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A B S T R A C T   

Hydroxyapatite (HAp) is the major component of all boney tissues in mammals. Because of this omnipresence in 
the living world, HAp possesses an exceptional biocompatibility. The downside of this omnipresence, however, 
comes in the form of its mild to moderate biological activities. One means of augmenting these activities involves 
the doping of HAp with foreign ions. Here, the first synthesis and characterization of HAp doped with germanium 
ions is being reported. Germanium was deliberately integrated into the crystal lattice of HAp in the form of 
germanate anions. Approximately two thirds of the germanate ions introduced into the hydrothermal solution 
got incorporated into the HAp lattice, yielding the approximate stoichiometry of Ca10- 

x(PO4)5.62+y(GeO3)0.38(OH)2-z. Germanates replaced the phosphates of stoichiometric HAp and induced the 
expansion of the HAp lattice both along the screw axis of the calcium ion hexagons and in the direction parallel 
to the basal plane. Simultaneously, the larger size and the triple valency of the germanate ion as compared to the 
smaller and trivalent phosphates prompted the bond distortion and charge compensation through defect for
mation, which reduced the crystallinity and increased the microstrain of the HAp lattice. Vibrational spectro
scopic analyses corroborated these crystallographic effects by demonstrating the enhanced heterogeneity of the 
environments surrounding the active modes after germanate ions were incorporated into HAp. Conforming to La 
Châtelier’s principle, this reduction of the crystallographic order increased the capacity of the material for 
integration of adventitious carbonates. However, the inclusion of germanate ions induced a partial shift of these 
carbonates to the hydroxyl channel sites, thus decreasing the ratio of the B-type carbonation to the A-type 
carbonation. Introduced into HAp, germanium acted as a superb regulator of the particle size and morphology, 
enhancing their fineness and uniformity. Inclusion of germanate ions also increased the electrophoretic mobility 
and hydrodynamic surface charge density of the particles by reducing their size and by inducing a more sto
chastic distribution of terminal ionic groups due to the bending of the crystal facets. Overall, the doping of HAp 
with germanate ions facilitated the production of narrowly dispersed nanorods with a moderately enhanced 
structural disorder and with a pronounced potential for the biomedical niche.   

1. Introduction 

Hydroxyapatite (HAp) is the sparsely soluble calcium phosphate 
phase constituting the major and the only inorganic portion of the 
human boney and dental tissues. Because it is being synthesized 
endogenously, by humans and all other mammals as well as most ver
tebrates, HAp presents an epitome of biocompatibility among materials 
in use for biomaterial applications. One corollary of this omnipresence 
of HAp in the living world comes in the form of its having relatively 

moderate biological activities. When more active biomaterials are 
sought, HAp is either incorporated into composites or amended by 
various physical or chemical procedures. 

One hallmark of HAp is its flexible crystal lattice capable of incor
porating relatively highly charged calcium and phosphate ions and 
being traversed by the hydroxyl ion channels that connect to the hy
drated diffuse ion sheath covering the surface in a rather idiosyncratic 
manner [1]. This combination of structural effects predisposes HAp for 
an exceptional tolerance to defects and, in turn, for an easily 
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accomplishable incorporation of foreign ions. These foreign ions sub
stitute the constitutive calcium, phosphate and, occasionally, hydroxyl 
ions and either add the new or augment the preexisting properties in 
HAp. Because of the relative ease of their production, such substituted 
HAps have grown over the last few decades into a mainstream strategy 
for rendering HAp more efficacious for specific biomedical applications. 
For example, doping with zinc is commonly done to increase the oste
ogenic potential of HAp [2]; doping with selenite has added a triad of 
antibacterial, osteogenic and anti-carcinogenic properties to HAp [3]; 
doping with copper or silver has added antibacterial properties to it [4, 
5]; doping with silicon aids bone regeneration when using HAp as an 
implant [6]; doping with vanadium has endowed HAp with photo
catalytic properties [7]; doping with iodine or hafnium has rendered 
HAp applicable for radiographic imaging [8] or radiotherapies [9], 
respectively, and so on. 

A study from 2020, in fact, compiled all the elements that had been 
used until then as dopants in HAp and concluded that 72 out of 118 
elements of the Periodic Table had been incorporated inside HAp [10]. 
However, after excluding radioactive elements and noble gases, and 
considering only the elements realistically incorporable inside HAp, it 
turned out that ~90% of them had been used as dopants, with only 9 of 
them yet to be used as such, including Be, Sc, Ge, Br, Rb, Os, Ir, Hg, and 
Tl. Since this report was released, Rb-doped HAp was fabricated and 
used as a component of electrospun composite scaffolds [11]. The fact 
that Hg has been largely banned for use in the industrial world explains 
for the lack of past and, very likely, future studies on Hg-doped HAp. On 
the other hand, there has been a plethora of studies focused on the 
development of HAp for the sequestration of toxic Hg ions from the 
environment [12,13], meaning that Hg-substituted HAp is by no means 
an alien on the list of ion-substituted HAps in literature, which is not 
even to mention that with 116 pm in radius, Hg2+ ion would technically 
be a viable substitute for Ca2+ ions in HAp. The other 7 elements, 
however, could lead to exciting new properties in HAp, with the caveat 
that some of them suffer from the apparent size discrepancy issues. 
Beryllium, for example, is a divalent cation and it would be a good 
replacement for calcium had it not been for the large difference between 
the radii of the two cations: 45 vs. 100 pm, respectively. In addition, 
beryllium is a very light metal and its effects on HAp are likely to be 
limited to nucleation impediment and altered solubility, similarly to the 
effects accomplished by Li [14] or the oft-so-called “spectator” ion that 
Na is [15], notwithstanding the fact that Na-substituted HAp apparently 
has exhibits enhanced osteoconductivity as well [16]. B− , likewise, at 
182 pm in radius, is larger than the hydroxyl ion (153 pm), and unlike 
other halogenic anions such as F− or Cl− , it would have a hard time 
squeezing into an already tight hydroxyl channel where the rotation of 
the hydroxyl group is severely impeded as-is. The other five elements 
exist in ionic states that are not readily compatible with HAp, the most 
critical case of which is with Os, which forms valencies higher than or 
equal to +4 only. For such elements, which include also Ir, Sc, Tl and Ge, 
the most realistic dopants are their oxyanions. In fact, compared to the 
monatomic cations, which are characterized by a comparatively low 
atomic weight, high diffusivity and chaotropy, kosmotropic oxyanions 
could be argued to present a more stable substitute in HAp, capable of 
eliciting more predictable and consistent effects on the material prop
erties [17]. 

Germanium is one of these 8 elements that had not been used as 
dopants in HAp yet. With the electronic configuration of [Ar]3d1⁰4s24p2, 
it forms stable oxidation states of +2 and + 4, where the latter is both 
more stable and more frequent [18], forming the most common 
germanium oxide, GeO2, and germanate ions including GeO3

2− and 
GeO4

4− . At the first sight, the divalent germanium ion, Ge2+, which forms 
compounds known as germylenes, appears as an ideal dopant for HAp, 
where it would substitute Ca2+ ions, if it were not only for the proneness 
of Ge2+ for oxidation [19]. Quadrivalent germanium, Ge4+, therefore, 
presents a more practical ionic substitute in HAp. Although Ge4+ could 
theoretically replace Ca2+, there are both size and charge limitations 

involved, given that Ge4+ is significantly smaller than Ca2+ (67 vs. 114 
pm for crystal ionic radii) and there is also an apparent difference in the 
valence state between the two ions (+4 vs. +2). For this reason, the 
oxyanion of Ge4+ is likely to present the germanium dopant most readily 
incorporable into the HAp lattice. Ge4+ is larger than Si4+ (67 vs. 54 pm 
for crystal ionic radii) of the orthosilicate, SiO4

4− groups, the closest 
common valency analog for Ge4+ among the oxyanionic dopants in HAp, 
and therefore the size of the GeO4

4− ion does not seem as convenient for 
the replacement of the phosphate ion, its natural substitute in HAp, 
given the minimal difference in the size of the P5+ ion and that of the 
Si4+ ion: 52 vs. 54 nm. Therefore, a considerable concentration of de
fects is expected to form in the material due to strain effects resulting 
from the substitution of constitutive phosphates with germanates. Still, 
the successful prior incorporation of vanadate ions including V4+ and 
V5+ with 72 and 68 pm in crystal ionic radii, respectively, or an ion such 
as titanate, which contains the Ti4+ ion with 74.5 pm in radius has 
indicated that the incorporation of germanate is very much possible. 
Correspondingly, the goal of this study has been to produce the first 
germanium-substituted HAp (Ge-HAp) by doping HAp with germanate 
ions. 

Because new forms of ion-substituted HAp are mostly being devel
oped for biological applications, it is worth discussing briefly what 
biological properties the presence of Ge4+ might add to HAp. Neither 
germanium nor germanate, however, do not have any known biological 
roles. Even though germanium is a nontoxic element [20] noted for its 
antitumor, antiviral, antiaging and anti-inflammatory activities [21], its 
applications in biomedicine have been, to say the least, sparse. In fact, 
most of the uses for germanium in biotech labs have come in the form of 
germanium-based hemispherical lenses, such as those used in attenuated 
total reflection (ATR) Fourier transform infrared spectroscopy (FTIR) 
[22,23]. Because of its narrow band gap of only 0.67 eV at 300 K, the 
high refractive index of 4.0 in the mid-IR region and the high charge 
carrier mobility of nearly 4000 cm2 V− 1s− 1 for electrons and 2000 cm2 

V− 1s− 1 for holes, germanium semiconductors have also found a large use 
as detectors in medical imaging spectroscopies utilizing high-energy 
ionizing radiation, such as γ-rays [24] and X-rays [25], while also 
being sensitive to lower-energy α/β− particulate radionuclides [26]. 
This combination of nontoxicity, stability and optical activity has 
singled out Ge as possibly the best candidate for quantum dots useable in 
bioimaging [27]. Ge nanoparticles have also been used successfully as 
drug delivery carriers [28], with their IR photoluminescence making 
them a potential candidate for theranostic applications combining tar
geted delivery and fluorescent tracking. One evidence of this potential 
has come in the form of a complete eradication of tumors in mice after 
Ge/GeO2 nanoparticles were injected intravenously, exhibiting a syn
ergetic photothermal and photodynamic effect triggered by the photo
absorption in the near-IR region [29]. One of the biological properties 
noted sparsely in the literature has been the antibacterial activity of both 
metallic Ge [30,31] and organogermanic compounds [32,33]. In com
parison, the comparative activity of germanate ions has been vastly 
understudied, save the one or two sporadic reports that did demonstrate 
a moderate [34,35] or considerable [36] antibacterial activity of com
pounds involving this ion. Finally, limited evidence emerging from a 
recent in vivo study published in Ukrainian, albeit devoid of any struc
tural data, seems to suggest that HAp supplemented with germanium 
may have an overwhelmingly positive effect on bone regeneration 
relative to pure HAp and other pure calcium phosphate phases [37]. 

2. Materials & methods 

2.1. Synthesis 

Because of the global shortage of germanate powders, sodium ger
manate, Na2GeO3, as the precursor for the synthesis of Ge-HAp was 
prepared by calcination of a powder mixture of NaOH and GeO2 (Sigma 
Aldrich, Germany). NaOH was chosen instead of the more common 
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Na2CO3 because of the higher decomposition temperature of the latter 
compound. To prepare Na2GeO3, 1.9590 g NaOH and 2.5119 g GeO2 
were homogenized and annealed first at 720 ◦C and then at 810 ◦C, for 
15 h each. To ensure that the reaction reached stoichiometric comple
tion, the amount of NaOH used was by 2 mol.% higher than the stoi
chiometric. XRD analysis was performed to confirm that no secondary 
phases were present and that the nature of the sample was monophasic. 

A previously developed procedure [38] was adapted for the synthesis 
of pure, Ge-free HAp and Ge-HAp. Accordingly, two alkaline solutions 
were prepared: a Ca2+ one and a PO4

3− one. The Ca2+ solution was 
prepared by dissolving 2.8 g of Ca(NO3)2 × 4H2O (Sigma Aldrich, 
Germany) in 11 ml of distillated water and then adding 1.8 ml of 25% 
NH4OH to the solution, after which distilled water was added up to the 
total volume of 23 ml. The PO4

3− solution was prepared by mixing 0.44 
ml of 85% H3PO4 with 9.2 ml of water, then adding 1.2 ml of 25% 
NH4OH, 1.53 ml of 0.5 M aqueous solution of Na2GeO3, and distilled 
water up to the total volume of 18.5 ml and 25% NH4OH up to the total 
volume of 30 ml. The molar ratio of PO4

3--to-GeO3
2- in the reaction so

lution was adjusted to 10:1 so that in the case of stoichiometric pre
cipitation, it would yield the following formula for the unit cell of 
Ge-HAp: Ca10-x(PO4)5.45+y(GeO3)0.55(OH)2-z, where x, y and z denote 
adjustments due to charge balance reasons necessary because of the 
substitution of trivalent phosphates with divalent germanates. The PO4

3−

solution was preheated to 50 ◦C to dissolve the (NH4)3PO4 crystals and 
then it was added dropwise into the magnetically stirred Ca2+ solution. 
The resulting 70 ml colloidal suspension was transferred to a 100 ml 
Teflon-lined stainless steel autoclave and the hydrothermal reaction was 
carried out at 150 ◦C for 6 h. After the reaction was over and the reactor 
cooled down to room temperature, the precipitate was centrifuged, 
washed repeatedly until pH 7 was reached and subjected to a two-step 
lyophilization process, first at − 10 ◦C and 0.37 mbar for 1 h, and then 
at − 54 ◦C and 0.1 mbar for 3 h. Lyophilization is essential to prevent the 
irreversible formation of HAp particle aggregates, which tends to take 
place when the liquid between the particles is removed by drying under 
the ambient conditions or at elevated temperatures [39]. When gel-like 
precipitates are dried via sublimation rather than evaporation, this ag
gregation is prevented and more individualized particles are obtained 
[40]. 

2.2. Characterization 

Field-emission scanning electron microscopy (FE-SEM) was per
formed on a Carl Zeiss ULTRA Plus microscope at the electron acceler
ation voltage of 3 kV and the working distance of 3.9 mm. Zeta potential 
was measured on a NanoBrook instrument (Brookhaven) at a series of 
pH values in a 1 mM aqueous solution of KCl. The phase purity and the 
crystal structure of the as-prepared HAp and Ge-HAp powders were 
determined using X-ray diffraction (XRD) on a Bruker AXS D4 Endeavor 
device utilizing Cu–Kα radiation. Maud version 2.91 was used for the 
Rietveld refinement of the obtained diffractograms. Fitting was per
formed with the standard HAp CIF file reported in Ref. [41] with respect 
to the background and scale, basic phase parameters, microstructure, 
crystal structure, crystallinity, and strain parameters. The crystal 
structures containing the atomic coordinates obtained from the Rietveld 
refinement were plotted using CrystalMaker software version 10.7.2. 
Energy-dispersive X-ray spectroscopy (EDS) (Inca 400, Oxford in
struments) was used for the qualitative elemental analysis. For this 
purpose, integrated intensities of the three major Ca peaks and of one 
major peak for O, P and Ge each were calculated (OriginPro 2016) and 
used to derive the atomic percentage of each element in the material. 

FTIR measurements were performed on a Thermo Scientific™ 
Nicolet™ iS™10 spectrometer equipped with an ATR accessory in the 
400–4000 cm− 1 spectral range. Crystallinities were estimated from the 
FTIR spectra as inversely proportional to the full width at half maxima 
(FWHM) of the 1025 cm− 1 ν3(P–O) band and the 560 cm-1 ν4(P–O) 
band deconvoluted using a multiple peak-fitting Gaussian routine 

(OriginPro 2016). Backgrounds were subtracted prior to the peak inte
gration routine using manually selected 2nd derivative anchor points 
(OriginPro 2016). FTIR peak asymmetry was taken as equivalent to the 
absolute ratio between the left and the right half peak widths. Crystal
linity was estimated from the FTIR spectra by assuming its inverse 
correlation with respect to the FWHM of the dominant bands [42]. 

3. Results and discussion 

One immediate effect that germanate ions exerted on HAp already 
during the synthesis stage could be seen by comparing the morphologies 
of the as-prepared particles of HAp and Ge-HAp in Fig. 1. Specifically, 
whereas the hydrothermally obtained HAp particles were in the form of 
elongated plates spanning well over a micron in length and several 
hundred nanometers in width, Ge-HAp particles were significantly finer, 
having nanoscale (<100 nm) dimensions in all three spatial directions. 
The tendency toward the uniaxial growth along the c-axis, which is 
consequential to the hexagonal crystal structure of HAp, was preserved, 
but also severely hindered, resulting in rod-shaped particles that had 
nowhere as large of the aspect ratios, let alone dimensions, as those of 
Ge-free HAp. Interestingly, Ge-HAp particles exhibited a markedly 
higher level of uniformity with respect to their morphologies and sizes 
than HAp particles did. On average, Ge-HAp particles had around 70 nm 
in length and about 15 nm in width, with the ensuing aspect ratio of 4–5. 
Their basal planes displayed the characteristic hexagonal features, being 
an indirect evidence of their growth along the crystallographic c-axis, 
which is normally most favorable for HAp [43,44]. The central tips 
topping these basal hexagons are explained by the fact that the fastest 
growing faces on a crystal are also those disappearing from its surface 
the fastest [45], in this case leaving the prominent {111} faces in lieu of 
the (001) one. These morphological differences combined indicate that 
germanate ions affected the nucleation and crystal growth remarkably 
and rather desirably from the perspective of controlled fine particle 
synthesis. To confirm the reproducibility of HAp synthesis under the 
hydrothermal conditions employed here, the morphological outcomes of 
the process were compared with those from earlier studies that utilized 
similar conditions and obtained highly similar results [46–48]. 

There are two ways of explaining mechanistically this morphological 
difference between Ge-HAp and HAp, one being the potential ability of 
germanate ions to increase the nucleation rate, which would lead to the 
observed greater concentration of finer particles than it was the case for 
Ge-free HAp, and the other one involving the hindrance of the aggre
gation of the fine particulates in the non-classical crystal growth 
pathway, which HAp has been known to obey for a very long time now 
[49–51]. The former effect is rather difficult to envisage as realistic and 
the latter one presents the most likely candidate for explaining the finer 
particle size of Ge-HAp as compared to that in HAp. Here, adsorption 
along the growing crystal faces by the foreign oxyanion and the hin
dered attachment of the growth units, be they ions, clusters or ultrafine 
nanoparticles, presents a possible mechanism explaining this growth 
retardation effect achieved by the germanate impurity. In addition to 
this external effect by which germanate ions may obstruct the 
non-classical growth pathway, they may exert a similarly disruptive 
effect from the inside out as well. Correspondingly, by getting incor
porated inside the nascent lattice of the growing nuclei, germanate ions 
may impede the kinetics of coalescence of the growth units, which is 
known to depend on the stochastic search for an optimal orientation 
[52]. The increase in hydrophobicity and the corresponding decrease in 
the hydration energy resulting from the addition of germanate ions, 
which are more similar to silicates than to phosphates from this stand
point, may be an important contributor to this growth impediment, too. 
The addition of germanate is also expected to increase the 
surface-solution interfacial free energy, which is directly proportional to 
the degree of supersaturation required to overcome this energy barrier 
and induce the growth [53], providing for the fundamental thermody
namic obstacle standing in the way of the unobstructed growth. 
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Further, the EDS analysis confirmed the presence of Ge as the fourth 
most abundant detectable element in Ge-HAp, right after Ca, P and O 
(Fig. 2). Based on the results of the quantitative analysis of the dispersive 
spectra shown in Table 1, the amount of germanium in Ge-HAp was 
equal to 0.876 at.%. This corresponds to the tentative HAp stoichiom
etry of Ca10-x(PO4)5.62+y(GeO3)0.38(OH)2-z, according to which approx
imately 1 in 14 phosphate groups got replaced with germanate, which is 
just slightly lower than the intended 1 in 10. Comparison with the 
intended stoichiometry used in the preparation protocol, namely Ca10- 

x(PO4)5.45+y(GeO3)0.55(OH)2-z, shows that approximately two-thirds of 
the germanate ions introduced into the hydrothermal solution got 
incorporated into HAp, whereas one-thirds remained in the supernatant. 
These elemental characterization results provide a definite testament to 
the successful incorporation of germanate ions into the lattice of HAp. 

Surface charge characterization showed an increase in the absolute 
value of zeta potential, from − 9.5 mV for pure HAp at pH 7.0 to − 12.2 
mV for Ge-HAp at the same pH (Table 1). This increase in the density of 

negative charges on the particle surface and in the hydrodynamic sphere 
surrounding the particle surface can be a secondary effect of the redis
tribution of terminal groups induced by the inclusion of germanate ions. 
In a simplest scenario, this terminal group redistribution may be caused 
by changes to the particle morphology. Namely, more oval particles tend 
to exhibit a more stochastic distribution of terminal ionic groups than 
the faceted particles do. Therefore, it is conceivable that the rounding of 

Fig. 1. SEM images of HAp (a–b) and Ge-HAp (c–d). Scale bars are 3 μm (a), 200 nm (b, c), and 100 nm (d).  

Fig. 2. Energy dispersive spectra with the elemental characterization of HAp (a) and Ge-HAp (b), denoting the three elements detected in HAp, namely Ca, O and P, 
and the four elements detected in Ge-HAp, namely Ca, O, Ge, and P. 

Table 1 
Elemental composition of HAp and Ge-HAp, as obtained from the quantitative 
analysis of energy dispersive spectra, along with the zeta potential, ζ, and 
electrophoretic mobility, μe, at pH 7.0 for HAp and Ge-HAp.  

Sample Ca (at. 
%) 

P (at. 
%) 

O (at. 
%) 

Ge (at. 
%) 

ζ (mV) μe (μmcm/ 
Vs) 

HAp 50.82 33.17 16.01 0.00 - 9.50 - 0.81 
Ge- 

HAp 
47.27 34.63 17.23 0.88 - 

12.23 
- 0.96  
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the particles consequential to the addition of germanate ions to HAp 
may have promoted a less selective termination of the facets by Ca2+

ions and made the negatively charged groups, including PO4
3− , HPO4

2− , 
GeO3

2− and OH− , more prominent on the surface. At the same time, the 
electrophoretic mobility of anisotropic particles is more prone to error 
during measurements because of the spherical geometry approximation 
used by default during the dynamic light scattering analyses. Last but 
not least, the significant reduction in the particle size caused by the 
incorporation of germanate ions into the lattice of HAp may have also 
contributed to this increase in the absolute value of zeta potential. Even 
when the particle size and shape do not affect the surface charge density 
due to aforementioned reasons, their effect on the electrophoretic 
mobility, from which zeta potential is calculated, is omnipresent, simply 
because particles with the same surface charge but of different size and 
shape will move with different velocities in the electric field [54]. This 
effect is clearly evidenced by the higher mobility of Ge-HAp nano
particles than that of HAp (Table 1). At the same time, however, smaller 
particles are more affected by the fluid flow and by the Brownian motion 
of neighboring particles, whereas the larger particles are more prone to 
aggregation and gravity affects. All these factors combined result in the 
generally higher absolute zeta potential values for the smaller particles 
as compared to their larger counterparts with an identical chemical 
composition [55]. 

Regarding the mechanism of inclusion of germanate ions into the 
lattice of HAp, it involves the competition with phosphates for the sites 
normally occupied by the latter ions in pure stoichiometric HAp. As 
shown in Fig. 3, the only viable sites for germanates to occupy in the 
lattice of HAp are those taken on by phosphates, given that germanate 
ions are too large to replace the hydroxyl anion. Even carbonate as an 
oxyanion considerably smaller than germanate can enter the hydroxyl 
channel only under a high-temperature treatment or under specific 
biomineralization conditions of growth [56]. 

XRD analysis of HAp and Ge-HAp revealed a rather low level of 
distinction between the diffractograms to the naked eye save for the 
slightly higher background noise present in the XRD pattern of Ge-HAp 
as compared to that of HAp (Fig. 4). All of the major HAp reflections 
were detected in both samples, without any secondary calcium 

phosphate or germanium phases in them. Alongside proving the phase 
compositional purity of both HAp and Ge-HAp, XRD patterns were used 
to derive the crystal structure and strain parameters for the two mate
rials through Rietveld refinement. The results shown in Table 2 
demonstrate an evident, statistically significant increase in both lattice 
constants, a and c, after the integration of germanate ions into the crystal 
structure of HAp. Correspondingly, the lattice expanded in the direction 
parallel to the basal plane by 0.00185 Å and along the screw plane axis 
by 0.00647 Å. Simultaneously, the average crystallite size decreased by 
little over 4 nm and the microstrain tripled. This lattice expansion can 
only partially be due to the size effects, namely the replacement of 
smaller phosphates with larger germanates, given that the radius of the 
germanate ion, GeO3

2− , equaling 242 pm, is only slightly larger than the 
ionic radius of the PO4

3− ion (238 pm). The biggest contribution to the 
detected lattice expansion and disordering, albeit minor in degree, must 
have come from the different mechanisms that compensated for the 
charge imbalance caused by the substitution of the trivalent phosphates 
with the divalent germanates. These mechanisms include the formation 
of paired hydroxyl and calcium vacancies, the retention of a proton by 
the phosphate group, and others. However, common to all of these 
atomic-scale mechanisms is the formation of defects and lattice strain
ing, explaining the expansion of the lattice, the reduction of crystallinity 
and an increase in the microstrain consequential to the doping of HAp 
with germanate. 

The difference in the crystal structure of purely HAp domains in HAp 
and Ge-HAp is evident from Fig. 5. As it can be further seen from Table 3, 
the most dramatic difference in atomic coordinates was observed for the 
O1-3 phosphate oxygens, especially along the y axis, and for the O4 
hydroxyl oxygen, which is confined to the channel that forms the edges 

Fig. 3. Crystal structure of HAp viewed down the [111] axis, denoting two of 
the phosphate groups as the only viable sites for the accommodation of ger
manate. The unit cell of HAp is demarcated in gray. 

Fig. 4. XRD patterns of HAp and Ge-HAp in comparison with the 
HAp standard. 

Table 2 
Lattice parameters, crystallinity and microstrain obtained from the Rietveld 
refinement of the diffractograms of HAp and Ge-HAp in comparison with the 
HAp standard.  

Powder a (Å) c (Å) Crystallinity 
(nm) 

Microstrain 
(%%) 

Standard 
HAp 

9.42100 6.88000 100 0 

HAp 9.44631 ±
0.00366 

6.88978 ±
0.00271 

52.94 ± 1.36 1.45 ± 2.30 

Ge-HAp 9.44816 ±
0.00152 

6.89625 ±
0.00137 

48.78 ± 1.84 4.40 ± 3.30  
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of the tetragonal unit cell projection down the c-axis. The most drastic 
change in the positioning of this oxygen occurred, naturally, along the z 
direction. Obviously, these shifts are corollaries of the incorporation of 
germanate ions at the sites otherwise reserved for phosphate groups, 
with the effect extending to the anions locked inside the hydroxyl 
channel. This substitution promotes the rearrangement of the lattice, 
which is most critical in the direct vicinity of the dopant oxyanion. 
However, as it is being evidenced here, the replacement of phosphate 
tetrahedra with pyramidal germanate ions is such that it necessitates the 
rotation of the adjacent phosphate groups, with effects extending across 
numerous unit cells, affecting the long-range symmetry. This adds to the 
effects of defect formation arising to compensate the charge imbalance 
caused by the replacement of trivalent phosphates with divalent 
germanates. 

FTIR analysis overwhelmingly corroborated the findings of the 

crystallographic analysis. In the wavenumber region of a lower interest 
(Fig. 6a), 1500–4000 cm− 1, the scissoring bend of the water molecules 
(1550 cm− 1) was detected along with the traces of adsorbed water 
(3800–2600 cm− 1) and the symmetric stretch of the channel hydroxyl 
ions (3608 cm− 1). In the wavenumber of region of a higher interest 
(Fig. 6b), 400–1500 cm− 1, as with the XRD analysis, the spectral dif
ferences appeared negligible to the naked eye, but a closer inspection of 
the spectra revealed a definite difference between them. First, as shown 
in Fig. 7a-b, the two most intense stretching bands in the spectra of both 
materials, namely the triply degenerated antisymmetric stretching mode 
vibration of the P–O bond, ν3, peaking at 1028 cm− 1, and the fully 
symmetric non-degenerated stretching mode of the P–O bond, peaking 
at 962 cm− 1, experienced evident upshifts upon the incorporation of 
germanate ions into the HAp lattice. Clearly, the expansion of the lattice 
reduces the environmental influence of adjacent ions on the active 

Fig. 5. Crystal structures of HAp (a, c, e) and Ge-HAp (b, d, f) plotted using the atomic coordinates obtained from the Rietveld refinement. Projections are down the c, 
[001] axis (a–b), b, [010] axis (c–d), and [011] axis (e–f). The unit cell of HAp is demarcated in gray. 

Table 3 
Atomic coordinates x, y, and z for the constitutive Ca, P and O atoms in HAp lattice for the HAp standard, for HAp, and for Ge-HAp. Italicized coordinates were fixed 
during the calculation, whereas all the other ones were refined. Unit cell angles were kept constant at α = 90o, β = 90o, and γ = 120o.     

HAp standard   HAp   Ge-HAp  

Atom Wyckoff position x y z x y z x y z 
Ca1 4f 0.333 0.667 0.000 0.333 0.667 − 0.018 0.333 0.667 − 0.009 
Ca2 6h 0.245 0.993 0.250 0.239 0.958 0.250 0.248 0.990 0.25 
P 6h 0.398 0.370 0.250 0.402 0.332 0.250 0.397 0.370 0.25 
O1 6h 0.327 0.485 0.250 0.296 0.674 0.250 0.342 0.5825 0.25 
O2 6h 0.586 0.465 0.250 0.685 0.506 0.250 0.588 0.438 0.25 
O3 12i 0.341 0.256 0.073 0.390 0.348 0.022 0.352 0.241 0.027 
O4/OH 4e 0 0 0.188 0 0 − 0.042 0 0 0.190  

V. Uskoković et al.                                                                                                                                                                                                                              



Ceramics International 48 (2022) 27693–27702

27699

modes, which increases the frequency of stretching vibrations, bringing 
them closer to the wavenumbers that these modes would possess in an 
isolated state. For this reason, the frequency of both P–O stretches 
increased with the introduction of germanates into the HAp lattice. 

Secondly, the reduction of crystallinity is usually reflected in the 
broadening of the FWHM of FTIR bands [57]. This effect is the conse
quence of the increased heterogeneity of environments surrounding the 
active vibration groups when the crystalline order is diminished. This 
increased heterogeneity of states becomes naturally reflected in the 
broadening of the spectral lines. This effect is shown in Fig. 7c, where 
the increase in the FWHM of the most intense band in the spectrum of 
Ge-HAp, namely the ν3 band, is shown relative to their FWHM values in 

the spectrum of HAp. One caveat here is that this vibration state 
dispersion effect did not apply to the second most intense band in the 
spectrum, namely the triply degenerated bending mode, ν4, of the 
O–P–O bond, notwithstanding that bending modes are oftentimes ex
ceptions to this and the aforementioned trend that usually apply best to 
the stretching modes. Moreover, the increased structural disorder is 
frequently reflected in the increased asymmetry of the vibrational 
bands, and so was the case here. As shown in Fig. 7d, the degree of 
asymmetry of both the ν3 and the ν4 bands increased with the intro
duction of germanate ions into HAp, attesting to the partial loss of the 
structural order entailing this doping process. 

Finally, the effects of the germanate dopant on carbonates naturally 

Fig. 6. FTIR spectra of HAp and Ge-HAp in the 4000–1500 cm− 1 (a) and 1500–400 cm− 1 (b) wavenumber ranges.  

Fig. 7. Peak frequencies of the two dominant vibration modes in the FTIR spectra of HAp and Ge-HAp: the antisymmetric ν3 stretch (a) and the antisymmetric ν4 
bend (b). The difference in the FWHM (c) and the asymmetry (d) of these two vibration modes for HAp and Ge-HAp. 
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present as phosphate substitutes in any HAp synthesized under ambient 
conditions were analyzed using FTIR. Fig. 8a shows the FTIR regions 
occupied by the most intense carbonate band, namely the antisym
metric, ν3 stretch whose central component peaked at 1455 cm− 1. The 
component of this stretch appearing at a lower energy corresponds to the 
B-type carbonate in HAp, which occupies phosphate group sites, 
whereas the component found at a higher energy corresponds to the A- 
type carbonate in HAp, which gets accommodated inside the hydroxyl 
channel [58]. Typically, whereas the B-type carbonation occurs under 
any conditions, including most prominently the ambient, the A-type 
carbonation normally requires elevated temperatures for this less 
entropic accommodation to be initiated [56]. The central component of 
the ν3 stretch is usually associated with the mixed AB type [58] and its 
dominance over the A-type and the B-type components suggests the 
predominantly mixed nature of carbonation in both HAp and Ge-HAp. 
This effect owes mostly to the relatively energetic, hydrothermal con
ditions of synthesis employed here. However, as it is seen from Fig. 8b, 
the ratio of the B-type to the A-type carbonates in HAp visibly drops with 
the addition of germanate, which is expected in view of the aforemen
tioned inclusion of germanate ions in place of phosphates. Simply, this 
integration of germanate ions in place of phosphates leaves less room for 
the accommodation of adventitious carbonates on these lattice sites, as 
the result of which the ratio of the B-type to the A-type carbonates de
creases. At the same time, however, as also shown in Fig. 8b, with the 
addition of germanate ions to HAp, the total amount of carbonates 
estimated from the percentage that the ν3 carbonate band occupies 
relative to the rest of the spectrum increases by more than three times. 
This is a natural corollary of the reduction of crystallinity of HAp 
entailing the introduction of germanates. Because both germanate and 
carbonate ions reduce the crystalline order upon their inclusion in the 
structure of HAp, it is expected based on La Châtelier’s principle that the 
reduction of this order caused by the inclusion of the former species 
would increase the capacity for the accommodation of the latter species. 

4. Conclusions 

The first synthesis and characterization of HAp doped with germa
nium ions is being reported. To promote the stability of the ionic sub
stitution, germanium was deliberately integrated into the HAp lattice in 
the form of germanate, GeO3

2− , ions, which took the place of constitutive 
phosphates, thereby altering the crystallographic order of the lattice. 
Approximately two thirds of the germanate ions introduced into the 
hydrothermal solution got incorporated into the HAp lattice, yielding 

the approximate stoichiometry of Ca10-x(PO4)5.62+y(GeO3)0.38(OH)2-z. 
Germanate proved to be an excellent regulator of the particle size and 
shape, as its addition promoted the conversion of irregular abutting 
microsized plates into uniform rod-shaped nanoparticles with sizes well 
under 100 nm across all the dimensions. By replacing tetrahedral 
phosphate groups in the crystal structure of HAp, trigonal germanate 
isotropically expanded the HAp lattice, increased the microstrain and 
reduced the crystallinity. This disordering effect was attributed partly to 
the larger size of the germanate ion than that of the phosphate ion and 
partly to the defects and bond distortions invoked to compensate for the 
charge imbalance brought about by the replacement of the trivalent 
phosphates with the divalent germanates. Vibrational spectroscopic 
analyses corroborated these crystallographic effects by demonstrating 
the enhanced heterogeneity of the stereochemical environment sur
rounding the active modes after germanate ions were incorporated into 
the lattice of HAp through consistent frequency upshifts, broadening of 
the bands and increases in the peak asymmetry. Conforming to La 
Châtelier’s principle, this reduction of the crystallographic order 
increased the capacity of the material for integration of adventitious 
carbonates. However, the inclusion of germanate ions induced a partial 
shift of these carbonates to the hydroxyl channel sites. Inclusion of 
germanate ions also increased the electrophoretic mobility and hydro
dynamic surface charge density of the particles by reducing their size 
and by inducing a more stochastic distribution of terminal ionic groups 
due to the bending of the crystal facets. Overall, as it is being shown 
here, the doping of HAp with germanate ions facilitates the production 
of nanorods with a narrow dispersion of particle sizes and shapes and 
with moderately enhanced structural disorder. The findings reported 
here warrant a series of follow-up studies on assessing the biological 
effects of supplementing HAp with germanate ions. These future bio
logical studies are planned to include cytotoxicity assays, antibacterial 
tests and other biological marker analyses. 
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V. Uskoković et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S0272-8842(22)02062-4/sref55
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref55
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref55
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref56
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref56
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref56
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref57
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref57
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref57
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref58
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref58
http://refhub.elsevier.com/S0272-8842(22)02062-4/sref58

	Germanium-doped hydroxyapatite: Synthesis and characterization of a new substituted apatite
	1 Introduction
	2 Materials & methods
	2.1 Synthesis
	2.2 Characterization

	3 Results and discussion
	4 Conclusions
	Contributions
	Declaration of competing interest
	References


