Available online at www.sciencedirect.com SOLI D
' scmuca@mnecrc STATE
. IONICS

ELSEVIE Solid State Tonics 159 (2003) 35—47

www.elsevier.com/locate/ssi

Na3Al,(PO,);, a fast sodium conductor at high pressure:
in-situ impedance spectroscopy characterisation and phase
diagram up to 8 GPa

Fabrice Brunet®™*, Nikolai Bagdassarov®, Ronald Miletich®

* Laboratoire de Géologie, CNRS-UMR 8538, Ecole Normale Supérieure, 24 rue de Lhomond, F-75231 Paris Cedex 5, France
® Institut fiir Meteorologie und Geophysik, Universitit Frankfurt, Frankfurt am Main, Germany
¢ Laboratorium fiir Kristallographie, ETH-Zentrum, Ziirich, Switzerland

Received 18 November 2002; accepted 19 December 2002

Abstract

Solid-state syntheses on the Na;Al,(POy4); composition have been carried out from 850 to 1273 K at pressures up to 8 GPa.
At 923 K and pressures above ca. 0.5 GPa, NazAl,(POy,); crystallises in a NASICON-type structure and becomes an ionic
conductor with a bulk conductivity of around 5.10™ 2 S/cm at 600 K, 1.5 GPa. Actually, the form recovered at room conditions
is the monoclinic deformation of the rhombohedral NASICON cell. The two non-quenchable phase-transitions which lead to
the true R-3¢ NASICON cell are met in high-pressure impedance spectroscopy (HPIS) experiments at 410 and 451 K, 0.4 GPa,
and 454 and 508 K, 1.5 GPa, respectively. At 1073 K and pressures of 3.9, 6 and 8 GPa, another Na3Al,(PO,4); form is obtained
which is isostructural to rhombohedral Na;Fe,(AsO,4); (II-NaFeAs), the high-temperature modification of NajFey(AsO4);
garnet (I-NaFeAs). A third NazAl,(PO,); form of unknown structure is recovered in the lowest pressure syntheses, which
displays a relatively low bulk conductivity comprised, at 0.3 GPa, between 5 x 10~ * S/cm at 900 K and 5 x 10~ ® S/cm at 600
K. The effect of pressure is to stabilise the NASICON structure for a compound with relatively small cations (Na, Al, P). In
addition, high pressures allow a transition from the NASICON structure to the II-NaFeAs structure, which had never been
obtained under the sole effect of temperature at ambient pressure.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction conductors referred in the literature to as NASICON
[1,2]. The high sodium-conductivity and the good

Amorphous Na3;Al,(PO,4); has been recently rec- cation-exchange properties of the members of NASI-
ognised to belong to the vast family of solid ionic CON-structure compounds such as Nay ;. . Zr,Si,P5 _

O, series with 0 <x <3 (traditional NASICON series

* Corresponding author. Tel.: +33-1-44322274; fax: +33-1- [3,4]), or new series like Na, . Ti; - AL(PO4); with
44322000. 0<x<0.9 [5] and Na3V,(POy4); [6], as well as a
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electrodes and for chemical sensors, have motivated
recent studies of structurally related compounds. For
example, most compounds with a general formula
Mei(Me® "),(Me® "04); (with Me"=Na, Li, Ag or
K, Me® "=Ga, Cr, Fe, Al, Sc or In and Me® "=As
or P) belong to the NASICON-class where the
mechanism of the electrical conductivity infers hop-
ping of Na ions among adjacent sites M(1), M(2)
and M(3) through channels parallel to the c-axis
built in the anionic framework of Me* "Og octahedra
and Me® "0, tetrahedra [3,7]. Besides the fast ionic
conductivity, some of these compounds of NASI-
CON-structure possess a low thermal expansion
[8,9]. They can also be potentially used as sensors
for some ion-exchange and redox insertion/extrac-
tion reactions under mild experimental conditions
[6]. The sodium phosphates, Nas(Me® "),(PO,);
(with Me® "=Fe, Cr, In, Sc), crystallise with the
true R-3¢ NaZr,(POy)s structure, first established in
Ref. [10], and they all show similar structural
properties [11]. Apart from NasIn,(PO,)s, all these

phosphates display a monoclinic modification
towards low temperatures [11—14], similar to that
described in Ref. [15] for Na;Zr,Si,PO;, NASI-
CON. Sodium arsenates, structurally related com-
pounds, were less studied than their phosphate
analogues. Sodium arsenates, with Me®> "=Cr and
Fe, adopt the garnet structure [16] and show a high-
temperature rhombohedral modification with an
open structure, called II-NaFeAs [17]. Sodium
arsenates with a smaller trivalent cation (Me® "), like
Al and Ga, are only known under the II-NaFeAs
form. When, on the contrary, larger cations like Sc
or In are incorporated, then Na3Sc,(AsO,); crystal-
lises with the true R-3¢ NASICON structure whereas
NazIny(AsOy); crystallises into a fourth, alluaudite-
like, structure [18]. Besides that, the substitution of
Li for Na in NajFe,(AsO,); stabilises the garnet
structure [19].

The structures which were under the scope of
previous 1-bar studies for Nas(Me® "),(PO,); and
Nas(Me® "),(AsO4);, with Me® *=Al, Fe, Cr, Sc,
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Fig. 1. Structures of Naz(Me® “),(Me® “04); with Me® “=Al, Fe, Cr, Sc, In, and Me® “=As and P located in the space of the Me®* " and Me® *
cation volume (ionic radii are taken from Ref. [20]). Alluaudite (solid diamond), NASICON without low-temperature modifications (empty
triangle), NASICON with low-temperature modifications (solid triangles), NazFe,(AsOy); structure without garnet modification (empty
squares), NasFe,(AsOy4); structure with garnet modification (solid squares). Empty circle corresponds to the plot of the Naj;Aly(POy)s

composition.
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and In, are reported in a two-dimensional space of
both pentavalent (As and P) and trivalent (Me® ")
cation ionic volume (Fig. 1). Three types of struc-
tures can be defined. The NASICON-type structure
field includes phases with the NaZr,(PO,); structure
with or without monoclinic modification. It is a wide
field including all phosphate as well as scandium
arsenate compositions. Most arsenates, however,
crystallise with the rhombohedral II-NaFeAs struc-
ture (with or without garnet modification, [-NaFeAs).
At one end of the diagram (Fig. 1), NazIny(AsOy4)s3
corresponds to the compositions with the largest
cations; Na3Iny(AsOy); crystallises with the alluau-
dite structure. At the opposite end, NazAl,(POy4);
with the smallest cations has never been obtained
from dry synthesis [15]. It must be noted that
temperature does not affect the boundary between
the various structure fields. In other words, poly-
morphic relationships have never been described at
atmospheric pressure between the structures men-
tioned in Fig. 1. Actually, this does not hold true
for the NaCa,Me?*,(AsOy4); compounds (with
Me? "=Mg, Ni, Co) which exhibit a garnet—alluau-
dite transition [21]. It has been claimed in Ref. [22]
that the synthesis of NajAl,(PO,); garnet could be
achieved by cooling a molten Na;PO,4+ AIPO,4 mix-
ture at ambient pressure. However, the inspection of
Fig. 1 shows that the growth of Na3Al,(PO,4); garnet
at ambient pressure is unlikely. As a matter of fact,
the garnet structure has been recognised in arsenate
compounds but never in their phosphate counterparts
in relation to the smaller size of the P> ion.
Previous studies dealing with Nas(Me® "),(Me® "0y);
compounds were undertaken at atmospheric pressure.
They mainly aimed at producing, by varying both
temperature and cation size, NASICON compounds
with various structural opening. Due to the small size
of the Me® " and Me® " cations in NazAl,(PO,)s,
pressure appears to be a key parameter to obtain the
R-3¢ NASICON structure, which is commonly found
for Naz(Me® "),(Me® "04); compounds. It can be
mentioned at this stage that the Na* conductivity in
NazAl,(PO,4); is expected to be comparatively low
and the activation energy to be high in a NASICON
framework composed by a small octahedral metal
like AI’" [9]. The ionic conductivity of crystalline
NazAl,(PO4); has never been investigated, however,
and is the focus of this study.

2. Experimental
2.1. Syntheses

The 3/2 Na,O + Al,O53+3/2 P,Os5 stoichiometry is
achieved by grinding under ethanol a mixture of
Na,CO; + Al,O3 + NH4H,PO,4 (Aldrich©, 99.999%)
in an agate mortar. The homogeneous mixture is then
held for 1 h at 873 K and for another hour at 1273 K
and then quenched in air. A recrystallised melt has
been recovered, then it was crunched into millimeter-
sized pieces and subsequently milled for 30 min under
ethanol in an agate mortar. The final powder product
was loaded in a gold or platinum capsule and hermeti-
cally welded.

Syntheses below 400 MPa and 873 K were carried
out in externally heated cold-seal vessels. The exper-
imental set-up is detailed in Ref. [23]. Syntheses at
pressures between 400 and 800 MPa, and temper-
atures above 873 K, were performed in an Edinburgh-
type internally heated pressure-vessel (IHPV) using
argon as pressure medium. Gas pressure is measured
with an electronic gauge to * 1.5% and temperature
was monitored by two S-type Pt/PtRh;, thermocou-
ples. Synthesis at pressures from 1 to 4 GPa were
carried out in an end-loaded piston-cylinder apparatus
(Paris). An encapsulated sample was loaded in a
conventional high-pressure assembly consisting of
NaCl-sleeves as a pressure transmitting media and a
graphite straight-wall furnace; see Ref. [24] for
details. Temperature is measured with an S-type Pt/
PtRh;, thermocouple. Pressure calibration was done by
using two known phase equilibria: farringtonite <
Mg;(POy),-II phase transition [25] and albite«<
jadeite + quartz reaction [26].

A few syntheses at higher pressures up to 8 GPa
were carried out in a multi-anvil MA-8 apparatus [27].
Tungsten carbide cubes with 40-mm edges and 25-
mm truncation-edge lengths were used. The pressure
medium is a MgO-based octahedron (17-mm edges)
with a stepped graphite furnace. For more experimen-
tal details, the reader is referred to Ref. [27].

2.2. X-ray diffraction
All run products were first characterised using X-

ray powder diffraction. Ten milligrams of the powder
sample was ground under ethanol in an agate mortar
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and smeared with ethanol on a glass slide. X-ray
diffraction patterns were acquired on an INEL diffrac-
tometer (CoK, radiation) equipped with a CPS 120
detector. Silicon (NBS standard) pattern is used to
convert channels into diffraction angle (260°). Precise
lattice parameters of selected single crystals (60—90
um in average size) have been determined by means
of single-crystal diffraction. The unit-cell parameters
of the sample crystals were determined using a Huber
four-circle diffractometer operated with non-mono-
chromatized Mo X-ray radiation and using a single-
point detector. Details of the instrument setting and
the peak-centering algorithm are provided in Refs.
[28,29]. The effects of crystal offsets and diffractom-
eter aberrations were eliminated by applying the
diffracted-beam technique [30]. Lattice parameters
determined by a least-squares fit to the corrected
setting angles of reflections showed no deviations
from symmetry-constrained unit-cell parameters. The
values of symmetry-constrained lattice parameters
obtained by a vector-least squares fit [31] were
determined from 22 to 27 accessible reflections up
to 35° in 20°. When crystal size was not suitable for
single-crystal diffraction, lattice constants were
refined on powder using the UnitCell software [32].

2.3. High-pressure and high-temperature impedance
spectroscopy

Electrical impedance measurements were per-
formed on synthetic NazAl,(PO,4); powders at pres-
sures from 0.3 to 1.5 GPa and temperatures up to 1050
K in an end-loaded piston-cylinder press [33] in
Frankfurt. The room temperature Bi I-II and Bi 11—
II transformations at 2.56 and 2.7 GPa [34], respec-
tively, as well as the melting curves of NaCl and CsCl
[35] and the o — P transition in LiNaSO,4 [33] were
used for pressure calibration. Melting points of NaCl
and CsCl as a function of pressure up to 2.5 GPa have
been determined by in-situ electrical conductivity
measurements and compared with the table values.
Pressure is believed to be accurate within + 0.05
GPa. Electrical impedance measurements were carried
out using a Solartron™ 1260 Phase-Gain-Analyser
interfaced with a PC. The device permits a single sine
drive and analysis of a system under test over the
frequency range of 10 pHz to 32 MHz. In this study,
we applied a 1-V sine signal over the frequency range

of 0.01 Hz to 100 kHz. Typically, the frequency scan
were performed with logarithmic frequency steps of
0.2—0.5 log units. Signals at higher frequencies (>100
kHz) were affected by cable impedance, and at lower
frequency (<0.01 Hz) signals became too noisy.

A cell for electrical impedance measurements in
the piston cylinder utilised a coaxial cylindrical
capacitor with two electrodes from pure Pt-tubes of
0.1 mm in thickness. Both outer and inner electrodes
are made from Pt-tube having a diameter of D=3.8
mm and 4=2.2 mm, respectively. The estimated
geometric factor G varied from 5.8 to 6.3 cm from
one experiment to another. The exact geometric factor
of the cell was evaluated independently before high
pressure impedance measurements from calibrations
on NaCl solutions (for details see Ref. [33]). The
starting material in the form of polycrystalline powder
was pressed in a coaxial cylindrical gap between the
two Pt-electrodes. Measurements of the geometric
factor of the cell after high-pressure experiments
revealed that due to the cell deformation under pres-
sure the length of the cylindrical capacitor L increases
by ~ 3-4%, the outer diameter D increases by 1—-2%,
and the inner diameter d remains constant. The main
advantage of using a coaxial cylindrical geometry
instead of a parallel plate geometry in a piston-
cylinder apparatus is the negligible change of the
geometric factor during loading of the cell under
pressure.

During impedance measurements in the piston-
cylinder, the press was isolated from the ground of
the Solartron™ 1260. Wires from the Pt-thermocouple
and the nongrounded mass of the high-pressure auto-
clave were used to connect the measuring device and
the cell electrodes. After each set of measurements, a
measuring circuit was calibrated for short-circuit and
open-circuit impedance over the frequency range 1
MHz-0.01 Hz. A typical AC-resistance of the cell to
a short connection was ~ 0.4 (). These calibrations
have been taken into account in the final calculations
of the electrical impedance as a function of frequency
(Novocontrol® software). The electrical impedance
measurements were conducted without automatic tem-
perature control in order to avoid the electrical noise
from the thyristor regulating the electric power
applied to a graphite furnace in the high-pressure
assembly. The temperature was adjusted manually
through a variable transformer. The hydraulic oil
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pressure in the piston ram was regulated by the use of
a servo-motor pushing back and forth the piston in a
separate hydraulic cylinder. The estimated accuracy of
pressure is + 50 MPa, the accuracy of temperature is
+3 K.

3. Results

3.1. Syntheses and characterization of quenched
products

Three NazAl,(PO,4); polymorphs have been iden-
tified, named Na3Al,(POy4)s-1, -II and -III hereafter, in
dry syntheses performed from ambient pressure up to
8 GPa in the 848—1273 K temperature range (Table
1). Syntheses in the presence of water were avoided
since they were found to lead to the formation
hydrous aluminium Na-phosphates.

Two experiments have been performed at atmos-
pheric pressure in order to reproduce early results on
NazAl,(PO4); compounds from Refs. [22,36]. The
Na3Aly(POy); starting material was placed in a plat-
inum crucible and held at 1273 K for 1 or 2 h, and

Table 1
Results of the Na3Al,(PO,); syntheses

Run# Apparatus 7 (K) P

Duration End products

(GPa)
1 AP 1273 Atm. 1h AIPO} + AlLO3 +
amorph.
2 AP 1273 Atm. 1h AIPOj + AlLO5.+?
4 HPV 873 0.66 5days  I+Nay(AlP,07)4PO,
5 CSv 873 0.15 17 days I+?
6 CSV 923 0.1 8 days I
7 CSv 823 0.4 15 days 1
8 1B 1053 0.18 4days I
9 IHPV 923 0.56 6days II+I
10 PC 848 0.85 S5days II
11 PC 848 1.4 5days I
12 PC 1073 2.1 33h I
13 PC 1273 2.0 4 days 1I
14 PC 848 1.7 Sdays II
15 PC 973 2.1 33h 11
16 PC 973 29 96 h I1+?
17 PC 1073 3.9 3 days I
18 MA 1073 6.0 30h I
20 MA 1073 8.0 24 h I+ amorph.

CSV: cold-seal vessel; IB: isochoric bombs; IHPV: internally heated
pressure-vessel; PC: piston-cylinder apparatus; amorph.: amorphous
material; AIPOj: AIPO, tridymite; “?”’: unidentified phase(s).

Table 2

Electron microprobe analyses (Cameca SX50) performed on
crystals dispersed in epoxy, and calculated structural formulae on
a 32-oxygen basis

I I I
0.18 GPa/780 °C 0.6 GPa/750 °C 3.9 GPa/800 °C

Na,O  19.2(2.2) 20.1(1.5) 20.2(3.6)
ALO;  24.3(2.7) 24.9(8) 25.0(2.0)
Si0, 0.3(3) 0.2(1) 0.2(0.3)
P,0s5 55.0(1.5) 54.4(1.0) 55.9(2.6)
CaO 0.1(1) 0.1(1) 0.1(0.1)
FeO 0.0(0) 0.0(1) 0.0(1)

3 99.0(3.6) 99.7(2.0) 101.5(3.0)
32 oxygens

Na 2.53) 2.6(2) 2.6(5)
Al 1.9(2) 2.0(1) 1.9(2)

Si 0.0(0) 0.0(0) 0.0(0)

P 3.1(1) 3.1(1) 3.1(1)
Ca 0.0(0) 0.0(0) 0.0(0)
Fe 0.0(0) 0.0(0) 0.0(0)

The 20 error is in parentheses. Standards: albite (Na), diopside (Ca,
Si), apatite (P), orthoclase (Al), hematite (Fe). Electron beam
conditions: 10 nA, 15 kV.

then was either quenched in air (run #1, Table 1) or
slowly cooled at a 1 °C/min rate (run #2, Table 1).
The diffraction pattern of the run #1 displays the
characteristic AIPO,4-tridymite reflections along with
a-Al,O5 (corundum) and a strong amorphous diffu-
sion signal probably due to significant amounts of a
sodium-phosphate glass. In run #2, AIPO,4 and Al,O;
seem to have reacted with the melt component and
several additional Bragg’s reflections are present on
the X-ray pattern which could be attributed neither to
the Na3Al,(PO,4); produced by [36] nor to any known
structure.

Syntheses at pressures up to 0.66 GPa yielded a
first compound with a Na3Al,(PO4); composition,
NazAl,(POy4)s-1 (see electron microprobe analyses in
Table 2). In a run at 660 MPa, 873 K, beside
NazAly(POy4)s-1, a large amount of Na,(AlP,0,),PO,
is present (the corresponding starting mixture has not
been further used). It should be noted that most of the
NazAl,(POy4)s-1 reflections are also present in the
diffraction pattern of Na3;Al,(PO,); from Ref. [36],
which displays additional reflections that could be
attributed to Na,(AIP,0,);PO4 (Table 3).

Selected crystals from the products of run #7 and
#8 were analysed by means of single-crystal X-ray
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Table 3

Main Na3Al,(PO,);-1 reflections (highest intensity reflections in
bold), comparison to Na;Al,(PO,); (JCPDS 31-1265) and tentative
indexation using the tetragonal cell inferred from single-crystal
experiments

Na;AL(PO,); JCPDS

Naz;Aly(POy);-1 Tetragonal cell

(31-1265) (XRPD) (single-crystal data)
5.16° 8.38 011
4.65° 5.18 103
4.43 4.67 004
4.16 3.48 213
3.87° 3.31 024
3.74° 2.84 -
3.61% 2.82 116
3.47° 2.61 206
3.29° 2.59 034
3.13% 2.14 136
2.94 2.13 325
2.79° 1.80 425

# Reflection from NazAl,(POy)s-1.
® Reflection from Na;(AIP,0,)4POs.

diffraction and revealed a strong pseudosymmetry.
Most of the crystals are multiply twinned individuals
with typical splitting of the Bragg reflections. Only in
one case was it possible to derive an orientation
matrix for a single domain revealing a (pseudo)tetrag-
onal primitive unit-cell with a=9.313(15) A and
c=18.658(32) A. Remarkably, these lattice parame-
ters indicate pseudocubic symmetry with c¢=2a.
Unfortunately, the crystal was too small (40 um) for
reliable intensity measurements in order to determine
both space-group symmetry and structure, and even
attempts using a CCD-based detector system failed.
Although the powder pattern of the corresponding
product could be indexed on the basis of the tetrag-
onal unit-cell (Table 3), both the splitting of reflec-
tions and the occurrence of twin-domain reflection
sets indicate further symmetry breaking probably due
to symmetry-related phase transitions.

Another polymorph, NasAl,(PO,)s-11, is encoun-
tered at higher pressure, between 0.56 and 2.9 GPa. At
0.56 GPa (923 K), both Na3Al,(POy4)s-II and
NazAl,(PO4)s-I coexist in the run product. Nas-
Aly(POy)3-11 shows a diffraction pattern consistent with
a NASICON-type structure. Single-crystal diffraction
confirms the rhombohedral NASICON unit-cell with
a=8.471(4) and ¢=21.166(9), space group R-3c.
Actually, the presence of the 101 reflection in the
NazAly(POy4)3-11 powder pattern precludes the R-3¢

(or R3c) space-group. It is therefore likely that, like
NazFe,(POy); [14], only the monoclinic modification
of the Na3;Al,(PO,4); NASICON-cell can be quenched.

A third polymorph, NasAl,(PO4)s-111, was obtained
in higher-pressure experiments at 1073 K, 3.9 and 6.0
GPa. The X-ray powder pattern of this latter form (run
#17) could be indexed in a NazFe,(AsOy4)s-11 structure
with a=12.948(5), c=17.814(11). The product recov-
ered after a run at higher pressure (8.0 GPa and 1073
K) appeared to be partly amorphous; Na3Al,(PO4)s-111
is present but poorly crystallised.

3.2. Results of high-pressure impedance spectroscopy
(HPIS)

HPIS measurements have been performed on both
Na3;AlL(POy4)s-1 and NazAl,(POy4)s-1I. The obtained
frequency scans of the measured electrical impedance
are presented in a series of Argand plots (Fig. 2).
The conductivity scans were fitted to the superposi-
tion of two power-law dependencies corresponding
to two RC-circuits with a constant phase element
[37].

a(w) =09 x [1+ (j x o x 19)"] + opc
X [1 +(]X w X ‘L'Ac)p} (1)

where the first term is ascribed to the Na“ blocking
response at the surface of the Pt electrodes at low
frequencies and the second term is ascribed to the
bulk properties of the investigated material at high
frequencies [38]. Parameter opc represents a bulk
DC-conductivity of a sample, p is the frequency
exponent varying in the range from 1 to 0. Typical
Argand plots of the two polymorphs, NasAl,(POy4)s3-1
and NazAl,(POy)s-I1, are shown in Fig. 2. Parameter
opc has been estimated from these plots and Eq. (1)
for each temperature and pressure. The bulk DC
conductivity is a temperature-activated property and
is usually found to obey the Arrhenius dependence:

E;
opc X T = a9 X exp (— k_T) (2)

where g is the pre-exponential factor and E,, is the
activation energy of the electrical conductivity.

The electrical conductivity properties of Nas-
Aly(POy)3-1 are presented in the Arrhenius plot in
Fig. 3. For comparison, the data for amorphous
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Fig. 2. (Upper panel) Argand plots of NazAl,(PO,);-I at pressure 0.3 GPa; geometric factor of the electric cell G=6.31 cm. (Lower panel)
Argand plots of Na3Al,(PO4)s-IT (monoclinic, a form) at 1.5 GPa; G=5.74 cm. Numbers in brackets are values of the polarisation exponent p, a
fitting parameter in Eq. (1).
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Fig. 3. (Upper panel) Arrhenius plot of the bulk resistance of low pressure polymorph NasAl,(PO,)s-1 at different pressures. At temperatures
above ca. 763 K the character of the conductivity changes which is marked by the increase of the activation energy. Extrapolation to this
temperature range of the conductivity data of Refs. [38,39] shows that the ionic conductivity of amorphous Na3Aly(PO4); and NazAl,(PO4),F3,
respectively, are close to that of this polymorph. (Lower panel) Arrhenius plot of Na;Al,(PO,)s-1I, polymorph of a crystalline NASICON
structure. Two displacive phase-transitions are marked by a change in the activation energy. Conductivity of this polymorph at temperatures
above 508 K is 2.5 orders of magnitude higher than the extrapolated data for NazAly(POy,);-glass [39] and non-NASICON structure compound

Na3A12(PO4)2F3 [38]
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NazAl,(POy4); [39] are shown on the same graph. In
the 473—-873 K temperature range, the real component
of the bulk conductivity o is relatively low, i.e. from
1077 to 10~ * S/cm. The temperature dependence of
the bulk resistance follows an Arrhenius law with a
kink around 763 K at 0.3 GPa. Below 763 K the
activation energy of DC conductivity is ~ 0.7 eV. The
activation energy slightly varies from 1.05 to 1.31 eV,
from 773 to 873 K. These values compare well with
results obtained on Na3Al,(PO,4),F3 E,~ 0.8 eV [38]
but are definitely higher than those expected for fast
sodium conductors. The values of the activation
energy estimated from Eq. (2) are listed in Table 3.
They are higher than the reported value for
NazAly(POy4); glass 0.5 eV [39]. The increase of the
activation energy above 763 K indicates either a new
conduction mechanism or an increase of mobile
species in the structure which was observed in the
compound NazAl,(POy4),F5 [38]. The melting temper-
ature determined from the drop of resistance to ca. 25
Q cm is about 1153 K at 0.3 GPa. Polarization
exponent p in Eq. (1) is smaller than 1. Below 763
K, p is ~ 0.8 and above 763 K, p increases to ~ 1.
The physical meaning of p<1 is that the hopping
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motion of Na' is translational and involves a big hop
[38]. The large value of the activation energy indicates
also a nonlocalised motion but rather a macroscopic
diffusion of a sodium ion.

The NazAly(POy)s-1I polymorph of NASICON
structure has been initially synthesised at 1.4 GPa,
848 K (run #11) and was loaded in the HPIS cell and
held at 0.4 GPa at room temperature. The first set of
measurements was carried out isobarically at 0.4 GPa
in the 523-853 K temperature range. The typical
scans of the resistivity at low temperatures are shown
in Fig. 4 on an Argand plot. The fitting parameters in
Eq. (2) vary with temperature from 411 to 439 K: t5c
from 2.9 x 107> to 4.9 x 10~ ¢, and p from 0.86 to
0.76. The bulk DC conductivity of the sample
obtained from Eq. (1) is displayed in Fig. 3 (lower
panel) at 0.4 and 1.5 GPa, respectively. The first
measurements show a high conductivity for a ceramic
material consistent with a fast ion conductor material.
The data obtained for this first heating stage are rather
scattered on the Arrhenius plot. This is the expected
behaviour for a powder sample that has not achieved
good compaction and sintering. For that reason the
sample is held (15 h) at 0.4 GPa and 853 K. Com-

garnet (1V) ?
7 w I
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Fig. 4. Tentative Na3Al,(PO,4); phase diagram based on synthesis experiments and HPIS data. Na3Al,(PO,4); melting temperature at atmospheric
pressure is from Ref. [36]. Melting temperature at higher pressure (0.3 GPa) is estimated from HPIS measurements on Na3Aly(POy)s-1.
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paction and sintering generally lead to a slight resis-
tivity increase.

Upon cooling down to 393 K at an average cooling
rate of 1 K min~ ', two changes in activation energy
are encountered at 451 and 410 K, respectively (Fig.
3, lower panel). These changes are confirmed upon a
second heating cycle and are consistent with conduc-
tivity measurements carried out on NazFe,(POy);
NASICON at atmospheric pressure [14].

Pressure is then slowly increased from 0.4 up to
1.5 GPa at 633 K within 30 min. The real component
of the electric impedance (7' ) at 1 kHz (which
approaches the bulk DC impedance value) is found
to increase from 830 to 1810  cm (i.e. 890 ) cm
GPa~ ). Then, the sample is held overnight at 853 K,
1.5 GPa, i.e. under P—T conditions close to the initial
sample synthesis conditions. Sample resistivity is
found to decrease from 170 down to 70 Q cm. It
seems, therefore, that the amount of low-pressure
phase produced at 0.4 GPa back-transformed into
the initial polymorph. It should be noted that due to
the presence of Na3Al,(POy4)s-1 in the sample meas-
ured at 0.4 GPa, sample resistance measured at 1.5
GPa is lower than that measured at 0.4 GPa at the
same temperature, contrary to the expected trend for a
single-phase material.

Cooling the sample at around 1 K min~ ' down to
411 K allows to meet the two phase-transitions
encountered at 0.4 GPa but shifted to higher temper-
atures (508 and 454 K). Again, these transitions are
fully reversible and confirmed upon heating. X-ray
pattern of the recovered material yielded NasAl,
(PO4);-1I plus small amounts of Na3Al,(POy4)s-1. The
level of the fast ionic conductivity in NazAl,(PO,)s-11

Table 4
Activation energies of apc X T of NazAl(POy); (eV)

Pressure  NazAl,(POy4)s-11, crystalline NASICON structure

(GPa)
04 L114£0.09  1.7+0.1 0.43 +0.06
(T<410K) (410 K<T<451K) (451 K<T)
1.1 1.03+£0.08  1.5+0.1 0.42 +0.07
(454 K<T) (454 K<T<508K) (508 K<T)

Na3zAly(PO,);-1, crystalline non-NASICON structure

03-12 0.71+0.06  1.05+0.05 1.32 +0.09
(T<763K) (763 K<T<878K)  (I>878 K)

1.8 0.86+0.05  1.03+0.05 1.6 0.1
(T<763K) (763 K<T<888K)  (T'>888 K)

polymorph is about 2.5 orders of magnitude higher
than the extrapolated values for Na;Al,(POy,); glass
[39]. The activation energy of the bulk DC conduc-
tivity is ~ 0.4 eV, which compares well with the
values for other NASICON-type compounds [39,40].
Activation energies of the agpc of all NasAl,(POy)s
phases obtained in this study under pressure are found
in Table 4.

4. Discussion

4.1. Na3Al,(PO,); phase diagram and electrical
conductivity

The results of the quenched experiments and of the
HPIS measurements are summarized into a tentative
phase diagram in Fig. 4.

NazAly(POy4)s-1 is likely to be the stable form of
NazAl,(PO,); at low pressure. It could even be stable
down to atmospheric pressure if one assumes the
Na3Al,(POy4); synthesis of Ref. [36] as a phase
mixture including NazAl,(POy4)s-1 (Table 3). The
relatively low ionic-conductivity of Naj;Al,(POy)s-1
rather suggests that, contrary to the higher pressure
polymorphs, Na3;Al,(PO,4)3-I does not crystallise into
a fully open structure. It is therefore an unusual case
of structure opening driven by pressure that renders
the Na3Al,(POy)s-1 structure determination an excit-
ing issue. The twinning of NazAl,(POy4)s-1 crystals
observed in single-crystal diffraction experiments
suggests a phase transition that could occur at around
763 K, in the 0.3—1.8 GPa range, according to our
HPIS measurements. Submitted to pressure above 0.5
GPa, Na3Al,(POy)s-I transforms into Naz Al,(POy4)s-11
which shows a NASICON structure like other
Nas(Me® *),(POy4); phosphates. The conductivity
mechanism in Na3Al,(POy4)s-1 is translational motion
of Na' ions [38]. The window allowing the transla-
tional movement of Na" from one structural cavity to
another is comparable with the size of the ion. This
explains a rather high value of the activation energy of
DC bulk conductivity. The requirement of high pres-
sure to stabilise the NASICON structure is in keeping
with the small size of the cation found in each
NazAly(POy); crystallographic site. The molar volume
of NazAl,(POy);-11 is compared to that of other
NASICON compounds, either phosphates (Na- or
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Table 5
Volume of selected compounds with a NASICON-type structure
VIZ (A%) ViZ (A%

NaCoSc(SOy); 240.5% NaNiSc(SO,); 237.5"
NaMnSc(SOy)3 238% NaZnSc(SO,)s 239.5%
NaMgSC(SO4)3 238.5% Sr()_stz(PO4)3 ZSOSb
Mg sHE(POy4)s 252.5° Bag sHE,(POy); 255.5°
Cao>5Hf2(PO4)3 2535b NaZrz(PO4)3 264.6°
Cag sTir(POyg)s 22334 NaTiy(POy)3 226.7°
Cao’szrz(PO4)3 256.9° NaGez(PO4)3 204.3¢
LisFey(POy)s 259.03" NasFe,(PO,); 239.9f
Na3Cr2(PO4)3 235.98 Na3Alz(PO4)3 220.4

2 144].

© [45].

°[10].

4146].

°[47].

4.

€ [48].

Li-bearing) or sulfates (Table 5). Among the depicted
phases, Na3zAl,(PO,4); shows one of the smallest vol-
ume and is, to our knowledge, the X"5(Y> "),(Z* T04);
NASICON phase with the highest compaction ever
reported. Interestingly, NazAl,(PO4)s-11 is super ionic
conductor at high pressure with conductivity values
around 3 X 10~ % and 5 x 10~ ? S/cm at 373 and 973
K, respectively, at 1.5 GPa, i.e. close to that of the best
NASICON-type conductors. For comparison, along
the NASICON series Nal +XZI'QSix(P1 _ x/304)35 con-
ductivity varies from 3 x 10~ ' S/cm at 773 K to
5x10°% S/cm at 323 K for x=2, and from
3x 1072 S/em at 773 K to 4 x 10~ * S/em at 323 K
for x=1.2 [41]. In NasZr, _ /4Si> _ (P +,304)3,
x=1/3, conductivity is highest for the compositions
of NASICON structure and varies from 2 x 10~ S/
cm at 473 K to 3x 10~ % S/em at 303 K [42].
Conductivity of compounds of the Na; . ,Zr, _,In,
(POy4); series (0<x<0.8) at ambient pressure varies
from 107 °~10"* S/em at 200 °C to 5x 10 °~
5x 1077 S/cm at 303 K [7]. For the Na; sMe, ¢Ing 4
(POy4); series of NASICON structure with Me=Ti,
Sn, Hf, Zr, conductivity ranges from 5 X 10% to
5x107 % S/cm at 523 K and from 5x 1077 to
5% 107> S/em at 323 K for Me=Zr and Ti, respec-
tively [3].

In-situ impedance measurements allowed to iden-
tify two reversible transitions which have already
been reported in similar compounds. By analogy to
NasFe,(POy)3, the low temperature phase (i.e. the

structure recovered after quenching) corresponds to
the a form (monoclinic transformation of the rhom-
bohedral NASICON-cell). The middle- and higher-
temperature forms would correspond to B and v,
respectively, two closely related rhombohedral phases
of NASICON structure which only show a slight
volume difference according to high-temperature dif-
fraction data on NaszFe,(POy4); [14]. A major result of
this Stlldy is the Na3Fez(PO4)3-II*Na3F62(PO4)3-III
transition encountered at pressures above 3 GPa and
which involves the transformation of a NASICON
structure into another open structure, II-NaFeAs (see
Ref. [17] for II-NaFeAs structure description). Again,
compared to NazFe;(AsOy4); or NazCry(AsOy); of
same structure, Na3Al,(PO,4);-1II appears to have a
volume by around 15% smaller (Table 6).

4.2. Towards a Na3AI,(PO,); garnet modification

The stability of a Na3Al,(POy); polymorph with a
II-NaFeAs structure is an interesting issue since it
renders the existence of Na3Al,(PO,); garnet possible.
At atmospheric pressure, Naj;Fe,(AsOy4); and
Na3Cry(AsOy4); show a transition towards low temper-
atures into a garnet form of smaller molar volume. By
analogy, the transformation of Na3Al,(PO,4)s-1II into a
garnet form, if any, is expected at higher pressure (or
lower temperature) than that at which Na3Al,(POy)s-
III was obtained. If one applies a volume change of
about 9% to 10% at the transition based on the volume
change encountered for the arsenate analogues (Table
6), the volume the Na3Al,(PO,); garnet (V/Z) would
approach is 195 A3. The corresponding a-parameter
assuming a cubic-garnet cell would then range from
11.5 to 11.6 A. These predicted values are consistent

Table 6

Expected volume difference (V/Z) between NazAly(POy)s-1I1 and
hypothetical Na3Al,(PO,4);-garnet; comparison with Na;Cry(AsOy)s
and NazFe,(AsO,4); molar volume data

II-NaFeAs Garnet AVIV
(A% (I-NaFeAs) (%)
NasFey(AsO,)s 252.6° 228.2% —9.6
Na3Cra(AsO,)s 246.0° 223.9° -9.0
Na;AL(PO,); 215.5(2) 200.2° -7.1
149,17].
®[49,17].

¢ Calculated volume using the garnet a-parameter obtained from
the regression in Ref. [43].
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with the 11.7 A value (i.e. ¥/Z~ 200 A%), calculated
using the linear regression in Ref. [43] where the size
of the each cation is taken into account (i.e. Na, Al
and P).

5. Conclusion

NazAl,(POy4)3-I, which is likely to be the stable
NazAl,(POy4); form at ambient pressure, displays a
moderate ionic conductivity comparable to that of
amorphous Na3;Al,(POy); [39]. Its conductivity
increases with temperature due to a progressive open-
ing of the diffusional path of Na in the structure. Due
to the relatively small size of the octahedral trivalent
cation (i.e. A’ ) in Na3Al,(PO,)s, pressure is required
to stabilise the R-3¢ NASICON structure for that
composition. Application of high pressures on the
NASICON polymorph (Na3Al(POy);-1I) induces a
phase transformation into a NaFeAs-II structure which
is also known for its Na-conductivity properties.
Towards very high-pressures, above 8 GPa, fast Na-
conductivity may cease due to a possible transition
into a fourth polymorph with a garnet structure. In
addition to the Na3zAl,(POy)s-1 structure determina-
tion, this study should prompt additional high-pressure
and high-temperature investigation towards the sus-
pected garnet field. However, in order to achieve that
goal, and due to the now recognised polymorphism
wealth in the Na3Al,(POy); system, in-situ character-
isation techniques appear as the most appropriate.
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