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A number of quatenary oxides have been known to crys=Cd', Ni") and their ionic conductivity properties.
tallize in one-dimensional structures such as hollandite, pride-
rite and CaFg,.! In these structures double blocks of octa- Experimental Section
hedra are formed by edge-share and developed in lattice to
form one-dimensional tunnels, where alkali or alkaline earth Polycrystalline samples of compositiongN@/10.40Ti11.6604
metals are placed. With existence of vacancies, alkali metgM=Ca", Ni"') were prepared by direct solid state reactions
ions in such tunnel structures are susceptible of being highlysing the appropriate amounts of ,8&s, NiO (or CoO)
mobile, leading to ionic conductivities. and TiQ. An excess amount of sodium carbonate (10-12

NaFeTixOs (0.72< x = 0.90), reported by Mumme mol%) was added to compensate for the loss due to the vola-
and Reicf has a similar structure, with Z-shaped doubletilization of sodium component. The mixture was ground
blocks and double tunnels (Figure 1)."Nmns are placed using a mortar and calcined at 973 K for 12 hrs, then the
in distorted trigonal prisms which are face-shared ongpowder was uniaxially pressed at 80 MPa into a pellet 13
another alondp-axis, so that they may move within the tun- mm in diameter. The pellet was heated at 1423 K for 36 hrs
nels. Systematic syntheses of isostructural oxi-fluoridesvith two or three times of intermittent grindings. All the
Nao sMo 5Ti1.503 50,5 (M=Mg, Ni, Co, Zn, Cu) were reported thermal treatments were made under Ar atmosphere to avoid
earlier®> and their ionic conduction properties were alsoan eventual oxidation of Mto M®*. The obtained products
investigated On the other hand, the electrical conductionwere leached into MeOH to remove the unreacted sodium
studies on the original phase, WRgTi,.xOs (x=0.875) and components and dried under vacuum.
its Na-extracted or Ti-substituted phases have been studiedldentification of crystalline phases and determination of
rather recently:’ It was evidenced that Kiéon is mobile lattice parameters were carried out by X-ray powder diffrac-
within tunnels and a mixed conduction was found for Na-tion (XRD) analysis using a Siemens D5005 diffractometer
extracted phases due to the partial oxidation &f feeF¢™. equipped with curved graphite monochromator with £uK
However, it appears necessary to prepare new materials suadiation and by a computer program based on a least-
ceptble to have pure ionic conduction, instead of mixed onesquare-method. For electrical conductivity measurements,
for understanding the ionic transport features in this structhe pellets¢=7 mm,t=2 mm) were sintered at 1443 K for 12
ture more in detail. In the present paper, we report the prepdérs. Blocking electrodes were deposited on both sides of the
ration of one-dimensional compoundso¥o.4oTi1.6604 (M pellets by silver paste. The conductivity was obtained every

30 K at the range of 530-873 K under argon flow by AC

4 measurements with HP 4192A LF impedance analyzer at the
1 ju frequency range of 5 Hz-13 MHz. Resistance values were
J {.u-r_\ Il ,,_-vr'f"- derived by interpretation of the complex impedance dia-
G e e <0 Sl 0 grams.
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L l Wl _"-'.,f’TI?: ey XRD results. XRD patterns of both samples are shown in
= S L“-‘ A | l‘*:“‘-r.},-r. Figure 2. All the peaks were successfully indexed with the
[l - Bl - orthorhombic lattice paramters, confirming they are iso-
20 EJ___F:” T ;': I structural with NgFeTi»xOs. Co-phase was found to have a
oo N 1#-{___“:.-.'*'{__'-. b | i 55 unit cell slightly larger than Ni-phase, mainly due to the
W, o "__h—,l-“-‘ ) 1L large ionic radius of G6 (0.745; HS) with respect to Ni
bl .H‘:.-'L' Ll ~ | B O (0.69)8 it is worth noting that Co-phase has also a larger
| 1 o cross section are ¢ to [010] direction.

Figure 1. Structure of NeE&Ti»Os (0.72 < x < 0.90). F&" Nao.sdC0o.40Ti16d04. IN order to estimate the electronic
and T ions are considered as statistically distributed in octahedrafOntribution to the conductivity observed here, the measure-
sites and Naions (balls) are partially present in the tunnel along  ments such as DC-polarization (at 1.0 V) and 4-probe DC
axis. conductivity were additionally performed, confirming that



|_\
[N
N
) N

Intensity (a.u.

Figure 2. Powder X-ray diffraction patterns of hNaMVo.4oTi1.6004
(M=Co or Ni). Some selected peaks are labeled with Miller index.

the conduction in both samples is essentially of ionic one.
The Cole-Cole diagrams of B@C.4oTi16d04 Sintered
pellet, giving the imaginary pagt' of the complex imped-
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Figure 3. Cole-Cole diagram of NagCm.4cTi16d0s at 682K (a)
and combinedZ" and normalizedM" plots as a function fo

Bull. Korean Chem. Sa200Q Vol. 21, No. 11

(101)

(102)

(a) Nag 5,C0g 40 Ti 650,

a=9.265(2) A
b=2.966(1) A
c=11.36(1) A
V=312.2 A7

(b) Nag goNi 40 Ti; 5004

a=9.233(7) A
b=2.956(3) A
c=11.37(2) A
V=310.3A3
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Notes

anceZ as a function of its real part were obtained at various
temperatures. At 682 K, for example, it shows clearly one
semicircle (Figure 3(a)), of which radius increases with tem-
perature. Figure 3(b) shows a combiz&dnd normalized
M" (M"/M"ma) plot as a function of frequencil" has a
similar frequency-dependance with the imaginary part of
dielectric permeabilitye”, and is known to emphasize the
component with small capacitance, which corresponds to the
bulk component.M" plot exhibits a single Debye-like peak
with the same frequency maximum wzharound 870 kHz.
This means that the semicircle can be ascribed to pure bulk
component and the arc observed at low frequency would
result from the grain boundary and electrode polarization
contributions. The bulk ohmic resistance was determined
from the intercepZ, on the real axis of the zero phase angle
extrapolation from the high-frequency side and the conduc-
tivity o is obtained fronZy, by means of the relatiom= (1/
Z0)(elS), where €9 is the sample geometric factor. Fre-
guency dependence of the normalized imaginary pat'of
M" max for Nay sdCp 40Ti1.6d04, at various temperatures is given
in Figure 4(a). The modulus peak shifts towards higher fre-
guencies as temperature increases, but the shape and full
width at half height (FWHH) ofM"/M"nax (1.25 £ 0.02
decades) are not changed.

TheM"/M"max curves are slightly non-symmetric, suggest-
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Figure 4. NormalizedM" vs logf (Hz) of NagdC0o.4oTi1.ed04 at

various temperatures (a) and plots of Tlognd lodmax(Hz) vs

1000/T(K) (b).
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ing a non-exponential behavior of conductivity relaxationductivities separately a model-circuit of three ZC elements
that can be described by the Kohlrausch functig()= in a serial array (RG)RC)y.5(RC including CPE (constant
exp[(¥/1,)P], wheret, is the relaxation time an@lthe Kohl-  phase element) was adpoted, each corresponding to the ionic
rausch parametét!! g was determined as 0.90 +0.02 at conductive paths in bulk, grain boundary and double layer of
each temperature, by dividing the FWHH by the Debyeelectrode/electrolyte® Here, () designates the elements
breadth, 1.14 decades. TB@arameter can be interpreted as therein run parallel. In each component the impedzhie
representative of a distribution of relaxation times generatexpressed ag'= R - i/(wc)®’, whereR, ¢, and @ repre-

ing the dispersive properties of materials studfieBo the  sent resistance, capacitance and distribution factgsthof
small deviation of3 from 1.0 would imply that the relaxation component respectively. All the parameters have been deter-
time distribution in NasdCa 40Ti1.6d04 IS slightly wider than  mined for each temperature by fitting the experimental data
the Debye-type relaxation. The inverse temperature depemsing a fitting program LEVM 7.1., based on complex non-
dencies of logfT) and lodmax ( fma=1/21T5) are shown in linear least square meth&tWithin the temperature range
Figure 4(b). Each linear fit odT=0p exp(AE«KT) and of investigated, the bulk and grain boundary capacitances were
fmacfo exp(AE: /KT) shows an Arrhenius-type behavior with determined as of 100-300 pF and 200-400 nF,@ypdval-
correlation coefficients,=0.999 and;=0.989, respectively. ues ranges 0.83-0.86. Although the bulk capacitance is larger
The two plots exhibit the close activation energdsand  than the conventional value of ceramic materials {pH),

AE;, suggesting that the N#on transport is mainly due to a its magnitude 18 times smaller than the grain-boundary
thermally activated hopping mechanish®? capacitance supports this estimaflohhe FWHH of M"/

Nag sdNio.40Ti16004. The Cole-Cole diagram of complex M"max could not be determined because the plots were not
impedance and", M"/M"nax plot against lof(Hz) at 800 K well-defined at high-frequency region, but the estimation
are present in Figure 5(a). In contrast to Co-phase, The pedlom the half width of low-frequency region implies that the
frequencyfmaxis apparently mismatched fa' and M"/ FWHH would be much larger than 1.14 decades, leading to
M"max Consequently the semicircle of the Cole-Cole dia-a smallei than with Co-phase, as reflecteddrvalues.
gram should not be regarded as a pure bulk component, butLog(oT) of bulk and grain boundary components and
grain boundary component being also included therein. Thiogfmax are plotted as a function of inverse temperature in
experimental semicircle is displaced below the real axis akigure 6. All three plots exhibit good Arrhenius relations
generally observed in most ceramic matefalsgjicating  with r = 0.98-0.99. Considering(M") is primarily related
the presence of distributed elements in this material. Therawith the relaxation time, of the bulk component, the close
fore, in order to estimate the bulk and grain boundary convalues ofAEqpuiy and AE; strongly suggests that the bulk

conduction also occurs mainly through a thermally activated
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Figure 5. Cole-Cole diagram of NadNio.4oTi1.6604at 800 K with
the fitting-curve (a) and combin&tl and normalized" plots as a

function of frequency (b).

hopping mechanism like in Co-phase.

Nao sdC00.40Ti1.6d04 VS Nag sdNio.a0Ti 16004, Both compounds
seems to transport Nens mainly by hopping mechanism,
but Co-phase was found to have higher condutivities with
smaller activation energies than Ni-phase. Because both
compounds have the same framework and vacancy concen-

tration, their ionic transport features would be compared
mainly through two viewpoints, bond nature of Na-O and

Figure 6. NormalizedM" vs logf (Hz) of Na.sdNio.4oTi1.6004 at
various temperatures (a) and plots ofTlognd l0dnax (HZ) vs.
1000/T(K).
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diffusion pathway of Nain material. 3.
Firstly, the bond character of Na-O may be compared by
competitive interaction of Na-O-M: the iono-covalency of 4

counter-bond M-O should influence directly to the nature of
Na-O. The covalency of a bond M-O may be compared fol- 5.
lowing Pauling's formulafy(M-O) = {-0.25*exp(Xu-Xo)?}, 6
whereX is the electronegativity:*® SinceX value of Nf* is '
known as slightly larger (1.57) than €¢HS; 1.54).” Na-O
in Ni-phase would be regarded as more ionic and therefore;.
more favorable to the ionic conduction than Co-phase. How-
ever, the latter exhibits a larger unit-cell volume and cross
sectiona*c with respect to the former, being able to furnish 8.
more spacious diffusion pathway of Nians alongb axis. 9.
Considering the relatively small difference of cell dimension
between two compounds, the higher ionic transport properlo-
ties of Co-phase seems to suggest that the cell dimensign
might be more a important factor than the ionicity of Na-Olz'
for the ion conduction.
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