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The work is aimed at studying the effect of mechanical activation on the structure and electrical 

conductivity of the NaClO4 – and KClO4 – based composites. Based on the result of the analysis of the 

DSC curves of the (1–x) NaClO4 – x Al2O3 and (1–x) KClO4 – x Al2O3 composites measured while 

heating and cooling the samples, it was established that the enthalpy of phase transitions in them 

decreased with an increase in the concentration of the nanosized dopant. A complication of all active 

vibrational contours corresponding to internal vibrations of the molecular anion in the composites with 

increasing Al2O3 concentration and a shift of the band of the fully symmetric stretching vibration v1 (A) 

to a low-frequency region was revealed by Raman spectroscopy. Based on electrochemical impedance 

spectroscopy data, it was determined that for the 0.4NaClO4 – 0.6Al2O3 system subjected to 

mechanoactivation, the values of specific ionic conductivity increased by two orders of magnitude as 

compared to that of pure NaClO4, while for the 0.4KClO4 – 0.6Al2O3 system, the values of specific 

ionic conductivity increased by three orders of magnitude as compared to the initial salt at T = 320 °C. 
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1. Introduction 

In recent decades, electrochemical secondary 

batteries have received much attention as an efficient 

energy storage and conversion technology for 

integrating renewable resources [1, 2]. Lithium-ion 

batteries (LIBs) are very popular among them, and due to 

their high energy density, high output energy and long 

cycle operation, they have found wide application in 

modern life, for example, in portable electronics and 

electric vehicles [3, 4]. However, low Li salt reserves and 

increasing costs with the growth of demand have become 

an important problem. Therefore, there is a need to 

develop alternative energy storage systems to replace 

LIBs in the future and sodium (Na) batteries are 

considered as one of the most promising candidates due 

to high Na reserves, low cost, and comparative 

characteristics with LIBs [5, 6]. Yet, traditional Na 

batteries based on an organic liquid electrolyte still have 

safety problems such as liquid leakage, poor thermal 

stability, flammability, and explosion hazard, which are 

similar to those of LIBs based on a liquid electrolyte 

[7, 8]. A solid electrolyte has high thermal stability, low 

flammability, no leakage and volatilization, no fire and 

explosion risks as compared to an organic liquid 

electrolyte, which are favorable features for the 

development of all-solid-state Na batteries with high 

safety and stability. The search for composite 

electrolytes with high ionic conductivity is an important 

direction in solid state ionics [9, 10]. Composite solid 

electrolytes based on alkali metal salts and oxide powders 

are not always characterized by high values of specific 

ionic conductivity [11, 12]. 
The most popular method for producing salt-oxide 

composite electrolytes is the ceramic technique [13]. This 
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technique involves impregnating the filler in the molten 

salt (salt system). The disadvantage of the ceramic 

technique is a uniform distribution of the filler particles 

in the molten salt due to their precipitation in the liquid 

phase. Thus, the ceramic technique rarely allows 

obtaining a single-phase composite with both a 

mesoporous structure and a relatively uniform 

distribution of filler particles in the composite salt 

subsystem [14, 15]. In addition, possible thermal 

decomposition of the salt upon melting during ceramic 

sintering should be taken into account. 

Another method that ensures a relatively uniform 

distribution of elements in the composite, a reduction in 

particle size, the formation of a mesoporous structure 

and the production of a single-phase material is 

mechanical activation (MA) [16, 17]. 

Based on the above, in this work, we studied the 

effect of mechanical activation on the structure and 

electrical conductivity of the (1–x) NaClO4 – x Al2O3 and 

(1–x) KClO4 – x Al2O3 composites by differential 

scanning calorimetry (DSC), impedance spectroscopy, 

and Raman spectroscopy (RS). 

2. Experimental 

The (1–x) NaClO4 – x Al2O3 and (1–x) KClO4 –

 x Al2O3 composites were prepared using potassium and 

sodium perchlorate (analytical grade, Ecros) and 

nanocrystalline aluminum oxide γ–Al2O3 (Sigma 

Aldrich) with a specific surface area of 200 m2/g and a 

particle size of ~ 15 nm. 

2.1. Sample preparation procedure 

The whole procedure of the preparation of the 

samples under study was carried out in a dry glove box 

in an inert atmosphere of high-purity argon 

(99.9999 wt. %). The initial NaClO4 and KClO4 salts and 

aluminum oxide were dehydrated for 2 days by heating 

at a temperature of 220 °C and pumping in a vacuum 

under a residual pressure of 10–3 Pa, and then placed in a 

vacuum glove box (Plas-Labs, USA). The accurately 

weighed NaClO4 and KClO4 salts and γ–Al2O3 weighed 

using analytical balances (Ohaus, Switzerland) were 

mixed and placed in a zirconium beaker (d = 53 mm, 

h = 55 mm) with zirconium balls (d = 5.8 and 8.2 mm). 

Mechanical activation (MA) was carried out using a 

laboratory ball mill ML-1 (VNIR, Russia). The MA time 

in vibration mode was 120 minutes. 

2.2. Research methods 

Studies by differential scanning calorimetry (DSC) 

were carried out using a Jupiter simultaneous thermal 

analyzer STA 449 F3 (NETZSCH, Germany) in the range 

from room temperature (20 °C) to the prescribed 

temperature at a heating rate of 10 °C/min in an argon 

atmosphere in platinum crucibles. The weight of the 

samples was about 8 mg. The resolution of the balance 

was 1 μg. Temperature and sensitivity calibrations were 

carried out using standard substances (Biphenyl, In, 

RbNO3, KNO3, KClO4, Ag2SO4). Phase transition 

temperatures were determined according to the 

beginning of the peak. The temperature accuracy was 

± 1.5 °C, the enthalpy accuracy was ± 3 %. Data 

processing and peak integration were conducted using 

the embedded application programs of the NETZSCH 

Company. 

Electrochemical impedance was studied using an E7-

20 RLC meter (MNIPI, Belarus) within the temperature 

range of 80–280 °C in an argon environment using a 

two-probe cell with graphite electrodes with an area of 

0.25 cm2, located at a distance of 0.4 cm from each 

other. Resistance values were obtained in the frequency 

range from 25 Hz to 1 MHz with an applied signal 

amplitude from 0.04 to 1 V. 

Raman spectra were recorded using a Senterra 

confocal Raman microscope (Bruker, Germany). Raman 

spectra were measured in the range from room 

temperature to 340 °C with laser excitation (λ = 532 nm 

and power 20 mW), spectral measurement range of 50–

1500 cm–1 with a resolution of 3–5 cm–1, integration time 

for each scan was 20 s. To measure Raman spectra, the 

samples were sealed in Pyrex ampoules after air and 

moisture had been pumped out using a vacuum pump at 

a temperature of 100 °C. 

To obtain true contours of the bands, the spectra of 

the original complex contours of the spectral bands were 

decomposed into individual components, the shape of 

which was approximated by curves of convolution of 

Gaussian and Lorentz functions. Fitting of the calculated 

curves and the original spectrum with minimization of 

the absolute error was carried out using the Levenberg-

Marquardt method. The error between the calculated 

and real curves was 5–10 % depending on the signal-to-

noise ratio of the original spectrum. All the procedures 

for processing Raman spectra were implemented using 

the OPUS 6.0 software package. 

3. Results and discussion 

3.1. The (1–x) NaClO4 – x Al2O3 composite 

3.1.1. Thermal analysis 

DSC curves of the salt and the composites are shown 

in Figure 1. 



Electrochem. Mater. Technol. 3 (2024) 20243030                                                                                                                                                                         ARTICLE 

 

 

 

3 

 

 
Figure 1 DSC curves of NaClO4 (1), 0.7NaClO4 – 0.3Al2O3 (2) 

and 0.4NaClO4 – 0.6Al2O3 (3). 

Table 1 – Phase transition enthalpy of sodium perchlorate in 

the (1–x) NaClO4 – x Al2O3 composites (calculated with 

reference to the mass of NaClO4). 

While heating sodium perchlorate, a structural 

phase transition was recorded at 307.7 °C. As can be 

seen from Figure 1, the addition of aluminum oxide had a 

significant effect on the phase transition of NaClO4. 

The phase transition enthalpy of NaClO4 was 

12.5 J/g, in the 0.7NaClO4 – 0.3Al2O3 composite 

calculated with reference to the mass of pure salt –

 5.2 J/g (Table 1). When the concentration of aluminum 

oxide was higher (x = 0.6), its effect on the structural 

phase transition enthalpy of NaClO4 was even more 

significant. In addition to a decrease in the proportion of 

the salt component in the composite, a decrease in the 

enthalpy of the phase transition of sodium perchlorate 

may be associated with disordering of the structure of 

crystalline NaClO4 (Figure 1) [18]. 

If we consider salt crystallinity as a ratio of the 

phase transition enthalpy of NaClO4 in the composite to 

the phase transition enthalpy of pure NaClO4, then the 

proportion of salt crystallinity in the composites with 

Al2O3 was less than 50 %. A decrease in the phase 

transition enthalpy might be associated with various 

factors, in particular, with amorphization of the salt, a 

violation of structural correspondence between the 

crystal lattices of the contacting phases, a decrease in 

crystallinity of the salt, disordering of the salt sublattice 

of the composite, and stabilization of the high-

temperature phase of sodium perchlorate. 

The effect of the oxide filler on phase transitions was 

previously noted for other salt-oxide composites [19]. 

Thus, it was found that in the NaClO4 – Al2O3 

composites, Al2O3 had a significant effect on enthalpy 

and temperature of the structural phase transition of 

sodium perchlorate. The addition of nanosized 

aluminum oxide resulted in a significant change in the 

microstructure of the (1–x) NaClO4 – x Al2O3 composite 

[18]. 

3.1.2. Ionic conductivity 

Figure 2 shows the temperature dependences of 

specific ionic conductivity for sodium perchlorate 

(NaClO4) and composites based on it. The measurements 

showed that the values of specific ionic conductivity were 

well reproduced in heating-cooling cycles, and were also 

stable during a long-term exposure in vacuum under 

isothermal conditions. This fact suggests that 

conductivity of high-temperature phases is determined 

by the contribution of their own volume conductivity, 

but is not due to metastable defects, the contribution of 

surface conductivity or the effect of adsorbed moisture. 

Phase transitions and the values of specific ionic 

conductivity (Figure 2 and Table 2) at 320 °C for 

NaClO4 – 2.49 · 10–5 S/cm – are consistent with reported 

data [18, 21]. 

Linear sections on the temperature dependence of 

conductivity in the 0.7NaClO4 – 0.3Al2O3 and 

0.4NaClO4 – 0.6Al2O3 systems (Figure 2) obtained after 

mechanical activation (MA) for 120 min show that 

conductivity is thermally activated. That is, with 

increasing temperature, the energy of thermal motion of 

NaClO4 molecules increases, which leads to an increase 

in the rate of charge transfer and, consequently, to an 

increase in conductivity. Besides, in the 0.7NaClO4 –

 0.3Al2O3 and 0.4NaClO4 – 0.6Al2O3 systems, there is 

no phase transition (Figure 2), a significant decrease in 

activation energy is observed, and the value of specific 

ionic conductivity increases by two orders of magnitude  

 
Figure 2 Temperature dependence of specific ionic 

conductivity of NaClO4 (1) and the 0.7NaClO4 – 0.3Al2O3 (2) 

and 0.4NaClO4 – 0.6Al2O3 (3) composites. 

Composition ΔH, J/g 

NaClO4 12.5 

0.7NaClO4 – 0.3Al2O3 5.2 

0.4NaClO4 – 0.6Al2O3 4.7 
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Table 2 – Specific conductivity and activation energy of NaClO4 and the 0.7NaClO4 – 0.3Al2O3 and 0.4NaClO4 – 0.6Al2O3 

composites. 

Composition 

Temperature regions 

I II 

σAC, S/cm 

(T, °C) 
T, °C 

Ea, 

J/mol 

Δ(Ea), 

% 
logA 

σAC, S/cm 

(T, °C) 
T, °C 

Ea, 

J/mol 

Δ(Ea), 

% 
logA 

NaClO4 5.83 · 10–6 

(280) 

140–280 65.28 0.08 –0.16 2.49 · 10–5 

(320) 

290–320 98.15 0.09 1.39 

0.7NaClO4 –

 0.3Al2O3 

5.95 · 10–4 

(320) 

140–320 76.64 0.03 1.19 – – – – – 

0.4NaClO4 –

 0.6Al2O3 

3.18 · 10–4 

(320) 

140–320 74.11 0.03 0.97 – – – – – 

 

compared to NaClO4 [22, 7]. 

Absolute conductivity values and the parameters of 

Arrhenius dependences 𝜎 ∙ 𝑇 = 𝐴 ∙ exp⁡ (
−𝐸𝑎

𝑘𝑇
⁄ ) for 

the studied NaClO4 salt and its composites are presented 

in Table 2. 

Two linear temperature sections (140–280 °C and 

290–320 °C) for NaClO4 salt that obey the Arrhenius 

equation on the curve of electrical conductivity versus 

temperature may indicate the presence of two different 

mechanisms that determine the electrical conductivity 

of the substance in different temperature ranges 

[22, 18]. It should be noted that the values of activation 

energy and specific ionic conductivity for the 

0.7NaClO4 – 0.3Al2O3 and 0.4NaClO4 – 0.6Al2O3 

systems decrease with increasing aluminum oxide filler 

content. 

3.1.3. Vibrational spectroscopy 

The free perchlorate ion ClO–4 (Td symmetry) is 

characterized by the following Raman active vibrations: 

v1 (A) is a fully symmetric stretching vibration 

(963 cm–1), v2 (E) is a doubly degenerate vibration 

(455 cm–1), v3 (F2) is a triply degenerate vibration 

(1110 cm–1), v4 (F2) is a triply degenerate vibration 

(619 cm–1). In the Raman spectra of (1–x) NaClO4 –

 x Al2O3 (Figure 3), the v1 (A), v2 (E), v4 (F2) and v3 (F2) 

vibrations are active in the spectral region of 

100 – 1500 cm–1 under study [23]. 

As one can see from the presented survey spectra, at 

aluminum oxide x ≥ 0.3, the contours of almost all bands 

corresponding to the degenerate internal vibrations of 

the perchlorate anion in the composite spectra at room 

temperature acquire a complex structure. The contour 

of the v1 (A) band of the 0.4NaClO4 – 0.6Al2O3 

composite registered at room temperature is identical to 

the contour of the band registered at a temperature 

above the phase transition temperature of pure NaClO4 

[24]. Based on the above, it can be assumed that a part of 

sodium perchlorate salt is amorphized in the phase 

contact region. The results of spectroscopic 

measurements are in good agreement with the DSC 

(Figure 1) and conductivity data. 

 
Figure 3 Raman spectra of NaClO4 and the 0.7NaClO4 – 0.3Al2O3 and 0.4NaClO4 – 0.6Al2O3 composites registered at room 

temperature and T = 340 °C. 
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Figure 4 Temperature dependences of frequencies v and half-

widths δ of the v1 ~ 952 cm−1 vibrations of the ClO4– anion in 

the (1–x) NaClO4 – x Al2O3 composites. 

At high concentrations of aluminum oxide, the 

abrupt changes in spectral characteristics specific to a 

phase transition disappear [25]. We can assume that some 

disorder occurs in the salt subsystem under the influence 

of nanosized aluminum oxide (Figure 4). 

3.2. The (1–x) KClO4 – x γ–Al2O3 composite 

3.2.1. Thermal analysis 

DSC curves of the salt and the composites are shown 

in Figure 5. 

 
Figure 5 DSC curves of KClO4 (1), 0.7KClO4 – 0.3Al2O3 (2) and 

0.4KClO4 – 0.6Al2O3 (3). 

As one can see from Figure 5, the decomposition 

temperature of KClO4 in the composites decreases as 

compared to pure potassium perchlorate. At the same 

time, the temperature of the structural phase transition of 

potassium perchlorate at ~ 300 °C hardly shifts. The 

phase transition enthalpy of KClO4 is 103 J/g, in the 

0.7KClO4 – 0.3Al2O3 composite calculated with 

reference to the mass of pure salt – 90 J/g, and in the 

composite containing 0.6 mole fraction of Al2O3 – 

69 J/g. Thus, a higher content of aluminum oxide 

(x = 0.6) has a stronger effect on the structure of 

potassium perchlorate, which results in a more significant 

decrease in the phase transition enthalpy of KClO4. The 

decrease in the enthalpy of the phase transition of 

potassium perchlorate can be related to the disordered 

structure of crystalline KClO4 [19, 18]. 

3.2.2. Ionic conductivity 

Figure 6 shows the temperature dependences of 

specific ionic conductivity for pure KClO4 and 

composites based on it. It is known from that in KClO4, a 

phase transition occurs at a temperature of 300 °C. In the 

dependences (Figure 6), phase transitions and the value of 

specific ionic conductivity for KClO4 2.98 · 10–8 S/cm at 

320 °C are consistent with reported data [7, 18]. 

In the 0.7KClO4 – 0.3Al2O3 and 0.4KClO4 –

 0.6Al2O3 systems obtained after mechanical activation 

for 120 min, no phase transition is observed (Figure 6), 

the value of specific ionic conductivity for the 

0.7KClO4 – 0.3Al2O3 and 0.4KClO4 – 0.6Al2O3 systems 

increases by several orders of magnitude as compared to 

the original electrolyte KClO4. 

Specific ionic conductivity of KClO4 does not exceed 

2.9 · 10–8 S/cm at 320°C. With aluminum oxide additive, 

the maximum conductivity value is observed in the 

0.4KClO4 – 0.6Al2O3 composite and it reaches 

~ 3.6 · 10–5 S/cm at 320 °C. 

 
Figure 6 Temperature dependence of specific ionic conductivity 

of KClO4 (1) and its composites 0.7KClO4 – 0.3Al2O3 (2) and 

0.4KClO4 – 0.6Al2O3 (3). 
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Apparently, this may be due to the presence of 

amorphism at high temperatures in the composites under 

study after mechanical activation. 

The presence of two linear sections (140–220 °C and 

240–320 °C) on the curve of electrical conductivity 

versus temperature for KClO4 may indicate a change in 

the mechanism of conductivity of the substance 

depending on temperature. For example, at low 

temperatures, the conductivity of KClO4 can be 

determined by tunneling or charge transfer through 

defects in the crystal lattice, which can lead to a linear 

dependence of electrical conductivity on temperature. At 

higher temperatures, however, another mechanism, such 

as the thermal excitation of electrons, may become 

dominant, also leading to a linear dependence of 

electrical conductivity on temperature [19, 20]. 

Thus, the presence of two linear sections on the 

curve of electrical conductivity versus temperature for 

KClO4 may indicate a complex mechanism of 

conductivity of this substance, which changes depending 

on temperature. 

These values (Table 3) also confirm that the most 

optimal values of activation energy (Ea), ionic 

conductivity (σ) and pre-exponential factor (A) within the 

temperature range (140–320 °C) are observed for the 

0.4KClO4 – 0.6Al2O3 system. 

3.2.3. Vibrational spectroscopy 

In the Raman spectra of (1–x) KClO4 + x Al2O3, the 

v1 (A), v2 (E), v4 (F2) and v3 (F2) vibrations are active in the 

spectral region of 100–1500 cm–1 under study [23] 

(Figure 7). 

Table 3 – Specific conductivity and activation energy of KClO4 and the 0.7KClO4 – 0.3Al2O3, 0.4KClO4 – 0.6Al2O3 systems. 

Composition 

Temperature regions 

I II 

σAC, S/cm 

(T, °C) 
T, °C 

Ea, 

J/mol 

Δ(Ea), 

% 
logA 

σAC, S/cm 

(T, °C) 
T, °C 

Ea, 

J/mol 

Δ(Ea), 

% 
logA 

KClO4 2.74 · 10–9 

(220) 

140–220 12.59 0.09 1.97 2.98 · 10–8 

(320) 

240–320 65.62 0.07 0.58 

0.7KClO4 –

 0.3 Al2O3 

1.36 · 10–6 

(320) 

140–320 70.97 0.05 0.83 – – – – – 

0.4KClO4 –

 0.6Al2O3 

3.66 · 10–5 

(320) 

140–320 62.77 0.04 0.47 – – – – – 

 

 
Figure 7 Raman spectra of pure KClO4 and its composites 0.7KClO4 – 0.3Al2O3 and 0.4KClO4 – 0.6Al2O3 registered at room 

temperature and at T = 340 °C. 
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Figure 8 Raman spectra of the (1–x) KClO4 – x Al2O3 composite registered at T = 25 °C in the region of fully symmetric vibration 

v1 (A) (a) and its temperature dependence (b). 

Figure 8 presents Raman spectra of the 

(1–x) KClO4 – x Al2O3 composite in the region of fully 

symmetric vibration v1 (A) of the perchlorate anion 

registered at room temperature (a) and its temperature 

dependence (b). The figure shows that at x ≤ 0.3, 

aluminum oxide does not have a significant effect on the 

salt structure [26, 27]. 

At concentrations x = 0.6, one can observe a shift of 

v1 (A) to a low-frequency region, as well as a slight 

broadening of the band. Based on our previous works 

[28, 29], we can assume that some disorder occurs in the 

salt subsystem under the influence of nanosized 

aluminum oxide. This assumption is confirmed by an 

increase in ionic conductivity at x = 0.6Al2O3. 

4. Conclusions 

A decrease in the enthalpy of phase transitions of 

sodium and potassium perchlorate was revealed by DSC 

analysis. Based on electrochemical impedance 

spectroscopy data, it was established that for the 

0.4NaClO4 – 0.6Al2O3 system subjected to mechanical 

activation, the value of specific ionic conductivity 

increased by two orders of magnitude as compared to 

that of pure NaClO4 and was equal to 3.18 · 10–4 S/cm at 

T = 320 °C. For the 0.4KClO4 – 0.6Al2O3 system, the 

value of specific ionic conductivity increased by three 

orders of magnitude compared to the initial salt and was 

equal to 3.66 · 10–5 S/cm at T = 320 °C. It was also found 

that long-term (120 minutes) mechanical activation of the 

composite was the most effective for the synthesis of the 

composites based on NaClO4 and KClO4 salts. 

Conductivity growth at doping (introduction of the 

oxide additive Al2O3) of sodium and potassium 

perchlorates is connected with the specific adsorption of 

cations on the surface of the nanocrystalline oxide, 

 

leading to the formation of excessive defects in the near-

surface region of the ionic salt crystal. It is possible that 

the excess point defects are current carriers. It should be 

noted that the absence of conductivity jumps on the 

Arrhenius dependences for the composites based on 

NaClO4 and KClO4 indicates the possibility of at least 

partial amorphization of the salt in the contact region of 

the phases [30]. 
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