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a b s t r a c t

This paper reports results of 23Na and 29Si solid-state NMR investigations carried out on sodium strontium
silicate ion conductor, Sr0.55Na0.45SiO2.775 and presents the first experimental evidence to show that different
synthesis conditions induce multiple devitrified phases. Along with 1-dimensional NMR, 23Na MQMAS spectra
have been used to identify the phases corresponding to polymorphs of Na2Si2O5, in addition to the crystalline
SrSiO3 and the glass/amorphous Na2Si2O5 phases. The surprising observation of about an order of magnitude
higher ionic conductivity achieved in devitrified samples is attributed to the growth of the crystalline δ-
Na2Si2O5 phase within the amorphous Na2Si2O5 phase domains, identified using NMR. Together with XRD and
conductivity measurement data, the study leads to the identification of the chemical phase composition and an
understanding of the composition-property-structure correlation in this material. Present findings, while do
not show any evidence of Na doping in the SrSiO3 phase confirming earlier reports, explain the large dis-
crepancy in the conductivity reported in the literature.

& 2017 Elsevier Inc. All rights reserved.
1. Introduction

Solid oxide fast ion conductors play an important role as elec-
trolyte material for solid oxide fuel cells (SOFC) [1–3]. Recent
reports of high ionic conductivity found in the new family of
materials bearing the general formula Sr1-xNaxSiO3-0.5x (SNS) has
generated much excitement in the scientist community and it has
been demonstrated that the SNS material would be a potential
solid electrolyte for intermediate temperature-solid oxide fuel
cells (IT-SOFCs) [4–6]. Numerous investigations have been carried
out on this family of materials [7–17] and it has been concluded
that SNS materials, in general, comprise of two phases: an in-
sulating crystalline SrSiO3 phase and a Na-ion conducting glass/
amorphous Na2O �2SiO2 (AM-Na2Si2O5) phase. Thus, the high
conductivity observed in SNS materials essentially stems from the
AM-Na2Si2O5 phase. However, there is a large discrepancy in the
conductivity reported in the literature for the SNS materials. An
ionic conductivity of 10�2 S.cm�1 at 525 °C was reported for the
first time by Singh et al. [4] on the highest Na-doped composition
B. Pahari),
of Sr0.55Na0.45SiO2.775. Whereas other groups measured almost one
order less ionic conductivity on the compound with same nominal
composition [9,10]. This discrepancy may arise due to different
thermal history leading to devitrification of the amorphous frac-
tion of the samples and hence further investigations are needed.

NMR is an ideal technique to probe the local structure in
amorphous and/or crystalline phases of materials [18–20]. To ob-
tain insights into the structure-property correlation in the SNS
materials we utilize here 23Na and 29Si NMR spectroscopy ex-
tensively. Along with 1-dimensional magic angle spinning (MAS)
NMR spectra, we have also carried out 23Na MQMAS studies of
these materials. We focus on the highest Na-doped composition of
Sr0.55Na0.45SiO2.775 (SNS45), prepared through two different
synthesis routes. Choice of the highest Na-doped composition also
ensures best possible signal-to-noise ratios for 23Na 1D MAS and
MQMAS NMR measurements. 23Na, 29Si MAS NMR results ob-
tained in a devitrified form of SNS45 and pure glass/amorphous
Na2O �2SiO2 are also presented to support the discussion and to
show the evolutions of crystalline and amorphous phases. Finally,
the NMR experimental results are corroborated with the ionic
conductivity data.
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2. Experimental

Samples with nominal composition Sr1-xNaxSiO3-0.5x (x ¼ 0.45)
were synthesized by solid state reaction method using SrCO3,
Na2CO3 and SiO2 powders. In the first try, the well-mixed powder
was pelletized followed by calcination at 1050 °C for 10 h. Then
half-calcined pellets were crushed into fine powder, re-pelletized
and kept at 1050 °C for another 10 h. Sample prepared by this two-
step heating procedure will be called as SNS45-A. In the second
try, the well-mixed powders of starting materials were pelletized
and heated at 1050 °C for 20 h. Sample prepared by this single step
heating method will be called as SNS45-B. Pure glass/amorphous
Na2O �2SiO2, which will be denoted as AM-Na2Si2O5, was prepared
by the melt quench method. A devitrified form, SNS45-B 650 °C/
12 h was obtained after heating the sample of SNS45-B at 650 °C
for 12 h. Further details of sample preparation processes are pre-
sented in the Supplementary Content (SC). The phase composi-
tions of each of the samples were examined with powder X-ray
diffraction (XRD) and the XRD patterns of the samples investigated
in this work are shown in SC as Figs. S1 and S2. Conductivity
measurements were carried at various temperatures (30 °C–
500 °C) using an impedance analyser operating in the frequency
range of 40 Hz to 10 MHz (further details are given in SC).

All 23Na and 29Si magic-angle spinning (MAS) solid state NMR
experiments were carried out at 11.7 T using Bruker Avance III
500 MHz spectrometer. 29Si NMR spectra were recorded using
sample filled in 7 mm zirconia rotors spinning at 6 kHz MAS. A 5
μs r.f. pulse was used to record the 29Si NMR spectra employing an
r.f. field amplitude of 42 kHz. A relaxation delay of 300 s was
chosen for the experiments, which revealed the presence of the
sharp component of the NMR spectrum. The broad component
was visible for much shorter delays. The result of the spin-lattice
relaxation time measurement shown in the supplementary con-
tent as Fig. S3 gave an estimate of the T1 values of the broad and
the sharp component of the signal as 2.5 s and 2000 s respectively.
The 29Si chemical shifts are quoted relative to tetramethylsilane.
23Na MAS NMR experiments were performed using a 3.2 mm rotor
filled with the sample and spinning at 22 kHz. 23Na spectra were
obtained using a short r.f. pulse of width 0.45 μs employing an r.f.
field amplitude of 92 kHz and a relaxation delay of 1 s. A Z-filter
triple-quantum MAS (3QMAS) NMR pulse sequence was employed
Fig. 1. 29Si NMR spectra of SNS45-A (a), SNS45-B (b), AM-Na2Si2O5 (c) and SNS45-B 6
assignments, obtained from line shape deconvolutions, are displayed with colour lines a
represent Q2-, Q3-, Q4-units of AM-Na2Si2O5 phase. Olive and Green traces represent reso
traces represent resonance contributions due to two non-equivalent Si environments in
(For interpretation of the references to colour in this figure legend, the reader is referre
to obtain 23Na two-dimensional 3QMAS NMR spectra. R.f. pulses of
width 3.8 μs and 1.8 μs with an r.f. field amplitude of 92 kHz were
used respectively to excite and to reconvert 3Q coherences. After a
z-filter delay of 45 μs a central-transition (CT) selective pulse of
width 9 μs at an r.f. amplitude of 14 kHz was employed. All the
23Na spectra were calibrated with respect to 1 M NaCl solution.
Deconvolutions of 1D 29Si, 23Na MAS NMR spectra were made with
the Dmfit program [21].

3. Results and discussion

3.1. Phase identification with 29Si MAS NMR

29Si MAS NMR spectra of SNS45-A and SNS45-B are plotted to-
gether with that of AM-Na2Si2O5 and SNS45-B 650 °C/12 h in Fig. 1.
The figure also shows the result of the deconvolution of the spectra
carried out using the Gaussian line shape functions to model Qn units
of amorphous phase and mixed Gaussian/Lorenzian line shape func-
tions to model crystalline peaks. The peak positions and the full width
at half maxima (FWHM) for each of the samples are listed in Table 1.
In the case of both SNS45-A [Fig. 1(a)] and SNS45-B [Fig. 1(b)] four
peaks are identified. These are centred at around �77.0, �85.0,
�88.0, and �100.0 ppm indicating the presence of four distinct local
environments for silicon in these two samples. The spectrum of pure
AM-Na2Si2O5 [Fig. 1(c)] is composed of three broad Gaussian peaks
centred at E �77.0, �88.0, and �100.0 ppm correspond to Q2-, Q3-
and Q4-units, respectively with the dominant silicate species present
in pure AM-Na2Si2O5 being the Q3-unit, in accordance with results
reported earlier [22] for this material. By comparison with these re-
sults, we assigned the deconvoluted spectra of SNS45-A, B samples.
Based on the peak positions and their full width at half maxima
(FWHM), we identify the resonance appearing at around �88.0 ppm
in SNS45-A, B samples as the Q3-units of AM-Na2Si2O5 phase. Simi-
larly, the two other broad peaks appearing at �77.0 ppm and
�100.0 ppm are assigned to Q2-units and Q4-units of AM-Na2Si2O5

phase, respectively. The remaining sharp peak appearing at the re-
sonance position of �85.0 ppm corresponds to the crystalline α-
SrSiO3 phase. Present peak assignments are in agreement with the
previous reports [9,10,14,17]. Although both the 29Si spectra of SNS45-
A and SNS45-B contain similar phases (namely Q2-, Q3-, Q4-units of
AM-Na2Si2O5 and crystalline α-SrSiO3 phase), their relative contents
50 °C/12 h (d) recorded at 11.7 T and 6 kHz MAS frequency. Relevant resonance
nd their corresponding peak positions are specified. Magenta, Blue and Red traces
nance contributions due to the crystalline α-SrSiO3 and α-Na2Si2O5, Pink and Black
crystalline β-Na2Si2O5, and Cyan trace represents δ-Na2Si2O5 phases, respectively.
d to the web version of this article.)



Table 1
Results of 29Si MAS NMR in the samples studied in this paper.

Compound Phases One-pulse (1D)

δiso 7 0.3 ppm FWHM 7 0.4 ppm

SNS45-A Q2-unit of AM-Na2Si2O5 �77.0 7.0
Q3-unit of AM-Na2Si2O5 �88.2 13.7
Q4-unit of AM-Na2Si2O5 �101.0 8.9
SrSiO3 �85.3 0.6

SNS45-B Q2-unit of AM-Na2Si2O5 �78.0 6.8
Q3-unit of AM-Na2Si2O5 �88.2 10.7
Q4-unit of AM-Na2Si2O5 �100.8 7.5
SrSiO3 �85.0 0.65

AM-Na2Si2O5 Q2-unit of AM-Na2Si2O5 �77.3 6.7
Q3-unit of AM-Na2Si2O5 �88.0 11.0
Q4-unit of AM-Na2Si2O5 �100.2 10.0

SNS45-B
650 °C/12 h

Q3-unit of AM-Na2Si2O5 �88.0 11.7
SrSiO3 �85.0 0.6
α-Na2Si2O5 �94.4 0.7
β-Na2Si2O5 �88.3 0.7
β-Na2Si2O5 �86.4 0.7
δ-Na2Si2O5 �90.5 0.9
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are slightly different as seen in Fig. 1. Furthermore, the FWHM of the
29Si NMR peak conveys qualitative insights into the glass network (dis)
order as it is dictated by the width of distribution of the Si–O–Si/Na
bond angles and Si–O distances. Thus, the FWHM of the peak corre-
sponding to the Q3-units of AM-Na2Si2O5 phase is noticeably higher
in SNS45-A compared to that of SNS45-B and pure AM-Na2Si2O5 ;(vide
Table 1), thereby indicating higher degree of glass network disordering
in SNS45-A sample.

The 29Si MAS NMR spectrum of the devitrified sample of SNS45-B
650 °C/12 h clearly reveals the presence of six resonance contributions
as shown by the deconvoluted spectrum in Fig. 1(d). The broad and
the sharp resonances at �88.0 ppm and �85.0 ppm, corresponding
respectively to the Q3-units of AM-Na2Si2O5 and the crystalline α-
SrSiO3 phases, which are observed for samples SNS45-A and SNS45-B
are present in this case also. However, the relative intensity of AM-
Na2Si2O5 phase is drastically reduced because of crystallization. Four
new sharp resonance contributions are observed additionally. Several
crystallographically non-equivalent structures of sodium disilicate are
known to exist. Successive heat treatments of the sodium disilicate
Fig. 2. 23Na NMR spectra of SNS45-A, SNS45-B, AM-Na2Si2O5, and SNS45-B 650 °C/12 h s
together with the experimental spectra (Grey traces). Relevant phase assignments are ma
in Table 2. Dotted vertical lines are used to indicate the peak positions of the AM-Na2Si2
the references to colour in this figure legend, the reader is referred to the web version
glasses show α-, β-, γ-, and δ-Na2Si2O5 as the devitrification products,
depending upon the nature of heat treatment. Based on the previously
reported [23,24] chemical shift positions, we assign the resonance
lines as follows. The peak centred at �94.4 ppm is assigned to crys-
talline α-Na2Si2O5 phase. The lines appearing at �86.4 and
�88.3 ppm are assigned to the two non-equivalent Si environments
of crystalline β-Na2Si2O5 phase. The peak at �90.5 ppm is assigned as
crystalline δ-Na2Si2O5 phase.

29Si MAS NMR is a good probe to understand the SiOx moieties
present in the SNS45 samples. To gain further insights into the local
structure of the SNSmaterials, we have probed the environment of the
sodium atom by utilizing 23Na MAS NMR experiments. Although so-
dium is relatively easy to study by NMR (the 23Na nucleus has 100%
natural abundance and a high magnetogyric ratio), the analysis of the
23Na MAS NMR data in these particular set of samples are challenging
because the samples are complex mixtures of crystalline and amor-
phous phases.

3.2. Phase identification with 23Na MAS NMR

Fig. 2 displays the central transition (CT) region of the 23Na MAS
NMR spectra of SNS45-A, SNS45-B, AM-Na2Si2O5, and SNS45-B
650 °C/12 h. The spectra of SNS45-A and SNS45-B plotted in Fig. 2
(a) and (b), respectively, look significantly different. The 23Na spectra
of SNS45-B displays a broad line shape with a long tail at the low
frequency side and the line shape is very much similar to that of pure
AM-Na2Si2O5 in Fig. 2(c). The long tail at the low frequency end re-
sults from a distribution of quadrupolar couplings and it indicates the
presence of significant structural disorder, and a range of Na sites.
The 23Na spectrum of SNS45-A shows a sharp central peak with
three recognizable humps on both sides of the peak. However, the
basal region of the spectrum is broadened to almost similar extent as
of SNS45-B and AM-Na2Si2O5. This indicates the presence of more
than one phase in SNS45-A sample, possibly a combination of
amorphous and early crystalline phases as observed in glass-ceramic
materials. The pure AM–Na2Si2O5 displays glass transition tempera-
ture only at Tg ¼ 465 °C and therefore there is always a possibility of
partial crystallization at high temperatures while synthesis. Possibi-
lity of glass-to-ceramic transition in SNS materials was also indicated
previously by others [11,12].

To identify the phases, present in the 23Na spectrum, we have
amples recorded with MAS frequency of 22 kHz. Spectral simulations are displayed
rked by colour tags attached to each phase names. The best-fit parameters are listed
O5 phase. Asterisk (*) sign marks the outer satellite transition. (For interpretation of
of this article.)
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deconvoluted the 23Na spectra using DM-fit program [21]. To model
the glass/amorphous phase, Czjzek [25] and Gaussian distributions
(with LB denoting the FWHM in ppm) were assumed (CzSimple
model in DMfit program) and average isotropic 23Na chemical shift
(δiso), and root-mean-square (rms) quadrupolar product

η= +ηC C 1 /3Q Q
2 have been estimated. Here CQ and η denote the

quadrupolar coupling constant and asymmetry parameter of the
electric field gradient tensor, respectively. This model was im-
plemented earlier extensively to analyse quadrupolar spectrum in
disordered solids [26–29]. All other crystalline phases were modelled
with second order quadrupolar line shape (Q MAS 1/2 in Dmfit
program) to obtain the parameters δiso, CQ , and η. During fitting, the
parameters δiso, ηCQ , and LB associated with the amorphous phase
and δiso, CQ and η associated with the crystalline phases were al-
lowed to evolve freely. The best-fit results are listed in Table 2.

The experimental 23Na MAS NMR spectrum of pure AM-Na2Si2O5

shown in Fig. 2(c) indicates an essentially amorphous line shape with
no other components present. In the case of samples SNS45-A
[Fig. 2(a)] and SNS45-B [Fig. 2(b)] the fitting procedure yields a broad
signal with the mean isotropic shift δ ≈iso 4.0, 4.1 ppm, the quad-
rupolar product ηCQ E 3.09, 3.03 MHz, and LB E 23.0, 20.0 ppm for
the samples of SNS45-A and SNS45-B, respectively. The fitting pro-
vided a lineshape for this amorphous part that compared well with
that of the pure AM-Na2Si2O5 sample shown in Fig. 2(c). Based on the
above observations, we assigned the broad component in samples
SNS45-A and SNS45-B as arising from the AM-Na2Si2O5 phase. The
FWHM, denoted by LB, of the amorphous component in SNS45-A is
slightly higher compared to SNS45-B, indicating a higher degree of
glass network disorder in the sample of SNS45-A. This result is
consistent with the result obtained from 29Si NMR where the FWHM
of the peak corresponding to the Q3-units of AM-Na2Si2O5 phase was
noticed to be higher in SNS45-A compared to that of SNS45-B.
Other than the broad AM-Na2Si2O5 phase in 23Na MAS NMR spec-
trum of SNS45-A, four peaks associated with crystalline phases are
identified at δ ≈ { − }1.8, 0.8, 3.3, 8.0iso ppm and with

≈ {C 1.80, 2.52, 2.24, 1.46Q } MHz, and η ≈ {       }0.94, 0.52, 1.0, 0.55 .
On the other hand, in SNS45-B only one minor crystalline phase
contribution is obtained with δ ≈ − 0.5iso ppm, ≈C 1.69Q MHz, and
η ≈ 0.71. We identify these crystalline phases as the early devi-
trification products.

The experimental 23Na NMR spectrum of SNS45-B 650 °C/12 h
displayed in Fig. 2(d) clearly shows that the major amorphous phase of
the SNS45-B sample has been devitrified into several crystalline
phases. The fit of the overall lineshape lead to the identification of the
remaining part of the AM-Na2Si2O5 phase, providing a broad peak
Table 2
Results of 23Na MAS NMR in the SNS45 samples.a

Compound Phases One-pulse (1D)

Relative
intensity72.0%

δiso 7 0.5 ppm CQ 7 0.1

SNS45-A AM-Na2Si2O5 69.1 4.0 N/A
α-Na2Si2O5 15.2 1.8 1.80
β-Na2Si2O5 (1) 9.2 �0.8 2.52
β-Na2Si2O5 (2) 5.5 3.3 2.24
δ-Na2Si2O5 (1) 1.0 8.0 1.46

SNS45-B AM-Na2Si2O5 97.8 4.1 N/A
α-Na2Si2O5 2.2 �0.5 1.69

SNS45-B
650 °C/12 h

AM-Na2Si2O5 33.9 3.9 N/A
α-Na2Si2O5 42.4 17.0 1.85
β-Na2Si2O5 (1) 5.8 9.9 2.27
β-Na2Si2O5 (2) 8.8 17.2 2.40
δ-Na2Si2O5 (1) 6.3 16.0 1.09
δ-Na2Si2O5 (2) 2.8 9.8 2.40

a The accuracy of the parameters relative intensity, δiso, CQ , and ηCQ are given as th
with δ = 3.9iso ppm, =ηC 2.95Q MHz and LB ¼ 16.3 ppm, along with
five extra peaks corresponding to different crystalline phases. Based on
the previous reports [18,23,24,30], the peak with the set of parameters
δ η{ } ≈ { }C, , 17.0 ppm, 1.85 MHz, 0.93Qiso is assigned as crystal-
line α-Na2Si2O5 phase. The pair of peaks that appear at
δ ≈ 9.9 and 17.2iso ppm with ≈C 2.27, 2.40Q MHz and
η ≈ 0.50, 0.83 respectively are from two non-equivalent Na sites in
crystalline β-Na2Si2O5 phase [designated as β-Na2Si2O5 (1) and β-
Na2Si2O5 (2), respectively]. The other pair of peaks identified with
δ ≈ 16.0 and 9.8iso ppm with ≈C 1.09, 2.40Q MHz and
η ≈ 0.27, 0.98 respectively are from two non-equivalent Na sites in
crystalline δ-Na2Si2O5 phase [designated as δ-Na2Si2O5 (1) and δ-
Na2Si2O5 (2) respectively]. Thus the present results are consistent with
29Si MAS NMR results where also one could identify peaks corre-
sponding to the α, β, δ-Na2Si2O5 crystalline phases along with the
broad line corresponding to the AM-Na2Si2O5 phase. From comparison
of quadrupolar parameters of SNS45-A and SNS45-B 650 °C/12 h, one
may attribute the four additional peaks detected in SNS45-A corre-
spond to α-Na2Si2O5, β-Na2Si2O5, and δ-Na2Si2O5 phases but with
different coordination environments resulting in different isotropic
chemical shift positions. Similarly, the small signal in the
23Na NMR spectrum of SNS45-B with parameters
δ η{ } ≈ {− }C, , 0.5 ppm, 1.69 MHz, 0.71Qiso may be identified as
the contribution of α-Na2Si2O5 phase.

To confirm the phase identification hypothesis in the SNS materials,
we conducted 23Na two dimensional triple quantum MAS (3QMAS)
NMR experiment which is a well-established method [31,32] to sepa-
rate out overlapped resonances due to different Na species. Fig. 3 dis-
plays the 2D 3QMAS NMR spectra of SNS45-A and SNS45-B 650 °C/
12 h samples. For each of the Na species, the slices parallel to the direct
dimension (δ2) were extracted and these are also shown in Fig. 3 on
the right panel along with the corresponding fits with the relevant
NMR parameters. The best-fit data are listed in Table 2. In SNS45-A
[Fig. 3(a)] two separate signals are detected, one of which is the su-
perposition of the signals due to the crystalline α-Na2Si2O5 and β-
Na2Si2O5 (2) phases. The second signal is identified as the crystalline β-
Na2Si2O5 (1) phase. Low signal-to-noise ratio limits the observation of
separate peaks corresponding to δ-Na2Si2O5 phase in 3QMAS spectrum
of SNS45-A. The CQ and η values determined from the slices are
consistent with the values obtained from 1D MAS spectrum. 3QMAS
spectrum of SNS45-B 650 °C/12 h sample, displays clear signal con-
tributions of crystalline α-Na2Si2O5, β-Na2Si2O5 (1), β-Na2Si2O5 (2), and
δ-Na2Si2O5 (1) phases. Moreover, 3QMAS spectrum recorded on both
the samples do not display any separate resonance which could be
identified as AM-Na2Si2O5 phase. This is possibly due to the fact that
the amorphous phase (AM-Na2Si2O5) has a broad line-shape which
3QMAS (2D)

MHz η ηCQ 7 0.2 MHz δiso 7 0.8 ppm CQ 7 0.1 MHz η

N/A 3.09 N/A N/A N/A
0.94 N/A 1.0 1.79 0.89
0.52 N/A �4.5 2.29 0.48
1.00 N/A 1.0 2.12 0.99
0.55 N/A N/A N/A N/A
N/A 3.03 N/A N/A N/A
0.71 N/A N/A N/A N/A
N/A 2.95 N/A N/A N/A
0.93 N/A 16.7 1.80 0.9
0.50 N/A 10.4 2.35 0.47
0.83 N/A 16.6 2.44 0.8
0.27 N/A 16.0 1.11 0.23
0.98 N/A N/A N/A N/A

e bounds. For values outside this range a good fit was not possible.



Fig. 3. 23Na 3QMAS NMR spectra obtained at 11.7 T and 22 kHz MAS from SNS45-A (top) and SNS45-B 650 °C/12 h (bottom), shown together with cross sections (extracted
parallel to δ2) for each of the Na species; the corresponding fits with relevant phases are also shown at the right side of each 2D spectrum. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Conductivity vs 1000/T plot for the samples of SNS45-A (solid circles) and
SNS45-B (solid squares) with same nominal composition of Sr0.55Na0.45SiO2.775 but
prepared by different synthesis routes. Conductivity vs 1000/T plot for SNS45-B
650 °C/12 h sample is shown by solid triangles in the graph.
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results in a short T2 relaxation time. An analysis of the XRD patterns of
the four samples are given in the Supplementary content and are in
general agreement with the above observations based on NMR.

3.3. Phase composition-ionic conductivity correlation

The Arrhenius plots of conductivity in the temperature range of
300–500 °C is shown in Fig. 4 for the samples of SNS45-A, SNS45-B
and SNS45-B 650 °C/12 h. Fig. 4 shows that the slope of the Arrhenius
plot for all the three samples are similar. But the conductivity of
SNS45-A is one order of magnitude higher compared to that of SNS45-
B. The conductivity data of SNS45-B presented in Fig. 4 is in agreement
with the data reported for the same nominal composition prepared by
Tealdi et al. [10] whereas, the absolute value of conductivity of SNS45-
A composition is in close agreement with the value obtained by Singh
et al. [4] The calculated conductivity values of SNS45-A and SNS45-B at
500 °C are 9.1 � 10�3 and 8.3 � 10�4 S � cm�1, respectively. Present
conductivity results thereby provide clear evidence that the absolute
conductivity of SNS family may be significantly influenced by the
synthesis conditions. Surprisingly, further enhancement of con-
ductivity is observed in the devitrified SNS45-B 650 °C/12 h sample.
The calculated conductivity value at 500 °C in this case is
1.9 � 10�2 S � cm�1.

To understand the relationship between the phase compositions
and ion conduction property in the SNS45 material, we recall the 29Si
and 23Na results. 29Si MAS NMR spectrum of SNS45-A and SNS45-B
clearly revealed the presence of crystalline α-SrSiO3 phase and AM-
Na2Si2O5 phase. The highly conducting AM-Na2Si2O5 phase part plays
an important role in setting up a base Naþ conductivity in SNS45-A
and SNS45-B samples. In order to address the enhanced ionic con-
ductivity obtained in the sample SNS45-A, we refer to 23Na results
which indicated the formation of glass-ceramic phase rather than a
pure glass phase. In particular, SNS45-A is composed of a major glass/
amorphous phase (AM-Na2Si2O5) and minor devitrified phases (α-, β-,
δ-Na2Si2O5). The relative content of these devitrified phases is higher
in the SNS45-B 650 °C/12 h sample and correspondingly a further
increase by on order of magnitude in conductivity is observed in this
material. Common glass-ceramics based on lithium silicate/sodium
silicate/aluminosilicate crystalline phases have conductivities which
are several orders of magnitude less than that of the base glass before
crystallization. However, favourable structure for ionic transport can
increase the conductivity of the composite by increasing the con-
ductivity of the residual glass, even though the amount of that glass is
only a small volume fraction of the composite. Such enhancement of
Naþ ion conductivity was recently observed in sulphide glass-ceramic
[33,34] which was developed by recrystallization of glassy state. We
observe a similar enhancement of Naþ ion conductivity of the residual
glass phase in SNS45-A and SNS45-B 650 °C/12 h samples.

4. Conclusions

The chemical phase composition–ionic conductivity relationship
has been studied by multinuclear solid-state NMR and conductivity
measurements. Our results confirm several expectations, but also offer
some surprises. The NMR results clearly demonstrated that SNS45,
bearing nominal composition of Sr0.55Na0.45SiO2.775, consists of two
phases. One being crystalline α-SrSiO3 with no Na doping, identified as
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a narrow line only in the 29Si spectra, and the other being a glass/
amorphous Na2O �2SiO2 (AM-Na2Si2O5) phase, as evidenced by the
broad lines in both 29Si and 23Na NMR spectra. This finding is in
agreement with the previous reports. The high ionic conductivity
shown by the sample of SNS45 is therefore originated from the glass/
amorphous Na2O �2SiO2 phase. The 23Na NMR results of SNS45-A and
SNS45-B indicated that different synthesis conditions strongly influ-
ence the degree of crystallization–amorphization of the system. High
temperature treatment at 650 °C for longer duration of 12 h, followed
by slow cooling to room temperature, devitrifies the amorphous
Na2O �2SiO2 phase in Sr0.55Na0.45SiO2.775 into different polymorphs of
Na2Si2O5. Both 29Si and 23Na NMR spectra clearly affirmed the presence
of α-, β-, δ-Na2Si2O5 in the devitrified form, SNS45-B 650 °C/12 h. The
23Na NMR results also indicated the presence of α-, β-, δ-Na2Si2O5 early
crystalline phases in SNS45-A, but only α–Na2Si2O5 phase in SNS45-B.
Among α-, β-, and δ-Na2Si2O5 phases, the δ-Na2Si2O5 possess superior
ion exchange properties relative to other phases [35]. Thus, in the
sample of SNS45-A, the presence of early crystalline δ-Na2Si2O5 phase
along with early crystalline α-, β-Na2Si2O5 phases grown within the
glass/amorphous Na2O �2SiO2 phase domains possibly increases the
ionic mobility along the grain boundaries in the glass-ceramic phase
and thus enhances ionic conductivity. On the other hand, the en-
hancement of ionic conductivity observed in SNS45-B 650 °C/12 h may
be attributed to a significant increase of the δ-Na2Si2O5 phase. Further
careful studies need to be done in the recrystallized Na–SrSiO3 ionic
conductors. Lastly, present study demonstrates the unique capability of
solid-state NMR for identifying different crystalline and/or amorphous
phases in the ion conducting materials leading to an understanding of
the structure-property relationship in these materials.
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