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Abstract: This paper reported the impact of pH on the structure, morphology, and the green 

upconversion (UC) emission of Er/Yb/Mo tri-doped hydroxyapatite (HA) synthesized through 

hydrothermal method. X-ray diffraction confirmed that the pH of the solution strongly influenced 

the phase composition of the phosphors, and HA single phase was obtained at a high pH value. 

Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy 

(HRTEM) images of the phosphor exhibited rod-like morphology, and their length increased with 

increased of the pH values. Under laser-diode excitation wavelength of 975 nm, the phosphor 

showed typical upconversion emission bands of the Er3+ ion: strong green emission bands around 

510-535/540-560 nm and weak red emission bands around 630-680 nm. The green and red emission 

intensity as a function of pH reached its maximum value at pH8. Finally, the emission intensity of 
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the phosphor was not linear dependent on the pH of the solution. The obtained results suggest 

potential applications of the HA: Er/Yb/Mo phosphors in biomedicine. 

Keywords: Hydroxyapatite; Green emission; Hydrothermal method; up-conversion. 

1. Introduction 

Biomaterials based on Rare-earth (RE) doped hydroxyapatite (HA) are extensively used in 

biomedical applications such as bioimaging [1], drug delivery [2], bone substitute material [3], biosensor 

[4], and other fields [5]. This is because these biomaterials exhibit excellent stability thermal, efficient 

emission, high bioactivity, great biocompatibility, and non-toxicity [1, 6, 7]. HA has three sites of Ca2+, 

PO4
3-, and OH- that can be easily replaced by many cations and anions such as Sr2+, Na+, RE3+, CO3

2-, 

VO4
3-, F-, Cl- [8–11]. The structure, morphology, optical properties, as well as application areas of the 

RE doped HA, depend on the many synthesis conditions such as synthesis method, Ca/P ratio, dopant 

ions, pH of the solution, and initial materials, etc. [5, 12–14]. Xie et al. [12] observed the energy transfer 

from Gd3+ to Eu3+ of the HA: Eu, Gd phosphor as imaging agents in vitro and in vivo. Dembski et al. 

[13] reported that the luminescence properties of Eu3+-doped SiO2/Calcium phosphate core-shell depend 

on the pH, where they indicate that the formation of a calcium phosphate shell is possible at pH below 

4.5 and above 6.5. Furthermore, the cell proliferation test shows that the phosphor can be used in various 

biological and medical diagnostic applications, particularly as labels for imaging experiments on living 

cells. Meanwhile, Nayak et al. [14] investigated the synthesis of HA from eggshells and studied the 

kinetics and mechanism of the fluoride removal process. These obtained results display that the largest 

efficiency of the fluoride removal was of 96 % at pH 6, owing to the monolayer and multilayer 

absorption of the fluoride onto the porous HA. Recently, Silva et al. [5] observed that the emission 

intensity of the  Eu3+ doped beta-tricalcium phosphate, β-TCP: Eu, (obtained at pH = 5.8) is 20-times 

larger than HA: Eu (obtained at pH = 10), indicating the pH strongly influences on phase compositions 

and photoluminescence (PL) properties of the phosphor. It can clearly be seen that the pH of the solution 

is an important parameter influenced on the characterization of the RE doped HA, especially as 

luminescence properties of the phosphor. However, the influence of pH on the structure, morphology, 

and luminescence properties of Er/Yb/Mo doped HA synthesis at low temperature was not explored. 

Therefore, in this work, we focus on studying the effect of pH on the green UC emission of Er/Yb/Mo-

doped HA synthesized by the hydrothermal method. The structure, morphology, and photoluminescent 

(PL) properties of the phosphor vs  the pH solution were fully investigated.  

2. Experimental 

HA: 1% Er/12% Yb/4% Mo phosphors were prepared through hydrothermal method at the different 

pH of the solution. The chemicals with high purity such as Ca(NO3)2·4H2O (99.9%), NH4H2PO4 

(99.9%), Er(NO3)3·5H2O (99.99%), Yb(NO3)3·5H2O (99.99%) and (NH4)6Mo7O24 (99.9%) were used 

for the synthesis of phosphors. The materials were utterly soluble in de-ionized water and obtained Ca2+ 

(0.5M), H2PO4
- (0.5M). The content of the Er3+, Yb3+, and Mo6+ ions was fixed at 1, 12, and 4% mol, 

respectively. The solution of the cations was obtained by mixing solution between the Ca2+ ion and the 

dopant ions, Er3+/Yb3+/ Mo6+, and stirred for 40 min. After slowly adding H2PO4
- solution to the 

mixed (Sr2+, Er3+, Yb3+, and Mo6+) solution and stirring for 30 min. The different pH values of the 

solution (pH = 6, 8, 10, and 12) were adjusted using ammonia solution. Next, the reaction mixture was 

transferred to autoclave and heated under the hydrothermal condition at 200 ℃ for 24 h. Finally, the 

precipitance was vacuum filter and dried at 100 ℃ for 24 h.  
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Samples used in this work were labeled in Table 1. 

Table 1.  Sample labeling 

Sample pH values Label 

HA: 1% Er/12% Yb/4%Mo 6 S1 

HA: 1% Er/12% Yb/4%Mo 8 S2 

HA: 1% Er/12% Yb/4%Mo 10 S3 

HA: 1% Er/12% Yb/4%Mo 12 S4 

 

The crystalline structure and the interplanar distances of the crystalline lattice of the synthesized 

materials was determined by X-ray diffraction patterns using a Bruker D8 Advance X-ray diffractometer 

and a high-resolution transmission electron microscopy (model JEOL, JEM 2100) technique, 

respectively. The morphology of the samples was elucidated using a transmission electron microscope 

(model JEOL, JEM 1010). The PL properties of the materials were investigated using a 

spectrophotometer (Horiba, USA) equipped with a (975 nm) laser diode as the excitation source. The 

Gatan Software was used for the analysis of the HRTEM. 

3. Results and Discussion 

Figure 1 shows the XRD patterns of samples S1, S2, S3, and S4. The results indicated that the 

structure and phase compositions of the phosphors were strongly dependent on the pH values. At pH6 

the phosphor showed three phases: the main dicalcium phosphate (DCP) phase (PDF# 00-002-1351) 

with triclinic structure (preferred orientation of the {200} plane), β-TCP phase (PDF# 09-0169) with 

rhombohedral structure, and a small amount of HA phase (PDF# 024-0033) with hexagonal structure. 

At pH8, the main HA phase was obtained and a small amount of β-TCP and DCP phase. Increases the 

pH value, the diffraction peaks intensity of the HA phase become stronger, and the diffraction peaks of 

the TCP phase become weaker, whereas the diffraction peaks of the DCP phase tended to disappear. 

The highest pH value of 12, the HA single phase was obtained. This phenomenon is due to at low pH 

value (high H+ content and low OH− content), the reaction stops until equation (3) only and the 

formation of the DCP phase. Meanwhile, at high pH values (high OH− content and low H+ content), the 

reaction continues to equation (5) to form HA. The reactions of the synthesis processes can be written 

following as: 

                      H2PO4
−  ⇌  HPO4

2− + H+                                                    (1) 

                      HPO4
2−  ⇌  PO4

3− +  H+                                        (2) 

                       Ca2+ + HPO4
2− ⇋ CaHPO4                                                     (3) 

                    Ca2+ + PO4
3− ⇋  Ca3(PO4)2                                        (4) 

10CaHPO4 + 2OH−  ⇌  Ca10(PO4)6(OH)2 + 10H+ + 4PO4
3−  (5) 

Interestingly, the diffraction peak intensity attributed to (210) plane of HA phase is strongest, 

indicating the preferred orientation of the phosphor corresponding to the (210) plane.  It becomes weaker 

with the increase of the pH, The preferred orientation of the (210) plane of HA phase enhanced  the UC 

emission of phosphors as we have  reported  in a recent work [15]. A high pH value is suitable for the 
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formation of HA single phase. Many previous works [1, 2, 16] have also obtained similar results. 

Mansour et al. [17] observed that the dicalcium phosphate dihydrate (DCPD) phase was obtained at 

below pH7 and HA phase was obtained at above pH7. Liu et al., [11] also studied the influence of pH 

and temperature on the morphology of HA prepared by the hydrothermal method. They observed that 

the mixture phases DCP and HA were obtained at lower pH 9, and HA single phase was obtained at 

pH14, while the morphology of the materials changed from whisker (pH6) to the nanoparticle (pH14). 

Recently, Silva et al. [5] found that the β-TCP single phase was obtained at pH5.89 and HA single phase 

was obtained at pH 10.28. As can be seen in the current work and the previous document, the pH of the 

solution significantly influenced the materials’ phase composition. In addition, all samples showed sharp 

diffraction peaks, suggesting the high crystalline and the successful synthesis of phosphor. The change 

phase compositions of the phosphor could influence on UC emission intensity of the materials.  

 

Figure 1. XRD patterns of the S1, S2, S3, and S4 samples. 

 

Figure 2. HRTEM image of the S2 sample. 
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Furthermore, the HRTEM technique was used for analysis the crystalline lattice of the S2 sample, 

the results were shown in Figure 2. The interplanar distances between the adjacent lattice planes 

determined from Figure 2 are of 0.307 nm and 0.279 nm, attributed to the lattice spacing d(210), and d(211) 

of the hexagonal structure, HA: Er/Yb/Mo. The lattice fringes in the HRTEM image (Figure 2) 

confirmed again the high crystallinity of the sample, which is in good agreement with the data from 

XRD patterns.  

Figure 3 displays TEM images of the materials synthesized at different pH values (namely 6, 8, 10, 

and 12). It was evident that the significant change the phosphor’ morphology (from plate-like to rod-

like morphology) when pH of the solution increases from 6 to 12. At pH6 (Figure 3a) the formation of 

the large agglomerates composed of fine crystallites of the synthesis material were obtained. While at 

pH8 (Figure 3b), the phosphor showed uniform distribution of the nanoparticle with an average size of 

about 30 – 50 nm. Interestingly, at pH10 and 12, (Figure 3c and d) the rod-like morphology of the 

synthesis phosphor was obtained with its’ average length about 150 nm and diameter about 20 – 30 nm. 

These results indicate that the growth and crystallization processes of the phosphor can be controlled by 

the pH value of the solution. It means that a higher pH value could result in increasing the probability 

preferred orientation of the nuclear growth corresponds to the c-axis [5, 18–20], leading to obtain the 

rod-like morphology of the phosphor. The similar results were also observed before in [5, 19, 21]. Van 

et al. [22] observed that rod-like morphology of HA was obtained for the sample synthesized by co-

precipitation method at pH10. Hoai et al. [23] also synthesized HA nanorods through the hydrothermal 

method at pH values range from 9 to 11. They have confirmed that the morphology of the materials 

depended significantly on reaction conditions such as pH, hydrothermal time, and surfactant.  

 

Figure 3. TEM image of the system synthesis at (a) pH6, (b) pH8, (c) pH10, and (d) pH12. 
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Above-mentioned results indicate that the pH value of the solution was important conditions in the 

sample synthesis that strongly influenced the morphology of the materials. The changing morphology 

of the synthesized phosphor caused by the pH of the solution could influence on the UC properties of 

the phosphor.  

 

 

Figure 4. (a) UC emission spectra of the phosphor synthesis at difference pH values and (b) The UC emission 

spectra of the S2 sample with different power density from 200 mW to 600 mW. The insert of Figure 4b depicts 

the log – log plots of UC emission intensity as a function of the excitation power density. 
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Figure 4a exhibits the UC emission spectra of samples S1, S2, S3, and S4. As shown in Figure 4a, 

all phosphors showed strong green UC emission bands ranging 510–535 nm and 540–560 nm. 

Meanwhile, the red emission band ranging 640–680 nm was very weak. The green and red emission 

bands were as a function of the pH values (inset in Figure 4a). The green and red emission bands were 

attributed to the 2H11/2 → 4I15/2/4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 transitions of Er3+, respectively. The 

selective enhancement in green UC emission can be explained due to the energy transfer from the high-

energy excitation state of the Yb3+ − MoO4
2− dimer to the 4F7/2 level of Er3+ [24]. It can be seen in the 

inset of Figure 4, the UC emission intensity of phosphor increased from pH6 to pH8 and reached its 

maximum value at pH8 then decreased with further increased pH. This can be explained as follows: i) 

The intense UC emission of the S1 and S2 samples was due to the presence of the β-TCP phase in the 

systems (Figure 1), leading to increases the UC emission intensity of the phosphor. This phenomenon 

has also been observed by Silva et al., [5] that they found the emission intensity of TCP: Eu (obtained 

at low pH, 5.89) was 20-times higher than HA: Eu (obtained at high pH, 10.28); and ii) At high pH 

values (10 and 12), the presence of the OH− groups in the HA phase has a luminescence quenching 

effect [22, 24, 25], leads to decrease UC emission intensity of the phosphor, which has also been 

explored in our recent work [26]. These results indicate that the UC emission intensity of the phosphor 

is not linear dependent on the pH of the solution. Along with the HA, β-TCP, and BCP, dicalcium 

phosphate (DCP) has also been widely studied in many fields of application as coatings of metallic 

prostheses, self-setting injectable bone cement, and biodegradable scaffolds [27, 28]. Therefore, the S2 

sample exhibits strong UC green emission which would be suitable for biomedical applications. 

Furthermore, the dependence of the UC emission intensity (𝐼𝑢𝑐) on the excitation power (𝑃𝑝𝑢𝑚𝑝) 

was determined, as shown in Figure 4b. It can be described as follows [29]: 𝐼𝑢𝑐 ∝ (𝑃𝑝𝑢𝑚𝑝)𝑛. Where, n 

is number of absorbed photons per emitted UC photon. It can be seen in Figure 4b, the UC emission 

intensity is a function of the 975 nm excitation power source. In addition, the slope (n) values (inset in 

Figure 4b) of the green (530/550 nm) and red (660 nm) emission are 1.59, 1.27, and 1.26, suggesting 

the two-photon process for both green and red emission in the case of the S2.  

4. Conclusion  

The influence of pH on the spectral properties of Er/Yb/Mo-doped hydroxyapatite synthesized by 

the hydrothermal method were investigated. We found that the phase composition, morphology, and 

photoluminescence properties of the phosphor were strongly influenced by the pH of the solution. Under 

975 nm excitation, all phosphors possess a strong green emission and a weak red emission band of the 

Er3+ ion. The largest emission intensity of the synthesized samples was achieved at pH8 This indicated 

that the presence of the β-TCP phase (obtained at low pH values) in the system leading to improvement 

efficient emission. Furthermore, the UC emission intensity of the phosphor was not linear dependent on 

the pH of the solution. The obtained results also indicate that the intense green UC emission of the HA: 

Er/Yb/Mo materials has potential applications in biomedical fields. 
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