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Conductivity data of several Na$O,(I) solid solutions with cation substitutions are presented. The 
substitution of sodium by bi- and trivalent atoms generates cation vacancy concentrations up to 30% in 
the structure of NhSO,(I) thus creating high mobility of Na+. Electrochemical measurements showed 
that Na+ ion conductivity prevails and that the electronic partial conductivity is negligible. Complex 
impedance diagrams were used to determine the influence of the vacancy concentration on the ionic 
conductivity of Na.#O,(I) solid solutions. It was found that the conductivity is strongly correlated to 
the vacancy concentrations, whereas the size and the charge of the substituting ions show no effect 
within the accuracy of the measurements. The activation energy as function of the vacancy 
concentration exhibits a minimum of 0.7 eV at a vacancy concentration of 1%. The maximum of 
conductivity was found to be 1.5 x lo-* n-1 cm-i at 500°C with 7% vacancies. 

Introduction 

Sodium sulfate exhibits a complicated 
polymorphism (4). In the high-temperature 
modification, Na.$O,(I), the Na+ ions can 
be replaced to a large extent by K+, Ag+, 
Ni2+, Zn2+, Ca2+, Pb2+, Sr2+, Y3+, La3+, 
Fe3+, etc. (5). Of particular crystal chemi- 

* This paper forms part of H. H. Hiifer’s Ph.D. 
thesis (I). A short publication appeared in 1978 (2), 
and a paper was presented at the IUCR meeting in 
Warsaw 1978 (3). 
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cal and electrochemical interest is the re- 
placement of Na by the aliovalent ions M2+ 
and M3+, which causes up to 30% vacancies 
(0) in the cation sublattice, described by 

Nq&4:+O,SO, 

and 

In these solid solutions the modification of 
Na$04(I) can be stabilized and investi- 
gated at room temperature. The crystal 
structure of these Na.$OJ) solid solutions 
Mills one basic condition for the appear- 
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ante of ionic conductivity: the existence of 
empty sites in at least one sublattice. 

In this paper the dependence of the ionic 
conductivity on vacancy concentration and 
temperature is reported. Solid solutions in 
which Na+ is replaced by NP+, SP+, Zn2+, 
and Y3+ are studied. 

An X-ray structure determination at 
room temperature based on a model-invari- 
ant Fourier synthesis of a Na.$O,(I) single 
crystal (space group P6Jmmc) with com- 
position (N~,,Y,,,C10.04)2S04 leads to am- 
biguous results (3). The tetrahedral struc- 
ture shows a strong orientational disorder. 
A more detailed paper on the crystal chem- 
istry and structure of Na$O,(I) is in prepa- 
ration (Eysel, Hofer, Keester, and Hahn). 

Experimental 

The starting materials, Na.$O*, ZnSO,, 
NiS04, SrS04 from Merck and Y2(SO)4)3 * 
8H20 from Koch-Light, were mixed 
and heated to the melting point in Pt cruci- 
bles. The samples crystallized during 
quenching in air. The samples’ 26 values 
were checked by X-ray powder diffraction 
(Norelco diffractometer). The conductivity 
measurements were carried out using pow- 
der pellets pressed with about 8 kbar (6 mm 
in diameter, 2.5 mm thick, estimated space 
filling 90-95%) in argon atmosphere. 

The partial ionic conductivity was’deter- 
mined by transference experiments and the 
partial electronic conductivity by polariza- 
tion measurements. The total conductivity 
was found via the analysis of complex 
impedance diagrams. 

The cell arrangement for the transference 
experiment is shown in Fig. 1. Since mol- 
ten sodium is not in equilibrium with 
Na2S04 at the experimental temperatures, it 
was necessary to modify the usual cell 
arrangement. Between the liquid sodium 
cathode and the sample a perfectly elec- 
tronically blocking pellet of $-A4O3 was 

NO 

FIG. 1. Electrochemical cell arrangement for the 
transference experiment of Na.$30,(1) solid solutions 
(ss) with the corresponding electrode reactions. 

placed to prevent the decomposition of 
N&SO, into molten Na. 

Moreover, as this material is unstable in 
contact with sodium, the original Hebb- 
Wagner polarization experiment with an 
inert and a reversible electrode could not be 
carried out. Therefore inert electrodes were 
used for a polarization experiment to deter- 
mine the partial electronic conductivity. A 
cell with the arrangement 

Au/Na,SO,(I)ss/Au 

based on the perfectly ion blocking effect 
on gold-sputtered electrodes was used. An 
identical cell was used for the determina- 
tion of the total conductivity by the im- 
pedance method (6).’ The real and imagi- 
nary parts of the impedance were 
measured in the frequency range 1 Hz to 
10 kHz. These measurements were per- 
formed using a very low amplitude (3-mV 
rms). 

The impedance data obtained by the fre- 
quency response analyzer were processed 
by an electrochemical data aquisition sys- 
tem (8). The calculated impedance data 
were printed out and the impedance spec- 
trum was plotted on an XY recorder. Data 
collection, data transfer, analysis, and 
graphical representation were carried out 
automatically. The electrolyte resistance 
was obtained by extrapolating the complex 
impedance data to the real axis at high 
frequencies. 

1 The application of powder pellets for impedance 
measurements is discussed by Armstrong et al. (7). 
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Results 

Transference experiments at 350°C 
showed that the transport number for so- 
dium was 1. The experiment was carried 
out twice. The amount of transported Na 
was determined by weighing the anode and 
cathode material and was compared to the 
transferred charge, resulting in 

Transferred charge 7.2 As, 
Transferred amount of Na 1.67 mg, 

Calculated amount of Na 1.77 mg; (1) 

Transferred charge 97.9 As, 
Transferred amount of Na 23.0 mg, 
Calculated amount of Na 23.3 mg. (2) 

At the temperature of operation, the resis- 
tance of the $-alumina pellets is negligible 
and it was found that the resistance of the 
cell was comparable to the resistance of the 
NqSO, pellet measured using the ac im- 
pedance technique between ionically 
blocking electrodes. This suggests that 
the Na+ is the only charge carrier in the 
Na$O,(I) solid solutions. 

X-Ray analysis of the samples before and 

1:‘:““’ : : 

FIG. 2. Impedance diagram of (N~,B4Y0,M00.11)ZS04 
at 499°C. REAL = (2’1 cos @(a), IMAGINARY = 
-(Z” sin m(0). Frequency range: 1 Hz-10 kHz. 

% 
FIG. 3. Equivalent electrical circuit for the solid 

solutions. R, = resistance of the electrolyte, Cd, = 
double-layer capacitance, C, = geometrical capaci- 
tance. 

after the experiments showed that no de- 
composition of the material had occurred. 
Polarization between the two inert elec- 
trodes of the samples showed that the elec- 
tronic component was less than 0.1% of the 
total conductivity in the temperature range 
300 to 500°C. 

A typical impedance of Na$O,(I) doped 
with 6 mole% Y,(SOJ,, i.e., 11% extrinsic 
cation vacancies, is shown in Fig. 2. A 
steep increase of the imaginary part of the 
impedance with decreasing frequency is 
observed. The maximum available fre- 
quency (10 kHz), however, is too low to 
show the influence of the capacitance paral- 
lel to the electrolyte resistance (see the 
equivalent electrical circuit in Fig. 3). This 
applies to all measurements included in this 
paper and is in agreement with computer 
simulations of the frequency-dependent 
electrochemical impedance. For these sim- 
ulations geometrical capacitances of about 
10 pF were calculated from known dielec- 
tric constants of related compounds such as 
&SO,, NqCO,, and CuSO, (9). 

From the impedance data linear Arrhe- 
nius plots of UT versus l/T (Figs. 4a and b) 
were obtained for Nq-,,Yj+U,,SO, solid 
solutions with varying defect concentra- 
tions in the range 0 tp 24% Cl. It can be seen 
from Figs. 4a and b that both the conductiv- 
ity and the activation energy vary with the 
defect concentration. Similar results were 
obtained for solid solutions Nh,,, 
M:+Cl,SO, with M2+ = Ni, Zn, and Sr 
(Table I). The Ni series is shown in Fig. 
5. 

It can be concluded that, within experi- 
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Fro. 4a. Arrhenius plot of (N~-3sYr02s)S04. (1)x = 
0.019, (2)x = 0.0095, (3)x = 0.0075, (4)x = 0.0050, (5) 
x = 0.0010, (6)x = 0.0. 

TABLE I 

ELECTROCHEMICAL DATA OF Na$O,(I) SOLID 
SOLUTIONS 

Material 

Conductivity (n-1 cm-‘) 
u 

WI At 625 K At 800 K 

N%-,zMzO,.rSO, 
(1) x = 0.037 
(2) x = 0.070 
(3) x = 0.0110 
(4) x = 0.0 

N%-,,Y,O&O, 
x = 0.001 
x = 0.005 
x=0.009 
x = 0.055 
x = 0.120 

N%.2.&0,S04 
x = 0.075 
x = 0.020 
x = 0.003 

N%-,,Ni,O,SO, 
x=o.oa 
x = 0.003 
x = 0.001 

Na,-,,Zn,O,SO, 
x = 0.100 
x = 0.060 
x = 0.020 

0.9 1.4 x IO-3 2.9 x 10-Z 
1.2 1.4 x 10-4 1.2 x 10-Z 
1.0 1.9 x 10-S 7.4 x 10-d 
1.0 4.0 x 10-e 1.8 x 10-4 

0.7 5.0 x IO-5 7.4 x 10-d 
0.7 1.3 x 10-d 1.8 x 10-a 
0.9 4.8 x 10-4 9.5 x 10-S 
1.1 3.8 x 1O-4 1.8 x IO-* 
0.9 1.3 x 10-S 4.7 x 10-4 

0.9 1.3 x IO-3 3.7 x 10-Z 
0.8 4.7 x 10-4 1.1 x 20-2 
0.7 1.4 x 10-4 2.3 x lo+ 

0.9 1.2 x 10-s 3.3 x 10-Z 
0.8 6.4 x 1O-5 1.3 x 10-a 
1.0 1.7 x 10-S 7.6 x lo-’ 

0.8 4.8 x lo-’ 9.5 x 10-a 
0.9 3.9 x 10-a 1.1 x 10-Z 
0.8 2.5 x 1O-4 6.0 x 1O-3 

FIG. 4b. Arrhenius plot of (N~-3rY,U,,)S04. (1) x 
= 0.037, (2)x = 0.055, (3)x = 0.070, (4)x = 0.084, (5)x 
= 0.095, (6)x = 0.110, (7)x = 0.115, (8)x = 0.120, (9)x 
= 0.0. 

mental error, the conductivity depends 
only on the number of vacancies and not on 
the size or valency of the substituting ion. 
Therefore the conductivity versus the in- 
verse temperature of the various solid-solu- 
tion series can be represented in the same 
diagram by using the vacancy concentra- 
tion as a parameter. Another representation 
of the results is shown in Fig. 6, with a 
three-dimensional view shown in Fig. 7. 

FIG. 5. Arrhenius plot of (Na+-rsNirOS)S04. (1) x = 
0.060, (2)x = 0.040, (3)x = 0.005, (4)x = 0.0025, (5) 
x = 0.005, (6)x = 0.0. 
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FIG. 6. Isotherms of Na$3O,(I)ss conductivity as a 
function of the vacancy concentration (Cl). 

The conductivity maximum is independent 
of temperature and appears at about 7% 0. 
At this maximum the conductivity is 100 
times larger than that of pure Na$O,(I). 
For constant defect concentration the ionic 
conductivity increases with temperature 
by two decades between 250 and 500°C. 
Characteristic values observed are (+ = 
1.8 x lo’-’ W1 cm-’ (0% Cl at 280°C) and 
(T = 1.5 x lop2 0-l cm-l (7.4% 0 at 
500°C). Thus the range from very low to 
high ionic conductivity is covered in 
these solid solutions. (Table I). 

Although there is a large spread in the 
values of the activation energy for sodium 

5 10 % q l5 20 

FIG. 7. Conductivity maximum of Na$3O,(I)ss. 

” ,.“I 

FIG. 8. Activation energy of Na.$3O,(I)ss versus the 
vacancy concentration. 

ion motion, the results clearly demonstrate 
a strong decrease at low vacancy concen- 
trations and a subsequent increase (Fig. 
8). This implies that the conductivity will 
be given by an equation of the form 

a(c) = K . c * exp (U (c)/H), 
where U (c) represents the concentration- 
dependent activation energy and K is a 
constant. By inserting the measured values 
of the activation energy into this equation, 
it is possible to generate the general form of 
the conductivity versus concentration 
curves shown in Fig. 6. 

Discussion 

A model based on the mobility of the ions 
as a function of the defect concentration 
leads to several strnctural interpretations. 
In the simplest case there are no interac- 
tions between the mobile Na+ and the de- 
fects (i.e., Y3+ and Cl), in which case a 
linear relationship exists between the con- 
ductivity and the vacancy concentration. 
This can only be expected at low vacancy 
concentrations. At high concentrations, 
when interactions between the defects and 
Na+ occur, the situation is more compli- 
cated. Now the mobility decreases with 
increasing interaction. 
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4e5cA-A 
Inverse Temperature $(10)/K)- 

FIG. 9. Na&SO,(I)ss with composition 
(Nap-3zYI09s)SOI relating to other sodium conduc- 
tors. (1)x = 0.037, (2)x = 0.070, (3)x = 0.110, (4)x 
= 0.0. 

Schmalzried (20) has interpreted the con- 
ductivity of anion conductors of the ZrO,ss 
type. A similar interpretation may be used 
to explain the present observations on 
Na2S04(I)ss. With increasing vacancy con- 
centration more migration paths for the 
sodium ions are created. On the other hand 
the mobility of the ions is reduced by 
interactions such as cluster formation (Y3 0 
or Cl Y3 Cl ) and ordering in the cation 
sublattice. These opposite effects cancel 
each other at the conductivity maximum at 
about 7% 0. Similar considerations apply 
for solid solutions with bivalent substi- 
tuents such as Ni, Zn, and Sr. 

A conductivity maximum as described 
here for Na+ conduction was described 
recently for anion conductors with CaF, 
structure by Schmalzried (20) and by Reau 
et al. (II). In general the activation energy 
curves are also comparable. The conductiv- 
ity mechanisms may be similar in these 
solid solutions with extended and variable 
vacancy concentrations. 

In Fig. 9 we compare the conductivity 
data of Na.$OJ) solid solutions (Table I) 
with those of beta-alumina (12), 
NazGdSid012 (13), nasicon (14), 
NaSb03 . $NaF (15), Na1.,AZ1.,Si0.304 (16) 

and NazO . 3SiOz-glass (17). The solid so- 
lutions of Na2S0,(I) show a rather good 
Na+ conductivity, even though not com- 
parable to the very fast conductors 
BETA ALUMINA (layer structure) or 
NASICON (channel structure). 
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