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The structure of glasses in the sodium (Na) super-ionic conductor (NASICON) system
Na1+xTi2SixP3−xO12 with x = 0.8 and x = 1.0 was investigated by combining neutron and high-
energy x-ray diffraction with 29Si, 31P and 23Na solid-state nuclear magnetic resonance (NMR)
spectroscopy. The 29Si magic angle spinning (MAS) NMR spectra reveal that the silica component
remains fully polymerized in the form of Si4 units, i.e., the silicon atoms are bound to four bridging
oxygen atoms. The 31P{23Na} rotational echo adiabatic passage double resonance (REAPDOR)
NMR data suggest that the components to the 31P MAS NMR line shape originate from four-
coordinated Pn units, where n = 1, 2 or 3 is the number of bridging oxygen atoms per phosphorus
atom, which differ in the 31P-23Na dipolar coupling strengths. The results support an intermediate
range order scenario in which the phosphate groups selectively attract the Na+ modifier ions. Tita-
nium takes a sub-octahedral coordination environment with a mean Ti–O coordination number of
5.17(4) for x = 0.8 versus 4.86(4) for x = 1.0. A mismatch between the P-O and Si-O bond lengths
of 8% is likely to inhibit the incorporation of silicon into the phosphorus sites of the NASICON
crystal structure.

I. INTRODUCTION

There is a quest to find sodium-based electrolyte and
electrode materials to replace those based on lithium for
electrical energy storage devices, largely motivated by the
low cost of sodium and its widespread terrestrial abun-
dance [1–4]. Here, sodium (Na) super-ionic conductor
(NASICON) materials have received significant attention
in view of their large sodium-ion conductivity and struc-
tural stability in the solid state [5–7]. An example is pro-
vided by NaTi2(PO4)3 [8, 9], where the crystal structure
is based on a negatively-charged open-framework that
is constructed from corner-sharing octahedral TiO6 and
tetrahedral PO4 units: Each octahedron is connected to
six tetrahedral units and each tetrahedron is connected
to four octahedral units [10, 11]. The Na+ ions reside
in the interstitial sites of the framework, and are free to
migrate between those sites.

In a material such as NaTi2(PO4)3, a strategy for in-
creasing the ionic conductivity is to replace P5+ ions
by Si4+ ions, which leads to an increase in the Na+

content of the material in order to ensure charge neu-
trality [12–14]. Such Na1+xTi2SixP3−xO12 (NTSP) ma-
terials, where the composition can be re-written as
(Na2O)1+x(TiO2)4(SiO2)2x(P2O5)3−x, can be made via
a glass-ceramic route, although the extent to which P5+

ions are replaced by Si4+ ions remains unclear [9, 15, 16].
The glass-ceramic route offers an ability to control fea-
tures of the microstructure, such as the porosity, via the
thermal-treatment protocol chosen for the glass. Hence,

there is an interest in the structure of the parent glass
and how it evolves as the system crystallizes. In the NA-
SICON system Na1+xAlxGe2−x(PO4)3 (NAGP) with x
= 0.0–0.8, for example, the seeds for homogeneous crys-
tal nucleation are located on super-structural units that
are built into the glass structure [17]. Vitreous NASI-
CONs are also of interest because they contain fivefold
and/or sixfold coordinated network-forming units, thus
transcending Zachariesen’s rules for glass formation [18].

In this paper we investigate the structure of glassy
NTSP with x = 0.8 and x = 1.0 by combining neu-
tron and high-energy x-ray diffraction with 29Si, 31P and
23Na solid-state nuclear magnetic resonance (NMR) spec-
troscopy. The combination of diffraction techniques of-
fers an effective means of identifying the coordination
environment of titanium because the Ti-O correlations
receive (i) a negative weighting in neutron diffraction,
on account of the negative coherent neutron scattering
length of Ti [19], versus (ii) a large positive weighting
in x-ray diffraction, in view of the comparatively large
atomic number of Ti (Z = 22). The NMR experiments
deliver site-specific information on the Si, P and Na co-
ordination environments.

This paper is organized as follows. The essential the-
ory for diffraction is given in Sec. II and the experimen-
tal methods are described in Sec. III. The results are
presented in Sec. IV and are discussed in Sec. V by ref-
erence to the structure of glassy NAGP which has been
investigated extensively [17, 20]. Conclusions are drawn
in Sec. VI.
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II. DIFFRACTION THEORY

The structure factor S(k) measured in a neutron or x-
ray diffraction experiment on a glassy system can be de-
composed into its contributions from the pair-correlation
functions describing the atomic species according to [21]

S(k) = 1+
1

〈w(k)〉2
∑
α

∑
β

cαcβwα(k)wβ(k) [Sαβ(k)− 1] ,

(1)
where k is the magnitude of the scattering vector, cα
is the atomic fraction of chemical species α, wα(k) is
the k-dependent x-ray atomic form factor fα(k) or k-
independent coherent neutron scattering length bα of
chemical species α, Sαβ(k) is the partial structure factor
for chemical species α and β, and 〈w(k)〉 =

∑
α cαwα(k).

The corresponding real-space information is repre-
sented by the total pair-distribution function

D′(r) =
2

π

∫ ∞
0

dk k [S(k)− 1]M(k)sin(kr)

= D(r)⊗M(r) (2)

where r is a real-space distance and ⊗ represents the
one-dimensional convolution operator. The window func-
tion M(k) originates from the finite measurement range
that is accessible to a diffractometer, and is often repre-
sented by the step function M(k) = 1 for k ≤ kmax and
M(k) = 0 for k > kmax, where kmax is the maximum
measured value. M(r) is the real-space manifestation of
M(k) and is a symmetrical function. In the case of neu-
tron diffraction, where the coherent scattering lengths
are independent of k,

D(r) =
4πρr

〈b〉2
∑
α

∑
β

cαcβbαbβ [gαβ(r)− 1] (3)

where ρ is the atomic number density, gαβ(r) is a partial
pair-distribution function and 〈b〉 =

∑
α cαbα.

To distinguish between features in D′(r) that originate
from the glass structure from those that originate from
M(r), each peak or trough i in rgαβ(r) can be represented
by the Gaussian function [17]

piαβ(r) =
1

4πρ

n̄βα(i)

ciβr
i
αβ

1√
2πσiαβ

exp

[
−

(r − riαβ)2

2(σiαβ)2

]
, (4)

where riαβ is the peak position, σiαβ is the standard devi-

ation and n̄βα(i) is the coordination number of chemical
species β around α. The contribution of piαβ(r) towards

S(k)− 1 is given by

piαβ(k) = W i
αβ(k)

n̄βα(i)

ciβ

sin(kriαβ)

kriαβ
exp

[
−
k2(σiαβ)2

2

]
, (5)

where the weighting factor W i
αβ(k) =

(2− δαβ) ciαc
i
βw

i
α(k)wiβ(k)/ 〈w(k)〉2 and δαβ is the

Kronecker delta. The fitting procedures used for the
neutron and x-ray diffraction data sets are described
in [17]. The goodness-of-fit parameter Rχ is defined
elsewhere [22].

III. EXPERIMENT

A. Sample preparation

The NTSP glasses were made by splat-quenching fol-
lowing the procedure described in [9]. The batched com-
positions correspond to x = 0.803 and x = 1.000. The
glassy materials were grey and optically opaque and were
investigated in their as-prepared state. A mass density
of 2.8719(9) g cm−3 (x = 0.8) or 2.8397(4) g cm−3 (x =
1.0) at 22.4◦C was measured using He pychnometry, cor-
responding to a number density of ρ = 0.07747(1) Å−3

or ρ = 0.07668(1) Å−3, respectively.

B. Solid-state NMR

Solid-state NMR experiments were carried out on an
Agilent DD2 spectrometer operating with a 5.64 T mag-
net and a Bruker Avance Neo spectrometer operating
with a 14.1 T magnet. The 29Si magic angle spinning
(MAS) NMR experiments were performed at 48.15 MHz
using a commercial 7.5 mm triple resonance probe. A
MAS frequency of 5.0 kHz was used and 1200 to 1400
transients were recorded using a 90◦ excitation pulse of
7.5 µs and a recycle delay of 60 s. The relatively short re-
laxation delay could be chosen because the samples con-
tained paramagnetic Ti3+ ions at the doping level, which
facilitates nuclear spin relaxation. The 23Na and 31P
MAS NMR experiments were performed at 158.80 and
243.03 MHz, respectively, using a commercial 2.5 mm
triple resonance probe operating at a MAS frequency of
15.0 kHz. For 23Na, 4096 scans were collected using an
excitation pulse of 0.8 µs, corresponding to a small tip-
angle of 35◦ and a recycle delay of 1 s. For 31P, 4 scans
were recorded using a 90◦ pulse of 3 µs duration and a
recycle delay of 1200 s. Chemical shifts are reported rel-
ative to tetramethylsilane (TMS), 0.1 M NaCl solution,
and 85% H3PO4, using solid NaCl [δiso(23Na) = 7.2 ppm]
and BPO4 [δiso(31P) = −29.27 ppm] as secondary refer-
ences.

The 31P{23Na} rotational echo adiabatic passage dou-
ble resonance (REAPDOR) NMR experiments [23, 24]
were performed under the same conditions as the MAS
NMR experiments using a rotor-synchronized Hahn spin
echo sequence (π-pulse length of 6 µs) for 31P detection
and a 23Na adiabatic pulse of one third of a rotor period
(νnut = 70 kHz) for dipolar re-coupling. The π pulses
applied at the observation channel were phase cycled ac-
cording to the XY-8 scheme.

The 23Na MAS NMR spectra were simulated assuming
second-order quadrupolar line shapes and distributions
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of nuclear electric quadrupolar coupling constants (CQ)
according to the Czjzek model [25], implemented in the
ssNake v1.5b solid state NMR spectral data processing
software [26].

C. Neutron diffraction

The neutron diffraction experiment was performed us-
ing the D4c instrument at the Institut Laue-Langevin
(ILL) with an incident wavelength of 0.4955(1) Å [27].
The samples were held at room temperature (∼298 K)
in a cylindrical vanadium container of inner diameter
6.8 mm and wall thickness 0.1 mm. Diffraction patterns
were measured for each sample in its container, the empty
container, the empty instrument, a cylindrical vanadium
rod of diameter 6.08(1) mm for normalization purposes,
and a bar of neutron absorbing 10B4C of dimensions com-
parable to the sample to account for the effect of sam-
ple self-shielding on the background count-rate at small
scattering angles [28]. The data corrections followed a
standard procedure [29]. The coherent neutron scatter-
ing lengths are bNa = 3.63(2) fm, bTi = −3.438(2) fm, bSi
= 4.1491(10) fm, bP = 5.13(1) fm and bO = 5.803(4) fm
[19].

D. X-ray diffraction

The x-ray diffraction experiment was performed using
beamline 6-ID-D at the Advanced Photon Source with
an incident x-ray energy of 100.233 keV. The powdered
glass samples were held in cylindrical Kapton polyimide
tubes of 1.80(1) mm internal diameter and 0.051(6) mm
wall thickness. The scattered x-rays were counted us-
ing a Varex 4343CT amorphous silicon flat panel detec-
tor, which was placed at a distance of 311 mm from the
sample position as deduced from the diffraction pattern
measured for crystalline CeO2. Diffraction patterns were
measured for the sample in its container at room tem-
perature, an empty container and the empty instrument.
The data were converted to one-dimensional diffraction
patterns using FIT2D [30] and the corrections for back-
ground scattering, beam polarization, attenuation, and
Compton scattering were made using PDFgetX2 [31].
Neutral atom form-factors were used in the data anal-
ysis [32].

IV. RESULTS

A. NMR results

Figure 1 shows the measured 29Si, 23Na, and 31P
single-pulse MAS NMR spectra for both of the NTSP
samples, together with the fitted curves.

Each 29Si NMR spectrum can be fitted, within the at-
tained signal-to-noise ratio, to a single Gaussian peak

FIG. 1. The 29Si (left column), 23Na (central column),
and 31P (right column) MAS NMR spectra for glassy NTSP
with x = 0.8 (bottom row) and x = 1.0 (top row). The
measured spectra are shown by the solid curves and the fits
are shown by the broken curves. For the 31P data sets, the
yellow, brown, and blue components are assigned to the P1,
P2, and P3 species, respectively.

FIG. 2. The S0 (top row), S (middle row) and ∆S (bot-
tom row) NMR spectra from 31P{23Na} REAPDOR NMR
experiments for glassy NTSP with x = 0.8 (left column) and
x = 1.0 (right column). The measured spectra are shown by
the solid curves and the fits are shown by the broken curves.
The yellow, brown, and blue components are assigned to the
P1, P2, and P3 species, respectively.

centered at an isotropic chemical shift typical of fully
polymerized silicon (Si4) species (Table I), which bear no
non-bridging oxygen atoms. This result indicates that,
in the glassy NTSP mixed network-former system, the
network-former P2O5 acts as an alkali network-modifier
scavenger, i.e., the phosphorus atoms bind to the non-
bridging oxygen atoms and therefore compete very effec-
tively against silicon in attracting the alkali ions. Simi-
lar behavior has been noted for sodium phosphosilicate
glasses with similar compositions [33, 34].

The 23Na MAS NMR spectra are typical of those ob-
served for glassy materials. Each spectrum shows an
asymmetric line shape, which reflects the second-order
quadrupolar perturbation effects on the Zeeman frequen-
cies in the presence of a distribution of electric field
gradients. The isotropic chemical shift δiso values (Ta-
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TABLE I. Fitting parameters for the 29Si, 23Na, and 31P
single-pulse MAS NMR line shapes. The listed parameters
are the mean isotropic chemical shift δiso, fractional areas for
the Pn species in the 31P spectra, average absolute value for
the 23Na quadrupolar coupling constant (center of the distri-
bution) 〈|CQ|〉, and full-width at half-maximum (FWHM) of
a Gaussian broadened (GB) distribution of isotropic chemical
shifts.

x Resonance δiso Area 〈|CQ|〉 FWHM GB
(±2 ppm) (±2%) (±0.05 MHz) (±1 ppm)

0.8 29Si −108.3 – – 21.3
23Na −15.9 – 0.9 18.4
31P-P1 −0.1 4 – 11.0
31P-P2 −9.9 71 – 15.9
31P-P3 −21.6 25 – 13.0

1.0 29Si −104.3 – – 16.0
23Na −13.4 – 1.28 18.4
31P-P1 −0.1 10 – 12.7
31P-P2 −7.7 77 – 15.5
31P-P3 −19.0 13 – 11.0

FIG. 3. The measured (a) neutron and (b) x-ray total struc-
ture factors for glassy NTSP with x = 0.8 and x = 1.0. The x
= 0.8 data sets are shifted upwards for clarity of presentation.

ble I) are typical of those observed in sodium phosphate
glasses with comparable Na/P ratios. They are similar
to the values measured in glassy Na1+xAlxTi2−x(PO4)3
(NATP) [20], but are more negative than the values mea-

FIG. 4. The weighting factors Wαβ(k) =
(2− δαβ) cαcβwα(k)wβ(k)/ 〈w(k)〉2 given to the partial struc-
ture factors for the neutron diffraction (ND) versus x-ray
diffraction (XRD) experiments on the NTSP glasses with (a)
x = 0.8 versus (b) x = 1.0 [see Eq. (1)]. The x-ray values
were calculated for k = 0.

sured in binary sodium phosphate [35] and quaternary
Na2O-SiO2-P2O5-Al2O3 glasses [34]. In all these sys-
tems, including the present NTSP glasses, the δiso values
tend to increase with increasing Na/P ratio.

In Fig. 1, the 31P spectra span an overall chemical
shift range of about 40 ppm. While the asymmetric
line shape, which is particularly marked for the x =
0.8 composition, suggests a superposition of several com-
ponents, the poor resolution makes it impossible to ar-
rive at a unique fitting model. One promising approach
for developing some deconvolution constraints is the use
of 31P{23Na} rotational echo adiabatic passage (REAP-
DOR) experiments, which may distinguish between the
phosphate units with different 31P-23Na dipolar coupling
strengths [17, 34]. The spectra shown in the top row of
Fig. 2 are the rotor synchronized MAS spin-echo signals
S0 after 24 rotor periods (1.6 ms after the 90◦ prepara-
tion pulse.) The line shapes are essentially identical to
those found for the single-pulse spectra in Fig. 1. The
middle and bottom rows of Fig. 2 show the spectra ob-
tained with dipolar re-coupling, S, and the difference sig-
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TABLE II. Average isotropic chemical shift δiso, FWHM, and fractional areas obtained from the single-pulse 31P MAS NMR
spectra, rotor-synchronized spin echo spectra S0, dipolar re-coupled spectra S after a mixing time of 1.6 ms, and the corre-
sponding difference signals ∆S = S0 − S.

x Signal δiso (±5 ppm) FWHM GB (±1 ppm) Fractional area (±2%)
P1 P2 P3 P1 P2 P3 P1 P2 P3

0.8 MAS NMR −0.1 −9.9 −21.6 11.0 15.9 13.0 4 71 25
S0 −0.1 −9.9 −21.6 11.0 15.9 13.0 5 70 26
S −0.1 −9.9 −21.6 11.0 15.9 13.0 1 64 35
∆S −0.1 −9.9 −21.6 11.0 15.9 13.0 6 73 21

1.0 MAS NMR −0.1 −7.7 −19.0 12.7 15.5 11.0 10 77 13
S0 −0.1 −7.7 −19.0 12.7 15.5 11.0 10 76 14
S −0.1 −7.7 −19.0 12.7 15.5 11.0 4 76 20
∆S −0.1 −7.7 −19.0 12.7 15.5 11.0 12 76 12

FIG. 5. The fitted D′(r) functions for glassy NTSP with (a)
x = 0.8 and (b) x = 1.0 measured using neutron diffraction.
In a given panel, the filled circles give the measured function,
the black solid curve gives the fitted function, and the other
curves show the contributions from the P-O (red solid curve),
Si-O (blue broken curve), Ti-O (violet chained curve), Na-O
(magenta solid curve) and O-O (green broken curves) corre-
lations. The displaced green solid curve shows the residual.
The Na-O and O-O correlations are introduced to constrain
the peaks fitted at smaller r-values.

nal ∆S = S0 − S. Note that S and ∆S differ signifi-
cantly. For both materials, the difference signal is more
pronounced on the higher (less negative) frequency side
than on the lower (more negative) frequency side of the
MAS NMR line shape, indicating distinct differences in
the 31P-23Na dipolar coupling strengths. A consistent de-
convolution of each spectrum into three components near
0, −9, and −20 ppm can be obtained for both NTSP ma-
terials (Table II), from which the average phosphate con-
nectivity 〈nP〉 = 3[P3] + 2[P2] + [P1] can be determined

FIG. 6. The fitted D′(r) functions for glassy NTSP with
(a) x = 0.8 and (b) x = 1.0 measured using x-ray diffraction.
In a given panel, the filled circles give the measured function,
the black solid curve gives the fitted function, and the other
curves show the contributions from the P-O (red solid curve),
Si-O (blue broken curve), Ti-O (violet chained curve), Na-O
(magenta solid curve) and O-O (green broken curves) corre-
lations. The displaced green solid curve shows the residual.
The Na-O and O-O correlations are introduced to constrain
the peaks fitted at smaller r-values.

from the fitted areas, where [Pn] represents the fraction
of species Pn and n denotes the number of bridging oxy-
gen atoms per phosphorus atom. From the 31P MAS
NMR spectra, we find 〈nP〉 = 2.21(3) and 2.03(3) for the
x = 0.8 and 1.0 compositions, respectively. These results
are very close to those predicted for a network modifica-
tion scenario in which the phosphate species selectively
attract the alkaline network modifier, whereas the sil-
ica and titania components remain unmodified. In this
scenario, the charge on the sodium ions is balanced by
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TABLE III. Parameters obtained from Gaussian peak fits to
the r-space functions for glassy NTSP with (a) x = 0.8 and
(b) x = 1.0 measured using neutron diffraction. The fitted
functions are shown in Fig. 5. Rχ is given for the fitted range
1.30–2.75 Å.

x Atom pair rαβ (Å) σαβ (Å) n̄βα Rχ (%)

0.8 P-O 1.522(2) 0.026(5) 4.01(2) 0.84
Si-O 1.648(3) 0.020(4) 4.01(2)
Ti-O 1.939(4) 0.110(6) 5.16(4)

1.0 P-O 1.517(2) 0.041(4) 4.00(2) 5.35
Si-O 1.623(3) 0.005(5) 4.00(2)
Ti-O 1.955(4) 0.111(6) 4.85(4)

TABLE IV. Parameters obtained from Gaussian peak fits to
the r-space functions for glassy NTSP with (a) x= 0.8 and (b)
x = 1.0 measured using x-ray diffraction. The fitted functions
are shown in Fig. 6. Rχ is given for the fitted range 1.30–
2.74 Å.

x Atom pair rαβ (Å) σαβ (Å) n̄βα Rχ (%)

0.8 P-O 1.535(1) 0.038(1) 4.00(1) 5.98
Si-O 1.659(1) 0.038(3) 4.00(1)
Ti-O 1.949(1) 0.108(1) 5.17(4)

1.0 P-O 1.531(1) 0.032(1) 4.00(1) 5.81
Si-O 1.658(1) 0.010(5) 4.00(1)
Ti-O 1.954(1) 0.111(1) 4.87(3)

the charge on the phosphate groups such that the mean
number of bridging oxygen atoms per phosphorus atom
〈nP〉 = 3−NNa/NP = 3− (1+x)/(3−x) where NNa and
NP are the numbers of Na and P atoms in the glass, re-
spectively. The modeled values therefore depend on the
Na/P ratio and are 〈nP〉 = 2.18 for x = 0.8 versus 〈nP〉
= 2.00 for x = 1.0. We may thus conclude that the solid-
state NMR data are consistent with this model, which
is further supported by the 29Si MAS NMR experiments
and the 23Na isotropic chemical shift data. The 23Na
shifts in sodium silicate glasses, where sodium interacts
with silicon, are found at significantly higher values than
those measured here [36].

B. Diffraction results

The measured S(k) functions are shown in Fig. 3.
There is a substantial contrast between the neutron and
x-ray diffraction results, in accordance with the differ-
ent weighting factors for the partial structure factors
(Fig. 4). The x-ray diffraction results for x = 1.0 show a
small Bragg peak at '1.55 Å−1, which indicates a small
amount of crystalline content.

The D′(r) functions measured by neutron and x-ray
diffraction are shown in Figs. 5 and 6, respectively. In
the fitting procedure, the first peak in D′(r) at '1.54 Å

was attributed to P-O and Si-O correlations and the sec-
ond feature in D′(r) at '1.95 Å was attributed to Ti-O
correlations. The latter appears as a trough in the neu-
tron diffraction work, on account of the negative scat-
tering length of Ti, but as a peak in the x-ray diffrac-
tion work, on account of the large atomic number of
Ti (Fig. 4). In comparison with the structure of crys-
talline NaTi2(PO4)3, the nearest-neighbor Na-O correla-
tions are expected to appear in D′(r) at around 2.29–
2.50 Å [10, 11]. For tetrahedral PO4 and SiO4 motifs
with P-O and Si-O bond distances of rPO = 1.526 Å and
rSiO = 1.647 Å, respectively, the nearest-neighbor O-O
correlations are expected to contribute towards D′(r) at

about rOO =
√

8/3rPO = 2.492 Å and rOO =
√

8/3rSiO
= 2.690 Å. The Na-O and O-O correlations in the D′(r)
functions were introduced into the fitting procedure in
order to constrain the peaks fitted at smaller r-values.
The parameters obtained from the fitted neutron and x-
ray D′(r) functions are summarized in Tables III and IV,
respectively.

V. DISCUSSION

The 29Si and 31P solid-state NMR and diffraction re-
sults are consistent with a glass network built from tetra-
hedral PO4 and SiO4 motifs. The mean Si-O bond
length of 1.647 Å is 8% longer than the mean P-O bond
length of 1.526 Å, leading to tetrahedral volumes of 2.293
and 1.825 Å3, respectively. Hence, the volume of the
SiO4 tetrahedron is 26% larger than that of the PO4

tetrahedron. By comparison, in the crystal structure of
Na5Ti2(Si2O9)(PO4), in which tetrahedral SiO4 and PO4

units coexist [37, 38], the Si-O bond length is 4–5% longer
than the mean P-O bond length, leading to a tetrahedral
volume that is 12–17% larger for SiO4 compared to PO4.
By contrast, in the NAGP system, where the strategy for
increasing the ionic conductivity is to replace the Ge4+

ions at the octahedral sites of the crystal structure by
Al3+ ions, thereby increasing the concentration of Na+

ions, the Ge-O and Al-O bond distances obtained from
crystallography are equivalent [17].

The difference between the Si-O and P-O bond lengths
found for the NTSP system is likely to inhibit the in-
corporation of Si into the P sites of the NASICON
NaTi2(PO4)3 crystal structure. Indeed, in experiments
on the Na1+xTiyZr2−ySixP3−xO12 system (0 ≤ x ≤ 3,
0 ≤ y ≤ 2), which were aimed at finding the influence on
the ionic conductivity of substituting Zr4+ by Ti4+ ions
at fixed x, it was suggested that the framework for the
fully titanium substituted NASICON with y = 2 does
not accept the substitution of PO4 by SiO4 groups [39].
More recent work on NTSP materials prepared via the
glass-ceramic route shows the formation of a NASICON
phase, where the incorporation of Si into this phase was
inferred from an increase in the unit cell volume with sil-
icon content, as smaller PO4 units are replaced by larger
SiO4 units [9]. However, as the silicon content increases,
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there is a sharp drop in the fraction of the NASICON
phase formed at x = 1.0, which is accompanied by a
sharp rise in the fraction of crystalline Na(TiO)(PO4),
and the NASICON phase is absent for the NTSP com-
positions with x > 1.4. A progressive instability of the
NASICON phase with increasing x is also found in other
work [16].

In crystalline NaTi2(PO4)3, the Ti atoms are in an
octahedral coordination environment with three shorter
Ti-O bond lengths of 1.884–1.896 Å and three longer Ti-
O bond lengths of 1.964–2.107 Å [10, 11]. By comparison,
in glassy NTSP the mean Ti-O coordination number is
5.17(4) for x = 0.8 versus 4.86(4) for x = 1.0. The Ti
coordination environment is, therefore, sub-octahedral,
as found for the coordination environment of its Ge and
Al counterparts in glassy NAGP [17]. The Ti-O bond
length is anticipated to increase with the Ti-O coordi-
nation number to allow the Ti-centered polyhedra to in-
corporate a larger number of oxygen nearest-neighbors.
The mean Ti-O bond length is, however, 1.944(5) Å for
x = 0.8 versus 1.955(4) Å for x = 1.0. This observa-
tion does not appear to be related to distortion of the
Ti-centered polyhedra because the fitted peak width for
the Ti-O nearest-neighbors is comparable for both of the
investigated glass compositions (Tables III and IV).

VI. CONCLUSIONS

The structure of glasses in the NASICON system
Na1+xTi2SixP3−xO12 (NTSP) with x = 0.8 and x = 1.0
was investigated by combining diffraction with solid-state
NMR spectroscopy. The results show network structures
built from tetrahedral PO4 and SiO4 units in which the
titanium atoms reside within a sub-octahedral coordina-
tion environment. The solid-state 31P NMR spectra are
consistent with a structural scenario in which the phos-
phate groups selectively attract the sodium ions, pro-
ducing P1, P2, and P3 units whose proportions are de-
termined by the Na/P ratio. In this process the silica
component remains largely unmodified, as indicated by
the Si4 speciation found from the 29Si MAS NMR exper-
iments, and there is a small change associated with the
titania component, as found from the diffraction exper-
iments: The Ti-O coordination number decreases from
n̄OTi = 5.17(4) at x = 0.8 to n̄OTi = 4.86(4) at x = 1.0 as
P2O5 is replaced by SiO2. The mismatch found between
the P-O and Si-O bond lengths is likely to inhibit the in-
corporation of Si4+ into the P5+ sites of the NASICON
crystal structure. It would be helpful to know the extent
to which the P-O and Si-O bond lengths in the glass vary
with the chemical composition of the NASICON system,
in order to assess the viability of substituting PO4 by
SiO4 units in NASICON materials, especially those pre-
pared via the glass-ceramic route.
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