Chapter 3

HA nucleation and crystal growth
The current chapter presents the phase evaluation of HA nanocrystals along with profile fitting
of XRD peaks using FullProf software to reveal the variation in lattice parameter as per
morphology of HA nanocrystals. The morphological analyses of HA nanocrystals are also
discussed. The closer analyses using TEM have also been carried out to observe the porous
nature and crystal growth direction of HA nanocrystals. Additionally, this chapter also
explores the possible molecular mechanism, controlling the growth of different morphological
HA nanocrystals.
3.1. XRD analyses
Fig. 3.1 depicts the XRD patterns of all the samples, developed under different pH, HT time,
and different concentrations of PVA. All the diffraction peaks correspond to the pure hexagonal
phase of HA nanocrystals, aligning well with standard data (JCPDS #09-0432). No additional
peaks related to other phases were observed for these samples. From Fig. 3.1 A, it is clearly
visible that on altering the pH of precursor solution from pH 5 to 9.5, the intensity of peaks
continuously increases gradually and reaches up to the maximum, which reveals that higher
pH strongly promotes crystallinity in HA due to increased OH™ ions [1, 2]. HA nanocrystals
synthesized at a pH of 9.5 achieved ultra-high crystallinity (97 %), which is 9 % higher than
the crystallinity of HA nanocrystals, synthesized at a pH of 5 (89 %). On further increasing the
pH (> 9.5), there was no noteworthy change in crystallinity.
The effect of HT time as well as concentrations of PVA on the crystallinity of HA nanocrystals,
was also investigated (Fig. 3.1 B). The intensities of HA peaks become higher and sharper on
varying the HT period from 6 to 12 h, which indicates that the longer HT time favours the
formation of ultra-high crystalline HA [ Fig. 3.1 B (i and ii)]. In other words, 6 h is not sufficient

for proper crystallization of HA from an amorphous state [3]. Nearly 86 % of crystallinity was



calculated for HA nanocrystals, synthesized at the HT period of 6 h. A slight reduction in the
intensity of peaks was also observed on increasing the concentration of PVA from 2.13 — 4.17
and iv)]. As a result, the crystallinity of HA nanocrystals was reduced from 97 to 93 %.
However, on further varying the concentration of PVA from 4.17 — 6.13 wt %, no significant

change in crystallinity was found.
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Figure 3.1. XRD profile of HA nanocrystals, synthesized under different pH, HT time, and
PVA concentrations. (A) Characteristic peaks at different pH: (i) pH 5, (ii) pH 7.5, (iii) pH 9,
(iv) pH 9.5, (v) pH 10, (vi) pH 11 at constant HT temperature and time of 200°C and 12 h,
respectively, for PVA concentration of 2.13 wt %. (B) Characteristic peaks at different HT
time: (i) 6 h and (ii) 12 h at constant pH of 9.5, PVA concentration of 2.13 wt %, HT
temperature of 200°C, and under different PVA concentrations: (ii) 2.13 wt %, (iii) 4.17 wt %
and (iv) 6.13 wt % at constant pH of 9.5, HT temperature and time of 200°C and 12 h,
respectively.

The profile fitting of XRD data of developed HA nanorods (HA5), nanoplates (HA9.5), and
thin nanoplates (HA-6h) was performed using FullProf software (Fig. 3.2). The patterns were
well refined in hexagonal structure (space group of P6s/m) with goodness of fit of 3.0 and 2.1

and 3.5, respectively. The refined cell parameters were, a = 9.4295 1&, c = 6.8821 A for HA
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nanorods, a = 9.4256 ,&, ¢ = 6.8842 A for HA nanoplates, and a = 9.4282 Aand ¢ = 6.8857 A
for HA thin nanoplates. It is clear that HA nanorods have larger a and smaller ¢ values than
those of HA nanoplates and thin nanoplates. The lattice parameter ‘a’ is related to the side
growth of HA, which leads to plate shape formation and the lattice parameter ‘c’ is related to
the end growth of HA, which leads to the formation of nanorods. It is reported that lattice
parameters expand with the decrease in the size of nanocrystals [4, 5]. This is also true for the
anisotropic growth of nanocrystals, i.e., the change in shape results in a sudden transition in
the lattice parameters, specific to a particular crystal face [6]. As an example, Zhu et al.[7]
found that the lattice parameter ‘c’ reduced from 5.263 — 5.230 A on increasing the length of
ZnO nanorods from 10 — 30 nm. In the present study, because of the restriction of crystal
growth along the c-axis, HA nanoplates and thin nanoplates have larger lattice parameter ‘c’
as compared to HA nanorods, and due to the restriction of crystal growth along the a-axis, HA
nanorods have larger lattice parameter ‘a’, as compared to that of HA nanoplates and thin
nanoplates. This variation in lattice parameters, as per morphology, is in good agreement with
previously reported data for HA nanorods (a = 9.4330 A, ¢ = 6.8765 f&) and HA nanoplates (a

= 9.4253 A, ¢ = 6.8877 A) [8, 9].



(A

~

Rwp: 8.92 f——Yobs B)

Rwp: 6.50 ——Yobs
Rexp: 2.94 Yecalc Rexp: 3.13 b Yecalc
Goodness of fit: 3.0 Yobs Yeale Goodness of fit: 2.1 ] Yobs-Ycale
| Bragg position| i I Bragg position
g g
& &
w w
5 g
S R
= =
L L R I T TR T A S RN R TR O Ry
N .
fe i A
T T T T T T T T T T T T T T T T
10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
20(°) 20 (°)
Rwp: 11.4 ==Y 0bs
Rexp: 3.19 Y calc
Goodness of fit: 3.5 Yobs-Ycale
I Bragg position
-~
=
=
<
z
‘®
=
5
2
=
=
| I R R R R L IR s
I\
[ 2

100 2 3 40 S0 6 70 80
26 (°)

Figure 3.2. X-ray profile fitting for HA nanorods, nanoplates, and thin nanoplates using FullProf
software.

3.2.FTIR analyses

The functional groups of the developed samples were also analyzed using the FTIR technique
to further confirm the phase purity of synthesized samples. The FTIR spectra of all
nanocrystals, synthesized at different pH, HT time, and different PVA concentrations, are
shown in Fig. 3.3. The characteristic bands at 1099, 1033 and 600, 568 cm™ correspond to
asymmetric stretching and bending vibrations of PO4* tetrahedra, respectively. Another band,
related to PO4% at 962 and 473 cm, can be assigned to symmetric stretching and bending
modes of P—O and O—P—-O bonds, respectively [10-12]. The absorption bands at 3574 cm™ and
635 cm™ also appeared due to the stretch and libration modes of OH™ ions in the HA lattice,

respectively. The peaks at 3436 cm™ and 1635 cm™ were caused by bending vibration of O —
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H in absorbed H-O [13]. The presence of COs* in HA was also confirmed by the peaks,
observed at 1456, 1411, 1544 and 875 cm™ [14]. Such CO3z? formed when atmospheric CO>
dissolved in a precursor solution of HA during the fabrication stage, according to the following
reaction [15]:
CO2 (g) + 20H" (aq) — CO3? (ag) + H20 1)

Importantly, this CO3s?~ group, which was either substituted by OH~ or PO+~ groups, is called
A-type carbonate (1544 and 875 cm™) and B-type carbonate (1456 and 1411 cm™), respectively
[16]. From Fig. 3.3 A (i), it is clearly visible that at acidic condition (pH 5), no peak,
corresponding to CO32~ was observed. However, on increasing the pH above 5, A-type and B-
type COs% bands started to appear [Fig. 3.3 A (ii)] and continuously increases up to pH 11. As
the atmospheric CO: dissolves more readily in alkaline conditions, owing to an increase in the
availability of OHions. The increase in B-type CO3? bands (with rising pH) made the PO43"
peaks (1095 and 1033 cm™) gradually broader due to CO3?~ substitution, which is supported by
the previous studies [17, 18]. However, no change in the sharpness of OH™ bands was observed,
which may be due to the low visibility of A-type carbonate bands. From Fig. 3.3 B (i), it is
clearly observed that at lower HT time (6 h), no COs®> bands appeared. It means that
atmospheric CO ismainly incorporated in solution during HT treatment, as can be seen in HA,
synthesized under 12 h of HT period, where sharp CO3?~ bands appeared [Fig. 3.3 B (ii)]. Fig.
%, the sharpness of COs? bands decreased and almost disappeared. Consequently, the broad
PO4> peaks became sharper again. This clearly indicates that a higher concentration of PVA
prevents the atmospheric CO2 to dissolve in the solution. This might be due to the presence of
a larger number of PVA molecules to interact with OH™ ions present in the solution, which
reduces the free OH~. As a result, fewer OH™ are available to interact with CO for CO3s*

formation.
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Figure 3.3. FTIR spectra of HA nanocrystals, synthesized at various pH, different HT time
and PVA concentrations. (A) Spectra at various pH: (i) pH 5, (ii) pH 7.5, (iii) pH 9, (iv) pH
9.5, (v) pH 10, and (vi) 11, at constant HT temperature and time of 200°C and 12 h,
respectively, for PVA concentration of 2.13 wt %. (B) Spectra for HT times: (i) 6 h and (ii) 12
h at constant pH of 9.5, PVA concentration of 2.13 wt %, HT temperature of 200°C, and under
various PVA concentrations: (ii) 2.13 wt %, (iii) 4.17 wt % and (ii) 6.13 wt % at constant pH
of 9.5, HT temperature and time of 200°C and 12 h, respectively.

The crystallinity of HA nanocrystals can also be investigated using FTIR spectra as per the
intensity of peaks. A similar variation in the crystallinity profile of HA under different pH, HT
time and PVA concentrations was observed, which is in good agreement with XRD results.
3.3. Raman spectroscopic analyses

Raman spectroscopy was performed to investigate the phase purity of developed HA nanorods
(HA5), nanoplates (HA9.5), and thin nanoplates (HA-6h) samples by analyzing the chemical
species, present as building units in nHA materials. Fig. 3.4 depicts the Raman spectra of
prepared samples, showing strong characteristic vibrational bands at 958 cm™, which
corresponds to the vi symmetric stretching mode of P—O within the tetragonal PO4>~ group of
HA crystal lattice [19]. Other peaks, appeared at 435, 587 cm™ are assigned to vz and va

symmetric bending mode (P—O—P) of PO4+*>~ group [20]. The peak at 1047 cm* appeared from



asymmetric stretching (v3) of P—O, which reveals the presence of disordered phosphate lattice
within HA nanocrystals [21]. Furthermore, the presence of OH™ ions in the HA lattice is also
detected by the vibrational peak at 3570 cm ™2, related to the stretching vibration of O — H [21].
No other vibrational bands were observed in all the developed samples, which confirms the

formation of the single and pure phases of HA nanocrystals.
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Figure. 3.4. Raman spectroscopic analysis of HA nanorods (a) and nanoplates (b) prepared
at pH 5 and 9.5, respectively, under the constant HT temperature of 200°C, time of 12 h, and
PVA concentration of 2.13 wt %, and HA thin nanoplates (c) prepared HT time of 6 h under
constant hydrothermal temperature of 200°C, pH of 9.5, and PVA concentration of 2.13 wt %.
3.4.Nanomorphological analyses: crystal growth

The formation of HA nanocrystals proceeded in two steps: (i) nucleation and (ii) crystal growth.
Initially, Ca?* ions from calcium nitrate interacted with hydroxyl groups of PVA molecules,
resulting in the formation of PVA-Ca complex [22]. However, the subsequent addition of
phosphate solution led to the breaking of PVA-Ca complexes due to their weak bonding [22,

23]. The released Ca?* ions interacted with PO4*" ions, leading to instant HA nucleation due to



supersaturation conditions. After nucleation, the released PVA molecules from PVA-Ca
complexes return back to the solution. (pH 5; acidic condition). Fig. 3.5 schematically

represents the mechanism of HA nucleation.
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Figure 3.5. Schematic diagram, demonstrating the possible mechanism behind the nucleation
of HA nanocrystals.

At pH 5, PVA molecules were free to interact with themselves, neighbouring PVA and water
molecules through hydrogen bonding [24]. Apparently, no PVA molecule was available to
adsorb on the relatively high surface energy (001) facet of HA nuclei to reduce their surface
energy. Consequently, it could not restrict the crystal growth of HA nuclei along their
thermodynamically favourable [001] direction (c-axis) [25]. Thus, a clear and sharp rod
morphology with a length of ~ 70 — 500 nm and a diameter of ~ 22 — 62 nm was formed [Fig.
3.6 (a)]. The gradual addition of NaOH disturbed intra and inter-molecular hydrogen bonding
among PV A molecules and between PVA and water molecules as per the following reaction
[26-28],

R— OH + Na*OH — R — O~ Na* + H.0 )

Therefore, at pH 7.5, few PVA molecules became available to restrict the crystal growth of
HA in the c-axis direction. Consequently, most of HA nanocrystals were formed in indefinite

shape at pH 7.5. However, a few plate-like HA nanostructures were also observed [Fig. 3.6



(b)]. It may be due to the fact that few OH™ ions also become available to adsorb on (100) facet
(side face) of HA nuclei, which makes these faces active for HA crystal growth along [100]
direction (a-axis) [29-31]. At pH 9, more PVA molecules restricted the HA crystal growth in
[001] direction, and a larger number of OH™ ions adsorbed on (100) facet of HA nuclei to
promote crystal growth toward a-axis direction. In this condition, HA nanorods, formed at pH
5, transformed into slightly irregular-shaped 2-D HA nanoplates with a length ranging from ~
65 — 300 nm and thickness from ~ 21 — 45 nm. [Fig. 3.6 (c)]. Increasing pH to 9.5 further
refined plates to regular shape (rectangle as well as hexagonal) with length, diameter and
thickness of 200 — 500, 60 — 250, and 7 — 66 nm, respectively, due to the optimal number of
OH™ ions which can adsorb uniformly on side faces of HA nuclei [Fig. 3.6 (d)]. Moreover, the
thickness of few HA nanoplates was also reduced, owing to the adsorption of more PVA
molecules on (001) facet of HA nuclei. Apparently, the broadness in thickness distribution of
these HA nanoplates increased as compared to HA nanoplates, prepared at pH 9. The increase
in the pH from 9.5 to 10 further increases the size of HA nanoplates, owing to the adsorption
of more OH™ ions on the side faces of HA nuclei [Fig. 3.6 (€)]. In this stage, the uniformity in
the shape of HA nanoplates again began to destroy. At pH 11, excessive OH™ ions completely

disrupted the uniformity, resulting in irregular HA nanoplates and ungrown NPs. [Fig. 3.6 (f)].
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Figure 3.6. Morphological and elemental analyses of as-prepared HA nanocrystals at
various pH. (a —f) FESEM images of as-synthesized HA nanocrystals at various pH :(a) pH 5
(b) pH 7.5 (c) pH 9 (d) pH 9.5 (e) pH 10 (f) 11. (g — i) The diameter distribution of HA nanorods,
synthesized at pH 5 (a), and thickness distribution of HA nanoplates, obtained at pH 9 (b) and
9.5 (c), using histogram plots. (j — 1)) The EDX spectra of as-synthesized HA nanorods at pH

5 (a), and HA nanoplates at pH 9 (b) and 9.5 (c).
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The diameter distribution of HA nanorods (HA5) and thickness distribution of HA nanoplates
(HA9 and HA9.5) were also demonstrated by histogram plots, for which more than 100
particles were measured from each morphology of HA nanocrystals [Fig. 3.6 (g —1))]. The EDS
spectra [Fig. 3.6 (j — 1)] confirmed the purity of HA nanocrystals, showing only Ca, P, and O
with a Ca/P molar ratio of ~1.67, required for HA formation. The pH-dependent crystal growth

mechanism is also discussed using a schematic diagram, as shown in Fig. 3.7.
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Figure 3.7. The schematic representation of possible mechanism for the formation of various

morphologies of HA nanocrystals at different pH.
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To investigate the effect of HT time on the shape of HA nanoplates, the HT time was varied
from 6 to 12 h under the fixed temperature of 200°C, pH of 9.5 and PVA concentration of 2.13
wt %. The shorter HT treatment produced irregular and thinner (~ 7 — 23 nm) HA nanoplates
with lengths micro to nano in scale [Fig. 3.8 A], as the adsorption of PVA molecules on the
(001) face only allows a limited number of precursor ions (Ca?*, POs>~ and OH") to reach that
face. The HT duration of 12 h provides a longer time to reach more precursor ions on (001)
face, producing thicker (up to 40 nm scale) HA nanoplates with length in nanometer scale [Fig.
3.8 B]. According to the Oswalt ripening mechanism, the smaller particles possess higher
surface energy and solubility, due to which they dissolve in the reaction medium and
reprecipitate onto larger particles to minimize their surface energy [32]. Such rapid crystal
growth at 6 h is responsible for the irregular shape and lower crystallinity in thin HA nanoplates
[Fig. 3.1 B (i) and 3.8 A]. However, the prolonged HT treatment from 6 to 12 h promotes
further dissolution of HA nanoplates due to their lower crystallinity and high pressure inside
the sealed autoclave. In this way, HA nanoplates further proceeded through a dissolution-
precipitation process, which led to the formation of HA nanoplates with ultra-high

crystallinity.
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Figure 3.8. Morphology of HA nanocrystals, synthesized under different HT duration and
PVA concentrations. FESEM images of HA nanocrystals, synthesized at HT time of 6 h (A)
and 12 h (B) at PVA concentration of 2.13 wt % and pH of 9.5. FESEM images of HA
nanocrystals, synthesized under various PVA concentrations of 2.13 wt % (B), 4.17 wt % (C),

and 6.13 wt % (D) at pH of 9.5 and HT time of 12 h.

The increase in the concentration of PVA also significantly affected the thickness of HA
nanoplates under HT temperature of 200°C, time of 12 h, and pH of 9.5. HA nanoplates again
transformed to thin nanoplates-like morphology with increasing the PVA concentration from
2.13t0 4.17 wt % [Fig. 3.8 B and C]. This is due to the further increase in the availability of
PV A molecules to interact with the (001) face of HA nuclei, which restricts the crystal growth
of HA nuclei. Additionally, due to the presence of more PVA molecules in the solution, more
NaOH is required to disrupt the hydrogen bonding of PVA molecules with themselves and
water molecules. This reduces the number of OH™ ions in the solution, limiting their uniform

interaction with the (100) facet of HA nuclei and resulting in irregular thin HA nanoplates. The
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thickness and length of such HA thin nanoplates are up to 7 nm and pm in scale, respectively.
On further varying the PVA concentration from 4.17 — 6.13 wt. %, no considerable change in
the thickness of HA thin nanoplates was observed [Figs. 3.8 C and D]. Higher PVA
concentrations in solution require even more NaOH molecules to disturb the hydrogen bonding
among themselves and water molecules. However, sufficient NaOH is not available to fully
disturb these bonds. Therefore, number of free PVA molecules for the interaction with (001)
face of HA nuclei remained same as PVA concentration of 4.17 wt %.

3.5. TEM analyses

TEM, HRTEM and SAED analyses were performed to investigate the morphology, porosity
and crystallographic details of HA nanocrystals. Fig. 3.9 A (al — c1) shows TEM images of
HAS5, HA9.5, and HA-6h confirming their rod, plate and thin plate morphologies, respectively,
which is consistent with FESEM results. HRTEM images of individual nanoplates [Fig. 3.9 B
(b2 — c2)] reveal the porous nature of HA nanoplates, and thin nanoplates with pore diameters
in the range of ~ 1.07 — 5.9 nm and ~ 0.6 — 5.2 nm, respectively, where most of them are
micropores. This porosity generation on the surface of HA nanoplates (HA9.5) and HA thin
nanoplates (HA-6h) is attributed to the removal of PVA molecules from their surface upon
calcination [33]. Moreover, the HRTEM images were also recorded to evaluate the crystal
growth direction of HA nanocrystals [Fig. 3.9 C (a3 — ¢3))]. From Fig. 3.9 B (a3), the HA
nanorod has a lattice spacing of 0.34 nm related to the (002) plane, indicating crystal growth
along the c-axis. In contrast, from Fig. 3.9 C (b3 — c3), the lattice spacing of HA nanoplate and
thin nanoplates were calculated to be 0.40 nm and 0.27 nm, which corresponds to (200) and
(300) planes, respectively. These results clearly indicate that HA nanoplate and thin nanoplate
grew along the a-axis of HA [19, 29, 34, 35]. Further, SAED patterns of HA nanorods (HA5),
HA nanoplates (HA9.5) and HA thin nanoplates (HA-6h), as shown in Fig. 3.9 D (a4 — c4),

also revealed their single crystalline nature as identified by clear and sharp diffraction spots [8,
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19, 36, 37]. The patterns can be easily indexed, according to the space group of P63/m, which
further confirms the hexagonal phase of HA nanocrystals. The porous nature of HA nanoplates

and thin nanoplates were also illustrated in the magnified view [Fig. 3.9 (E)].
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Figure 3.9. Morphological and crystallographic analyses of hydrothermally synthesized HA
nanocrystals using TEM. (A) The Bright field images of HA nanorods (HA5) (al), HA
nanoplates (HA9.5) (b1) and HA thin nanoplates (HA-6h) (c1). (B) The bright field images of
single HA nanorods (a2), HA nanoplates (b2) and HA thin nanoplates (c2). (C) The HRTEM
images of HA nanorods (a3), HA nanoplates (b3) and HA thin nanoplates (c3), and (D) their
corresponding SAED patterns taken along the zone axes [010], [0 1 0] and [1 1 0] (a4, b4 and
c4). (E) The enlarged view of porosity and their distribution (Histogram) on the surface of HA

nanoplates (al and a2 ) and HA thin nanoplates (a3 and a4).
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3.6. Summary

This chapter successfully presents the synthesis of bone-like HA nanoplates by hydrothermal
method with the use of highly biocompatible and water-soluble PVA as a capping agent.
Various experimental parameters, such as pH of solution, PVA concentrations and
hydrothermal time were thoroughly optimized to obtain the desired shape of morphology (Fig.
3.10). A regular, flat and well-defined morphology of HA nanoplates with 200 — 500 nm in
length, 60 — 250 nm in width, and 7 — 66 nm in thickness, was produced at pH of 9.5, PVA
concentration of 2.13 wt %, hydrothermal temperature and time of 200°C and 12 h,
respectively. The developed HA nanoplates were further converted to multiple morphologies,
such as HA nanorods and thin nanoplates by tailoring processing parameters. Using HRTEM
image, the preferential crystal growth direction was identified along c- and a-axes for HA
nanorods, and HA nanoplates and thin nanoplates respectively. Further, the insight mechanisms
behind the formation of various morphologies of HA nanocrystals were also discussed in detail.
The developed HA nanoplates can be a potential material in the design of bone-mimicking

artificial scaffolds for bone tissue engineering application.
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