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Este trabalho reporta medidas de condutividade i0nica realizadas para o LiHf2(PO4)3
calcinado a 1100 °C. As respostas devidas aos graos - interior e jun¢io - puderam ser
identificadas tanto nas curvas de impedancia, como na parte real das curvas de
condutividade vs. freqiiéncia. A energia de ativac¢do, associada a0 movimento dos fons Li*
no interior dos grdos, € 0,33 eV, enquanto que aquela associada a condutividade total cc,
estd na faixa de 0,36-0,47 eV. os resultados desta tultima dependem da contribuicio
relativa devida ao interior e a jun¢do de grdo. A possivel aplicacdo do LiHf>(PO4)3 como
eletrolito foi testada para a pilha Li/LiHf>(PO4)3/LiMn204. Observou-se que o potencial
de equilibrio aumentade 0,076 Va2,217 V, quando a temperatura variade 28 a 148 °C.

The ionic conductivity of LiHf>(PO4); calcined at 1100 °C has been measured. Grain
interior and grain boundary responses can be distinguished in the impedance plots as well
asin the real part of conductivity vs frequency plots. The activation energy associated with
the motion of Li* ions inside the grains is 0.33 eV while the activation energy correspond-
ing to the total dc conductivity changes from 0.36 to 0.47 eV, depending on the relative
contribution of grain interior and grain boundary. The possible application of LiHf2(PO4)3
as an electrolyte has been tested in the Li/LiHf>(PO4)3/LiMn,0O4 cell. The equilibrium po-
tential increases from 0.076 Vt02.217 V when the temperature is raised from 28 to 148 °C.
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ium batteries

Introduction

The worldwide increase in consumer electronics and
the challenge of the electrical car account for the significant
effort to develop high energy rechargeable batteries.
Among the batteries those based on lithium show the best
performance. The solid electrolytes have several advan-
tages as compared with liquid electrolytes. In particular,
they do not produce either corrosion or passivation of the
electrodes, and the safety of the battery is improved.

LiHf>(PO4)3 is a NASICON-type compound which
shows a relatively high Li* conduction as compared with
other compounds of the LiM(POy4);, M"Y = Ge,Ti fam-
ily!"1°. The detailed crystal structure of this compound is
not available yet, but the powder X-ray diffraction pattern
has been indexed'!'® on the basis of a rhombohedral lattice
in space group R3c, which is the usual one found for the

NASICON-type structure'!'’-?2, However, it has been also
reported that LiHf>(PO4); can exhibit a lower symmetry as
other NASICON-type compounds do?***’. Thus, a
monoclinic P2i/n group was found®® for a sample sintered
below 1100 °C, while the symmetry was rhombohedral
R3c when the sample was sintered above that temperature.

The ionic conductivity reported for this compound by
several authors is rather variable. Some of them'>?° have
ascribed the conductivity to motion of Li* ions inside the
grains, while others'?"'*!® have reported the total conduc-
tivity, i.e. that associated with grain interior and grain
boundary, or else they do not identify which of these contri-
butions is dominant. In any case the conductivity values
seem to be affected by the lack of resolution between grain
interior and grain boundary response, and significant dif-
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ferences in the activation energy (0.32-0.44 eV) have been
also reported!>16:2829,

The aim of this paper is to study the ionic conductivity
of LiHf>(POy4)3 as well as the possible application of this
material as an electrolyte in solid state batteries.

Experimental

LiHf;(PO4)3 was prepared by calcination of a
stoichiometric mixture of Li,COs3; (Fluka, >99%), HfO,
(Aldrich, 99.9%), and (NH4),HPO4 (Fluka, >99%). The re-
agents were previously dried at 100 °C for 12 h, then
stoichiometric amounts of these compounds were thor-
oughly mixed and calcined in a platinum crucible at the fol-
lowing temperatures: 300, 600, 700, 800, 900, and 1000 °C.
Thermal treatments were accumulative up to 1000 °C. At
each defined temperature the time spent was 10 h except at
300 °C where the time was 6 h. The mixture was ground be-
fore each thermal treatment.

X-ray powder diffraction patterns were taken at room
temperature in a PW-1710 Philips diffractometer with Cu
Ka radiation. The scan was carried out in steps of 0.02°,
counting for 0.5 s at each step. The peaks were fitted with
Ka-Ka; doublets, and the position of each peak was taken
to be that of the Ka; component, | =1.5405981 A.

Electrical conductivity measurements were carried out
by the complex impedance method using a 1174 Solartron
frequency response analyzer. The pellets (ca. 6 mm diame-
ter and 1 mm thickness) obtained in the last thermal treat-
ment of the preparation procedure were additionally
calcined at 1100 °C for 10 h. Gold electrodes were depos-
ited on the two faces of the pellets by vacuum evaporation.
The frequency range used was 10'-10°> Hz. The measure-
ments were carried out on the pellets heated at increasing
temperature in the range 40-300 °C.

The usefulness of LiHf>(PO4)3 as a solid electrolyte in
lithium batteries has been tested by using the
Li/LiHf>2(PO4)3/LiMn2Os4 cell. The composite cathode is
formed by LiMn,O4 as active material (50% by mass), car-
bon black as electronic conductor (25% by mass), ethylene
propylene diene monomer, EPDM, as binder (10% by
mass) and LiHf>2(PO4)3 (15% by mass). This composite
electrode was made by mixing the powders in cyclohexane,
evaporating the solvent, and pressing the mixture at
1 Ton cm™ to obtain a disk of 0.28 cm?. As electrolyte, a
sintered pellet of the NASICON compound was used. A
lithium foil was used as anode. The different components
were placed in a sealed Swagelock cell under a dried atmo-
sphere containing <2ppm H>O. The cell equilibrium poten-
tial was measured in the range 25-150 °C. To that end the
sealed cell was immersed in a silicone bath and the mea-
surements were carried out at each temperature after half an
hour of stabilization.

Results and discussion
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The LiHf>(PO4); sample prepared in this work showed
a powder X-ray diffraction pattern which was indexed on
the basis of arhombohedral cell with hexagonal parameters
ap = 8.8285(5), ciy = 22.019(1) A. These parameters agree
well with other reported for the rhombohedral R3c
phase!!'"!°. Our parameters were obtained from a least
squares refinement procedure in which the 2Q values of 41
unambiguously indexed reflections were used as observ-
able data.

The impedance plots (imaginary -Z" vs. real Z’) re-
corded at different temperatures are shown in Fig. 1. Atlow
temperatures (40 °C) two arcs and one spike are observed.
The arcs found at high and low frequency are ascribed to
grain interior and grain boundary response, respectively,
in agreement with the assignement reported for other ce-
ramic materials®® . The capacitance associated with these
arcs is 30 pF for the high-frequency arc and 64 nF for the
low-frequency one. The spike is ascribed to the blocking
effect of Li* ions at the electrode surface. The capacitance
of the spikes is in the range 1-10 nF. When the sample is
heated at higher temperatures the arcs disappear from the
plots, first the high-frequency arc and then the
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Figure 1. Impedance plots obtained at two temperatures for the
LiHf2(PO4)3 pellet previously sintered at 1100 °C. Selected frequen-
cies (in hertz) are marked in the plot obtained at 40 °C.
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low-frequency one. Above 200 °C only the spike are clearly
observed.

The real part of the conductivity (S) vs angular fre-
quency (W=2pf) is plotted in Fig. 2. A dispersive regime (I)
due to the electrode response is observed at low frequency.
At intermediate and high frequency two plateaus (II and
IIT) are detected. The plateau II is affected by the grain
boundary dc response, while the other (III) is ascribed to
the dc response of the grain interior, in agreement with the
information deduced from the impedance plots. The exper-
imental data have been fitted by using the power expres-
sions: i) S = EwW* for the electrode response, ii) S =S ‘4c +
Bw for the grain boundary response, and iii) S = S gc + AW"
for the grain interior response. Sgc and S ‘g are the dc con-
ductivities corresponding to each plateau. Ew®, BWP, and
Aw" are the ac conductivities of the three responses. A and
E are temperature-dependent parameters , and e, p, and n
are the slopes of the three dispersive regimes. The solid
curve in Fig. 2 shows a good fit of the experimental data.
Then, by this procedure, the dc conductivity corresponding
to motion of Li* ions inside the grains, through the border
of the grains, as well as the total dc value of the pellet, have
been determined.

Variation of dc conductivity (logjo Sdc) vs inverse tem-
perature (1000/T) is shown in Fig. 3. In this figure we have
included the values of the grain interior (open circles) and
total (open triangles) conductivity. All the experimental
data are well fitted by Arrhenius equations, Sa = Sp
exp(-E/KT), where Sq is a pre-exponential factor, E the ac-
tivation energy, and K the Boltzmann constant. The total dc
conductivity (solid line) is close to that of the grain interior
(dotted line) for temperatures above 160 °C, indicating that
the total conductivity is dominated by the grain interior re-
sponse. However, below that temperature the total conduc-
tivity differs from the grain interior one because of the grain
boundary contribution. The activation energy associated
with the total conductivity is also a parameter whose value
depends on the relative grain interior and grain boundary
contributions. Thus, a value (0.36 eV) close to that corre-
sponding to the grain interior response (0.33 eV) is ob-
tained when the total conductivity is dominated by the
grain interior contribution (above 160 °C); the activation
energy is higher (0.47 eV) when the total conductivity is
clearly affected by the grain boundary response (below 160
°0).

Finally, we have tested the possible application of
LiHf>(POy4)3 as an electrolyte in solid state lithium batter-
ies. Fig. 4 shows the variation of the equilibrium potential
(Eeq.) of the Li/LiHf>(PO4)3/LiMnyOy4 cell vs. temperature.
At 28 °C the Eeq, value is quite small (0.076 V). When the
cell temperature increases Eeq. increases monotonically.
The slope is larger in the range 60-110 °C. Above 110 °C
the slope trends to level, and at 150 °C E¢q reaches 2.217 V.
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Figure 2. Frequency dependence of the real part of the conductivity at
different temperatures. The experimental data recorded at 40 °C are
fitted by using the expression S=1/(1/Se+1/Sgb+1/Sgi), where Se, Sgb
and Sg; are the conductivities for the electrode, grain boundary, and
grain interior, respectively.
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Figure 3. Temperature dependence of dc conductivity in an
Arrhenius plot. The grain interior and total conductivities are repre-
sented by circles and triangles, respectively.

Although this value is lower than that normally found (ca.
3.2 V) when a liquid electrolyte, such as 1M LiClO4 dis-
solved in propylene carbonate, is used®'*?, the observed in-
crease in E¢q. shows that the response of the LiHf>(PO4);
electrolyte is improved with the cell temperature, and
hence it is potentially useable in solid state lithium batter-
ies. The increase with temperature of E, is consistent with
the increase in Li* conductivity, as deduced from imped-
ance data.
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Figure 4. Variation of the equilibrium potential as a function of tem-
perature for the Li/LiHf>(PO4)3/LiMn,04 cell.

Conclusions

Grain interior and grain boundary response are distin-
guished in a LiHf>(PO4); pellet previously calcined at
1100°C. The total dc conductivity and its associated activa-
tion energy are very sensitive to the relative contribution of
grain interior and grain boundary. For Li* motion inside the
grains the dc conductivity at rt and the activation energy are
1.3x10°ohm! cm!'and 0.33 eV, respectively. These data
together with the observed increase in the equilibrium po-
tential with the cell temperature show that LiHf>(PO4)3 can
be used as an electrolyte in solid state Li-batteries.
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