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An EDTA-assisted hydrothermal method is developed for the controlled preparation of 

fluorapatite microcrystals (FHAp MPs) decorated with silver nanoparticles (Ag NPs). The 

synthesis process involves the use of EDTA as both a chelating agent and a reducing agent, 

allowing the one-pot formation of Ag/FHAp composites. The resultant product was characterized 

by X-ray diffraction pattern (XRD), field emission scanning electron micrograph (FESEM), 

transmission electron microscopy (TEM), and UV−vis diffuse reflection spectroscopy (UV-DRS). 

The Ag NPs prepared via this method exhibit monodispersed size distribution and essentially 

uniform dispersion on FHAp MPs supports. It was demonstrated that the morphology of FHAp 

MPs can be tuned by varying the concentration of silver nitrate in the starting reaction solution, 

or by varying the pH value of reaction solution. A possible growth mechanism was discussed for 

the formation of Ag/FHAp composites. Additionally we also demonstrated that the resulting 

Ag/FHAp composites with different Ag loadings possess tunable optical properties. 

1. Introduction 

Ever since the great advance in the synthesis of single-

component colloidal nanocrystals with controlled sizes and 

shapes, there has been growing attention in the development of 

nanocomposite materials, which combine two- or more 

functional components and could provide novel properties 

beyond each individual component.1–3 In recent years, silver 

nanoparticles (Ag NPs) and silver-containing composite 

materials have garnered substantial interest for many 

applications including catalysis, surface enhanced Raman 

scattering (SERS), optoelectronics, and biomedicine.4–8 

Hydroxyapatite [HAp; Ca10(PO4)6(OH)2] and their F-

substituted counterparts (FHAp) are principle inorganic 

constituents of animal bones and teeth.9,10 Artificially 

synthesized HAp and FHAp are widely used in biomedical 

fields, catalyst, sensors, fluorescencematerials, chromatography, 

and environmental phosphorus recovery.11–19 Among the 

various investigated silver-containing hybrid materials, HAp 

and FHAp supported Ag NPs composites have been of 

particular interest.20,21 Recent studies by Kaneda et al. have 

revealed that HAp-supported Ag NPs exhibit high catalytic 

activity for the selective oxidation of various phenylsilanes into 

phenylsilanols in water22 and selective hydration of nitriles to 

amides in aqueous solution.23 In another field, HAp-supported 

Ag NPs have been reported to be potential antibacterial agents 

due to the well-known biocompatibility of HAp and 

antibacterial activity of nanosilver.24,25 

Up to now, supported Ag NPs have often been obtained by 

a two-step wet chemical protocol.22-24,26 This involves the 

deposition of molecular or ionic precursors, such as AgNO3, on 

the desired support from the aqueous or organic liquid phase, 

followed by the reduction with suitable reducing agents, such as 

hydrogen or potassium borohydride.22-24 However, it is 

recognized that reduction of silver ions in the presence of H2 

(or NaBH4), which on an industrial scale is dangerous due to 

the volatile nature of the H2 gas. Moreover, it is difficult to 

have a complete control on all parameters in a multistep process 

and therefore, reproducible results are not easily achievable. 

The development of synthetic routes allowing Ag NPs 

fabrication in direct conjunction with the desired support in one 

single-step is highly desirable and remains a great challenge. 

In this work, a facile strategy for the single-step 

fabrication of FHAp MPs decorated with Ag NPs was 

presented. This approach employs EDTA as both a chelating 

agent and a reducing agent, which allows the in situ reduction 

of Ag NPs and simultaneous formation of FHAp MPs, leading 

to the formation of Ag/FHAp composites. It was found that the 

loading amount of Ag NPs and the morphology of FHAp MPs 

can be controlled by varying the concentration of silver nitrate 

in the starting reaction solution or varying the solution pH value. 

Compared to the previously reported multistep synthetic routes, 

the current synthesis process is facile, cost-effective and it is 

easy to handle, and thus might even be scalable for the 

production of FHAp-supported Ag NPs. Furthermore, the as 

prepared Ag/FHAp composites with different Ag loadings 

exhibit tunable surface plasmon resonance properties. 

2. Experimental Section  

2.1. Materials 
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Ethylenediaminetetraacetic disodium salt (Na2EDTA), silver 

nitrate (AgNO3), calcium nitratetetrahydrate (Ca(NO3)2·4H2O), 

diammonium hydrogen phosphate ((NH4)2HPO4), sodium 

hydroxide (NaOH) and nitric acid (HNO3) were purchased from 

Sinopharm Chemical Reagent Co., Ltd., China and used as-

received without any further purification. 

2.2. Synthesis of Ag/FHAp Composites 

To fabricate Ag/FHAp composites, 5 mmol of Na2EDTA was 

first dissolved in 50 mL of distilled water until it became a clear 

solution. Then 5 mmol of Ca(NO3)2·4H2O, 3 mmol of 

(NH4)2HPO4, and a varied amount of AgNO3 were added into 

the above clear solution. The pH value of resulting mixture was 

adjusted to 3.7 using NaOH (0.1 M) and HNO3 (0.1 M), 

followed by the addition of 1.5 mmol of NaF. After being 

stirred for 10 min, the mixture was transferred into a 20-mL 

Teflon-lined stainless autoclave and kept at 160 °C for 8 h. The 

resultant off-white precipitate was then collected, washed, and 

dried in an oven of 60 °C before characterization. The silver 

loading (x) was chosen as 1.25, 2.5, 5.0, which was the mole 

percentage of silver element in the theoretical Ag/FHAp 

samples. The obtained samples with corresponding silver 

loadings were denoted as Agx/FHAp. The pure FHAp sample 

was synthesized by the same procedure, except no AgNO3 was 

added. 

2.3. Characterization 

The phase purity and crystal structure of the obtained samples 

were examined by X-ray diffraction (XRD) using D8 Advance 

X-ray diffraction (Bruker axs company, Germany). The 

morphology of the as-prepared samples was examined by a 

field emission scanning electron micrograph (FESEM) 

instrument (Hitachi S-4800 II, Japan). Transmission electron 

microscopy (TEM) was recorded on a JEOL-JEM-2010 (JEOL, 

Japan) operating at 120 kV. UV−vis diffuse reflection 

spectroscopy (UV-DRS) was performed on a Shimadzu UV-

3100 spectrophotometer using BaSO4 as the reference. 

3. Results and Discussion 
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Fig. 1 XRD patterns of (a) FHAp, (b) Ag1.25/FHAp, (c) Ag2.5/FHAp, and (d) 

Ag5/FHAp samples. 

Fig. 1 shows the XRD patterns of FHAp MPs and Ag/FHAp 

hybrid samples with different silver loadings. All the diffraction 

peaks in Fig. 1(a) can be indexed to the hexagonal phase of 

FHAp (JCPDS No. 00-015-0876). With the addition of small 

amount of AgNO3 salt, the as-synthesized Ag1.25/FHAp 

sample is predominantly composed of FHAp, along with a 

detectable silver phase with face-centered cubic (fcc) structure 

(Fig. 1(b)). As more AgNO3 salt is added, the evolution of the 

diffraction peaks from fcc silver is clearly seen for 

Ag2.5/FHAp and Ag5/FHAp sample, as shown in Fig. 1(c) and 

(d). For all these as-synthesized Ag/FHAp hybrid samples, no 

characteristic diffraction peaks assigned to the Ag2O phase can 

be found in the corresponding XRD patterns, revealing that the 

present single-step synthesis process can avoid the oxidation of 

silver ion. 

 
Fig. 2 FESEM images of (a,b) FHAp, (c,d) Ag1.25/FHAp, (e,f) Ag2.5/FHAp, and (g,h) 

Ag5/FHAp samples. 

The morphology of FHAp MPs and Ag/FHAp samples 

with different silver loadings were first characterized by 

FESEM. As shown in Fig. 2(a) and (b), without AgNO3, the 

prepared sample is composed of rod-like FHAp MPs with 

lengths ranging from 2 to 4 µm. No Ag NPs can be observed on 

the surface of FHAp MPs. When AgNO3 was introduced in the 

reaction solution, Ag NPs supported on FHAp MPs were 

obtained. As shown in the corresponding FESEM images for 

the Ag1.25/FHAp sample, rod-like FHAp MPs with size 

ranging from 1 to 2 µm decorated with Ag NPs with average 

size of around 26 nm were generated. For Ag2.5/FHAp and 

Ag5/FHAp samples, the loadings of silver on the surface of 

FHAp increase with increasing the concentration of silver 

nitrate in the starting reaction solution. In addition, one can 

observe from the Fig. 2(g) and (h) that the size distribution of 

Ag NPs for the Ag5/FHAp sample is the widest one among 

those as-prepared Ag/FHAp samples. A possible process to the 

Ag particle formation was proposed, as follows. Firstly, the 

NH3⋅H2O which hydrolysis by NH4
+ in the reaction system will 

coordinate with Ag to produce the Tollens' reagent. Then, due 

to the existence of Na2EDTA which could be act as light 
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reductant27, the as-formed Tollens' reagent will be reduced to 

Ag. Meanwhile, an interesting phenomenon has been 

discovered, with the increasing the amount of Ag+, the self-

assembly process of the products seems to be more obviously. 

This is because the Ca atom which contained unsaturated ligand 

in FHAp surface could bond with OH-, while the F atom also 

could attract the OH- to form hydrogen bond to enhance the 

attraction between the products. Therefore, more OH- existed in 

the reaction system, and the final products are more inclined to 

form a hierarchical structure. On the other hand, the Na2EDTA 

might be oxidated by Tollens' reagent to produce amine oxide 

and the pH valve of the system will be increased which will be 

investigated in the following section. Thus, it was considered 

that the amount of Ag+ could directly influence the amount of 

OH- and ultimately affect the morphology of the FHAP. 
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Fig. 3 (a) TEM image and (b) HRTEM image of as-synthesized Ag1.25/FHAp 

sample. Inset in panel b shows the corresponding FFT pattern.  

To further identify the structure of Ag/FHAp composite, 

TEM characterization was performed on the Ag1.25/FHAp 

sample and was shown in Fig. 3. As shown in Fig. 3(a), it can 

be further confirmed that the Ag1.25/FHAp are composed by 

nanorods with a diameter about 300 nm, and the silver 

nanopartices mainly attach on the surface of FHAp microcrystal, 

instead of embedding into the FHAp. As shown in Figure 3(b), 

the high-resolution TEM (HRTEM) image and corresponding 

FFT pattern for the Ag1.25/FHAp hybrid indicate that the 

supported silver nanoparticles is enclosed by {111} facets, as 

can be confirmed from the lattice fringes with an interplanar 

distance of 0.235 nm, while the FHAp substrate particles are 

enclosed by {300} facets, according to the existing 0.272 nm 

interplanar distance. 
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Fig. 4 XRD patterns of as-prepared Ag1.25/FHAp samples prepared at pH value of 

5.4, 7.0, and 9.1, respectively. 

Then, it was found that the morphologies of Ag/FHAp 

composites could be tuned by varying the pH value of the 

initial reaction solution during the experiment. Fig. 4 shows the 

XRD patterns of Ag1.25/FHAp samples prepared at pH value 

of 5.4, 7.0, and 9.1, respectively. We can found that for the 

three samples, all the diffraction patterns assigned to Ag phase 

which prove the existence of Ag obviously. 

 
Fig. 5 FESEM images of as-prepared Ag1.25/FHAp samples prepared at different 

pH values: (a,b) 5.4, (c,d) 7.0, and (e,f) 9.1.     

As shown in Fig. 5, Ag/FHAp composites of various 

morphologies were obtained at different pH values. At pH = 5.4, 

the FHAp appears as one-dimensional hexagonal microrods, 

with diameters of about 500 nm and lengths of up to several 

micrometers (Fig. 5(a) and (b)). In contrast, both the samples 

prepared at pH 7.0 and 9.1 are composed of three-dimensional 

flower-like microrod aggregates (Fig.5 (d) and (h)). From the 

magnified FESEM images (Fig. 5(e) and (i)), it can be observed 

that each flower-like hierarchical structure is made up of 

several well-defined short hexagonal FHAp microrods, which 

further confirms the results of previous view. Although flower-

like FHAp microstructures have been reported in the 

literature,28,29 the observation of flower-like microstructure 

constructing from hexagonal FHAp microrods is very few.  

 
Fig. 6 FESEM images of Ag1.25/FHAp samples prepared at different reaction 

intervals: (a,b) 0.5 h, (c,d) 1 h, and (e,f) 4 h.  
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To address the growth mechanism of Ag/FHAp 

composites (taking Ag1.25/FHAp as an example), samples 

were taken out from the reaction solution at different time 

intervals during the hydrothermal process and the results were 

presented in Fig. 6. The FESEM images in Fig. 6(a) and (b) 

show that the sample formed in the investigated first stage was 

composed of shuttle-like FHAp MPs with rough surfaces, 

together with some visible Ag NPs with a wide size distribution 

(~10–50 nm). Prolonging the reaction time to 1 h led to the 

formation of Ag domains which are distributed on FHAp MPs 

(Fig. 6(c) and (d)). The Ag NPs formed at this stage have a 

much narrower size distribution compared with that of the 

sample collected after 0.5 h reaction time. Further increase in 

the reaction time (4 h) causes a tremendous change in the 

morphology of FHAp MPs; but both the size and shape of the 

supported Ag NPs were essentially unchanged. 

 
Fig. 7 Schematic illustration of the formation process of the Ag/FHAp composites.  

On the basis of above results and our previous 

observations, a plausible growth mechanism for the Ag/FHAp 

composites was proposed, as shown in Fig. 7. EDTA has been 

widely employed as a chelating reagent in the synthesis of 

colloidal nanocrystals with controlled shape and size.30 In the 

present case, EDTA will firstly mobilize Ca2+ during the first 

step of starting reagents mixture process to generate EDTA–

Ca.28 Upon heating up the precipitation medium, Ca2+ was 

released from the complexes mentioned above and the 

supersaturation condition could be achieved. The negative 

H2PO4
–, OH–, and F– in the solution then react with the free 

Ca2+ to generate FHAp nuclei. When the reaction time was 30 

min, these FHAp nuclei then grow into shuttle-shaped FHAp 

nanoparticles along certain orientation due to the selective 

adsorption of anionic EDTA species and F– on their specific 

surfaces. If the reaction time reaches 1 h, the size of the shuttle-

shaped FHAp nanoparticles increases significantly via the 

Ostwald ripening mechanism. When the reaction time was 4 h, 

rod-like hierarchical FHAp microstructure formed with 

enlarged sizes as compared to the shuttle-shaped FHAp 

nanoparticles. When the amount of Ag+ or pH value was further 

increased, the self-assembly hierarchical FHAp appeared.  

During these periods, Ag nuclei which produced from the 

Tollens' reagent would aggregate together to form primary Ag 

particles. Once aggregated, these Ag particles tend to adsorb on 

the FHAp MPs surface due to the electrostatic interaction or 

van der Waals forces between Ag NPs and FHAp MPs. 
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Fig. 8 UV–vis absorbance spectra of as-synthesized FHAp and Ag/FHAp 

composites.  

The optical adsorption of Ag/FHAp composite was 

examined by the UV–vis DRS technique. As shown in Fig. 8, 

two optical adsorption bands occurring around 300–315 nm and 

350–450 nm were detected in the three Ag/FHAp samples, but 

not in pure FHAp sample. According to previous UV–vis 

studies on the silver materials,31,32 the absorption band in the 

region of 310–320 nm can be assigned to metallic silver film or 

big particles. The case of silver can be excluded by the FESEM 

results (Fig. 2). The Ag1.25/FHAp sample has a major 

absorption peak at 400 nm which can be ascribed to the 

characteristic of the surface plasmon resonance of Ag 

nanoparticles, indicating that metallic Ag NPs were formed.33,34 

In general, the intensity enhancement of absorption band results 

from the increase of metal particle size, combining with the 

band shift.35,36 In the present case, we found that increasing the 

silver loadings led to a slender blue-shift in the absorption band, 

which can be attributed to the reduction in the silver particle 

size for the Ag2.5/FHAp sample. As the silver loadings 

increasing (for the Ag5/FHAp sample), the absorption peak was 

further blue-shifted to around 380 nm, which is commonly 

attributed to the Ag NPs aggregates and/or to the reduction in 

the size of Ag NPs. 

Conclusions 

In summary, this work shown that Ag/FHAp composites can be 

synthesized by a single-step hydrothermal method, where 

EDTA was solely used as both a chelating agent and a reducing 

agent. It was found that the loading of Ag NPs on the FHAp 

MPs and the morphology of FHAp can be controlled by varying 

the concentration of silver nitrate in the starting reaction 

solution, as well as by varying the solution pH value. In 

addition, the as-prepared Ag/FHAp composites with different 

silver loadings were found to exhibit tunable surface plasma 

resonance properties, depending on the synthesis conditions. 

Since the present single-step process is facile, cost-effective 

and it is easy to handle, it could be scalable for the production 

of FHAp-supported Ag NPs and might be tailored to other 

metal–FHAp systems, such as Au/FHAp.  
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