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Abstract
(CuCl)4-2x-(KCl)x–CdCl2, x = 0.0–0.4 solid electrolytes were grown via solid-state reaction procedure by suitable heat

treatment. An AC impedance spectroscopy suggested that the ionic conductivity mainly arisen from grain effect. A DC

electrical conductivity of 3.94 9 10-5 Scm-1 was measured for the x = 0.3 composition at 320 �C. This also shows lowest

activation energy in the temperature range of 293–593 K. This has been explained by that fact that at high temperatures

thermal disturbances through lattice vibrations take place. In such a high-temperature region, Cu? readily jumps and

migrates at short range, but the number of mutual collisions also increases resulting in a decrease of the Cu? mobility. The

present study reveals that the change in conductivity value depends on concentration of doped ingredient as well as on

various parameters in the system. Therefore, these solid electrolytes will be suitable for the development of different

electrochemical applications.
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Introduction

Superionic materials, which permit ions to move quickly

and freely through their crystal lattice, possess unusually

high level of ionic conductivity approximately 10-3 to

10-1 Scm-1 at somewhat moderate (400–700 �C) tem-

peratures [1]. Recently, the act of mobility of large basic

cationic structure in the form of tiny (fine porous) materials

has been used to persuade substantial ionic conductivity

[2]. In the past, enormous research work on crystalline

solid electrolytes like, for example, Nasicon and Lisicon

[3–5], Bimivox [6, 7], and rock salts [8] has resulted in

developing several high-performance ionic conductors.

The ionic conductivity of solid electrolytes with various

cations such as H? [9], Li? [10], Na? [11], K? [12], Rb?

[13], Cs? [14], Cu? [15], Ag? [16], Tl? [17], Sn2? [18],

Sr2? [19] and different anions such as O2- [20, 21] and F-

[22] has been fruitfully utilized in the past few decades.

Researchers observed approximately 0.3 Scm-1

conductivity in Ag and Cu halide systems at room tem-

perature [23, 24]. Further binary halide systems of lithium

(e.g. LiI–RbI [25]) have been studied for high ionic con-

ductivity. Fast ion conductors with high copper ionic

conductivity and low electronic conductivity have been

noticed in the binary chloride (RbCl–CuCl) system

[26–28]. In this work, we have been interested in KCl-

doped ternary system (CuCl)4-2x–(KCl)x–CdCl2,

x = 0.0–0.4 as possible ionic conducting materials, and an

orthorhombic structural type represented by the compound

CuCdCl3 has been prepared. Furthermore, the sample with

x = 0.3 composition displays high ionic conductivity

(3.94 9 10-5 Scm-1 at 320 �C). The AC and DC electri-

cal properties of the CuCl–KCl–CdCl2 ionic conducting

system by managing the (CuCl)4-2x–(KCl)x–CdCl2,

x = 0.0–0.4 content in the samples are offered. The elec-

trical properties of samples were characterized by modern

analytical techniques. Room-temperature X-ray analysis

and differential scanning calorimetry analysis of the pure

compound, CuCdCl3, have been discussed before [29].

In the CuCl–KCl–CdCl2 ionic conducting system, the

main compound which is under examination is copper

(I) chloride, which has high symmetry of fcc cubic lattice

structure and a substantial ionic nature. Besides that, CuCl,
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like all other copper (I) halides, is designated by intrinsic

Frenkel defects (cationic vacancies and completely ionized

interstitial cations) [30]. However, it may be mentioned

that CuCl at low temperatures possesses a high level of

electronic conduction.

The part portrayed by the doping ingredient increases,

which may affect the nature of conduction of a ternary

system as a whole to a notable degree. In the case of

cationic disordering, the work done by the doping material

such as an anion and a cation of a higher valence comes out

to be efficient [31]. With the help of a quasi-chemical

reaction (Eq. 1), a possible defect formation mechanism

may be explained as,

MeCl2 ! 2CuClð Þ ! 2ClxCl þ V0
Cu þ Me:Cu ð1Þ

‘‘MeCu
� ’’ positively charged ionic defects may act as

electron traps, which are capable of decreasing the elec-

tronic conduction in the system which arises in the form of

perfect ionic conduction of the CuCl–KCl–CdCl2 ternary

system. The availability of a significant proportion of

vacancies in the copper sublattice generates a new possi-

bility for the occurrence of mono-polar ionic conduction by

copper. We can notice the quantity of ionic defects by

varying the composition of the doping compound, which

on the other hand explains the involvement and extent of

ionic conductivity in a system. An interstitial hopping

process of K? in a primarily CuCl lattice is responsible for

the enhancement of ionic conductivity in the ionic system

[32].

Experimental section

Preparation of solid electrolytes

(CuCl)4-2x–(KCl)x–CdCl2 (x = 0.0, 0.1, 0.2, 0.3, and 0.4)

solid samples were fabricated via solid-state reaction using

CuCl, KCl, and CdCl2 powders at a temperature of 400 �C.

The required mixed proportion of powders was first grin-

ded for 4 h using agate motor and a pestle with acetone and

dried at 100 �C for 2 h, followed by another 4 h of

grinding. Circular pellets were obtained by hydraulic

pressing of the powders at 100 Mpa using stainless steel

die. Opposite surfaces of all the pelletized samples with

approximate dimensions of 0.65 cm radius and 0.1 cm

thickness were coated with carbon and annealed between

the electrodes at 100 �C for 2 h to ensure large electrical

contact and to eliminate the grain boundary resistance

between the samples and the electrodes. Then, they were

kept in a silica gel desiccant contained desiccator for fur-

ther use.

Electrical characterization

The electrical properties were characterized by demon-

strating impedance spectrum and conductivity of solid

samples. Alternating current (AC) impedance measure-

ments were undertaken using a WAYNE KERR LCR

METER-4300 in the frequency range of 10 Hz to 1 MHz at

an amplitude of 1 V at 300 �C. The sample was kept at the

desired temperature for an hour before each measurement.

The conductivity parameters of KCl-doped solid elec-

trolytes were evaluated under varying range of temperature

(20–320 �C) at a single frequency of 1 MHz and at fre-

quency range of 10 kHz–1 MHz at 35 �C using the above

WAYNE KERR-4300 impedance analyser.

Results and discussion

Thermal and X-ray data

DSC and X-ray diffraction of the pure compound were

discussed by Titilayo AK in 1987 [29]. The author reported

endothermic peaks at 90, 125, 290, 323, and 440 �C. The

peaks at 90 and 125 �C are due to the dehydration of the

sample resulting in a possible phase change which is evi-

dent by the peaks at 290 and 323 �C, while the peak at

440 �C is due to the melting of the compound.

Room-temperature X-ray analysis of freshly prepared

hydrated samples shows that the material is orthorhombic

with lattice constants ao = 8.74 Å, bo = 13.95 Å, and co-

= 5.23 Å. However, X-ray analysis of powder samples

initially annealed at 250 �C for 2 h shows tetragonal

structure of the compound with lattice constants

a = 5.25 Å and c = 8.18 Å. Therefore, dehydration pro-

cess between 90 and 125 �C can lead to a phase change

from orthorhombic to a tetragonal phase.

Impedance analysis

Impedance spectroscopy (IS) was used to find out the

electrical conductivity. Figure 1 shows the impedance

spectra of (CuCl)4-2x–(KCl)x–CdCl2 samples at 300 �C.

All spectra exhibit a semicircle at high to medium fre-

quencies and a small spike at low frequencies. Bulk and

grain boundary resistance is evident from the semicircle,

and a spike can be correlated with the Cu-ion transfer

resistance between the electrode and the electrolyte. This

points out that the conductivity is mainly due to the motion

of ion vacancies (or ionic in nature) [33, 34]. It can be seen

that the sample with x = 0.3 composition of KCl shows the

smallest semicircle diameter and, therefore, the lowest total

resistance. The value of total ionic conductivity (rtotal) of
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the samples can be calculated by the relation, r = l/RtA,

where l and A are thickness and surface area of the pellet,

respectively. With increasing dopant content from 0.0 to

0.3 per formula unit, the conductivity increases and then

starts to decrease. The increment in conductivity may be

because of the structural change undertaken upon K doping

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.10 x = 0.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

1.0 x = 0.1

-5

0

5

10

15

20

25 x = 0.2

-200

0

200

400

600

800

1000

1200

1400

1600
x = 0.3

1.30 1.35 1.40 1.45 1.50 1.55 1.60 1.65 1.70 15 16 17 18 19 20

-20 -15 -10 -5 0 5 10 15 -200 -100 0 100 200 300 400

25 26 27 28 29 30 31 32 33 34
-0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5
x = 0.4

Z'(κΩ)

Z'(κΩ)

Z'(κΩ) Z'(κΩ)

Z'
'(κ

Ω
)

Z'
'(κ

Ω
)

Z'
'(κ

Ω
)

Z'(κΩ)

Z'
'(κ

Ω
)

Z'
'( κ

Ω
)

Fig. 1 Impedance spectra of (CuCl)4-2x–(KCl)x–CdCl2 samples at 300 �C
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and availability of higher Cu? concentration, whereas the

decrease in conductivity at higher K concentrations is

because of the occurrence of low conductive phase and a

decline in the availability of vacancies.

Temperature dependence of DC conductivity
analysis

The temperature-dependent electrical conductivity of the

pure and doped solid electrolytes at a single frequency of

1 MHz is shown in Fig. 2. The conductivity of the samples

follows the Arrhenius relation (Eq. 2.):

rT ¼ ro � exp
�Ea

kT

� �
; ð2Þ

where rT is the total conductivity, ro is the pre-exponential

factor, Ea is the activation energy of ionic motion, and k is

the Boltzmann constant. Figure 2 displays the temperature

dependence of the ionic conductivity (Arrhenius plots) of

the bulk part for the samples. After the dissolution of KCl

ingredient into the matrix of CuCl–CdCl2 heterogeneously,

conductivity of the solid electrolytes was enhanced much

greater than that of pure CuCdCl3. The ionic conductivity

increased as the temperature increased, and the values of

conductivity reached maximum for the sample with x = 0.3

composition at higher temperatures. This may be due to the

fact that at high temperatures thermal disturbances through

lattice vibrations take place. In such a high-temperature

region, Cu? readily excites and moves at short range, but

the number of mutual collisions also increases resulting in

a decrease of the Cu? mobility. The rT of the sample with

x = 0.3 composition displays high ionic conductivity of

3.94 9 10-5 Scm-1 at 320 �C. The activation energies of

conduction obtained from the data between 293 and 593 K

are plotted as a function of KCl composition in Fig. 3. As

can be seen from the figure, those activation energies of the

solid electrolytes slightly decreased upon increasing the

amount of KCl contents up to x = 0.3, after that, they

started increasing.

Figure 4 illustrates the electrical conductivity behaviour

of the solid electrolytes at different concentrations and

temperatures. As can be observed from the figure, con-

ductivity of the samples increases with the amount of KCl

additives that pass through a threshold value of x = 0.3.

After that, decrease in the ionic conductivity values

occurred with the further increase of KCl contents, by the

blockage of the conduction path of the electrolyte. The

principal reason behind the conductivity enhancement is

due to the formation of conducting paths, which powerfully

leads to richly conducting interface and can be explained

sufficiently by space-charge theory [35].

Frequency dependence of AC conductivity
analysis

The frequency-dependent ionic conductivity ranging from

10 kHz to 1 MHz of (CuCl)4-2x–(KCl)x–CdCl2 samples at

35 �C is shown in Fig. 5. The AC conductivity of solid

electrolytes is firmly dependent on the structural disorder

of samples and doping procedure [36, 37]. The highest

conductivity for KCl-doped ionic system was obtained at

higher frequency as shown in figure. This may be caused

by small polaron hopping in the present samples [38]. The

conductivity of KCl-doped solid electrolytes increases with

respect to the applied frequency, which is due to excitation

caused by active charges [39]. The conductivity value

increases with the addition of KCl within the ionic system
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with respect to frequency at 35 �C of temperature which

can be as a result of increase in hopping.

Conclusions

The ionic system CuCl–CdCl2-based solid electrolytes with

different compositions of KCl were synthesised by solid-

state reaction method. The structural characterization and

thermal analysis of electrolytes were investigated on the

basis of XRD and DSC data, respectively. AC impedance

spectroscopy suggested that the ionic conductivity mainly

resulted from grain effect. The electrolyte containing

x = 0.3 composition shows the highest conductivity

reaching 3.94 9 10-5 Scm-1 at 320 �C and lowest acti-

vation energy in the temperature range of 293–593 K. The

experimental results show that the ionic conductivity of

samples was enhanced by increasing the temperature, fre-

quency, and KCl content that can be described by space-

charge layer model. The DC conductivity and AC con-

ductivity are almost the same at lower temperature because

of rapid increment of the mobility charge carriers in elec-

trolyte. Hence, the present study reveals that the change in

conductivity value depends on concentration of doped

ingredient as well as on various parameters in the system.

Therefore, the result obtained from various characteriza-

tions implemented for the present solid electrolytes pro-

poses it for the progress of different electrochemical

applications.
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