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Structure of vanadium-doped lithium disilicate, Li2Si2O5 (Ccc2 space group) is studied. This crystalline
phase is obtained by annealing of the doped lithium disilicate glass for 4 h at 550 ◦C. X-ray diffraction and X-ray
absorption near-edge structure analysis indicate location of vanadium atoms at Si sites. the lattice parameters are
found to increase isotropically with increasing vanadium content. the valency of vanadium ions is discussed on the
basis of X-ray absorption near-edge structure results.
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1. Introduction

Lithium–silicon oxides, both amorphous and crys-
talline, exhibit interesting physicochemical (electrical
and mechanical) properties which may lead to their wider
applications. They can be prepared by various meth-
ods [1]. Their properties depend, in particular, on the
presence of short-range or long-range order. Lithium-
-based conducting glasses are promising candidates for
electrolyte materials of thin-film batteries due to their
isotropic ionic conductivity. However, at room tem-
perature most of such conducting glasses exhibit rela-
tively low ionic conductivity values, in the range 10−7

to 10−8 S/m. In order to increase the conductivity, some
specific additives have been used, one of them being vana-
dium. In a recent work on borate glasses, vanadium
dopant at a level of several percent was used for this
purpose [2–4]; annealing of these materials resulted in
modification of physical properties [2].

It is noteworthy that nucleation and crystallisation of
ordered phases are frequently favoured if an additive is
used, and they may lead to unwanted features of the ma-
terials, therefore studies on glass annealing are of high
importance. Nucleation and crystallisation of ordered
phases in lithium disilicate glass has been studied for
several decades, see e.g. Refs. [5–16]. The reported stud-
ies concern, in particular, crystalline Li2Si2O5 compound
and Li2Si2O5 based glasses exhibiting good mechanical
properties and applicable e.g. in dentistry as a high-
-strength machinable glass ceramic [17, 18] and as sub-
strates in storage media [19]. As concerns the mechanical
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properties, the presence of Li2Si2O5 crystals in the glass
matrix enhances the strength of the glass [20]. Other
potential applications involve the ozone detection [21].

The interest in modification of Li2Si2O5 properties by
a third component gave motivation to structural studies
of crystalline Li2Si2O5 and Li2Si2O5 doped, e.g., with
aluminium [22], boron [23], or phosphorus [24]. Another
possible dopant is vanadium, for which, up to our knowl-
edge, crystallisation has not been studied yet. Only the
glass formation and nucleation phenomena have been
studied for samples jointly doped with vanadium and
other 5A/5B elements [25].

2. Experimental

2.1. Crystallisation process

At the first step, the glass of composition
(Li2Si2O5)1−u(V2O5)u with u ranging from 0.005
to 0.06 was prepared by heating a mixture of quartz
(SiO2), lithium carbonate (Li2CO3) and vanadium pen-
toxide (V2O5) at 1400 ◦C for 3 h and then cooled. The
melting process was carried out in platinum crucibles
and during the melting the crucibles were covered by
a platinum lids to minimize any volatilization process.
Therefore, no weight loss analyses were carried out.
The crystalline Li2Si2O5-based phase was then prepared
by annealing of the glass for four hours at 550 ◦C, i.e.
slightly above the nucleation temperature of ≈ 500 ◦C
(see e.g. Ref. [16]).

2.2. Characterisation techniques

X-ray diffraction (XRD) experiments were per-
formed employing a modern X-Pert MPD diffractometer
equipped with a Johansson monochromator and a strip
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detector. The Rietveld refinements were performed using
the FullProf program [26]. For profile shape the pseudo-
-Voigt function was employed. The X-ray absorption ex-
periment was conducted at the CEMO beamline (Ha-
sylab at DESY, Hamburg). The X-ray absorption near
edge structure (XANES) measurements were carried out
at room temperature using a seven-element silicon fluo-
rescence detector.

3. Results and discussion

The crystallographic information on Li2Si2O5, one of
several compounds existing (as noted in Refs. [27, 28]

in the Li2O–SiO2 system) is scarce. This compound
crystallises in Ccc2 space group (stable form [29]) or a
metastable Pbcn form [30, 31]. However, most papers
refer to a monoclinic cell [9, 32–36] which has been used
even recently [9, 36] despite noticing [35] a discrepancy in
diffraction-peak intensities between experiment and cal-
culation. The monoclinic cell has a different symmetry
but the same size as the Ccc2 stable form (β = 90◦), so
it is still qualitatively useful in comparisons (see Table).
Crystallographic and electronic structure of this material
have also been studied theoretically in Ref. [37] assum-
ing the monoclinic cell and in Refs. [38–40] assuming the
orthorhombic cell.

TABLE
Unit cell of lithium disilicate doped with vanadium, Li2(Si1−tVt)2O5. For vanadium-free case, the values
extrapolated from lattice parameters of samples A–D, and literature data on the structure (orthorhombic
Ccc2 or monoclinic C1c1a) are included (the data referring to the monoclinic cell are given in italics).

t a [Å] b [Å] c [Å] β [◦] V [Å3] T [K]
System/

space group
Study Ref./sample Year

0 5.82 14.66 4.79 90.08 408.7 RT monoclinic C1c1a exp [32] 1961

0 5.813 14.635 4.783 90 406.91 RT monoclinic C1c1a exp [34] 1995

0 5.823(3) 14.665(6) 4.775(2) 90 407.76 RT monoclinic C1c1a exp [35] 1996

0 5.7 15.1 4.7 90 404.5 RT monoclinic C1c1a exp [9] 1997

0 5.807(2) 14.582(7) 4.773(3) 90 404.2 (3) 293 orthorhombic Ccc2 exp [29] 1998

0 5.826(9) 14.632 (11) 4.799(4) 90.20(13) 409.1(1.2) RT monoclinic C1c1a exp [36] 2000

0 5.97 14.75 4.94 90 435.0 – orthorhombic Ccc2 calc [38] 2005

0 5.6830 14.6480 4.7840 90 398.242 – orthorhombic Ccc2 calc [40] 2006

0 5.8235 14.612 4.7815 90 406.9 300(3) orthorhombic Ccc2 exp this work
(extrapolation)

2010

0.004 5.8237(2) 14.6225(4) 4.7835(2) 90 407.35 300(3) orthorhombic Ccc2 exp sample A,
this work

2010

0.016 5.8292(1) 14.6114(5) 4.7876(1) 90 407.77 300(3) orthorhombic Ccc2 exp sample B,
this work

2010

0.033 5.8333(4) 14.624(1) 4.7956(4) 90 409.09 300(3) orthorhombic Ccc2 exp sample C,
this work

2010

0.046 5.8360(2) 14.6401(6) 4.7996(2) 90 410.06 300(3) orthorhombic Ccc2 exp sample D,
this work

2010

a The true symmetry is orthorhombic, see text.

The present synthesis procedure gave virtually pure
Li2Si2O5 phase of orthorhombic Ccc2 space group [29]
with vanadium present in the lattice, as indicated by in-
crease of lattice parameters with rising vanadium con-
tent. Samples A and B crystallized completely. In the
samples C and D a very small addition of an amor-
phous phase was observed. Control samples annealed in
a shorter time were multiphase, indicating that the given
crystallisation process of Li2Si2O5 requires at least about
4 h, if the annealing temperature of 550 ◦C is used. The
presence of the tiny amount of amorphous phase in the
samples richer in vanadium suggests that the crystallisa-
tion process time should be slightly longer than 4 h for
samples rich in vanadium. The crystallisation of vana-

dium doped Li2Si2O5 glass shows some similarities with
that for compositionally and structurally related phos-
phate glasses studied in Ref. [24].

The Rietveld refinements were performed assuming the
Ccc2 space group assuming a partial substitution of Si4+
by V4+ ions (see the example in Fig. 1). A satisfac-
tory correction for preferred orientation was obtained as-
suming the March–Dollase function and [001] orientation
direction (this direction has been also found to be the
crystallite orientation at the surface of Li2Si2O5 ceram-
ics [34, 10]). The refinements of data collected for doped
samples show that lattice parameters a, b, and c vary
isotropically with increasing vanadium content, as shown
in Fig. 2 and quoted in Table. For vanadium free case,
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the present extrapolated lattice parameters are higher,
by about 0.2%, than the values of Ref. [29]. A possible
cause is some difference in preparation way of the stud-
ied materials. The older data assuming the monoclinic
(pseudo-orthorhombic) cell exhibit a rather large scatter
of the unit cell size.

Fig. 1. Example of the Rietveld refinement for the
sample B. The experimental points are denoted by
crosses, the calculated profile — by a solid line. Ver-
tical bars represent the reflection positions. The differ-
ence curve is shown below the pattern.

Fig. 2. Variation of cell parameters with increasing
vanadium content in Li2(Si1−tVt)2O5 (filled squares);
the literature data for vanadium-free samples refer to
[29] (j). Data for Li2Si2O5 reported as monoclinic in
Refs. [32, 34–36] (open circles) are denoted by (l), (e),
(s) and (d), respectively.

X-ray absorption techniques provide, in a selective way,
information about the first and further neighbours of the
given element atoms remaining in an ordered or in a dis-
ordered state. They are also very helpful in determina-
tion of the valence state. In order to confirm the finding
of the XRD that vanadium substitutes silicon atoms in
the lithium disilicate unit cell, i.e. that the formula can
be written as Li2(Si1−tVt)2O5, X-ray absorption mea-
surements were undertaken.

Normalized XANES spectra at the vanadium K edge
are presented in Fig. 3a. The shapes of the spectra
are very similar, with only slight changes between lower

(samples A and B) and higher (samples C and D) vana-
dium concentration. However, in all cases, a very pro-
nounced pre-peak is observed. According to Ref. [41],
the pre-peak position and intensity depend strongly on
the vanadium oxidation state and symmetry. The au-
thors of the cited paper have checked several standard
compounds and constructed the figures, where the oxi-
dation state was compared with the measured position
of the energy edge and pre-peak intensity for normalized
spectrum. Both of these values: position (E1/2 ≈ 15 eV)
and intensity of the pre-peak (≈ 0.7) found for the inves-
tigated samples indicate that vanadium ionicity is equal
to +4, +5 or intermediate. This supports the hypothe-
sis that vanadium dopant substitutes silicon atoms. Due
to the charge balance, the expected valency of vanadium
located at Si sites is +4, being in line with the above
observations based on pre-peak intensity. The presence
of vanadium at a higher valence state is not completely
excluded, it would be accompanied by vacancies at the Si
site. In order to check how the possible vanadium loca-
tion in vanadium-doped Li2Si2O5 compound influences
the shape of the XANES spectra, ab initio calculations
using FEFF 8.4 [42] were carried out. A cluster of 10 Å in
radius was first created using the known crystallographic
data. Then, the vanadium atom was introduced substi-
tuting either Si (VSi) or Li (VLi) and for both these mod-
els the spectra were calculated. The results are shown in
Fig. 3b. Comparison with the experimental spectrum
indicates that V atoms prefer the Si sites.

Fig. 3. Result of absorption measurement: normalized
spectra for samples A–D (for clarity, the curves are
shifted by a constant value) (a); comparison of experi-
ment with FEFF modelling results assuming vanadium
substitution at Si or at Li site for sample A (b).

In summary, the structural changes in vanadium-doped
Li2Si2O5 compound caused by vanadium doping were ex-
perimentally studied by X-ray diffraction and absorp-
tion methods. The obtained results indicate clearly
that the chemical formula of the crystallised material is
Li2(Si,V)2O5.

The doping is found to cause isotropic lattice expan-
sion.
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