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Impact of fly-ash (silica) on amorphous phase formation
in NaNOs3-Sr(NOs3)2 composite solid electrolytes
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In the current research, various weight percentages of flyash were incorporated into a
mixed system of 85.32% NaNO; and 14.68% Sr(NOs),. The system was analyzed using
the studies of conductivity, dielectric and electric modulus. An increase in DC
conductivity was observed with the addition of flyash, peaking at 10% by weight. Beyond
this concentration, the conductivity began to decrease. This increase in conductivity is
attributed to the formation of an amorphous phase within the mixed sytem. XRD, FTIR,
SEM, and DSC analyses of the flyash dispersed systems indicated the formation of an
amorphous phase. The amorphous phase may be due to the surface interaction between
fly-ash(silica)and phase of mixed system. The AC conductivity, which depends on
frequency, adheres to universal power law. Power law parameter were determined.
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1. Introduction

Sodium-ion batteries (SIB’s) are emerging as a potential substitution to lithium-ion
batteries, particularly due to their potential for lower costs and enhanced sustainability. One area
of significant interest is the use of NASICON (Sodium Superionic Conductor) materials as solid
electrolytes. Unlike traditional liquid electrolytes, solid electrolytes can offer improved safety and
potentially higher energy densities. NASICON materials are particularly attractive due to their
excellent sodium-ion conductivity, making them well-suited for this application. Despite their
potential, the use of NASICON materials in practical battery systems is still under investigation,
and optimization is necessary for their effective implementation. While NASICON materials face
challenges when used as cathodes, their role as solid electrolytes holds considerable promise.
Continuing advancements in this sector is critical to realizing the full potential of sodium-ion
batteries, with an emphasis on developing safer, more efficient, and practical energy storage
options [1-2].

For the past thirty years, heterogeneous doping has been utilized to boost conductivity by
incorporating dispersions of chemically inert and highly insoluble insulating particles, such as
Si0,, Ce0,, AlLOs, ZrO,, Fe;Os, and SnO,, into slightly ionic conducting materials. The
incorporation of nano particles has resulted in a notable increase in conductivity, often improving
by 10-30 times of magnitude in various Na® ion conducting composite solid electrolyte systems,
including NaCl-Ale3, NaNO3-A1203, and Na2804-A1203 [3*9]
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Sodium nitrate, which features a rhombohedral calcite structure with space group R3c, has
two molecules per unit cell and undergoes a phase transition at 547 K due to the orientational
disorder of nitrate ions. Sodium nitrate is Frenkel defect cationic(Na") concductor i.e the mobile
ion is sodium [10-12]. To achieve further improvements in ionic transport, a new host matrix
system, denoted as [NaNOs]oo—x— [Sr(NO3)2]x, was introduced to replace conventional NaNOs.
This new system demonstrated nearly an order of magnitude increase in conductivity compared to
pure NaNOs, particularly at a composition of [NaNOs]sss— [Sr(NOs)2]ises. The observed
enhancement in conductivity has been attributed to the phase boundaries formed between the
coexisting phases in the system [13-15]. To further enhance conductivity in this host system, we
explored the dispersion of nano fly-ash particles into the [NaNOs]ss 30— [Sr(NO3)2]14.63 matrix and
investigated how conductivity varied with weight percent and temperature.

2. Experimental

The initial host compound used was [NaNOs]ss3o— [Sr(NOs)2]14.68, prepared by mixing
analytical grade NaNOs and Sr(NOs), with a purity of 99.9% in the appropriate stoichiometric
ratio to form mixed crystals. These crystals were then ground into a fine powder to serve as the
host material. Additionally, high purity ultra-fine insulating fly-ash(composition of SiO, & Al>03
etc...) was used as the dispersoid material. The mixing of these materials was carried out using
mechanical milling in an agate mortar with acetone, and the grinding process was continued for
one hour to ensure a homogeneous dispersion of fly-ash particles in the mixture[16].

A hydraulic press was then used to create pellets with dimensions of 12 mm in diameter
and 1-2 mm in thickness at a pressure of approximately 0.432 GPa. The pellets were sintered at
200 degrees Celsius for 24 hours. After sintering, the pellets' surfaces were polished, and silver
paste was added to make sure proper electrical contact before mounting them in the sample holder.

The Novo control Alpha-A frequency analyzer was used to perform complex impedance
measurements throughout a frequency range of 1 Hz to 10 MHz and a temperature range of 303 to
563 K with 5 K intervals. X-ray diffraction patterns were produced at a scanning angle of 0° to 60°
using a Rigaku X-ray diffractometer equipped with Cu-K Alpha radiation at room temperature.
SEM and energy-dispersive X-ray analysis (EDAX) were carried out with JEOL JSM 5600 and
ZEISS EVO 18. DSC measurements were performed using a PC-based differential calorimeter at a
heating rate of 10 °C/min from 323 to 603 K. Using a Bruker infrared spectrometer, FTIR spectra
were collected between 400 and 4000 cm—1.

3. Results and discussion

3.1. X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns for [NaNOs]ss 32— [Sr(NO3)2]14.6s (host), Fly-ash, and
various dispersed systems with different weight ratios (w/0) of Fly-ash are presented in Figure. 1.
The XRD pattern for the host and composite systems display sharp and intense peaks, confirming
its crystalline nature. Conversely, the Fly-ash pattern shows a broad, prominent peak and a
significant background, indicating that the fly-ash particles are in the nanometer range [17, 18].
For all dispersed systems, a decrease in peak intensity is observed relative to the host system. This
decrease is related to the distribution of the host across the extensive surface area of the fly-ash
[19, 20]. Such distribution effects are more prominent when the adhesion energy of the salt
exceeds the surface energy of the mobile species. Furthermore, all composite systems with fly-ash
exhibit broadening of the prominent peak, which indicates a reduction in the average crystalline
dimension or crystallinity of the host with varying fly-ash content [21]. In the system with 10 wt%
fly-ash, the characteristic peaks (1 0 4) and (0 1 8) are the only ones that remain sharp, while other
peaks show a significant decrease in crystallinity. This suggests that the average crystallite size
decreases up to 10 wt% fly-ash before increasing again. The sharp peaks combined with a strong
background at 10 wt% fly-ash suggest a mixture of amorphous and crystalline phases, reflecting a
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reduction in overall crystallinity. The widening seen at 10 wt% fly ash suggests the presence of
very tiny crystallites.

XRD results reveal that tiny crystallites in the host system spread across the fly-ash's vast
surface area. The gradual increase in this spreading effect up to the 10 wt% fly-ash threshold
signifies the formation of an amorphous phase [22].
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Fig. 1. XRD patterns of host, fly-ash and dispersed systems with different w/o fly-ash.

3.2. Fourier transform infra-red spectroscopy (FTIR)

In Figure 2, the FTIR spectra of the host, fly-ash, and dispersed systems with varying
weights of fly-ash (w/o) are illustrated. The existence of nitrate ions in the host system is
confirmed by using the basic vibration modes at 835 cm™ (v2), 1385 cm™ (v3), and 735 cm™ (v4).
Specifically, The pronounced peak at 835 cm™ is caused by nitrogen vibrations within and outside
the NOs plane, also known as the NO; out-of-plane bending mode. The broad absorption at 1385
cm! is related with the asymmetric stretching mode of the N-O bond. The weaker band at 735
cm! corresponds to the doubly degenerated O-N-O bending or the asymmetric in-plane bending
mode [23-24].

In the pure fly-ash spectrum, broad absorption bands are observed at 1093 cm™, 795-800
cm!, and 461-468 cm™, which are related to the asymmetric, symmetric, and bending modes of
the Si-O-Si bonds in the tetrahedral network, respectively, indicating the presence of silica.
Another wide peak at 3641 cm™ is assigned to hydroxyl vibration mode, while the small peak at
557 cm™ is related to the alumina octahedral structure, indicating the presence of alumina [25].
The FTIR spectrum also reveals dehydrated O-H groups on the outer layer of nano-fly-ash
particles and confirms the major compounds as silica and alumina [23-26].

In the dispersed systems, the band at 795 cm™, present in the fly-ash spectrum, is no
longer observed. This disappearance suggests a disturbance in the initial order of the fly-ash [20].
The strong peak for the asymmetric stretching of N-O at 1385 cm™ in the host system broadens
and shifts to a lower intensity and wave number (1365 cm™) as the w/o fly-ash increases,
indicating a decrease in the crystallinity of the samples. Additionally, bands at 735 and 2447 cm™
in the host system, and at 461 cm™ in fly-ash, slightly shift towards lower frequencies in the
dispersed systems. The intensity of the bands at 2766 and 2852 cm™ diminishes with increasing
w/o fly-ash. Notably, the out-of-plane bending mode of NO3 (v2) and v2 + vl in the 10 w/o fly-



ash dispersed system exhibits the highest intensity among all dispersed systems, suggesting a
strong interaction between the fly-ash and the host system, which may lead to the formation of an
amorphous phase [26].
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Fig. 2. FTIR spectra of host fly-ash and dispersed systems with different w/o fly-ash.

3.3. Differential scanning calorimetry(DSC)

DSC peaks for both the host and those with 10% and 15% fly-ash additions are presented
in Figure 3. The host system shows a single endothermic peak at 545 K, corresponding to a
transition, and another peak at 572 K associated with its melting point [5,11]. Adding fly-ash does
not significantly alter the transition temperature but does introduce a minor distortion at the higher
temperature end of the peak. Notably, the intensity of the transition peak decreases with increasing
fly-ash content, and it eventually disappears at higher concentrations of fly-ash. The melting peak
intensity also diminishes significantly, with a reduction of approximately 53% for 15% fly-ash and
76% for 10% fly-ash compared to the host system. This sharp decline in the endothermic peak
intensity may be attributed to the development of an amorphous phase [27]. The correlation
between these DSC and XRD measurements support the conclusion of an amorphous phase
formation.

o
1

a
1
'~

r

(mw)

N
a
1 n

—u—[NaNQJ,, ,, [Sf(NO,),],,

—e— 10 w/o of flyash
—4—15w/o of flyash

)
S
P

Heat flow

C“ mm-m

-304

-35 T T T T T T T T
400 425 450 475 500 525 550 575 600 625

Temperature (K)

Fig. 3. DSC of host and composite systems with different w/o fly-ash.
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3.4. Scanning electron microscope (SEM)

Figure 4 and Figure 5 exhibit SEM and EDAX images of both host and dispersed systems
with varying concentrations of fly-ash. As depicted in figure., the grains and their sizes in the host
are easily observable, with grains of uneven sizes dispersed throughout the sample. Smaller grains,
identified as Sr(NOs),, are interspersed among the NaNOs grains, indicating a two-phase small
crystallite structure in the host. The morphology pictures of the fly-ash dispersed system in figure
reveal a reduction in grain size compared to the host and a more even dispersion of fly-ash within
the host. Additionally, Figure 5 shows some partial amorphous characteristics at a 10 w/o fly-ash
concentration. At higher fly-ash concentrations, as seen in Figure 4c, agglomeration of particles is
evident. SEM images highlight a good surface interaction between fly-ash and distinct amorphous
phases.
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Fig. 4. SEM pictures for (a) host (b) 10 w/o, (c) 25 w/o and (d) pure fly-ash.

Figure 5 displays the EDX spectra for both the host and dispersed systems with fly-ash.
The EDX analysis indicates the existence of major atoms such as Na, Sr, N and O in the host
system, with additional elements like Si, Al, Nb, Au, and Ta appearing in the dispersed systems.
These elements correspond to the components of NaNOs, Sr(NOs),, SiO,, and AlO; etc . The
EDX spectrum of the fly-ash shows prominent peaks for Silicon, Oxygen, and Aluminum
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Fig. 5. EDX pictures of host, 10 w/o fly-ash and pure fly-ash, respectively.

3.5. Dielectric study

Figure 6 illustrates the changes in the (a) ¢’ and (b) €” (c) tan & with frequency (f) at
various temperatures for 10 w/o fly-ash composite solid electrolyte system. At low frequencies, a
high &’ value is observed, which decreases exponentially as the frequency increases. This high &’
values for small frequencies, regardless of temperature, is related to polarization of space charges.
The log f vs. log €” plot indicates that mobile ions drive dc conduction, with slopes ranging from
—0.7 to —0.98 (near to —1). The slope's divergence from unity may be due to space charge effects at
lower frequencies and temperatures. Furthermore, log &” progressively increases at lower
temperatures, but abruptly increases from 423 K onward due to thermally induced imperfections
[28-30]. Peaks in tan 9, at low frequencies shift to higher temperatures as the frequency increases,
and peak maximum of tand suddenly increases for higher temperatures as a result of increased
hopping of charge carriers [30]. The maximum frequency, fin, temperature as a variable, obey’s
the exponential behaviour. The activation energy was found to be 1.08 eV between 473 K and 563
K for the 10 w/o fly-ash. This activation energy value is consistent with those obtained from
conductivity values computed from the slope of the log (finT) vs. 1000/T plot (Figure 4(c)),for 10
w/o fly-ash dispersed system.
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Fig. 6. Frequency dependence of (a) real part (¢') (b) imaginary part (¢”) and (c) tand for 10 w/o fly-ash

at different temperatures.

In Figure 7, the &' variation with frequency at 523 K for various fly-ash concentrations is
shown. It is evident that €' is higher in dispersed systems compared to the host system, with the
maximum value observed in the 10 w/o fly-ash composite. This increased €' in dispersed systems
is likely due to enhanced charge accumulation at the interfaces, leading to higher ionic

conductivity [31].
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Fig. 7. Variation of €' with frequency for different w/o fly-ash.
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Table 1. Activation energies of host and dispersed systems of fly-ash from electric modulus, dielectric and
conductivity data.

w/o fly-ash Activation energy (eV)
DC AC Dielectric loss Electric
conductivity conductivity (tan d) Modulus
0 1.17 1.19 1.05 1.04
1.09 -- -- --
10 0.91 1.01 1.08 1.07
15 0.97 1.13 1.22 1.22
20 0.99 1.47 -- --

The changes in real part of electric modulus (M') with frequency at distinct temperatures
for 10 w/o dispersed fly-ash system is shown in Figure 8 (a). The M' values approach zero at
lower frequencies across all temperatures, indicating minimal electrode-electrolyte interface
polarization, as observed in the dielectric constant and loss. As frequency increases, M' shows
dispersion and reaches a maximum for higher frequencies.

Figure 8 (b) illustrates the changes in imaginary part of electric modulus (M") with
frequency for varios temperatures. A wide maximum is visible towards the higher frequencies at
all temperatures in the 10 w/o fly-ash system. The increasing trend of M" below the peak
maximum at low frequencies represents extended movement of charge carriers, whereas the
decreasing trend above the peak indicates confinement of charge carriers to their potential wells,
i.e., short-range motion of mobile ions. The maximum value signifies the transition from long-
range to short-range motion of mobile ions, indicating conductivity relaxation [32].The frequency
at which M" is maximum, fyr, represents the most probable relaxation frequency, and its position
shifts to greater frequencies with increasing temperature. The relationship between fur and
temperature follows the Arrhenius equation and activation energies were computed. Table 1 shows
that these activation energies are consistent with those obtained from dielectric and conductivity
studies, suggesting a hopping mechanism in the samples [33].

3.6. Conductivity study

Figure 9 illustrates the logarithm of ac onductivity varies with frequency across various
temperatures for 10 wt% fly-ash system. Jonscher's universal power law, o(®) = co + Aw",
describes the variation of log o(®) with increase in frequency for all temperatures. co represents
dc conductivity, A is the dispersion parameter, and n is the frequency exponent. At low
frequencies, the log o(®) shows steadiness indicating dc conductivity and deviates from steadiness
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for higher frequencies [34]. Dispersion of ac conductivity at critical frequency indicates the
relation of conductivy. This critical frequency shifts slightly to higher frequencies with increasing
fly ash content. Ac conductivity with frequency is fitted using Jonscher's power law, parameters
are calculated and presented in Table 2. It is noted that n is less than one across all temperatures,
which supports the hopping of ions from site to site in the sample. The variation of ac conductivity
with frequency is explained by using jump relaxation model, which suggests the site to site
continuous forward hopping of ions at low frequencies and both forward and backwaed ion
hopping at high frequencies [35]. The frequency-dependent conductivity behavior is consistent
across all systems.
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Fig. 9. Variation of ac conductivity with frequency of dispersed system with 10 w/o fly-ash at different
temperatures.

Figure 10 shows the dc conductivity, extracted from ac conductivity plots at 1 Hz for host
and composite systems.
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Figure 11 depicts the temperature dependence of dc conductivity using two probe
technique for different fly-ash contents. It is apparent that conductivity rises with increase in
temperature for in all systems. Figure 12 shows the variation of dc ionic conductivity (from two
probe) with w/o fly-ash at 453 and 523 K The both ac and dc data reveals that the dc conductivity
enhancement with fly ash content peaks at 10 wt%, beyond which it begins to decline. This
increase in conductivity is mainly due to spreading of host onto the large surface area of fly-ash,
which facilitates the formation of an amorphous phase in the sample, as confirmed by all
characterization analyses. This amourphous creation occurs when silica disrupts the host's normal
crystalline structure, resulting in a network of disordered, glassy material. The semi-crystalline
structure is associated with the presence of tiny crystallites, which increases imperfection
concentration and thus conductivity [19-22]. The fall in enhancement in conductivity enhancement
at greater fly-ash levels is attributed to a reduction in the overall surface area of interaction
between the host mixed system and fly-ashdispersoid [36].
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Table 2. Parameters (A, n and fi) of Power law of 10 w/o fly-ash dispersed system at different temperatures.
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Temperatur 10 w/o fly-ash

e(K) N A (S cm'rad™) i (H)
473 0.72 1.44x10M 4883
493 0.76 9.12x1012 37144
513 0.78 1.38 x10°! 78109
533 1.02 2.18x10°13 312465
543 1.37 2.51 <101 625000
553 1.4 1.07x1071 -

4. Conclusions

The broadening and reduction in height of XRD peaks for dispersed fly-ash systems
indicate the presence of small crystallites and a reduction in crystallinity of the ionic salt due to
significant mechanical stress on the host lattice, leading to the disturbed in crystalline
structure.The reduction in intensity of characteristic bands of the host, along with the shift in
wavenumber from 1385 to 1365 cm™ and the broadening of the asymmetric stretch of N-O with
decreasing intensity, suggests a disordered anion lattice and the existence of an amorphous
phase.The noticeable decrease in the endothermic melting peak, and the apparent disappearance of
the transition peak in dispersed fly-ash systems, indicate the existence of an amorphous
phase.SEM images reveal a disordered host state with no distinct grains in dispersed fly-ash
systems.These characterizations confirm the formation of an amorphous phase in the ionic salt.

This amorphous phase is likely located near the host-silica interfaces, possibly interacting
with silica aggregates. This interaction is thought to be due to the adsorption of cations from the
host onto the silica surface, driven by the nucleophilic (hydroxyl) groups present, as confirmed by
FTIR analysis of dispersed systems. This adsorption increases defect concentration in the host,
thereby enhancing conductivity. In the amorphous state, the anionic sub-lattice of nitrates is
significantly disordered, which contributes to high cationic conductivity. However, with increased
fly-ash content, SEM images show particle agglomeration, which reduces the overall surface
interaction between the host and the fluy-ash, leading to decreased conductivity.
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