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Abstract 

The synthesis of bio-relevant calcium phosphates has attracted considerable attention, as even minor deviations in the 

stoichiometric Ca/P ratio (1.5 ≤ Ca/P ≤ 1.67) can induce the formation of multiple crystalline phases. In this study, the combined 

influence of nominal Ca/P ratio and synthesis temperature on the phase evolution of calcium phosphates was systematically 

investigated. Calcium phosphate powders with Ca/P ratios of 1.4, 1.5, 1.6, and 1.67 were synthesized over a wide temperature 

range, from ice-bath conditions to 200°C, followed by calcination at 800°C, while maintaining a constant pH of 10 for all 

samples. Regardless of the synthesis temperature and Ca/P ratio, calcium-deficient hydroxyapatite (CDHA) was initially 

precipitated. For nominal Ca/P ratios of 1.4 and 1.5, CDHA synthesized under ice-bath conditions transformed into β-tricalcium 

phosphate (β-TCP) after calcination. Samples with Ca/P = 1.6 exhibited mixed phases of hydroxyapatite (HA) and β/α-TCP upon 

calcination, independent of synthesis temperature. In contrast, HA was obtained after calcination of CDHA samples synthesized 

at temperatures ≥50°C with a Ca/P ratio of 1.67. The observed phase diversity is rationalized in terms of temperature-dependent 

Ca²⁺ ion migration at the molecular level, governing compositional homogeneity and phase stability. 

 

Keywords- Ca/P ratio, Calcium-deficient hydroxyapatite (CDHA), β-TCP, Ice bath. 

 

 

 

1. Introduction 

The manufacturing of calcium orthophosphates has garnered significant scientific interest due to their 

resemblance to biologically calcified tissues in mammals and their remarkable biocompatibility (Pillai 

and Sglavo, 2015; Li et al., 2018; Glazov et al., 2022; Das et al., 2023; Mandic et al., 2023). In last 

decades, calcium phosphate ceramics have been applied in orthopedics and dentistry applications by 

considering excellent stability, osteoinductivity, bioactivity, etc., (Pillai and Sglavo, 2015; Li et al., 2018; 

Glazov et al., 2022; Das et al., 2023; Mandic et al., 2023). There are attempts to design artificial bone 

crafts from the laboratory-grown calcium phosphates (Daculsi, 1998; Lima et al., 2020; Glazov et al., 
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2022; Varshney et al., 2025). However, there are issues related to the preparation and bioactivity of a 

certain phase of calcium phosphate over the other phases (Kannan et al., 2005; Abdel-Fattah et al., 2008; 

Chen et al.; 2024; Elgharbawy et al., 2024; Humbert et al., 2024; Mutlu et al., 2024; Viragova et al., 2024). 

 

It has been known that the laboratory-grown calcium phosphates ceramics are composed of more than one 

phase (Daculsi et al., 1998; Pillai and Sglavo, 2015; Li et al., 2018, Lima et al., 2020; Glazov et al., 2022; 

Das et al., 2023; Mandic et al., 2023; Varshney et al., 2025). The constituent phases are intimately mixed 

at the submicron level and strongly integrated and, therefore, cannot be separated from each other. This is 

because a little deviation in the nominal Ca/P ratio and/or other synthesis parameters can assimilate 

diverse chemical kinematics among the starting reagents of calcium and phosphorus and, therefore, lead 

to the formation of diverse phases of calcium phosphate (Kannan et al., 2005; Abdel-Fattah et al., 2008; 

Chen et al.; 2024; Elgharbawy et al., 2024; Humbert et al., 2024; Mutlu et al., 2024; Viragova et al., 2024). 

Several attempts have been made to synthesis the single-phase calcium-deficient hydroxyapatite (CDHA), 

tri-calcium phosphate (β/α-TCP), and hydroxyapatite (HA) by applying the capping agents (like 

Ethylenediaminetetraacetic acid (EDTA), Polyethylene Glycol (PEG), etc.), microwave irradiation, using 

the autoclaves, and supplying additional 2

3

−CO or 2

4

−SO  ions for controlling the initial precipitation and 

phase formation (He et al., 2016; Samanta et al., 2019; Hu et al., 2022; Yang et al., 2023; Bristy et al., 

2025). The Ca and P deficiencies and the kinematics among them are the major factors that control the 

final phase of calcium phosphates (Dorozhkin, 2012; Blum et al., 2021). The reaction temperature, which 

regulates the Gibbs free energy of the constituent nuclei of the calcium phosphate precipitates, is known 

to be the key factor for the stabilization/growth of a certain phase during the precipitation (Carino et al., 

2018; Luo et al., 2025). It was speculated that an increase in reaction temperature can increase the Gibbs 

free energy and, consequently, a greater driving force for precipitation. In other reports, it was also 

reported that the Ca deficiencies would favor the TCP phase formation; however, the lower Ca 

deficiencies lead to HA phase stabilization from the chemically prepared CDHA (Li et al., 2018; Hu et al., 

2022; Mandic et al., 2023). It was also assumed that the Ca deficiency leads to incorporation of HPO4
2- 

ions in the lattice, which, indeed, promotes TCP phase formation (Mandic et al., 2023; Raudonyte-

Svirbutaviciene et al., 2023). Besides the temperature, the pH value of precursors has also been reported 

to affect the precipitate formation (Dorozhkin, 2012; Carino et al., 2018; Vilela et al., 2021). The lower 

pH (4-6) value of precursors required a higher temperature for the precipitation; however, the higher pH 

(10-12) grown samples were densely precipitated even at a lower temperature (Dorozhkin, 2012; Vilela et 

al., 2021). 

 

The present study is an attempt to synthesize the single-phase calcium phosphates by adjusting the 

temperature and Ca/P ratio of the precursors with the reaction condition of constant pH ~10. The 

precipitates of CDHA were subjected to calcination at 800°C, which resulted in the formation of 

controlled β-TCP+ HA bi-phasic ceramics, depending on the nominal Ca/P ratios and precursor 

temperature. Along with this, single-phase β-TCP has been achieved at two different Ca/P ratios (i.e., 

Ca/P = 1.4 and 1.5) while the ice-bath prepared CDHA was subjected to calcination at 800°C. 

Simultaneously, single-phase HA was also achieved at Ca/P ratio of 1.67, while the CDHA (which was 

prepared at and above the 100°C precursor temperature) was calcined at 800°C. The as-synthesized and 

calcined powders were characterized by X-ray diffraction (XRD), Raman spectroscopy, and transmission 

electron microscopy (TEM) to identify the phase composition/crystallinity and size/shape of calcium 

phosphates. 
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2. Experimental Details  

2.1 Preparation of Samples 
The analytical grade calcium nitrate tetrahydrate (Ca(NO3)2.4H2O) and ammonium phosphate, 

(NH4)2HPO4, were used as the starting materials without further purification. For the preparation of 

different calcium phosphate ceramics, predetermined Ca/P molar ratios of the suspensions (Ca/P = 1.4, 

1.5, 1.6, and 1.67) were set by the slow addition (dropwise; ~5 mL/min) of ammonium phosphate solution 

to the continuously stirred (800 rpm) solution of calcium nitrate tetrahydrate. For the low-temperature 

synthesis of calcium phosphates, the solution beaker was kept in the ice-tub with magnetic stirring. 

Similarly, to prepare the calcium phosphates at a certain temperature, the hot plate was maintained at that 

desired temperature with magnetic stirring. In the present experiments, room temperature, 50°C, 100°C, 

150°C, and 200°C were applied during the synthesis of different samples. The temperatures given are of 

the hot plate temperatures and do not represent the solution temperature inside of the beaker. A 

borosilicate glass beaker was used for synthesis and covered by aluminum foil. However, the beak portion 

of the beaker was made open to release the water vapors formed during the synthesis. The pH of the 

mixed solution was maintained at 10.0±0.2 by adding the NH4OH solution. After stabilizing the pH, the 

solution was further stirred for 2 hr at the desired temperature. After the temperature treatment, the 

precipitates aged 24 hr. The aged samples were dried in the oven at 80°C overnight and then crushed by a 

mortar pestle until a fine powder could be achieved. The above-prepared samples (i.e., samples prepared 

at various synthesizing temperatures: ice-bath, room temperature, 50°C, 100°C, 150°C, and 200°C) were 

further subjected to high-temperature calcination to study the thermal stability of the products. 

Calcination of such as-synthesized powders was done at 800°C for 4 hr in air. The heating and cooling 

rates of the samples were 10°C/min. Figure 1 shows the schematic of the synthesis procedure. 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

Figure 1. Schematic of synthesis procedure. 
 

 

2.2 Characterization of Samples 
XRD patterns of the samples were collected from the Bruker D8 Advance diffractometer with Cu Kα 

radiation (λ = 1.5418 Å), operated at 40 kV and 40 mA. The scan speed of the diffractometer was set to 

1°/min with a step of 0.02°. The Raman spectra were collected by using the Renishaw (In-Via Raman) 

microscope with a Nd: YAG (neodymium-doped yttrium aluminum garnet) laser, which produces a 
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photon beam of the wavelength of 532 nm. Transmission electron microscopy measurements were 

performed by applying the Talos-F200X scanning-transmission electron microscope with an operational 

voltage capacity of 80- 200 kV. This TEM machine has the capabilities of element mapping from the 

samples using energy dispersive X-ray spectroscopy (EDS) measurements. The EDS has uncertainty, in 

analyzing the elemental concentrations, ranging from ±0.1–1wt %. 

 

3. Results and Discussion 

3.1 Phase Identification by XRD 
XRD patterns of as-prepared samples (dried at 80°C), prepared with different Ca/P ratios and synthesis 

temperatures, are presented in Figure 2. 
 

 
 

Figure 2. XRD patterns of different synthesis temperature grown samples, and Ca/P ratio of, (a) = 1.4, (b) 1.5, (c) 

1.6, (d) 1.67. The XRD patterns of β-TCP phase and HA phase are indexed with standard JCPDF#04-001-7220 and 

JCPDF#04-007-2837 files, respectively. 
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Regardless of the changes in the nominal Ca/P ratios and synthesis temperature, all the diffraction peaks 

from each sample are identified and fairly matched with the hexagonal phase of CDHA (JCPDS#04-012-

1115). This indicates the stability of the hexagonal CDHA phase under the present synthesis method. The 

diffraction peaks are broadened in the case of ice-bath and room temperature grown samples; however, 

they become intensified, narrower, and well resolved for the higher temperature synthesized samples 

(especially for the 200°C sample). This indicates ice-bath-grown (and 50°C-grown) samples are of poor 

crystallinity or composed of smaller-sized crystallites. A larger-sized particle with superior crystallinity is 

expected in the higher temperature prepared samples, which results in intense diffraction peaks. Average 

particle size is calculated (by selecting at least 06 intense XRD peaks) using the Scherrer relation: D = 

0.9λ/βCosθ (D is the particle size, λ is the wavelength of the used X-rays, and β is the full width at half 

maximum of the diffraction peaks). The calculated particle sizes are tabulated in Table 1. It is noticeable 

that the particle size is increasing with increasing synthesis temperature. Increase in the particle size with 

increase in the synthesis temperature is due to the thermal energy-induced precipitation rate and growth of 

crystallites (Vilela et al., 2021; Raudonyte-Svirbutaviciene et al., 2023). 

 
Table 1. Average crystallite size, calculated from the XRD patterns, for different samples. 

 

 

3.2 Thermal Stability of the Samples 

Figure 3(a-d) shows the XRD results from all of the samples, which were subjected to calcination at 

800°C. It is certainly visible that the samples containing Ca/P = 1.4 and 1.5 ratios and grown at ice-bath 

conditions are composed of β-TCP phase (JCPDF#04-001-7220). Interesting variations in the phase 

composition were observed when the samples were subjected to the different synthesis temperatures (i.e., 

room temperature to 200°C). The growth of the HA phase (JCPDF#04-007-2837) with increasing the 

XRD peak intensity as a function of synthesis temperature is also apparent in the Figure 3(a-d). In the 

present study, the growth of β-TCP phase for both Ca/P ratios (i.e., 1.4 and 1.5) under the condition of 

ice-bath is interesting. In previous reports, calcination of CDHA at 700°C - 1100°C temperatures have 

been reported to promote the growth of β-TCP phase while the Ca/P ratios were within the range of 1.4 - 

1.5 (Pillai et al., 2015; Mandic et al., 2023). For example, Brazete et al. (2018) reported the β-TCP phase 

formation while the precursors of [Ca (NO3)2.4H2O] and [(NH4)2.4H2O] were mixed at room temperature 

with a Ca/P ratio of 1.5 and 1.51. They synthesized the β-TCP phase at Ca/P = 1.5 and the α-TCP phase at 

Ca/P = 1.51. Similarly, Hossain et al. (2023) have reported the formation of β-TCP phase by the 

precipitation of Ca(CO3)2.4H2O and (H3PO4) reagents at the Ca/P ratio of 1.5 and sintered at 900°C. In the 

present study, the growth of pure β-TCP phase at Ca/P = 1.4 is similar to the results of Kannan et al. (2005) 

and Abdel-Fattah et al. (2018). 

 

In the present study, attention has been paid to understand the effect of synthesis temperature and Ca/P 

ratio of precursors for the growth of β-TCP or HA phases. Our experimental results convey that the Ca/P 

ratio is not only the factor that controls the growth of β-TCP or HA phases, but the synthesis temperature 

also helps in phase stability. All the samples grown at different Ca/P ratios and different synthesis 

temperatures obey CDHA phase. It is noticeable that the β-TCP phase is stable in the ice-bath and room 

Ca/P ratio→ 1.4 1.5 1.6 1.67 

sample name↓ Size (nm) within error range of ± (0.5 nm to 1.3 nm) 

Ice-bath 22.1 24.2 23.1 22.7 

Room temp. 25.0 27.1 26.0 24.5 

50 °C 25.8 31.1 30.5 26.4 

100 °C 26.6 30.7 34.2 30.1 

150 °C 35.0 39.5 33.9 35.9 

200 °C 40.9 42.1 41.7 38.9 
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temperature-grown samples, while the Ca/P ratio was only 1.4 and calcination temperature was 800°C. In 

contrast to this, the sample grown at room temperature with Ca/P = 1.5 reflects the minor HA phase after 

calcination at 800°C. The 50°C, 100°C, 150°C, and 200°C synthesis temperatures were also applied to 

prepare the samples. After the calcination of such samples at 800°C, the XRD results show that the 

diffraction peaks from the HA phase have a significant contribution in the XRD data along with the β-

TCP peaks (see Figure 3(a-b). The HA peaks and their intensities are enhanced by increasing the 

synthesis temperature and indicate synthesis temperature dependency on the HA phase formation, even at 

the Ca/P = 1.4 and 1.5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 
 

Figure 3. XRD patterns of different synthesis temperature grown samples, calcined at 800 °C and with Ca/P ratio of, 

(a) = 1.4, (b) 1.5, (c) 1.6, (d) 1.67. The symbols H, β, and α represent the HA, β-TCP and α-TCP phases, respectively. 
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It is noticed from Figure 3(c) that the contribution of XRD peaks from the HA phase is quite higher than 

the XRD peaks of the β-TCP phase. Furthermore, the XRD peaks of the β-TCP phase are weakened or 

even dissolved in those samples that were grown at higher synthesis temperatures. It is interesting to note 

that the Ca/P = 1.6 and 1.67 grown samples have shown some of the peaks from α-TCP phase along with 

β-TCP and HA phases. Though the XRD peak positions of α-TCP and β-TCP nearly overlap. Therefore, 

assignment of α-TCP phase is intriguing in the literature (Bajpai et al., 2017; Zhang et al., 2022; Glazov et 

al., 2022). The α-TCP phase is the sister phase of β-TCP and known as the metastable phase and has been 

reported as high temperature polymorphous (i.e., formed after annealing of β-TCP over 1100°C (Brazete 

et al., 2018; Glazov et al., 2022). Therefore, the existence of this phase is related to the diverse bonding 

between the Ca and P ions and may result from the calcination of the amorphous part of calcium 

phosphate, which co-exists with CDHA (Bajpai et al., 2017; Brazete et al., 2018). It can be noticed from 

Figure 3(d) that the α/β-TCP phase has completely disappeared in the higher synthesis temperature 

grown samples, and a pure HA phase is achieved. This indicates the impact of synthesis temperature on 

the stabilization of the HA phase. 
 

 

3.3 Vibrational Mode Study of −4

3PO Molecules in β-TCP and HA Phases 

To further corroborate the findings of XRD, we have employed the Raman spectroscopy measurements 

on a few of the samples, and the results are presented in Figure 4. The as-synthesized samples (with 

variable Ca/P ratios and variable synthesis temperature) are presented in Figure 4(a-c). Similarly, the 

800°C calcined samples (synthesized at variable Ca/P ratios and variable synthesis temperature) are 

presented in Figure 4(d-f). It is noticeable from Figure 4(a-c) that, despite the variation in the Ca/P ratios 

and synthesis temperatures, the as-synthesized samples have shown an intense Raman active mode at ~ 

963 cm-1. This mode is due to the symmetric stretch of P - O bonds of −3

4PO ligands in CDHA samples 

(Kim et al., 2015; Montes-Hemandez and Renard, 2020; Filippov et al., 2021; Navarrete-Segado et al., 

2022). The appearance of this Raman active mode strengthened the formation of the CDHA phase in all 

the samples. Interesting variations are seen in the Raman active modes of calcined samples. It is 

noticeable from Figure 4(d) that the ice-bath grown sample, followed by calcination at 800°C, has 

exhibited two distinct Raman active modes at ~ 948 cm-1 and 970 cm-1. In previous reports, these two 

modes have been assigned as the characteristic modes of pure β-TCP (Kim et al., 2015; Montes-

Hemandez et al., 2020; Navarrete-Segado et al., 2022). These modes are due to the triply degenerated and 

stretching modes of P-O bonds. It is visible from Figure 4(d) that a distinct band appears at ~ 963 cm-1 in 

the case of 100°C synthesis-temperature grown samples (followed by calcination at 800°C). The 

appearance of the Raman active mode at ~ 963 cm-1 is due to the evolution of the HA phase (Montes-

Hemandez et al., 2020; Navarrete-Segado et al., 2022). Moreover, the intensity of the Raman active mode 

at ~ 963 cm-1 is increased for the 200°C synthesis-temperature grown sample (followed by calcination at 

800°C). This is in accordance with our XRD findings, where the systematic evolution of the HA phase 

has been identified. Raman spectra of Figure 4(e) show the pronounced intensity of the Raman active 

mode of HA phase along with the minor peaks of β-TCP phase. The Raman spectra of Ca/P = 1.67 grown 

samples, Figure 4(f), with variable synthesis temperature, have shown an intense peak of the HA phase 

and have not shown any reflection of the β-TCP phase. This indicates pure HA formation in this sample 

and is in accordance with our XRD results. 
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Figure 4. Raman spectra of as prepared CDHA with Ca/P ratio of (a) 1.5, (b) 1.6, (c) 1.67. Raman spectra of 

calcined samples at 800°C with Ca/P ratio of (d) 1.5, (e) 1.6, (f) 1.67. Each panel has three different spectra 

collected for different synthesis temperatures conditions namely; ice-bath, 100°C and 200°C. 

 

3.4 Morphology and Elemental Mapping by TEM  
To verify the morphology of the as-synthesized and calcined samples, systematic TEM measurements 

were performed. Figure 5(a) and 5(b) show the TEM images along with elemental mapping of ice-bath 

and 200°C grown samples, respectively, which were synthesized at Ca/P = 1.5. After the calcination at 

800°C, TEM images and elemental mapping of these samples were also studied and are presented in 

Figure 5(c) and 5(d), respectively. The fast-Fourier transformations (FFT) can give the corresponding 

diffraction patterns from a high-resolution TEM image (Zhang et al., 2023). Therefore, to examine the 

crystalline nature of the samples, systematic FFT patterns were generated from the high-resolution images 

of the crystalline particles and are provided in the inset of the respective TEM images. It is evidenced that 

the as-synthesized samples (at ice-bath and 200°C synthesis conditions) have shown elongated 

morphology (i.e., nano-rod) and are consistent with many of the previous reports (Liu et al., 2004; Carino 

et al., 2018; Blum et al., 2021). In the annealed samples, the thermal diffusion of smaller particles to form 

larger particles has resulted in the morphology transformation (Liu et al., 2004). The elemental mapping 

of the samples shows that the constituent elements are intimately amalgamated and do not form rich 

domains of a particular element (see the insets of the elemental analysis image). The quantitative analysis 

of the elements is provided in Table 2. The C and Cu peaks were also detected in the EDS spectra, which 

were generated from the C-supported Cu grid. 
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Figure 5. TEM images of; (a) ice-bath synthesized CDHA (Ca/P = 1.5), (b) 200°C synthesis temperature prepared 

CDHA (Ca/P = 1.5), (c) 800°C calcined (grown at ice-bath with Ca/P = 1.5) sample, (d) 800°C calcined (grown at 

200 °C with Ca/P = 1.5). The elemental mapping, EDS spectrum and FFT patterns from the respective samples are 

provided in the right and top insets of each image. 

 

Though the nominal Ca/P ratio of the ice-bath and 200°C grown samples was the same (i.e., Ca/P = 1.5) 

but the elemental analysis from Table 2 conveys a slightly higher Ca/P ratio in the 200°C synthesized 

sample. This could be due to the participation of larger concentration of Ca2+ ions in the higher 

temperature grown samples. The migration of Ca2+ ions to contribute to the CDHA phase formation will 

be enlightened in the discussion section. The elongated morphology has been transformed into the larger-

sized particles of diffused morphology. The brighter fringes in the FFT patterns correspond to the superior 

crystallinity in the calcined samples and are in accordance with the XRD results. The elemental mapping 

of the calcined samples indicates the uniform distribution of the elements (see the insets of Figure 5(c) 

and 5(d)). Besides this, the estimated Ca/P ratio in the calcined samples is nearly the same as that taken, 

nominally, during the synthesis (see Table 2). Since homogeneous distribution of constituent elements 

and a suitable Ca/P ratio are desired in the artificial bone or dentistry crafts, therefore, our results are of 

significant promise towards the synthesis of high-quality β-TCP phase formation in the nominal Ca/P = 

1.5 samples (synthesized at different synthesis temperature conditions and calcined at 800°C). 

 
Table 2. Ca/P ratios, calculated from the EDS studies, of various samples. The EDS has uncertainty, in analyzing the 

elemental concentrations, ranging from ±0.1–1wt %. 
 

Nominal Ca/P ratios↓ Calculated Ca/P ratios (in parentheses) 

 as-synthesized samples Calcined samples at 800 °C 

Ca/P = 1.5 
Ice-bath     (1.25) Ice-bath     (1.56) 

200 °C      (1.40) 200 °C      (1.63) 

Ca/P = 1.67 
Ice-bath     (1.32) Ice-bath     (1.69) 

200 °C      (1.60) 200 °C      (1.79) 
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Similar to the samples of nominal Ca/P = 1.5, the samples of nominal Ca/P = 1.67 were also studied by 

TEM, and the results are presented in Figure 6(a-d). Figure 6(a) shows the TEM results of the ice-bath 

synthesized sample, and Figure 6(b) shows the TEM results of 200°C synthesis temperature grown 

sample. It is evidenced by Figure 6(a and b) that the samples are showing a nano-rod kind of morphology 

and are consistent with the findings of Ca/P = 1.5 grown samples of this study. The bright spots in the 

FFT patterns exhibit the crystalline nature of the samples. The elemental mapping also exhibits a 

homogeneous distribution of the constituent elements (see the insets of Figure 6(a), and (b)). The nano-

rod morphology has vanished after calcination at 800°C and merged/cobbled particles of larger size are 

grown (see Figure 6(c) and (d)). The FFT patterns of the calcined samples also exhibit the intense fringes, 

which correspond to the high crystallinity of the powders and are in accordance with our XRD results. 

Elemental mapping of the calcined samples also indicates the homogeneous distribution of Ca, P, and O 

species and strengthening the god-quality ceramic formation. The as-synthesized samples (Figure 6(a) 

and (b)) have shown a slightly lower Ca/P ratio than that of the nominal Ca/P ratio (see the Table 2). This 

could be due to the Ca2+ ion deficiencies in the as-synthesized CDHA phase and is in accordance with the 

previous reports (Kannan et al., 2005; Abdel-Fattah et al., 2008; Elgharbawy et al., 2024; Mutlu et al., 

2024; Viragova et al., 2024). Table 2 shows that nearly the same Ca/P ratios as that of the nominal Ca/P 

ratio are seen in the 800°C calcined samples. This indicates the formation of good-quality hydroxyapatite 

products in the present study. 

 

          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

Figure 6. TEM images of; (a) ice-bath synthesized CDHA (Ca/P = 1.67), (b) 200°C synthesis temperature prepared 

CDHA (Ca/P = 1.67), (c) 800°C calcined (grown at ice-bath with Ca/P = 1.67) sample, (d) 800°C calcined (grown at 

200°C with Ca/P = 1.67). The elemental mapping, EDS spectrum and FFT patterns from the respective samples are 

provided in the right and top insets of each image. 



Varshney et al.: Growth Behavior of Nano-Hydroxyapatite as Affected by Synthesis … 

 

169 | Vol. 5, No. 1, 2026 

4. Discussion on the Thermal Energy-Induced Migration of Ca2+ Ions and Growth of 

Phases in the Samples 
It is known that the precipitation rates depend on the driving force for the precipitation and are, indeed, 

regulated by the reaction temperature, ionic activity product, and solubility product (Lima et al., 2020; 

Balbuena et al., 2021). It has been known that the driving force for the precipitation of a certain phase at a 

given temperature is the difference in Gibbs free energy between the supersaturated and equilibrium 

solution and is given as (Lima et al., 2020; Balbuena et al., 2021). 

spk

X

n

RT
G ln−=                                                                       (1) 

 

where, the R is universal gas constant, T is the temperature, X is the ionic activity product, n is the number 

of ions and ksp is the solubility product. From the above relation, it is apparent that the greater driving 

force for precipitation and, hence, significant precipitation or growth of a certain phase is expected with 

increasing the temperature or ionic activity product and decreasing the ksp. In the present study, the lower 

temperature-grown samples (especially the ice-bath prepared sample) are expected to have less 

precipitation and, thus, the growth of smaller-sized crystallites is observed in our XRD studies (see the 

calculated particle size in Table 1). On the other hand, the higher synthesis temperature grown sample is 

expected to exhibit higher precipitation, and, thus, the growth of larger-sized particles is evidenced in this 

study. 

 

We further anticipate that higher temperature synthesized samples (for example, 200°C synthesized 

sample) have not only accomplished the higher precipitation of CDHA phase but the higher ionic activity 

product is also attained. High ionic activity product indicates lesser Ca2+ ions in the solution with 

increasing the temperature, i.e., many Ca2+ ions are expected to contribute to the phase formation rather 

than roaming in the solution (Lima et al., 2020; Balbuena et al., 2021). On the other hand, the low 

temperature grown samples may have larger Ca2+ ions in the solution, rather participating in the phase 

formation, because of a lesser driving force for the reaction at a lower temperature. Thus, the lower 

temperature-grown CDHA may have higher Ca2+ ion deficiencies. From the above discussion, we also 

predict that the higher synthesis temperature-grown CDHA may have a higher proportion of HA phase 

upon calcination because of appropriate Ca2+ ions assimilation. 

 

The molecular-level mechanism of the β-TCP or HA formation can be given in the form of a chemical 

reaction. It is accepted that the Ca deficiency, indeed, controls the growth of the components of biphasic 

apatite upon the calcination of CDHA (Mandic et al., 2023). 
 

Ca10-x(HPO4)x(PO4)6-x (OH)2-x → (1-x)Ca10(PO4)6(OH)2 + 3xCa3(PO4)2 + xH2O                    (2) 

 

In the above equation, the formation of bi-phasic (β-TCP + HA) powders is predictable if x is less than 1. 

Transformation of CDHA into pure β-TCP is possible, provided that the Ca2+ deficiency in CDHA is high 

enough, i.e., x = 1. 
 

Ca10-x (HPO4)x(PO4)6-x (OH) → 3Ca3(PO4)2 + H2O                                           (3) 

 

In the theoretical studies, it was predicted that the pure β-TCP phase could be grown if the Ca/P ratio is 

fixed to 1.5 (Basu and Basu, 2019; Dorozkin, 2021). In contrast to that, experimental studies have shown 

that the pure β-TCP can be achieved at the lower Ca/P ratios provided that the Ca deficiencies are good 

enough in the as-prepared CDHA (Glazov et al., 2022; Zhang et al., 2022; Humbert et al., 2024). Our 

XRD results infer that pure β-TCP phase at Ca/P = 1.4 (ice-bath and room temperature conditions) can be 

achieved if the Ca2+ deficiencies are enough (i.e., x = 1 in Equation (2)). The less Ca2+ deficient CDHA 
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(i.e., x < 1) offers binary phase formation upon calcination, according to Equation (1), and is also 

observed in our XRD results. The Ca2+ deficiencies free CDHA, indeed, favor the pure HA phase 

formation (Saska et al., 2017; Cestari et al., 2021; Zhang et al., 2022). Elimination of β-TCP phase and 

formation of pure HA can be understood from equation 1, if x = 0. Thus, our XRD results of Figure 3(d) 

and Equation (1) are convincing that the Ca/P = 1.67 and synthesis temperature ≥ 50°C are the favorable 

conditions to achieve the pure HA phase, where the Ca2+ ion deficiencies were negligible (i.e., Ca/P ratio 

was nearly 1.67; see Table 2). 

 

5. Conclusions 
Fabrication of single-phase calcium phosphate powders (pure CDHA, pure β-TCP, and pure HA) is 

achieved by the wet-chemical method. A range of synthesis temperatures (ice-bath to 200°C) was applied 

to synthesize the samples with different Ca/P ratios (Ca/P = 1.4, 1.5, 1.6 and 1.67), while the pH of the 

solution was kept constant (=10) and the calcination temperature was 800°C. XRD and Raman results 

have confirmed the CDHA phase formation in the as-synthesized samples, despite variations in the 

nominal Ca/P ratio and synthesis temperatures. However, the degree of crystallinity, average particle size, 

and calculated Ca/P ratios were subjected to the synthesis temperature. Our experimental results and 

molecular mechanism of phase formation indicate that the Ca2+ ion migration towards the precipitation of 

CDHA phase is regulated by the Gibbs free energy of the solution, which, indeed, depends on the applied 

synthesis temperature. Thus, superior crystallinity and higher Ca/P ratios are achieved in the higher 

synthesis temperature (200°C) grown CDHA, compared with lower temperature (ice-bath) grown CDHA. 

The calcination, at 800°C, of the as-synthesized CDHA phase leads to pure β-TCP, pure HA, and BCP 

phase formation, depending on the nominal Ca/P ratios and applied synthesis temperatures. The samples 

prepared with Ca/P ratio = 1.4 and 1.5 (ice-bath condition) and calcined at 800 °C have transformed into 

pure β-TCP phase. On the other hand, a pure HA phase is achieved after the calcination of the samples, 

which were grown at Ca/P ratio = 1.67 and a synthesis temperature of ≥ 50°C. The rest of the 

combinations of either Ca/P ratios or synthesis temperature could produce BCP ceramics. 
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