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11 November 2019 was studied. Nanoscale and macro-scale precursor materials were selected for
comparison purposes, and a range of sintering times were examined (10, 24 and

© The Author(s) 2019 40 h) at a temperature of 1230 °C. NazZrySi,POq; pellets produced from

nanopowder precursors were found to produce substantially higher ionic con-
ductivities, with improved morphology and higher density than those produced
from larger micron-scaled precursors. The nanoparticle precursors were shown
to give a maximum ionic conductivity of 1.16 x 107> S cm™" when sintered at
1230 °C for 40 h, in the higher range of published solid-state NazZr,Si,POq2
conductivities. The macro-precursors gave lower ionic conductivity of
0.62 x 107> S cm ™' under the same processing conditions. Most current authors
do not quote or consider the precursor particle size for solid-state synthesis of
NagZr,Si,POq;. This study shows the importance of precursor powder particle
size in the microstructure and performance of Na3Zr,5i,PO;, during solid-state
synthesis and offers a route to improved predictability and consistency of the
manufacturing process.

Introduction development of Naj,xZrSi,P; 01 (0 <x<3),
sodium (Na) superionic (Si) conductor (CON)
(NASICON)-based material structures. NASICON

The discovery of fast ionic conduction of sodium ions has gained attention due to its relatively high con-
in f-alumina led to the interest of research in solid ductivity (102 S em™) at room temperature [3] which
electrolytes for fast ionic transport of sodium ions [1].  makes it a candidate material particularly for solid-

Early studies by Goodenough et al. [2] included the state sodium-ion batteries but also sensors [4-10].
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Stationary sodium-ion batteries are the most obvious
market for NASICON and can potentially exploit the
global abundance of sodium when compared with
lithium. Such batteries have been most effectively
demonstrated at high temperatures [11], but this
presents problems in terms of safety, operating sim-
plicity and cost. The ideal solution for widespread
adoption is to ultimately use room temperature con-
ductive solid electrolytes. In addition to solid ceramic
electrolytes, NASICON can be incorporated into
polymer—ceramic composites to give high ionic con-
ductivity together with enhanced mechanical prop-
erties and low interfacial resistance [12].

The NASICON structure consists of a skeletal array
of atoms which are stabilised by electrons, donated
by alkali ions partially occupying sites in a three-di-
mensionally linked interstitial space [1]. The NASI-
CON structure is said to be rhombohedral (R3c),
except in the intervals 1.8 <x < 2.2 [8, 10]. In this
interval, a small distortion to the monoclinic sym-
metry (C2/c) takes place changing the microstructure
[10]. In the rhombohedral configuration, the N a’ ions
can occupy two different sites within the structure
when x> 0. In a monoclinic structure, Na' can
occupy three sites, increasing its ion conduction
pathways [13]. Na3Zr,;5i,PO;, is the most common
formulation of NASICON and is found to have ionic
conductivity in the higher range when compared
with other types [14]. This is often known as Hong-
type NASICON and was pioneered by the early work
by Hong and Goodenough [2, 15], and the reported
conductivity via the most common conventional
solid-state sintered method ranges from 9.2 x 107 to
1.2 x 107 S em ™' [16] with variance due to different
densities and microstructures due to the different
processing conditions. The solid-state method is the
most common method described in the literature and
offers a simpler and less expensive method compared
to the alternatives. It typically consists of several
stages including mixing/milling of powdered pre-
cursors, calcination and a final sintering stage
[11, 16-22]. The usual laboratory method of sintering
is to compress the pre-sintered powder into a pellet
and sinter in a box furnace. Table 1 provides a
selection of room temperature conductivities found
in the literature for NASICON produced by solid-
state routes.

In addition to conventional solid-state reaction,
there are a number of synthesis methods to form
NazZr,;Si,POq;. The sol-gel route is much more
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complex, and harder to optimise, but requires lower
sinter temperatures than the solid-state route
[10, 24-29], the key benefit being production of a
purer phase. The high temperatures in solid-state
processing are associated with thermal decomposi-
tion and ZrO, contamination, with segregation of
zirconia at the grain boundary resulting in a reduc-
tion in ionic conductivity [23]. Di Vona et al. [28]
report a non-hydrolytic sol-gel route as an easier to
control method. As an alternative to conventional
sintering, spark plasma sintering methods have
attained a conductivity of 1.8 x 107> S ecm™" [23],
although this is a very energy intensive process [3].
Benefits in conductivity can also be obtained doping
with other materials such as Germanium, Yttria or
Scandium [30-32].

The microstructure of solid-state-reacted NASI-
CON has been reported to have a major impact on the
electrical performance [22]. A major contributor to
variation in the microstructure is the sintering con-
ditions [20, 22, 23]. Lee et al. [20] found that ionic
conductivity increased with sintering duration due to
an increase in grain growth and densification [20],
while Fuentes et al. [19] found that increases in sin-
tering time increased conductivity to a certain point
(40 h) after which further sintering duration (80 h)
was seen to increase grain boundary resistance and
hinder electrical performance due to the presence of a
liquid phase along the grain boundaries. Addition-
ally, excessive temperature further increases the
inherent risk of formation of secondary unwanted
material phases, mainly monoclinic ZrO,, which
increase with temperature [21]. An appropriate sin-
tering temperature and duration are therefore crucial
to achieve a large homogeneous grain size distribu-
tion and increased densification, but also to maintain
the conductivity by inhibiting impure phases.

Each synthesis method and its associated process-
ing conditions will yield different pre-sintering
powder properties such as particle size distribution,
morphology and composition [16]. Lee et al. [20]
looked at the effect of different pre-sintered particle
sizes by comparing ball milling and jet milling
methods after calcination. They reported an increase
in conductivity by over 20 times for NASICON by
reducing particle size of intermediates via jet milling
after the final high-temperature calcination stage and
attribute this improvement to a larger surface free
energy and surface area providing a higher driving
force during sintering and higher densification of the
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Table 1 Room temperature conductivities of solid-state Na;Zr,Si,PO;, for various processing conditions

Method/sintering conditions

Reference Best room temp conductivity (S cm™")
Hayashi et al. [17] 12 x 1073

Narayanan et al. [22] 1.13 x 1073

Kim et al. [18] 1.03 x 1072

Nagash et al. [3] 1 x 1073

Nagash et al. [16] 0.71 x 1073

Lee et al. [23] 1.8 x 1073

Lee et al. [20]

~ 0.2 x 1072 at 50 °C jet milled
~ 1 x 107 at 50 °C ball milled

Solid state 1275 °C for 15 h

Solid state with excess sodium 1100 °C for 12 h
Solid state 1280 °C for 10 h

Solution-assisted steady state, 1250 °C for 5 h
Solid state 1250 °C for 10 h

Spark plasma sintering at 1200 °C

Solid state, Jet milling—1210 °C for 2 h,

Ball milling—1250 °C for 2 h

Data read from published graph

fine powder, although conductivities were low com-
pared with other references (Table 1). Porkodi et al.
[29] reported the advantage of using a molecular
precursor, sol-gel-based approach to NASICON
synthesis. This approach produced nanoparticle
precursors which may be responsible for the
increased NASICON phase purity, densification and
higher ionic conductivity of the resultant material.
The smaller particle size can increase the reactivity of
the powders, improving the reaction kinetics. Den-
sification is driven by the reduction in surface free
energy through the reduction in surface area, and
reactivity is inherently higher when using very small
particle precursors [33].

Particle size is a key determinant of performance,
yet in the current literature, no study seems to exist
investigating the effect on conductivity from using
different precursor particle sizes via the solid-state
synthesis method. Much of the current literature does
not even refer to the particle size of the raw precur-
sors, which is a material characteristic which could be
fundamentally important for the optimisation of
NASICON. Furthermore, the use of smaller, and
potentially more reactive, precursors could reduce
the processing requirements. Choi and Park [21]
reported that finer precursor powders produced
higher densities, and reacted at lower temperatures,
but the reaction did not proceed to completion when
coarse powders were used. However, impedance
measurements were not taken and different precur-
sors were used for the finest powders (ZrSiO, instead
of SiO, and ZrO,). In addition to this, the smallest
particles were only down to 0.5 microns and could
not benefit thermodynamically in the same way as
nanoparticles. Intensive ball milling procedures [20]
or complex chemical synthesis methods are often

used to achieve smaller more reactive particles dur-
ing the pre-sintering phase, but the use of smaller
particles as precursors could potentially reduce the
processing requirements for pre-sintering powders,
while also offering a more standardised and pre-
dictable morphology than milling procedures would
offer. Nanoparticle precursor materials are readily
available raw materials and are potentially an
attractive approach for scalable conventional solid-
state synthesis and improvement in the resultant
material by changing the particle size of the raw
material precursors rather than processing interme-
diates. This could negate the need for compli-
cated/expensive chemically sensitive methods or
extensive processing methods to create desirable
powder characteristics.

In this study, the potential advantages of using
nanoscale precursor particles for the synthesis of
Na3Zr,Si,PO, NASICON by solid-state reaction
were investigated by direct comparison with macro-
scale precursors, with all other processing parameters
fixed. Of major interest was how this affected the
microstructure, crystalline structure and impurities,
and crucially the electrical performance. Firstly, the
effect that precursor size had on the powder prop-
erties prior to the final sintering stage was analysed
in terms of particle size distribution and microstruc-
ture. NASICON pellets were then prepared from
these powders, at a range of sintering durations (10,
24 and 40 h) with microstructure, crystalline struc-
ture, density and finally electrical performance anal-
yses performed.
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Experimental
Precursor materials

To investigate the effect of changing the precursor
particle size, two particle size ranges of precursors
were selected for zirconium (IV) oxide (ZrO,) and
silicon dioxide (5i0O,) as detailed in Table 2. The same
tri-sodium phosphate dodecahydrate (NazPO,-12H,.
O) was used in both nano- and macro-formulations
as this decomposes at relatively low temperatures.
All precursors were purchased from Sigma-Aldrich
UK with particle sizing information obtained from
the product data sheets where available. Macro-sili-
con dioxide was measured using a laser diffraction
particle size analyser (Mastersizer 2000, Malvern
Panalytical). Product numbers are also provided in
the table.

Preparation of solid Na;Zr,Si,PO;,
electrolyte

The NasZr,Si,PO,, was synthesised using a solid-
state reaction with a series of processing steps as
outlined in Fig. 1, with both precursor types sub-
jected to the same processing conditions and dura-
tions. The precursors SiO,, ZrO, and Naz;PO4-12H,0O
were mixed in stoichiometric quantities then wet
milled together in isopropanol using a planetary ball
mill (Fritsch Pulverisette 5/2) at 120 RPM for 2 h. The
mixture was then dried at 80 °C for 12 h; then, pellets
were formed by cold uniaxial pressing in a 16-mm-
diameter die at 250 MPa. A calcination step was then
carried out in a box furnace at 400 °C for 5 h. The
pellets were then handground into a fine powder and
then pelletised again. A further calcination step was
then carried out at 1100 °C for 12 h. A further wet
milling using isopropanol was then carried out at 120
RPM for 3 h. The resulting powder was then dried
(with powder samples taken for pre-sinter analysis)
and pelletised, with a final crystallisation sintering
step carried out 1230 °C. Sintering times of 10, 24 and
40 h were used to investigate the combined effects of
sintering duration and precursor particle size on the

Table 2 Nanoparticle and
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Macro-precursors Nano-precursors
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Figure 1 NASICON synthesis method and processing conditions
for macro-/nanoprecursors.

Na3Zr,Si,POq;. The sintered pellets were then pol-
ished down to 1.5 mm thickness using silicon carbide

paper.
Characterisation of NazZr,Si,POq,

Morphological measurements were taken of both
powders prior to the final sintering stage and the

macro-particle precursor 710,

SIOZ Na3PO4 12H20

particle sizes and product

Nanoprecursors
numbers

Macro -precursors

< 100 nm (#544760)
5 um (#230693)

10-20 nm (#637238)
216 um D5y Mastersizer (#204358)

N/A (#71911)
N/A (#71911)
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post-sintered pellets. For the pre-sintered powders,
morphology was assessed using scanning electron
microscopy (SEM) (Zeiss EVO 10), particle size
measurements were taken using a laser diffraction
particle size analyser (Mastersizer 2000, Malvern
Panalytical), and finally, surface area analysis was
conducted using BET (Quantachrome NOVA 2200e,
Quantachrome Instruments using N, sorption). The
crystalline structure of the post-sintered pellets was
characterised using X-ray diffraction (XRD) (D8
Advance, Bruker AXS GmbH) in the 10°-70° 20 range
with a copper source. Pellets were also analysed
using SEM, and density measurements were taken
using the Archimedes technique (Attension Sigma
700, Biolin Scientific). Finally, the ionic conductivity
was evaluated by electrochemical impedance spec-
troscopy (EIS) (VMP3, Bio-Logic Science Instruments
Ltd). For EIS, the electrolyte pellets (~ 14.5 mm
diameter 1.5 mm thickness) were sputtered with
platinum to create blocking electrodes and then
clamped between stainless steel discs to ensure good
surface contact and electrical conductivity. A fre-
quency sweep of 100 MHz to 1 MHz was used at a
voltage amplitude of 100 mV.

Results
Analysis of pre-sintered powders

Microstructure images of the powder samples prior
to final sintering (and after ball milling) are shown in
Fig. 2 for both nano- and macro-precursors. The
powders derived from both precursors showed par-
ticles of around 1 um and larger and a tendency for
particles to be agglomerated rather than existing as
fine powder. Powders produced from the macro-
powders appeared slightly larger with a greater ten-
dency for clumping around agglomerates. The par-
ticle size distribution of the pre-sintered powders,
obtained via laser diffraction, is shown in Fig. 3. Both
samples showed a bimodal particle size distribution
with similar peak distributions around ~ 5 um and
~ 90 pm in size. The nanoprecursors gave powders
with a greater number of the smaller particle sizes in
the 0.3-2 pm range and a lower number of the largest
particles. Other studies which used longer duration
and higher intensity milling [3, 20] yielded mono-
modal distributions and significantly smaller particle
sizes. This suggests that the milling procedure in this
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study was not particularly aggressive in breaking
down agglomerates, but slightly, but not substan-
tially, smaller particles were achieved via
Nanoprecursors.

The pre-sintered powders produced from
nanoprecursors gave a Brunauer-Emmett-Teller
surface area of 6.732 m*/g, while those from macro-
precursors gave a substantially lower surface area of
0.819 m?/g. This is indicative of a much more porous
structure in the pre-sintered powders produced from
nanoprecursors. Compared with the literature, the
macro-precursor powder surface area was lower than
that reported by Naqash et al. [3] for a solid-state
process. This might be due to the relatively low
intensity of the ball milling process in this case.
However, the surface area for the nanoprecursor
powder was higher than that reported (3.935 m*/g)
and was of a similar magnitude for pre-sintered
powders based on a sol-gel route (7.64 m*/g) by the
same authors [3].

Analysis of finished Na;Zr,Si,PO;, pellets

X-ray diffraction patterns of the finished pellets
obtained from powders of both macro- and
nanoprecursors are compared at a range of treatment
times in Fig. 4, with Rietveld refinement data shown
in Table 3 indicating phase quantities and goodness
of fit (X?) of the data against structures from the
Crystallography Open Database (COD). Fitting
against the models is also shown graphically in
supplementary data. All treatment times showed a
clear transformation into a NASICON structure
(Space Group (SG) 15, COD 1530660), which made up
the majority of the samples. All samples exhibited
residual precursors within their XRD patterns, and
key NazPO, (5G 209 COD 1528204) and ZrO, (SG 14
COD 1522143) peaks are indicated in Fig. 4; however,
some can be hidden due to overlapping with NASI-
CON peaks. Amorphous silica can be identified by
the broad curve centring around 20°. This broad
curve was most evident in the macro-derived sam-
ples for the lower treatment times (10 and 24 h) and
was reduced with both sintering time and use of
nanoprecursors. This suggested that the smaller
powders allowed a more rapid transformation into
NASICON. Quantities obtained from Rietveld
refinement showed that ZrO, was the most abundant
impurity still evident in the sintered pellets. It was
present at all treatment times and did not reduce with
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Figure 2 SEM images for pre-sintered powders for nanoprecursors (left) and macro-precursors (right) at different magnifications.
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Figure 3 Particle size distributions for pre-sintered powders via nanoprecursors (green) and macro-precursors (blue).

treatment duration. The presence of ZrO, can
potentially be due to both unreacted precursor and
precipitation occurring as a result of volatilisation
during the densification process. These cannot be
distinguished from one another, but the increase over
time suggests the latter mechanism is occurring due
to the high temperature and duration of the process,
which is supported by the literature. All samples
showed minimal silica. Levels of NasPO, were

@ Springer

generally low (apart from nano 24 h), but there was
no trend of diminution over time. From the listed
quantities, the data generally suggest more NASI-
CON at the lower temperatures, but there is a broad
background contributing to this, indicating there is
some amorphous phase present. This is more obvious
at the shorter treatment samples, suggesting that
crystallinity increases with sintering time.
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Figure 4 XRD patterns of both macro- and nanoprecursors
sintered for varying times. Reference diffraction patterns of
phases are shown as vertical lines below the graph.
Notable Na;PO, and ZrO, peaks are shown by * and v,
respectively.

Table 3 Data obtained from Rietveld refinement of XRD data

NASICON Na;PO, ZrO, Si0, GOF (X?)
Nano 10 h  88.43 3.71 783 002 279
Nano 24 h  80.51 8.09 1126 0.13  3.69
Nano 40 h  87.46 3.42 893 0.9 261
Macro 10 h  91.87 241 464 108 4.84
Macro 24 h  86.79 3.47 914 0.6  3.96
Macro 40 h  85.404 3201 11.082 0312 3.21

The microstructure of finished pellets is compared
at different sintering time for both sets of precursors
in Fig. 5. Higher-magnification images for 40 h sin-
tering time only are shown in Fig. 6. The images
show distinct grain structures whose growth was
promoted through sintering. These grains had a cubic
shape with the majority of the particles ranging in
size from approximately 2—4 pm. Compared with the
macro-precursors, the nanoprecursors gave grains
with more consistent sizing and morphology, with
more clearly defined cubic shapes and higher densi-
fication demonstrated by improved contact and
packing between grains, although the differences
were not substantial.
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Impurities, due primarily to zirconia, can accu-
mulate around the grain boundaries, resulting in the
deterioration of ionic conductivity [21, 23], so a
reduction in the extent of these grain boundaries
should lead to higher conductivity. Analysis of par-
ticle sizes for both sets of precursors at 40-h sintering
(Fig. 7) shows a wider distribution of particle sizes,
more outliers and a number of abnormally large
grains (> 10 um in length) when using the macro-
precursors. This abnormal grain growth could be the
result of multiple grain growth speeds within the
sample caused by anisotropic conditions such as
anisotropic grain boundary energy or high grain
boundary mobility [34]. A time temperature effect is
suggested as a potential contributor to abrupt chan-
ges in grain size and boundaries [16, 35]. Since this
was only evident in the macro-precursor, this sug-
gests that this phenomenon is a function of both time
and the precursor powder characteristics.

The density of the pellets at different sintering
times is compared in Fig. 8. Densities are presented
as a percentage with respect to the theoretical density
of 327 g/cm® [33]. The nanoprecursors gave a
higher-density pellet due to improved contact and
packing between grains, with a trend of slightly
increasing density with sintering time from 95.0% up
to a maximum of 96.3% of theoretical density (3.15 g/
cm’). The macro-precursors showed very little
change in density with sintering time, increasing
slightly between 90.1 and 90.8% of theoretical density
between 10 and 40 h of sintering. The density data
correspond with the apparent porosity of the pellets
made using the macro-precursors, with their more
polydisperse morphologies. For comparison, the
density achieved by Hayashi et al. [17] was 3.21 g/
cm® (98% of theoretical density).

Nyquist plots are shown for pellets at different
sintering times in Fig. 9; for an accurate comparison,
the data shown are normalised to account for the
pellet dimensions (to @ cm by dividing by thick-
ness/surface area) and recorded at ambient temper-
ature. The plots were distinctly grouped into two sets
based on the size of precursors, with the nanopre-
cursors exhibiting lower Z’ values than the macro-
precursors. For both types of precursor, there was a
shift towards the low end of the Z’ axis as sintering
time was increased which was more strongly evident
for the nanoprecursors.

The near-straight line in the low-frequency range
corresponds with interface components (electrode

@ Springer
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Figure 5 Microstructure of
finished pellets from
nanoprecursors (left) at
sintering times of 10 (top), 24
(mid) and 40 h (bottom) and
macro-precursors (right) at
sintering times of 10 (top), 24
(mid) and 40 h (bottom).

Figure 6 Higher-
magnification images of
microstructure of finished
pellets from nanoprecursors
(left) and macro-precursors
(right) at 40 h sintering time.

polarisation), and a single semicircle, due to the grain
boundary, is apparent under the test conditions. Fit-
ting of grain boundary (Rg,) and bulk resistances (Ry,)
at laboratory temperatures is therefore not precise, an
issue reported previously by others [3, 11]. (However,
two semicircles can be generated by reducing test
temperature [3].) The total ionic conductivity can be
calculated, using the equivalent circuit shown in
Fig. 9, from the intercept of the low-frequency end of

@ Springer

the semicircle with the Z’ axis using the equation
below, where t and A are the thickness and cross-
sectional area of the sample.

t
g = -
T4 ™ Ry + Rgp) A

Total ionic conductivities for pellets made using
nano- and microprecursor are therefore shown in
Fig. 10. The highest room temperature total ionic
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Figure 8 Densities of finished pellets.

conductivity recorded in the study was
1.16 x 107°>S cm™' for nanoprecursors using the
highest sintering duration of 40 h (at 1230 °C).
Reducing the sintering times to 24 and 10 h gave
reduced conductivities of 88 and 79% of this value,
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Figure 10 Total ionic conductivities for pellets made using nano-
and microprecursors.

respectively. For all sintering times, the macro-parti-
cle precursors gave substantially lower total ionic
conductivities, with a maximum of
0.63 x 107> S cm™! for 40-h sintering, which again
fell with reduced sintering time but to a much lesser
extent than with the nanoprecursors (sintering times
of 24 and 10 h gave conductivities of 98 and 95% of
this value, respectively). Conductivity correlated
with pellet density, with the macro-samples showing
relatively little change in either property with sin-
tering duration.

Discussion and conclusions

Using a solid-state synthesis route, NASICON (Naj.
Zr,51,P0q,) pellets produced from nanopowder pre-
cursors were found to produce improved
morphology, higher density and therefore substan-
tially higher ionic conductivities than those produced
from larger macro-scale precursors. The maximum
room temperature conductivity recorded in the study
was 1.16 x 107> S ecm™" for nanoprecursors with a
final sintering duration of 40 h (at 1230 °C). This is in
the high end of the room temperature conductivity

300
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O Nano 24 h
§ o Nano 10 h
c
= A Macro40h
N 100
@ Macro 24 h
"""" © Macro10h
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Figure 9 Nyquist plots for pellets made using nano- and microprecursor samples.
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range of up to 1.2 x 107> S cm™" reported for this

form of NASICON [16, 17]. For the macro-precursors,
the optimal conductivity was around 54% of this
value at 0.63 x 107> S cm™". Lee et al. [20] demon-
strated a substantial increase in conductivity by
reducing the size of the intermediate (but not pre-
cursor) powders, relying on a high-energy jet milling
process. Despite this, conductivities (in the appro-
priate temperature range) were below those reported
in this study in which small particles were intro-
duced in the first stage of the process, without high-
energy processing. In this study, prior to sintering
there was only a slight difference in the particle size
distributions of the powders derived from nano- and
macro-precursors and this is unlikely to be respon-
sible for the observed differences in densification and
conductivity in the final pellets. There was, however,
a substantially higher surface area in the pre-sintered
powders produced from nanoprecursors, which was
higher than that reported in the literature for more
intensively treated samples and was similar to that
reported for sol-gel derived precursors [3]. The
smaller precursor particles, and resulting increase in
surface area, resulted in an apparent enhancement of
sintering properties of the powder, resulting in more
homogenous grain growth, improved morphology
and higher density, which consequently resulted in
this lower resistance. The nanoprecursors used in the
study are also of an appropriate size so that sintering
benefits from the high surface-to-volume ratio.

In the current literature on the synthesis of NASI-
CON, the powder characteristics of the precursor
materials are typically not defined, yet this study has
shown these have a major effect on the microstruc-
ture and performance. Additional milling techniques,
or alternative routes to smaller particles, are reported
and show significant results, but since no study exists
into varying the particle size of the precursor pow-
ders themselves, a direct comparison is difficult.
Given the complexity of the process, and the inherent
problems in maintaining consistency in conditions
such as milling intensity from one machine to
another, a well-defined starting point, with particle
size as the determining factor, could potentially offer
a more predictable and scalable manufacturing pro-
cess as well as reducing the extent and severity of
milling processes. There are a substantial number of
factors which affect conductivity and clear correla-
tions do not always exist between parameters and the
conductivity of the product. For example, while
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sintering time increases densification there is also an
increase in evolution of ZrO,. Further optimisation
would benefit from a better understanding of the
grain boundaries as well as a comprehensive study of
temperature and time effects, which might affect the
different precursors differently [21].

In this study, the method of using nanoparticle
powder precursors resulted in the performance being
close to the highest published value of ionic con-
ductivity of NazZr,;5i,PO;, for solid-state processing,
with a comparatively low intensity and duration
milling process. There is scope to study the effects of
trying different precursor particle size combinations
and mixing the powders or a range of sizes to see the
effect this has, as well as transferring this research to
alternative forms of NASICON. From an industrial
perspective, this has the potential of saving time,
energy and cost for materials such as NASICON,
which is ultimately important if these materials are to
be adopted for large-scale energy storage.
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