution
was prepared in DW and EG in the ratio of 1:2. Also, 0.5 M CNT solu-
tion with thiocarbamide (TC-2 g) was prepared in the same ratio of
DW and EG. The pH of the phosphate solution was adjusted to 10 by
adding NH4OH and was  added drop wise to the calcium solution.
The hydrothermal reaction was  carried out at 180 ◦C for 12 h. The
product was washed with DW several times and dried at 100 ◦C.
The reactions were carried out by varying the thiocarbamide con-
centration (i) without TC, (ii) 1 g of TC, (iii) 2 g of TC and (iv) 3 g of TC.
The HAp hexagonal rods were optimized with 2 g of thiocarbamide
in the reaction.

Nested bundles were prepared with the same procedure like
hexagonal rods by replacing the EG with ethanol and also changing
the ratio of distilled water and ethanol as 1:0.5. The reactions were
carried out by varying the distilled water to ethanol ratio as (i) 1:0,
(ii) 1:0.2, (iii) 1:0.5 and (iv) 1:1. The nested bundles were optimized
at the ratio of 1:0.5.

The multiform morphologies of the synthesized samples were
authenticated by using field emission scanning electron micro-
scope (Quanta 250 FEG). The structure and phase composition of the
samples were investigated by X-ray diffraction (PANalytical XPert
Pro X-ray diffractometer using Cu K�1 radiation) and Fourier trans-
form infrared spectrometer (Brucker Tensor 27 FTIR Spectrometer).

3. Results and discussion

3.1. Structural evolution of HAp

The XRD pattern for the synthesized HAp microstructures is
shown in Fig. 1. The intense diffraction peaks in the XRD pat-
terns indicate the crystalline nature of the synthesized HAp. The
XRD peaks at 25.39◦, 28.66◦, 31.56◦, 32.76◦, 33.80◦, 39.43◦, 46.44◦,
49.16◦, 52.91◦, 63.68◦ and 77.52◦ corresponding to (0 0 2), (2 1 0),
(2 1 1), (3 0 0), (2 0 2), (2 1 2), (4 0 1), (2 1 3), (0 0 4), (3 0 4) and (5 1 3)
planes respectively manifested that the obtained samples were
of pure form of hydroxyapatite with hexagonal structure. The
Fig. 1. XRD patterns for (a) spheres, (b) cubes, (c) hexagonal rods and (d) nested
bundles.
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in the size of flake-like morphology was noticed in Fig. 3(c) when
ig. 2. FTIR spectra for (a) spheres, (b) cubes, (c) hexagonal rods and (d) nested
undles.

nambiguously indexed as a pure hexagonal phase group p63/m,
hich coincided well with the standard data for HAp (JCPDS #73-

293). The average crystallite sizes of the prepared nanostructured
Ap samples estimated by using Scherrer formula were 13, 30,
0 and 21 nm that correspond to spheres, cubes, hexagonal rods
nd nested bundles respectively. There is no significant change

n the lattice parameters (a = b = 9.4824 Å and c = 6.8927 Å) for the
ifferent morphologies of HAp. The XRD results clearly confirms
hat there is no need of further annealing process which is an

Fig. 3. FESEM images of HAp prepared in different solvents mi
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additional step for phase, purity and structure transformation of
the as-prepared HAp.

The FTIR analysis provides further supporting evidence for
the purity of the formed multiform morphologies of HAP
microstructures. The FTIR spectra were recorded in the range
of 400–4000 cm−1 to identify the functional groups present
in the prepared samples. Fig. 2 shows the FTIR spectra for
different morphologies of HAp microstructures synthesized by
hydro/solvothermal process. The intense peaks at 1040 and
569 cm−1 are due to PO4

3− stretching and bending modes of
the apatite structure [16,27,28]. The broad peak between 2700
and 3800 cm−1 can be assigned for the adsorbed water on HAp
microstructures [29,30] and the absorption peak at 1631 cm−1

was attributed to the bending mode of H2O [31,32]. The peak at
1376 cm−1 might be due to the carbonate ions in the synthesized
HAp particles originated from the atmospheric carbon dioxide dur-
ing the analysis [25,33]. No other peaks in the FTIR spectra clearly
confirm the purity of the synthesized HAp microstructures.

3.2. Morphological analysis

The FESEM analysis can provide direct information about the
size and typical shapes of the synthesized HAp microstructures.

Fig. 3 shows the series of morphologies prepared by varying the
solvent systems to confirm the formation of HAp spheres. In aque-
ous system, the synthesized nanopowders divulges the starting
stage of the formation of agglomerated rod and plate-like mor-
phology undetached from each other as shown in Fig. 3(a), whereas
the growth of flake-like morphology was enhanced when distilled
water and ethanol were used as shown in Fig. 3(b). The increase
di-methyl formamide was used as a solvent instead of ethanol. It
is evident from Fig. 3(d) that the formation of HAp microspheres
with uniform distribution was obtained when distilled water and

xed with water (a) pure, (b) ethanol, (c) DMF  and (d) EG.
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Fig. 4. FESEM images of HAp prepared by various pH adjusters 

thylene glycol was used as the solvent. The spheres were con-
tructed from densely packed nanorods as their nanoscale building
locks by self-assembly process.

Fig. 4 shows the morphologies of reaction series during the
reparation of nanostructured HAp cubes by using NaOH, KOH and
queous ammonia as pH adjuster for the phosphate solution. The
ormation of high aspect ratio nanoplates (HARNPs) were observed
hen NaOH was used. But the size of the HARNPs was  not uni-

orm and the FESEM image reveals that nanoslides and rod-like
tructures were also formed as in Fig. 4(a). In the presence of KOH,
he formed HARNPs tend to aggregate to form a three dimensional
anostructure as shown in Fig. 4(b).

However, it is obvious from Fig. 4(c) that the three dimensional
anostructured cube was formed when ammonium solution was
sed as the pH adjuster, with nanoplates as nanoscale building

locks.

The series of FESEM images during the formation of hexago-
al rods (HRs) by varying the thiocarbamide concentration in the

Fig. 5. FESEM images of HAp prepared by varying the TC concentratio
 Phosphate solution (a) NaOH (b) KOH and (c) NH4OH (Cubes).

reactions are shown in Fig. 5. Irregular nanoplates were observed
during the preparation of HAp in the absence of thiocarbamide (TC)
as shown in Fig. 5(a). When 1 g of TC was introduced in the reaction
system, the breadth of the plates reduces, leading to nanorods as in
Fig. 5(b). Further increase in the concentration of TC to 2 g drasti-
cally increases the size of rods resulting in well-defined, crystalline
microrods with hexagonal cross-section as shown in Fig. 5(c). Addi-
tional increase of TC shows the formation of undefined sphere like
morphology as in Fig. 5(d). These results clearly confirm the forma-
tion of hexagonal rods when 2 g of TC was used during the synthesis
process.

The formation of nested bundles was observed from the FESEM
images of Fig. 6. The series of reaction were carried out by vary-
ing the amount of ethanol in the solvent system. The formation
of nanorods with variation in their size was observed when the

solvent was of distilled water alone. As ethanol was  introduced in
the reaction medium, formation of clusters of nanorods and nested
bundles were observed.

n (a) without TC (b) 1 g of TC (c) 2 g of TC (HRs) and (d) 3 g of TC.
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Fig. 6. FESEM images of HAp prep

Fig. 7 shows the FESEM images for the surface morpholo-
ies of HAp microstructures with different magnifications. From
hese images, it is clear that the HAp microstructures have diverse
ell-defined shapes. Fig. 7(a–c) shows the FESEM images for

he formation of HAp microspheres with the diameter of 7 �m,
ssembled from densely packed nanorods with a width of 80 nm.
ig. 7(d–f) shows the microcubes with the side length of 12 �m,
ipened from nanoplates. These nanoplates have a length and width
f 1–1.5 �m and 0.3 �m respectively as shown in the high magnifi-
ation image. The hexagonal microrods in Fig. 7(g–i) were formed
ue to Ostwald ripening process. These hexagonal rods have an
verage length and diameter of 25 and 5 �m respectively. The
ested bundles in Fig. 7(j–l) were formed by the self-assembly of
anosticks with the length of 1–2 �m.  It was evident that the syn-
hesized HAp microstructures were systematically formed by one
nd two dimensional nanostructures such as nanorods, nanoplates
nd nanosticks which act as the nanoscale building blocks as shown
n Fig. 7(c, f, l).

.3. Growth mechanism

The reaction mechanism for the formation of stoichiometric
Ap using calcium nitrate and di-ammonium hydrogen phosphate
s precursors for Ca2+ and PO4

3− respectively is given as follows:

6(NH4)2HPO4 + 10Ca(NO3)2 + 8NH4OH → Ca10(PO4)6(OH)2

+ 20NH4NO3 + 6H2O
The growth mechanism of HAp microstructures involves crys-
allization, Ostwald ripening and self-assembly processes which
ere supposed to be the specific channels for the formation

f different morphologies. The larger particles are grown from
y varying the DW and EtOH ratio.

primary units by oriented attachment in Ostwald ripening whereas
in self-assembly, the adjacent nanoparticles were shared with their
common crystallographic orientations [34–37]. Herein, cubes and
hexagonal rods were formed from the oriented attachment of
nanoplates and nanorods respectively by Ostwald ripening, and the
self-organization of nanosticks and nanorods pave the way for the
formation of nested bundles and spheres respectively, as shown in
Fig. 8.

The growth of nanostructured HAp spheres starts with the for-
mation of micelles. In general, CTAB forms spherical or cylindrical
micelles [3] depending on their critical micelle concentration. As
cylindrical micelle forms above 23 wt% of CTAB [38], the formed
HAp nanorods were due to the same. CTAB-Ca2+ rod-like micelles
were produced because of the concentration difference between
the inside-water phase and the outside-oil phase of the rod-like
CTAB micelles where the Ca2+ were transferred to the surface of
the micelles. When the PO4

3− solution was  added to this CTAB-
Ca2+ solution, HAp clusters were preferentially condensed on the
rod-like micelle’s surface due to the strong electrostatic interaction
between cationic surfactant CTAB and anionic inorganic precursor
PO4

3-, since CTAB acts as a strong acid weak base salt [39]. Thus
the micelles act as nucleating sites for the growth of HAp crystals.
The formed CTAB-HAp complexes then coalesce to form a stable
one dimensional nanorod structure [40]. Besides, NH4OH generated
from the hydrolysis of aqueous urea increases the rate of nucleation
and growth of nanorods under moderate supersaturation condi-
tions [41]:

(NH2)2CO + H2O → 2NH3 + CO2
NH3 + H2O → NH4+ + OH−

However, the addition of HCl restrains the growth rate by sup-
pressing the OH− concentration resulting in short rods. These short

https://www.researchgate.net/publication/263956914_Effects_of_Morphology_and_Zr_Doping_on_Structural_Optical_and_Photocatalytic_Properties_of_ZnO_Nanostructures?el=1_x_8&enrichId=rgreq-6438f59c3b175375e617ce9a3dd0bb52-XXX&enrichSource=Y292ZXJQYWdlOzI4NDIzNDIyMDtBUzozMDExMzQ5OTM0Nzc2MzJAMTQ0ODgwNzU4NTMyNQ==
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Fig. 7. FESEM images with different magnifications of (a–c) spheres, (d–f) cubes, (g–i) hexagonal rods and (j–l) nested bundles.
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ods self-assemble to form spheres in solvothermal environment
ith the help of EG which was used as a co-solvent. The –COOH

nd –OH groups of tri-sodium citrate adsorbed on the surface of the
elf-oriented nanorods prevent the accumulation of microspheres
42] resulting in mono-dispersed HAp spheres.

Generally the growth of HAp in aqueous solution results in a
hree dimensional structure. The shape was determined by the
elative specific surface energies associated with the facets of crys-
al. The facets of HAp have a preference to adsorb OH− [43] and
esults in rod-like morphology. But the increase of OH− ions on
he interface produces a shielding effect due to which the rate of
rowth was controlled in different facets. The adsorbed OH− ions
ere partly neutralized by the addition of acetic acid which boosts

he growth of the nuclei in all the facets. However, the hindrance
ffect of acetic acid inhibits the longitudinal growth which leads to
he formation of nanoplates as shown in Fig. 7f. These nanoplates

ield well-defined nanostructured cubes through Ostwald ripening
rocess.

The growth of apatite in aqueous solution is a prolonged and
low process resulting in perfect and large crystals. Also, the
preferential growth of HAp is along the c-axis [44]. Since thiocar-
bamide is known to promote the growth along a plane [45], the
formation of microrods could be due to the bonding interaction
between the amine groups and the HAp particles. The hexagonal
cross section of the rod might be due to the shape controlling nature
of CS(NH2)2. Ethylene glycol was  used as a co-solvent to promote
the longitudinal c-axis growth of the hexagonal rod leading to a
microstructure.

During the growth of nested bundles, the clusters of HAp par-
ticles were grown as nanorods during the initial nucleation and
growth processes when water is used as a solvent. The polarity
[46,47], dielectric constant [48] and viscosity of the solvents influ-
enced the nucleation as well as the preferential direction of the
crystal growth [21]. The higher dielectric constant and lower vis-
cosity of water enhances the growth of nanorods to nanosticks, and
the aggregation and self-assembly of these nanosticks to form bun-
dles might be due to lower dielectric constant and higher viscosity

of ethanol. Here, the double solvent system plays a dynamic role in
the formation of nested bundles as they have strong effect on the
solubility, reactivity and diffusion behavior of the reactants.
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Fig. 8. Schematic illustration of gr

. Conclusion

Novel multiform microstructures of HAp with four dif-
erent morphologies were successfully synthesized by facile
ydro/solvothermal process under mild reaction medium, by
arying the preparatory conditions without the stipulation of post-
nnealing treatment. Structural analysis reveals the phase, purity
nd crystallinity of the designed HAp microstructures. The distinct
nd well-aligned microstructures of HAp were confirmed by the
orphological analysis. The proposed growth mechanism of the
Ap morphologies elucidates the growth of microstructures based
n crystallization, Ostwald ripening and self-assembly processes.
n conclusion, the morphology of the novel microstructures was
ontrolled by the reactants in the solvent system which acts as
romoters/inhibitors for the nucleation and growth processes.
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