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Abstract: Because the impact of the full-scale substitution of Ca2+ in brushite (CaHPO4·2H2O) with
Ni2+ ions has never been systematically explored, it is the focus of this investigation, as it holds
potential for use in CaxNi1−xHPO4·nH2O production. These biomaterials have many beneficial
characteristics that can be modified to suit diverse applications, including bone tissue regeneration
and pharmaceutics. For the present study, NaH2PO4·2H2O, Ca(NO3)2·4H2O, and Ni(NO3)2·6H2O
were used in various molar concentrations to obtain the required starting solutions. Previous studies
have shown that adding Ni ions in the initial solution below 20% results in the precipitation of
monophasic brushite with slight changes in the crystal structure. However, this study confirms
that when the Ni ions substitution increases to 20%, a mixture of phases from both brushite and
hexaaquanickel(II) hydrogenphosphate monohydrate HNiP (Ni(H2O)6·HPO4·H2O) is formed. The
results confirm that the full replacement (100%) of Ca ions by Ni ions results in a monophasic
compound solely comprising orthorhombic HNiP nanocrystals. Therefore, a novel technique of HNiP
synthesis using the precipitation method is introduced in this research work. These materials are
subsequently analyzed utilizing powder X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), thermogravimetric analysis (TGA), and scanning electron microscopy (SEM). The obtained
results confirm that the material microstructure is controlled by the Ni/Ca ratio in the starting
solution and can be modified to obtain the desired characteristics of phases and crystals.

Keywords: brushite; hexaaquanickel(II) hydrogen phosphate monohydrate; biomaterials; XPS;
kidney stone

1. Introduction

Owing to their beneficial mineralogical and biochemical characteristics, calcium
phosphates (CaPs) already have diverse applications, including those in the environ-
mental sciences and the field of engineering. However, their similarity with the mineral
phases present in osseous tissue—as well as a low toxicity, high bioactivity, and excellent
biocompatibility—makes them particularly useful candidates for medical applications [1–4].
Presently, CaPs serve as precursors for biocements and bioceramics, to be used in medicine
and dentistry, and to obtain other types of advanced materials [4,5]. Available evidence fur-
ther indicates that CaPs can be adopted for drug delivery or bone tissue engineering [5,6],
in fertilizers [7], and in the construction industry [8–10].

Crystals 2022, 12, 940. https://doi.org/10.3390/cryst12070940 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12070940
https://doi.org/10.3390/cryst12070940
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0001-5657-5418
https://orcid.org/0000-0002-7996-5248
https://orcid.org/0000-0002-4565-5129
https://orcid.org/0000-0001-6668-0430
https://doi.org/10.3390/cryst12070940
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12070940?type=check_update&version=1


Crystals 2022, 12, 940 2 of 12

Nickel is one of the trace elements in the human body, where the average amount in a
healthy individual is about 10 mg [11,12]. The concentration of nickel per liter of serum
is about 0.2 µg/L in a normal population [11]. Nickel is known to be harmful to human
health, causing cancer, inflammation, skin allergies, lung fibrosis, asthma, and kidney
diseases [13]. Yet later, it was found that nickel toxicity depends on the amount of the dose
so that it can be used in vivo under certain conditions and modifications. In view of these
facts, nickel has been adopted for biomedical applications involving stainless steel (15% Ni)
or shape-memory alloys such as nitinol (50% Ni) [14,15]. Such Nickel-based alloys are now
used in biomedical implants for clinical application [12].

Nickel ions and other d-block elements (Co, Cu, V, Ti, Cr) exhibit one very important
property, which is the stabilization of HIF-1α; therefore, they can induce cellular VEGF
secretion by creating intracellular hypoxia mimicking conditions. Nickel-doped nHAp hav-
ing different percentages of Ni (1%, 5%, and 10% w/w) [12] is a proangiogenic–osteogenic
material that could be used in bone tissue engineering, as doped samples proved bone-cell
compatible and osteoconductive. Analysis showed that Ni2+ doped nHAp samples were
potent inducers of the cellular Vascular Endothelial Growth Factor (VEGF), the expression
of VEGF being directly proportional to the doping concentration of Ni2+ [12].

Several studies indicate that dicalcium phosphate dehydrate (DCPD)—commonly
known as brushite, with the chemical formula CaHPO4·2H2O—is one of the most widely
used CaPs [8,11]. This mineral acts as a precursor of hydroxyapatite (HA), bone cement,
and bioceramics. Hence, the brushite encountered in mineralized tissues can be useful in
medicine, especially in bone cement formulations [16]. It shows high stability in environ-
ments characterized by pH 4.0–6.5 and temperatures below 60 ◦C [17–20]. Moreover, as it
is usually metastable at pH ~7.4, it can be quickly resorbed in the human body to aid in
bone remodeling [21–23].

The influence of ionic substitution on the morphology, structure, synthesis and hy-
drolysis process of brushite has been investigated [1]. The results of structural refinements
indicate that the range of possible substitutions can reach different values based on the
doped ions. This study showed that the Sr substitution can reach up to about 38%, whereas
it is quite limited for Co, Mn, and Zn. A previous study [24] has shown the most complete
incorporation of Ni2+ to the solid phase of brushite up to 15%. However, for larger Ni2+

concentrations in the initial solution, a mixture of phases has been detected [24,25].
Such findings have prompted us to study the crystal morphology, thermal properties,

chemical composition, phases, and mineralogy of the produced compounds when Ca2+ in
brushite is gradually substituted or replaced (from 20% to 100%) by Ni2+. The findings fill an
important research gap and may prove valuable for mineral synthesis to derive biomaterials
for a variety of applications in the bone tissue engineering and the pharmaceutical industry.

2. Experimental Methodology
2.1. Materials

Sodium dihydrogen orthophosphate dihydrate (NaH2PO4·2H2O) was purchased
from Techno Pharmchem, India; while calcium nitrate tetrahydrate (Ca(NO3)2·4H2O) and
nickel (II) nitrate hexahydrate (Ni(NO3)2·6H2O) were procured from LOBA Chemie, India.
Distilled water (0.055 µS/cm) was prepared using a water purification system (PURELAB
option-Q, ELGA, Oxford, UK). A digital analytical balance (EX324N, OHAUS, Parsippany,
NJ, USA) and a magnetic stirrer (ISOTEMP, Fisher Scientific, Shanghai, China) were used
when required.

2.2. Synthesis of CaxNi1−xHPO4·nH2O Compounds

A series of six CaxNi1−xHPO4·nH2O compounds (with x = 0, 2, 4, 5, 6, and 10) was
synthesized at room temperature (RT) based on the reaction given in Equation (1), which
called for the use of Na2HPO4·2H2O, Ca(NO3)2·4H2O and Ni(NO3)2·6H2O 0.5 moL/L
solutions in the molar proportions provided in Table 1.
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αNi(NO3)2·6H2O + (1− α)Ca(NO3)2 + Na2HPO4 + NH3 + H2O→ (Ca1−α + Niα)HPO4·2H2O + 2NaNO3 (1)

Table 1. Molar proportions of NaH2PO4·2H2O, Ca(NO3)2·4H2O, and Ni(NO3)2·6H2O, as well as
Ni/Ca molar ratios used for the synthesis of CaxNi1−xHPO4·nH2O compounds.

Product
ID NaH2PO4·2H2O Ca(NO3)2·4H2O Ni(NO3)2·6H2O Ni/Ca Molar

Ratio

BNi0 1 1 0 0
BNi2 1 0.8 0.2 0.25
BNi4 1 0.6 0.4 0.67
BNi5 1 0.5 0.5 1.0
BNi6 1 0.4 0.6 1.5

BNi10 1 0 1 -

To obtain pure brushite (denoted in Table 1 as BNi0), 100 mL of Ca(NO3)2·4H2O
solution was added at the ≈2 mL/min flow rate to the Na2HPO4·2H2O solution using a
glass funnel with a glass stopcock while stirring at 450 rpm until a 1.0 Ca/P molar ratio
was achieved (which typically took about 60 min). The resulting solution was stirred at RT
for 60 min to ensure that it was fully homogenized, after which the pH was adjusted to
6−6.5 by adding ammonia solution (≈15 moL/L, Labochemie, Mumbai, India) as required.
The aim was to obtain a white precipitate that was then vacuum filtered using a Buchner
funnel and a qualitative filter paper (45 µm, ∅12 cm, Double Rings, Shanghai, China). The
filter cake was first washed three times with deionized water, which was followed by three
washes in ethanol to prevent agglomeration [26–28]. Finally, the sample was placed on
a watch glass and was left to dry in an oven set at 40 ◦C for one week (ED53/E2, Binder,
Tuttlingen, Germany) [29].

To obtain BNi2, BNi4, BNi5, and BNi6 compounds, the Ca(NO3)2·4H2O and Ni(NO3)2·6H2O
solutions were mixed in the molar ratios outlined in Table 1, after which 100 mL of the
resulting solution was added at the ≈2 mL/min flow rate to 100 mL of Na2HPO4·2H2O
solution as described above. For BNi10, the same process was performed after mixing
NaH2PO4·2H2O and Ni(NO3)2·6H2O.

2.3. Characterization Techniques

The obtained BNi0−BNi10 samples were subjected to powder diffraction phase anal-
ysis using a Shimadzu XRD diffractometer-6000 (Japan) with a cobalt tube and a 2-theta
scanning range of 10−60◦ at a 2◦/min scan rate. Product morphology was established via
scanning electron microscopy with the Inspect F50 (The Netherlands) apparatus. An XPS
system (Thermo K Alpha spectrometer, Thermo Fisher Scientific, Waltham, MA, USA) was
used to conduct X-ray photoelectron spectroscopy to determine the surface chemistry and
conduct elemental analysis of the samples. Finally, a thermogravimetric (TGA) analyzer
(TG 209 F1 Libra, Netzsch, Selb, Germany) served to ascertain the mass loss (≈100 mg)
resulting from heating each product from 40 to 600 ◦C, at 5 ◦C min−1 increments under
a helium atmosphere. An FT-IR spectrometer (Perkin–Elmer system 2000) was used for
recording FTIR spectra in the range of 4000–400 cm−1.

3. Results and Discussion
3.1. Mineralogical and Microstructural Analysis

The XRD patterns produced by all samples, including standard brushite (CaHPO4·2H2O)
and hexaaquanickel(II) hydrogenphosphate monohydrate (Ni(H2O)6·HPO4·H2O) (HNiP),
are presented in Figure 1. The qualitative mineralogical analysis confirmed that after mixing
NaH2PO4·2H2O and Ca(NO3)2·4H2O solutions with a Ca:P molar ratio of 1:1 (Table 1), pure
brushite (BNi0) is precipitated. Moreover, after nucleation, its crystals grow proportionately
to the three major crystallographic planes, i.e., (020), (12-1), and (14-1). In addition, all
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peaks identified in the pattern produced by BNi0 are indicative of brushite’s monoclinic
structure [19,30], while the peak at 11.7◦ 2-theta suggests that crystal growth primarily
progresses along the (020) plane [31].
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Figure 1. XRD patterns of the CaxNi1−xHPO4·nH2O compounds synthesized under the conditions
provided in Table 1.

In addition to the growth of XRD peaks corresponding to HNiP, all the main brushite
peaks can be identified in the pattern, BNi2, and show higher intensity than in the BNi0
spectrum, especially for peaks associated with the (020), (121), and (141) planes [32,33].

The patterns produced by BNi2 to BNi6 (corresponding to the Ni/Ca molar ratio of
0.25 to 1.5), as expected, indicate that a greater proportion of Ca is substituted by Ni, while
hexaaquanickel(II) hydrogenphosphate monohydrate (Ni(H2O)6·HPO4·H2O) (HNiP) also
began to precipitate. The planes corresponding to Ni(H2O)6·HPO4·H2O—(101), (002), (011),
(111) and (103)—are thus observed. The XRD patterns further show that as the Ni/Ca molar
ratio increases, so does the HNiP peak intensity. Finally, the pattern produced by BNi10
(with the Ni/P ratio of 1.0) confirms the presence of pure HNiP with an orthorhombic
crystal structure, as seen in Figure 1.

Figure 2 provides the SEM images of brushite (BNi0), along with those of biphasic
compounds (BNi2, BNi4, and BNi6) based on different Ni/Ca molar ratios. The SEM image
of pure HNiP (Ni(H2O)6·HPO4·H2O; BNi10) is presented in Figure 3.
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Figure 2. SEM images of CaxNi1−xHPO4·nH2O compounds (labeled using product names provided
in Table 1 and obtained with the same magnification): (A) BNi0; (B) BNi2; (C) BNi4; (D) BNi5, and
(E) BNi6. (Point 1—brushite crystals, Point 2—hexaaquanickel(II) hydrogenphosphate monohydrate).
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Figure 3. SEM images of hexaaquanickel(II) hydrogenphosphate monohydrate crystals
(Ni(H2O)6·HPO4·H2O (HNiP); product name BNi10).

As can be seen at Point 1 in Figure 2A (pertaining to BNi0 with the Ca/P molar
ratio 1.0), the precipitation of pure brushite results in plate-like crystals, as expected
for the solution pH used in this work [17,18]. The dimensions of these plate-like crys-
tals are ≈500 nm × 15 µm × 30 µm, which is comparable to those obtained by other au-
thors [10,34]. Moreover, flat-plate morphology is a typical crystal structure for precipitated
brushite [35]. It is evident from Point 1 in Figure 2B that as Ca replacement with Ni intensi-
fies due to the increase in the Ni/Ca molar ratio, the length of brushite crystals in the (020)
direction decreases, ranging between ≈5 and ≈20 µm. Finally, as seen in Figure 2B–E—
depicting a biphase compound—brushite crystals (Point 1) of different sizes are formed
alongside HNiP crystals (Point 2).

BNi10 is depicted in Figure 3, which confirms that the full replacement of Ca by Ni
results in a monophasic compound made up only of orthorhombic HNiP nanocrystals.
Thus, the findings yielded by SEM analysis confirm those obtained via the XRD shown in
Figure 1.

Rietveld refined unit cell parameters for brushite and HNiP materials are presented
in Tables 2 and 3. As evidenced by the tabulated data, the values of unit cell parameters
related to brushite increase as the Ni/Ca molar ratio increases from 0 to 1; hence, brushite
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is the dominant phase formed. Yet, when the Ni/Ca molar ratio exceeds 1, the brushite unit
cell parameters decrease. Similarly, the parameters pertaining to the HNiP unit cell increase
as the Ni/Ca molar ratio increases from 0.25 to 1 (Table 3). Still, the unit cell dimensions of
pure HNiP are larger than those characterizing the standard unit cell.

Table 2. The unit cell parameters for brushite are derived from the XRD scans (Rietveld refinement).

Product
ID

Brushite
wt % a (Å) b (Å) c (Å) βo V (Å3)

Standard Brushite 100 5.812 15.18 6.239 116.43 492.91
BNi0 100 5.8145 15.1693 6.2399 116.43 492.8455
BNi2 93 5.81143 15.17852 6.23839 116.43 492.7654
BNi4 25.5 5.8195 15.19959 6.24705 116.43 494.8206
BNi5 34.5 5.82386 15.21097 6.25173 116.43 495.9334
BNi6 14.6 5.81326 15.18328 6.24035 116.43 493.2301

BNi10 0 - - - - -

Table 3. The unit cell parameters for HNiP (product name BNi10) are derived from XRD scans
(Rietveld refinement).

Product
ID

Brushite
wt % a (Å) b (Å) c (Å) V (Å3)

Standard HNiP 100 6.916 6.1032 11.1679 471.394
BNi0 0 - - - -
BNi2 7 6.91997 6.09953 11.14389 470.3676
BNi4 74.5 6.93074 6.11028 11.17562 473.2737
BNi5 65.5 6.94044 6.11663 11.18034 474.629
BNi6 85.4 6.9211 6.10223 11.16156 471.3989
BNi10 100 6.9356 6.10915 11.17447 473.4692

The FT-IR spectrum of the CaxNi1−xHPO4·nH2O compounds is shown in Figure 4. The
broad absorption peak between 3500 and 2400 cm−1 is due to O-H stretching vibration [36].
The P-O-P asymmetric stretching vibration band was observed at 983 cm−1 as a result of
P=O stretching vibrations; other bands at 654 and 568 cm−1 may be attributed to (H-O-)P=O
for acid phosphates [36,37]. Another two peaks were observed at 3470 and 1640 cm−1,
indicating the existence of water, and their intensity decreased along with the decreasing
trend in brushite contents in the samples (BNi2, BNi4, BNi5, and BNi6), whereas the BiN6
and BNi10 spectra reflected an absence of water [38]. On the other hand, the samples
showed new peaks at 1645 and 1432 cm−1, which were respectively indexed to O–H and
P–O–bending vibrations, owing to the presence of Ni and its intensity, which reached a
maximum in samples BNi6 and BNi10 [39,40].
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3.2. Elemental and Chemical Composition of CaxNi1−xHPO4·nH2O Compounds

The prepared samples were subjected to XPS analysis to appraise how the Ni/Ca
ratio present in the starting solution affected the surface chemistry and chemical state of P,
Ca, and Ni as the main constituents of the synthesized CaxNi1−xHPO4·nH2O compounds;
these findings are presented in Figure 5. As previously noted, the Ni/Ca ratio affects the
degree of substitution of Ca with Ni in brushite as well as the precipitation of HNiP (when
higher Ni/Ca ratios are used). The peaks corresponding to the Ni 2p orbital are visible in
the XPS spectra of BNi2 to BNi10, and their intensity progressively increases, whereas the
intensity of the Ca 2s and Ca 2p peaks decreases almost proportionally with the increase in
the Ni/Ca ratio. Meanwhile, the intensity of the P 2s peaks remains nearly constant. This
means that the intensity of P, Ca, and Ni peaks depend on the degree of Ca replacement
with Ni as well as on the amount of the precipitated HNiP (for higher Ni/Ca ratios).
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The effect of the Ni/Ca ratio on the binding energies of Ca 2s, P 2s, and Ni 2p peaks,
which are shown in Figure 6A−C, respectively, evidence that increasing the Ni/Ca molar
ratio from 0 to 0.25 (BNi2) results in an increase in the binding energies of the Ca 2s and
P 2s peaks: from 438 to 442 eV and from 190 to 194 eV, respectively. In turn, the findings
pertaining to sample BNi10 show that the binding energies of Ca 2s and P 2s remain
relatively stable once nearly 100% of Ca is replaced by Ni.

The analyses also indicate that as the Ni/Ca ratio increases to 0.67 (BNi4), to 1 (BNi5),
and further to 1.5 (BNi6), the intensity of the Ni 2p peak markedly increases—likewise to be
expected, since the rate of replacement of Ca with Ni is accompanied by the precipitation
of hexaaquanickel(II) hydrogenphosphate monohydrate. As confirmed by the XRD pattern
shown in Figure 1, BNi4 is the first compound formed that contains HNiP crystals, while
BNi10 comprises only pure hexaaquanickel(II) hydrogenphosphate monohydrate and thus
produces Ni 2p and Ni Auger peaks of the highest intensity.

In sum, the XPS results reported above confirm that when the Ni/Ca ratio in the start-
ing solution is low, Ca is partially replaced by Ni, but this is sufficient to alter the crystal
structure of the CaxNi1−xHPO4·nH2O compounds by increasing the binding energies of Ca
2s and P 2s peaks [41]. As the Ni concentration increases with the decrease in Ca concen-
tration, supersaturation decreases (increases) with respect to brushite (hexaaquanickel(II)
hydrogenphosphate monohydrate). Consequently, pure HNiP is obtained when no Ca is
present in the system, as is the case for the BNi10 compound.
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3.3. Thermogravimetric Analysis (TGA)

The TGA results for all analyzed compounds (BNi0 to BNi10) are shown in Figure 7.
Brushite has a crystal structure made up of compact sheets formed by parallel chains in
which Ca ions are coordinated by six phosphate ions and two oxygen atoms belonging
to the water molecules, making it a water-bearing phosphate [9]. Moreover, two sharp
peaks reflect the mass loss as a result of heating from 80 to 220 ◦C. Brushite is characterized
by two water molecules in its lattice and adsorbed water molecules on its surface [42,43].
Available evidence indicates that some of the chemically-bound water is released as brushite
transforms to monetite (CaHPO4) at ≈220 ◦C [44] and further to calcium pyrophosphate
(Ca2P2O7) as the temperature increases to≈440 ◦C [8]. According to our results, when pure
brushite (BNi0) is heated to 750 ◦C, approximately 21 wt % of its mass is lost [10], which
is comparable to the theoretical mass loss of 20.93 wt % [45]. The BNi2−BNi6 samples with
progressively greater Ni/Ca ratios lose more mass (27−35%), while a mass loss of 31.5 wt % is
obtained for BNi10 containing solely hexaaquanickel(II) hydrogenphosphate monohydrate.
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The brushite dehydration reaction is provided in Equation (2), while the formation of
calcium pyrophosphate is described in Equation (3).

CaHPO4·2H2O → CaHPO4 + 2H2O (2)

2CaHPO4 → Ca2P2O7 + H2O (3)

The mass-loss rate for CaxNi1−xHPO4·nH2O compounds as a function of temperature
is shown in Figure 8. In Figure 8A–E, the dehydration peaks corresponding to the two
water molecules of pure brushite (Bni0) are evident, and they are accompanied by the
peaks characterizing the compounds obtained when the Ni/Ca ratio increased from 0.25
(BNi2) to 1.5 (BNi6). As indicated previously [24], partial replacement of Ca by Ni is
initially accompanied by limited production of hexaaquanickel(II) hydrogenphosphate
monohydrate. However, when the Ca is fully replaced by Ni in the starting solution (BNi10,
Figure 8F), a primary zone of mass loss corresponding to HNiP is obtained at approximately
93 ◦C.
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3.4. Phase Evolution during the Precipitation of CaxNi1−xHPO4·nH2O Compounds

The results obtained in the present study indicate that the original shape of plate-like
brushite crystals is preserved when the Ni/Ca ratio in the starting solution does not exceed
0.25 [39]. On the other hand, their size decreases due to the presence of Ni, as nickel inhibits
crystal growth [20].

When the Ni/Ca ratio increases to 0.25 and even to 1.5 (BNi4−BNi6), HNiP with
orthorhombic crystals starts to precipitate and eventually remains as the only phase when
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the Ni/Ca ratio increases further (with nano-scale crystals of approximately 500 nm size,
as shown in Table 4).

Table 4. Phase evolution, crystal size, and structure as a function of the Ni/Ca molar ratio in solution.

Ni/Ca Ratio Crystal
Structure

Crystal
Size (µm)

Compounds
Formed

0 < 0.25 Monoclinic ~10 Brushite
0.25 ≤ x ≤ 1.5 Monoclinic/orthorhombic ~5 + 0.5 Brushite + HNiP

>1.5 Orthorhombic ~0.5 HNiP

4. Conclusions

In this study, the degree of replacement of Ca by Ni in brushite was investigated by
examining a range of CaxNi1−xHPO4·nH2O biomaterials that were subjected to XRD, SEM,
XPS, FTIR, and TG analysis.

This study is consistent with previous studies [24], where the substitution of Ca2+

with Ni2+ by 20% or more leads to the formation of a mixture of compounds. The findings
indicate that when the Ni/Ca molar ratio gradually increases to 1.5 (whereby the solution
superstation with respect to Ni increases), both monoclinic Brushite and nanocrystals of
orthorhombic HNiP precipitate. This study puts forth a novel procedure for HNiP synthesis
(BNi10), utilizing the precipitation method. While brushite is considered a biomaterial
precursor and a source of Ca ions, HNiP could be a promising compound as a source of
Ni ions.

These insights might be valuable for the future synthesis of biomaterials with spe-
cific composition and properties, as they indicate that by controlling the Ni/Ca ratio
in the starting solution, a variety of material compositions and morphologies can be at-
tained. However, additional studies are required to assess the performance of the produced
biomaterials, focusing specifically on their biological and mechanical aspects as well as
physicochemical and antibacterial properties. The effect of doping with additional ions
should also be investigated in depth, given that Ni may exhibit both beneficial and detri-
mental effects upon the biomaterials aimed for medical applications (such as kidney stone
treatment and bone tissue engineering).
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