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Herein, we studied the effect of nickel (Ni) doping on the properties of hydroxyapatite (HAp) nanopar-
ticles synthesized by facile ultrasonication assisted wet chemical synthesis process. Various doping
concentrations of nickel, i.e., 0.01 M, 0.05 M and 0.10 M, were used to dope into hydroxyapatite
nanoparticles. The synthesized nanoparticles were characterized by X-ray diffraction (XRD) pattern,
scanning electron spectroscopy (SEM), Fourier transform infrared (FTIR) spectroscopy, UV-Visible
spectroscopy and Raman-scattering spectroscopy. The detailed structural characterizations con-
firmed that the crystallite sizes of the Ni-doped hydroxyapatite nanoparticles were reduced up to
53% compared to pure hydroxyapatite upon the doping of different concentrations of Ni ions. The
agglomeration in the nanoparticles was also reduced by increasing the doping concentration of
Ni ions. The XRD studies revealed that the average crystallite size of the synthesized Ni-doped
HAp was decreased with increasing the concentration of Ni2* ion doping and this observation was
well-consistent with the SEM results. The FTIR and Raman studies well-confirmed the formation of
pure HAp and Ni-doped HAp. Further, doping with Ni creates a new level of energy between the
conductive band and the valence band and hence with increasing the concentration of Ni?*, the
intensity in the UV-vis spectra was enhanced.
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1. INTRODUCTION tissues [2]. As for as the mineral components of the mam-
As one of the most important synthetic biomaterials ~ malian bones are concerned, these are not only mainly
mainly composed of Ca, P and O, the hydroxyapatite made of Ca, P and O in non-stoichiometric manner but
(HAp, Ca,,(PO,)s(OH),) possess almost similar compo- also possess trace amount of various ions such as Sr?*,
.. . . . 4— 2 . — 2_

sitions of mammalian hard tissues, thus used for several Si04*~, Mg**, Ni*, F~, Na*, SO4*~ and so on as trace
important bone and teeth related applications, to name a ~ amount of such ions play an important TOI? to develop
few, bone grafting, dental filling, implantation, and other ~ hard tissues [3, 4]. Interestingly, the synthetic HAp does
bone related applications [1-3]. As an important bioac- not possess these traces of ions resulting inferior ability
tive and biocompatible biomaterials, the HAp has abil- to accelerate the bone reformation process compared to

ities to bond with hard tissues without any connective the natural bone tissues [5]. Therefore, to enhance vari-
ous properties of synthetic HAp, it is important to dope

it with some specific ions such as Sr**, SiO4%-, Mg**,
*Authors to whom correspondence should be addressed. Nit, F~, Nat, SO4>~ [5-7]. The crystal structure of HAp
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is composed of Ca*", OH~ and (PO,)*~ and it possesses
an excellent ion exchange capacity, thus the Ca®* ions in
the crystal lattice can be replaced by various ions such
as Agt, Co’*, Fe*t, Mg?*, etc. [5-7]. The substitution of
magnetic metal ions such as Fe**, Co*" in HAp nanopar-
ticles was prepared and used in MRI (Magnetic Reso-
nance Imaging), cell separation, targeted drug delivery and
hyperthermia [8, 9]. Ammar et al. have synthesized Mg
and Ni doped silicate hydroxyapatite and examined their in
vitro bioactivities and confirmed that the Ni**-doped sil-
icate hydroxyapatite possess good antibacterial properties
against E. coli and P. aeruginosa [10]. Aguila et al. demon-
strated synthesis and structural properties of transition
metal ions doped calcium hydroxyapatite by microwave
assisted sol—gel process at 150° [11]. Salehi et al. reported
the effects of metal ions (Co, Ni) doping concentration in
hydroxyapatite and their photocatalytic activities towards
dye-degradation [12]. Kamieniak et al. examined the cat-
alytic activities of methance oxidation on palladium and
Ni doped hydroxyapatite based on metal and metal oxide
redox cycles [13]. Using nickel-doped biphasic calcium
phosphate/graphene nanoplatelets composites, Baradaran
et al. demonstrated some biomedical applications in which
biological behaviour of osteoblast cell culture was investi-
gated for several days [14].

In this paper, we report the effect of Ni-doping
(0.01 M, 0.05 M and 0.10 M) on the properties of
hydroxyapatite (HAp) nanoparticles synthesized by facile
ultrasonication assisted wet chemical synthesis process.
The synthesized nanoparticles were examined by sev-
eral techniques to understand the effect of Ni-doping on
the structural, morphological, compositional and optical
properties.

2. EXPERIMENTAL DETAILS

2.1. Materials

Calcium nitrate tetrahydrate (Ca(NO,), - 4H,0) and
diammonium hydrogen phosphate (NH,),HPO, and 25%
of ammonia solution were bought from Merck. Nickel (II)
nitrate hexahydrate (Ni(NO;), - 6H,0) was bought from
Sigma-Aldrich. All the chemicals were used as received
without further purifications.

2.2. Synthesis of Hydroxyapatite (HAp) Nanoparticles
For the synthesis of hydroxyapatite nanoparticles, 1 M
calcium nitrate tetrahydrate (Ca(NOs;), -4H,0) and 0.6 M
diammonium hydrogen phosphate ((NH,),HPO,) were
dissolved in the double distilled water. Consequently, the
prepared Calcium nitrate tetrahydrate solution was drop-
wise added to the diammonium hydrogen phosphate solu-
tion under magnetic stirring and ultrasonication assisted
route. Further, to maintain the pH = 10, several drops of
ammonia solution was added in the resultant solution and
ultrasonicated under stirring for 30 min. After completion
of the reaction, the obtained precipitate was centrifuged.
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Finally, the obtained material was washed with deionized
(DI) water and ethanol, sequentially and finally dried in a
vacuum oven at 80 °C. The dried samples were mechani-
cally grinded and denoted as pristine.

2.3. Synthesis of Ni-Doped Hydroxyapatite
Nanoparticles

For the synthesis of nickel doped HAp (NiyCa,,_y
(PO,)¢OH), desired concentration of Ni (X = 0.01 M,
0.05 M, 0.1 M) from the nickel (IT) hexahydrate was added
along with 1 M calcium nitrate tetrahydrate, both dissolved
in double distilled water and stirred for 30 min. Conse-
quently, the prepared nickel—-calcium nitrate solution was
drop-wise added to 0.6 M of diammonium hydrogen phos-
phate. Further, to maintain the pH = 10 of the solution,
few drops of ammonia solution was added and obtained
solution was ultrasonicated under stirring for 30 min. After
completion of the reaction, the obtained precipitate was
centrifuged and washed with DI water and ethanol and
finally dried in a vacuum oven at 80 °C. The prepared pow-
ders were grinded and denoted as 0.01 Ni-HAp (0.01 M Ni
doped), 0.05 Ni-HAp (0.05 M Ni doped) and 0.1 Ni-HAp
(0.1 M Ni doped).

2.4. Characterizations of the Synthesized HAp and
Ni-HAp Nanoparticles

The phase identification of the samples was performed by
X-ray Powder Diffraction (XRD) using analytical diffrac-
tometer (PANalytical) with CuKa = 1.5406 A radiation
in the 26 range of 10° to 70° with a step size of 0.040.
The morphologies of the prepared materials were analyzed
by Scanning Electron Microscopy (SEM). The functional
groups of the samples were collected in the mid-IR region
of 4000 cm™!-400 cm~! using FTIR spectrometer (JASCO
FT/IR6300). Raman studies were also performed using a
1064 nm laser wavelength. The optical properties of the
samples were studied by UV-Vis spectrophotometer in the
region of 200—800 nm using Jasco 750 series in Diffuse
Reflectance Spectroscopy (DRS) mode.

3. RESULTS AND DISCUSSION

3.1. Structural, Morphological and Compositional
Properties of Pure and Ni-Doped
HAp Nanoparticles
3.1.1. X-ray Diffraction Analysis
The crystal properties and characteristics of the synthe-
sized HAp and Ni-doped HAp nanoparticles were exam-
ined by X-ray diffraction (XRD) and observed results are
shown in Figure 1. The peaks appeared in the XRD pattern
of HAp indicate the formation of the crystalline phases.
The XRD pattern revealed several peaks which belong to
the HAp crystallites and correspond to the reported liter-
ature and JCPDS card no. 09-0432 [15-17]. Except HAp
peaks, no peak related with other impurities were seen in
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Figure 1. Typical XRD patterns of (a) pure HAp, (b) 0.01 M Ni-
doped HAp, (c) 0.05 M Ni-doped HAp, and (d) 0.1 M Ni-doped HAp
nanoparticles.

the pattern which revealed that the prepared material is
pure HAp without any significant impurity. Interestingly,
the diffraction peaks of HAp exhibited distinct and nar-
rower peaks suggesting the enhanced crystallinity of the
synthesized HAp. It was observed that with the addition
of nickel ions in HAp reduces the diffraction peak inten-
sities which were confirmed from the widening of the full
width at half maximum (FWHM) of major planes. With
the increase in the nickel ion concentrations, some of the
planes like (112) and (300) were diminished [22, 23].
Nickel ion incorporation decreased the crystallite size of
Ni-HAp (55.3%) compared to pure HAp. The crystallite
size of the samples was calculated by Scherrer equation as
mentioned below:

7= KA/BCosh

Where K is a constant, A is the wavelength of monochro-
matic radiation, B is defined as diffraction peak for full
width half maximum. According to the Scherrer equation,
the average crystallite size of the synthesized Ni-doped
HAp was decreased with increasing the concentration of
Ni** ion doping. Table I exhibits the typical crystallite
sizes of the synthesized Ni-HAp nanoparticles based on
various concentration of Ni** ions doping. The reduced
crystallite size of the synthesized Ni-doped HAp could be
attributed to the replacement of calcium by the Ni ions
in the apatite structure [17]. Further analysis showed a
decrease in crystallinity with an increase in the doping per-
centage. No such peak broadening has been observed in
the present study, which implies that Ni*? doping has not
greatly distorted the apatite crystal. However, the observed
variation in the crystal parameter was likely due to the
smaller Ni*? jonic radius (0.72 A) compared to Cat?
(0.99 A).
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Table I. Crystallite size of pure and Ni-doped HAp nanoparticles.

Average crystallite

Samples size (nm) (£0.01)
Pure HAp 29.09
0.01Ni-doped HAp 16.57
0.05Ni-Ni-doped HAp 14.33
0.1Ni-Ni-doped HAp 13.66

3.1.2. Scanning Electron Microscopy Studies

The morphologies of the synthesized pure and Ni-doped
HAp materials were examined by scanning electron
microscopy (SEM). Figure 2 exhibits the typical SEM
images of pure and Ni-doped HAp materials which clearly
revealed that the synthesized materials possess nanoscale
dimension particles, hence termed them as ‘nanoparticles.’
It is clearly seen from the SEM images of the pure HAp
that the synthesized material possess agglomerated non-
uniform spheres composed of nanodimensions particles
(Figs. 2(a and b)). The typical sizes of the non-uniform
spheres are in the range of 400 =50 nm. Interestingly, the

Figure 2. Typical SEM images of (a, b) pristine, (c, d) 0.01 M Ni-
doped HAp, (e, f) 0.05 M Ni-doped HAp and (g, h) 0.1 M Ni-doped
HAp nanoparticles.
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average particle sizes were reduced with increasing the
doping concentration of nickel ions in HAp (Figs. 2(c—f)).
In addition, the doping of different concentration of nickel
ions also influence the morphologies of the synthesized
particles, however, all the samples preserved spherical
shaped morphologies of the synthesized Ni-doped HAp
particles. As observed from the SEM images, the sample
morphologies were slightly influenced by the increase in
the Ni** concentration.

3.1.3. Fourier Transform Infrared

Spectroscopy Analysis
The chemical compositions and functional groups of the
synthesized pure and Ni-doped HAp nanoparticles were
examined by Fourier transform infrared (FTIR).

Figure 3 exhibits the typical FTIR spectra of pure
and Ni-doped HAp nanoparticles which show the orig-
ination of various well-defined peaks of different func-
tional groups. As observed, various well-defined peaks are
seen in the FTIR spectra. The FTIR peaks appeared at
469 cm~! was due to vibrational mode of P-O, 567 cm™!
was because of the P-O asymmetric stretching mode while
the presence of well-defined peak at 603 cm~' was due
to O-P-O bending mode [18]. The first indication for
HAp formation is a strong complex wide FTIR band cen-
tered around 1000-1100 cm™' due to symmetric stretch-
ing vibration mode for PO, group [19]. Adsorbed water
provided two band types, O—H bending (1642 cm™') and
O-H stretching (3400-3600 cm™!), due to the presence
of hydroxy group in the apatite. In Ni-HAP, the peak at
1642 cm™! became wider, and this could be due to crystal
deformation [20]. The crystalline powder generates around
3577 cm™! and 3427 cm™! two characteristic stretching
modes of O-H bands. This may be because of the mild
variation in that ionic environment in the crystal lattice
which leads to alteration in the stretching field. All the
samples show a common peak of H bonded OH stretching

Figure 3. FTIR spectra of (a) pure HAp, (b) 0.01 M Ni-doped HAp,
(c) 0.05 M Ni-doped HAp, and (d) 0.1 M Ni-doped Hap nanoparticles.
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at 3457 cm~!. A new peak appeared at 3427 cm~! that
could be attributed to the stretching of free OH, which
becomes more intense with increasing the doping of Ni**
ions [21]. The characteristic of stretching and vibration
modes of the hydroxyl group was found at 3577 cm™
and 1642 cm™!, respectively. The broadband was noticed
at 3577 cm™! due to the presence of water molecule [22].
Due to the CO, adsorption from the atmosphere, bands at
1385 cm™! and 872 cm™! corresponding to (CO;),_ were
seen [23].

3.1.4. Raman-Scattering Analysis

To examine the scattering properties, the synthesized
pure and Ni-doped HAp nanoparticles were examined by
Raman-scattering measured at room-temperature. Figure 4
exhibits the typical Raman-scattering spectra of the syn-
thesized pure and Ni-doped HAp nanoparticles. The
Raman-scattering spectra of all samples exhibited a sharp,
dominated and strong band at 963 cm™!' which was asso-
ciated with the symmetric (»,) P-O-P stretching mode
of the free tetrahedral phosphate ion and characteristic
band of HAp [24]. The peak appeared at 963 cm™! is
the characteristic Raman peak for pure HAp and appeared
in all pure and Ni-doped HAp nanoparticles [24]. Inter-
estingly, the peak intensities of the phosphate v, stretch-
ing mode band appeared at 963 cm™! was decreased with
increasing the concentration of Ni-ion doping into HAp
which could be due to the replacement of Ca ions with
Ni ions into the lattices of HAp, resulting decrease in the
P-O bonding strength [25]. The short peaks appeared at
1045 cm™" in all samples are due to v, vibration mode
of PO;~ group [26, 27]. In addition to this, two small
peaks are also seen at 593 cm™! referred as v,(PO,) mode
and 433 cm™! assigned as v,(PO,) mode. The synthesized
pure HAp exhibits several other small peaks at 489 cm™!

Figure 4. Raman spectra of (a) pure HAp, (b) 0.01 M Ni-doped HAp,
(c) 0.05 M Ni-doped HAp, and (d) 0.1 M Ni-doped Hap nanoparticles.
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(v,(PO,) mode), 410 cm™! (v,(PO,) mode), 339 cm™!
(Ca(I1)-OH vj stretching mode), 277 cm~! (Ca-PO, mode)
and 217 cm™! (Ca-PO, mode) [24, 25]. Interestingly, these
small peaks are vanishing after doping the HAp with Ni
ions. The observed Raman-scattering results are consis-
tents with the FTIR studies.

3.2. Optical Properties of Pure and Ni-Doped
HAp Nanoparticles

The optical properties of the synthesized pure and Ni-
doped HAp nanoparticles were examined by UV-Visible
spectroscopy at room-temperature. Figure 5 depicts the
typical UV-vis. spectra of pure and Ni-doped HAp
nanoparticles. The synthesized pure HAp exhibited a
defined UV absorption peak at 301 nm for which the inten-
sity was further reduced in case of nickel doped HAp
nanoparticles [28, 29]. All the Ni-doped HAp nanoparti-
cles exhibited a broad peak at 560 nm. The intensity of this
peak was not only increases with increasing the concentra-
tion of Ni-ions in the HAp crystallites but also the peaks
were slightly red-shifted. The high intensities and red-
shifts in the absorption bands with Ni>* doping was due
to the possible acceleration of the sp—d orbital exchange
interaction between the band and localized d-electrons of
Ni** ions [10]. Such phenomena, i.e., high the intensity
and red-shift peaks with increasing the concentration of
Ni?* ions clearly revealed the successful incorporation of
Ni?* ions in place of Ca?* [10]. Doping with Ni creates a
new level of energy between the conductive band and the
valence band. The valence band electrons absorb higher
wavelength photons and create new impurity level, first
by transferring to impurity level and then by absorbing
other photons transferred to the conduction band. There-
fore, significantly, the UV-visible absorption of Ni-HAp is
drastically enhanced compared to pure HAp. This remark-
able absorption of Ni-HAp is attributed to Ni in vari-
ous coordinating environments caused by the HAp crystal

Figure 5. UV-visible spectra of (a) pristine, (b) 0.01 M Ni-HAp,
(c) 0.05 M Ni-HAp and (d) 0.1 M Ni-HAp nanoparticles.
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substitution of Ni by Ca. These doped Ni** ions, mean-
while, can introduce an energy level into the electronic
band structures of Ni-doped HAp.

4. CONCLUSIONS

In summary, pure and Ni-doped HAp nanoparticles were
synthesized by facile ultrasonication assisted wet-chemical
route and systematically characterized by several tech-
niques. The XRD results revealed that with increasing the
concentration of Ni** ions into HAp, the crystallites sizes
were reduced. Thus, the observed crystallite sizes for pure
HAp, 0.01 M, 0.05 M and 0.1 M Ni-doped HAp were
29.09 nm, 16.57 nm, 14.33 nm and 13.66 nm, respectively.
Further, FTIR and Raman analysis were also confirmed
the appreciable variation in the hydroxyl and phosphate
groups. UV visible spectra revealed the energy transfer, ion
exchange phenomena of the calcium apatite and showed
enhanced absorbance at higher concentration. Due to good
structural, compositional and optical properties, the syn-
thesized nanoparticles can efficiently be used in various
biomedical applications such as drug delivery, antibacterial
and antifungal properties and so on.
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