Preprints are preliminary reports that have not undergone peer review.

6 Research Sq uare They should not be considered conclusive, used to inform clinical practice,

or referenced by the media as validated information.

Structural, thermal and electrical properties of
Na,, Al Ti>.,P301, (x = 0.3) solid electrolytes

Ademola J. Adetona

adetonaademol a0/ @gmail . com

The University of Sheffield

Ge Wang
University of Manchester

Ayorinde O. Nejo
University of Lagos

Cheryl Shaw
The University of Sheffield

Beatia In Siame
The University of Sheffield

Research Article

Keywords: Na1.3Al0.3Ti1.7(P04)3, Solid electrolyte, Dilatometry, DSC/TGA, Electrochemical Impedance
Spectroscopy

Posted Date: August 29th, 2024
DOI: https://doi.org/10.21203/rs.3.rs-4839121/v1

License: © ® This work is licensed under a Creative Commons Attribution 4.0 International License.
Read Full License

Additional Declarations: No competing interests reported.

Page 1/23


https://doi.org/10.21203/rs.3.rs-4839121/v1
https://doi.org/10.21203/rs.3.rs-4839121/v1
https://doi.org/10.21203/rs.3.rs-4839121/v1
https://creativecommons.org/licenses/by/4.0/

Abstract

Investigation of the commercially available Na, 3Al, 5Ti; 7(PO,4); (NATP) solid electrolyte for Na-ion solid-
state batteries (SIBs) application requires a comprehensive understanding of its microstructural, thermal
behaviour and electrical properties. In this study, we investigated the solid electrolyte properties of NATP
through different spectroscopic techniques, including XRD, SEM, DSC/TGA, Dilatometer, and Impedance
Spectroscopy. The impact of sintering temperature on the densification, microstructural and electrical
properties was investigated. Both Archimedes and geometric density measurement methods were utilised
to determine the relative density (p,) of the sintered ceramics. Additionally, we investigated the optimum
temperature at which the AIPO, secondary phase is suppressed/minimised for this solid electrolyte.
Refinement of the phases present in the NATP was studied using Topas 5 software to provide insight into
the crystalline structure of the ceramic. The ionic conductivity studies of the NATP solid electrolyte were
found to be in the range of 10”7 = 10~ S/cm at 25°C, and the activation energies were in the range of
0.46 + 0.35 eV. This study provides a thorough understanding of NATP properties, indicating its potential
as a solid electrolyte.

1. Introduction

Solid electrolytes are widely employed in various energy storage technologies, including batteries and fuel
cells [1]. Unlike traditional liquid electrolytes, solid electrolytes offer distinct advantages, such as
enhanced safety [1], improved stability [2], and a wide operating temperature range [1-3]. Of particular
interest are solid electrolytes containing Na* ions, which are used in sodium-ion solid-state batteries
(SSSBs) [3-5]. Sodium-ion batteries (SIBs) have emerged as a promising alternative to lithium-ion
batteries (LIBs), primarily due to the abundance and lower cost of Na-ion compounds. Inorganic ceramics
that utilise Na*-ion are emerging as promising options due to their excellent mechanical and
electrochemical stability [6]. Perovskites [3, 7, 8], Argyrodites [9], NASICON [10-12], NASICON-type [3, 13-
15] and Garnet materials [3, 16] are among the various types of Na*-ion ceramic materials studied. The
phosphate-based NASICON-type compounds have found widespread usage in numerous applications,
making them attractive options in SSSBs [10-15]. Traditional sintering has been the primary route for
densifying ceramic materials and ionic conductors [17, 18].

Phosphate-based NASICON-type solid electrolytes are particularly intriguing due to their low electronic
conductivity [14, 15, 19], good stability, and compatibility with SSSBs, making them a promising candidate
for practical applications [20-22]. Furthermore, phosphate ions have a lattice structure that can
accommodate Na™ ions, facilitating ion transport within the solid electrolyte [23]. However, phosphate-
based solid electrolytes have low room temperature ionic conductivity (10" ° - 10~ 8 S/cm) [14, 15, 24-27].
NaTi,PO;, (NTP) has been used as a luminescence material [28] in nuclear waste management [29] and
SSSBs [30—-32]. Several approaches to enhancing the electrochemical properties of NTP have been
investigated, including particle size reduction [30], surface modifications [31], and the use of dopants (e.g.
Al and Cr). AI3*/Cr3* doping allows more Na-ion to be accommodated in the structure, which compensates
for the charge balance and improves the potential for its use as a solid electrolyte [33].
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Naq 3Alg 5Ti; 7(PO,)3 (NATP) has a NASICON-type framework with MOg octahedra, PO, and TiO4 occupying
the tetrahedra site. It has a rhombohedral structure (R-3c) with Na-ions located at two different sites in the
R-3c structure. The Na1 (Wyckoff position 18e) site is almost empty, and Na2 (Wyckoff position 6b) is fully
occupied. Within the 3D structure, Na* ions migrate by hopping mechanism from the occupied site
(Wyckoff position 6b) to the empty lattice (Wyckoff position 18e). Various studies have investigated the
preparation of Na; 3Al, 5Ti; 7(PO,)5 and studied the properties of these solid electrolytes.

Table 1 explores various preparation methods of phosphate-based solid electrolytes, conditions (the
sintering temperatures and times), densities, ionic conductivities, activation energy and reactant
modifications adopted to minimise the formation of AIPO, as a secondary phase.
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Table 1

Preparation methods, sintering temperatures, times, relative density, ionic conductivity and activation
energy (E,) of phosphate-based solid electrolytes.

Phosphate-based Preparation Sintering Time Density lonic E, Ref.
solid electrolytes methods Temp. (Hours) - conductivity
(oc) égcm 2500 (eV)
(S/cm)
Na; 3Aly3Ti; 7(PO,)3  Conventional 900 11 90 2 7x10~7 0.61 26
Na; 3Aly3Ti; 7(PO,);  Fused 1100 12 94.27 1.71x10" 4 0.58 14
filament @ 200°C
fabrication
Na; 3Alp 4Ti; ¢(PO,4)3  Conventional 725 24 - 56x10" 8 054 15
Na;Tiy(PO,)5 Melt 827 5 - 3.99x10° 5 0.531 32
quenching '
Naj 55Crp 05T Melt 827 5 - 7 42x10" 5 0.512 32
i175(PO4)3 quenching
Nag 5Cro 5T Melt 827 5 - 2 19x10" 4 0.486 32
r.5(PO)s quenching
Na3.75Cr0.75T Melt ) 827 5 - 5.38x10" 5 0.521 32
i125(PO4)3 quenching
Li; 3Alg 3Ti; 7(PO,)5 Spark 900 12 96.7 10x10 4 - 24
Plasma
Sintering
Li1.3A|O.3Ti1.7(PO4)3 S:)ark 950 1 2 96 9 4 X ‘I 0‘ 5 - 24
Plasma '
Sintering
Li-l .3A|0.3Ti1 '7(PO4)3 S Dark 1 000 1 2 959 ‘I 2 X ‘I 0‘ 4 - 24
Plasma '
Sintering
Plasma '
Sintering
Li; 3Alg3Ti; 7(PO4)3  Conventional 900 10 - 506x10-7 0.32 25

In this work, we have conventionally sintered Na; 3Al, 3Ti; 7(PO,4); (NATP) to identify the optimum sintering
temperatures at which the AIPO, secondary phase is suppressed and improved the thermal behaviour,
phase, morphology, and its ionic conductivity compared with reports in the scientific literature.

2. Experimental methods
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2.1 Ceramic fabrication: NATP powder was sourced from the NEI Corporation and used without
further processing. The NATP pellets were conventionally sintered between 850 — 1000 °C in air for 6 - 12
hours.

2.2 Structural and microstructural characterisation: The size distribution of the NATP green powder
was measured using the Malvern Mastersizer Particle Analyser 3000 in a hydro-dispersion mode. The
volume changes as a function of temperature were studied using a Netzsch LFA hyper flash high-
temperature Dilatometer, and the density of the sintered NATP pellets was measured using Archimedes'’
and geometric methods. Thermogravimetry analysis (TGA) and Differential Scanning Calorimetry (DSC)
measurements were performed using the SDT Q600 model to study the thermal behaviour of the ceramic.
A PANalytical Aeris X-ray diffractometer with Cu-Ka radiation (A= 0.154 nm) in the 26 range 10 — 60°, with
a step size of 0.02°, was used to study the diffraction data of the NATP. Phase refinement was carried out
on the diffraction data of the NATP ceramics using Topas 5 software. Microstructural studies were
performed on the sintered pellet surfaces using an FEI Inspect F50 Scanning electron microscopy.

23 Impedance spectroscopy: Impedance measurement was performed on the lightly ground surface
of the sintered NATP pellets with Au paste alloy, fired at 850 °C for 2 hours. Electrochemical Impedance
spectroscopy (EIS) was performed using an Agilent 4294A from RT to 800 °C at intervals of 50 °C. The
Agilent 4294A was calibrated using a blank, open, and closed circuit to correct errors associated with the
measurement. After the impedance (Z*) measurement, a geometric correction factor accounting for the
pellet thickness and sample-electrode area (surface area normalisation) was applied to the data. Data
analysis and circuit fitting were performed using ZVIEW-impedance Software version 2.4 Scribner
Associates.

3. Results
3.1. Particle Size Distribution

The size distribution of the NATP green powder is shown in Fig. 1. Prior to the measurement, the refractive
index of the dispersant (H,0) and the NATP green powder was selected to be approximately 1.33 and
1.72, respectively. To ensure accurate and reliable size distribution, ten different measurements were
taken, and the average was recorded. The size distribution of the NATP green powder was recorded at
various D, values (D, D5y and Dgg). The D, refer to the diameter of the grain at a certain percentile point in
the size distribution curve, and the number in parentheses represents the percentile point. The NATP green
powder shows a bimodal size distribution, suggesting the grains are irregular and agglomerated. The size
distribution of the NATP is similar to that reported by [24]. Table S1 shows the average size distribution at
different D, values of NATP. D, refers to the diameter at which 10% of the grains in the sample are smaller
than the average grain size. Ds represents the median diameter at which 50% of the grains in the sample
are smaller than the average grain size, and Dy, indicates the diameter below which 90% of the grains in
the sample are smaller than the average grain size. It should be noted that the Mastersizer only provides
an estimated size distribution and not the powder's grain size.
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3.2 Dilatometry

The changes in the volume of the NATP green pellets as a function of temperature are shown in Fig. 2.
NATP green powder was first pressed into 12—15 mm long cylindrical pellets using a cold isostatic press,
and the change in length (AL/L,) of the NATP cylindrical pellets as a function of the temperature (°C) was
recorded over a wide temperature range between room temperature and 1100°C. A small change in the
pellet length (AL = 0.005 m) was recorded between room temperature and 878°C, and a further drop in
the ceramic length (AL = 0.055 m) was recorded between 878 and 1050°C, as shown in Fig. 2, similar to
what was obtained for LATP by [24]. Investigation into the melt pool phase of NATP, as observed in NZSP
[10], resulted in a burnt ceramic, indicating there are no such phases present in the NATP ceramic. In
addition, the volume contraction as a function of temperature predicts the optimum sintering temperature
of the NATP ceramic. Based on the dilatometer data, the optimum sintering temperature range for NATP is
between 850-1000°C.

3.3 Thermogravimetry Analysis

Thermogravimetry analysis (TGA) studies of the NATP ceramic reveal the sample's thermal behaviour. An
overall weight loss of 0.14 mg (= 2.0%) was recorded throughout the temperature range of 0 to 1100°C,
Fig. 3 (black triangle). This weight loss indicates that the sample underwent thermal decomposition
and/or released a volatile element. As the temperatures increased, subsequent drops in sample weight
were observed. A significant drop in sample weight of 0.05 mg (= 0.6%) was observed at a range of 88 to
162°C. This pronounced weight loss could be attributed to the volatilisation of lighter elements such as
Na* ions. As the sintering temperature increases, a further weight drop of 0.03 mg (= 0.5%) was observed
between 600 and 900°C. This weight loss suggests the onset of another decomposition or release of
volatile species such as AIPO,. The weight variations observed in TGA indicate the different processes

occurring during sintering. A similar trend was observed for LATP [24, 25]. Further analysis and
investigation are required to identify the specific elements or compounds responsible for the weight loss
observed at different temperature ranges. Figure S1 provides a supporting image of the thermal behaviour
(TGA) of the NATP.

3.4 Differential Scanning Calorimetry.

Distinct heat flows were observed during the Differential Scanning Calorimetry (DSC) analysis of the NATP,
indicating various thermal changes within the Na-ion compound. Two significant heat flows were observed
at 257°C and 865°C, respectively, Fig. 3 (red circle). At 257°C, a less pronounced heat flow was recorded,
indicating a smaller energy exchange associated with a structural or phase change (crystallization
temperature) in the NATP. This heat flow suggests a subtle rearrangement of the NATP lattice structure. At
865°C, a high heat flow of (= 8.57 J/g) was observed, indicating a significant energy exchange (glass
transition) within the NATP. The pronounced heat flow at 865°C corresponds to a temperature point where
a more substantial rearrangement (glass transition) of the NATP's lattice structure occurs. A similar
observation was reported by [26]. The exothermic change in the heat flow indicates that a higher energy is
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required to overcome the forces holding the NATP constituents together. Figure S2 provides a supporting
figure of the thermal behaviour of the NATP.

3.5 X-ray Diffraction

Figures 4 and 5 show the XRD patterns of the NATP powder and sintered ceramics. The diffraction peaks
were matched to a rhombohedral Na, 5Al, 5Ti; 7(PO,4)5 with space group R-3c and PDF No 01-014-7800
(Fig. 4a). An unknown secondary peak is observed at 22.4, 26° for the NATP green powder (Fig. 4b and
5a). The XRD patterns of the conventional sintered NATP ceramics at different sintering temperatures and
times are shown in Figs. 4c and 5(b-e). Prior to sintering, the NATP pellets were buried in NATP green
powder and sintered between 850—1000°C for 6—-12 hours to investigate the optimum sintering
temperature, suppress the formation of AIPO, secondary phase, improve densification and optimise ionic
conductivity. The X-ray diffraction patterns of the NATP pellets sintered conventionally at 850, 900, 950
and 1000°C were matched against the diffraction pattern of the Na, 3Alg 5Ti; ;P3045 green powder. All the
XRD patterns of the sintered NATP ceramics have an impurity phase of AIPO, peaks (x-symbol) at 21.8,
26°, similar to the literature [14-16, 24, 25, 33]. However, the AIPO, impurities phase was minimal at 900°C
for 12 hours, Fig. 4c which also had the highest geometric relative density (section 3.7). In addition, the
unknown peak present in the NATP green powder at 22.4, 26° was absent at this temperature (900°C for
12 hr). Decreasing the sintering temperature to 850°C for 12 hours, Fig. 5b and decreasing the sintering
time to 6 hours at 900°C, Fig. 5c also eliminated the unknown secondary peaks but did not minimise the
AIPO, impurity phase and sintering at this condition resulted in a fragile ceramic with poor relative density
(section 3.7). Increasing the sintering temperature to 950°C for 12 hours, Fig. 5d and 1000°C for 12 hr,
Fig. Se, increased the volume fraction of the AIPO, impurity phase at 21.8, 26° and further re-introduced
the unknown peak at 22.4, 26°. All efforts to suppress completely the AIPO, impurity phase were
unsuccessful consistent with previous reports [14, 16, 24, 25].

3.6 Rietveld refinement

Diffraction data of the conventionally sintered NATP at different temperatures and times were analysed
using a full-pattern Rietveld refinement method to investigate the crystal structure and phase formation of
NATP. The refined data confirmed two phases, R-3c NATP and F7 AIPO,, at all sintered temperatures and
times, Table 2. The percentage composition of the AIPO, (= 4.5%) impurity phase was minimal at 900°C
for 12 hours compared to NATP sintered at other temperatures and times. In fact, NATP sintered at 950°C
for 12 hours has the highest AIPO, impurity phase (= 27.0%). The fitting of the AIPO, impurity phase and
the NATP phase are shown in the zoom-in plot, Fig. 6 (a-€), and the diffraction data of NATP sintered at
900°C for 12 hours are similar to the reported data [15, 33], Fig. 6f. The lattice parameters, theoretical
density, goodness of fit (GoF), unit cell volume and the percentage composition of the two phases
observed are shown in Table 2.
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Table 2

Refined parameters, phase fractions, the goodness of fit (GoF), cell volume and theoretical density of
Na, 3Aly 3Ti; 7(PO,)5 ceramic sintered at different temperatures and time.

NATP Phase fraction (%) L}aftice parameters  GoF  Unit cell Theoretical
A volume density

Sintered R-3c F1- a c

Temp NATP AIPO,

850°C/ 89.0 11.0 8.469 21.812 1.93 1354.72 2.966

12hr

900°C/6hr  92.0 8.0 8.484 21.769 1.48 1356.90 2.961

900°C/ 95.5 4.5 8.479 21.775 1.93 1355.70 2.964

12hr

950°C/ 72.5 27.5 8.473 21.829 3.24 1357.00 2.961

12hr

1000°C / 79.0 21.0 8.475 21.786 3.55 1355.00 2.965

12hr

3.7. Relative density

The experimental density of NATP sintered pellets was measured using Archimedes and geometric
methods, and the results were compared with the theoretical density of NATP obtained from the
refinement data and the literature [15]. The relative density (p,) of NATP was calculated from its theoretical

densities of 2.96 g/cm?, Table 2. Figure 7 shows the relative density of NATP sintered at different
temperatures for 12 hours using Archimedes (blue circle) and geometric (red star) methods. The p,
follows similar trends to the literature [25, 26]. The p, of the NATP ceramic sintered at 900°C for 12 hours
is comparable to [26] using the geometric technique.

3.8 Scanning electron microscopy

Figure 8 (a-e) shows the SEM micrographs of the sintered NATP ceramics surfaces at different
temperatures. At 850°C for 12 hours, Fig. 8a, loosely bonded particles and pores are evident. Conversely,
at 950°C for 12 hours, Fig. 8d, larger grain sizes and increased agglomeration are observed. Samples
sintered at 900°C for 12 hours show fewer loosely bonded grains compared to others. In general, sintering
conditions significantly affect NATP ceramic morphology and microstructure, with optimal conditions
leading to reduced loosely bonded grains and enhanced densification, consistent with the literature [25, 32,
33].

3.9 Impedance Spectroscopy

Figure 9 (a - f) shows the Complex Impedance Plane, Z* plots at 25°C for Na; 3Aly 3Ti; 7(PO,4)5 ceramics
that were sintered at different temperatures (850—-1000°C). At 25°C, all the sintered ceramics show a

Page 8/23



single, well-resolved arc with a high-frequency zero intercept on the Z' axis. The Z* data in Fig. 9 (a - f) were
modelled by using an equivalent circuit that is based on a single resistor connected in series with a parallel
Resistor-Capacitor element. The single resistor (associated with the high frequency zero intercept of the Z'
axis) is attributed to the total resistivity of the ceramic (Rt). The total (dc) resistivity estimated from the

arc ranges from 6.0 x 10® Qcm to 1.1 x 107 Qcm, which is consistent with the literature [16, 24-25, 33].
The capacitance, total resistance, relaxation frequency, and total conductivity at 25°C are shown in

Table 3. The capacitance values are in the range of picoFarad/cm, and the relaxation frequencies (RF) of
all sintered NATP ceramics are within the range of 10”* Hz, as shown in Fig. 9 (a-€). Figure 9f presents a
comparison of the Z* plots for Na, 3Aly 3Ti; 7(PO,)5 ceramics in the complex impedance plane at 25°C.
Notably, the sample sintered for 12 hours at 900°C exhibits the highest conductivity, measuring 2.45 x 10~
7'S/cm at 25°C. However, the ionic conductivities of other NATP ceramics sintered between 850-1000°C
are within the margin.

Figure 10 shows the Arrhenius plots of the total conductivity (o, = 1/R;) of the NATP solid electrolyte. The

activation energies associated with each sintering temperature were calculated and recorded. The
activation energy (E,) observed in our study is comparatively lower, albeit comparable to the literature [33].

Table 3

Room temperature total Capacitance, Resistance, Relaxation frequency and total ionic conductivities of
Na, 5Al; 5Tiq 7PO45 solid electrolyte at different sintering temperatures and times.

NATP at Capacitance Resistance Relaxation Conductivity
25°C (F/cm) @ frequency (Hz) (S/cm)
Temp (°C) '(I'ri?;e Cr=1/2nfmaxR Rt Re or/25°C
850 12 7.114x 10713 1.073x 107 1.0x 104 9.32x1078
900 6 9.946 x 10713 5.891x 10  2.0x 104 1.69 x 1077
900 12 1.874x 10712 4.090x10%  1.5x10% 2.45x 1077
950 12 1.731x 10712 1.123x107  1.0x 104 8.90x 1078
1000 12 1.876 x 10712 6.773x10°  1.0x 104 1.48 x 1077

4. Conclusions

We have investigated the solid electrolyte Na, 3Aly 5Ti; 7(PO,4)3 (NATP) using XRD, SEM, DSC, TGA,
dilatometry and Impedance spectroscopy. Our results reveal that the optimal sintering conditions are at
900°C for 12 hours. These conditions minimise the presence of the AIPO, secondary phase, leading to
improved density and ionic conductivity. DSC identifies significant heat flows indicating energy exchange
within the NATP's structure, while TGA shows weight loss due to thermal decomposition/volatilization
during sintering. Sintering conditions significantly influence NATP ceramic morphology and
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microstructure. The highest ionic conductivity obtained at 25°C for the solid electrolyte was 2.45 x 10~/
S/cm at the optimal sintering temperature, which was similar to the literature. The activation energy (E,)

observed in our study is comparatively low, albeit similar to previous works.
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Figure 1

Particle size distribution of NATP green powder.
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Figure 2

Volume contraction as a function of Temperature plot of Na; 3Al, 3Ti; 7P307, using a Dilatometer.

Page 15/23



7.60

—— TGA
A DSC 865 °C - 30
7.56 1 l =
1257 o L
. . TR L. 20
Q0 752 -
= 10
e . >
& Na, 3Al;5Ti; ;(PO,)s
oD
§ 7.48 4 La
7.44 < /T
- -20
7.40 -
I ' I e I : | : I 5 | :
0 200 400 600 800 1000 1200
Temperature/ °C
Figure 3

Thermogravimetry Analysis (TGA, black) and Differential Scanning Calorimetry (DSC, red) plots of
Na, 3Aly 3Ti; 7(PO,)5 as a function of Temperature.
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Room temperature X-ray diffraction patterns of NATP powder and conventional sintered NATP at different
temperatures and holding times.
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Zoom-in plots of the full pattern Rietveld refinement of Na; 3Alg 3Ti; 7(PO,4)5 with the (blue) peaks
representing the composition of the AIPO, impurity phase and (yellow) peaks representing NATP (a) 850

°C/12 hr, (b) (b) 900 °C/6 hr, (c) (c) 900 °C/12 hr, (d) (d) 950 °C/12 hr, (¢) 1000 °C/12 hr, (f) Full pattern
Rietveld refinement of NATP sintered at 900 °C/12 hr.
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Relative density of Na, 3Aly 5Ti; ;PO at different sintering temperatures for 12 hr using Archimedes and

geometric methods.
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Figure 8

SEM micrographs of NATP surfaces (a) 850 °C/12 hr, (b) 900 °C/6 hr, (c) 900 °C/12 hr, (d) 950 °C/12 hr
and (e) 1000 °C/12 hr.
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Figure 9

Complex impedance plots of Na, 3Al, 3Ti; 7P0O4, at 25 °C (a) 850 °C/12 hr, (b) 900 °C/6 hr, (c) 900 °C/12 hr,
(d) 950 °C/12 hr, (e) 1000 °C/12 hr, (f) at different temperatures and times.
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Figure 10

Arrhenius plots of the total conductivity for NATP ceramics at different sintering temperatures.
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