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A B S T R A C T

Na2AlTi(PO4)3 (NATP) and Na1.8Al0.8Ge1.2(PO4)3 (NAGP) NASICON (Na-Superionic Conductor) glass-ceramics
are obtained by applying different single (SHT) and double (DHT) heat treatments on the respective precursor
glass to evaluate its effect on the microstructure and in turn, on the total ionic conductivity. The grain and grain
boundary contributions are also analyzed in the NATP composition. SHT with longer crystallization times favors
the development of well-defined grains in both compositions and also promotes the grain growth in NAGP
samples. This behavior causes a decrease in the activation energy of the grain boundary, which enhances the
total ionic conductivity. Regarding DHT samples, microstructure with larger grains and higher ionic conductivity
were obtained with shorter nucleation times for NATP and NAGP compositions. Finally, the microstructural
variation generated by the different thermal treatments causes the total conductivity to increase up to two times.

1. Introduction

Various studies have demonstrated that the glass-ceramic route is a
promising synthesis method as it has advantages compared to the
conventional synthesis processes by solid-state reaction followed by
sintering [1–6]. Among these advantages, the following can be men-
tioned: the easy synthesis of materials with lower porosity; the design
and control of the final microstructure by suitable heat treatments; and
the elaboration of pieces in different sizes and shapes. Furthermore, the
crystallization of parent glasses is performed at moderate temperatures
when compared to ceramic sintering temperatures (> 1000 °C). As
known, this synthesis route consists of crystallizing a precursor glass by
controlled heat treatment. The final material obtained after crystal-
lization treatment is called glass-ceramic, regardless of the crystallized
volume fraction achieved [7].

The glass to glass-ceramic transformation process consists of two
steps: nucleation and crystal growth. During the nucleation step, the
glassy material is heated at a certain temperature (nucleation tem-
perature, Tn) in order to promote the generation of embryos, i.e., a
small cluster of atoms in the vitreous matrix. The embryos or clusters
that are larger than a critical size, are stable and called crystalline
nuclei, while those with smaller radii, i.e., unstable clusters, dissolve in
the glassy material [8,9]. However, it should be mentioned that some
nuclei can also be generated during the cooling of the melting liquid in

the synthesis of the precursor glass which are called the athermic nuclei
[10]. In the second or crystal growth step, nuclei generated either in the
first nucleation stage or during cooling (the athermic nuclei) are grown.
Crystallization heat treatments of a precursor glass can be called a
single heat treatment (SHT) when the crystal growth occurs only from
the athermic nuclei and double heat treatment (DHT) when the glass is
subjected to a nucleation heat treatment previous to the crystal growth
one.

Microstructural characteristics of glass-ceramics depend greatly on
nucleation and grain growth steps. For example, to synthesize glass-
ceramics with small grain sizes, the application of heat treatments with
longer nucleation times on the precursor glass is required to promote
higher nucleus density. In the case of bulk homogeneous nucleation, the
grain size is limited during the crystal growth step, thus resulting in the
formation of small grains. Otherwise, glass-ceramics with large grains
are expected when short nucleation times are used, leading to small
nuclei density and also when only athermic nuclei are grown. These
facts are relevant since microstructural control plays an important role
in the properties of materials, including ionic conductivity in solid
electrolytes [3,4,6,11].

The solid electrolyte is one of the fundamental components of solid-
state batteries, and its main function is to transport ionic species be-
tween the electrodes of the electrochemical cell. The optimization of
the microstructure of this cell component has been the subject of
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several researches in an attempt to improve its ionic conductivity
[6,12,13], which can contribute to the decrease of internal resistance
(ohmic loss) of the battery [14,15]. The Li1+xAlxM2–x(PO4)3 (M = Ge,
Ti) NASICON compounds stand out among Li+-ion conducting solid
electrolytes due to their high ionic conductivities at low temperatures
(< 60 °C) [15]. Cruz et al. [4] and Narváez-Semanate et al. [6] obtained
glass-ceramics with different microstructures from these NASICON
series by applying different crystallization treatments (SHT and DHT).
Both authors confirmed that the increase in average grain size enhances
the ionic conductivity of samples. In addition, Narváez-Semanate et al.
also showed evidence that Li1.3Al0.3Ti1.7(PO4)3 samples crystallized by
DHT exhibited higher values of electrical conductivity than those ob-
tained by SHT performed at the same growth temperature of DHT and
with the same grain size. According to the authors, the highest degree
of crystallinity achieved in the glass-ceramics obtained by double heat
treatments was responsible for the increase in ionic conductivity. It
follows from the above that different heat treatments for glass crystal-
lization lead to glass-ceramics with different microstructures and in
turn, the electrical properties of the materials can be optimized.

On the other hand, several studies point out to sodium-based bat-
teries being a potential option for replacing lithium-ion batteries in the
future (e.g., stationary storage devices) due to the wide availability and
low cost of sodium compared to lithium, as well as the high Na+ redox
potential [15–17]. Following this idea, we synthesized NASICON glass-
ceramics of Na2AlTi(PO4)3 (NATP) and Na1.8Al0.8Ge1.2(PO4)3 (NAGP)
compositions applying single and double heat treatments to their re-
spective precursor glasses. NATP and NAGP compounds correspond to
the most conductive compositions of the Na1+xAlxM2–x(PO4)3 (M = Ti,
Ge) NASICON family [5,18], which is a sodium-ion conductive series
analogous to that NASICON series studied by Cruz et al. [4] and Nar-
váez-Semanate et al. [6]. To the best of our knowledge, there are no
reports on microstructural changes promoted by using different crys-
tallization heat treatments and their influence on electrical properties
of these two glass-ceramics NASICON series.

In this study, we performed differential scanning calorimetry (DSC)
to determine the appropriate temperatures for crystallizing the pre-
cursor glass and X-ray powder diffraction to verify the formation of the
NASICON crystalline phase after heat treatments. Afterwards, we pre-
sented a detailed analysis of the microstructural and electrical evolution
as revealed by scanning electronic microscopy (SEM) and impedance
spectroscopy (IS), respectively.

2. Experimental procedure

2.1. Synthesis of precursor glasses

Na2AlTi(PO4)3 and Na1.8Al0.8Ge1.2(PO4)3 precursor glasses with
molar composition 25Na2O–12.5Al2O3–25TiO2–37.5P2O5 and
22.5Na2O–10Al2O3–30GeO2–37.5P2O5 respectively, were synthesized
following the experimental procedure and using the same reagent grade
chemicals as described in our previous work [5,18]. Accordingly, ade-
quate quantities of raw materials to obtain 20 g batches of the precursor
glasses were homogenized in a rotary jar mill for 2 h with alumina balls.
The mixed powders were heated from room temperature to 700 °C (10
°C/min heating rate) in a platinum crucible and maintained at this last
temperature for 1 h to promote the decomposition of Na2CO3 and
(NH4)2HPO4 reagents and thereby allow the release of CO2, NH3 and
H2O gases. After the calcination treatment, the temperature was raised
with a heating rate of 20 °C/min to 1450 °C and 1250 °C for the NATP
and NAGP, respectively. The melting time was 30 min for both com-
positions. The molten liquid was cooled by the conventional splat
cooling technique. Thus, vitreous plates with a thickness of 1–2 mm
were obtained. After the synthesis of glassy material, residual thermal
stresses were removed by annealing at a temperature of 40 °C below the
glass transition temperature (Tg, determined by DSC as indicated in
Fig. 1) for 2 h. Then, the samples were slowly cooled to room

temperature.

2.2. Thermal analysis and temperature of maximum nucleation rate
(Tnmax) of glasses

The thermal analysis for the determination of the characteristic
temperatures (Tx: crystallization temperature, Tg: glass transition tem-
perature and Tm: melting temperature) of the precursor glasses was
performed by differential scanning calorimetry (DSC- Netzsch 404)
using a platinum crucible in air atmosphere with a heating rate of 10
°C/min, in a temperature range from 30 °C to 1000 °C and 1250 °C for
NATP and NAGP, respectively.

The temperature of the maximum nucleation rate (Tnmax) of NATP
and NAGP precursor glasses was determined according to the method
proposed by Ray et al. [19], which has already been applied to other
precursor glasses of NASICON compounds [4]. This technique consists
of inducing nucleation on the precursor glass at different temperatures
around the glass transition temperature (Tg) at a fixed length of time.
Then, the temperature of the DSC crystallization peak (Tp) is de-
termined from the DSC thermogram. As shown by Ray et al. [19] and
Cruz et al. [4], the Tnmax corresponds to the maximum temperature of
the 1/Tp vs. nucleation temperature plot.

Thus, nucleation heat treatments were performed at five different
temperatures (Tg − 20, Tg − 10, Tg, Tg + 10, and Tg + 20) on NATP
and NAGP samples to determine the Tnmax. The duration of nucleation
heat treatments was 30 and 180 min for NATP and NAGP, respectively.

2.3. Crystallization of precursor glass: single (SHT) and double (DHT) heat
treatments

To obtain the NATP and NAGP glass-ceramics, precursor glasses
were subjected to single and double heat treatments. The nucleation
and grain growth temperatures, as well as the times used in both heat
treatments, are summarized in Table 1. As mentioned earlier, the DHT
consists of two steps of crystallization: the first one for nucleus for-
mation and the second one for crystal growth. In this case, we per-
formed the nucleation step at the temperature corresponding to the
maximum nucleation rate (Tnmax) of the precursor glass in both com-
positions. The isothermal treatment times for this first step varied from
1 to 12 h for the NATP composition and from 3 to 24 h for the NAGP, as
indicated in Table 1. For the crystal growth stage, a heat treatment
temperature between the glass transition (Tg) and crystallization (Tx)
temperatures (630 °C for NATP and 600 °C for NAGP) was chosen to
avoid a rapid crystallization process, thus enabling a better control of
the microstructure.

Regarding the SHT (without a previous nucleation stage), the
crystallization treatments were made on the precursor glasses at the
same temperature used for the crystal growth step of the DHT (see
Table 1). The crystallization times for these heat treatments were 1, 3,
and 6 h in both compositions. Additionally, SHTs at higher tempera-
tures (700–850 °C) were also performed for 1 h to evaluate the effect of
SHT at increased temperatures on microstructural characteristics. All
the crystallization treatments (SHT and DHT) to obtain the glass-cera-
mics were performed in a tubular and vertical electric furnace having a
precision of ± 1 °C in the temperature control. It should be noted that
the glassy samples were placed in the electric furnace, which was
previously equilibrated at the respective target temperature following
the crystallization protocol summarized in Table 1. After the nucleation
and grain growth step, the samples were removed from the furnace and
left to cool to room temperature.

2.4. Characterization of glass-ceramics

X-ray patterns were obtained in the 10° to 80° 2θ range at room
temperature using a Rigaku Ultima IV diffractometer with Cu target (Kα

wavelength) at 40 kV and 20 mA, employing an integration time and
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step size of 0.29 s and 0.02°, respectively. For X-ray analysis, the glass-
ceramic samples were previously ground in an agate mortar, and the
resultant powders were sifted through a 230 mesh (≤63 μm).
Crystallographica Search Match [20] and TOPAS version 6 software
[21] were used to index and quantify the crystalline phases, respec-
tively. The crystallographic files (CIF) were extracted from the In-
organic Crystal Structure Database (ICSD) [22] for the Rietveld ana-
lysis.

The Archimedes’ principle was used to determine the experimental
density of the NATP and NAGP single-phase glass-ceramics. As a test to
the possible hygroscopicity of samples due to the presence of P2O5 in
their composition, water (ρexp-w) and ethanol (ρexp-e) were used as im-
mersion fluids. Measurements were carried out in a Mettler-Toledo AX-
204 analytical lab balance.

The variation of electrical conductivity as a function of frequency and
temperature was determined by complex impedance spectroscopy
(Novocontrol Alpha-A High-Performance Frequency Analyzer) on

parallelepipedal samples with a surface area and thickness of ∼6 mm2 and
∼1.5 mm, respectively. Sputtered gold was deposited on both parallel
surfaces as a contact electrode. The impedance measurements were per-
formed in the 10 MHz to 0.1 Hz frequency range at temperatures between
50–300 °C.

Finally, images from scanning electron microscopy (Phillips XL30
FEG) were obtained on the fractured surface of the same glass-ceramic
samples used in the impedance measurements. Grain size determination
was performed by measuring 50 grains from the SEM micrographs of
each sample using ImageJ open-source software [23].

3. Results and discussion

3.1. Thermal analysis

Fig. 1 shows the DSC thermograms of the bulk (monolithic) and
powder (particle size < 63 μm) samples of the NATP and NAGP

Fig. 1. DSC thermograms of bulk and powder (particle size < 63 μm) samples of NATP and NAGP compositions at a heating rate of 10 °C/min. Characteristic
temperatures (Tg, Tx, and Tm) are also indicated.
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precursor glasses. DSC curves of both glassy samples exhibit an event in
the endothermic direction, characteristic of the glass transition, fol-
lowed by a single well-defined exothermic peak above 600 °C, which
was associated with the crystallization process of the vitreous sample.
The crystallization temperature (Tx) was determined from the onset of
the crystallization peak, as indicated in Fig. 1, and the Tg temperature
was taken at the inflection point of the baseline into the endothermic
direction. The characteristic temperatures for the monolith and pow-
ered samples of the NATP and NAGP glasses are indicated in Fig. 1.

Moreover, in Fig. 1, it can be seen that the crystallization peaks of
the bulk and powder samples coincide for both compositions. This be-
havior suggests that Na2AlTi(PO4)3 and Na1.8Al0.8Ge1.2(PO4)3 precursor
glasses nuclei in volume., i.e., surface crystallization is not predominant
in these compositions of glasses [4,5,24]. If surface nucleation were
predominant, it is expected that, due to the larger surface area, the
crystallization peak of the powder sample would occur at a lower
temperature as compared to that of the bulk sample. This result is re-
levant because it indicates that it is possible to control the micro-
structure of the material without using nucleating agents, which may
affect the crystallized phase stoichiometry. In our previous work [5],
we also observed the same DSC behavior in bulk and powder samples of
the precursor glasses of the NASICON Na1+xAlxGe2–x(PO4)3 series (0 ≤
x ≤ 1.0). Besides, it was also reported for these glasses that the Tgr
parameter (reduced glass transition temperature, Tgr = Tg / Tm (tem-
peratures in K) is lower than 0.6, which is another indicator of homo-
geneous nucleation [25]. For the NAGP composition (x = 0.8) in-
vestigated here, Tgr = 0.59 (Fig. 1). In the case of the NATP precursor
glass, it was not possible to calculate the Tgr parameter since the melting
temperature was not observed at the temperature range analyzed by
DSC. The endothermic event before 1000 °C for NATP glass and around
750 °C for the NAGP sample (Fig. 1) is attributed to the beginning of the
melting process, i.e., it corresponds to the solidus temperature (Ts) at
which the first liquid appears and the solid solution initiates its de-
composition. In fact, the grain rounding and intense de-alumination
observed in NAGP glass-ceramics, obtained by SHT at temperatures
higher than this Ts value [26], also suggest the beginning of the melting
process. This solidus temperature has also been observed in other ti-
tanium-containing glasses, which also crystallize in the NASICON Na-
Ti2(PO4)3 phase [27].

3.2. Determination of the maximum nucleation rate (Tnmax)

Fig. 2a–b shows the DSC curves obtained for the NATP and NAGP
vitreous samples nucleated at Tg − 20, Tg − 10, Tg, Tg + 10 and Tg +
20. As can be seen for both compositions, the crystallization peak shifts
to lower temperatures as the nucleation temperature increases. Ac-
cording to Ray et al. [19], this behavior is expected since higher heat
treatment temperatures (or also, longer nucleation times) promote
more nucleation in the glass matrix, and thus the probability of in-
itiating the crystallization by the crystal growth also increases due to an
increased density of nuclei.

In addition, no significant variations in the intensity of the crys-
tallization peaks were observed in Fig. 2a–b, despite the temperature
difference in the nucleation treatments. Cruz et al. [4] state that this
result is due to the fact that the crystal growth rate is negligible in the
investigated nucleation temperature range (around Tg).

Following Ray's method, the temperature of the crystallization peak
(Tp) was determined from the data shown in Fig. 2a–b, and the inverse
of this temperature (1/Tp) was plotted as a function of the nucleation
temperature (see Fig. 2c–d). Fig. 2c–d shows that there is no significant
variation in the temperature of crystallization peak from Tg + 10. It
suggests that NAGP and NATP samples nucleated at Tg + 10 and Tg +
20 present a similar quantity of nuclei. In other words, it means that the
nuclei saturation in the glass, for that period of time, has been reached
at Tg + 10 in both compositions. Thus, as shown by Ray et al. [19], we
can assume that Tg + 10 corresponds to the temperature of the max-
imum nucleation rate (Tnmax). Therefore, the nucleation step of the
double heat treatments was performed at 577 °C and 547 °C on the
NATP and NAGP precursor glasses, respectively.

3.3. X-ray diffraction and rietveld refinement

The X-ray diffractogram patterns of NAGP and NATP glass-ceramic
samples obtained by SHT and DHT are shown in Fig. 3. It is worth
noting that the NASICON (ICSD 290802) is the only crystalline phase
formed after all the heat treatments performed in the NATP precursor
glass, except for those glass-ceramics obtained at temperatures higher
than those chosen for growth (> 630 °C). According to Rietveld re-
finement, a percentage of less than 2 wt% of the AlPO4 spurious phase
(ICSD 280307) was formed in the NATP S750 and S850 samples.

Regarding the NAGP glass-ceramics, the NASICON phase with file

Table 1
Temperatures and times of the nucleation and grain growth steps in the single (SHT) and double (DHT) heat treatments performed on the NATP and NAGP precursor
glasses.

Composition Heat
treatment

Sample Nucleation Crystal growth

Temperature*(°C) Time(h) Temperature(°C) Time(h)

S1 – – 630 1
S3 – – 630 3

SHT S6 – – 630 6
S750 – – 750 1

NATP S850 – – 850 1
(Tg = 567 °C) D1 577 1 630 1

D3 577 3 630 1
DHT D6 577 6 630 1

D9 577 9 630 1
D12 577 12 630 1
S1 – – 600 1

SHT S3 – – 600 3
S6 – – 600 6
S700 – – 700 1

NAGP D3 547 3 600 1
(Tg = 537 °C) D6 547 6 600 1

DHT D12 547 12 600 1
D18 547 18 600 1
D24 547 24 600 1

* Nucleation temperature corresponding to the temperature of the maximum nucleation rate according to DSC analysis.
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card number ICSD 154069 was observed as the majority crystalline
phase after SHT and DHT. Some peaks of the Na7(AlP2O7)4PO4 spurious
phase (ICSD 261924) were also observed in samples obtained by SHT
with times ≥ 3 h (see Fig. 3). The percentage of this secondary phase is
low (around 4 wt% for S3 and S6 samples). In sample crystallized at
700 °C (S700), this secondary phase is no longer seen due to its me-
tastable nature [26]. Instead, the presence of around 8 wt% of the
AlPO4 phase (ICSD 280307) is observed, as calculated by the Rietveld
refinement.

In Table 2, no significant variations in lattice cell parameters of the
NASICON structure were observed in NATP and NAGP glass-ceramics,
except for the S700 sample of the NAGP composition. In this sample, a
decrease in the “a” parameter can be observed, which causes a con-
traction in the NASICON unit-cell volume. Ortiz-Mosquera et al. [26]
showed that high percentage of secondary phases in Na1+xAlxGe2–x

(PO4)3 glass-ceramics are due to a dealumination of the NASICON unit
cell leading to a decrease in the x value in the NASICON formula. In this
sense, results from Table 2 show that for NATP and NAGP glass-cera-
mics with a low percentage of secondary phases (≤ 4 wt%), the che-
mical composition of the NASICON phase is not affected, i.e., the x
value does not change. However, for the NAGP S700 sample (with 8 wt
% of AlPO4), the decrease in the NASICON cell volume indicates its

dealumination due to the formation of AlPO4. Thus, the electrical
characterization of this sample is not included in the present work,
since we want to evaluate the influence of microstructural variation on
the electrical conductivity of NATP and NAGP samples and not the
influence of compositional changes.

3.4. Scanning electron microscopy

SEM micrographs of the fractured surface and photo-images of the
most representative NATP and NAGP glass-ceramics are shown in
Figs. 4 and 5, respectively. The average grain size was determined from
SEM micrographs in both compositions and the results are shown in
Fig. 6.

Fig. 4 shows that NATP glass-ceramics exhibit asymmetric grains
regardless of the type of heat treatment adopted and a dense micro-
structure except in the sample crystallized at 750 °C. The sample ob-
tained by SHT at 850 °C (S850) (not shown in Fig. 4) also exhibited
similar porosity. According to Watanabe et al. [28], the porosity in
glass-ceramics appears due to the density difference between the pre-
cursor glass and the crystalline material. On the other hand, Table 2
shows the experimental densities of the NATP single-phase glass-cera-
mics determined by the Archimedes’ principle using water (ρexp-w) and

Fig. 2. DSC curves of (a) NATP and (b) NAGP samples nucleated for 30 min and 3 h respectively, at Tg − 20, Tg − 10, Tg, Tg + 10 and Tg + 20. Plot of the inverse of
the crystallization peak temperature (Tp) vs. nucleation temperature for the (c) NATP and (d) NAGP glasses. The dotted lines in (c) and (d) are a guide to the eye. The
uncertainties in (c) and (d) are less than the size of the square symbol. The error (∼2 K) was estimated from DSC measurements performed in two glassy samples
(from the same batch) at a heating rate of 10 °C/min.
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ethanol (ρexp-e) as immersion fluids. It is interesting to note that, despite
the presence of P2O5 in sample´s composition, the experimental den-
sities did not vary significantly when measured with water or ethanol.
The dense microstructures, observed in the NATP micrographs, are in
good agreement with the experimental density measurements, which
are higher than 95 % of the theoretical density (ρth). Due to the presence
of spurious phases, experimental densities were not determined for the
S750 and S850 samples (see Fig. 3).

Concerning the NAGP samples, the grains are better shaped as
compared to the titanium-containing composition, with right angles
and well-formed cubes (see Fig. 5). Note that for the S1 glass-ceramics
in both compositions (more noticeable in NAGP), the grains are not

fully formed, probably because the heat treatment time was not enough
for the total crystallization in the chosen temperature. Better formed
grains can be seen in samples treated for a longer time (S3 and S6). In
fact, the slight decrease in the experimental density from samples S3 to
S1 (Table 2) could suggest the presence of a small remaining glassy
phase. It is also interesting to note that there is no evidence of the glassy
phase on the X-ray diffractogram of these S1 samples (Fig. 3), sug-
gesting that, if any, the glassy phase in these samples is present at a very
low amount.

On the other hand, as can be seen in Fig. 6, glass-ceramics obtained
by SHT for 1 h (S1) exhibit larger grains than those obtained by DHT in
both compositions. This result is expected since the percentage of the

Fig. 3. X-ray diffractograms of NATP (left) and NAGP (right) glass-ceramics obtained by SHT and DHT, according to heat-treatment protocols summarized in Table 1.

Table 2
Lattice parameters (a = b, c), unit cell volume (V) of the NASICON structure, theoretical density (ρth) and the agreement factor (Rwp) obtained by Rietveld refinement
for NATP and NAGP glass-ceramic samples. Experimental density of glass-ceramics using water (ρexp-w) and ethanol (ρexp-e) as fluid. Mathematical errors given by
TOPAS software are indicated between parentheses and for ρexp-w and ρexp-e, this number corresponds to the standard deviation of five measurements performed in the
same sample.

Composition Heat treatment Sample a c V ρth ρexp-w ρexp-e ρexp-e/ρth Rwp*
(Å) (Å) (Å3) (g/cm3) (g/cm3) (g/cm3) (%) (%)

S1 8.4749(6) 21.597(2) 1343.3(2) 2.9922(4) 2.82(2) 2.86(1) 95.58 9.98
S3 8.4752(5) 21.608(1) 1344.1(2) 2.9905(4) 2.86(1) 2.87(3) 95.97 9.74

SHT S6 8.4738(6) 21.614(2) 1344.1(2) 2.9906(4) 2.91(1) 2.94(1) 98.30 9.61
S750 8.4826(3) 21.551(1) 1342.9(1) – – – – 10.28

NATP S850 8.4825(7) 21.579(1) 1344.7(1) – – – – 10.84
D1 8.4733(5) 21.605(2) 1343.4(2) 2.9922(4) 2.84(2) 2.88(2) 96.25 9.92
D3 8.4750(6) 21.590(2) 1343.0(2) 2.9931(4) 2.82(1) 2.94(4) 98.22 10.24

DHT D6 8.4730(6) 21.605(2) 1343.3(2) 2.9923(4) 2.91(3) 2.93(2) 97.91 9.76
D9 8.4716(7) 21.623(2) 1343.9(2) 2.9907(5) 2.86(4) 2.88(1) 96.29 9.82
D12 8.4743(5) 21.602(1) 1343.5(2) 2.9919(4) 2.86(2) 2.89(1) 96.59 10.04
S1 8.2888(2) 21.3892(5) 1272.66(7) 3.323(5) 3.07(2) 3.03(2) 91.18 10.11

SHT S3 8.2806(2) 21.3903(5) 1270.21(6) 3.332(4) 3.04(1) 3.08(1) 92.44 8.98
S6 8.2863(2) 21.3927(5) 1272.09(5) – – – – 8.76

NAGP S700 8.2470(2) 21.3994(6) 1260.46(7) – – – – 9.78
D3 8.2877(2) 21.4001(5) 1272.96(6) 3.317(4) 3.11(2) 3.12(2) 94.06 8.94
D6 8.2793(2) 21.4145(5) 1271.23(6) 3.324(4) 3.13(3) 3.10(2) 93.26 8.81

DHT D12 8.2798(2) 21.4115(6) 1271.21(7) 3.324(4) 3.09(1) 3.08(1) 92.66 9.84
D18 8.2868(2) 21.401045) 1272.73(5) 3.317(4) 3.09(2) 3.10(1) 93.46 8.59
D24 8.2818(2) 21.4169(5) 1272.14(6) 3.319(4) 3.22(4) 3.19(3) 96.11 8.91

* Rwp = Σ [w(yo − yc)2/ Σ wyo2]1/2; yo = Observed intensity, yc = Calculated intensity, w = 1/yo.
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nuclei present before the crystallization step in S1 samples is much
lower than that of samples crystallized by two steps (DHT). In other
words, the nuclei to be transformed into grains are more separated
between them and its growth is less limited in the S1 samples. Fig. 6
shows a tendency to decrease the average grain size with the increase in
the nucleation time in DHT for both compositions. As expected, longer

nucleation times favor the density of nuclei, and thus the final grain size
is limited by the grains which impinge each other as the growth process
occurs.

In Fig. 6, the average grain size in S1, S3 and S6 samples of NATP
remains constant within the error bar, with increasing time in the
crystallization heat-treatment performed at 630 °C. Different behavior

Fig. 4. SEM micrographs and photo-images of NATP glass-ceramics obtained by SHT and DHT, according to heat-treatment protocols summarized in Table 1.

Fig. 5. SEM micrographs and photo-images of NAGP glass-ceramics obtained by SHT and DHT, according to heat-treatment protocols summarized in Table 1.

A.M. Nieto-Muñoz, et al. Journal of the European Ceramic Society xxx (xxxx) xxx–xxx

7



is observed in the NAGP samples crystallized by SHT at 600 °C (S1, S3,
and S6), where a noticeable grain growth is observed in the sample
treated for 6 h (S6). In addition, it is seen that the increase in the
temperature of SHT promotes an increment in the average grain size of
up to 2 times in both compounds (for the same crystallization time).

In summary, SEM results show that the smallest and largest grain
sizes are 0.443 μm (D12) and 1.948 μm (S850) for NATP, and 0.556 μm
(D24) and 5.713 μm (S700) for NAGP, respectively. It is important to
note that the variations in grain size exhibited by the compounds NAGP
and NATP are greater than those reported by Cruz et al. [4] and Nar-
váez-Semanate et al. [6] in Li+-ion conducting analogous glass-cera-
mics. In the case of Li1.3Al0.3Ti1.7(PO4)3 compound, the average grain
size changed between ∼ 110 nm and 380 nm with the variation of the
heat treatment protocol while in the Li1.5Al0.5Ge1.5(PO4)3, the grain size
varied from 220 nm to 8 μm. This finding is quite interesting and will be
discussed in the following section on the electrical characterization.

3.5. Complex impedance spectroscopy

Fig. 7a,b shows, as examples, the Nyquist plots (-Z” vs. Z') obtained
at 100 °C from the samples treated with the shortest (1 h for NATP and
3 h for NAGP) and longest (12 h for NATP and 24 h for NAGP) nu-
cleation times. Similar impedance plots (not shown here) were obtained
for the other glass-ceramics obtained by DHT and SHT.

It can be seen in Fig. 7a,b that an increase in the nucleation time
leads to an increment in the total resistivity, read at the low-frequency
intersection of the impedance semi-circle with the Z' axis. At the lowest
frequencies, a straight line is also observed that indicates the blockage
of the ions in the electrodes, which also confirms the ionic nature of
electrical conductivity in NATP and NAGP glass-ceramics. This beha-
vior is in good agreement with the results reported in our previous
works on the Na1+xAlxTi2–x(PO4)3 and Na1+xAlxGe2–x(PO4)3 NASICON
series [5,18].

Fig. 7a also shows the formation of a semicircle in the high-fre-
quency region (at MHz frequencies), as well as the presence of a
shoulder in the mid-frequency zone (at kHz frequencies) for the D1 and
D12 NATP samples. Each of these semicircles is associated with the
grain and grain boundary contribution, respectively, as indicated in the
Nyquist plots. Fig. 7a reveals that the size of the second (mid-fre-
quency) semicircle, associated with the grain boundary component,
increases with the nucleation time, i.e., with the decrease in the average
grain size (Fig. 6). This behavior in the -Z” vs. Z' plots is expected since
the D12 sample has a higher grain boundary volume fraction, which is
caused by the smaller average grain size, than the D1 glass-ceramic (see

Section 3.4) [29–31]. In fact, the increase in the rgb / (rgb + rg) ratio (see
Table 3), also called the blocking effect [31], calculated from the dia-
meter associated with the grain (rg) and grain boundary (rgb), also
confirms this idea. In the case of the NAGP samples, it was not possible
to separate the grain and the grain boundary contribution since the
Nyquist diagram (Fig. 7b) shows a single semicircle for SHT and DHT
glass-ceramics. Thus, the semicircle in the -Z” vs. Z' plot was associated
with the sum of both contributions.

The total conductivity (σt) of NATP and NAGP glass-ceramics were
calculated from the inverse of the total resistivity measured in the
temperature range from 50–300 °C. In addition, the classical equivalent
circuit model shown in Fig. 7f was used to determine the grain (Rg) and
grain boundary (Rgb) resistances from the Nyquist plots of the NATP
composition. In this circuit, the constant phase elements are used to
simulate the non-ideal capacitance of these two contributions (CPEg and
CPEgb) and also, the behavior of electrode-sample interface (CPEel). The
analysis of grain and grain boundary contributions was limited to the
50–130 °C temperature range since for higher temperatures, the semi-
circles in the Nyquist plots were not well resolved. The expression

= l R A/ ( )i i ) (i = g, gbm) was used to calculate the grain (σg) and
macroscopic grain boundary (σgbm) conductivities. Furthermore, the
specific grain boundary conductivity (σgbsp) was determined by the
Brick Layer Model using Eq. (1) [32,33]:

= l R A d D( / )( / )gb
sp

gb (1)

where l is the sample thickness, A is the area of the sample, d is the
grain boundary thickness and D is the average grain size. The σgbsp re-
presents the real conductivity of the grain boundary since it is not in-
fluenced by microstructural factors, i.e., grain size variations [34]. In
addition, since σgbm = l R A/ gb as mentioned above, the macroscopic and
specific grain boundary conductivities are related by the following ex-
pression:

= D d( / )gb
m

gb
sp (2)

By analyzing Eq. (2), it can be noted that the macroscopic grain
boundary conductivity could be enhanced either by improving the
specific grain boundary conductivity, by the increase of the grain size or
by the decrease of the grain boundary thickness [33].

On the other hand, considering the assumption that the grain and
grain boundary permittivity is similar, we determined the grain
boundary thickness from Eq. (3) [35]:

=d D C C( / )g gb (3)

where Cg and Cgb are the grain and grain boundary capacitances,

Fig. 6. Evolution of the average grain size as a function of the nucleation time in NATP (left) and NAGP (right) glass-ceramics obtained from SHT and DHT. See
Table 1 for sample acronyms. The error bar indicates the standard deviation from the measurement of 50 grains.
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respectively.
The dependence of the total, grain, and specific grain boundary

conductivity with the inverse of temperature (Arrhenius plot) for NAGP
and NATP samples are shown in Fig. 7c–e. The total (Ea), grain (Ea–g),
and grain boundary (Ea–gbsp and Ea–gbm) activation energy values were
calculated by the assumption of an Arrhenius behavior (see Eq. (4)).
These values are summarized in Table 3 together with the ionic con-
ductivity at 100 °C for all contributions.

= E k Tlog log 2.3 /o a B (4)

As shown in Table 3, the values of the logarithm of the pre-ex-
ponential factor for the total conductivity (log σ0) are around 2 (which
is a typical value for ionic conductors [5,36]) except for the NATP
samples obtained at higher temperatures (S750 and S850). In fact, these
glass-ceramics exhibit the lowest log σ0 from all the samples analyzed.
As reported by Mariappan et al. [37], low values of the pre-exponential

Fig. 7. Nyquist plots of (a) NATP and (b) NAGP glass-ceramics obtained by DHT according to the heat-treatment protocols summarized in Table 1. Temperature
dependence of total ionic conductivity (σt) in the (c) NATP and (d) NAGP glass-ceramics. (e) Arrhenius plot of grain and specific grain boundary of NATP glass-
ceramics. (f) Equivalent circuit model used to analyze the Nyquist plots in (a). The solid lines in the Arrhenius and Nyquist plots represent the linear fitting and the
circuit fitting, respectively.
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factor can be expected when samples exhibit poor contact between
grains. In our case, we believe that this poor contact in S750 and S850
glass-ceramics is probably caused by the presence of pores, as seen in
Section 3.4.

Table 3 shows that the total ionic conductivities of NATP samples is
two orders of magnitude higher than those exhibited for the NAGP
glass-ceramics. This difference between conductivities is due to higher
activation energies of NAGP samples. We attribute this behavior to the
smaller bottleneck size of the NAGP NASICON structure, through which
the Na+ ions migrate within the material [18].

Fig. 8a–d illustrates the variation of the total ionic conductivity at
100 °C (σt–100°C) and total activation energy as a function of the grain
size in NATP and NAGP samples. It can be noted in both compositions
that the electrical conductivity tends to increase when the average grain
size is increased. This improvement in ionic conductivity is up to two
times in both compositions. We note that although remarkable varia-
tions in grain size were promoted in the NATP and NAGP compounds
(as shown in Section 3.4), the increase in ionic conductivity was not of
several orders of magnitude like those reported in the lithium-con-
taining analogous series, Li1+xAlxM2–x(PO4)3 (M = Ge, Ti) [4,6]. This
result is intriguing, considering that in Li1+xAlxM2–x(PO4)3 (M = Ge,
Ti), the increase in grain size was less than that promoted in the present
work.

On the other hand, Fig. 8a shows that the S750 and S850 samples
(for NATP) do not exhibit the highest values of total ionic conductivity
despite the fact that they exhibit the largest grain size and low acti-
vation energy (see Fig. 8c). This decrease in the ionic conductivity is
attributed to the porosity, which promoted a decrease in the pre-ex-
ponential factor of the Arrhenius expression (Eq. 4). Thus, it can be
argued that the low pre-exponential factor, log σ0, prevailed over the
slightly decreased activation energy in those samples. Regarding the
NAGP S1 sample, the drop in the ionic conductivity value is expected
since we suspect that a small amount of remaining glassy phase is still
present after the crystallization treatment.

On the other hand, Fig. 8a,b also shows an improvement in the total
ionic conductivity as the crystallization time increases (from S1 to S6)
in samples obtained by SHT in both compositions. The highest ionic

conductivity at 100 °C was reached at the samples crystallized by SHT
for 6 h (S6) with values of 2.9 × 10−5 S. cm−1 and 3.6 × 10−7 S.cm−1

for NATP and NAGP, respectively (see Table 3).
Regarding glass-ceramics obtained by DHT, Fig. 8c,d shows an in-

crease in the total activation energy (Ea) with the increase in the nu-
cleation time, i.e., with the decrease in the average grain size, for NATP
and NAGP. As can be seen in Fig. 8a,b, this increase in Ea promotes a
decrease in the total conductivity of the samples.

Table 3 shows that the grain activation energy (Ea–g) of NATP glass-
ceramics is similar (around 0.49 to 0.50 eV) regardless of the type of
heat treatment, SHT or DHT, to which the sample was subjected. This
result is expected mainly because the chemical composition (x amount)
of samples is not affected by the heat treatment protocol (as analyzed
by XRD in Section 3.3) and also because, as shown previously, the
variation of grain size in NATP samples only affects the electrical
properties of the grain boundary. We would like to suggest that the
activation energy for the grain in the NAGP samples could also have
similar values, regardless of the different heat treatment protocols,
since the lattice parameters of the unit cell of those glass-ceramics are
also constant (see Table 2). However, this hypothesis cannot be ex-
perimentally corroborated because it was not possible to analyze the
electrical-microstructure relationship of the NAGP glass-ceramics.

Considering that no changes were observed in the grain contribu-
tion (Ea–g) of NATP samples, we were able to analyze the evolution of
the total conductivity based on the grain boundary behavior. Table 3
shows that the intergranular region exhibits higher activation energies
(Ea–gbsp and Ea–gbm) than those observed for the grains. This indicates
that, as expected, the Na+ ions move with greater difficulty in the grain
boundary. In fact, it is noted that the specific grain boundary con-
ductivity at 100 °C (σgbsp–100) of NATP samples is one order lower than
that exhibited by the grain.

On the other hand, Table 3 also shows an increment in the specific
grain boundary conductivity at 100 °C (σgbsp–100) as the crystallization
time increases (from S1 to S6) in the NATP samples obtained by SHT.
Since changes in σgbsp are independent of the microstructural factors
[34,35], we attributed the improvement of the σgbsp to the reduction of
the glassy phase in samples treated at longer crystallization times (S6

Table 3
Activation energy of total (Ea), grain (Ea–g), specific (Ea–gbsp) and macroscopic (Ea–gbm) grain boundary conductivity. Conductivities at 100 °C for the grain (σg–100),
specific (σgbsp– 100) and microscopic grain boundary (σgbm– 100) of NATP samples and total ionic conductivity at 100 °C (σt–100°C) for NATP and NAGP glass-ceramics
obtained by SHT and DHT. Numbers between parentheses represent the mathematical uncertainty in the final digit. The ratio rgb/(rg+rgb) and the thickness of the
grain boundary, d (calculated by Eq. (3)) are shown on the right.

Comp1 HT2 Sample Total Grain Specific grain
boundary

Macroscopic grain
boundary

+rgb rg rgb( ) d

Ea log σ0 σt–100°C Ea–g σg–100 Ea–gbsp σgbsp–100 Ea–gbm σgbm–100

(eV) (σ0: S.cm−1) (S.cm−1) (eV) (S.cm−1) (eV) (S.cm−1) (eV) (S.cm−1) (nm)
S1 0.685(4) 2.58(5) 2.1 × 10−7 – – – – – – – –

SHT S3 0.673(2) 2.30(3) 3.1 × 10−7 – – – – – – – –
S6 0.650(3) 2.34(3) 3.6 × 10−7 – – – – – – – –

NAGP D3 0.641(8) 2.07(9) 2.6 × 10−7 – – – – – – – –
D6 0.648(4) 2.15(5) 2.5 × 10−7 – – – – – – – –

DHT D12 0.662(3) 2.19(4) 1.8 × 10−7 – – – – – – – –
D18 0.669(4) 2.30(6) 1.8 × 10−7 – – – – – – – –
D24 0.664(5) 2.24(6) 1.9 × 10−7 – – – – – – – –
S1 0.513(6) 2.32(6) 2.4 × 10−5 0.489(3) 3.7 × 10−5 0.66(1) 2.0 × 10−6 0.64(1) 8.5 × 10−5 0.29 21
S3 0.494(5) 2.06(6) 2.5 × 10−5 0.491(7) 3.4 × 10−5 0.64(1) 7.5 × 10−6 0.62(2) 9.1 × 10−5 0.23 58

SHT S6 0.483(4) 2.01(4) 2.9 × 10−5 0.489(2) 4.0 × 10−5 0.56(1) 9.6 × 10−6 0.56(2) 1.2 × 10−4 0.26 65
S750 0.487(2) 1.66(2) 1.2 × 10−5 – – – – – – – –
S850 0.492(2) 1.87(3) 1.7 × 10−5 – – – – – – – –

NATP D1 0.499(7) 2.10(9) 2.3 × 10−5 0.494(3) 3.4 × 10−5 0.66(1) 3.6 × 10−6 0.57(0)* 8.0 × 10−5 0.30 23
D3 0.491(4) 2.00(6) 2.3 × 10−5 0.502(7) 3.8 × 10−5 0.65(2) 5.7 × 10−6 0.57(0)* 8.1 × 10−5 0.31 25

DHT D6 0.499(4) 2.07(6) 2.1 × 10−5 0.506(1) 3.5 × 10−5 0.67(1) 4.2 × 10−6 0.58(0)* 6.9 × 10−5 0.35 24
D9 0.514(7) 2.24(8) 1.9 × 10−5 0.499(4) 2.9 × 10−5 0.65(2) 2.4 × 10−6 0.63(0)* 6.7 × 10−5 0.37 19
D12 0.530(5) 2.34(7) 1.5 × 10−5 0.503(1) 2.9 × 10−5 0.67(1) 1.8 × 10−6 0.62(0)* 3.8 × 10−5 0.42 19

1 Comp: Composition.
2 HT: Heat treatment.
* The uncertainty is in the third decimal place.
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sample). In fact, the increase in the relative density (ρexp-e /ρth, see
Table 2) from samples S1 to S6 also suggests an increase in crystallinity.
Considering that the remaining glassy phase is usually located in the
grain boundary region, its decrease would be reflected in the decrease
in the activation energy of specific grain boundary conductivity
(Ea–gbsp). In addition, since no significant changes in the average grain
size (D) were seen from S1 to S6, we can infer from Eq. 2 that the
enhancement of macroscopic grain boundary conductivity (σgbm) is
mostly caused by an increase in σgbsp, despite the increase observed in d
(see Table 3).

Regarding NATP glass-ceramics obtained by DHT, Table 3 shows
that no changes occur in the activation energy of specific grain
boundary conductivity (E–gbsp) when the nucleation time increases from
D1 to D12. This behavior in Ea–gbsp can be understood by a similar de-
gree of crystallization of these samples since they were treated at the
same temperature and time of grain growth (see Table 1) [6]. Ad-
ditionally, Table 3 shows that, with exception to sample D1, d tends to
decrease with increased nucleation time. Moreover, analyzing Eq. (2),
we note that the macroscopic grain boundary conductivity (σgbm) is also
affected by the variation of average grain size in the NATP samples
crystallized by two-steps. In fact, Table 3 shows that samples with a
smaller grain size (D12) exhibit lower values of σgbm than those with
larger grains (D1–D3). It is worth mentioning that the influence of the
grain size in the Na+ conductivity of DHT samples is also reflected by
the increase in the energy barrier of the macroscopic grain boundary
(Ea–gbm) with the decrease in the grain size.

4. Conclusions

We synthesized NASICON glass-ceramics from single (SHT) and
double (DHT) crystallization heat treatments performed on NATP and
NAGP parent glasses. By DSC, it was estimated that the temperature in
which occurs the maximum nucleation rate corresponds to Tg + 10 in
both precursor glasses. SEM micrographs show that the different heat
treatment protocols applied in this work are effective to obtain mate-
rials with different average grain sizes (from the nanometer to the
micrometer scale). For both compositions, samples crystallized by one-
step heat treatments exhibited larger grains than those obtained by two-
steps. Regarding samples obtained by DHT, as the nucleation time in-
creased, the grain size decreased. The impedance spectroscopy results
show that the total ionic conductivity of NATP and NAGP samples can
be increased up to two times due to the microstructural variations. In
this sense, contrary to previous studies on the lithium-containing ana-
logous series, we noted that remarkable variations in grain size do not
promote an increase in orders of magnitude in the total conductivity of
NATP and NAGP sodium-ion containing samples. The highest total ionic
conductivities at 100 °C are achieved in the glass-ceramics crystallized
by SHT for 6 h in both compositions. From the analysis of grain and
grain boundary contributions in the NATP samples, the increase of total
conductivity is attributed to the improvement of the grain boundary
conductivity. In addition, it was noted that the enhancement of elec-
trical behavior of grain boundary is more influenced by the increase of
specific grain boundary conductivity for samples obtained by SHT,

Fig. 8. (a) Total ionic conductivity at 100 °C (σt–100°C) as a function of the average grain size of (a) NATP and (b) NAGP samples. Activation energy for total ionic
conductivity as a function of the average grain size of (c) NATP and (d) NAGP glass-ceramics.
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while in the DHT samples, the effect of the increase of the average grain
size is more significant.
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