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The conductivity of a newly proposed ionic conductor Na-doped SrSiO; was studied. Powders were prepared by
mixing of SrCQO3, Na,CO; and SiO, in water or ethanol in order to explore the effect of solvents on the formation of
secondary phases. X-ray diffraction was employed to study the phase composition of mixtures treated in air at different
temperatures in the range 950-1050 C for 20 hours. Various heating schemes were applied to help the incorporation of
Na in the monoclinic SrSiOj; structure. Pressed pellets were sintered at 1000 °C for 20 hours and electroded with Ag
paste for electrochemical characterization by impedance spectroscopy. For most compositions and thermal treatments,
the formation of the insulating Na,Si,Os phase was observed as a matrix around grains of the monoclinic SrSiO; phase.
Double calcination limited conductivity but increased its thermal stability. When ethanol was used for powder mixing,
the material exhibited higher conductivity after long term ageing at 650 °C, also thanks to its low activation energy,

without appreciable crystallization of other silicates
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INTRODUCTION

During last decades a lot of efforts have been
spent to improve performances of Solid Oxide
Fuel Cells (SOFC), and particularly to lower the
operative temperature down to the 600 °C
range. Some of them aimed to new designs
[1-7]; other regarded the development of new
materials [8, 8-11].

Recently, there has been some interest about
alkali-doped SrSiO; and SrGeO; as oxide ion
conductors with possible application as electrolyte
materials in SOFC. In a series of papers [12,13] the
formation of solid solutions, without any secondary
phases, and with conductivity exceeding 0.05 S cm
at 600 °C in air was reported.

Conductivity was ascribed to migration of
oxygen vacancies, formed as an effect of
replacement of Sr** with Na* ions [14].

Those findings were objected by several reports
that pointed out the crucial role of glassy phases
from the Na,O-SiO, system [15- 17].

In particular, solid-state NMR spectroscopy
studies allowed to associate conduction of SNS to
migration of Na* ions in the amorphous phase [19,
20] and XRD analyses evidenced the very limited
incorporation of Na into SrSiO; [21,22].
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Conductivity also appeared to be strongly
dependent on the crystallization of Na,Si,Os after
some treatment at temperatures around 650 °C
[21,23].

Some authors have reported the effect of
synthesis method and processing conditions on the
structure and conducting properties of alkali—doped
SrSi0O; and SrGeOs;. Alternatively to the
conventional solid-state route, freeze drying of
homogenous solutions of all cations was reported,
resulting in more crystalline powders and in
ceramics with lower conductivity [23].

Powders prepared by solid—state route were also
sintered by spark plasma (SPS), which allowed
obtaining single phase materials, with fine grains
and with relatively high ionic conductivity [25].

From this brief summary, it appears that phase
composition and consequently electrical properties
must be highly sensitive to processing, particularly
to reaction conditions of precursors and to the
thermal history. In order to get insight on such
aspects, the effects of some processing parameters,
like the mixing medium and thermal treatments,
have been studied for Na doped SrSiO; and results
are reported in this paper.

EXPERIMENTAL

Powders with nominal composition Sr;.4\Na,SiOs
(0.1=x<0.45), denoted as SNSX, were prepared by
the solid-state route, starting from SrCOjs, Na,CO;
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and SiO,. Three dispersing liquids with different
polarity (acetone, ethanol and distilled water) were
employed in order to explore the effect of solvent
on Na incorporation and glassy phase formation.
After milling and freeze—drying calcination was
carried out in air in order to get the final product
following the reaction:

(l-x)SrCO3+%NaZCO3+Si02 -
St(100NaySiO, s+ (1-¥)co, 1)

In case of acetone, four compositions with x =
0.1, 0.2, 0.3 and 0.4 were prepared, while in case of
ethanol and water the composition reported with
highest conductivity (x = 0.45) [0] was prepared
only.

Powders were treated one or two times at
temperatures ranging between 850 and 1050 °C and
manually grinded after each thermal treatment. The
details of all treatments are reported in Table 1.

Table 1. Thermal treatments applied to different
compositions. Note that X = 100 x

SNSXa X =10-40 SNS45e / SNS45w
acetone ethanol / water

A=850°C/12h C=1050°C /20 h
B=A+1000°C/12h D=C+950°C/20h
E=C+D+1000°C/20 h

All compositions were also “aged” in air for 150
h at 650 °C in order to check their stability, and
particularly to allow for crystallization or
devitrification of any glassy phase.

Phase composition of powders was investigated
by XRD (CubiX — Panalytical, Cu-K, radiation,
A20 = 0.02 deg, integration = 7 sec/point) and
morphology was observed by SEM (1450VP —
LEO).

Ceramics were obtained by sintering at 1000 °C
(see Table 1, treatments B and E) disk-shaped
pellets which were prepared by uniaxial pressing.
Microstructure was investigated by SEM (Phenom
XL, Phenom World) on polished cross sections.
Electrodes for electrical characterization were
realized by brushing Ag paste (Euroinks) on both
sides, followed by curing at 700°C for 30 min.

Electrochemical Impedance Spectroscopy (EIS)
was carried out in laboratory air at different
temperatures within a custom test rig and
employing an automatic Frequency Response
Analyzer (lviumstat H, IVIUM). Spectra were
collected each 25 °C during heating and cooling
between room temperature and 650 °C. A 150h—
long ageing at 650 °C enabled studying the
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dependence of conductivity on time for samples
SNS40a and SNS45e.

RESULTS AND DISCUSSION

Na,CO; is known to be highly soluble in water,
weakly soluble in ethanol and insoluble in acetone.
Therefore, the use of different dispersing media is
expected to result in a different spatial distribution
of Na within unreacted mixtures before calcination.
In addition, some dissolution of Si into alkaline
Na,CO; solution at room temperature has to be
taken into account [25], as well as the presence of
strongly bonded hydroxyls due to the interaction
between water, silica and Na,COs.

XRD profiles of all SNSX powders are
presented in Fig. 1 and observed phases are
summarized in Table 2.

After the first treatment (calcination, A or C) all
samples, reported in Fig. 1(i), contained only one
crystalline phase, corresponding to the structure of
SrSiO;, with monoclinic symmetry (S.G. C2/c,
JCPDS card 01-077-0233). Some flat—top parts can
be detected in the diffraction profile of samples
with lower Na amount (< 30 at. %) and of the
powder prepared in ethanol (SNS45e). These
features (marked with an asterisk) suggest the
presence of amorphous or nanocrystalline regions.
It is worth noting that for other samples minor
peaks of the SrSiO; phase appear in the same parts
of the profile.

Additional thermal treatments, as reported in
Table 2, allowed for either the formation of new
phases or crystallization of amorphous regions. In
particular, for powders prepared in acetone the
phase Na,Si,Os (JCPDS card 29-1261 and/or
JCPDS card 22-1397) was found in compositions
with higher Na content (>30 at. %). In case of
further aging at 650 °C, Na,SiO3 (JCPDS card 16-
0818) was also detected in addition to two different
forms of Na,Si,Os, as can be seen in Fig.1(ii) for
SNS40a. This is in agreement with several papers
about SNS prepared with the same procedure,
reporting the presence of glassy Na,Si,Os, which
could be devitrified after heating at T > 600 °C [ 20,
22]. For water- and ethanol-based preparations,
aging of as-calcined powders resulted in
crystallization of sodium silicate phase (JCPDS
card 23-0529) as in case of acetone. On the
contrary, a second thermal treatment at 950 °C
deeply affected the resulting phase composition.

As can be seen in Figs. 1(iii-iv), aging at 650 °C
caused the formation of Na,SrSi,Os (JCPDS card
32-1159) in both samples, showing that Na was
partially incorporated in ternary oxide instead of the
glassy Na,Si,Os. Ageing of ceramics, i.e. after
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sintering stage, introduced a difference between
SNS45w and SN45e, and with the former being
decomposed in several sodium silicates (see Fig.
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Fig. 1. XRD of SNSX. All compositions after thermal treatment at 850 °C or 1050 °C, * = amorphous or

nanocrystalline regions (i); compositions as reported in label after EIS measurement, ' = SrSiOj, © = Na,SiO; O = o—
Na,Si,Os (ii), SNS45w (iii) and SNS45e (iv), after ageing at 650 °C (°)=Na,SrSi,Og , ()= Na,Si,Os

Table 2. Activation Energy (E,), conductivity value calculated @ 600°C and phase composition (JCPDS card
numbers in brackets) of SNSX after different thermal treatments.

Sample E.(eV)  Treatment Phases o(S cm™) @600°C
SNS10a A SrSiO; (01-077-0233)
1.89 B SrSi0; (01-077-0233) 2.610°
SNS20a A SrSiO; (01-077-0233)
1.37 B SrSi0; (01-077-0233) 2.210*
SNS30a A SrSi0; (01-077-0233)
1.33 B SrSi0; (01-077-0233), Na,Si, 05 (29-1261) 9,510
SNS40a A SrSi0; (01-077-0233)
1.30 B 2.910°
B+650 °C/150 h SrSi0; (01-077-0233), Na,Si,05 (22-1397),
Na,Si,05 (29-1261), Na,SiO; (16-0818)
SNS45w C SrSi0; (01-077-0233)
C+650 °C/150 h SrSi0; (01-077-0233), Na,Si,0s (23-0529)
D+650 °C/150 h SrSi0; (01-077-0233), Na,SrSi,0 (32-1159)
0.62 E 7.6 10°
E+650 °C/150 h SrSi0; (01-077-0233), Na,Si,05 (22-1397),
Na,Si,0s (23-0529), Na,SiO; (16-0818)
SNS45e C SrSi0; (01-077-0233)
C+650 °C/150 h SrSi0; (01-077-0233), Na,Si,0s (23-0529)
D+650 °C/150 h SrSi0;, Na,SrSi,0g (32-1159)
0.52 E 1.7 10*

E+650 °C/150 h
E+650 °C/300 h

SrSi0; (01-077-0233)
SrSi0; (01-077-0233)
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SEM observation (backscatter mode) of cross
sections of ceramics aged during electrical testing
are reported in Fig. 2. Both SNS40a (i) and
SNS45w (ii) show light grains with rounded shape
immersed into a matrix with darker shades. EDAX
analyses indicate that grains correspond to SrSiO;
containing less than 5 at. % of Na, while matrix
region composition is close to Na,Si,Os (light grey
areas) and Na,SiO; (dark grey areas).

The microstructure of SNS45e also is

characterized by coexistence of light rounded
grains, that were identified as corresponding to
SrSi0O; by EDAX analyses, and dark matrix.

matrix appears homogenous (white spots are Ag
particles from electrodes) and therefore with one
single composition (Fig. 2iv). Because XRD did not
revealed other phases beyond SrSiO;, this dark
matrix is a glassy phase, still not crystallized after
300h (see fig. 2iv).

The electrical characterization was carried out in
air by impedance spectroscopy, that is a very
powerful technique when the appropriate
corrections are applied [25].

An example of the results is presented in Fig. 3,
where data collected at 500 °C for the SNS45¢
sample are represented as Nyquist plot.

(iii)

(iv)

Fig. 2. SEM backscatter on cross section of ceramics aged along electrical testing. SNS40a (i), SNS45w (ii),
SNS45e (iii, iv). Red square in (iii) locates the area shown in (iv) at higher magnification.

The spectrum shows one semicircle, which is
assigned to the electrolyte, and one feature at low
frequency which can be considered contribution
from electrodes. For the purpose of this work, low
frequency intercept of the spectrum with real axis
was considered as total resistance of samples.
Those values were wused to calculate the
conductivity by using the Ohm’s law.

From data reported in Table 2, it can be noted
that for samples prepared in acetone, increasing the
amount of Na leads to materials with increased
conductivity and decreased E,. On the contrary,
materials prepared in ethanol or water shows much
lower conductivity and lower E,.
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Fig. 3. Nyquist plot of SNS45¢ at 500 °C. Frequency
decades are marked on the plot.
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The activation energy of SNS is reported to be
between 0.3 and 0.5 eV [0,12], while for both
glassy and crystalline Na,Si,Os much larger values
were measured (> 1.1 eV) [20,20].

By comparing literature data with present
results, it is therefore possible to assimilate SNSXa
to Na,Si,Os. On the contrary, activation energy for
conduction in SNS45e and SNS45w is closer to that
of Na-doped SrSiOs, although the conductivity is
limited by considerable amount of glassy regions.

This is further confirmed by ageing behaviour of
conductivity, presented in Fig. 4. The conductivity
of SNS40a is strongly lowered by dwelling, which
can be ascribed to the crystallization of Na,Si,Os.
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Fig. 4. Arrhenius plots of total conductivity during
heating (red) and cooling after ageing (650 °C / 150 h)
(blue) for SNS40a (i) SNS45e (ii) and SNS45w (iii).

This is not the case of SNS45e, were only a
slight reduction of conductivity is observed after
150 h ageing. Accordingly, the crystallization of
new phases was not observed for this sample. The
conductivity of sample SNS45w shows some
anomalies at temperatures between 550 and 650 °C,
which are shown in Fig. 4iii. Inset also shows a
second thermal cycle, which suggests the presence
of a transition in that temperature range. The
transition  might be associated to glass
crystallization, which is also supported by the
acicular shape of Na-rich phases in this sample
(Fig. 2ii).

From results reported above, it appears that
processing can significantly modify the phase
composition and the electrical properties of Na-
doped SrSiOz;. XRD and SEM showed that Na
incorporation in the monoclinic SrSiO; structure by
the mechanism of eq. 1 is unfavourable, at least
under the conditions explored in this work.
Secondary phases from the Na,O-SiO, system were
detected in all materials with Na content higher
than 20 at. %, and always present as amorphous
regions. Ageing at 650 °C was effective in
promoting crystallization of glassy phase in near all
samples. An exception is represented by the
samples processed with double calcination before
sintering. Ageing at 650 °C for 150 h carried out
after the second calcination revealed the formation
of the 1:1 phase from the SrSiO;—Na,SiO; system
(Na,SrSi,Og), suggesting a beneficial effect from
the double thermal treatment towards simultaneous
incorporation of Na and Sr. In case of ethanol
processing (SNS45¢), further heat treatment at high
temperature (sintering) was effective in stabilizing
the amorphous regions which did not crystallize
even after prolonged ageing (300 h) at 650 °C. This
might be due to the composition of the glass as it is
known that crystallization of alkali-silicates with
high Si concentration is Kinetically limited due to
the high viscosity around the melting point [27].
Further investigation would be needed to clarify
this aspect.

For the SNS45e sample, it is not possible to
conclude whether the SNS or the glass are
contributing to conduction. Given that only one
semicircle is present in impedance diagrams,
separation of two contributions is not possible. The
very low total conductivity associated to low
activation energy make this composite quite
different from all previously reported about SNS.

For water processing (SNS45w), much lower
conductivity was obtained and stabilization could
not be achieved (see Table 2). Therefore, in this
case a lower Si/Na molar ratio is expected in the
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matrix or, in other terms, a lower incorporation of
Na in the SrSiO; phase.

CONCLUSIONS

The effects of preparation and thermal treatment
conditions on properties of Sri,Na,SiOs;, with
0.1<x<0.45, were studied. The preparation was
carried out by solid—state route with three different
mixing media. Acetone, ethanol and water were
selected for their large difference in polarity and
therefore for the different solubility of Na,COs.
Calcination was carried out under different
conditions, by changing temperature and number of
treatments. Results from X-ray diffraction, SEM-
EDAX and impedance spectroscopy confirmed that
the Na-SrSiO; system is always a multi-phase
structure, with some amount of sodium silicates
(amorphous or crystalline) increasing with Na
concentration. Quantity and crystallinity of sodium
silicates determines both the level of conductivity
and its thermal stability. Highest conductivity and
degradation rate was obtained when synthesis was
carried out in acetone with single calcination step at
850 °C. Double calcination limited conductivity but
increased its thermal stability. When ethanol was
used for powder mixing and double calcination was
applied, the material exhibited higher conductivity
after long term ageing at 650 °C also thanks to its
low activation energy, without appreciable
crystallization of other silicates. Such results make
the ethanol-based preparation promising for the
realization of a stable material suitable as
electrolyte material in SOFC.
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Honna npoBoaumoct Ha SrSiO3 [oTupaH ¢ HaTpui

M. Busnanu' ", A. Bap6yqnl’2, M.IL KapnaHe3el'2, P. BOTepZ, JI. Knemarnuc?, C. Ipecto’

! Hucmumym no xumust ha KoHOeH3Upanama mamepusi u enepautinu mexuono2uu, Hayuonanen coeem no nayunu
uscneosanust, Bua ane Onepa ITua 15, 16145 'enya, Umanus
2Kame()pa N0 2PANCOAHCKO, XUMUYECKO U eKOA0SUUHO UHJcenepcmeo, Yuusepcumem na I'enya, Bua ane Onepa Iua
15, 16145 I'enya, Umanus

[MocTenuna Ha.22 rouu 2018r.; npuera Ha 1 centremBpu 2018r.
(Pesrome)

Wscnenana e mpoBOAMMOCTTa Ha HOBO-OTKPHUTHS HoHEH mpoBomHuK SrSiOz motupan ¢ HaTpuid. Upes
cmecBade Ha SrCOs, Na,CO; u SiO, 6s1xa mpUrOTBEHW NIPaxOBE BHB BOJHA WIIM €TaHOIJHA Cpefa, 3a J1a ce
npoyun eeKTa Ha pa3TBOPUTEINTE BbPXY 00pa3yBaHETO Ha BTOpUYHU ¢a3u. M3mon3saHa Oelre peHTreHOBa
mudpaknus 3a Ja ce yCTaHOBH (Da3oBUSL ChCTaB HAa CMECHTE, TPETHPAHM Ha BB3AYX NPH Pa3IMduHU
Temneparypu B auanaszona 950-1050 °C B npogbkenne Ha 20 yaca. Pa3nuunu cxemu Ha HarpsiBaHe Osixa
MIPUIIOKEHHU C LIElT JIa ce MMOIIOMOTHE Brpaxkaanero Ha Na B MoHokiuHHaTa SrSi03 crpykTypa. [IpecoBanure
Ttabnetku ce cuaTeponatr npu 1000 °C B nmpoabxenne Ha 20 yaca U ce OKPUBAT ChC cpedbpHa MacTa 3a
CJIEKTPOXUMHYHO XapakTepH3upaHe upe3 UMIeqaHcHa crekTpockonus. [lpu noBeyeTo chCTaBU U TEPMUYHH
06paboTKH, 00pa3yBaHeTo Ha u3oaupaina ¢asa ot Na,Si,Os ce HabmromaBa karo Marpuiia ot SrSiOsz 3bpHa B
MOHOKJIMHHA (a3a. [IpoBoguMocTTa € orpaHuveHa OT JBOWHO KalllUpaHe, HO c€ yBelW4aBa TEpMHYHATA
crabunHocT. Koraro ce u3mon3sa eTaHos 32 CMECBaHE Ha MPaxOBETe, cje] AbIrOCPOYHO cTapeeHe npu 650
°C marepuaIbT UMa I10-BUCOKA MPOBOAUMOCT, ChIIO U MO-HUCKA aKTHBALMOHHA €HEprus, 0e3 3abenexxuma
KpUCTaIu3alys Ha APYry CUIUKATH.
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