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A B S T R A C T

Magnesium whitlockite (Mg-WH), the second most abundant inorganic material in hard tissue, is a promising 
biomaterial and participates in cell signaling through piezoelectric modulation. However, its electric structure is 
not fully understood. This study investigated the structure and electronic structure of Mg-WH for the first time 
using ab initio methods. Additionally, Mg-WH was synthesized through the coprecipitation method and char
acterized by scanning electron microscopy (SEM-FEG), X-ray diffraction (XRD), and Fourier-transform infrared 
(FTIR) spectroscopy. The experimental results of XRD were compared with those obtained by computational 
simulation, and good agreement was shown. The Ca1 site of Mg-WH showed a higher distance between mag
nesium and other coordinated oxygens, making it more likely to accommodate atomic substitution in Mg-WH 
doping concerning elements with ionic radii bigger than Mg2+. Besides, the theoretical model confirmed the 
presence of a hydrogen bond due to the presence of the HPO4

2− group at the Ca4 site, which was further 
confirmed by the experimental FTIR spectrum. This hydrogen bond and Mg2+ in Mg-WH may play an essential 
role in physiological environments.

1. Introduction

Human bone tissue can recover from non-critical defects through the 
gradual process of osteogenesis mediated by osteoblast cells. However, 
its regenerative capacity may not be enough to rebuild the damaged 
tissue in severe injuries or under pathological conditions, like osteo
myelitis and osteosarcoma [1–4]. Bone substitutes and biomaterials that 
aim to assist bone regeneration have been the subject of research for 
several years [5]. Some of the most studied materials include calcium 
phosphate phases, such as hydroxyapatite (HAp) and β-tricalcium 
phosphate (β-TCP), besides bioactive glasses, where all of them display 
high bioactivity, osteoconduction, and osteointegration potential [6]. 
Recently, magnesium whitlockite (Mg-WH), a calcium phosphate 
ceramic with the chemical formula Ca18Mg2H2(PO4)14, has gained 
attention due to its potential applications in bone repair allied with 
low-intensity ultrasound therapy [7].

Whitlockite can be found in nature in three different forms: two 
inorganic and one of biological origin [8]. In the human body, it is found 
in bone tissue and dentin, representing the second most abundant 
inorganic mineral in hard tissue. Based on the amount of magnesium 
ions, their presence in bone minerals can be estimated at 20 %, and it is 
higher in the early stages of mineralization and young bones. Moreover, 
approximately 26–58 % of the whitlockite phase is present in human 
dentin [9]. Even though human bone serves as a reservoir of calcium 
ions (99 %) in the human body, mainly as HAp, magnesium ions are also 
significant, corresponding to approximately 50 %, in the form of Mg-WH 
[9,10].

Considering that magnesium ions play an essential role in the func
tioning of the human skeletal, nervous, and muscular systems, several 
studies have focused on doping HAp and β-TCP with Mg2+ ions to 
enhance their biological properties [11–14].

Although synthetic hydroxyapatite closely resembles the inorganic 

* Corresponding author.
E-mail address: juliana.marchi@ufabc.edu.br (J. Marchi). 

Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

https://doi.org/10.1016/j.ceramint.2025.05.374
Received 12 December 2024; Received in revised form 6 May 2025; Accepted 27 May 2025  

Ceramics International 51 (2025) 36637–36643 

Available online 30 May 2025 
0272-8842/© 2025 Elsevier Ltd and Techna Group S.r.l. All rights are reserved, including those for text and data mining, AI training, and similar technologies. 

https://orcid.org/0000-0001-5866-1555
https://orcid.org/0000-0001-5866-1555
https://orcid.org/0000-0003-3838-5543
https://orcid.org/0000-0003-3838-5543
https://orcid.org/0000-0002-0663-0463
https://orcid.org/0000-0002-0663-0463
mailto:juliana.marchi@ufabc.edu.br
www.sciencedirect.com/science/journal/02728842
https://www.elsevier.com/locate/ceramint
https://doi.org/10.1016/j.ceramint.2025.05.374
https://doi.org/10.1016/j.ceramint.2025.05.374
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ceramint.2025.05.374&domain=pdf


phase of bone and teeth, its resorption is lower due to its high stability 
under physiological conditions [15]. Among the various calcium phos
phates, β-TCP is the second most used bioceramic in clinical practice. Its 
relatively high solubility and dissolution products stimulate bone for
mation through osteoblast signaling. However, the ability of β-TCP to 
bond to the bone tissue through a surface apatite layer, as HAp or 
bioactive glasses do, is still debated [16].

Whitlockite shares structural similarities with β-tricalcium phos
phate, β-(Ca3PO4)2, differing in the presence of HPO4

2− , calcium sub
stitutions for magnesium ions, and cation vacancies at the 
crystallographic calcium sites V and IV [8]. Whitlockite is biocompatible 
and displays potential bioactive behavior in hard tissues, enabling this 
biomaterial to induce bone regeneration like HAp and β-TCP implants 
[17]. Despite being a well-known biomaterial in the human body under 
physiological conditions, its detection by analytical techniques is chal
lenging due to its short-range presence, resulting in limited research on 
Mg-WH as a biological material in the years before [9].

In contrast, new synthesis routes have sparked the development of 
works on synthetic Mg-WH in recent years. For instance, Jang et al. [9] 
synthesized whitlockite nanoparticles based on the ternary system Ca 
(OH)2-Mg(OH)2-H3PO4 under acidic pH conditions and limited excess of 
Mg2+ to prevent hydroxyapatite formation or other undesired phases. 
Besides obtaining only whitlockite as a crystalline phase in the nano
particles, the authors also demonstrated that whitlockite nanoparticles 
exhibit in vitro biocompatibility comparable to hydroxyapatite. Further 
evidence of the biocompatibility of Mg-WH was shown by Qi et al. [18], 
who reported a rapid microwave-assisted synthesis of single-phase 
hollow porous microspheres of Mg-WH. These microspheres also 
showed high biocompatibility and good adhesion of osteoblastic cells, 
demonstrating that cell biocompatibility occurs regardless of particle 
shape. Notwithstanding, not only can the biocompatibility of Mg-WH be 
explored in biomedical applications, but also its piezoelectric properties. 
Kaliannagounder et al. [15] highlighted the piezoelectric properties of 
Mg-WH as an enhancer for bone regeneration ability in the human body 
by aligning bioinorganic and mechanical stimuli on osteogenesis. It is 
worth noting that despite the piezoelectric properties of Mg-WH being 
known, its electronic structure is not fully understood.

The development of synthetic Mg-WH, coupled with computational 
simulation, has also promoted further elucidation of its morphology and 
structure — for example, Wang et al. [19] synthesized Mg-WH nano
plates using a tri-solvent system that controls their size, morphology, 
and surface properties. Through molecular dynamics (MD) simulations, 
the authors also verified that the growth direction of the nanoplates was 
related to one of the solvents that worked as a surfactant and its binding 
affinity to the nucleated particle surface. Debroise et al. [8] studied the 
impact of Ca2+ vacancies and the substitution of Mg2+ ions in the altered 
base structure of protonated β-(Ca3PO4)2 (whitlockite type) through 
DFT techniques and verified that the Ca4 site is more favorable for va
cancies. In contrast, the Ca5 site is more prone to be replaced by Mg2+

ions.
Altogether, the examples emphasize the applications of Mg-WH as a 

biomaterial. However, we identified a significant knowledge gap in 
understanding Mg-WH structure and electrical properties, which can 
further advance its application in tissue engineering applications, 
exploring its piezoelectric response. To our knowledge, no theoretical 
study at the ab initio level has reported the structure of Mg-WH from 
experimental results, nor its electronic properties. In this paper, we 
employed density functional theory (DFT) methods to understand the 
structure of whitlockite better and analyze its electronic properties. 
Also, we synthesized Mg-WH using the coprecipitation method. Later, 
we characterized it using scanning electron microscopy (SEM-FEG), X- 
ray diffraction (XRD), and Fourier-transform infrared (FTIR) spectros
copy, comparing our findings with theoretical results.

2. Methodology

2.1. Computational methods

Quantum Espresso software [20,21] was used to perform the ge
ometry cell optimization of Mg-WH. DFT calculations were carried out 
using ultrasoft pseudopotentials generated by the Vanderbilt code [22] 
and employed to represent core-valence electron interactions. The 
Perdew-Burke-Ernzerhof (PBE) correlation and exchange functional 
with Generalized Gradient Approximation (GGA) were adopted, 
considering periodic conditions of the crystal structure. A 2 × 2 × 2 
mesh of K-points was generated using the Monkhorst-Pack method, as 
implemented by the software code. A plane wave basis set was used with 
cutoffs of 36.75Ry (5 × 102 eV) and 294 Ry (4 × 103 eV) for wave 
function and charge density, respectively. The bulk was relaxed until the 
most significant force acting on the atoms was less than 7.35 × 10− 6 

Ry/Bohr (0.0001 eV/Å). An accuracy of 7.35 × 10− 10 Ry (10− 8 eV) was 
adopted for the electronic convergence of self-consistent calculation.

2.2. Experimental methodology

Magnesium whitlockite (Mg-WH) was synthesized using calcium 
hydroxide (Ca(OH)2, 99.0 %, Dinâmica®), magnesium hydroxide (Mg 
(OH)2, 95.0 %, Sigma-Aldrich®), and phosphoric acid (H3PO4, 85.0 %, 
Sigma-Aldrich®), following a method adapted from Jang et al. [10] and 
under acidic pH conditions. Briefly, a solution of Ca(OH)2 (0.77 M) and 
Mg(OH)2 (0.23 M) was mixed in 250 mL of distilled water at 70 ◦C and 
continuously stirred for 1 h. A phosphoric acid (0.95 M) solution in 250 
mL of distilled water was added dropwise at 2.5 mL/min. The resulting 
solution was aged at 100 ◦C for 48 h, aiming for the precipitation of 
Mg-WH crystals. The precipitate was washed by centrifugation three 
times (Centrifuge Excelsa® II, Mod. 206 B L, Brazil), lyophilized 
(Operon Freeze Dryer 55C, South Korea) for 24 h, and calcined at 700 ◦C 
for 1 h in an electric furnace (Jung 1612, Brazil).

Characterization of the synthesized Mg-WH powders was performed 
using X-ray diffraction (XRD) with a diffractometer STADIP S/N 
661–0421, employing AgKα radiation (λ = 0.55941 Å), operating at 40 
kV and 40 mA. The crystallite size of the nanoparticles was estimated by 
the Scherrer equation (Eq. (1)). Moreover, Rietveld refinement was 
performed using GSAS software (https://advancedphotonsource.github. 
io/GSAS-II-tutorials/) to fit the experimental diffraction pattern with the 
calculated profile and JCPDS database. 

D = Kλ/β cos θ                                                                        (Eq. 1)

Where D is the crystallite size of the nanoparticles; K is the Scherrer 
constant; λ is the wavelength of the X-ray beam; β is the full width at half 
maximum (FWHM) of the peak, in radians; and θ is the Bragg angle.

Fourier-transform infrared (FTIR) spectra using ATR mode (model 
SpectrumTwo, PerkinElmer, USA) were recorded at 400-4000 cm− 1 

range (4 cm− 1 of resolution) to analyze molecular vibrations of phos
phate and hydrogen phosphate groups. For the morphological analysis 
of the surface of the powder, a scanning electron microscope with field 
emission guns (SEM-FEG) was performed (JSM-IT700HR, JEOL, USA). 
The chemical composition was evaluated with energy dispersive spec
troscopy (EDS).

3. Results

To conduct theoretical calculations of the ground state of Mg-WH, we 
started with the experimental structure reported by Gopal et al. [23]. 
The optimized structure is displayed in Fig. 1. The crystal unit cell, with 
a hexagonal structure, belongs to the space group R3c. Considering the 
c-axis view (Fig. 1c), Mg2+ and HPO4

2− ions alternately compete along 
three columns: two diagonally and one in the lower left corner (repre
sented by green circles). The optimized data obtained by the simulation 
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are a = b = 10.4143 Å, c = 37.3992 Å, and a volume of 3512.81 Å3. We 
also calculated lattice parameters of the synthesized powders by Riet
veld refinement and obtained a = b = 10.3358 Å, and c = 37.0856 Å. 
Such data agrees with the experimental values previously reported [23].

There are three equivalent Ca sites and one Mg site, where eight 
oxygens coordinate the Ca sites, while the Mg site is coordinated by six 
oxygens, considering a radius of 3.1 Å (see Fig. S1). The average dis
tances of the Ca-O and Mg-O bonds are described in Table 1.

The cation equivalent site positions are shown in Table 2, compared 
with those reported for synthetic Mg-WH [23], in fractional positions. 
There are 18 atoms for each of the Ca equivalent sites and 6 Mg atoms.

Furthermore, the Mg-WH (Fig. 1b) presents a hydrogen bond be
tween the hydrogen atom of HPO4

2− and the oxygen of the neighboring 
phosphate group, with a length of 1.593 Å, consistent with experimental 
data reported by Capitelli et al. [19]. The bond distance of the OH group 
is 1.019 Å, which is in good agreement with the reported data of 1.03 Å 
[24]. Moreover, a length of 2.61 Å between the oxygen atom of OH and 
the neighboring oxygen involved in the hydrogen bond was verified, and 
these three atoms formed a bond angle of 174.8◦.

Fig. 2 presents the X-ray diffraction pattern generated by the theo
retical model, which was compared with the diffraction pattern from the 
JCPDS database (JCPDS no. 70–2064) and the experimental pattern of 
the synthesized Mg-WH. Specifically, Fig. 2a shows each pattern over 
3◦–25◦. In contrast, in Fig. 2b, the patterns are over-imposed, aiming to 
better compare the patterns in the 9◦–13◦ range, which contains the 
characteristic peaks of whitlockite. An average crystallite size of 40 nm 
was also obtained. The Rietveld refinement of XRD data of Mg-WH is 

presented in Fig. 2c, with Rwp = 5.38 and Rexp = 3.45. The results 
showed a low value of χ 2 (goodness of fit), 2.4, which indicates a high 
quality refinement.

Fig. 3 presents the FTIR spectra of experimentally obtained Mg-WH. 
The spectra exhibit bands assigned to phosphate groups consistent with 
those reported in the literature [15]. The stretching vibration of P‒O is 
observed at 960 cm− 1, while the asymmetric stretching of PO4

3− appears 
as a broad range between 1146 cm− 1 and 932 cm− 1. A distinct doublet at 
602 cm− 1 and 554 cm− 1 is also attributed to the bending vibration of 
crystalline PO4. A peak confirms the presence of HPO4

2− at 924 cm− 1, 
which corresponds to P‒O‒H stretching, indicating the existence of the 
whitlockite phase.

The Mg-WH was synthesized by the co-precipitation method in an 
aqueous system and acid environment and then annealed at 700 ◦C, 
resulting in submicrometer powders, as shown in Fig. 4a. The powders 
exhibit a similar morphology of Mg-WH particles found in literature and 
synthesized by a similar method [9,10]. The EDS spectrum (Fig. 4b) 
shows the element distribution based on the general image (Fig. 4c) and 
the elemental color mapping of the species Ca, Mg, and P that compose 
the Mg-WH.

Fig. 5 presents the band structure obtained by DFT computational 
simulation. A gap region with a Fermi level close to the valence bands 
can be observed from this. The area without available energy bands has 
a direct gap of 5.228 eV. Fig. 6 shows the density of states from atomic 
orbitals in atoms that constitute Mg-WH and their sum.

The upper graph (Fig. 6) corresponds to the total density of states per 
electron-volt, considering the total states of all atomic species in the 

Fig. 1. Whitlockite structure (a), and view of the xz (b) and xy (c) planes. The Ca, Mg, P, O, and H atoms colors are, respectively, blue, yellow, light purple, red, and 
white. The area highlighted in green shows the crystallographic sites where Mg2+ and HPO4

2− compete. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)

Table 1 
The average distance of X-O bonds in coordination 
region (X = Ca or Mg).

Site X-O average distance

Ca1 2.552 (0.2) Å
Ca2 2.494 (0.1) Å
Ca3 2.494 (0.12) Å
Mg 2.086 (0.011) Å

* in parentheses are standard deviation.

Table 2 
Fractional positions (x, y, z) of Ca and Mg cation sites in the WH structure. 
Comparison between our theoretical data and that available in the literature 
[23].

Site Theoretical Literature [23]

Ca1 0.3056 0.1684 0.6717 0.2951 0.1580 0.6720
Ca2 0.2831 0.1507 0.5653 0.2810 0.1468 0.5648
Ca3 0.3960 0.1836 0.7670 0.3880 0.1800 0.7676
Mg 0.0015 0.0030 0.0000 0.0000 0.0000 0.0000
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bulk. The other graphs show the contribution of the Ca, H, P, Mg, and O 
specimens. A shaded region can be observed and corresponds to the sum 
contribution of orbitals in each atomic species. The left side of the gap 
region corresponds to occupied levels, and the right side is unoccupied 
at the ground state.

4. Discussion

Among the calcium phosphate ceramics for biological applications, 
the structure of β-TCP, HAp, and Mg-WH has already been studied by 
theoretical and experimental researchers [25–31]. However, to the best 

of our knowledge, we report here for the first time the theoretical model 
of Mg-WH (Ca18Mg2H2(PO4)14) structure using ab initio methods. Our 
results contribute to a better understanding of its structure, aiming to 
develop new potential materials based on Mg-WH with improved bone 
tissue repair.

Mg-WH and β-TCP are both resorbable calcium phosphate crystalline 
phases critical in bone regeneration, and both phases share the same 
space group, R3c. The main difference is that Mg-WH has Mg2+ and 
HPO4

2− ions within its structure [8,9,14]. Furthermore, in both bio
ceramics, the Ca1, Ca2, and Ca3 sites of their crystallographic structure 
have a similar coordination number for oxygen. In contrast, the Ca5 site 
has the same coordination number for Mg-WH and β-TCP, occupied by a 
Mg2+ ion in the Mg-WH phase.

In our model, the Ca1 site has a greater average distance and stan
dard deviation (Table 1). After inspecting the distances between oxygen 
atoms and these sites with a 2.4 Å radius threshold, we verified that Ca1 
has three closer O atoms, Ca2 has only one, and Ca3 has two closer O 
atoms. The magnesium site is located in an approximately octahedral 
region with a minor average distance. These results bring valuable in
formation for those interested in doping Mg-WH with other elements. 
Considering the coordination regions of crystallographic sites, we 
believe the Ca1 site is more susceptible to receiving bigger atoms in 
substitutional doping of Mg-WH, followed by the Ca2 and Ca3 sites. For 
smaller atoms, it can be considered the Mg site.

One of the main structural differences between the Mg-WH and 
β-TCP phases concerns the Ca4 site: it is half occupied in β-TCP and 
receives the HPO4

2− group in Mg-WH, which forms a strong hydrogen 
bond. The presence of the hydrogen bonds and Mg2+ may play an 
essential role in the resorbable behavior of Mg-WH in a biological 
environment [32,33].

Jang et al. [17] reported that the resorbable rate of Mg-WH implants 
is lower than that of β-TCP implants, which favors enhanced in vivo bone 
regeneration. At the same time, Mg-WH shows an intermediate resorb
ability compared to HAp and β-TCP. Additionally, Tang et al. [34] re
ported that whitlockite-type crystals dissolve more slowly than β-TCP, 

Fig. 2. Whitlockite theoretical and experimental XRD pattern. (a) comparison of theoretical, experimental and reference pattern, (b) overlapped patterns at char
acteristic peaks, and (c) Rietveld refinements of XRD data of Mg-WH synthesized.

Fig. 3. Infrared spectra of synthesized Mg-WH. The dashed lines indicate the 
characteristic bands of phosphate groups found in the whitlockite phase.
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and this effect is magnified when more Mg2+ ions are added to the 
composition at the expense of Ca2+ ions. This effect was also noticed in 
other works. Magalhães et al. [35], who synthesized Mg-WH with 
different Ca2+/Mg2+ ratios, showed that the dissolution behavior of 
Mg-WH relies on the ratio between Ca2+, Mg2+, and HPO4

2− species 
within the WH structure [35]. The results shown in our work may be 
used for further molecular dynamic studies to evaluate the activation 
energy of dissolution reactions and check whether the Mg2+ or the 
HPO4

2− sites are required for decreasing the Mg-WH dissolution kinetics, 
complementing the results found by Magalhães et al. [35]. In other 
words, more investigation is still needed to understand the key factors 
involved in the dissolution kinetics of Mg-WH.

Regarding the comparison between the experimental and the ab initio 
XRD diffractograms, there was a slight peak shift of the theoretical XRD 
pattern compared to reference peaks from JCPDS and the as-prepared 
material. This shift is due to the approximation of using pseudopoten
tials for DFT calculations. The theoretical results showed that lattice 
parameters obtained by the simulation are greater than those of the 
synthesized Mg-WH in this work and the experiment reported in the 
literature [23]. This fact caused the displacement of theoretical peaks. 

Despite that, XRD patterns agree with the synthetic phase produced in 
our laboratory, validating our simulations.

Complimentarily, FTIR confirms the presence of HPO4
2− in the syn

thesized material, which is a whitlockite characteristic, evidencing the 
existence of the aforementioned hydrogen bond.

Based on morphology analysis from SEM-FEG, the smaller Mg-WH 
particles showed a hexagonal shape, while the bigger particles exhibi
ted a rounded shape, probably due to the annealing process. The SEM- 
EDS images suggest no formation of other phases, which agrees with 
the XRD results. Also, EDS mapping shows a uniform presence of ele
ments in the Mg-WH particles without different components, indicating 
the absence of other impurities.

Regarding the band structure, it can be observed from Fig. 5 that 
there is a typical gap for ceramic insulators. Besides, the Fermi level is on 
the highest of the dense top valence bands, indicating a possible ten
dency to donate electrons. This potential trend can hint at electrical 
properties that can enhance bone repair. However, further investigation 
is still needed in this regard.

At first glance, one can see (Fig. 6) that the species type of O(p) 
contributes the majority to the highest occupied levels, with a minor 
contribution from Mg(s), and the lowest levels of the conduction band 
have the main contribution from Mg (s). However, if we carefully 
inspect, Ca(d) also contributes to the top of occupied levels, and the 
lowest unoccupied levels also have significant contributions of types Ca 
(s,d) and O(s). Besides, considering Fermi shifted to 0 eV, all atomic 
species contribute to DOS from − 25 eV to 8 eV. Those ranges with main 
occupied levels are approximately at − 20.7 eV to − 16.4 eV and − 8.6 
eV–0.4 eV. The density of states analysis highlights significant contri
butions from oxygen and magnesium specimens, with calcium also 
playing a role near the gap region in conduction and valence bands. 
These results can support further studies in which the doping of Mg-WH 
is desired to improve its electrical properties.

By understanding how substitutional doping works in Mg-WH and 
how Mg and Ca sites influence its bandgap, which was discussed in this 
article, one can infer that the results of this work may support theoretical 
and experimental decisions on Mg-WH modification in future works.

5. Conclusion

Magnesium whitlockite is an increasingly attractive, promising 
biomaterial for bone regeneration applications. This study comprehen
sively analyzes Mg-WH, combining theoretical ab initio methods with 

Fig. 4. Mg-WH morphological images of (a) FEG-SEM, (b) EDS spectrum, (c) elemental color mapping. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)

Fig. 5. Whitlockite energy band. The Fermi level has been shifted to zero and is 
represented by the dashed red line. (For interpretation of the references to color 
in this figure legend, the reader is referred to the Web version of this article.)
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experimental validation. Our results confirm the structural features of 
Mg-WH. Morphological analysis and XRD patterns are consistent and 
reveal that the synthesized material exhibits a single whitlockite phase 
without other phases or impurities. Moreover, the FTIR analysis con
firms the presence of hydrogen phosphate in the material, a significant 
distinction from β-TCP. The model also demonstrated the existence of 
hydrogen bonds, which may influence the material’s interaction under 
physiological environments. We also showed that the Ca1 site is more 
likely to be replaced by ions with atomic radii greater than Mg2+ in the 
case of atomic substitution. This research may support future studies on 
Mg-WH and its potential to improve hard tissue repair.
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