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A B S T R A C T

Powders of calcium-substituted hematite were synthesized via hydrothermal method. The samples were char
acterized using X-ray diffraction, Mössbauer spectroscopy, scanning electron microscopy, energy-dispersive X- 
ray spectroscopy, Fourier-transform infrared spectroscopy, and magnetometry. Structural analysis revealed that 
Ca-substituted samples maintained single-phase hematite for Fe/Ca ratios between 11 and 5. Further increase in 
calcium concentration led to formation of a defective iron-calcium spinel phase. Infrared spectra confirmed the 
presence of hydroxyl groups within the hematite lattice. The incorporation of calcium and associated defects 
significantly influenced the magnetic properties of hematite, inducing ferromagnetic behavior. The maximum 
magnetization value of 12.9 emu/g was achieved at Fe/Ca = 6, representing a substantial enhancement 
compared to most other doped hematites. These materials show potential for applications in hyperthermia, MRI 
contrast enhancement, and wastewater treatment.

1. Introduction

Hematite, or α-Fe2O3, is a well-studied compound that is valued for 
its electrical and magnetic properties, non-toxicity, chemical stability 
and abundance. Because of its properties, hematite has been successfully 
used in catalysis [1], medicine [2], sensing [3] and ecology [4]. The 
magnetic properties are critical in hyperthermic treatment, MRI contrast 
and drug delivery applications. Strong magnetism is also useful for 
particle recovery after wastewater treatment. Undoped α-Fe2O3 exhibits 
antiferromagnetic or weak ferromagnetic behavior due to the nearly 
antiparallel orientation of the Fe3+ spins in adjacent (111) planes [5]. To 
enhance the magnetic properties of this material a wide variety of cat
ions have been used as substituents in the hematite structure [6–8]. 
However, studies of substituted hematite do not always provide data of 
magnetic measurements due to the specifics of the subject, for example 
investigation of gas-sensitive [9–12] or catalytic [13,14] properties. 
Still, there are many studies that demonstrate no significant changes in 
the magnetic parameters of hematite after addition of different elements 
to its lattice: Ga3+ [15], Eu3+ [16], Mn2+ [7], Sn4+ [17], Ce3+ [18], Er3+

[19], Zn2+ [20], Ru3+ [21], Ca2+ [22]. Other works have shown that the 

substitution of Gd3+ [23], Cu2+ [7] or Co2+ [7] can provide hematite 
with outstanding magnetic parameters.

In this work we have synthesized Ca-substituted hematite via hy
drothermal method. Calcium was chosen as the doping element because 
it is widely distributed in nature, cheap, environmentally friendly and 
biocompatible. The focus of the study is on the magnetic and structural 
properties, the improvement of which with a widely available dopant is 
important for applications such as hyperthermia, MRI contrast, and 
particle extraction by a magnetic field after wastewater treatment.

2. Experimental

Powders of substituted α-Fe2O3 were prepared by hydrothermal 
synthesis. The precursor was a mixture of an aqueous solution of iron 
nitrate nonahydrate Fe(NO3)3 • 9 H2O and calcium nitrate Ca(NO3)2 
with an aqueous solution of sodium hydroxide NaOH in proportion 
60 ml/20 ml, respectively. The solutions were prepared so that the 
concentrations of ferric and hydroxide ions in the total volume (80 ml) 
were 0.25 M and 2 M respectively. The amount of calcium nitrate was 
added in order to obtain Fe3+/Ca2+ molar ratios of 11, 9, 7, 6, 5, 4 and 3. 
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The prepared solutions were mixed in a 100 ml Teflon vessel, sealed, and 
placed in an oven. The autoclave was slowly heated to 180 оС for 2 h and 
kept at this temperature for 4 h. Separation of the precipitate formed and 
the liquid solution was carried out by decantation, followed by washing 
of the precipitate with distilled water until pH 7 was reached. The 
precipitate was then dried at 90 ◦C for 8 h. The dry residue was ground in 
a mortar. A reference sample without calcium addition was also pre
pared under the same conditions. According to the results obtained, this 
sample was additionally calcined at 330 ◦C for 1 h in an air atmosphere.

The study of the phase composition of the powder was carried out 
using Mössbauer spectroscopy (MS) on the EM MS-1104 apparatus with 
Co57 in rhodium matrix as γ-source. The isomeric shift was calculated 
relative to α-Fe. X-ray diffraction (XRD) studies were performed at the 
Center of Shared Equipment of IGIC RAS using a Bruker D8 Advance X- 
ray diffractometer (CuKα radiation, λ= 0.154 nm, U= 40 kV, I= 40 mA). 
Prior to measurement, a ground silicon crystal was added to the samples 
as a reference for the calculation of lattice parameters. Fourier- 
transform infrared spectroscopy (FTIR) data were recorded on an FTIR 
InfraLUM FT-08 spectrometer. Measurements were made in the range of 
400–4000 cm− 1. Spectra were recorded in 20 scans with a resolution of 
2 cm− 1 using an ATR (Pike) attachment at room temperature. The 
magnetic parameters of the samples were measured using JDAW-2000D 
vibrating-sample magnetometer (VSM). The morphology and general 
view of the obtained powders were analyzed by scanning electron mi
croscopy (SEM) method on the Hitachi TM3030 (Japan) microscope 
with the 15 kV acceleration voltage. To avoid charging of insulating 
powders 20 nm of Au was deposited by magnetron sputtering in the 
CCU-010 coating machine. Energy Dispersive X-ray spectroscopy (EDX) 
for elemental mapping and chemical composition evaluation was per
formed on the Bruker Quantax 75 system.

3. Results and discussion

Fig. 1 displays the XRD patterns of the synthesized samples, with 

refined parameters summarized in Table 1. Single-phase hematite 
(α-Fe₂O₃) was confirmed for samples with Fe/Ca ratios between 11 and 
5. For Fe/Ca = 4 and 3, the broad halo centered at the (110) hematite 
peak (35.7◦) indicates potential secondary phase formation or signifi
cant structural disorder (Fig. 1, right panel). The XRD patterns of these 
samples also show low-intensity broad peaks at 30.5◦ and 63.2◦. 
Together with the halo at 35.7◦, these peaks may correspond to a spinel 
phase. Spinels have cubic structure (Fd3m, No. 227) with general for
mula Me2+Me3+

2 O4 (Me2+ = Zn, Mg, Fe; Me3+ = Al, Fe, Cr). Although 
CaFe₂O₄ follows the same stoichiometry, it typically crystallizes in an 
orthorhombic structure (Pnma, No. 62) due to the large ionic radius of 
Ca2+. However, certain synthesis routes have yielded metastable cubic 
CaFe₂O₄ as reported elsewhere [24–26]. Thus, we suggest the formation 
of a non-stoichiometric iron-calcium spinel phase. The significant peak 
broadening implies high defect concentration, chemical inhomogeneity, 
or nanocrystallinity, potentially causing calcium deficiency that stabi
lizes the spinel structure. For Rietveld refinement, the spinel phase was 
fitted with the maghemite (γ-Fe₂O₃) reference, as its lattice parameter 
matches the observed phase (a = 8.34 Å). In addition, the Fe/Ca = 3 
diffraction pattern shows a calcite (CaCO₃) peak. Apparently, this phase 
arises from reaction of excess calcium with CO₂ (either atmospheric or 
dissolved in water).

The reference sample contained goethite (α-FeOOH) as a secondary 
phase − a common byproduct of iron oxide hydrothermal synthesis. 
Notably, Ca2+ addition completely suppresses goethite formation, pro
ducing single-phase hematite for Fe/Ca ratios ≥ 5. In [27] it was shown 
that acicular goethite particles are preferentially formed at high con
centrations of OH− anions. In the reference sample, the chosen condi
tions provided such an excess of hydroxyl groups. Next, apparently, the 
addition of Ca2+ ions to the solution reduces the concentration of free 
OH− by binding them into insoluble Ca(OH)₂. Moreover, [27] demon
strates that hematite particle morphology depends critically on OH−

amount: rhombohedral crystals are favored at low OH− concentration, 
while disk-shaped particles form at high OH− concentration. In our 
work, we observe the identical morphological transition from disks to 
rhombohedra (Fig. 2), suggesting that Ca2+ addition reduces free OH−

concentration. However, in samples with Fe/Ca ≤ 7, small plate-like or 
flake particles appear alongside rhombohedral crystals. This demon
strates that particle morphology depends not exclusively on free OH−

concentration but is also determined by Ca2+ ions.
As Ca2+ and Fe3+ exhibit significant differences in charge and ionic 

radii [28], calcium incorporation into the hematite lattice requires 
verification. The EDX spectra (Fig. 3) and elemental mapping (Fig. 4) 
confirm calcium presence in the synthesized powders.

The XRD structural data reveal that the lattice parameters and vol
ume of the Fe/Ca = 11 sample are larger than those of the reference 
sample, confirming calcium incorporation (Table 1, Fig. 5). However, 
with further Ca2+ addition, both lattice parameters and unit cell volume 
decrease, despite Ca2+ being larger than Fe3+ . This lattice contraction 
suggests that the system compensates for the size mismatch through 
other structural changes. We propose three lattice reduction mecha
nisms associated with charge compensation: partial oxidation of Fe3+ to 
Fe4+, oxygen vacancy generation, and OH− substitution for O2−

balanced by Fe3+ vacancies.

Fig. 1. XRD patterns of the samples obtained.

Table 1 
Rietveld refined parameters of obtained hematite samples.

Fe/Ca Ratio Reference sample 11 9 7 6 5 4 3

Rwp, % 1.21 1.09 1.13 1.4 1.46 1.49 1.55 1.49
Rexp, % 1.14 1.03 1.06 1.21 1.21 1.41 1.32 1.22
χ2 1.13 1.12 1.14 1.34 1.46 1.12 1.38 1.49
a, Å 5.0356 5.0408 5.0408 5.0404 5.0404 5.0400 5.0399 5.0397
c, Å 13.7582 13.7743 13.7713 13.7693 13.7687 13.7659 13.7682 13.7659
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The ionic radius of Fe4+ is smaller than Fe3+ [28], enabling lattice 
contraction through this valence change. Substantial evidence supports 
this charge compensation mechanism [29–32], including confirmation 
of Fe4+ formation under hydrothermal conditions [33]. To determine 
the iron oxidation state in our samples, we used Mössbauer spectroscopy 
as one of the most suitable techniques for this task.

The Mössbauer spectra and corresponding parameters (Fig. 6, 
Table 2) show no evidence of Fe4+ ions. The reference sample’s spec
trum was fitted with three sextets: one corresponding to goethite and 
two to hematite (Table 2). Typically, hematite’s Mössbauer spectrum is 
fitted with a single sextet [34]. However, hematite with small particle 
sizes or structural defects may show additional sextets with reduced 

hyperfine fields [35–37]. Taking into account the particle sizes (Fig. 2), 
the second sextet appears to represent the defect fraction of the phase 
rather than the surface contribution. The Ca-substituted hematite sam
ples (Fe/Ca = 11 and 9) were fitted with the same two hematite sextets: 
one for bulk hematite (standard) and another for defective fraction. 
Notably, while the spectra of Fe/Ca = 11 and 9 samples show no sig
nificant differences, the Fe/Ca = 7 and 6 samples required an additional 
sextet for adequate fitting. This new component, designated as NEP-1 
(Non-Equivalent Position), corresponds to a Fe3+ in hematite lattice 
with substantially reduced hyperfine field (Heff). At even higher calcium 
concentrations (Fe/Ca = 5), a distinct new sextet (NEP-2) appears in the 
Mössbauer spectrum. Unlike NEP-1, this component shows an increased 
hyperfine field (Heff = 536 kOe) compared to standard hematite, sug
gesting different local environments around the iron nuclei.

The final two spectra (Fe/Ca = 4 and 3) differ dramatically from the 
others, requiring seven sextets for fitting. Two of these sextets match the 
standard and defective hematite components observed in previous 
samples. Two additional sextets with isomer shift values of 0.28 and 
0.19 mm/s clearly indicate Fe3+ in tetrahedral coordination. This 
finding agrees with XRD data confirming the presence of a spinel phase 
in these samples. The remaining four sextets correspond Fe3+ in octa
hedral coordination, though we cannot reliably distinguish whether 
they originate from the spinel phase or NEP in hematite. The most sig
nificant variation between these sextets lies in their hyperfine field 
values.

The reduction in hyperfine fields may result from disrupted Fe-O-Fe 
superexchange interactions, potentially caused by three factors: cation 
substitution (Fe3+ replaced by Ca2+; Fe-O-Ca), anion vacancies (missing 
oxygen; Fe-□-Fe) and cation vacancies (missing iron; Fe-O-□). These 
structural modifications alter the local magnetic environment, leading 
to the formation of new iron sites with distinct hyperfine field values. 
Among these possible mechanisms, cation substitution aligns most 
directly with our experimental design. However, oxygen vacancy for
mation offers critical advantages – it simultaneously explains both the 
observed lattice contraction and charge compensation (requiring one 
vacancy per two Ca2+ ions). This mechanism has been experimentally 
confirmed in similar systems [13], supporting its relevance to our study. 
Also, the observed lattice volume reduction with increasing calcium 

Fig. 2. SEM images of hydrothermally synthesized hematite.

Fig. 3. EDX spectra of Ca-doped hematite.
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content can be explained by rising oxygen vacancy concentrations, as 
was suggested above.

In addition, partial substitution of O2− with OH− is also possible. 
Hematite-like materials containing structural OH− groups are known as 

hydrohematites [38]. According to different studies, replacement of O2−

with OH− in hematite affects lattice parameters in complex ways [39, 
40], eventually reducing lattice volume. This contraction may be related 
to Fe3+ vacancy formation required for electrostatic neutrality. The 
chemical formula of such a compound is Fe(2-x/3)(OH)xO3-x and it could 
be changed to Fe(2-y-x/3)Cay(OH)xO3-x in case of Ca-substituted hydro
hematites. Therefore, hydroxyl incorporation may produce effects 
similar to oxygen vacancies, including lattice contraction and additional 
sextets in Mössbauer spectra.

FTIR spectroscopy is one of the best methods to confirm the presence 
of hydrogen in hematite lattice. Hydrohematite FTIR spectra has a broad 
peak at 900–950 cm− 1, which is related to O-H vibrations and absent in 
stoichiometric α-Fe2O3 [38,41].

FTIR spectra of the samples obtained are presented at Fig. 7. In 
addition to main band of hematite (516 and 427 cm− 1) the spectrum of 
reference sample has peaks at 798, 900 and 3110 cm− 1 which can be 
attributed to goethite. After calcination goethite peaks disappeared, 
revealing a broad complex band near 900 cm− 1 which is a feature of 
hydrohematite. This band present in all samples, confirming that some 
O2− ions were replaced for OH− . Besides, these samples also had a small 
peak at 790 cm− 1 which was not observed in hydrohematites spectra 
[41]. However, as it close to goethite 798 cm− 1 band, it is also should be 
attributed to O-H vibrations. These data confirm the presence of 
hydrogen in the hematite lattice. Moreover, the spectrum of sample with 
Fe/Ca= 5 ratio has an additional peak at 750 cm− 1. According to IR 
spectra of different iron oxides and oxyhydroxides this peak may be 
attributed to O-H vibrations in lepidocrocite (γ-FeOOH) [42,43]. 

Fig. 4. EDX elemental mapping analysis of Ca-doped hematite.

Fig. 5. Dependencies of hematite lattice parameters on Fe/Ca ratio.
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Fig. 6. Mössbauer spectra of the samples.
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However, there are no other bands of lepidocroicite. Also, the compo
nent corresponding to this phase [44] was not observed on Mössbauer 
spectra. Thus, we assume that peak at 750 cm− 1 represent O-H vibra
tions in hematite lattice. Apparently, the sample with Fe/Ca = 5 con
tains more hydrogen in comparison with other samples, which result in 
some structural transformations and appearance of additional vibration 
modes.

The structural features of hydrothermally synthesized calcium- 
substituted hematite can be summarized as follows. Hydrogen 

incorporation occurs regardless of Ca presence, as confirmed by FTIR 
spectroscopy. The larger ionic radius of Ca2+ compared to Fe3+ would 
suggest lattice expansion, yet increasing calcium concentration results 
in lattice contraction instead. This phenomenon can be attributed to two 
concurrent charge compensation mechanisms: oxygen vacancy forma
tion and partial substitution of O2− with OH− accompanied by Fe3+

vacancy generation. The presence of calcium ions, oxygen vacancies, 
hydroxyl groups, and iron vacancies generates a different local envi
ronment for iron cations within the hematite structure. The resulting 
non-equivalent sites are identified through Mössbauer spectroscopy. 
Apparently, the component «defective» related to hydrogen incorpora
tion, as it can be found in all spectra regardless of calcium presence. In 
opposite, the components NEP-1 and NEP-2 corresponds to Fe having Ca 
in local environment, as these sextets appeared in Ca-rich samples.

The magnetic hysteresis loops of the samples are shown in Fig. 8. The 
calcium-free sample was two-phase, which makes comparison with 
other samples slightly incorrect. To get rid of goethite, the sample was 
calcined at 330 ◦C, which is enough according to literature [45] and 
effective, as can be observed with XRD and FTIR. A small addition of 
calcium (Fe/Ca = 11) slightly decreases the magnetization to 1 emu/g. 
However, a further increase in the calcium concentration led to some 
increase in the magnetic properties. First, this increase was insufficient 
(3 emu/g for Fe/Ca = 9). Next, the magnetization becomes noticeable 
(from 7.8 emu/g to 12.9 emu/g for Fe/Ca = 7, 6, 5). This effect may be 
due to defects in hematite lattice, which modify magnetic ordering and 
enhance natural weak ferromagnetism of α-Fe₂O₃. Also changes in 
magnetic behavior correlate with formation of additional sextets on 
Mössbauer spectra of these samples. The presence of several sextets with 
different Heff values is a sign of ferrimagnetic ordering, which could 
explain an increase in magnetization. Saturation state also could be 
interpreted as formation of ferrimagnetic structure. Nevertheless, the 
measured values of saturation magnetization are much higher than that 
of most other samples of substituted hematites [15–22]. The combina
tion of low coercivity and enhanced magnetization enables the synthe
sized powders to interact effectively with permanent magnets. This 
property makes them suitable for practical applications requiring mag
netic separation, such as water treatment processes and other technol
ogies utilizing extractable magnetic particles.

The samples with Fe/Ca = 4 and 3 exhibit significant magnetization 
values of 40.5 emu/g and 29.6 emu/g, respectively. This enhancement 
results from spinel phase formation, as confirmed by XRD and MS. The 
sample with Fe/Ca = 4 shows stronger magnetic properties due to its 
higher spinel content. As was demonstrated with XRD, at higher calcium 
content (Fe/Ca = 3), a separate non-magnetic calcite phase forms. This 
may reduce calcium availability for incorporation into the hematite 
lattice, restricting spinel phase formation.

4. Conclusions

A series of Ca-doped Fe2O3 fine powders was successfully prepared 
by hydrothermal synthesis with various Fe3+/Ca2+ ratios in the initial 
solution. The presence of calcium in the reaction system fundamentally 
altered the crystallization process, suppressing goethite formation and 
promoting rhombohedral hematite morphology over plate-like crystals. 
Single-phase hematite was obtained for Fe/Ca ratios between 11 and 5, 
while higher calcium concentrations (Fe/Ca ≤ 4) led to the formation of 
a defective iron-calcium spinel side phase. The partial substitution of 
Fe3+ with Ca2+ ions in the hematite lattice appears to be accompanied 
by oxygen vacancy formation, partial replacement of O2− by OH− , and 
generation of Fe3+ vacancies. These defects induce significant local 
structural distortions, ultimately modifying the magnetic properties of 
the samples and resulting in ferri/ferromagnetic behavior. Of particular 

Table 2 
Mössbauer data of the samples.

Fe/Ca ratio Component IS, 
mm/s

QS, 
mm/s

Heff, 
kOe

S, % Г, 
mm/s

Reference 
sample

Standard 0.37 − 0.22 518 43.13 0.27
Defective 0.37 − 0.21 514 43.77 0.58
Goethite 0.37 − 0.27 380 13.10 0.42

11 Standard 0.37 − 0.21 514 68.58 0.29
Defective 0.37 − 0.21 498 31.42 0.50

9 Standard 0.37 − 0.21 513 67.79 0.28
Defective 0.37 − 0.21 500 32.21 0.58

7 Standard 0.37 − 0.21 514 67.1 0.30
Defective 0.34 − 0.18 495 23.49 0.78
NEP− 1 0.31 − 0.28 405 9.41 0.78

6 Standard 0.37 − 0.22 514 69.66 0.33
Defective 0.35 − 0.17 486 17.15 0.77
NEP− 1 0.35 − 0.17 415 13.19 0.77

5 Standard 0.37 − 0.21 514 45.95 0.34
Defective 0.36 − 0.19 491 28.7 0.78
NEP− 1 0.31 − 0.22 411 10.09 0.71
NEP− 2 0.37 − 0.18 536 15.26 0.78

4 Standard 0.37 − 0.22 515 26.22 0.26
Defective 0.37 − 0.17 502 16.2 0.55

Tetrahedral− 1 0.28 − 0.11 467 13.78 0.45
Tetrahedral− 2 0.17 0.36 442 8.79 0.42
Octahedral− 1 0.37 − 0.18 420 13.55 0.42
Octahedral− 2 0.36 − 0.27 406 8.58 0.26
Octahedral− 3 0.36 − 0.23 393 12.89 0.51

3 Standard 0.37 − 0.21 516 42.09 0.28
Defective 0.36 − 0.21 502 13.22 0.40

Tetrahedral− 1 0.28 − 0.11 468 12.8 0.53
Tetrahedral− 2 0.19 0.34 439 8.49 0.5
Octahedral− 1 0.36 − 0.23 416 7.83 0.33
Octahedral− 2 0.37 − 0.25 405 6.86 0.27
Octahedral− 3 0.35 − 0.26 389 8.7 0.45

IS, QS, Heff, Г and S are isomer shift, quadrupole splitting, effective magnetic field on 
Fe57 nuclei, line width and relative contribution of subspectrum, respectively.

Fig. 7. IR spectra of reference sample and Ca-doped hematite samples.
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interest, samples with intermediate calcium content (Fe/Ca = 7, 6, 5) 
demonstrated remarkable saturation magnetization (7.8–12.9 emu/g), 
representing a significant enhancement over pure hematite.
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