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The synthesis of Na containing Nasicon-type phases of the form Na, M'(1D,M"(111,- (S0,)_{Se0,),

(M" = Mg, Zn, Cd, Mn; M"

Al, Cr, Fe, In, Yb; 0 = x = 1.75; 0 = y = 3) is reported. The

conductivities of a range of samples have been measured, with the highest value observed at 200°C
being 2 x 1074 {27 'em™! for Na, 7sMg; 35Crg25(50,);. The range of x for which singte phase samptes
are observed depends on the pature of M’ and M", and on the value of y. Attempts to increase the
Na content, and so increase the conductivity, by partially substituting the (S, Se)Q, groups by PO,

or Si(y, have proved unsuccesslul,

Introduction

The system Na,, ,ZrSi Py ,0,; and re-
lated materials, commonly relerred 1o as
Nasicons, have attracted constderable inter-
est since the report of fast ton conduction
in phases of this form (/, 2}, The conduction
properties result from the facile migration
of Na ions along channels formed within a
rhombohedral framework of corner-sharing
ZrQ, octahedra and (Si/P)O, tetrahedra.
Prior to the discovery of fast ion conduction
in this system, mixed metal suifates of the
form NaM'(I) M"(111) (SO,); were reported
by Perrct et al. (3, 4}. Although these mate-
rials exhibit similar structural characteris-
tics, their conductivities have not been re-
ported. In a previous paper, we rcported
the synthesis and electrical properties of a
corresponding Li-containing serics of sul-
phates and selenates, Li M'(11) M"(111),_,
(80,);-,(8¢0,), (5), and we now describe
the synthesis and conductivitics of the re-
lated Na series, NaM'(I1) M"(111),_,
(804);-,{8¢0y), (M = Mg, Zn, Cd, Mn;
M" = Al, Cr, Fe, In, Yb; 0 = x = 1.75;
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0 = y = 3). These malterials represent a
significant extension to the materials pre-
viously reported (3, 4), and an important
objective of the study was the synthesis of
ncw phases with different Na contents. In
this respect, we show that it is possible to
vary the Na content above and below 1.0,
and we also report the successful synthesis
of analogous selenates and mixed sulfate/
selenates.

Experimental

A  nmumber of NaM'(ID) M(I1D,_,
(50,);-,(5¢0,), samples containing several
different M'(I11) and M"(111) cations, and var-
ious values of x and y, were prepared. Two
synthetic procedures were employed for the
stlfate phases (y = 0j; Mcthod | for M"”
Af, Cr, and Method 2 for M" = Fe, In, Yb.

Method |

The sulfates Na,S0,, M'SO, (M’ = Mg,
Zn, Cd), and M3(S0,), were first dissolved
in hot distilled water. After evaporation of
the solution to dryness, the solid was ground
and heated to 500°C inair for (2 hr. inthe case
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of M’ = Cd, a slightly higher temperature of
550°C was ued, but for this series a Nasicon-
type phase was obtained only for M" = Cr.

Method 2

Na,50,, M'SO, (M’ = Mg, Zn, Mn, Cd),
and M3(80,); were intimately ground and
pressed into pellets {1.3 cm diameter, ap-
proximately 3—4 mm thick) under a pressure
of 4000 kg cm™2. The peliets were then
heated in air for 12 hr, reground, and com-
pacted to pellets, before reheating in air for
a further 12 hr. The temperature used
pended on the nature of M": M" = Fe, 500°C;
M" = In, 550-600°C; M" = Yb, 650-700°C.
For M’ = Zn, the composition NaZn
Yb(SO,), resulted in a multiphase product,
with no sign of any Nasicon-type phase,
whereas for M' = Cd, only NaCdIn(50,)
had the Nasicon structure. Attempts to form
similar phases with the larger rare earths
Y, Sm, Nd were only partially successful.
Nasicon-type phases were observed in mul-
tiphase products in the case of M" = Y for
M’ = Mg, or Mn, but for M” = Sm, Nd, no
traces of phases with the required structure
were apparent.

The selenates and sulfate/selenates (y >
0) were prepared in all cases by Method
1, using appropriate amounts of Na,ScO,,
MO, M'SO,, M"(OH),, or M"(NO,),,
M5(80,),, and H,SeO, (M' = Zn, Mg;
M" = Al, Cr, Fe, In, Yb), and a reaction
temperature of 420°C. In all cases, single
phase samples were observed only for
M’ = Mg, although multiphase samples con-
taining some Nasicon phase were obtained
for M’ = Zn. In the case of M" = Yb, it was
not possible to synthesise any phase with
y > 0, and for M” = Cr it was only possible
to synthesise single phase samples for y =
1.5. For M" = Al, Fe, Cr, and In, Se0Q,
and SO, could be reversibly interchanged
by refluxing in dilute H,50, or H,S¢0,, then
evaporating to dryness and heating to 420°C
to remove any surplus H,S0, or H,5e0,.

Characterization

Given the low temperatures (below that
required for decomposition or volatiliza-

tion) employed for the syntheses, and the
fact that all materials examined in detail
were shown to be single phase by X-ray
powder diffraction measurements (Philips
PW 1050/70 using Cu Ko radiation}, the
compositions of the products described in
this paper can reliably be deduced from the
atomic ratios in the relevant starting materi-
als. A detailed neutron powder diffraction
study of several materials has confirmed the
validity of this and will be reported else-
where (7).

The observed XRD patterns were similar
to that observed for NaZr,(PO,); (1), indi-
cating a rhombohedral cell. The appearance
of additional peaks in some XRD traces,
most notably (003) as previously noted by
Perret et al. (4), suggested R3 symmetry
for these phases compared with R3c for
NaZr,(PO,),. Refined cell parameters (hex-
agonal cell) for a range of samples are given
in Table 1. It is possible to form a wide range
of samples with varying Na contents; i.¢.,
Na M. M;_ (80,);,_,(SeQy), (0 = x = 1.75),
the actual range of x depending on the nature
of M', M", and the value of y. In the case
of M = In or Yb, the samples with
x < 1.0 were multiphase, while for y = 1.5
single phase samples were not formed for
x = 1.25 for any M". The highest values of
x were observed when M’ = Mg. Attempts
to further increase x by the partial replace-
ment of SO, or Se0, groups by PO, or 510,
using either solid state or hydrothermal
techniques proved unsuccessful, with impu-
rity phases being observed in all cases. The
replacement of M’ by Li* or Na* ions also
failed to allow the incorporation of addi-
tional Na*t into the structure. The possible
synthesis of phases of the form Na,M’ (1I}-
N(II) (50,);, where M’ and N are different
bivalent cations (e.g., Zn and Mg, Mn and
Mg), has also been examined, but no Nasic-
on-type phases were observed.

Ionic Conductivity Measurements

Ionic conductivities were determined
from A.c. impedance measurements in the
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UNIT CELL DIMENSIONS

TABLE 1

Sample compasition a (&) ¢ (A) V (A}
NaZnAl(50y), B.253(4) 21.90(1) 1292
NaMgAl(SO,), 8.329(5) 21.78(1} 1308
NaMgAl(S0,), «(Se0,) 5 B.355(N 21.88(2) 1323
NaMgAl(50,), s(Se0y) 5 8.444(7) 22.2002) 1371
Na > Mg 55 Al 15(Se0y) 8.343(8) 22.43(3) 1352
Na ;Mg Al 5(SeQ,)s 8.364(6) 22.62(2) 1370
Na;sMg 35 Al 55(Se0y) 8.439(7) 22.60(2) 1394
NaMgAl(5e0,); B.599(7) 22.36(2) 1432
NaZnFe(50,), 8.403(4) 22.14(1) 1354
NaMnFe(S0,), 8.584(6) 22.17(2) 1415
Na Mg jsFep 75(804); 8.249(8) 22.20(3} 1308
Na ;Mg Fe, ;(50,); 8.274(7) 22.36(3) 1326
Na‘75Mg_75Fe|_Z5(SO4)3 8.400(7) 22.12(3) 1352
NaMgFe(80,), 8.493(3) 21.98(H 13713
Na[_gsMngsFCJj(Sth 8534(5) 2]94(2) 1384
NaMgFe(S0,), (5e0,) 5 8.541(3) 22.04(1) 1392
NaMgFe(S0,), s(Se¢0y) 5 8.578(3) 22.40(1) 1428
Na, ;sMg; 1sFe 15(80,), 5(5¢0y), 5 8.703(5) 22.31(1) i463
Na'szg‘zs Fe|_75(ScO4)3 8.520(9) 22.97(2) 1444
Na ;Mg Fe; ;(SeQ,); 8.560(8) 23.00(3) 1459
Na ;sMg s Fe, 5(8¢0,), B.619(8) 22.94(2) 1476
NaMgFe(SeO,); 8.733(8) 22.72(2) 1501
Nal_stgl_ngcﬁ(SEOO} B.851(8) 22.51(2) 1527
Na 35Zn 35Cry 15(S04 )3 8.132(7) 22.05(2) 1263
Na ;Zn sCry 25(80,); 8.154(6) 22.23(2) 1280
Na zsZn 35Cry 55(80,); B.190(7) 22.24(2) 1292
NaZnCr(80,), B.251(6) 22.27(2) 1313
NaCdCr(80,), 8.229(6) 23.09(2) 1354
Na Mg 55Cr; 75(SOy); 8.157(6) 22.14(2) 1276
Na sMg ;Cr 5(S0,) 8.187(6) 22.20(3) 1289
Na 3sMg 75Cry 35(S0y); 8.284(7) 22.14(2) 1316
NaMgCr(S0,) 8.360(6) 22.0%(2) 1337
Naj 3s Mgy 35Cr 35(50,); 8.456(6) 21.98(2) 1361
Na; Mg, sCr(50,), 8.540(7) 21.8%(3) 1383
Na, 7sMg, 55Cr 35(804)3 B.612(7) 21.85(2) 1403
NaMgCr(S0,), s(5¢0,) 5 B.436(8) 22.08(2) 1361
Na 7sMg; 55Cr 25(504)2.5(5¢0,)y 5 8.665(8) 22.01(2) 1431
NaMgCr(5Q,), s(5e04)qs 8.496(8) 22.57(3) 14i1
NaZnIn(S0,), 8.493(6) 22.60(2) 1412
NaMnln(50,), 8.712(7) 22.53(3) 1481
NaCdln(80,), 8.600(6) 23.08(2) 1478
NaMgIn(S0,), 8.619(6) 22.23(2) 1430
Nay ;Mg ,In (SO 8.630(3) 22.23(1) 1434
Na; sMg; sIm 5(50y); 8.645(3) 22.11(1) 1431
NaMgln{50,), ;{Se0,) s 8.718(5) 22.62(3) 1489
Naj :sMg) 2510 15(S0,4), 5(8e0,), 5 8.728(8) 22.48(2) 1483
NaMglIn(SeO,), 8.926(8) 22.83(2) 1575
NaMnYBS0,); B.B57(5) 22.96(2) 1560
NaMg¥Yb(50,), 8.723(6) 22.6402) 1492
Na ;Mg ;Yb (80, 8.692(5) 22.45(1) 1469
Na; sMg; sYb (SO, 8.678(5) 22.23(2) 1450
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range 5-5 x 10° Hz using a Hewlett Packard
4800A vector impedance meter. Pellets (13
mm diameter, =1 mm thick) of each sample
were obtained by pressing at 4000 kg cm ™2
and sintering in air at the temperatures used
in the initial synthesis. Densities of the pel-
lets ranged from between 62% of the theo-
retical for NaMgAl (SeQ,); to 82% for
NaZnFe(SQ,),; in general the higher values
were obtained for the Fe-, In-, and Yb-con-
taining samples. Both planar faces of the
pellets were coated with silver paint, and
the pellets were then sandwiched between
metal electrodes, which were also coated
with silver paint. Although similar results
could be obtained using gold foil electrodes,
confirming the ionically blocking nature of
the silver-coated electrodes, the use of sil-
ver paint was preferred. Measurements
were made in air between 60°C and 300°C,
the actual temperature range examined be-
ing determined by the conductivity of the
sample, since for the samples with low con-
ductivities (=107 " 'cm '), measurements
below 150°C were less reliable. Prior to any
measurements being made, the pellets were
heated to 300°C to ensure the removal of
adsorbed water. The complex-plane imped-
ance spectra could be fitted to a single semi-
circle, and extrapolation to the real axis de-
termined the bulk resistance. Conductivity
data for a range of samples are given in Table
II. A change in activation energy, from AH,|
(low temperature) to AH, (high tempera-
ture), occurred for several samples at tem-
peratures between 100°C and 160°C, and
both values are given in Table II. It is likely
that the remaining samples, for which only
one AH value is given, also undergo a simi-
lar change in activation energy, but the low
conductivities prevented satisfactory mea-
surements being taken below 150°C. A simi-
lar change in activation energy has been
observed in the related Li-containing se-
ries, Li M. M3_.(SO,); (5). Figure 1 shows
the wvariation of log oT with /T for
Na, ;sMg; 7sCr ,:(S0O,),, which is re-
producible and is typical of the data ob-
tained.

Discussion

The highest conductivity was’ recorded
for Naj;;sMg, ;5Cro25(S0,); (2.3 x 1074
Q'emlat 200°C, 1.6 x 1072 Q 'em™' at
300°C}) and the latter value is similar to the
corresponding value (2.9 x 1073 Q7 em™)
reported for Na, ¢Zr,P; ;Sig 4O, (). The ac-
tivation energies are also comparable (50 kJ
mol~!and 30 kJ mol ™', respectively). Unfor-
tunately, the sulfate/selenate systems stud-
ied appear restricted to a maximum Na con-
tent of 1.75 per formula unit, which limits
the potential for further increasing the con-
ductivity. The measured conductivities of
the samples will be lower than the true bulk
values due to the generally porous nature
of the pellets, which is a difficult problem
to overcome, since higher sintering temper-
atures would cause decomposition.

The range of M' and M" cations which
form NaM'M" (50,), Nasicons appears, at
least partly, to reflect the radii of the octahe-
dral M’** and M™" ions. For example, al-
though it has proved impossible to prepare
the phases NaMgSm(SO,); or NaMgN-
d(S0O,); [octahedral radii Sm** 0.96A, Nd**
0.98A (6)] with a Nasicon-type structure,
the analogous phases containing the smaller
rare earths Yb and Y [Yb'* 0.87A, Y*
0.90A (6)] have been synthesized, albeit
with some impurities for the latter.

In the case of M’ = Cd?*, octahedral ra-
dius 0.95 A, it is possible that there is at
least some of the Cd in the channel sites,
This seems likely given the large Cd** radius
and its similarity to that of Na* [1.02 A],
and possible support for this is found in the
unit cell volume of NaMnlIn(50,),, which is
larger than that of NaCdIn{S0,), despite the
fact that Mn?* is smaller than Cd?*. How-
ever, the large size of Na* suggests that
only low concentrations of this ion would
be possible in the octahedral sites, and octa-
hedral vacancies may therefore be present.

It is interesting to note that the highest
Na content in the sulfate/selenate phases
is significantly lower than in the silicate/
phosphate analogues, for which Na,Zr,
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TABLE i1
ConpucTIVITIES (" 'cm™') AND AcTivaTion ENERGIES (k] mol™'}

Sample composition T AH, AH,
NaZnAI(SO,); 9.6 x 107 93
NaMgAI(SO,); 2.3 x 107 80
NaMgAI(SO,), 5(SeO,) s 6.0 x 1077 71
NaMgAKSO,), 5(Se0y); 5 4.1 x 1077 76
NaMgAlSeO,); 3.8 x 107 73
NaZnFe(SO,), 7.9 x 10°% 64 53
NaMnFe(S0,), 2.6 x 107 85 66
Na Mg ssFe, 25(S0.) L1 % 107¢ 73 56
NaMgFe(SO.), 9.0 x 1076 ') 53
Na,; ,sMg, ;s Fe 35(50,), 8.1 x10°° 69 53
NaMgFe(SO,); 5(Se0,) 5 2.4 x 1078 75 64
NaMgFe(S0,); s(Se0,), 5 1.6 x 10°% 76 62
Na, 3sMg, 35 Fe 35(50,); 5(80,); 5 2.5 % 1078 8 60
NaMgFe(Se0,); 2.2 % 107 78 64
Na, ;sMg, 1sFe 15(Se0y); 9.7 x 107% 82 62
NaZnCr(SO,) 8.7 % 10°¢ 95
NaCdCr(SO,} 1.9 x 107t 109
Na'75Mg_75Cr1_25(SO4)3 2.0 x 1077 77
NaMgCr(S0,); 6.7 x 1077 77
Naj Mg, 55Cr55{S04} 1.8 x 1073 77 59
Na, sMg, sCr s(SO.); 8.6 x 1079 72 54
Na, ;sMg, 5CF 25(SOy); 2.3 x 107 79 50
NaMgCr(80,).5(Se0y4) 5 L1 % 1077 75
Naj 7sMg; 15Cr 25(50,), 5(5e0y )y 5 1.2 % 107! 68 50
NaMgCr(SO,). 5(5¢0,), 5 5.4 x 1076 75 61
NaZnIn(SO,); 1.1 % 107 77
NaMnIn(S0,); 58 x 107 67
NaCdIn(SO, ), 1.8 x 1077 81
NaMgIn(SO,); 2.2 x 107 7 52
Na, Mg, »In 4(SOy); 3.1 % 1073 73 48
Na, sMg; sIn 5(50,); 1.9 x 107 69 4
NaMgIn(S0,); 5(Se0,), s 3.0 X 107 76 58
Nay 3sMg | 55In 75(504); 5(Se04)y 5 33 %107 72 55
NaMgIn(SeO,); 1.3 x 107% 80 55
NaMnYb(S0,) 2.8 x 107¢ 78 58
NaMgY b{SO,); 6.1 x 10°¢ 68 49
Na, ;Mg, ;Yb(SO,); 6.9 x 1075 68 46
Na, Mg, s b 5(50,) 2.0 % 1907¢ 66 46

(Si0,), can be prepared. This may relate to
the different distribution of cation charges
in the two classes of Nasicon, in particular
the short S—O bond distances which induce
subtle structural differences such as re-
duced O-0 distances (7). However, Made-
lung energy calculations, using a program
which also estimates anion polarization en-

ergies (8), suggested that electrostatic argu-
ments alone do not provide a satisfactory
account for the difference. For example, us-
ing appropriate structural parameters (7, 9),
the sums of Madelung and polarization ener-
gies were calculated to be NaM'M"(S0,),
[142538 kImol '], the hypothetical composi-
tion *‘Na,My(S0,),"" [142145 kImol™'],
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NaZr,(PO,), [105114 kJmol™'], and Na,Zr,
(PO,),(S10,) 90748 kImol']. Not only do
the sulfate phases have a higher lattice en-
ergy than the phosphate/silicates, but a re-
duced destabilization also results from the
incorporation of additional Na* ions with
charge balance on the octahedral sites. The
most plausible explanations may therefore
be associated with entropy effects, and the
more stringent synthetic constraints which
apply to the sulfate materials. To avoid de-
composition, a maximum temperature of
700°C could be employed in the present
study for the synthesis of the sulphate
phases, whereas temperatures of 1100°C are
typically used for phosphate/silicate Nasi-
cons. Entropy considerations suggest that
the high level of disorder on the Na™ sublat-
tice of the latter compounds, which results
in stabilization at high temperatures, is sig-
nificantly reduced for the low temperature
synthesis of the sulfates.

The variation of unit cell parameters with
Na content is also of interest. In the case
of M’ = Mg, for all the cases examined a
increases with increasing Na content over
the whole range. The ¢ parameter appears,
however, to go through a maximum at a Na
content of around 0.5 (a representative plot
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Fig. |. The variation of log oT with 1/T for

Na,; 7sMg, 35Cr 55(80,); showing the change in activa-
tion energy at around 135°C.
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FiG. 2. The variation of the cell parameters with x
in Na,Mg,Cry_,(S0,); (0 = x < 1.75).

for Na, Mg, Cr,_,(80,), is shown in Fig. 2).
In the case of M' = Zn, the c parameter does
not go through a maximum, but becomes
approximately constant above x = 0.5. A
possible explanation for this cell parameter
behavior might be related to the fact that
there are two Na sites (maximum occupancy
of 0.5) for space group R3, and up to x =
0.5 one site is preferentially occupied, with
the second site becoming occupied only
above x = 0.5.

An interesting feature of the conductivity
measurements is the change in activation
energy at ca. 100-160°C, which is consistent
with the occurrence of a structural transi-
tion. In order to try to rationalize this, neu-
tron diffraction data at different tempera-
tures have recently been collected.
Refinement of this data is currently in prog-
ress, and the results wilt be published else-
where (7).

The substitution of Na* by Ag® and K*
has also now been demonstrated in these
phases, and the synthesis and conductivities
of these new materials will be reported else-
where.
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