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A series of cobalt-exchanged hydroxyapatite (CoHAp) powders with different
Ca/Co ratios and nominal unit-cell contents Ca;q_,Co,(PO4)s(OH),, x = 0, 0.5,
1.0, 1.5 and 2.0, were synthesized by hydrothermal treatment of a precipitate at
473 K for 8 h. Based on ICP (inductively coupled plasma) emission spectroscopy
analysis, it was established that the maximum amount of cobalt incorporation
saturated at ~12 at.% under these conditions. The effects of cobalt content on
the CoHAp powders were investigated using ICP emission spectroscopy,
particle size analysis, transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM) analyses as well as
X-ray powder diffraction (XRPD) including Rietveld analysis. According to
XRPD, all the materials are single-phase HAp and CoHAp of low crystallinity.
Rietveld analysis shows that Co enrichment causes the ¢ cell parameter to
decrease at a faster rate than the a cell parameter. A microstructural analysis
showed anisotropic X-ray line broadening due to crystallite size reduction. In
CoHAp there is significant crystal elongation in [001], and the average size
decreases with increasing cobalt content. The crystallite morphology transforms
from rod-like for the pure HAp to lamellae at the highest degree of Co
substitution. The results of Rietveld refinement (symmetry, size and morphology

Printed in Singapore — all rights reserved

1. Introduction

In the 1960s, the hexagonal structure of hydroxyapatite which
possesses hydroxyl ions in twofold disorder [HAp,
Ca;o(PO4)s(OH),] was determined by Kay et al (1964),
Sudarsanan & Young (1969) and Posner et al. (1958). Mono-
clinic hydroxyapatite with ordered anion (hydroxyl) columns
also exists, and was described by Elliott ef al. (1973) and
Suetsugu & Tanaka (2002). Over the following years, many
researchers studied the structure of hydroxyapatite, from
different aspects, because of its wide applicability in medicine,
ecology and catalysis (Jevti¢ et al., 2008; Pan & Darvell, 2009;
Suvorova & Buffat, 2001). HAp mostly crystallizes in P6s/m,
with two formula units [Cas(PO,);(OH)] per unit cell (Elliott,
1994; Mostafa & Brown, 2007; Stork et al., 2005).

The unit cell M1,M24(PO,)s(OH), of HAp exhibits two
crystallographically independent cationic sites, M1 and M?2.
The M1 cations, which are located at the 4f Wyckoff position,
are bonded to nine O atoms of the PO, tetrahedra, while the
M2 cations at the 64 Wyckoff position are coordinated by six
O atoms of the PO, tetrahedra and by one of the OH™ ions
positioned in the channel running along the [001] direction. Ca

of the crystallites) were confirmed by TEM and HRTEM analysis.

ions at the M1 site are aligned in columns of tricapped
metaprisms which share trigonal basal planes (Fig. 1a), while
calcium ions at the M2 site build equilateral triangles centred

Figure 1

(a) The chains of the M10, polyhedra in HAp running parallel to the ¢
axis with neighbouring PO, coordination tetrahedra as viewed along
[010]. (b) The crystal structure of HAp viewed along [001]. The largest
dark spheres represent M1 sites. M2 positions are connected in triangles
around the anion, i.e. OH™ group in the channel. PO, coordination
tetrahedra are shaded.

320  doi:10.1107/50021889809051395

J. Appl. Cryst. (2010). 43, 320-327



research papers

on the 65 screw axes (Fig. 1b) (White & ZhiLi, 2003; Kannan et
al., 2008; Ma & Ellis, 2008; De Leeuw, 2001; Badraoui et al.,
2007). Neighbouring M1- and M2-centred polyhedra are
linked through O atoms of the PO, tetrahedra.

Because of the high stability and flexibility of the
hydroxyapatite structure, a great number of substitutions, both
cationic and anionic, are possible. Calcium ions can be
replaced by various divalent cations including Sr**, Ba**, Pb*",
Zn**, Cd** and Co?* (Stojanovi¢ et al., 2009; Shi et al., 2006;
Elkabouss et al., 2004; Riberio et al., 2006; Li et al., 2008;
Ergun, 2008; Wang et al., 2008; Anmin et al., 2007; Pordevic et
al.,2008; Yuanzhi et al., 2009). For these systems the miscibility
limit can be correlated to the relative ionic properties
(polarizability, electronegativity and cationic size; Briickner et
al., 1995; Bigi et al., 1989; Badraoui et al., 2001). Cations such
as Sr**, Ba®* and Pb**, which are larger than Ca®", show a
strong preference for the larger M2 site, while smaller ions
usually occupy the M1 site (Zhu et al, 2006). Moreover,
electronegativity has a great influence on the distribution of
the cations between the two sites. Cations with higher elec-
tronegativity demonstrate a great affinity for covalent inter-
actions, and for bonding with hydroxyl groups (Pearson, 1988;
Wu et al., 2007; Low et al., 2008). The different substituents
have a great influence on HAp properties, particularly the
unit-cell parameters, the degree of crystallinity, crystallite size
and morphology.

Partial replacement of calcium ions in HAp with magnetic
metal ions (Fe, Co, Ni efc.) without collapse of the crystal
structure can lead to magnetic ordering. Recently, Wu et al.
(2007) reported novel biomagnetic nanoparticle composites
based on hydroxyapatite which possess superparamagnetic
properties and good biocompatibility, and which may find
application in magnetic cell separation, cell labelling for high-
resolution magnetic resonance imaging, targeted drug and/or
gene delivery, and hyperthermia treatment (Pankhurst et al.,
2003; Dodd et al., 1999; Jain et al., 2008).

This paper reports the hydrothermal synthesis of new
apatites having the general formula (Ca,Co);o(PO,)s(OH),.
The compounds were characterized chemically, morphologi-
cally and structurally. The main goal of this study was to define
the influence of partial replacement of calcium by cobalt on
the crystal structure, particle and crystallite morphology, and
crystallite size.

2. Experimental
2.1. Materials preparation

HAp and cobalt-substituted hydroxyapatite (CoHAp)
powders were prepared by hydrothermal treatment of preci-
pitates. Firstly, HAp powders were prepared at different
temperatures in order to find the optimal conditions for the
preparation of pure hydroxyapatite without impurities and/or
second phase(s). The HAp precipitate was prepared by adding
a filtered supersaturated alkaline solution of Ca(NO3), drop-
wise into a mixture of H;PO, and ammonia water at 323 K,
under constant stirring (700 r min~"). Then, suspensions were

hydrothermally treated in a 21 Parr stainless steel stirred
reactor under non-equilibrium conditions up to 523 K at a
constant heating rate of 2 Kmin~' and fixed stirring rate
(400 r min~"). Samples were taken from the autoclave at 373,
423, 473 and 523 K. In our previous paper (Stojanovic et al.,
2009) we presented the results of a detailed examination of the
HAp powders, where it was shown that temperatures over
473 K caused a partial transition of HAp to p-tricalcium
phosphate (B-TCP). Therefore, hydrothermal treatment at
473 K was chosen for the synthesis of CoHAp powders. The
reagents were adjusted to obtain CoHAp with nominal unit-
cell contents Ca;o_,Co,(PO,)s(OH),, x =0, 0.5,1.0,1.5 and 2.0
(respectively, referred to as HAp, CoSHAp, ColOHAp,
Col15HAp and Co20HAp). A supersaturated alkaline solution
of Ca(NOj3), and an aqueous solution of Co(NO;), were
simultaneously added dropwise to a mixture of H;PO, and
ammonia water under the same conditions, with the ratio of
(Ca + Co)/P fixed at 1.67. Each suspension (about 11 in
volume) was then treated in the autoclave at 473 K for 8 h and
an autogenous pressure of 2 MPa, under constant stirring
(400 r min ). After treatment, the autoclave was quenched to
room temperature. The precipitate was washed with distilled
water to remove NH," ions and potentially adsorbed Co**
ions, and then dried at 363 K in air for 24 h.

It should be emphasized that, during the precursor
preparation procedure, we used degassed water and barbo-
tated Ar through the solution, in order to minimize the effect
of oxidation of the cobaltous ammonia complex to the cobaltic
one. After the precipitation had been completed, the colour of
the mother liquor was rose, whereas the precipitate was dark
rose. Therefore, we supposed that the greatest part of the
cobalt ions present in our system were in the 2+ oxidation
state; this was further confirmed by magnetic measurement.

2.2. Materials characterization

The chemical analysis was carried out using an inductively
coupled plasma (ICP) spectrometer (iICAP Thermo Scientific
6300). Before the analysis, all samples were diluted in
concentrated HCL

The average particle size and particle size distribution were
determined by a particle size analyser (PSA) based on laser
diffraction with a Mastersizer 2000 (Malvern Instruments Ltd,
UK), which covers the range 0.02-2000 um. For the PSA
measurements the powders were ultrasonically dispersed
(low-intensity ultrasound, at a frequency of 40 kHz and power
of 50 W) for 3 min in distilled water.

X-ray powder diffraction (XRPD) analysis' was used to
identify the crystal phases in the synthesized powders and for
the Rietveld refinement. The XRPD data were recorded on a
Philips PW 1050 diffractometer with Cu Koy, (A = 1.54178 A)
Ni-filtered radiation. The diffraction intensity was measured
from 8 to 110° 26, using a step size of 0.02° with a counting
time of 12 s step”'. The working conditions were 40 kV and

! Supplementary material for this paper is available from the TUCTr electronic
archives (Reference: KS5226). Services for accessing these data are described
at the back of the journal.
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Table 1

The notation, nominal composition and unit-cell contents obtained by both ICP

and Rietveld analysis.

Scattering factors for the neutral atoms were applied
for the refinements. After refinement, the individual

Notation Nominal composition ICP analysis Rietveld analysis
HAp Ca;o(PO4)s(OH), Cao(PO4)6(OH), Cay9(PO4)(OH),
CoSHAp  Cag5Coys5(PO,)s(OH), Cag57C00.43(PO4)s(OH), Cag74C0026(PO4)s(OH),

Col0HAp CayCo(PO,)s(OH),

Co20HAp CagCo,(PO,)s(OH),

Cayg 05C00.95(PO4)s(OH),  Cag27C0)73(PO4)s(OH),
Col5SHAp CagsCoy5(PO4)s(OH), CagssCoy17(PO4)s(OH), Cag26C0074(PO4)s(OH),
Cag g5C01.15(PO4)s(OH),  Cag 19C0051(PO4)s(OH),

isotropic atomic displacement parameters were too
large and were fixed at 1.5 A2, Finally, the occupation
numbers were allowed to vary in both M1 and M2
sites, keeping the isotropic atomic displacement
parameters at fixed values. The occupancy factors of
O and P were not refined, in agreement with HAp

20 mA. The Rietveld refinements were performed using
FullProf in the WinPLOTR environment (McCusker et al.,
1999; Young, 1993; Rodriguez-Carvajal, 1990, 2005; Roisnel &
Rodrigez-Carvajal, 2001). The unit-cell parameters were
calculated using the program LSUCRI (Garvey, 1986). The
Rietveld refinements started from the fixed unit-cell para-
meters calculated by LSUCRI and atomic positions reported
previously (Rodriguez-Lorenzo et al., 2003). The peak profiles
were described by a Thompson—-Cox—Hastings (TCH) pseudo-
Voigt profile function, whereas linear interpolation between
selected points was used for the background description.
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Figure 2

Final Rietveld refined plots of (a¢) HAp and (b) Col5SHAp.

stoichiometry. Additionally, in order to keep the
geometry of the PO, tetrahedron reasonable, a
geometric restraint on the P—O bond distances of
1.53 (2) A was used.

From reflection broadening, the average crystallite size was
estimated through the refinement of the TCH pseudo-Voigt
function parameters and multipolar functions (Anti¢ et al.,
2004; Cvejic et al., 2006; Stephens, 1999). In order to exclude
instrumental broadening, the XRPD pattern of a CeO, stan-
dard was fitted (U = 0.027100, V = —0.010800, W = 0.020700,
X = 0.008000, Y = 0.025706).

The microstructure and morphology of the synthesized
powders were investigated by transmission electron micro-
scopy (TEM) (using a Jeol 2100, operating at 200 kV). The
powders for TEM observation were dispersed in acetone
ultrasonically and deposited on holey carbon films supported
by a 300-mesh copper grid.

Fourier  transform-infrared  spectroscopy  (FT-IR)
measurements were performed on a MIDAC M 2000 Series
Research Laboratory FT-IR spectrometer using the KBr
pellet technique, in the spectral range of 400-4000 cm™"'. The
spectral resolution was 4 cm ™.

Magnetic measurement was carried out in the high-
temperature (i.e. paramagnetic) region 100 < 7 < 300 K using
Quantum Design’s superconducting quantum interference
device-based magnetometer MPMS XL-5.

3. Results and discussion

In our previous paper (Stojanovié et al., 2009) we presented
the preliminary characterization of hydrothermally prepared
microcrystalline samples of CoHAp. Here we report the
results of a structural data analysis of CoOHAp powders with
respect to some geometric characteristics, such as unit-cell
parameters, ionic radii and bond distances. In addition, the
chemical composition, average particle size, particle size
distribution and morphology of agglomerates with respect to
the cobalt content in the CoHAp crystal structure are
reported.

The amounts (in wt%) of Ca and Co in the powders were
determined by ICP emission spectroscopy analysis, with an
error of £ 1 and £ 0.1%, respectively. The number of Ca and
Co atoms (in at.%, in relation to 10 atoms of Ca + Co in
CoHAp) in the unit cell of CoHAp was calculated and stoi-
chiometric formulae are listed in Table 1. ICP analysis showed
that the total content of Co ions incorporated in CoHAp was
43, 9.5, 11.7 and 11.5 at.%, respectively, for the samples
Co5HAp, Col0OHAp, Col5SHAp and Co20HAp. Under these
hydrothermal processing conditions, the maximum cobalt
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Table 2
Unit-cell parameters, cell volume and metaprism twist angle ¢ for
Cay9—,Co,(PO,4)s(OH),, x = 0, 0.5, 1.0, 1.5 and 2.0.

Sample a(A) ¢ (A) V (A% © ()
Hughes et al. (1989) 9.4166 6.8745+ 527.91% 231
Mostafa & Brown (2007)  9.412% 6.853% 525.75% 248
Stork et al. (2005) 9.438% 6.8871 531.28% 235
HAp 94210 (1) 68800 (1) 52883 (1) 238
CoSHAp 94170 3)  6.8671(2) 527.38(3)  23.6
Col0HAp 94039 (2)  6.8525(6) 52481 (4) 234
Col5HAp 94109 (5)  6.8455(5)  525.05(5) 223
Co20Hap 94072 (3)  6.8399(2)  52421(5) 225

+ Standard uncertainty values were not stated in the articles.

incorporated saturated at 11.7 at.%, and further increases in
cobalt reagent concentration did not enhance Co** content in
the crystal structure.

The particle size distribution (based on number) of pure
HAp powder, prepared by the hydrothermal method at 473 K,
was very narrow (span = 1.075), with an average particle size
of 94 nm. The incorporation of 4.3 at.% Co”' in the Ca®*
positions provoked a reduction in average particle size to
63 nm, and a broadening of the particle size distribution
(span = 1.338). Further increases in the cobalt content, up to
9.5 at.%, did not change either the average particle size or the
particle size distribution. The average particle size was 64 nm,
whereas the span was 1.387. Furthermore, the incorporation of
about 12 at.% Co”* into HAp yielded a powder with particles
of average size 71 nm and a narrow particle size distribution
with a span of 1.356.

The agreement between the observed and calculated
powder patterns refined using the Rietveld method for pure
HAp and the sample with the highest degree of substitution
(Col5HAp) is illustrated in Fig. 2. All of the powders were
refined as single-phase HAp and CoHAp, irrespective of
cobalt content in the powders. The refined unit-cell para-
meters and cell volumes are given in Table 2.

The unit-cell parameters of the prepared HAp mostly agree,
within £0.002 A, with literature values (Table 2). The unit-cell
parameters of the CoHAp phases mainly depend on cobalt
content (Denton & Ashcroft, 1990; Kuo ef al., 2004). With the
increase in cobalt content, the reflections were shifted to
higher 26 angles as a result of decreasing unit-cell parameters
due to the incorporation of smaller Co** at M1 and M2. The
relationship between the unit-cell parameters of HAp and
CoHAp phases versus the Co content shows a faster change in
the ¢ than in the a dimension (Fig. 3).

While studying the crystal structure of the cobalt-substi-
tuted HAp, we examined the possibility that Co®" cations are
located in the calcium positions and/or in the tunnels (by
replacing OH™). It is known from the literature that the
replacement of Ca by ions with smaller ionic radius provokes a
decrease in cell volume (Zhu et al., 2006; White & ZhiLi, 2003;
Low et al., 2008). In addition, Baikie et al. (2009) and Kazin et
al. (2007) demonstrated that the incorporation of 3d-metal
ions (Ni**, Co**, Zn**, Cu®") in the hexagonal channel of the
apatite structure causes the expansion of the unit cell. Our

results, obtained by Rietveld refinement, show a decrease in
cell volume with increasing cobalt content in the structure,
indicating the incorporation of cobaltous ions in the calcium
positions. This statement is in accordance with the results of
vibrational (Raman and FT-IR) spectroscopy analysis of
CoHAp samples.

In our previous paper (Stojanovi¢ et al., 2009) Raman
spectra of CoHAp samples were analysed. Comparing the
spectra of the CoHAp samples with that of pure HAp, it is
seen that the Raman bands of the CoHAps coincide with
those of HAp. The overall spectrum does not change in terms
of the band number and position. A considerable line
broadening and a decrease in the intensity ratio from HAp to
Co20HAp are attributed to the incorporation of smaller Co**
in the Ca®" crystallographic positions in the HAp structure.

In addition, we investigated FT-IR spectra of the CoHAp
samples. The FT-IR spectrum of pure HAp has typical apatite
phosphate (PO,>~) modes near 565, 603, 962, 1035 and
1095 cm™'; that of the water associated with HAp at
3440 cm™!; and that of OH ™ libration and stretching modes at
635 and 3570 cm ', respectively. We found that the vibrational
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Figure 3

Relationship between the unit-cell parameters and the cobalt content in
HAp and CoHAp phases. Blue circles correspond to the values of cobalt
content obtained by ICP analysis; red squares demonstrate cobalt content
obtained based on occupancy factors.
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bands of the CoHAp samples coincide with those of
HAp. Because the Co—O bond length is shorter than
that of Ca—O and the O—H bond was weakened, the
intensity of the stretching vibration band of OH™
decreased with the increase in cobaltous content
incorporated in the crystallographic positions of
calcium.

Kazin et al. (2007), who dealt with the distribution of
3d-metal ions in the channels, observed some peculia-
rities in the IR spectra. They observed two weak bands
in the region of the OH™ stretching vibrations. One is
assigned to the OH groups disturbed by the presence of
3d-metal ions in the channels (when the O—H---O—
M—O0O---H—O fragments are formed), while the second
is assigned to the undisturbed OH groups.

The lack of the stretching band attributed to the OH
groups disturbed by the presence of 3d-metal ions in
the channels in the FT-IR spectra of CoHAp is yet
further proof that Co®* ions are incorporated into the
Ca”* crystallographic positions.

Thus, crystallographic and vibrational-spectroscopic
evidence suggests that cobaltous ions are distributed
over the Ca®* crystallographic positions.

The refined atomic positions and occupancy factors
are presented in Table 3.

As the amount of Co®" increased, the diffraction
intensity notably decreased and broadened, indicating
lower crystallinity. Microstructural analysis shows a
decrease in the crystallite size and changes in
morphology with cobalt content. The mean values of
crystallite size decrease from 58 to 23,21, 20 and 18 nm

Table 3

Refined atomic positions and occupancy factors for Ca;g_,Co,(PO4)s(OH),, x =0,

0.5, 1.0, 1.5 and 2.0.

Occ = occupancy. For HAp: Rr = 3.86, Rg = 4.83; CoSHAp: Rr = 3.00, Rg = 4.23;
ColOHAp: Ry =2.52, Rg = 4.32; Col5HAp: Rp=2.62, Rg = 3.29; Co20HAp: Ry = 2.70,

Ry = 3.64.

M1 M2 P o1 02 o3 04
HAp
X 1/3 0.2454 (3) 0.3981 (1) 0.3273 (7) 0.5861 (1) 0.3414 (5) O
y 2/3 0.9936 (3) 0.3696 (1) 0.4850 (6) 0.4648 (7) 0.2559 (4) 0O
z 0.0014 (5) 1/4 1/4 1/4 1/4 0.0725 (4) 0.187 (2)
Occ 173 12 12 12 12 1 0.1666
CoS5HAp
X 173 0.2450 (6) 0.3967 (1) 0.329 (1) 0.5848 (2) 0.3441(9) 0
y 2/3 0.9934 (7) 0.3697 (2) 0.488 (1) 0.464 (1) 0.2602(8) 0
z 0.002 (1) 1/4 1/4 1/4 1/4 0.0685 (7) 0.178 (3)
Occ (Ca) 0.332(3) 0479(6) 172 12 12 1 0.1666
Occ (Co) 0.001 (3) 0.021 (6)
ColOHAp
X 1/3 0.2467 (5) 0.3961 (1) 0.331 (1) 0.5844 (2) 0.3446(8) 0
y 2/3 0.9960 (7) 0.3675(2) 0.488 (1) 0.465 (1) 0.2577(7) 0O
z 0.003 (1) 1/4 1/4 1/4 1/4 0.0682 (6) 0.183 (3)
Occ (Ca) 0.317 (3) 0.455(6) 12 172 12 1 0.1666
Occ (Co) 0.016 (3) 0.045 (6)
Col5SHAp
X 173 0.2475 (5) 0.3959 (1) 0.3349 (1) 0.5841 (2) 0.3457 (1) 0O
y 2/3 0.9983 (7) 0.3678 (1) 0.491 (1) 0.467 (1) 0.2558(8) 0O
z 0.005 (1) 1/4 1/4 1/4 1/4 0.0702 (7) 0.179 (3)
Occ (Ca) 0.315(3) 0456 (6) 1/2 12 12 1 0.1666
Occ (Co) 0.018 (3) 0.044 (6)
Co20HAp
X 1/3 0.2467 (5) 0.3963 (1) 0.333 (1) 0.5846 (2) 0.3434 (1) 0
y 2/3 0.9977 (5) 0.3678 (1) 0.489 (1) 0.466 (1) 0.2577(7) 0O
z 0.003 (1) 1/4 1/4 1/4 1/4 0.0682 (6) 0.175 (3)
Occ (Ca) 0.324 (3) 0.441(6) 12 172 12 1 0.1666
Occ (Co) 0.009 (3) 0.059 (6)

for HAp, Co5HAp, ColOHAp, Col5HAp and

Co20HAp, respectively (Fig. 4), and are somewhat
smaller than the average dimensions observed by
particle size analysis (94, 63, 64, 70 and 71 nm). The discre-
pancy is due to the presence of aggregates in the particle-size-

analysed powders. The structure refinement indicated X-ray
line broadening anisotropy as a consequence of the aniso-
tropic growth of crystallites. Anisotropy is changed according
to variation of ionic radius of the exchanged ions (Stephens,
1999; Jeanjean et al., 1994; Jarvinen, 1993). The incorporation
of cobalt ions in the HAp structure causes a decrease in both
anisotropy and crystallite size. Based on the studied values of
crystallite size along different [hkl] directions, significant
elongation occurs along the c¢ axis, leading to rod-like
morphology; the elongation decreased with increasing cobalt
content leading to the formation of lamellae (Fig. 5). Similar
phenomena were also observed by Stephens (1999), Cvejic et
al. (2006) and Vallet-Regi & Arcos (2005).

Table 4 summarizes the metal-oxygen bond distances for
pure and cobalt-substituted HAp samples. In addition, the
incorporation of Co®* causes the local site coordination to
lower from 9 for M1 and 7 for M2 to 6. In the position M1
(M1 = Col) Co can be considered as bonded to only the six
closest O atoms (three symmetry-equivalents of O1 and O2),
adopting a metaprismatic coordination, and in M2 (M2 = Co2)
to four symmetry equivalents of O3, O2 and O4 (hydroxyl),
forming a distorted octahedron. The sum of six-coordinated
Co*" + O* ionic radii is 2.145 A (Shannon, 1976) and the
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Figure 4
Mean crystallite size of the CoHAp samples as a function of cobalt
content.
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Table 4

Interatomic distances (A) in Cajo_,Co,(PO,)(OH),, x = 0, 0.5, 1.0, 1.5 and 2.0.

amount is small and that the powders have low
crystallinity, and also that the occupancy cannot be

HAp CoSHAp Col0HAp Col5HAp Co20HAp satisfactorily extracted, these results show good
M1—01 2400 (5) x3 2378(9) x3 2380(9) x3 2358(9) x3 2372(8) x3 enoug_h agreerﬂ,ent with  the data obtained (Py
M1—02 2458(4) x 3 2459(8) x 3 2467(7) x 3 2490 (6) x 3 2470(3) x3  chemical analysis (0, 4.3, 9.5, 11.7 and 11.5 at.%,
M1—-03 2819(5) x3 2801(8) x3 2786 (7) x3 2777(8) x3 2798(6) x3  respectively).
(M1-0) 2.559 2.546 2.544 2.542 2.346 The changes in the crystallite size and
M2—01 2706 (6) 273 (1) 275 (1) 281 (1) 279 (1) morphology with increasing amount of cobalt in
M2—02 2370 (3) 2382 (5) 2.356 (5) 2.339 (5) 2352 (5) CoHAp were additionally confirmed by TEM and
M2—03 2486 (4) x 2 2528(9) x 2 2488(8) x2 2449(8) x 2 2476 (8) x 2 .
M2_03 2358(3) x 2 2332(6) x 2 2335(5) x 2 2360(6) x 2 2333 (6) x 2 IRIEM analyses. TEM images of the pure HAp
M2—04 2383 (4) 2391 (8) 2384 (7) 2387 (7) 2387 (7) and Col5SHAp powders are presented in Figs. 6(a)
(M2—0) 2.450 2.460 2.448 2.450 2.449 and 6(b), respectively. The morphology of the
P_O1 153 (7) 153 (1) 153 (1) 153 (1) 153 (1) samples is affected by the. presence of cob.alt in the
P—02 1534 (1) 1534 (2) 1.534 (2) 153 (2) 1.534 (2) structure. Pure HAp (Fig. 6a) is constituted of
P—0O3 1533(3) x2 1.533(6) x2 1534(5)x2 1.533(6) x2 1.533(5) x2 randomly oriented, elongated rods of similar sizes,
(P—0) 1533 1.533 1533 1.532 1.532 which is in accordance with the Rietveld refinement

observed average Cal/Col—O and Ca2/Co2—O bond
distances for CN = 6 are in the intervals 2.430-2.422 and
2.407-2.393 A, respectively.

Decreasing average M—O distances as a consequence of
the insertion of smaller ions in the HAp structure causes
deviations from regular anion nets. These phenomena can be
described based on the variation of the twist angle ¢ (O1—
M1—02) of the M10¢ metaprism. White & ZhiLi (2003) have
shown that ¢ increases linearly with a decrease in crystal radii
and unit-cell volume. The twist angle ¢ (O1—M1—02) of the
M10¢ metaprism changed from 23.81 to 23.57,23.38,22.31 and
22.35° for HAp, Co5HAp, ColOHAp, Col5HAp and
Co20HAp, respectively. The small amount of Co content in
the apatite structure (HAp, CoSHAp and ColOHAp) causes
an insignificant transition of the ¢ angle. Furthermore, it was
observed (Henderson et al., 2009) that Ca in the M1 position is
too small for an M1Og polyhedron so that the twist angles are
smaller than expected. We suppose that a smaller cation such
as cobalt provokes a similar phenomenon.

The P—O bond distances are within the expected ranges
found in other phosphates (Table 4), with average bond
lengths of 1.533, 1.533, 1.533, 1.532 and 1.532 for HAp,
CoSHAp, ColOHAp, Col5SHAp and Co20HAp, respectively.

The cobalt content in the CoHAp powders calculated from
the refined occupations of the atomic sites is 0, 2.6, 7.3, 7.4 and
8.1at.% for HAp, Co5SHAp, ColOHAp, Col5SHAp and
Co20HAp, respectively. Bearing in mind that the cobalt

43.9 nm
30.0 nm
22.4 nm
20.3 nm

11.6 nm

21.9nm 17.4 nm 13.4 nm

(002)

(010)

Figure 5
Representation of the change in morphology and crystallite size with
increasing cobalt amount in Ca;y_,Co,(PO,)s(OH),.

results. The Col5SHAp sample with the highest
degree of substitution shows significantly reduced elongation
(Fig. 6b). This powder consists of randomly oriented flake-like
particles. HRTEM images provide further insight into the
morphology and structural details of the studied hydro-

Figure 6
TEM images of HAp (a) and Col5HAp (b), HRTEM images of HAp (c)
and Col5HAp (d), (e), (f).
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xyapatites. The HRTEM morphology and the corresponding
fast Fourier transform (FFT) confirmed the hexagonal
symmetry of the two analysed powders HAp (Fig. 6¢) and
Col5HAp (Fig. 6d).

The data for HAp (Fig. 6¢) show two sets of lattice fringes
corresponding to the lattice planes (200) and (300), with lattice
spacing d of 4.1 and 2.7 A, respectively, which corresponds to
the literature data for HAp with the same chemical compo-
sition (Table 1). The calculated FFT of ColSHAp powder
shows four sets of crystallographic planes (inset of Fig. 6d).
Three of these cut the crystallographic a axis and correspond
to (100), (200) and (300) planes with related d values of 8.0, 4.0
and 2.7 A, respectively, which are close to 8.2, 4.1 and 2.7 A,
obtained for pure HAp. The fourth calculated set of lattice
fringes for (002) planes displays a d value of 3.4 A. Fig. 6(e)
shows the HRTEM image and the calculated FFT (inset) of
the crystallite oriented perpendicular to the c¢ axis of
Col5HAp crystals. The data show two sets of crystallographic
planes (300) and (210) with related d values of 2.7 and 2.9 A,
respectively. Fig. 6(f) shows the image of the HAp structure
presented perpendicularly on the crystallographic ¢ axis.

4. Conclusion

A new series of cobalt-substituted calcium hydroxyapatite
[Caio_Co(PO4)s(OH);] (x ~ 0.00-0.12) nanopowders were
synthesized by hydrothermal treatment of a precipitate. The
results of ICP analysis and Rietveld analysis showed that,
under the given conditions of hydrothermal processing, the
maximal amount of incorporated cobalt ions in HAp was
saturated at approximately 12 at.%; further increase in the
cobalt reagent concentration did not increase the amount of
Co®" in the investigated crystal structure. The values of the
unit-cell parameters and cell volume gradually decreased with
the increase in cobalt content in the structure, which explicitly
indicates the replacement of Ca®* by smaller Co”*. The
incorporation of cobalt ions in the calcium crystallographic
positions was confirmed by vibrational spectroscopy; in addi-
tion, the 2+ oxidation state of cobalt ions in the CoHAp
samples was confirmed by magnetic measurements.
Microstructural analysis showed a significant decrease in
the average crystallite size, from 40 to 26 nm, with incor-
poration of 4.3 at.% of cobalt ions in both crystallographic
positions of calcium. The increase in cobalt content to
~12 at.% slightly reduced the average crystallite size down to
14 nm. The results of the Rietveld refinement (unit-cell
parameters, the shape and size of the crystallites) are in good
agreement with the results of TEM and HRTEM analyses.
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