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Abstract Structural studies of LiScP>O,; by Rietveld
refinement confirm that this material is isostructural
with LiFeP,O; studied previously. However, NaScP,0,
shows a structure different from the structural types of
the basic group of Na'M'"'P,O, known thus far. Sys-
tematic ranges for the six structural types of A'M'"'P,0;,
are presented in terms of ion radii sums and ratios. The
framework of LiIMP,O,; (M = Sc, Fe) has rather wide
tunnels running along the crystallographic c-axis. This
feature has determined our interest to check the ion
conductivity in A'M™P,0; (A = Li, Na; M = Sc, Fe).
The bulk conductivity, however, is low in these com-
pounds, 107°-1077 S/cm at 300 °C, as determined by
impedance spectroscopy. In order to facilitate the con-
ductivity via normal lithium sites, heterovalent substi-
tution is used.

Key words Lithium scandium diphosphate -
Lithium iron diphosphate - Sodium scandium
diphosphate - Double diphosphates - Ion conductivity

Introduction

The double diphosphates A'M'P,0; form cage struc-
tures where the framework is built of PO, tetrahedra and
MOg¢ octahedra sharing corners. The voids in the
framework are occupied by monovalent cations with a
distorted octahedral coordination, except for the small
lithium ions which have a tetrahedral coordination. Six
structural types can be distinguished among numerous
double diphosphates A'M'"P,0,, where A = Li, Na, K,
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Rb, Cs, T, and Ag and M = Al, Ga, transition metals,
and some rare carth elements [1-12]. The structural
types and corresponding examples are presented in
Table 1. About 50 compounds for A'MIIP,0, have
been checked for the structural type and the radii rela-
tions ra +nm and ra/ry are shown in Table 1. They allow
us to see systematic ranges for at least the first three
structural types. Structural type I represents the largest
group of the A'M''P,0; compounds. Characteristically,
large A" ions (A = K, Rb, T, Cs) are involved in this
structure. Type II represents a reduced number of the
A'M"P,0,; compounds, where A are Na® and Ag”"
ions. However, a different structure is reported for
NaYP,0; single crystals [12]; in Table 1 its structure is
denoted as a type VI. NaYP,0; is the only representa-
tive of type VI and might be considered as an exception
of type II. In structural type III two compounds, LiFe-
P,O; [6, 7] and LiMoP,0O5 [8], are thus far reported.
Another one, LiScP,07, we report in this paper. The
framework of each of the first three structural types of
A'M™MP,0; is determined by a particular arrangement
of the six POy tetrahedra, encompassing each MOg oc-
tahedron in a [MP4O,3] structural unit [6].

Structural types IV and V have their particular radii
ranges as a subgroup within the ranges of the radii re-
lations of structural type I. This indicates that the
polymorphic transitions I-IV-V are possible for these
compounds. Particularly, reversible polymorphic tran-
sitions are reported for KErP,0O,; KDyP,0O, and
RbTbP,05 [3, 4]. Hamady et al. [5] have obtained full
structural data on a single crystal of KYP,O; repre-
senting structural type IV. The types of highest struc-
tural symmetry (IV and V) tend to appear at higher
temperatures, when lattice vibrations are increased.

As is shown below, LiFeP,O,; and LiScP->O, have
straight and wide channels running along the crystallo-
graphic c-axis. These channels may serve for increased
ion conductivity in LiFeP,O; and LiScP,O5. Similarly,
several other cage structures are known as sodium or
lithium ion conductors, for instance Na3Zr,Si,PO;,
(NASICON, conductivity at o399 = 0.14 S/cm at



Table 1 The six structural types of A'™™P,0; reported previously
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Type  Compound Space group raim” (A) NS Z  Unit cell parameters

1 KAIP,0O, P 2/c 2.05-2.73  1.51-2.77 4 a = 7.308(8), b = 9.662(6), ¢ = 8.025(4) ; = 106.69°[1, 9-11]
11 NaAIP,O; P 2y/c 1.68-2.73  1.24-1.80 4 a = 17.197(2), b = 7.695(2), c = 9.312(2) A; p = 111.73°[1, 2, 9]
111 LiFeP,O; P2, 1.34-1.47°  0.81-0.97° 2 a = 4.825(1), b = 8.079(2), ¢ = 6.938(2) A ;B = 109.38° [5, 7, 8]
v KErP,O Cmem 2.40-2.56 1.49-1.61 3 a = 5.7042), b = 9.195(3), ¢. = 12. 216(5)A [3-5]

\Y% KTbP,O; n/a 240243 148-1.53 6 a = 9.946(5), ¢ = 12.822(2) A [3 4]

VI NaYP,0; P2, 2.04 1.13 4 a = 7.004(1), b = 5.3740(8), ¢ = 8.691(1) A; B = 110.18° [12]

The ion radii given by Shannon [13] are used in the calculation. The radii are recalculated according to #(O*7) =

®Lithium ion radius for tetrahedral coordination is used

300 °C, activation energy E, = 0.24 eV at 250400 °C
[15*17]), N8.4ZI'Si3010 (0'30() =0.004 S/cm, Ea =044 eV
[18]), V'N33SCQ(PO4)3 (0300 =0.09 S/Cm, E, = 0.20 eV
[19]), Li3SC2(PO4)3 (0'300 =0.02 S/Cm, Ea =0.93 eV at
90-171 °C, 0.28 eV at 282-467 °C [19]), etc. Sufficiently
wide bottlenecks in the channels and the presence of free
interstices, energetically advantageous for ion delocal-
ization, allow fast ion transport in these compounds and
structures.

First reports on LiScP,0, and NaScP,0, by Kanepe
and Konstant [20, 21] concerned the synthesis, chemical
analysis, infrared spectroscopy, and thermal analysis of
these two compounds, confirmed also by X-ray analysis.
A two-step synthesis by a solid state reaction via
NH4ScP,05 has been proposed [20, 21]. However, the
data of the X-ray powder diffraction [20, 21] are of a
poor quality, and structural analysis for LiScP,O, and
NaScP,0O5 has not been reported thus far.

The present paper reports structural studies of
LiScP,05 and NaScP,0;. Particularly, NaScP,O is not
isostructural with NaAIP,0O; (II) and NaYP,0O (VI) and
thus represents a new structural type among the
A™"P,0, diphosphates. Studies on impedance and
ion conductivity in LiScP,0,, NaScP,0-, and LiFeP,0,
are presented in this paper. In order to try to release the
ion conductivity via vacancies, a heterovalent substitu-
tion has been used. Single phase compounds of Lig ¢Scg o
Zry1P>O7 and LigoFeqoTigP>O; have been obtained
for conductivity studies. The substitution was done in
accordance with the ion radii for octahedral coordina-
tion [14] [vs. r(0*7) = 1.32 A] as follows: r(S¢* ") = 0.81,
HZr*+) = 0.78, r(Fe* ) = 0.68, /(Ti*") = 0.67 A.

Experimental
Synthesis

The diphosphates were obtained by a two-step synthesis. In the first
step, in order to obtain NH4MP,0; (M = Sc, Fe), the corre-
sponding amounts of simple metal oxides and NH4H,PO, were
mixed and heated for 24 h to 250-280 °C. In the second step,
A™'™P,0; (A = Li, Na) were prepared in a solid state reaction
between NH4MP207 and A,COs. In this step the synthesis (sinte-
ring) temperature for LiScP,O,;, LiFeP,O;, and NaScP,0; was
1100-1180, 950, and 1050 °C, respectively. LiScq¢Zry P>O; and
LiFe( 9 Tig.P,O; were obtained analogously. The purity of the
materials was confirmed by X-ray analysis. The pellets prepared for

1.32 A [14]

impedance measurements had a density in the range 70-90% of the
theoretical value (d,).

X-ray powder diffraction

The X-ray powder diffraction pattern for LiScP,0; was obtained
by means of the DRON-3 diffractometer (Bragg-Brentano geom-
etry). Cu Ko (Ni filter) radiation and a slow sweep by steps of
0.04° x 20 were used to obtain data for the Rietveld refinement of
the LiScP,O5 structure by the program SRS5 [22-24]. Preliminary
unit cell calculations were performed by the least squares refine-
ment of reflection positions by the autoindexing program TREOR
[25]. More accurate analysis and cell parameters for NaScP,O,
were obtained by profile matching using the program Full Prof 3.5
[26]. In this refinement, data (step 0.02°, 10-90° 26) collected on the
PW3710 diffractometer were used. A diffracted beam monochro-
mator and Cu Ko radiation were used in this experiment. The zero
point of the 20 scale was always controlled.

Impedance measurements

In order to determine the conductivity of the materials, impedance
measurements were performed on a Hewlett Packard 4194A im-
pedance/gain-phase analyzer, which works as an autobalancing ac
bridge [27] and allows us to gather complex impedance data in a
frequency range from 100 Hz to 40 MHz. Owing to parasitic effects
of the wires (inductance, errors), which limit the accuracy at high
frequency, a maximum frequency 20 MHz was used. The parasitic
inductance was compensated or counted off by the software, where
necessary (particularly at low impedance, <200 Q). The parallel
capacitance of the wires was determined and also subtracted by
the software. The amplitude of the ac signal was set in the range
10-500 mV, depending on the resistance of the material. The
impedance measurements were performed in temperature range
200-720 °C in air, both increasing and decreasing the temperature.
Ceramic pellets covered by electrode materials on their opposite
sides were used for the two-probe measurements. Smeared graphite,
or Pt paste, sintered at 850 °C, served as the electrodes.

Results and discussion
Structural studies on LiScP,0O; and NaScP,0,

A preliminary investigation of the LiScP,0; X-ray dif-
fraction data by the TREOR program indicated a
monoclinic unit cell with features resembling the unit cell
of LiFeP,05. The intensities of the diffraction reflections
also showed a structural resemblance between both of
the compounds. Therefore a Rietveld refinement on the
basis of LiFeP,0; atom positions [7] was performed for
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Table 2 X-ray powder diffraction pattern for LiScP,O. Data from
a Rietveld refinement®

h k l deare (A) 1/l (o)
1 0 0 6.610 9
1 1 0 5.193 100
0 0 1 4.651 1
-1 0 1 4.604 1
0 2 0 4.197 7
0 1 1 4.068 23
-1 1 1 4.036 70
1 2 1 3.543 30
1 0 1 3.314 31
2 0 0 3.305 6
-2 0 1 3.263 3
0 2 1 3.116 14
-1 2 1 3.101 78
1 1 1 3.082 23
2 1 0 3.075 17
-2 1 1 3.041 36
1 2 1 2.601 6
2 2 0 2.596 18
1 3 0 2.576 4
-2 2 1 2.576 2
-1 0 2 2.470 3
0 3 1 2.397 2
-1 3 1 2.391 1
-1 1 2 2.369 1
2 0 1 2.346 8
0 0 2 2.325 7
-3 0 1 2.316 2
-2 0 2 2.302 2
2 1 1 2.259 17
0 1 2 2.241 2

“Space group P 21, a=17021Q2), b = 8. 393(3) ¢ = 4940(1) A
B = 109.71(1)°, V = 274 A’,d, = 2.74 glem’, Reyp = 5.19, R
743, Ry = 47, Ry, = 9.84%. GOF = 3.4

the X-ray powder diffraction data of LiScP,0O;. In the
refinement, lithium positions and thermal factors were,
however, not released, as they have little influence on the
fit. A good fit was obtained in range 10-86° 20 covering
240 theoretical reflections. Characteristics of the Riet-
veld refinement and of the X-ray diffraction pattern are
given in Table 2. In the refinement, covering 240 theo-
retical reflections, the residual discrepancy R [28-31] is
mainly determined by random errors, related to the
quality of the collected diffraction data. As is seen in
Fig. 1, the observed pattern follows the fit result pattern
closely. The refined atom positions are listed in Table 3.

A check of the atom distances by the program Pow-
der Cell [32] also indicates that the refinement is correct.
The P-O distances are in range 1.499-1.686 A with an
average value 1.579 A, correspondmg to a radius 0.26 A
for P>+, if the radius of the O%~ ion is 1.32 A [13]. These
values are close to 1.54 A [2, 7] for P-O, The Sc-O dis-
tance [average 2.12A; r(Sc®> ) = 0.80 A] in the ScOg
octahedron is normal as well.

A drawing of the LiScP,05 structure is shown in ab-
plane projection in Fig. 2. There are straight and rather
wide tunnels along the c-axis in the network built of the
ScOg octahedra and the PO, tetrahedra sharing corners.
Thus, the structure consists of identical layers piling up
in the c-axis direction. The PO, tetrahedra are paired by

Intensity/1000 ( Arb. units)
8 ——T T

—T T —T T T

Observed
Fit result
Difference

SR THREPOT

10 20 30 40 50 60 70 80 90
2-theta

Fig. 1 X-ray powder diffraction pattern for LiScP,O;. Cu Ko
radiation was used. Experimental and calculated patterns, and the
difference, are shown in the graph

Table 3 Refined atom positions for LiScP,0,

Atom x/a /b /e B* (A?)
Li 0.337(2) 0.365(2) 0.804(1) 1.9
Sc 0.268(1) 0.0000 0.791(1) 0.30
P(1) 0.473(1) 0.679(1) 0.592(1) 0.30
P(2) 0.080(1) 0.790(1) 0.205(2) 0.30
o(1) 0.130(2) 0.199(2) 0.884(3) 0.70
0oQ) 0.401(2) 0.190(2) 0.600(3) 0.70
0(3) 0.496(2) 0.841(2) 0.762(3) 0.70
0(4) 0.072(2) 0.935(2) 0.388(3) 0.70
0(5) 0.115(2) 0.818(2) 0.925(3) 0.70
0(6) 0.497(2) 0.035(2) 0.194(3) 0.70
o(7) 0.232(2) 0.641(2) 0.384(3) 0.70

#Thermal factors B were not refined. B values close to the ones
given for single-crystal LiFeP,0 [7] were used
®Li positions, given for LiFeP,O [7], were not refined

=)

Fig. 2 A drawing of the LiScP,0; structure in ab-plane projection.
Circles are lithium ions of a reduced size



one corner forming the diphosphate anion [P,0,]*". The
octahedron connected with two tetrahedra in the com-
plex anion [ScP,O;]” serves as a basic unit of the
structure. The bottlenecks in the tunnels along the c-axis
are edged by four tetrahedra and two octahedra. Li™
ions are located in the voids of the tunnels. Different
from all the other metal ions involved in the formation
of various ATM"P,0, structural types considered, Li is
coordinated by oxygen tetrahedrally in LiScP,O; (as in
LiFeP,07). The mean Li-O distance in the dlstorted Li-O
tetrahedron is 1.99 A, corresponding to a Li" ion radius
of 0.67 A, if the O radius is 1.32 A.

The diffraction pattern of NaScP,O; is shown in
Fig. 3. A good fit has been obtained by the profile
matching procedure. The fit using space group P 2,
confirms a monoclinic unit cell with a volume 566.7 A®.
All the observed reflections have been indexed. An
indexing of the line positions by a twice-reduced unit cell
[a = 8.484(1), b—5306(1) c—6715(1)A p =
109.69(1)°, V = 284 7 A3 ], similar to NaYP,O yielded a
good merit [33] [M(20) = 51, F(20) = 96]. However,
several significant lines of 2-5% intensity could not be
indexed in this case. An attempt at a Rietveld refinement
of the NaScP,0O; data on the basis of atom positions and
symmetry of NaYP,O, vyielded an insufficient fit
(GOF =7, Ryp = 19%, Rexp = 8% for all data) with the
lines not matched. These lines have been tested as be-
longing to NaScP,0. From the above we have to con-
clude that although there is a resemblance in structures
between NaYP,0O,; and NaScP,O-, these materials are
not isostructural. Thus, the true characteristics of the X-
ray powder diffraction of NaSCP207 should be based on
the large unit cell (V' = 566.7 A} ) as given in Table 4.
These cell parameters and the diffraction pattern, how-
ever, are not isotypical for any of the six types of
A'M"P,0; (see Table 1) known until now. Although
NaScP,0; has raiy = 1.89 A and ra/ry = 1.33, and
thus relates to the range corresponding to structural
type 11, NaScP,0; represents a new structural type (VII)
among the A'M!P,0; compounds. In order to deter-
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Fig. 3 X-ray powder diffraction pattern for NaScP,0;. Cu Ku
radiation was used. Experimental and calculated patterns, and the
difference, are shown in the graph
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Table 4 X-ray powder diffraction pattern of NaScP,0O,. Data for
profile matching by the Full Prof program®

h k / dearc (A) 1[Iy (%)
-1 0 1 7.978 13.0
1 0 1 6.314 4.0
2 0 0 6.040 8.0
0 1 1 4.509 0.6
2 0 1 4.457 0.6
-1 1 1 4413 11.0
0 0 2 4.296 3.0
1 1 1 4.058 100.0
-2 0 2 3.988 57.0
3 0 1 3.348 4.0
0 1 2 3.337 29.0
-3 1 1 3.214 1.6
3 1 0 3.206 0.8
-2 1 2 3.186 6.0
-4 0 1 3.094 0.8
1 1 2 3.071 3.0
4 0 0 3.020 12.0
-1 0 3 2.952 4.0
-3 1 2 2.847 3.1
3 1 1 2.829 70.0
-4 0 2 2.813 35.0
2 1 2 2712 3.0
-4 1 1 2.672 1.0
-3 0 3 2.659 3.0
4 0 1 2.654 1.4
0 2 0 2.649 24.0
1 0 3 2.646 14.0
4 1 0 2.623 13.0
1 2 0 2.587 4.0
-1 1 3 2.579 32.0
-2 1 3 2.525 1.8
“a = 12.453(1), b = 5.2970(6), ¢ = 8.857(1) A, B = 104.068(6)°,
V = 566.7 A3, d, = 2.84 glem®, Ry = 1.3, Rp = 11, Ry, = 15,
Rexy = 7.8%, GOF = 2.0

mine the exact arrangement of its structure, single-
crystal diffraction data are necessary.

Conductivity studies on LiScP,0O, LiFeP,0-,
and NaScP,0,

A typical form of the impedance spectra for different
samples is represented in Fig. 4. The example of im-

-m(Z) /kQ
15 T T T T T
Lig.gFeq.gTig 1P207 323 °C

0.99M

10 - oo Looo 4
50000 9000,

S
0 5 10 15 20 25 30

Re(2Z) kQ

Fig. 4 An example of the impedance spectrum for LiyoFeqo-
Tip.1P,O7. Numbers on the graph are the frequency in Hz
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pedance data for Pt/LipoFeyoTigP,O; at 323 °C has
the form of a somewhat depressed and distorted semi-
circle. Such a non-ideal form of the impedance semicircle
is due to conductivity variation with frequency accord-
ing to the jump relaxation model proposed by Funke
[34] or according to a ““universal dielectric response law”
by Jonscher [35]. At low frequencies (below 1.5 kHz) a
“tail” appears in the spectra, which corresponds to a
contribution from the polarization on Pt electrodes.
Simple data analysis confirms that the impedance
semicircle corresponds to bulk properties of the mate-
rial, as small capacities (107'*-10""" F/cm) determine
the imaginary part of the semicircle. The relative di-
electric permittivity is in the range 4-8 (at about 10-
20 MHz), which is generally characteristic for inorganic
oxide materials. The polarization at low frequency in-
dicates that the compounds are ion conductors and the
electron conductivity does not affect the impedance data
in the frequency range used. Significant electronic con-
ductivity in A'M™P,0, (e.g., A =Li, Na; M = Sc, Fe)
is not expected either, as the transition metal ions M> "
are separated (insulated) by P°* O, tetrahedra in all the
structural types mentioned, and the materials studied
here are rather colorless. There should be a wide gap
between the valence and conductivity zones in these
materials.

The ionic conductivity of NaScP,O,, LiScP,0,, and
LiFeP,0O, was found from the resistance obtained from
the intersection of the impedance semicircle (see Fig. 4)
on the real axis of the complex plane. Conductivity de-
pendence on temperature is presented by plots of con-
ductivity dependence against temperature in Fig. 5. The
measurements on heating and cooling showed the effects
of sorbed and bound water, if the materials were ex-
posed in moist air. It is known that lithium salts tend to
attract water. Thus, the conductivity is elevated by up to
1-2 orders. The effects of sorbed water on the conduc-
tivity disappear upon its evaporation. The sorbed water
is lost at a rather high temperature of about 500-570 °C
in the case of LiFeP,0; and LiScP,05. Similar effects,
caused by sorbed water, were observed for the conduc-
th]ty of Li0_9Feo_9Ti0_1P207 and LiogSCOA()ZI‘OJPzO% For
the sake of simplicity, heating data for the conductivity
of LiScP,0O; are not presented in Fig. 5. The heating and
cooling data for the conductivity of LiFeP,O; do not
differ as the impedance of the sample was measured very
soon after the heat treatment (850 °C) of the Pt electrode
deposition. In the case of NaScP,0-, the effect of the
sorbed water was observed up to 250-300 °C. The
conductivity by protons from the sorbed water was
controlled to be off and observation of the intrinsic
conductivity by Li " /Na ™ ions was ensured.

The alkali ion conductivity studied in lithium/sodium
double diphosphates, is low and is in the range 107—
107® S/cm. Generally, from Fig. 5 it is seen that lithium
ion conductivity is rather similar in both isostructural
diphosphates, LiFeP,O; and LiScP,O;. The conductiv-
ity plots for these two compounds do not take the shape
of a single straight line according to the equation

log (o T), SK/em
1 1111 2 NaScP,0,-H
| v NaScP,0,-C
v LiScP,0, -C
0 m LiFeP,0, -H ]
: O LiFeP,0, -C |
1k -
2 F ]
3+ -
4 |- .
5 -
1000 K/T
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Temperature, °C
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Fig. 5 Conductivity dependence on temperature for NaScP,0,
LiScP,05, and LiFeP,0,. Heating (H) and cooling (C) data are
shown

oT = apexp(—E,/kT) (1)

or Eq. (2) [36]. Instead, transitions in the conductivity
occur at certain temperatures as the possible result of a
sudden increase of charge carrier concentration (Nc)

Eq. (2):

yNe*c(1 — c)za® v AS E,
- 20 - 2
o T exp| —— | exp| — (2)

where y is the correlation factor for the jumps, N is the
total number of available sites per volume unit, e is the
elementary charge, ¢ is the fraction of mobile ions at
these sites, z is the valence of charge carriers, a is the
distance between the nearest sites, v is the ion vibration
frequency close to 10'® Hz, AS is the change of entropy,
k is the Boltzmann constant, and E, is the activation
energy.

The plots of LiFeP,O; and LiScP,O; can be de-
scribed by two regions of straight lines. Parameters for
the plots of conductivity dependence on temperature are
given in Table 5. The conductivity mechanism changes
at about 320-350 °C for LiScP,O, and at 417 °C for
LiFeP,0;, whereas a single straight line fits the plot for
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Table 5 Parameters for con-

ductivity of double diphos- Compound Density of d, (%) 0300 (S/cm) log a9 E, (eV) T range ( C)
f’ohga}ff%mfigga;:fﬁ jgi;‘?j;}f# LiScP,0, 71 4% 1077 5.602) 1.062)  250-320
4.8(1) 0.89(1) 350-720
Lig.0Sco.0Zr¢.1P>07 90 2x107° 4.7(1) 0.77(1) 200-700
LiFeP,0; 76 8§ x 1077 7.6(2) 1.23(2) 200417
4.4(1) 0.80(2) 417-650
LigoFeqoTio.1P207 84 3x107° 5.4(1) 0.94(1) 194-303
4.9(1) 0.81(1) 433-700
NaScP,0, 73 3x107° 5.3(2) 0.93(1) 250-470

NaScP,07 in Fig. 5. Differential thermal analysis mea-
surements have not indicated any notable thermal effects
at the temperatures of transitions in conductivity. It
seems that some kind of ion delocalization occurs above
these transition temperatures and the activation energy
of conductivity is reduced from 1.06 to 0.89 eV for
LiScP,0O7 and from 1.23 to 0.80 eV for LiFeP,O; (see
Table 5).

An extended analysis on the relation of conductivity
to structure for NaScP,O7 is not possible as the exact
structural arrangement in this material is unknown. In
the case of LiScP,O5 and LiFeP,05, the strong interac-
tion between lithium and oxygen ions is the main factor
limiting lithium ion transport, as the lithium ions are
located in the sites of distorted tetrahedral coordination
with rather short Li-O distances (about 0.67 A). The
localization is also determined by the low-polarizable
surroundings and low-polarizable lithium ions them-
selves. Otherwise, there are a few conditions which may
facilitate the ion transport in LiScP,O; and LiFeP,0O;.
There are vacant tetrahedral positions near to the nor-
mal lithium sites. However, from the low conductivity in
these materials we can conclude that these empty posi-
tions are not energetically advantageous. The bottle-
necks along the c-axis are sufficiently wide (3.96 A) for
lithium ion transport, as they are close to the sum of the
tetrahedral lithium ion diameter (1.30-1.34 A) and the
oxygen ion diameter (2.64 A).

Although LiScP,0O; and LiFeP,O, are isostructural,
the materials show different features in the conductivity
parameters presented in Table 5. The differences be-
tween both of the materials are due to the different ion
radii: #(Sc* ") = 0.80 and r(Fe*") = 0.68 A. The shorter
Fe-O distance provides the closer interaction between Fe
and O than between Sc and O. Thus, it is expected that
the charge from O is polarized towards Fe atoms.
Therefore, the Li-O interaction should be released.
Possibly, that explains the slightly lower activation en-
ergy for the conductivity in LiFeP,O; than in LiScP,0,
at high temperatures. However, closer Fe-O interaction
makes the framework of [FeP,O-]™ more rigid. Possibly,
this is a reason for the increased ion delocalization
temperature (417 °C) and higher activation energy for
conductivity in LiFeP,O, at low temperatures. Other-
wise, the bottlenecks of the tunnels in LiFeP,O, are of
the same width as in LiScP,O.

The 10% substitution of Zr*" for S¢** in LiScP,0,
yields an increase in the conductivity of 200 times and its

activation energy is slightly reduced from 0.89 to
0.77 eV, as is seen in Table 5. For some reason the
substitution of Ti** for Fe** is less effective as the
conductivity increases only about 27 times. The increase
in the conductivity is due to charge transport via va-
cancies in the normal lithium ion sites in the substituted
compounds. The high activation energies for the con-
ductivity (0.77-1.06 e¢V) in the substituted materials
confirm that the lithium ions are strongly localized, be-
ing bonded with oxygen atoms in the low polarizable
[MP,O;]” framework.

Conclusions

LiScP,O; [P 2;, a=7.021(2), b=8.3933), c¢ =
4.940(1) A, p=109.71(1)°] is isostructural with LiFe-
P,0,, the type III A'™M!IP,0O, diphosphates, whereas
NaScP,0O has a structure different from the six types of
A'M"P,0; known thus far. In this way, NaScP,0;
[a =12.453(1), b =5.2970(6), ¢=83851(1)A, p =
104.068(6)°] appears as an exception, as according to the
relations of the ion radii of Na® and Sc** it should
show type II of A™™"'P,O; properties. Particularly,
NaScP,07 consists of ions similar to the ones involved in
I1-NalnP,0».

Both diphosphates, LiFeP,O; and LiScP,O;, show
rather similar ion conductivity as they are isostructural.
Although LiFeP,O; and LiScP,O; have a framework
with sufficiently wide tunnels (bottlenecks of 3.96 A) for
lithium ion transport along the c-axis, the lithium ion
conductivity in these materials is low. Similarly, low
conductivity is observed for NaScP,O,. Different from,
for instance, NASICON related structures, the frame-
works of the diphosphates investigated do not provide
conditions (empty energetically equivalent sites and re-
leased bonding of alkali ions within the framework) for
ion delocalization and for fast ion conductivity.

We can conclude that low ion conductivity is ex-
pected in all the compounds of type III and in com-
pounds related to the structure of NaScP,0O-, if not in all
the A'M"'P,0; system. Still, it might be interesting to
test the conductivity in AgM™P,0; [1], where an effect
of high-polarizable Ag™* ions would be expected in the
ion conductivity. We have also to conclude that the
double diphosphates investigated are not in competition
with several other fast Na™/Li* ion conductors [e.g.,
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Li3Sc,(POy4)3, NASICON, Na-f-alumina] applicable in
ionic systems, for instance in sensors and batteries.
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