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A B S T R A C T   

The present study focuses on tailoring the relative content of Fe3+ and Fe2+ ions incorporation into hydroxy
apatite (HA) lattice, employing a hydrothermal approach in a closed vessel to minimize Fe2+ oxidation and 
secondary phase formation. Citrate molecules are used to regulate nanoparticle formation/stability, creating a 
mild reducing environment, while the impact of a stronger reducing agent, hydroxylamine, is explored. Fe3+

insertion was found to be less favoured than Fe2+, possibly due to charge imbalance. Iron doping significantly 
alters stoichiometry and crystallinity of HA, with Fe3+ enhancing OH− depletion. Morphological analysis reveals 
differences among samples, as induced by the different Fe ions incorporation: particularly Fe2+ ion incorporation 
is found to maintain rod-like structures, which changes upon Fe3+ presence. Overall, this study provides insights 
into controlled doping of HA with iron ions, vital for developing stable, redox-responsive nanomaterials appli
cable in cancer therapy and other applications where surface activity plays a relevant role.   

1. Introduction 

In the field of bio-inspired functional materials, calcium phosphates 
and in particular hydroxyapatite (HA) – and more widely all apatitic 
compounds including nonstoichiometric and nanocrystalline ones – 
have been intensively studied for their biocompatibility, bioactivity, and 
overall versatility which in turn permits the application of apatitic ma
terials even beyond the classical biomedical field [1]. Thanks to the 
particularly reactive surface of bone-like “biomimetic” apatite nano
crystals, involving an ionic hydrated layer with labile surface ions [2], 
they can be used in various domains such as water purification to retain 
various inorganic and organic pollutants, and they are promising as 
novel heterogeneous catalysts active in various chemical processes 
[3–5]. To enhance functional abilities and to further improve their 
effectiveness in various applications, researchers have explored different 
strategies to modify the chemical and physical properties of apatites [6]. 
One of the most promising strategies involves the incorporation of 
substituting or “doping” ions into the crystal structure of apatites, tar
geting the substitution of either Ca2+, PO4

3− , or OH− ions [1,7]. 
Ion doping modifies the chemical composition, crystal structure, and 

surface properties of apatites, which in turn have a direct effect on the 

degradation kinetics and the overall functional properties [8–11]. 
Among the different dopants investigated, transition metal ions have 
attracted significant attention due to their ability to impart unique 
functionalities to apatitic (so-called “HA” in this work) while preserving 
a good biocompatibility [12–15]. In this regard, iron ions take actively 
part in many biological processes, including oxygen transport, electron 
transfer, and enzymatic reactions [16–18]. Iron doping may however 
introduce defects in the HA lattice, influencing its crystal structure and 
surface reactivity, which in turn have a direct effect on mechanical and 
biological properties [19]. In regenerative medicine, Fe-doping was 
found to significantly improve biocompatibility and hemocompatibility, 
suitable for application as bone substitute [20–22]. At times, the exis
tence of Fe-containing domains (most likely clusters) closely associated 
with apatite specimens has also been shown to provide super
paramagnetic properties relevant for therapeutic uses under magnetic 
field guidance/operation [23]. 

One crucial aspect of iron doping in HA is the oxidation state of iron 
ions [24]. Although both Fe2+ and Fe3+ can be effectively incorporated 
into the HA lattice, maintaining high levels of Fe2+ could be desirable for 
optimizing the performance and biocompatibility of Fe-HA. In hemo
globin, Fe2+ is the desired speciation as these divalent cations can bind 

* Corresponding author. 
E-mail address: simone.sprio@issmc.cnr.it (S. Sprio).  

Contents lists available at ScienceDirect 

Open Ceramics 

journal homepage: www.sciencedirect.com/journal/open-ceramics 

https://doi.org/10.1016/j.oceram.2024.100610 
Received 24 April 2024; Received in revised form 14 May 2024; Accepted 16 May 2024   

mailto:simone.sprio@issmc.cnr.it
www.sciencedirect.com/science/journal/26665395
https://www.sciencedirect.com/journal/open-ceramics
https://doi.org/10.1016/j.oceram.2024.100610
https://doi.org/10.1016/j.oceram.2024.100610
https://doi.org/10.1016/j.oceram.2024.100610
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceram.2024.100610&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Open Ceramics 18 (2024) 100610

2

oxygen, contrary to Fe3+ [25]. Also, the presence of Fe2+ ions together 
with other co-doping ions has been shown to effectively target and kill 
cancer cells while being non-toxic to normal cells, offering the potential 
for targeted cancer treatment without substantial side effects [26]. The 
presence of Fe2+ ions can significantly impact osteoblast differentiation 
and bone resorption through the production of reactive oxygen species 
(ROS), which are directly linked with cell death and senescence 
[27–30]. Additionally, as mentioned above, doping with Fe2+ and Fe3+

can impart magnetic properties due to the interaction between the 
d-orbitals of the doping ions and the surrounding apatitic lattice. The 
doping with Fe2+/Fe3⁺, for example, introduces unpaired electrons into 
the lattice structure of hydroxyapatite, triggering an interplay between 
the apatite bulk and the surface which in turn yield (super)paramagnetic 
properties [31–33], suitable for advanced applications in medicine, such 
as enhanced magnetic resonance imaging (MRI), facilitating real-time 
monitoring of tissue regeneration and disease progression [34–39]. 

Fe2+/Fe3+ doping has shown to impart properties similar to various 
oxidase enzymes such as superoxide dismutase, catalase and peroxidases 
[40] and the exposition of such doping ions showed outstanding efficacy 
in adsorbing therapeutic agents [41,42]. These agents can be released in 
response to changes in the local redox environment. To summarize, 
Fe-HA nanoparticles could potentially be an excellent choice for devel
oping highly stable and economic redox-responsive nanomaterials 
which could be feasibly employed in cancer therapy and regenerative 
medicine. 

In addition, the incorporation of Fe2+ doping ions in FeHA has led to 
enhanced adsorption behaviour of toxic contaminants such as As3+ and 
Cu2+ ions compared with undoped HA, extending the use of Fe2+-doping 
in a variety of applications [43,44]. 

The effective introduction of Fe2+ into HA experimentally presents 
several challenges due to the complex chemistry involved and the pro
pensity of Fe2+ ions to be highly reactive and prone to oxidation yielding 
Fe3+. Controlling the oxidation state of iron during the synthesis of iron- 
doped apatitic materials is therefore crucial to achieving the desired 
composition/speciation and corresponding properties. Although various 
factors such as pH, temperature, reaction time, and choice of precursors 
have proven to allow effective strategies to minimize oxidation and 
maximize the lattice incorporation of Fe2+, still classical sol-gel, co- 
precipitation and neutralization techniques inevitably lead to Fe2+

oxidation [31,45]. Recent advances in synthesis techniques, such as the 
use of hydrothermal methods, coupled with careful optimization of 
experimental parameters and the possible introduction of “reducing” 
agents, could provide smart promising ways for the successful intro
duction of Fe2+ into apatitic materials and mitigate oxidative pathways. 
Hydrothermal synthesis methods have shown to be effective for 
obtaining HA nanoparticles and have been revealed to be a viable route 
to regulate the rate of nucleation, leading to the formation of 
high-quality/pure, homogeneous, and monodispersed nanoparticles 
with controlled physical and chemical characteristics [46–48]. The 
rapid nucleation at high temperatures coupled with the presence of a 
reducing environment could hence, in turn, lead to the preserva
tion/maximization of Fe2+ species and their rapid incorporation in the 
apatitic lattice prior to oxidation into Fe3+. 

In this work, the hydrothermal synthesis method has been investi
gated to achieve the synthesis of Fe-HA nanoparticles with various 
nominal Fe2+/Fe3+ ratios. Aiming to circumvent/control Fe2+ oxida
tion, the synthesis process made use of citrate salts as sourced of Ca2+, 
aiming to exploit their mild reducing ability. In addition, the use of 
hydroxylamine as an additional stronger reducing agent has been 
explored. The various products were thoroughly characterized to assess 
the possible tuning of the chemical composition and structure of the 
resulting apatites, particularly related to the tuning of the Fe2+ amount 
and location within the apatite crystal structure. 

2. Materials and methods 

2.1. Hydrothermal synthesis of citrate-functionalized FeHA nanoparticles 

Citrate-functionalized Fe-doped HA nanoparticles (Table 1) were 
synthesized by hydrothermal method, following similar procedures as 
previously reported [49,50]. To a 60 mL aqueous solution containing 25 
mmol of calcium citrate [Ca3(C6H5O7)2⋅4H2O, Sigma Aldrich, ≥99.0 % 
purity] and 15 mmol of sodium citrate tribasic [C6H5Na3O7⋅H2O, Sigma 
Aldrich, ≥99.0 % purity], a 40 mL aqueous solution of 15 mmol sodium 
phosphate tribasic [Na3PO4⋅12H2O, Sigma Aldrich, ≥98.0 % purity] was 
added slowly with the use of a peristaltic pump under vigorous magnetic 
stirring with a constant flow of 1 mL/min pH was maintained around 12 
after the PO4 dripping with the addition of a 1 M solution of sodium 
hydroxide [NaOH, Sigma Aldrich, ≥98.0 % purity]. To achieve 
Fe3+/Fe2+ ion doping in the apatite structure, iron (II) chloride tetra
hydrate [Sigma Aldrich, ≥99.0 % purity] and iron (III) chloride hexa
hydrate [Sigma Aldrich, ≥99.0 % purity] were used. A substitution of 
part of Ca2+ with the iron element as doping ions was applied to achieve 
apatites with a total of 20 % Fe nominal molar content. Nominal con
centrations are indicated as XFe, i.e., the molar ratio Fe/(Ca + Fe)] for 
the Fe2+ and Fe3+ doping ions was selected among: [Fe3HA: XFe(III) = 0.2 
and XFe(II) = 0], [Fe2,3HA: XFe(III) = 0.1, XFe(II) = 0.1] or [Fe2HA: XFe(III) 
= 0, XFe(II) = 0.2]. To further inspect the possibility of preventing further 
oxidation of Fe2+ ions, the Fe2HAHY sample was synthesized with the 
same procedure as Fe2HA but with the addition of hydroxylamine hy
drochloride reducing agent [(NH3OH)+ Cl− , Sigma Aldrich, ≥98.0 % 
purity] into the phosphate solution at a concentration of 5 mmol. In all 
syntheses, the (Ca + Fe)/P ratio was set at 1.67 as a reference value 
equal to that of stoichiometric HA, and the (Ca + Fe)/Citrate ratio was 
set to 0.8. After mixing the reacting solutions, the mixture was trans
ferred into a 250 mL Teflon-lined stainless-steel hydrothermal reactor. 
The mixture in the reactor underwent hydrothermal treatment at 180 ◦C 
for 6 h. After hydrothermal treatment, the reactor was allowed to 
naturally cool down overnight, and the sample was purified using a 
two-cycle centrifugation-washing process with ultrapure water. Part of 
the resulting product was re-dispersed in ultrapure water to further 
inspect nanoparticle’s colloidal properties, while the residue was 
lyophilized for 1 day for further characterization. The lyophilized 
powders were manually milled, sieved below 50 μm, and stored in a dry 
environment for further analyses. 

2.2. Materials characterization 

Physico-chemical characterization 
The phase composition of the as-obtained materials was checked by 

X-ray diffraction (XRD) with a D8 ADVANCE (Bruker, Karlsruhe, Ger
many) diffractometer using Cu Kα radiation (λ = 1.54178 Å) operated at 
40 kV and 40 mA. XRD patterns were acquired in the 10–80◦ 2θ range at 
a step size of 0.02◦, and a scanning time of 1s. Cell parameters and 
crystallite size were assessed by the full profile analysis of the XRD 
spectra (TOPAS 5, Bruker, Karlsruhe, Germany). 

The chemical analysis was performed on dried samples (~10 mg) 
using inductively coupled plasma optical emission spectroscopy 
(ICP− OES, Agilent 5100, Santa Clara, CA, USA Varian, Palo Alto, USA) 
and primary standards (1000 ppm, Fluka). The samples were dissolved 
into 1 mL of nitric acid and then diluted in 50 mL of ultrapure water. 

Fourier transform infrared (FTIR) spectra were obtained with a 
Nicolet 5700 spectrometer, in transmission mode using the KBr pellet 
method, in the wavenumber range 400–4000 cm− 1 (64 scans, resolution 
4 cm− 1). Splitting factors were calculated from FTIR spectra by dividing 
the sum of the absorbance of the peaks at 562 cm− 1 and 602 cm− 1 from 
ν4(PO4) bond bending by the absorbance of the minimum between these 
two peaks, following similar procedures from the literature [51,52]. 
Spectral decompositions were carried out, after subtraction of a linear 
baseline, in the 400–700 cm− 1 wavenumber range corresponding to the 
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ν2ν4(PO4) and νL(OH) vibration modes of phosphate and hydroxide ions, 
using the ORIGIN 8.1 software, following previous methodologies re
ported in the literature [2]. Previously reported data [53,54] served as a 
starting point for the positioning of each contributing band existing in 
this spectral domain. The bands were considered Lorentzian in shape. 
Ratios of bands integrated intensities were used to follow the evolution 
of spectral features, by dividing the integrated area of the desired peak 
by the sum of non-apatitic and apatitic phosphate bands. The good 
reproducibility of the decomposition outputs (integrated intensity of 
each band) for a given sample has been checked by triplicate analyses, 
and the reported relative intensities correspond to the mean of the three 
tests ± standard deviation. Thermogravimetric analysis (TGA: STA 449 
Jupiter (Netzsch GmbH, Selb, Germany)) was used to evaluate the 
presence of thermo-labile species. Powdered samples (~10 mg) were 
heated from room temperature (RT) to 1300 ◦C under air flow with a 
heating rate of 20 ◦C/min with a 20 min isotherm at 105 ◦C. The 
determination of Fe2+ ions content was achieved following a procedure 
reported in the literature [31,38]: 10 mg of the FeHA sample were dis
solved in 1 mL of HCl 0,5 M and introduced in a 100 mL volumetric flask, 
together with 5 mL of a 1, 10-phenanthroline [Merck, 1,10-phenanthro
line, ≥99 % pure] 0,01 M solution. Subsequently, 10 mL of potassium 
hydrogen phthalate (KHP) [Sigma Aldrich, ≥99.95 % purity] buffer (0,1 
M, pH: 3.92) was added, and the resulting solution was kept for 5 min 
under sonication for full-colour development. The solution was diluted 
to 100 mL with distilled water and mixed well. UV–Vis absorption 
spectra were recorded (LAMBDA™ 750 UV/Vis/NIR spectrophotom
eter, PerkinElmer) in the range of 400–700 nm (Abs. maximum at 510 
nm) and the Fe2+ concentration was calculated using the calibration 
previously performed. 

Morphological characterization 
The materials morphology was evaluated with scanning electron 

microscopy with a field-emission microscope (FEG-SEM, mod. ΣIGMA, 
ZEISS NTS Gmbh, Oberkochen, Germany). The sample preparation 
consisted of their deposition on a glass substrate mounted on an 
aluminium SEM stub and sputter coated (Polaron E5100, Polaron 
Equipment, Watford, Hertfordshire, UK) with 5 nm of Pt/Pd to improve 
the electrical conductance. The size of the obtained nanoparticles was 
obtained by Dynamic Light Scattering of re-dispersed samples in ultra
pure water, measured with a Zetasizer Nano ZS instrument (Malvern 
Ltd., Worcestershire, U.K.). For the analysis, samples were dispersed in 
ultrapure water at a concentration of 0.2 mg/mL at pH 7.3. ζ-potentials 
were quantified by laser Doppler velocimetry as electrophoretic 
mobility at 25 ◦C using a disposable electrophoretic cell (DTS1061, 
Malvern Ltd., Worcestershire, UK) of three separate measurements (40 
runs each). 

3. Results 

3.1. Physicochemical characterization 

The XRD patterns of all the obtained materials are reported in Fig. 1, 
showing that apatite is the only crystalline component except for sample 
Fe2HAHY, where small amounts of iron oxide such as magnetite (PDF file 
00-001-1111) or maghemite (PDF file 01-089-3850) were detected. In 
all doped materials, the extensive Fe doping results in a general 
broadening of the XRD peaks, which can be ascribed to crystalline 
domain size D smaller than in the Fe-free sample (Table 1). The analysis 
of XRD patterns reveals a clear reduction of cell parameters in the 
samples nominally doped with Fe2+, particularly the c axis, also showing 
reduction of the cell anisotropy (c/a) and of the overall crystal cell 
volume, with respect to undoped HA. In the Fe3HA sample, where only 
Fe3+ ions were introduced, we could also detect a slight increase of a 
parameter. 

The results of the chemical analysis conducted via ICP-OES, as pre
sented in Table 2, confirm the presence of iron in the doped materials 

obtained, with values that are comparable to those that were nominally 
introduced into the precipitating medium. While the wt% values were 
reported after accounting for the adsorbed water, it is evident that there 
has been a notable decline in the wt% of Ca and P in all the FeHA 
samples in comparison to the undoped HA. Given that all samples retain 
a single apatitic phase (with the exception of Fe2HAHY, which contains 
small amounts of iron oxide), the only plausible explanation is the 
presence of citrate molecules, which would result in a reduction in all 
ion percentages. The considerable amount of Fe wt% observed in all 
FeHA samples could also indicate the occurrence of actual Fe ion sub
stitution in the calcium lattice sites, as observed in other studies [55]. 
While stoichiometric HA is expected to have a Ca/P molar ratio of 1.67, 
it is noteworthy that our hydrothermal methodology resulted in the 
formation of nonstoichiometric HA as indicated by the (Ca + Fe)/P 
molar ratio in the range 1.47–1.62. This may be favorable to increase 
their reactivity, as nonstoichiometric apatites are knowingly more 
reactive [55]. In addition, it is possible to observe that increasing the 
nominal Fe2+ doping ion led to a progressive increase in both total Fe wt 
% and in the XFe=Fe/(Ca + Fe) ratio (comparing Fe3HA, Fe2,3HA and 
Fe2HA samples in Table 2). The stronger reduction of the calcium 
content in association with enhanced Fe uptake can be related to the 
higher substitution with Fe2+ ion, in line with previous atomic structure 
calculations showing a general tendency of Fe2+ to be indeed incorpo
rated in the Ca2+ lattice sites in FeHA samples [32,56]. The Fe2+ and 
Fe3+ relative contents of the resulting lyophilized apatite samples were 
further investigated. Significant Fe oxidation was found to occur despite 
the reaction being carried out in a closed vessel. A clear trend was 

Fig. 1. XRD patterns of the citrate-stabilized Fe-doped HA materials (The HA 
theoretical pattern shown in black corresponds to the PDF file #09–0432; as
terisks refer to secondary iron oxide phase). 

Table 1 
Crystallographic data of the obtained materials.  

Sample a (Å) c (Å) c/a Volume 
(Å3) 

D (nm) Splitting factor 
index (SFI) 

HA 9.425 6.888 0.731 529.89 25.3 
± 2.6 

5.17 

Fe3HA 9.436 6.846 0.726 527.85 8.50 
± 0.3 

2.53 

Fe2,3HA 9.422 6.844 0.726 526.17 12.1 
± 2.4 

3.16 

Fe2HA 9.414 6.842 0.727 525.10 13.0 
± 2.0 

3.46 

Fe2HAHY 9.421 6.854 0.727 526.81 11.5 
± 2.5 

2.76  
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nonetheless observed, as higher Fe2+ nominal doping ion led to a pro
gressive increase in the Fe2+/Fe(tot)% ratio. In addition, the introduction 
of hydroxylamine did not substantially influence the Fe2+/Fe(tot)% ratio, 
so this compound seemed not effective in preventing Fe2+ oxidation 
during the apatite synthesis. 

Further investigation of the apatite structure was carried out by 
recording IR spectra of all the samples. Typical absorption bands char
acteristic of nanocrystalline apatites related to phosphate and hydroxyl/ 
water vibrational modes can be observed for all the samples (Fig. 2a): in 
particular, undoped HA presents specific bands at ~3570 cm− 1 (shoul
der to the OH stretching band of water) and ~961 cm− 1 (ν1 symmetric 
stretching of apatite phosphate groups) [54]. The sharpness of the peaks 
may suggest the presence of a high-crystalline structure for this Fe-free 
sample. In Fe-doped samples, a general peak broadening is visible, 
particularly in the absorption areas between 980 and 1100 and 
560− 600 cm− 1. These signals host the main vibration modes of phos
phate groups. In particular, the 400–800 cm− 1 spectral region is known 
to host the triply degenerated v4(PO4) bending mode – as well as the 
vL(OH) hydroxyl librational mode mentioned above and giving rise to a 
contribution at ~ 631 cm− 1. In Fe-doped samples, there is a noticeable 
decrease in the intensity of the hydroxyl band compared to the undoped 
HA (in Fig. 2b). This is an indication of substantial departure from 
stoichiometry and corroborates well the chemical analysis results. Of 
note are also the absorption peaks observed between 1700 and 1400 
cm− 1 that can be ascribed to some CO3

2− groups possibly incorporated in 
the apatite structure from residual CO2 from the atmosphere in the hy
drothermal vessel, but also to the presence of citrate residues, likely 
adsorbed onto apatite surface [57]. 

It is well-known that biological apatites and their biomimetic 
counterparts are non-only nonstoichiometric but also possess a distinc
tive structure, which is characterized by an inner nanocrystalline 
domain, covered by an ionic and hydrated surface layer with a non- 
apatitic atomic organization. Within this surface layer, the ions have 
been shown to be labile and rather exchangeable by a variety of foreign 
ions (in addition to the substituting ions that may also be present in the 
apatitic core of the nanocrystals) [58]. In this regard, FTIR analysis in 
the 400-800 cm− 1 spectral region has been shown by Rey/Drouet’s 
group to be a relevant tool to thoroughly inspect and identify such 
non-apatitic ionic moieties, which can generate additional spectral 
contributions [55,59]. In this spectral region, apatitic HPO4

2− → PO4
3−

ion substitution gives rise to a band (shoulder) at ca. 550 cm− 1 while 
non-apatitic (surface) HPO4

2− ions are detectable typically at ~ 530-534 
cm− 1. Non-apatitic PO4

3− ions have also been reported to be detectable at 
~617 cm− 1 [2]. 

Spectral deconvolutions were carried out to investigate in the pre
sent study how iron doping at different oxidation states can influence 
this surface environment, which is relevant for most applications of 
apatites. In this regard, the so-called “OH ratio” = OH/(apatitic + non- 
apatitic HxPO4

3− x) and the “apHPO4
2− ratio” = apatitic HPO4

2− /(apatitic 
+ non-apatitic HxPO4

3− x) were confidently observed to present qualita
tive information about the nanocrystalline apatitic domain crystal order, 
which can be altered by the presence of ionic substitutions or vacancies. 
Besides, the “non-apHPO4

2- ratio” = non-apatitic HPO4
2− /(apatitic + non- 

apatitic HxPO4
3− x) and “non-apPO4

3- ratio” = non-apatitic PO4
3− /(apatitic 

+ non-apatitic HxPO4
3− x) give additional important insights into surface 

modification occurring upon Fe doping during our hydrothermal 

Table 2 
Chemical analysis of the obtained materials.  

Sample Ca/P 
(mol) 
(ICP) 

Ca wt % 
(ICP)a 

P wt % 
(ICP)a 

actual XFe % 
(ICP) 

Fe/Ca % mol 
(ICP) 

Fe(tot) wt 
% 
(ICP)a 

Fe2+/Fe(tot)% 
(UV–Vis) 

Fe3+/Fe(tot)% 
(UV–Vis) 

(Ca + Fe)/P 
(mol) 

HA 1,62 ±
0,01 

35 ± 1 15,6 ± 0,4 // // // // // 1,62 ± 0,01 

Fe3HA 1,27 ±
0,01 

28 ± 1 17,1 ± 0,1 13,46 ± 0,01 15,55 ± 0,01 6,1 ± 0,1 7,8 ± 0,2 92 ± 2 1,47 ± 0,01 

Fe2,3HA 1,24 ±
0,01 

22 ± 1 13,5 ± 0,6 17,38 ± 0,04 21,03 ± 0,06 6,3 ± 0,3 23,5 ± 0,3 77 ± 5 1,50 ± 0,01 

Fe2HA 1,25 ±
0,01 

23 ± 2 13 ± 1 17,82 ± 0,04 21,68 ± 0,09 6,8 ± 0,6 29 ± 1 71 ± 9 1,51 ± 0,01 

Fe2HAHY 1,27 ±
0,01 

24 ± 1 14,9 ± 0,1 16,54 ± 0,02 19,82 ± 0,04 6,0 ± 0,2 24 ± 1 76 ± 3 1,47 ± 0,01  

a Ion wt% values were evaluated by normalizing the obtained values by adsorbed water amount. 

Fig. 2. FTIR spectra of the obtained samples (a) and zoom over the ν4(PO4) domain (b).  
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synthesis procedure. 
Fe doping at various oxidation states resulted in defined trends from 

IR spectroscopic analysis, as pointed out in Fig. 3. As opposed to 
undoped HA, Fe doping led to a substantial drop in the OH ratio and the 
enhancement in apHPO4 ratio, which both point out the non
stoichiometric character of such apatites, thus leading to a lower general 
crystallinity. Again, this is in agreement with the XRD and chemical 
analysis results. To further support this hypothesis from advanced FTIR 
data analysis, a qualitative evaluation of the relative crystallinity of the 
obtained samples has been achieved by evaluating the splitting factor 
index (SFI) (added to Table 1) to calculate crystallinity indexes in HA 
samples as previously described [51]. At this regard, SFI values 
confirmed that all FeHA samples feature a higher crystal disorder which 
could be due the increased departure from stoichiometry, but also 
potentially to the Fe2+/Fe3+ → Ca2+ substitution itself confirmed by ICP 
analysis (Table 2). In addition, we observe that the Fe3HA sample fea
tures a considerably higher apHPO4

2− ratio and slightly lower OH ratio, 
compared to Fe2,3HA and Fe2HA, which is in line with a considerable 
difference in terms of SFI. From the chemical composition analysis in 
Table 2 we can observe that Fe3HA features a considerable higher 
Fe3+/Fe(tot)% value compared to Fe2,3HA and Fe2HA samples, which 
have instead comparable Fe3+/Fe(tot)% values. The combined analysis of 
FTIR deconvolution data could suggest two effects. On the one hand, the 
data suggest that Fe3+ is more likely to lead to the depletion of OH− ions. 
This could be due to an increased departure from stoichiometry by a 
higher degree of disturbance of the atomic arrangement. A second effect 
seems to be seen as Fe3+ also appear to facilitate the HPO4

2− → PO4
3−

lattice substitution. This could be due to the triply charged Fe3+ cation 
replacing divalent Ca2+, thus favoring PO4

3− speciation in the crystal 
core by the overall scheme: Ca2+ + HPO4

2− → Fe3+ + PO4
3− allowing for 

easier electroneutrality equilibration. Similarly, sample Fe2HAHY 
(precipitated in the presence of hydroxylamine) led to a considerably 
lower value of the relative OH− ratio. As samples Fe2HA and Fe2HAHY 
share rather similar chemical compositions (see Table 2), this lower 
degree of stoichiometry (and related loss of crystallinity) can be attrib
uted to the presence of the hydroxylamine additive, with comparable 
effects on both SFI and OH ratio reduction as the one seen in sample 
Fe3HA. 

The influence of hydrothermal conditions as well as of Fe doping 
extent on the (non-apatitic) surface environments was also evaluated 
specifically. Fig. 3 shows that the IR spectral deconvolution points out an 
enhancement of the relative band intensity of non-apatitic PO4

3− ions 
(band at ca. 617 cm− 1) compared to the non-apatitic HPO4

2− ions at 530- 

534 cm− 1, which is absent in all samples except for the undoped HA. 
This noticeable amount of non-apatitic PO4

3− ions is not usual but can be 
in this work confidently attributed to the use of alkaline conditions 
during the materials synthesis. Such conditions indeed favor the pres
ence of PO4

3− groups rather than the more acidic speciation HPO4
2− , in 

line with previous literature describing nanocrystalline apatite treated 
in alkaline conditions [2]. In the case of Fe doping, the non-apHPO4

2- 

ratio is very low with respect to the corresponding undoped HA sample. 
On the other hand, non-apatitic PO4

3− in sample Fe2,3HA appears to be 
higher compared to the corresponding Fe2HA and Fe3HA samples. A 
higher-than-usual PO4 presence could be indicative of the presence of 
Fe3+ ions on the surface, which serve to counterbalance the charge 
displacement, following the probable surface substitution Ca2+ + HPO4

2- 

→ Fe3+ + PO4
3- equation. The addition of hydroxylamine was not found 

to exert major changes upon the superficial environment, as observed by 
comparing the Fe2HAHY sample with the corresponding 
hydroxylamine-free Fe2HA sample. 

To convey additional information on the chemical composition of the 
samples, thermogravimetry analyses (TG) have been carried out. As 
shown in Fig. 4, all Fe-doped materials are found to undergo much 
higher weight losses upon heating to 1300 ◦C in comparison with 
undoped HA. This can be attributed to the larger presence of thermally 
labile species such as H2O and HPO4. To inspect which ionic species 
were inserted in the Fe-doped apatite structure, further analysis of the 
weight loss at various temperature ranges was made (Table 3). Typi
cally, all TG spectra show a weight loss at ~100 ◦C up to ~4 wt%, which 
corresponds to the release of physisorbed water molecules. Further 
weight loss up to ~300 ◦C corresponds to the evaporation of the water 
molecules contained in the hydrated ionic layer. As a general trend, all 
Fe-doped samples showed higher water loss up to 300 ◦C, which is 
indicative of the higher hydration state of these samples. This can, in 
turn, explain the general decrease in %P observed from ICP data (see 
Table 2). Considering the iron speciation, Fe3+ doping also seems to be 
related to enhanced association of water molecules as compared with 
Fe2+-doped apatites. Considering the temperature range 300–600 ◦C, it 
was previously reported that in apatites the weight loss in this region is 
related to the condensation of HPO4

2− groups into pyrophosphate (P2O7) 
with formation and release of H2O through the reaction: 2 HPO4

2− → 
P2O7

4− + H2O [10,60]. However, since the obtained Fe-HA do not show 
HPO4

2− groups, as revealed by FTIR analysis, we can devise that the 
weight loss of the Fe-doped samples in this temperature region could be 
due solely to the degradation of citrate molecules adsorbed on the 
apatite surface. Note that this degradation of citrate molecule is also 
active in the temperature range 600–900 ◦C where, in addition, the 

Fig. 3. Evolution of apatitic and non-apatitic HxPO4
3− x and (apatitic) OH− ra

tios of band area (based on FTIR spectra deconvolutions) in Fe-HA samples with 
different Fe2+/Fe3+ relative ratios. Fig. 4. TG analysis of the obtained Fe-substituted nanocrystals.  
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decomposition of CO3
2− groups incorporated during the synthesis pro

cess can take place if they are present. In the case of the sample 
Fe2HAHY, a higher weight loss was detected in this temperature range, 
likely due also to the decomposition of hydroxylamine residues. 
Degradation above 900 ◦C can be ascribed to the reaction between 
apatitic OH− and the previously formed pyrophosphate ions to yield 
H2O release: 2 OH− + P2O7

4− → 2 PO4
3− + H2O and then to the 

condensation of remaining OH groups, if any, through a dihydroxylation 
process [61]. In this respect, contrary to the undoped HA, all FeHA 
samples show nearly absent weight loss at that temperature range, 
confirming the low amount of OH− ions in the crystal lattice, as already 
observed in FTIR spectra (Fig. 2). 

3.2. Nanoparticle morphology and colloidal stability 

Since Fe-doping has a clear effect on the crystal structure of apatites, 
we also investigated the effect on nanoparticle morphology through 
SEM observations of Fe3HA and Fe2HA samples with respect to undoped 
HA (Fig. 5). The Ca ion substitution with Fe led to the general formation 
of uniformly dispersed nanoparticles, even in the case of extensive ion 

doping. We could notice that the undoped HA is characterized by 
nanoparticles with rod-like morphology. In the samples doped with Fe2+

ions we can still observe a similar rod-like morphology, even though 
with limited crystal elongation caused by the substantial Fe2+ doping. 
This information provides further support to FTIR analysis (Fig. 3), 
indicating that the substitution with Fe2+ ions does not significantly 
affect the formation of apatitic crystals in a solution. Conversely, the 
doping with Fe3+ ions (Fe3HA sample) appear to significantly affect the 
crystal growth process, thus leading to the formation of apatite nano
particles with more rounded morphology. 

To further study how the cooperative action of citrate and iron led to 
the formation of nanoparticles, DLS and ζ-potential analyses was per
formed (Table 4). All nanoparticles showed excellent colloidal stability 
and dispersity, particularly in the case of Fe doping. Lower (more 
negative) ζ-potential values could be observed for the Fe3HA samples 
with respect to the other Fe-doped samples. The presence of hydroxyl
amine further resulted in an additional stabilization of the nanoparticles 
through an enhanced surface charge, as observed by comparing the 
ζ-potential of the Fe2HAHY sample with its Fe2HA counterpart. 

4. Discussion 

The exploration of novel strategies to develop apatite nanoparticles 
with additional functional active groups is of great interest in view of 
various applications in the biomedical field and beyond. The integration 
of doping ions, particularly transition metals like iron, into the HA lat
tice (and non-apatitic surface when relevant) has emerged as a prom
ising strategy to modulate apatite reactivity. Iron, known for its 
involvement in various biological processes such as oxygen transport, 
electron transfer, and enzymatic reactions, holds promise in enhancing 

Table 3 
Mass loss (in weight % ± 0,01) from TG analysis in the as-obtained materials.  

Sample Mass loss % 
(20–100 ◦C) 

Mass loss % 
(100–300 ◦C) 

Mass loss % 
(300–600 ◦C) 

Mass loss % 
(600–900 ◦C) 

Mass loss % 
(900–1300 ◦C) 

Total Mass loss 
(20–1300 ◦C) 

HA 0,61 0,52 0,96 0,65 0,97 3,71 
Fe3HA 3,61 4,79 2,25 1,27 0,19 12,11 
Fe2,3HA 3,25 4,07 2,10 1,38 0,08 10,88 
Fe2HA 3,04 3,51 1,93 0,97 0,01 9,46 
Fe2HAHY 3,38 3,64 1,90 2,02 0,11 11,05  

Table 4 
Size and surface charge parameters of Fe-doped HA nanoparticles obtained.  

Sample Z-Average (d. 
nm) 

Polydispersivity Index 
(PDI) 

Zeta potential 
(mV) 

HA − 105 ± 1 0,17 ± 0,01 − 23,5 ± 1 
Fe3HA − 102 ± 1 0,08 ± 0,01 − 37 ± 1 
Fe2,3HA − 90 ± 1 0,15 ± 0,04 − 27 ± 1 
Fe2HA − 109,6 ± 0,4 0,11 ± 0,01 − 32 ± 1 
Fe2HAHY − 103,2 ± 0,8 0,08 ± 0,01 − 51,3 ± 0,7  

Fig. 5. SEM images of obtained HA and FeHA samples.  
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bio-functionality, and could prove helpful to modulate surface features 
and expose Fe2+ or Fe3+ ions to fulfil biological functions in vivo. 

In the present work, particular attention has been paid to tailoring 
the Fe3+ and Fe2+ relative contents during the synthetic procedure, 
exploiting a hydrothermal synthesis process in a closed vessel with the 
aim to increase the rate of iron ions inclusion in the apatitic structure 
while mitigating oxidation of Fe2+ ions. With the view to control the 
formation of homogeneous, well-dispersed nanoparticles and to provide 
a mild reducing environment, citrate molecular ions were added to the 
synthesis medium [62–64]. Furthermore, the incorporation of stronger 
reducing agents such as hydroxylamine, tested in this study, presents a 
second path to further inspect how the introduction of additives can 
affect the oxidation state of iron doping ions. Beside deciphering the 
chemical composition of the nanoparticles obtained and checking their 
apatitic nature, spectroscopy (with FTIR data processing) and ther
mogravimetry techniques were used to examine in detail the surface 
non-apatitic features (labile ionic moieties) and gain insight into how Fe 
ionic substitutions affect the surface features of bioinspired apatite 
nanocrystals. 

Despite the rather harsh conditions used during the hydrothermal 
synthesis, no secondary phases were detected, except for the sample 
Fe2HAHY precipitated in the presence of hydroxylamine, where minor 
crystallization of secondary iron oxides occurred. Analysis of the 
chemical composition allowed us to point out that phase composition 
was affected by the nominal Fe3+/Fe2+ ratio introduced during the 
synthetic procedure. Chemical composition analysis from Table 2 un
veils that Fe3+ insertion is less likely to occur than Fe2+ ions. Indeed, 
trivalent Fe3+ ions are not isoelectronic with Ca2+, thus making less 
suitable their substitution in the apatitic lattice [65]. Although FTIR 
data deconvolution (in Fig. 3) does not highlight a substantial difference 
in terms of surface functional groups with respect to the other FeHA 
samples, Fe3+ doping decreased the overall stoichiometry which is seen 
from the depletion of apatitic OH− ions, and also favoured the presence 
of deprotonated PO4

3− ions (as opposed to HPO4
2− ) which can be 

explained on the basis of charge balance. DFT studies in the literature 
have shown that the inclusion of Fe2+ doping ions in Ca(I) and Ca(II) 
positions are energetically comparable, while Fe3+ would tend to be 
included preferably in the Ca(II) position, although it would lead to 
higher local lattice reorganization and also possible formation of cal
cium and hydroxyl vacancies [56,66]. There may thus also be a complex 
relationship between calcium and hydroxyl vacancies and iron doping in 
a charge-dependent manner. In this work, Fe2+ doping affected the 
water content of the samples, resulting in lowering both Ca and P wt% in 
both Fe2HA and Fe2,3HA samples (which have comparable Fe2+ actual 
amounts), but leading to similar (Ca + Fe)/P values. In this case, the 
Fe2+ → Ca2+ lattice substitution would be a likely explanation even 
though Fe2+ inclusion seems to not exceed 2 wt% (Fe2HA having the 
highest Fe2+ amount), with the remaining iron undergoing oxidation to 
Fe3+. The introduction of hydroxylamine did not lead to a further in
crease in the overall Fe2+ content. Previous works describing the prep
aration of Fe-doped HA powders with similar Fe2+ extent reported that 
an oxidative environment during the synthetic procedure could lead to 
oxidation to Fe3+, and higher T progressively would lead to the forma
tion of secondary iron oxide phases [38]. The investigation of the 
chemical composition of the samples obtained in the present work 
suggested that Fe2+ could potentially be incorporated into the crystal 
lattice up to a certain amount, whereas the remaining fraction is plau
sibly relegated to the outer surface layer and subjected to progressive 
oxidation. In the Fe2,3HA sample, the presence of Fe3+ ions together 
with Fe2+ could have exerted an inhibitory effect toward the growth of 
the apatite nanoparticles with respect to Fe2HA sample. In the case of 
sample Fe2HAHY, the same inhibitory effect was exerted by hydroxyl
amine, as it led to a similar product in terms of chemical composition, 
but with a different diffraction pattern. To strengthen this hypothesis, it 
is possible to highlight that the nanoparticle morphologies obtained by 
SEM micrographs (in Fig. 5) confirm that Fe2+ does not lead to a 

substantial disruption of the typical rod-like elongation in sample 
Fe2HA with respect to undoped HA nanoparticles, which changes 
considerably in the case of Fe3HA sample. 

5. Conclusions 

The present work has set out a novel synthesis process to prepare 
nanocrystalline Fe-doped apatites, exploring the possibility of modu
lating Fe3+ and Fe2+ relative content during the synthesis process, which 
is relevant to enhance surface activity and expand the apatite functional 
capabilities. We employed a hydrothermal synthesis treatment in a 
closed vessel to promote rapid iron ions inclusion in the apatitic struc
ture, while attempting to mitigate Fe2+ oxidation and avoid insofar as 
possible the formation of undesired secondary phases. The observed 
influence of Fe3+ and Fe2+ doping ions on chemical and phase compo
sition highlights the importance of carefully controlling the synthesis 
parameters. Chemical composition analysis and spectroscopic moni
toring of surface ions environment have provided insights into Fe 
incorporation mechanisms and their effects on lattice structure and 
vacancy formation. Fe doping was also found to have a significant effect 
on nanoparticles morphology, as evidenced by SEM micrographs. The 
apatitic lattice gets disrupted to a greater extent by Fe3+ substitution 
than by Fe2+ insertion, as supported by our experimental data. 

Overall, this systematic investigation of experimental parameters, 
including Fe2+/Fe3+ ratios and the use of additives, provides valuable 
insights into the synthesis process in view of tailoring the characteristics 
of Fe-HA nanoparticles. These findings contribute to advancing our 
understanding of doping ions incorporation in apatitic phases, paving 
the way for the development of (bio)active nanoparticles tailored for 
advanced applications in the biomedical field and beyond. 
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