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New bismuth calcium silicon oxide Ca4Bi4.3(SiO4)(HSiO4)5O0.95, with apatite structure has been

synthesized. The structure was refined from powder X-ray diffraction data. The refinement revealed

that the phase has P63/m (176) space group with unit cell parameters a¼b¼9.6090(7) Å, c¼7.0521(7) Å,

V¼563.9 Å3 and c/a¼0.734. The Rwp factor at Rietveld refinement was equal to 0.082. The synthesized

phase has an unusual quantity of cation vacancies in a crystal lattice. Mechanisms of compensation of

the excess charge of a lattice are considered and checked experimentally using the FT-IR spectroscopy,

the thermal analysis and the XPS analysis.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The apatite structure is a common type of atomic packing
occurring in various natural and synthetic compounds. The
generalized chemical formula of isostructural apatite phases can
be written as M10�x(TO4)6A2y, where M is a one or a few large
cations (K1 +, Na1 +, Ca2 +, Ba2 +, Sr2 +, La3 +, Ce3 +, Bi3 + , etc.), TO4 is
an anionic group (PO3�

4 ,VO3-
4 ,SiO4-

4 , etc.) and A is an anion
(F� ,OH� , O2� , S2� , etc.). PO3�

4 is the most widespread anionic
group in the minerals with apatite structure. However, synthetic
phases exhibited greater variety of chemical composition. For
example Ca2La8(SiO4)6O2 [1], Pr9K(SiO4)6O2 [2], CaLa3Bi2(SiO4)3O
[3], Ca2Ce8(SiO4)6O2 [4], NaLa9(GeO4)6O2 [5], BiCa4(VO4)3O [6]
and other phases with apatite structure have been synthesized.
The majority of phases with apatite structure are crystallized in
P63/m (57%), P63 (21%) and P�3 (9%) space groups [7]. The space
group of an ideal apatite structure is P63/m (1 7 6). Within this
structure large cations occupy two non-equivalent 4f and 6h

crystallographic sites. It is commonly accepted that a prediction of
their precise positioning on these two sites is impossible [1],
although trivalent cations are known to have a tendency to
occupy a 6h site. Usually the value of x in the generalized apatite
chemical formula is close to 0. Nakayama et al. [8] had
ll rights reserved.

arov).
synthesized a new type of oxide ionic conductors belonging to a
series La10�x(SiO4)6O3�y (La¼La, Nd, Sm, Gd, Dy, etc.) with
x¼0C6. The synthesized phases preserved the apatite structure
at xr4. Authors [8] reported a tetragonal structure instead of the
hexagonal apatite structure in compounds with high cation
deficiency (x¼4C6). But, the issue of excess lattice charge and
its compensation was not considered in this work. In this paper
we report on the synthesis and the structural characterization of a
new bismuth calcium oxysilicate belonging to apatite-type
crystalline compounds with unusually high cation deficiency.
2. Experimental

2.1. Synthesis

Stoichiometric amounts of Ca(NO3)2 �4H2O and Bi(NO3)3 �5H2O
(Fisher Chemical) were mixed under sonication with appropriate
amounts of ethanol and nitric acid to form transparent colorless
solution. Certain amount of mesoporous silica KIT-6 dry sample
was added to the solution. Then the mixture was heated to dryness
over a 12 h period at 80 1C. The final product was obtained by
calcination of dried material at 800 1C (5 1C/min) for 12 h and silica
framework was etched with a 2 M NaOH aqueous solution. It was
whitish fine crystallite powder with negligible quantity of dark
orange particles.

www.elsevier.com/locate/jssc
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2.2. Structural characterization

Crystalline structure of the specimens was analyzed by powder
X-ray diffraction. Measurements were performed on D8 Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) with a goni-
ometer radius 217.5 mm, Göbel Mirror parallel-beam optics, 21
Sollers slits and 0.6 mm receiving slit. Low background quartz
sample holder was carefully filled with the powder samples. The
XRD patterns from 5 to 851 2y were recorded at room
temperature using CuKa radiation (l¼0.15418 nm) with the
following measurement conditions: tube voltage of 40 kV, tube
current of 40 mA, step scan mode with a step size 0.021 2y and
counting time of 1 s per step for preliminary study and 12 s per
step for structural refinement. TOPAS-v.3 [9] software was used
for structure refinement and structure presentation. Pseudo-Voigt
function was used as a profile function for the Rietveld
refinement.

FT-IR spectra were acquired with ALPHA-P Module (Bruker
Optics Gmbh) with diamond ATR object. Morphological observa-
tions and identification of chemical composition were performed
with environmental scanning electron microscope (ESEM) Quanta
200 (FEI Company, Netherland) equipped with the EDS detector
(EDAX-TSL, USA). Chemical bonding of atoms composing the
tested material was studied by the X-ray photoelectron spectro-
scopy (XPS) using the Kratos XPS Axis Ultra spectrometer. For the
thermogravimetric analysis (TGA) Mettler TC10A/TC15 TA con-
troller and Mettler M3 thermobalance (Greifensee, Switzerland)
were used. Samples of 20–25 mg were weighed and heated to
25–700 1C at a rate of 2 1C/min.
3. Results and discussion

Careful examination of an XRD pattern obtained from a
powder specimen reveals that the specimen contains several
crystalline phases. Indexing of this XRD pattern showed that the
major component of the tested material is a hexagonal phase with
unit cell parameters a¼bE9.61 Å and cE7.05 Å. Analysis of the
intensity distribution and extinctions over the diffraction peaks
clearly indicate that the major phase has an apatite structure with
space group P63/m or P63. More precise identification of the space
group is impossible, since extinction rules are identical for P63/m
or P63. According to the EDS analysis (see Fig. 1), the as-synthesize
sample contains Bi, Ca, Si and O. Based on this elemental
composition and on the XRD data, we performed thorough
search within the commonly accepted informational recourses
(PDF, FizNIST, MinCrys, etc) and concluded that the main phase of
the tested samples is a new unknown phase. However, later we
found the only publication (Engel et al. [10]), in which chemical
compound described as (Ca3.2Bi6.8(SiO4)6O1.4) had been reported
yet without structural solution. Authors [10] noted that they had
not received comprehensible values of R factors in the course of
structure refinement. Namely, they obtained (i) the R factor value
of 22% for the model in which all Bi atoms occupy 6h site and (ii)
the R factor of 38% for a statistical distribution of Bi atoms over 4f

and 6h sites.
Additional phases observed in the experimental XRD pattern

were identified as eulytite (Bi4(SiO4)3, PDF-33-215) and wollas-
tonite (CaSiO3, PDF-84-0655). Presence of additional phases
within as-synthesized samples of M10�x(TO4)6A2�y type materials
was reported by a number of authors (La2SiO5[8], Bi3(SiO4)3 [10],
Nd2SiO5[11] ) and is known to occur even when stoichiometric
amounts of components are used for synthesis. Formation of these
phases possibly can be considered as an intrinsic property of the
process of synthesis of apatite-type phases in which bivalent
cations heterogeneously substitute those of trivalent cations.
From this point of view, the chemical formula of the newly
synthesized apatite phase should be written as
Ca2þ

x1 Bi3þ
x2 ðSiO4�

4 Þ6O2�
y ðOHÞ�z , i.e. to enter (OH)� in anion group.

Variables x1, x2, y and z have to satisfy the following conditions:
6r(x1+x2)r10, 0ryr2 and 0rzr2. It should also be noted
that the impurity of the same phases was observed by Engel et al.
[10]. In addition, we observed very weak and wide hump of an
amorphous material around 15–181 2y. Therefore, we estimated
the content of apatite phases as 90–95%. This estimation was
corroborated by the results of optical and scanning electron
microscopic observations (see Supplementary materials). The
crystallite size of the major phase calculated using the Scherrer’s
equation was about 80 nm.

The most important step preceding the Rietveld refinement is
a choice of a structural model. The following considerations have
been taken into account:
1.
 According to the EDS results obtained for different particles of
a major phase, (Ca+Bi)/Si value is equal to 1.29–1.41 (mean
value is 1.38) and Ca/Bi value is equal to 0.91–0.98 (mean
value is 0.93). Hence the possible chemical formula of our
phase can be written as Ca4Bi4.3(SiO4)6Oy(OH)z. The phase with
very similar low metal/silicon ratio was revealed by Quintas
et al. [12] in calcium neodymium silicates with apatite
structure. Authors assumed that this phase has wollastonite-
type crystalline structure. Large amount of cation vacancies is
known, but it is relatively a rare phenomenon. Additionally, in
our case we deal with heterovalent substitution of Bi3 + for
Ca2 + that requires balancing the excessive negative charge of
crystalline lattice. The problem could be solved through a
partial substitution of oxygen atoms in [SiO4] 4� tetrahedron
and/or on 2a site with hydroxyl ion (OH)�. First substitution is
known to occur, for example, in natural silicates [13,23,29–31].
Recently Dordevic et al. [14] reported observation of similar
substitution mechanism in arsenate with apatite structure.
They inferred the existence of H+ outside the channel in
oxyhydroxyapatites and provided possible atomic co-ordinates
for a H atom in HAsO2�

4 . Get’man et al. [15] studied the
possibility of isomorphous substitutions of Eu3 + for Sr2 +

(Sr2 + +OH1�-Eu3 + +O2�) in strontium hydroxovanadates
and have shown that such replacement is possible within a
wide range of Eu/Sr ratios. Formation of HSiO4 groups in
apatite structure was studied by Astala et al. [16] and Arcos
et al. [17]. According to these authors, formation of HSiO4

groups provides charge compensation in an apatite structure.
That is why we suggested that the new phase may contain
hydroxyl ions (OH)� as well, and thus it could be described as
Ca4Bi4.3(SiO4)6�x(HSiO4)xOy(OH)z. Obviously that (OH)� hy-
droxyl ion should replace O(3) oxygen atom on 12i site in SiO4

tetrahedrons. A tentative 12i site occupancy will be therefore
0.5O2�/0.5(OH)� approximately.
The correctness of our hypothesis was first checked using the
FT-IR spectroscopy. The FT-IR spectrum obtained from the
tested material is shown in Fig. 2. The IR absorption due to
tetrahedral SiO4 units can be assigned based on absorption
bands at wavenumbers between 1100 and 800 cm�1

(symmetric and antisymmetric stretching) and on relatively
sharp bands at wavenumbers between 600 and 400 cm�1

(symmetric and antisymmetric bending vibrations) [3,18].
These bands confirm the presence of orthosilicate group into
the tested material. Presence of OH groups (Si–OH bonds) in
SiO4 tetrahedrons was confirmed by the absorption bands
observed at 549.9, 815.5, 895.4 and 1093.2 cm�1. The band at
549.9 cm�1 is assigned to bending vibrations of Si–OH bonds
[19] and the band at 815.5 cm�1 is attributed to Si–OH



ARTICLE IN PRESS

Fig. 1. SEM image and EDS spectrum (inset) obtained from synthesized phase.

Fig. 2. FT-IR spectrum of synthesized phase.

Fig. 3. Results of thermal analysis of the synthesized material. Upper and lower

curves represent TGA and the first derivative of TGA curve, respectively.
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bending in SiO4 [17,20,21]. The band at 895.4 cm�1

corresponds to symmetric stretching of all four Si–O bonds
of O3SiOH with slight motion of a Si in the direction of the
hydroxyl [17,22] and the band at 1093.2 cm�1 is attributed to
the d-OH vibration type of the Si–OH groups [23]. Appearance
of these absorption bands is very important in our case as the
experimental result confirming the correctness of the
proposed structural model.
TGA curves obtained for the synthesized material are shown
on Fig. 3. According to TGA, mass losses were observed in the
interval 180–350 1C and at 600 1C. The first process could be
attributed to desorption of water from powder material being
exposed to open air and also could be correlated with a pre-
dehydration process, while the second one could be related to
dehydroxylation [24] resulted in total mass loss of about 0.56%
(0.19% and 0.37% accordingly). The first derivative of TGA
curve exhibited very weak peak at 600 1C. Similarly to Kendrick
et al. [25], we explain this process as a replacement of OH
groups in HSiO4 tetrahedrons by oxygen.
2.
 It should be noted that the lattice charges within our phase
could be balanced also if we suggest that a part of bismuth
atoms in the unit cell has actual valence +5. Such possibility is
mentioned by Engel et al. [10]. We used the XPS analysis to
check the oxidation states of Bi and O atoms in the tested
sample. These results are shown in Fig. 4. We found no
evidence for Bi5 + in the sample (see Fig. 4a). The photoelectron
peak position 159.26 eV for Bi 4f7/2 perfectly matched that of a
well-known Bi3 + (159.3 eV) [26]. Simultaneously, we found
that O 1s peak is composed of at least two major peaks
appearing at 530.26 and 531.81 eV, respectively as shown in
Fig. 4b. According to [27], the lower binding energy of
530.26 eV corresponds to oxygen within crystal structure
while the higher one of 531.8 eV indicates the presence of
hydroxyl groups. Thus XPS, FT-IR and thermal analysis confirm
the presence of OH groups within the tested material. We
suggest that the mesoporous silica KIT-6 used for synthesis
may be considered as an intrinsic source for OH groups in
structure of a new phase, although other precursors could
contribute to proton supply as well. There is some probability
that the detected OH groups relate to the residue of
amorphous KIT-6 presenting in the sample. However, our
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Fig. 4. Results of the XPS analysis: (a) photoelectron peak position for Bi and (b) photoelectron peak position for O1s.

Fig. 5. Observed, calculated and difference X-ray diffraction profiles for the synthesized specimen. Positions of reflections are marked with vertical lines.
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numerous previous analyses of a KIT-6 have not revealed the
presence of OH groups in this material. In addition, the amount
of an amorphous phase was insufficient and, in our opinion,
cannot explain all the mass losses observed in TGA.
3.
 As an apatite-type structure is well-established, its geome-
trical bonding parameters (bond lengths, bond angles, geome-
try of cation and anion polyhedrons, etc.) are known for a
number of chemical compounds. We used equations suggested
by Mercier et al. [28] to construct a starting model for the
Rietveld refinement. These equations relate atomic co-ordi-
nates to unit cell parameters, bond lengths and angles and
allow calculation of the atomic co-ordinates from the actual
unit cell parameters and typical geometrical bonding para-
meters of the specific structural type.
The results of EDS, FT-IR, XPS and thermal analysis have been
taken into account in the course of developing the initial
model. When charge is balanced within the lattice through
addition of OH groups, they could be localized either in SiO4

tetrahedrons only or may also partially substitute oxygen
atoms on a 2a site. We tested these two options under Rietveld
refinement and found that the value of Rwp factor was 2–3%
higher for the latter one. Therefore, for a final refinement the
first option for localization of OH groups was accepted.
According to these considerations, final chemical formula
Ca4Bi4.3 (SiO4)(HSiO4)5O0.95 has been accepted. We have
chosen P63/m space group for a refinement although space
group P63 has also been checked. We have received higher
value of the Rwp factor for this group, than for the P63/m group.
Co-ordinates of hydrogen atoms could not be extracted from
conventional XRD data because of low scattering ability of
hydrogen. Therefore, we excluded the positions of hydrogen
atoms at the refinement. Site occupancy factors for Ca and Bi
atoms were fixed to the chemical composition of the new
phase. We considered ordered model and models with the
mixed 4f and 6h site occupancies. It is very important that co-
ordinates of atoms for models with the ordered and mixed site
occupancies were the same. We ensured that chemical
composition remained constant at occupancies refinement
and coincided with the EDS results. Each of the refined
parameter was accepted only if it was physically meaningful.
The value of the site occupancy for the oxygen atom O(4) (not
related to Si–O tetrahedron) is less than 1, but it is acceptable
for apatite structure [17,29]. For example, Rosales et al. [29]
reported on SOF¼0.358 for O(4) atom in Na2.27 Ho7.73 (SiO4)6

O0.72. Co-ordinates of O(3) atom were ‘‘released’’ at a final
stage of refinement. As a result we obtained 1.662 Å length for
Si–OH bond. This value is in good agreement with the data
reported by other authors for Si–OH bond lengths in crystalline
phases with HSiO4 tetrahedrons [30–32] and with the
computed value of Si–OH bond length for an isolated HSiO4

cluster that was obtained by Astala et al. [16]. Isotropic
temperature factors (Beq) for sites with mixed occupancies
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and for all oxygen atoms were fixed to Beq¼2 at final
refinement. We obtained Rwp¼12.15% for the model with the
ordered site occupancies, Rwp¼16.6% for the model with the
mixed 4f and 6h site occupancies and Rwp¼8.22% for the
model with the mixed 6h site occupancies. The results of
Rietveld refinement for various models, table of bonds and
angles and refinement report are presented in Supplementary
materials.
Table 3

Selected bond lengths (Å) and bond angles (1) for Ca4Bi4.3(SiO4)(HSiO4)5O0.95.

Bond length:

Ca–O1 2.342(62) Bi-Si 3.06(11)

Ca–O2 2.561(91) Si-O1 1.63(15)

Ca–O3 2.766(43) Si-O2 1.61(13)

Bi–O1 2.984(51) Si-O3 1.662(72)

Bi–O2 2.267(58) O1-O2 2.63(15)

Bi–O4 2.391(65) O1-O3 2.718(90)

Bond angles:

O1–Ca–O1 73.7(25) O1-Si-O2 108.3(36)

O2–Ca–O2 74.4(33) O1-Si-O3 111.3(40)

Bi–O3–Bi 119.6(17) O3-Si-O3 114.8(69)
The graphical result of structural refinement is shown in Fig. 5.
Refined unit cell parameters are a¼b¼9.6090(7) Å and
c¼7.0521(7) Å. The Rwp factor was equal to 8.22%. The final
refined structural parameters and selected bond distances are
given in Tables 1–3.

A fragment of Ca4Bi4.3(SiO4)(HSiO4)5O0.95 structure is shown in
Fig. 6. One Si atom and four O atoms (or OH group) form
tetrahedron. Si–O bond lengths vary from 1.61 to 1.63 Å. Since Si–
OH bond length is equal to 1.662 Å, the tetrahedron containing OH
group is slightly deformed. Ca atoms located on 4h sites form
columnar polyhedrons and have 9-fold coordination with O atoms.
Interatomic distances in these polyhedrons differ and are equal to
2.346 Å for Ca–O(1), 2.562 Å for Ca–O(2) and 2.767 Å for Ca–O(3).
The important parameter, which is used for description of an apatite
structure, is Ca metaprism twist angle j. The size and the profile of
tunnels depend on j value. Calculation of Ca metaprism twist angel
j was performed using the formula suggested by White and ZhiLi
[7]. We ascertain that j value for Ca4Bi4.3(SiO4)(HSiO4)5O0.95 is
16.41. Silicon tetrahedrons and calcium polyhedrons have common
oxygen atoms and thus are in contact (the so-called corner-
le 1
stallographic data for Ca4Bi4.3(SiO4)(HSiO4)5O0.95.

olor Off-white

mpirical formula Ca4Bi4.3(SiO4)(HSiO4)5O0.95

rystal data:

Crystal system Hexagonal

Space group P63/m (176)

Lattice parameters (Å)

a¼b 9.6090(7)

c 7.0521(7)

Volume (Å3) 563.9(1)

Formula units 1

Density (g/cm3) 4.79

ructural refinement

Software TOPAS v.3

Profile function Pseudo-Voigt

Parameters varied 37

Rexp 4.39

Rwp 8.22

Rp 4.53

Goodness of fit 1.87

le 2
ned atomic coordinates for Ca4Bi4.3(SiO4)(HSiO4)5O0.95.

ite Atom x y

a(4f) Ca2+ 0.333 0.667

i(6h) Bi3 +/Ca2+ 0.9920(22) 0.2448(14)

i(6h) Si4+ 0.4049(66) 0.3740(13)

1(6h) O2� 0.3378(67) 0.5000(81)

2(6h) O2� 0.5990(15) 0.4759(73)

3(12i) O2�/OH 0.3549(42) 0.2665(54)

4(2a) O2 0 0
connection). Bi atoms on 6f positions form two triangles, which
are rotated 601 from each other around the c-axis. In the centre of
these Bi-triangles, the oxygen atom O(4) (not related to Si–O
tetrahedron) is located. Bond lengths and bond angles presented in
the Tables 2 and 3 are in good agreement with the values reported
by other authors [1–4,7,30–32].
4. Conclusion

New calcium bismuth oxysilicate with chemical composition
Ca4Bi4.3(SiO4)(HSiO4)5O0.95 and apatite structure has been
synthesized and its structure was refined using powder XRD
data. Results of EDS, FT-IR, XPS and thermal analysis were used in
the course of developing the initial model for Rietveld refinement
of crystal structure. We suggested and confirmed experimentally
z Occ. Beq

(Å�2)

0.0100(41) 0.574 0.75(9)

0.25 0.716/0.284 2

0.25 1 0.23(1)

0.25 1 2

0.25 1 2

0.0515(55) 0.583/0.417 2

0.25 0.475(7) 2

Fig. 6. The fragment Ca4Bi4.3(SiO4)(HSiO4)5O0.95 structure along c-axis in poly-

gonal mode. Ca–O metaprisms (1) that form columnar polyhedrons corner-

connected with SiO4 tetrahedrons (2) and Bi atoms (3) that form Bi-triangles are

represented. The hexagonal unit cell is shown.
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that lattice charge compensation was achieved through partial
replacement of oxygen atoms into SiO4 tetrahedrons by hydroxyl
groups. The presence of OH group in structure (in HSiO4

tetrahedron) is confirmed by results of the FT-IR spectroscopy,
XPS and thermal analysis. Probably usage of mesoporous silica
KIT-6 as a synthetic precursor provided easiness of oxygen/OH
group replacement and thus it balances electric charge within a
lattice of newly synthesized apatite phase. It was found that the
phase has P63/m (1 7 6) space group with unit cell parameters
a¼b¼9.6090(7) Å, c¼7.0521 (7) Å, V¼563.9 Å and c/a¼0.734. The
Rwp factor was equal to 0.082.

Due to a high content of cation vacancies, we suppose that new
Ca4Bi4.3(SiO4)(HSiO4)5O0.95 phase may exhibit unusual to this type
of solids physical properties like enhanced ion conductivity and
high luminescence, which can find practical applications.

Further details of the crystal structure investigation can be
obtained from the Fachinformationszentrum Karlsruhe, 76344
Eggenstein-Leopoldshafen, Germany, (e-mail: crysdata@fiz.karls
ruhe.de) on quoting the depository number CSD-420603.
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