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ABSTRACT: K/Na-doped SrSiO3-based oxide ion conductors were recently
reported as promising candidates for low-temperature solid-oxide fuel cells.
Sr0.7K0.3SiO2.85, close to the solid-solution limit of Sr1−xKxSiO3−0.5x, was
characterized by solid-state 29Si NMR spectroscopy and neutron powder diffraction
(NPD). Differing with the average structure containing the vacancies stabilized
within the isolated Si3O9 tetrahedral rings derived from the NPD study, the 29Si
NMR data provides new insight into the local defect structure in Sr0.7K0.3SiO2.85.
The Q1-linked tetrahedral Si signal in the 29Si NMR data suggests that the Si3O9
tetrahedral rings in the K-doped SrSiO3 materials were broken, forming Si3O8
chains. The Si3O8 chains can be stabilized by either bonding with the oxygen atoms
of the absorbed lattice water molecules, leading to the Q1-linked tetrahedral Si, or
sharing oxygen atoms with neighboring Si3O9 units, which is consistent with the
Q3-linked tetrahedral Si signal detected in the 29Si NMR spectra.

1. INTRODUCTION

Solid-oxide fuel cells (SOFCs) have particular advantages over
other types of fuel cells because of their modularity and fuel
flexibility allowing the use of a range of fuels from high-purity
H2 to readily available hydrocarbons.1,2 For SOFCs, the
electrolyte transporting the oxide ion from cathode to anode
plays a key role in determining the optimum operating
temperature. The conventional and commercialized electrolyte
yttria stabilized zirconia (YSZ)3 requires high operating
temperatures (800−1000 °C) to achieve sufficient oxide ion
conductivity, which increases the cost and exacerbates
instability issues from both the mechanical and chemical
compatibilities between the components in the SOFCs. There
is therefore considerable interest in developing alternative
electrolytes with oxide ion conductivity exceeding 10−2 S/cm at
low temperatures between 500 and 700 °C.4 Materials showing
high oxide ion conductivity and displaying new combinations of
charge carrier and structural prototype are particularly
attractive,5−7 such as the tetrahedral structures displaying
high oxygen interstitial or vacancy mobility without necessary
constraint of the high lattice symmetries.8−11 Typical interstitial
oxide ion conducting tetrahedral structure examples include

Ln10−x(MO4)6O3−1.5x (Ln is a rare earth element; M = Si, Ge)
apatites9,12 and La1+xA1−xGa3O7+0.5x (A = Sr, Ca) melilites.8,13

In these structures, tetrahedrons that are available to increase
their coordination number with terminal oxygen atoms are
favorable geometries for deformation and rotations, which are
proven to be key factors for stabilizing and transporting the
oxygen interstitials.8 On the other hand, in these tetrahedral
networks oxygen vacancy defects are not created straightfor-
wardly but can be accommodated via corner-sharing with the
neighboring tetrahedron, which maintains four-coordinate
geometry, as observed in the isolated tetrahedral
La1−xBa1+xGaO4−0.5x.

14

Recently Goodenough et al. reported new oxide ion
conductors of monoclinic Na/K-doped SrMO3 (M = Si, Ge),
which were proposed to accommodate mobile oxygen vacancies
in the isolated corner-shared 3-fold cyclical tetrahedral trimer
M3O9 (the structure of SrSiO3 is given in Figure 1).15,16 These
isolated M3O9 units (Figure 1b,c) lying within the ab planes
form tetrahedral layers that are separated from each other by
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close-packed layers of large Sr2+ ions along the c-axis (Figure
1a). Goodenough et al. proposed that the steric hindrance by
the large Sr2+ and Na+ or K+ cation layers between the isolated
cyclical M3O9 layers did not permit corner-sharing of the
neighboring M3O9 units to accommodate terminal oxygen
vacancies. They also were concerned about the possibility of
distortions of the M3O9 units to introduce interstitial sites for
sharing corners with the neighboring cyclical units. More
recently Goodenough et al. provided further evidence of the
stabilization of oxygen vacancies in M3O9−δ rings by steric
hindrance in the Na/K-doped SrMO3 (M = Si, Ge) from
neutron-diffraction data,17 which suggested no interstitial
oxygen atoms for corner-sharing between the M3O9−δ rings
in the structures and revealed a preferred distribution of oxygen
vacancies on the bridging oxygen sites over the terminal oxygen
sites at room temperature and more random dispersion over all
the oxygen sites at high temperature.
In general, diffraction techniques probe the average structure

but not the local structure, for which solid-state nuclear
magnetic resonance (NMR) is a powerful tool.12,18−20 In
silicate materials, solid-state 29Si NMR, as an effective way of
studying the SiO4 linkage geometries,21−26 was applied in
studying the coordination environment of Si in the defect
structure induced by the presence of interstitial oxygen in
apatite-type oxide ion conductors with isolated SiO4 tetrahe-
dra.19 In this work, we investigated the defect structure of
Sr0.7K0.3SiO2.85, which is close to the solid solution limit of
Sr1−xKxSiO3−0.5x and is expected to possess the highest level of
oxygen defects among the Sr1−xKxSiO3−0.5x series, by solid-state
29Si NMR spectra and neutron powder diffraction (NPD)
measurements. From the 29Si NMR data, we propose a
mechanism for stabilization of oxygen vacancies in the SrSiO3
tetrahedral structure, involving breaking the Si3O9 rings to form
Si3O8 chains, which are stabilized by coordinating with the
absorbed lattice water molecules or linking with the
neighboring Si3O9 rings, in great contrast to average structure
containing the oxygen vacancies stabilized within the isolated
Si3O9−δ rings from the NPD data.27

2. EXPERIMENTAL SECTION
Starting materials SrCO3 (>99%), K2CO3 (>99%), and SiO2 (>99%)
according to the nominal compositions Sr1−xKxSiO3−0.5x (x = 0.1, 0.2,
0.3, and 0.4) were weighed and mixed in ethanol in an agate mortar,
followed by calcination at 900 °C for 12 h in crucibles covered with
lids. The powders were ground and refired at 1150 °C for 15 h to get
final products of Sr1−xKxSiO3−0.5. Approximately 10 g of Sr0.7K0.3SiO2.85
powder was made according to this procedure for the NPD
experiment. The parent SrSiO3 material was prepared by being fired
at 1150 °C for 15 h and 1250 °C for further 20 h.

The phase compositions were examined by powder X-ray diffraction
(XRD) using a Bruker D8 ADVANCE powder diffractometer with Cu
Kα radiation. Constant-wavelength NPD data of Sr0.7K0.3SiO2.85 was
collected at ambient temperature on the BT1 diffractometer at the
National Institute of Standards and Technology (NIST). The sample
was sealed under helium in a vanadium cell and was measured using
the Cu(311) monochromator with a 90° takeoff angle and in-pile
collimation of 60 min of arc (λ = 1.540 30 Å). Data was collected over
the 2θ range of 3°−168° with a step size of 0.05°. All diffraction data
analyses were performed using Topas Academic software.28 The
composition of Sr0.7K0.3SiO2.85 was examined by X-ray energy
dispersive spectroscopy (EDS) performed on a FEI Quanta 400
Thermal FE Environment scanning electron microscope. The sample
was coated with gold as a thin conducting layer prior to the EDS
elementary analysis. Selected-area electron diffraction (SAED) was
performed on a JEOL JEM-2100F field-emission transmission electron
microscopy (TEM) with an accelerating voltage of 200 kV.

Solid-state NMR spectra were measured on a Bruker AVANCE III
400 MHz WB spectrometer operating at 79.51 MHz for 29Si. Single
pulse magic angle spinning (MAS) NMR experiments were carried out
at a MAS of 10.0 kHz using zirconia rotors of 4 mm in diameter. The
29Si π/2 pulse was 6.0 μs, and the relaxation delay was 300 s.
Thermogravimetric analysis (TGA) was performed using a TA
Instruments TGA Q500. The temperature was ramped to 800 °C at
a heating rate of 10 °C/min with a nitrogen flow during the TGA
experiments. Fourier transform infrared spectroscopy measurement
was performed at 4000−400 cm−1 using a Nicolet Thermo Nexus 470
instrument on samples pressed with KBr. (Certain commercial
suppliers are identified in this Paper to foster understanding. Such
identification does not imply recommendation or endorsement by the
National Institute of Standards and Technology, nor does it imply that
the materials or equipment identified are necessarily the best available
for the purpose.)

3. RESULTS

Neut ron Powder D iff rac t ion Ana lys i s o f
Sr0.7K0.3SiO2.85. The room-temperature XRD patterns of
Sr0.7K0.3SiO2.85 and the parent SrSiO3 are shown in Figure 2,
displaying that both of the materials formed single phase. In
comparison with the K-doped compositions, the parent SrSiO3
material required higher temperature to remove the Sr2SiO4
and SiO2 impurities to achieve the singe phase. Consistent with
the results reported by Goodenough et al.,16 the solid-solution
limit of Sr1−xKxSiO3−0.5x was found only to be extended to x =
0.3, above which, such as x = 0.4 in this work, an impurity of
K2SiO3 was present in the samples. EDS elementary analysis on
the composition Sr0.7K0.3SiO2.85 (x = 0.3) gave cationic ratio
Sr0.67K0.33Si, as shown in Figure 3, agreeing well with the
nominal composition and indicating that the potassium content
in the materials was not significantly altered by potassium
volatilization in this study.

Figure 1. Structure of SrSiO3. (a) View along the b-axis. (b) The Si3O9 ring arrangement within the tetrahedral layer. (c) A corner-sharing cyclical
Si3O9 unit with 3-fold ring. The red, green, and blue spheres and tetrahedra denote O, Sr, and Si atoms and SiO4 tedtrahedra, respectively. The
shortest inter-ring Si−Si distances within intertetrahedral layers (a) and intratetrahedral layers (b) are labeled.
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Prior to the neutron-diffraction measurement, electron
diffraction (ED) patterns were collected on Sr0.7K0.3SiO2.85, as
shown in Figure 4, which confirmed the monoclinic unit cell of
a ≈ 12.3 Å, b ≈ 7.2 Å, c ≈ 10.9 Å, and β ≈ 111.6° within space
group C2/c or its subgroup Cc.
Rietveld refinement was performed on the room-temperature

NPD data of the Sr0.7K0.3SiO2.85 sample based on the structural
model in C2/c of parent SrSiO3 reported by Nishi et al.,29

which contains two Sr sites (8f for Sr1/K1 and 4c for Sr2/K2),
two Si sites (8f for Si1 and 4e for Si2), four 8f (O1−O4), and
one 4e (O5) oxygen sites. The occupancies on the Sr/K and
oxygen sites were refined subject to the charge neutrality
constraint. The refinement converged to reliability factors Rwp
≈ 4.2% and RB ≈ 1.6% with a refined composition
Sr0.74(2)K0.26(2)SiO2.87(2) close to the nominal composition. A
preference distribution of oxygen vacancies on the bridging
oxygen sites (O3 and O5 in Figure 1c) over the terminal
oxygen sites (O1, O2, and O4 in Figure 1c) was obtained from
the refinement, which is consistent with the results that were
reported by Goodenough et al. for the compositions of
Sr1−xNaxSi1O3−0.5x (x = 0.2 and 0.4) and Sr0.8K0.2Ge1−ySiyO2.9 (y
= 0, 0.5).17 The final refined structural parameters of
Sr0.7K0.3SiO2.85 obtained from the Rietveld refinement of the
NPD data are given in Table 1, and the bond lengths are given
in Table 2. The Rietveld plot of NPD data for Sr0.7K0.3SiO2.85 is
shown in Figure 5.
Solid-State 29Si NMR Data. Consistent with the

observation of Goodenough et al., the K-doped materials
here are hygroscopic at room temperature. The existence of the
OH− group in the samples was confirmed by the infrared
spectrum, which displays the characteristic vibration bands of
OH− at 3443 cm−1 (stretching) and 1625 cm−1 (bending). The

absorbed water molecules might enter into the oxygen
vacancies, which could in turn affect the 29Si NMR chemical
shift of the materials. Under consideration of the influence of
absorbed water on the 29Si NMR data, three single-phase
Sr0.7K0.3SiO2.85 samples were prepared for the 29Si NMR data
collection. One Sr0.7K0.3SiO2.85 sample was exposed to air at
room temperature for 30 d, and the up-taken water content in
this material determined by TGA data (Figure 6) is about 10.5
wt %. This sample is labeled as “hydrated Sr0.7K0.3SiO2.85.” To
remove the absorbed water from the material, the hydrated
Sr0.7K0.3SiO2.85 sample was dried at 400 °C for 4 h, which gave a
“dehydrated Sr0.7K0.3SiO2.85” sample. The dehydration appa-

Figure 2. Room-temperature XRD patterns of Sr1−xKxSiO3−0.5x (x = 0
and 0.3). Spectrum in black shows expected peak positions and
intensities for SrSiO3 from JPCDS 87−0474.

Figure 3. EDS spectrum of Sr0.7K0.3SiO2.85. The cationic ratio of Sr/K/
Si from EDS is about Sr0.67K0.33Si.

Figure 4. [100], [11 ̅0], [01 ̅1], [12̅1], [021 ̅], and [031] projections of
ED patterns of Sr0.7K0.3SiO2.85.

Table 1. Final Refined Structural Parameters of
Sr0.7K0.3SiO2.85

a

atoms occupancy x y z Biso (Å
2)

Sr1(8f) 0.74(2) 0.0863(3) 0.2419(3) 0.4998(4) 0.02(1)
K1(8f) 0.26(2) 0.0863(3) 0.2419(3) 0.4998(4) 0.02(1)
Sr2(4c) 0.73(2) 0.25 0.25 0 0.16(3)
K2(4c) 0.27(2) 0.25 0.25 0 0.16(3)
Si1(8f) 1 0.1248(4) 0.4582(6) 0.2445(4) 0.78(3)
Si2(4e) 1 0 0.833(1) 0.25 1.3(1)
O1(8f) 0.977(7) 0.1279(3) 0.4115(5) 0.1060(3) 0.72(3)
O2(8f) 0.962(7) 0.2226(3) 0.4078(6) 0.3854(3) 0.72(5)
O3(8f) 0.929(8) 0.1069(3) 0.6875(5) 0.2488(3) 0.62(4)
O4(8f) 0.975(7) 0.0485(3) 0.9371(5) 0.3898(3) 0.99(6)
O5(4e) 0.919(1) 0 0.3685(7) 0.25 0.54(5)

aa = 12.3403(3) Å, b = 7.1495(1) Å, c = 10.8904(2) Å, β =
111.598(2)°, V = 893.38(4) Å3, Z = 12 with space group C2/c; Rwp =
4.2%, Rp = 3.1%, RB = 1.6%.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500891j | Inorg. Chem. 2014, 53, 6962−69686964



rently reduced the cell volume to 892.34(1) from 894.53(2) Å3

for the hydrated sample, and the cell volume for the dehydrated
sample Sr0.7K0.3SiO2.85 is even smaller than that for the parent
SrSiO3 material (893.67(1) Å

3) in spite of substitution of large
K+ cation for the smaller Sr2+. This implies that oxygen
deficiency is a predominate factor on modifying the cell volume
of the K-doped SrSiO3 over the K

+ substitution, in addition to
the hydration in the K-doped samples. The as-prepared
Sr0.7K0.3SiO2.85 sample for the NPD data collection was
additionally used for the NMR experiment; it is referred to as
“NPD Sr0.7K0.3SiO2.85.” The solid-state 29Si NMR spectra were
collected on these three Sr0.7K0.3SiO2.85 samples with the parent
SrSiO3 sample for comparison, and the results are shown in
Figure 7.
The 29Si NMR chemical shifts in solid silicates mainly

depend on the degree of condensation of the silicon−oxygen
tetrahedra. Increasing anion condensation, from a single to a
double tetrahedra, and further to chains, layers, and finally to

Table 2. Interatomic Distances and Bond Angles

bond distance (Å) bond angle (deg)

Sr1/K1−O1( × 1) 2.747(4) Si1O4 tetrahedron
Sr1/K1−O1( × 1) 2.703(4) O1−Si1−O2( × 1) 126.8(3)
Sr1/K1−O2( × 1) 2.707(6) O1−Si1−O3( × 1) 106.8(3)
Sr1/K1−O2( × 1) 2.469(4) O1−Si1−O5( × 1) 107.5(3)
Sr1/K1−O3( × 1) 2.677(5) O2−Si1−O3( × 1) 104.8(3)
Sr1/K1−O4( × 1) 2.448(4) O2−Si1−O5( × 1) 104.8(3)
Sr1/K1−O4( × 1) 2.707(5) O3−Si1−O5( × 1) 104.0(3)
Sr1/K1−O5( × 1) 2.687(4)
Sr2/K2−O1( × 2) 2.493(4) Si2O4 tetrahedron
Sr2/K2−O2( × 2) 2.711(4) O4−Si2−O4( × 1) 124.7(1)
Sr2/K2−O3( × 2) 2.692(2) O4−Si2−O3( × 2) 107.4(1)
Sr2/K2−O4( × 2) 2.686(3) O4−Si2−O3( × 2) 105.9(1)

O3−Si2−O3( × 1) 103.5(1)
Si1O4 tetrahedron
Si1−O1( × 1) 1.559(6)
Si1−O2( × 1) 1.605(5)
Si1−O3( × 1) 1.657(6)
Si1−O5( × 1) 1.689(5)
Si2O4 tetrahedron
Si2−O3( × 2) 1.686(6)
Si2−O4( × 2) 1.598(5)

Figure 5. Rietveld refinement of NPD data for Sr0.7K0.3SiO2.85.
Experimental data are given as red crosses, the calculated profile is
given by the green line, and the difference is given as the black curve
underneath. Blue ticks indicate Bragg reflection positions.

Figure 6. TGA data of Sr0.7K0.3SiO2.85 samples. Figure 7. 29Si NMR spectra of (a) SrSiO3, (b) hydrated
Sr0.7K0.3SiO2.85, (c) dehydrated Sr0.7K0.3SiO2.85, and (d) NPD
Sr0.7K0.3SiO2.85 samples. The chemical shift positions for the Q1-,
Q2-, and Q3-linked tetrahedral 29Si signals are labeled.
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three-dimensional linked frameworks, leads to increasing 29Si
shielding.25 The range of 29Si chemical shifts in silicates varies
from −60 ppm to −120 ppm for monosilicates (Q0 ≈ from
−68 to −76 ppm), disilicates and chain end groups (Q1 ≈ from
−76 to −82 ppm), middle groups in chains (Q2 ≈ from −82 to
−88 ppm), chain branching sites (Q3 ≈ from −88 to −98
ppm), and the three-dimensional cross-linked framework (Q4 ≈
from −98 to −129 ppm) according to an ascending
sequence.21,25 These typical 29Si NMR chemical shifts allow
discernment of the linkages of SiO4 tetrahedra in the structures.
As shown in the spectrum of the undoped SrSiO3 (Figure 7a),
the sharp peak around −85.28 ppm corresponds to the well-
established Q2-linked tetrahedral Si in the 3-fold cyclical Si3O9.
The weak peak around −111.56 ppm is ascribed to the Q4-
linked tetrahedral Si, which may be attributed to the small
amount of unreacted SiO2 below the detection limit of XRD.
The hydrated Sr0.7K0.3SiO2.85 displays well-resolved three peaks
around −78.01, −85.51, and −93.33 ppm (Figure 7b). The
central peak at −85.51 ppm is ascribed to Q2-linked tetrahedral
Si in the bulk structure unambiguously. The existence of two
extra side peaks and their intensities relative to the central peak
indicates that the linkage of Si tetrahedra is modified
significantly in the K-doped materials. The peak around
−93.33 ppm can be assigned to the Q3 signal, corresponding
to the structure unit of a SiO4 tetrahedron with three bridging
oxide ions, indicative of linkage of Si3O9 rings with SiO4
tetrahedra. The peak around chemical shift −78.01 ppm locates
within the range for Q1-linked tetrahedral Si such as the
terminal tetrahedron of a tetrahedral chain, implying that the 3-
fold ring is broken. The terminal tetrahedra may be stabilized
by forming bonds with the oxygen atoms of the absorbed lattice
water molecules. The dehydrated Sr0.7K0.3SiO2.85 only shows
the Q2 and a broad and enhanced Q3-linked tetrahedral Si
peaks with the Q1-linked tetrahedral Si peak at −78.01 ppm
disappeared (Figure 7c), confirming that this Q1-linked
tetrahedral Si peak arises from the hydration. The as-prepared
NPD Sr0.7K0.3SiO2.85 sample shows a very similar spectroscopy
with that of the dehydrated sample, implying no or a small
amount of water in this sample. The TGA data (Figure 6) on
the NPD Sr0.7K0.3SiO2.85 showed that the sample still contains a
small amount of water (∼2.5 wt %), only half of which are
crystal lattice water that are lost after about 100 °C. This
indicates that such a small amount of water has negligible effect
on the 29Si NMR signal of Sr0.7K0.3SiO2.85.

■ DISCUSSION

The 29Si NMR results for the Sr0.7K0.3SiO2.85 materials provide
insight into the local defect structures arising from the K-
doping and lattice water molecules in SrSriO3-based oxide ion
conductors. The acceptor-doping of potassium in SrSiO3
introduces the oxygen vacancies in the Si3O9 tetrahedral
rings, and this may break the rings into Si3O8 chains, as revealed

by the existence of Q1-linked Si signal. The Si3O8 chain
contains two three-coordinate terminal Si centers; at low
temperature and with inclusion of water molecules, the oxygen
atoms in the absorbed lattice water molecules can fill the
vacancies in the Si3O8 chain, thus stabilizing the terminal Si
(Figure 8a). This gave rise to a Q1-linked 29Si signal and
transformed the Si3O8 chain into a Si3O10 chain (Figure 8a),
maintaining the four-coordinate geometry for the two terminal
Si centers. Upon dehydration, the Q1 signal disappeared and
the Q3 signal intensity increased in the dehydrated samples,
revealing that the Si3O8 tetrahedral chains are not stable
without the water oxygen bonding to the terminal Si (i.e., the
three-coordinate Si in the Si3O8 chain is not stable) and
implying they formed a linkage with two neighboring Si3O9
rings, leading to a Si9O26 unit (Figure 8b), giving rise to the Q

3-
linked tetrahedral Si centers. At high temperature and without
inclusion of water molecules, the Si3O8 chains induced from the
breaking of the Si3O9−δ rings may stretch out to link two
neighboring Si3O9 rings to form the Si9O26 unit (Figure 8b)
straightforwardly.
In the tetrahedral layers along the c-axis of the SrSiO3

structure, each Si3O9 ring is surrounded by another six rings
in the same tetrahedral layer; the shortest inter-Si3O9 Si−Si
distance is ∼4.7 Å (Figure 1b), and the shortest intertetrahe-
dral-layer Si−Si distance along the c-axis is ∼5.1 Å (Figure 1a).
These inter-ring Si−Si distances are significantly longer than
the regular oxygen-bridged Si−Si distances (3.0 Å to 3.4
Å).30−33 This makes it hard to condense the neighboring
Si3O9−δ rings via sharing corners to accommodate the oxygen
vacancies without opening the rings. Condensation of Si3O9
rings has been observed in Rb14Si10O17,

34 which contains
dimeric cyclotrisilicate anion [Si6O17]

10−. In the SrSiO3
structure, the condensation of Si3O9−δ rings requires locally
translating two neighboring Si3O9−δ units by at least 0.7 Å
toward each other to shorten the inter-ring Si−Si distance to a
reasonable value (e.g., 3.3 Å), which is, however, energetically
unfavorable. Therefore, the breaking of the rings might be
necessary for formation of the Q3-linked tetrahedral Si centers
to accommodate the oxygen vacancies in the K-doped SrSiO3.
The TGA data of the hydrated Sr0.7K0.3SiO2.85 show the

material lost ∼7% water upon heating before 100 °C in a much
quicker rate than that for the remaining loss of ∼3.5% water in
the high-temperature region above 100 °C. This implies that
most of the absorbed water molecules could be located in the
grain surface and that at least one-third of the absorbed water
molecules could enter into the lattice. Therefore, the hydrated
S r 0 . 7K 0 . 3 S iO2 . 8 5 s amp l e may be fo rmu l a t ed a s
Sr0.7K0.3SiO2.85·∼1/3H2O, and this lattice water content is
roughly equal to twice the oxygen vacancy content created by
the K-doping in the hydrated Sr0.7K0.3SiO2.85, which is sufficient
to stabilize all the Si3O8 tetrahedral chains given that one
oxygen vacancy breaks one Si3O9 ring and requires two water

Figure 8. Schematic representations of possible local defect structures: (a) breaking of a Si3O9−δ ring forming a Si3O8 chain, where the terminal Si
centers are stabilized by bonding with the oxygen atoms in the lattice water molecules; (b) linkage of a Si3O8 chain with two neighboring Si3O9 rings.
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molecules to bond with both terminal Si in the Si3O8

tetrahedral chain. The existence of Q3-linked Si centers in the
hydrated Sr0.7K0.3SiO2.85 suggests that not all of the oxygen
vacancies are filled by the oxygen atoms in the water molecules.
Although the 29Si NMR data clearly show that the tetrahedral

Si linkage is modified significantly in the K-doped SrSiO3, it is
hard to model such extended defect structure using the neutron
diffraction data that relies on a periodic arrangement of atoms.
No apparent residual nuclear scattering density peaks can be
discerned from the difference Fourier map calculation. The
vacancy preference on the bridging oxygen sites over the
terminal oxygen sites from the structure refinement is
consistent with the breaking of Si3O9 rings. Generally, modeling
the local extended defect structures using the diffraction data
remains a challenge in most of the materials as the diffraction
technique probes the average structure. Such challenge has
been encountered on the interstitial oxide ion conducting
apatite, where the defects are extremely difficult to locate
precisely, and the local distortion around the defect is hard to
model using the neutron diffraction data.7,9,35−40 Modeling the
local defect structure in the apatite materials12 relies on the
advanced computational methods such as density functional
theory (DFT) and molecular dynamic simulation, which is not
in the scope of this study. The great contrast between the
defect structure and average structure observed in the
Sr0.7K0.3SiO2.85 case in this study emphasizes the prominent
capability of solid-state NMR in probing the local defect
structure. This ring-breaking mechanism in K-doped SrSiO3

revealed here might be applicable to Na-doped SrSiO3, which
was recently found to demonstrate the full potential to be
electrolytes for commercial intermediate-temperature SOFCs
given its highest low-temperature oxide ion conductivity and
competitive cost among the chemically stable oxide ion
conductors.41

4. CONCLUSION

In summary, the 29Si NMR spectra of the Sr0.7K0.3SiO2.85

samples revealed complex defect structures arising from the
oxygen vacancies, in great contrast to the average structure of
stabilizing oxygen vacancies within the isolated tetrahedral
Si3O9 rings probed by the NPD data. The existence of Q1-
linked Si signal indicates breaking of the Si3O9 rings into Si3O8

chains, which are stabilized by bonding with the oxygen atoms
in the absorbed water molecules or linking with the
neighboring Si3O9 rings, forming Q3-linked tetrahedral Si in
the rings.
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