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ARTICLE INFO ABSTRACT

Keywords: A three-stage solid state synthesis assisted by thermodynamic modelling was developed to prepare highly pure
p-TCP (>99 %) beta tricalcium phosphate (B-TCP) powder. The optimal synthesis temperature was experimentally

Calcium phosphate determined to be 1000 °C in good agreement with the theoretical calculations. The synthesis design described

rsrillfi:;n:t)zi};n:mni;sesis here has substantially improved the product quality and eliminated the presence of secondary phosphate phases
FTIR v compared to one- and two-stage methods investigated in this work. A comprehensive characterization of the
Raman material’s structural, vibrational, and morphological characteristics was conducted. Rietveld refinement of the X-

ray diffraction data confirmed the high purity of the samples. The crystal structure of the prepared p-TCP was
determined and the refined unit cell parameters agreed well with the reference values. From infrared and Raman
spectral analyses, the characteristics of p-TCP were observed and discussed in details. Furthermore, the
morphology and elemental composition of the products were examined and found to be homogenous and im-
purity free. The reproducibility of the material was scrutinized and showed no significant data variations. Using
our three-stage synthesis method, it is possible to produce B-TCP powder of high purity with consistent

Rietveld refinement

repeatability.

1. Introduction

Calcium phosphates (CPs) have gained increasing attention over the
last decades [1-3]. Their unique physiochemical properties rendered
them attractive materials for various applications in the biomedical,
optical, environmental and industrial fields [4-6]. In the medical field,
for example, CPs are extensively used for bone repair and tooth
replacement owing to their excellent biocompatibility [7,8]. While in
photonics applications, CPs are used as luminophores that host variety
of luminescent cations [4,9,10]. In addition, the structural nature of CPs
promotes their use as effective sorbents of contaminants in environ-
mental applications [11,12]. Moreover, CPs are often used as a phos-
phorus source in the production of fertilizers, food and feed additives,
detergents, and many other industrial chemicals [6,13,14].

Tricalcium phosphate Ca3(PO4)2 (TCP) is one of the most important
CPs and receives extensive interest in the scientific and medical com-
munities due to its advantageous properties [2]. TCP is typically formed
at high temperatures, above 800 °C with a characteristic Ca/P molar
ratio of 1.5 [15]. In general, there are three polymorphs of TCP; beta (),
alpha (a) and alpha prime (a’) [15]. p-phase is stable at room
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temperature (25 °C) up to 1125 °C and considered to be the most stable
phase of TCP. The other two phases i.e., a and o’, are metastable at at-
mospheric conditions and exist as stable phases only at temperatures
above 1125 °C and 1430 °C, respectively [15-17]. p-TCP is commonly
known as whitlockite (natural phosphate mineral) owing to the simi-
larity of their crystal structure [18]. The whitlockite crystal structure has
a large unit cell consisting of many different anionic and cationic sites.
Atomic substitution in the cationic sites can take place without distor-
tion of the whitlockite structure [18,19]. Moreover, in B-TCP, the
cationic substitution of Ca®" by other cations is a well-established
strategy for tailoring its properties to the intended applications
[8,20-25]. Hence, full understanding of p-TCP crystal structure and its
characteristics is critical for maximizing the potential of this important
material. To achieve that, synthesizing p-TCP powder of high quality is
crucial.

Different methods for p-TCP preparation are reported in the litera-
ture, including solid state, wet precipitation and sol-gel synthesis routes
[26-29]. The low-temperature routes seem to be favoured in some dis-
ciplines more than the high-temperature methods. However, based on
the phase equilibria of the CaO-P50s5 system, p-TCP does not form at low
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temperatures [30]. Therefore, additional high-temperature treatment
(sintering) is always required to transform the product into B-TCP
[28,29,31]. Moreover, the wet chemical methods are often complicated
and require continuous monitoring of many parameters e.g., pH [32,33].
Deviation from the optimal pH typically leads to incomplete reaction or
precipitation resulting in impurity phases. Likewise, using precipitated
amorphous calcium phosphates for the production of B-TCP via thermal
conversion is complex due to their metastability in aqueous solutions
[34]. The crystallization of these amorphous phosphates is thus, not yet
well understood. Conversely, the solid state method produces p-TCP of
higher crystallinity [35]. The elevated temperature promotes the crys-
tallization process and reduces crystal defects. However, particles
agglomeration under high temperature is a common problem. This
agglomeration leads to product heterogeneity and often required
extensive milling which in turns can be a source of contamination [28].
In addition to the conventional routes, other solid state synthesis
methods, such as high-pressure, spark plasma, and laser sintering have
been employed for the synthesis of CPs including B-TCP [36-38]. These
advanced techniques are robust and time efficient, however, there are
many associated drawbacks, such as high cost and energy usage.
Furthermore, these techniques are only successful on a small scale and
implementation on a large scale is still a challenge [36]. Another chal-
lenge in the synthesis of §-TCP at both high and low temperature is the
presence of secondary phosphate phases e.g., hydroxyapatite
(Cas(PO4)30H, HA) and calcium pyrophosphate (CapP207) in the final
product [15,39]. The presence of these phases is an unfavourable
outcome especially if the prepared material is intended for biomedical
applications [40]. These impurity phases can affect the biological,
physical, and chemical properties of 3-TCP in those applications [34].
Nevertheless, the best method of synthesizing high-quality p-TCP is a
subject for improvement. One possible way to optimize the synthesis of
single phase B-TCP is to perform thermodynamic equilibrium calcula-
tions that predict the formation reaction of $-TCP. These calculations
enable one to investigate the reaction pathways under various condi-
tions and to identify the possible impurity phases. Also, provide pre-
diction of key information such as optimal temperature range at which
single phase B-TCP can exist.

In this work we present an efficient three-stage solid state synthesis
method for preparing high purity (>99 %) p-TCP powder with consistent
reproducibility. The aim is to provide a reliable synthesis strategy/
design that can overcome the common practical problems associated
with the synthesis of this important material. Furthermore, this work
introduces for the first time the use of thermodynamic modelling to
assist the experimental design of B-TCP synthesis. The experimental
synthesis parameters were intensively examined and the synthesis
design is thoroughly described to provide the know-how knowledge
necessary to produce high quality material. The prepared materials were
extensively characterized using powder X-ray diffraction (XRD) com-
bined with Rietveld refinement, Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES), and scanning electron microscopy coupled
with energy dispersive X-ray spectroscopy (SEM-EDS). These compre-
hensive analyses aimed to provide deep insights into structural, vibra-
tional, and morphological characteristics of -TCP.

2. Material and methods
2.1. Thermodynamic equilibrium calculations

Thermodynamic equilibrium calculations for -TCP formation were
performed using FactSage 8.2 Software (Thermfact Ltd., Canada and
GTT-Technologies, Germany) [41]. This software utilizes the Gibbs en-
ergy minimization approach to calculate the phase equilibria and ther-
mal stability of the formed phases. The calculations were performed in
the Equilib module and the databases used were FactPS and FToxid
[42,43]. The reaction of stoichiometric quantities of CaCOs and
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(NH4).HPO4 was assumed to take place at atmospheric pressure. The
investigated temperature range was 100-1900 °C, with a step size (AT)
of 20 °C. Phase transitions were considered in the model. The theoretical
calculations predicted the optimum synthesis conditions i.e., tempera-
ture for obtaining a single phase B-TCP that was implemented in the
experimental design. It should be noted that, thermodynamic equilib-
rium calculations do not consider reaction kinetics. Thus, the theoretical
and experimental results may slightly disagree.

2.2. Starting materials and synthesis design

Pure crystalline §-TCP was prepared using a three-stage solid state
method. The synthesis protocol was designed based on both thermo-
dynamic equilibrium calculations and reported work [44]. CaCOs
(99.95 %, purity, Merck-Sigma Aldrich), (NH4)oHPO4 (>99 %, purity,
Merck-Sigma Aldrich) were dried at 105 °C for 24 h and then used to
prepare the material. The drying of (NH4);HPO,4 was critical to obtain
the desired Ca/P ratio of 1.5 in the resulting product. Stoichiometric
amounts of the reactants were mixed, ground using an agate mortar and
pestle and used according to the following overall chemical reaction:

3CaCOs3(s) + 2(NHy), HPO4(s) = B-Caz(POy)2(s) + 4NH3(g) + 3H,O(g) +
3COx(2) @

The powder mixture was then placed in a Pt crucible and heated in a
muffle furnace in three-stages. The three-stage strategy can be described
by the following chemical reactions:

2(NHy), HPO4(s) — 2NH,4 HyPOy(s) + 2NH3(g)1 — 2H3PO4(/) + 2NH3(g)(2)
3CaCO5(s) — 3Ca0(s) + 3COx(g) 3
3CaO(s) + 2H3PO04(l) — B-Ca3(POy4)a(s) + 3H20(g) (€]

It is worthily noting that, CaCOs3 partially reacts with H3PO4 in an
acid-base reaction [17]. This reaction leads to formation of calcium
phosphate intermediates during stage 1-2. These reaction intermediates
react further with CaO at stage 3. Thus, H3POy4 is consumed before stage
3. For brevity, these reaction intermediates are not shown in equations
(1)-(4), instead H3POy4 is kept as phosphorus reactant to balance Eq. (4).

Fig. 1 below shows a scheme of the three-stage synthesis strategy. As
can be seen in the schematic diagram, preheating at 350 °C for 6 h (Eq.
(2)) was performed in the first stage to allow complete decomposition
and evaporation of NH3 and H2O gases [45]. The direct decomposition
of the ammonia-based reagent into H3POy4 in solid state reaction as well
as its non-corrosive nature [46] promote its use as an attractive P pre-
cursor. The second heating stage at 680 °C for 6 h (Eq. (3)) was intended
to initiate the decomposition of the carbonate group, CO3, which pro-
motes efficient reaction to form the final product in stage 3. The
resulting powder from the first two stages was then hydraulically
pressed at a pressure of 160 MPa into a pellet with a diameter of 10 mm.
Finally, the pellet was heated to 1000 °C and kept at this temperature for
20 h to achieve single phase $-TCP (Eq. (4)). A heating rate of 3 °C/min
was used throughout the experiments.

After the synthesis time elapsed, the sample was left inside the
furnace to cool down to room temperature. The final product was
ground into fine powder and stored in a desiccator prior to the analytical
measurements.

The three-stage heating strategy was crucial to avoid stickiness of the
intermediate liquids onto the crucible walls, which leads to particles
agglomeration and formation of heterogenous products. The synthesis
protocol was conducted three times to ensure the reproducibility of the
synthesized material. It is worth noting that, this three-stage synthesis
design was developed after several attempts using one-stage (direct) and
two-stage synthesis approaches. The results of those trials are elaborated
in details below.
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Fig. 1. A scheme of the three-stage solid state synthesis of pure p-TCP.

2.3. Analytical methods

The qualitative and quantitative phase analyses of the samples were
performed using XRD analysis and Rietveld refinement. A Bruker D8
Advance (Bruker AXS, Germany) diffractometer with Cu-Ka radiation
source (A = 1.5406 A) operating at 40 kV and 40 mA, and equipped with
a Vantec-1 detector was used for the measurements. The diffraction
patterns were collected in (6-6) mode in the 26 range of 10-70° with a
step size of 0.008° and scan speed of 1°/min. DIFFRAC.EVA software
and PDF4 + database were used for phase identification [47,48]. Riet-
veld refinement was performed using DIFFRAC.TOPAS 4.2 software
[49]. Moreover, FTIR measurements were performed using a Bruker IFS

66v/S (Bruker Optics, Germany) in the frequency range of 4000-400
em ™! with 128 scans min ! acquisition and a resolution of 4 cm ™. Prior
to the FTIR measurements, the samples were ground and mixed with
potassium bromide (KBr). Bruker BRAVO spectrometer (Bruker Optics
GmbH, Germany) equipped with two NIR diode lasers (Duo Laser™) at
wavelengths 785 and 852 nm was used to record Raman spectra in the
range of 300-3000 cm ™! with 128 scans min™! acquisition and a reso-
lution of 4 cm™!. A ZEISS Merlin field emission scanning electron mi-
croscope (FE-SEM) (Carl ZEISS, Germany) was used to study the
morphology of the samples. For the imaging, the samples were coated
with a layer of Pt of 2 nm thickness. A ZEISS EVO LS-15 variable pressure
microscope (Carl ZEISS, Germany) operating at ETH = 15 kV was used
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Fig. 2. Condensed phases from thermochemical equilibrium calculations for p-TCP formation at temperature range of 100-1900 °C.
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for the EDS elemental analysis. An Agilent 5800 ICP-OES (Agilent
Technologies Inc., USA) was used to determine the bulk elemental
composition of the samples. A standard aqua regia dissolution method
was used to prepare the powders for the analysis.

3. Results and discussion
3.1. Thermodynamic equilibrium calculations for p-TCP formation

The results obtained from the thermodynamic equilibrium calcula-
tions for B-TCP formation are presented in Fig. 2 above. The stable
condensed phases, comprising solid compounds and solid solutions (Slag
in Fig. 2), are the focus of this discussion. Gas phases and intermediary
liquids were included in the calculations to permit decomposition of the
reactants (not shown here).

As discussed above, the calculations were performed to model the
overall synthesis reaction (Eq. (1)) and the reaction is assumed to be
irreversible as gaseous species are evaporated. As shown in Fig. 2, the
initial phases, CaHPO4, Cas(PO4)30H and CayP20; form at < 100 °C.
The first phase is predicted to decompose at 110 °C, while the latter two
dominate the phase composition up to around 895 °C. The $-TCP phase
is formed at a temperature range of 900-1100 °C and only stable in this
range. Below this temperature, a multiphase solid solution is formed.
Above 1100 °C, a-TCP starts to dominate and undergoes phase transition
into o’- TCP polymorph at around 1475 °C. From the model, tempera-
ture above 1800 °C leads to complete decomposition of TCP phases that
transform into molten slag. These results agree well with thermody-
namic assessments of phase equilibria in the CaO-P20s5 system that are
reported in the literature [15,39]. Based on these calculations, a tem-
perature exceeding 900 °C is required to ensure a successful synthesis of
single phase pure $-TCP.

3.2. Effect of synthesis design on the product purity

Series of synthesis experiments were conducted to determine the
optimum design for producing pure -TCP powders. During the experi-
ments, several trials including one, two and three-stage synthesis pro-
cedures were investigated. According to the phase diagram of Fig. 2, the
ideal synthesis temperature is predicted to be > 900 °C. From our
experimental investigations, it was concluded that a temperature of
1000 °C is optimal to produce > 99 % pure B-TCP. Table 1 below
summarizes the synthesis design, the experimental conditions and the
products purity when using the optimal T = 1000 °C. Phase identifica-
tion and quantification were performed using XRD and Rietveld ana-
lyses. Reference structures from ICSD (FIZ Karlsruhe, Germany) of
identified compounds used for Rietveld refinement: 3-TCP (PDF Card-
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01-090-0977) [50], o-TCP (PDF Card-04-022-5804) [51], HA (PDF
Card-00-055-0592) [52], and p-CayP207 (PDF Card-04-009-8733) [53].

As can be noticed from Table 1, using direct one-stage synthesis
procedure resulted in low quality products consisting of heterogeneous
mixture of f-TCP in combination with HA and -CayP207. The two-stage
procedure resulted in slightly improved products with purity ranging
from 86 % to 88 %. However, the second heating step at 680 °C was not
sufficient to obtain pure material. So, an additional heating step at 350
°C was necessary to facilitate the homogeneous decomposition and
interatomic diffusion of the precursors.

Furthermore, various samples were prepared at temperatures of 900
°C, and 1100 °C. It was found that at temperature 900 °C, the resulted
products were heterogenous mixtures of B-TCP, HA and p-CayP507.
While at 1100 °C, the o-TCP phase was dominating over $-TCP in the
final products. These results agree well with the thermodynamic cal-
culations shown in Fig. 2.

Additionally, other synthesis parameters such as reaction time and
heating rate were also investigated. Briefly, higher heating rates (5, 7,
and 10 °C/min) led to the formation of poor-quality products. The rapid
decomposition of the precursors is believed to induce their interaction
with the Pt crucible surface. Likewise, shorter reaction times led to
incomplete formation of the target compound, while longer reaction
time promotes the formation of a-TCP phase at 1000 °C. From the re-
sults, the separation of heating stages is believed to facilitate the solid-
—solid interface and diffusion of ions in the active solids, which in turns,
promote the nucleation of the pure product [54]. Also, applying pressure
(hydraulic pressing) prior to the final heating stage increases the contact
area of the activate phases and hence, influence the quality of the end
product [55]. Based on our results; the procedure described here can
minimize the common challenges in the high temperature routes such as
heterogeneous formation of undesirable phases commonly observed
during the synthesis of the material [56]. This synthesis strategy can be
efficiently implemented in structural studies concerning p-TCP such as
solid solubility (doping) of different cations in the phosphate matrix at
high temperature.

3.3. XRD and Rietveld refinement of the pure -TCP

The purity of the prepared materials was examined using XRD and
Rietveld refinement as described above. Here, the structure determina-
tion of a representative pure -TCP sample (TCP-3S-3) prepared using
the three-stage protocol and its crystal structure are discussed in detail.
The model structure reported by Liu et al (PDF Card-01-090-0977) was
found to be a suitable starting point in the refinement [50]. The
instrumental and experimental parameters; scale factor, background,
zero shift and peak profile parameters were first refined. The peak

Table 1
Synthesis design, experimental conditions and purity of the products.

Synthesis design Sample name T(°C)/stage Time(h)/stage Sample Purity (wt%) Impurity phases (wt%) R-values

One-stage TCP-IS-1 1000 20 72.53(6) HA: 2.55(5) Rexp:1.65 % Ryp:4.45 % R;:3.42 %
B-CazP207: 24.90(9) GOF:2.69

One-stage TCP-IS-2 1000 20 58.10(6) HA:16.76(1) Rexp:2.40 % Ryp: 5.75 % Rp:4.20 %
p-CaP207: 25.13(3) GOF:2.40

One-stage TCP-IS-3 1000 20 63.80(6) HA:13.90(5) Rexp:1.79 % Ryp:6.56 % R;:4.90 %
p-CayP207: 22.28(9) GOF:3.67

Two-stage TCP-2S-1 680, 1000 6, 20 88.37(6) HA: 3.96(9) Rexp:2.23 % Ryp:4.17 % R;:3.15 %
B-CazP207: 7.65(5) GOF:1.87

Two-stage TCP-25-2 680, 1000 6, 20 87.32(5) HA: 3.01(9) Rexp:1.97 % Rypi6.42 % Ry 4.71 %
p-CaP207: 9.65(7) GOF: 3.25

Two-stage TCP-2S-3 680, 1000 6, 20 86.10(3) HA: 2.47(8) Rexp:2.51 % Ryp: 4.80 % Rp: 3.71 %
B-CanP207: 11.41(9) GOF: 1.91

Three-stage TCP-3S-1 350, 680, 1000 6, 6, 20 99.38(1) HA: 0.39(8) Rexp:3.51 % Ryp: 7.15 % Rp: 5.26 %
a-TCP: 0.22(1) GOF: 2.04

Three-stage TCP-3S-2 350, 680, 1000 6, 6, 20 99.78(8) HA: 0.12(9) Rexp:1.76 % Ryp: 5.08 % Rp: 3.75 %
a-TCP: 0.08(3) GOF: 2.89

Three-stage TCP-3S-3 350, 680, 1000 6, 6, 20 99.80(3) o-TCP: 0.19(7) Rexp:2.23 % Ryp: 4.86 % Rp: 3.70 %
HA: 0.00(0) GOF: 2.18
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Fig. 3. Rietveld refinement plot of XRD pattern of the prepared material (TCP-
3S-3). The observed pattern is shown in black, calculated pattern in red and
difference line in grey. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

profile parameters were refined using Pseudo-Voight functions. The unit
cell parameters, site occupancy and thermal displacement parameters
were refined later in the refinement. The obtained p-TCP crystalized in a
trigonal system (rthombohedral) with hexagonal setting, space group
R3c and Z = 21. The average unit cell parameters for the triplicates were
determined to be a = b = 10.431 £ 0.007 A, ¢ = 37.376 + 0.020 A, a =
B = 90°, y = 120°, and unit cell volume = 3521.555 + 6.322 A%. These
refined unit cell parameters are consistent with the reported values in
literature [44,50]. Also, the obtained R-factors as shown in Table 1 are
well below the commonly accepted limits of a good refinement indi-
cating the reliability of the model [57]. Nevertheless, the graphical
result is of great importance in the evaluation of the refinement. Fig. 3
above shows the Rietveld refinement plot of the prepared material (TCP-
3S-3).

The observed (black), calculated (red) patterns and difference line
(grey) are depicted in the figure. The observed and calculated patterns
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show excellent agreement as demonstrated by the difference line. All
observed peaks are sharp and well-defined signifying the high crystal-
linity of the material.

In general, B-TCP structure can be described by two columns along
the c-axis of the unit cell, column A and column B. The $-TCP unit cell is
illustrated in Fig. 4 below and the accommodated atoms are displayed as
polyhedra along the c axis. Column A (Fig. 4b) consists of parallel layers
of P (1) —Ca (4) —Ca (5) while column B (Fig. 4c) contains layers of Ca (1)
—Ca (2) -Ca (3) -P (2) -P (3). Each column A is surrounded by six col-
umns B and each column B is typically surrounded by two columns A in
the unit cell [44].

Moreover, Ca sites have different coordination of eight-fold for Ca
(1), Ca (2), and Ca (3) and six-fold for Ca (4) and Ca (5). These crys-
tallographic differences between the cationic sites cause slight structural
distortion of the P tetrahedra [44].

3.4. Vibrational spectra of -TCP

FTIR and Raman techniques were used as complementary techniques
to XRD and Rietveld refinement to provide structural information on the
molecular level. Fig. 5 shows representative FTIR and Raman spectra of
the prepared material (TCP-3S-3) in the range of 400-1400 cm ™! and
300-1500 cm™ L, respectively. The bands attributable to the internal
vibration modes of PO3~ are observed in the 400-600 cm ™' and
900-1200 cm ™! ranges in the FTIR spectrum and shown in Fig. 5a. The
bands in the 410-480 cm ™! range is assigned to the in-plane bending vy
of O-P-O, while the out-plane bending v4 are evident in the range
550-610 cm™! [58]. The absorption bands that observed in the
900-1200 cm ™! range are ascribed to the symmetric stretching v; and
the antisymmetric stretching vs as illustrated in Fig. 5.a. In theory, v3 >
v1 and v4 > v, for molecules with tetrahedron geometry like PO%’ [59].
This trend is observed in the recorded IR spectrum as shown in Fig. 5a.

The Raman spectrum of the prepared material is shown in Fig. 5b.
The symmetric (in-plane) v, and asymmetric (out-plane) v4 bending
bands are observed in the region 400-700 cm ™!, At 900-1100 cm™?, the
strong Raman bands belongs to the symmetric stretching mode v; and
the weak bands at around 1100 cm™! are assigned to asymmetric
stretching vs of PO?{ [60]. Table 2 summarises the observed vibrational
bands in FTIR and Raman spectra in comparison to theoretical vibra-
tional bands of free PO3~ ion calculated based on the group theory.

Column B

Column A E

Fig. 4. Visualization of the B-TCP crystal structure. a) the hexagonal unit cell along the c axis. The unit cell composed of b) column A with parallel layers of P1-Ca4—

Ca5 and c) column B with parallel layers of Cal-Ca2-Ca3-P2-P3 along the c axis.
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Fig. 5. Vibrational spectra of §-TCP. a) IR spectrum and b) Raman spectrum.

List of observed and reported infrared (IR) and Raman (R) bands of p-TCP in

comparison to the calculated bands of the free PO}~ ion in cm™

1.

Vibration Observed Reported Calculated
modes R R IR [58.61] R [60.62] vibrational
bands of free
PO3™ [61,63]
21 945, 948, 946, 960, 946-949, 938, 937 (R
972, 968 961, 975 961, 970 active)
995
Vo 408, 406, 472, 460, 405, 439, 420, 358 (R
424, 438, 435, 436 475, 483 active)
433 476
12 1013, 1014, 1036, 1093, 1005, 1017, 1080 (IR
1029, 1090 1000-1100 1031, and R active)
1051, 1074, 1091
1078
Va 550, 548, 565, 602, 547-631, 567, 500 (IR
670, 610, 560-600 549, 612 and R active)
605 628

According to factor group calculations, 378 frequency modes are

expected in B-TCP. These modes correspond to the internal vibrations of
the 42 phosphate tetrahedra accommodated in the unit cell. However,
not all bands are observable due to the overlapping of the modes in a
narrow energy range [60]. As detailed in Table 2, the vibrational modes
of the free ion are not always active in the IR and Raman regions. While
in the solid state, all four modes are visible in both regions due to band
splitting. Shifts in energy up to 30 cm ™! (Table 2) were identified in the
recorded spectra with respect to the free ion, this can be ascribed to the

crystallographic distortion of phosphate tetrahedra in p-TCP. This
distortion is caused by the surrounding cations (Ca*?) as mentioned
above and it is corelated to the site and group symmetry effects [60].

3.5. SEM, EDS and ICP-OES elemental analyses of -TCP

The microstructure and chemical composition of the prepared ma-
terials were examined using SEM-EDS. Fig. 6 below shows (a) micro-
graph of the B-TCP and (b) the elemental maps obtained from the EDS
analysis. The elemental concentration is presented in atomic percentage
basis (At%). From the SEM micrograph (Fig. 6a), it is evident that the
synthesized p-TCP particles are similar in size and morphology. The
hexagonal nature of the grains is obvious along the edges and their size
range from 1-5 pm. It is worth mentioning that these morphological
characteristics of p-TCP can vary depending on the preparation method
[64].

From the elemental maps of Fig. 6b, no impurities were observed and
only Ca, P and O were identified. The distribution of these elements was
found to be even over the mapped area and the determined Ca/P ratio
was 1.55. Nevertheless, SEM-EDS is generally considered as a semi-
quantitative technique. Thus, ICP-OES measurements were performed
to accurately determine the bulk elemental composition and the Ca/P
ratio in the pure samples. From the measurements, the determined
molar Ca/P ratio was 1.507 + 0.006, that agrees with the stoichiometric
value and no other impurities were detected. This can be attributed to
the use of high purity starting materials.
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Fig. 6. A) FE-SEM image (BSE) and b) EDS mapping of the elemental distribution in the sample.

3.6. Reproducibility

The reproducibility of the three-stage solid state method was
examined by preparing three replicates. The purity of these replicates
was determined by the Rietveld analysis to be > 99 %, as previously
discussed in Table 1. Fig. 7 below shows the XRD patterns of these
replicates produced using the above-described synthesis procedure in
comparison to the standard pattern (PDF Card No.01-090-0977) [50].
The purity of these samples was also examined using the other tech-
niques described herein. The results from these techniques indicated
that the samples are reproducible and the variations between the ob-
tained data were negligible.

TCP-3S-1
) TCP-3S-2
s
27
7]
<
X} TCP-3S-3
£
PDF 01-090-0977
T T T T T T T
10 20 30 40 50 60 70

20 (°)

Fig. 7. XRD patterns of standard PDF Card No.01-090-0977 and the p-TCP
replicates prepared using the three-stage solid state synthesis.

4. Conclusion

High-purity > 99 % p-TCP was successfully prepared via thermo-
dynamic modelling assisted three-stage solid state method. The ther-
modynamic modelling was introduced in this work as a powerful tool to
investigate the reaction pathways in the synthesis of p-TCP. Also, the
calculations enable the prediction of the temperature range at which
high purity material can be achieved. This ability is one example of the
advantages of using thermodynamic modelling prior to experimental
synthesis design of materials. Moreover, the influence of various syn-
thesis parameters on the quality of the final product were thoroughly
studied. Experimentally, a single pure phase of 3-TCP was obtained at
1000 °C in excellent agreement with the thermodynamic calculations.
Detailed characterization using XRD, Rietveld refinement, vibrational
spectroscopy, morphology, and the chemical composition confirmed the
high purity of the materials. The ICP-OES revealed that the actual Ca/P
ratio in the synthesized p-TCP powders is 1.507 + 0.006. The repro-
ducibility of the material was scrutinized and the variation among the
analysed replicates was negligible. The three-stage synthesis design re-
ported here minimized the presence of common secondary phases that
are typically correlated with B-TCP synthesis. This design can be
implemented to obtain high quality p-TCP material for use in different
applications and studies.
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