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Abstract: Solid polymer electrolytes (SPEs) based carboxymethyl cellulose (CMC) with lithium 

perchlorate (LiClO4) were prepared via solution drop-cast technique. The CMC host is complexed by 

different concentrations of LiClO4 salt. SPEs were characterized by Electrochemical Impedance 

Spectroscopy (EIS) and Linear Sweep Voltammetry (LSV) in coin cells with lithium metal electrodes. 

EIS performed unique results based on various ionic conductivity values and dielectric properties. The 

higher ionic conductivity (1.32 × 10-5 S/cm) was obtained by SPEs 2 following by short-range ionic 

transport results based on dielectric properties depending on frequency. SPEs with LiClO4 addition are 

electrochemically stable over 2 V in lithium battery coin cells from LSV results. 

Keywords: solid polymer electrolytes; electrical conductivity; dielectric properties; electrochemical 

stability; lithium-ion batteries. 
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1. Introduction 

In the modern world, lithium-ion batteries (LIBs) have become one of the most 

promising approaches in the renewable energy development era since their introduction in 1991 

by SONY corporation [1]. LIBs paid much attention due to their high energy density with broad 

application range such as electric vehicles, solar cells, and portable electronic devices [2,3]. 

Thus, the great demands of LIBs are intensively focused by researchers to obtain high safety, 

high capacity, long-life duration, and simpler packaging [1,4]. An effort to study is examining 

the specific parts of LIBs, especially electrolyte as a Li-ions medium transport. 

The electrolyte is the main component in a battery system due to its role in separating 

electrodes and as an ion transporter during cell operation. Mostly, liquid electrolyte and organic 

salts were used in LIBs such as LiPF6 and carbonate solvents [5,6], but it has some obstacles 

such as triggering an internal short circuit, highly volatile, flammable at >60 ℃, safety hazard, 

and poor packaging [5,7]. Therefore, eco-friendly solid polymer electrolytes (SPEs) are 

prominently proposed to substitute traditional electrolytes [8,9]. This purpose of start in 

developing solid-state Li-ion batteries [10,11]. 
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The eco-friendly SPEs based on natural polymers have received great attention due to 

their potential for LIBs with high energy density [12,13]. It has several advantages: being non-

toxic, low cost, low-vapor-pressure, non-flammable, biodegradable, and good flexibility [14–

16]. Various SPEs based natural polymers such as chitosan [17], starch [18], cellulose [19], 

methylcellulose [20,21], and carboxymethyl cellulose (CMC) [22] have been extensively 

studied, previously. However, the electrical conductivity of SPEs-based natural polymer still 

has to improve more than 10-3 S/cm at room temperature because it is the requirement to be 

used in electrochemical applications [23]. This phenomenon may deal with the weakness of 

understanding about conduction mechanism in SPEs [8,24]. Theoretically, the electrical 

conductivity of SPEs depends on the density of charge carriers and carrier mobility resulting 

from the dipoles polarization process in the host polymer [25–27]. These parameters can be 

constructed with salts addition at certain concentrations. In order to complete particular 

information of ion conduction mechanism in SPEs, the presence of dielectric properties is 

important to obtain [28]. Hence, in this study, we provide electrical and dielectric properties of 

SPEs-based CMC complexed LiClO4 at different concentration. Complex impedance, 

dielectric permittivity, loss tangent, and electrochemical stability have been investigated to 

explain Li ionic transport mechanism in SPEs-based CMC-LiClO4. 

2. Materials and Methods 

2.1. Materials. 

Lithium perchlorate anhydrous (LiClO4: purity: 97.0%, KANTO CHEMICAL CO., 

INC, Japan) was used as a lithium salt. CMC technical grade for Li-ion Battery (Mw: 400,000 

g/mol; DS: 0.98) and CA technical grade (Mw: 192,12 g/mol) from alibaba.com were used as 

host polymer and crosslinker, respectively. 

2.2. SPEs membranes preparation. 

CMC solution with 2% (w/v) concentration was prepared in 30 mL deionized water 

under stirring at 50 ℃ for 6 hours. CMC solution is mixed with LiClO4 at different 

concentrations (Table 1) under stirring at room temperature. The homogenous solution is cast 

into a Petri dish with 60 mm diameter and dried at 40 ℃ overnight. The prepared membranes 

are cut into circular (d = 19 mm) pieces and stored in a vacuum desiccator for 1 day. Then, all 

circular pieces through an assembly process in the standard glove box (Vigor Tech, USA; glove 

ports: Alumunium; O-type sealing ring d = 220 mm) with lithium metal electrodes and punched 

to obtain coin cells in Argon atmosphere. 

2.3. Characterization. 

Electrical and dielectric properties measurements on the prepared SPEs membranes 

were carried out in the frequency range of 0.1 Hz to 50 MHz using an impedance analyzer 

(Methrohm Autolab with Nova 1.11 software) which integrated a computer. Meanwhile, 

potential stability is measured with Linear Sweep Voltammetry (WBCS 3000) in 5 mV.s-1 scan 

rates under AC voltage. 

Table 1. List of sample names with different LiClO4 concentration. 
Sample names Description 

SPEs 1 2% CMC + 0% LiClO4 

SPEs 2 2% CMC + 10% LiClO4 
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SPEs 3 2% CMC + 20% LiClO4 

 

3. Results and Discussion 

3.1. Complex impedance analysis. 

The impedance analysis is a meaningful technique for understanding the charge 

transport process of ion-conducting materials such as SPEs and electrodes to obtain bulk 

resistance (Rb) [29,30]. EIS is commonly displayed in Nyquist plot (𝑍′′ vs 𝑍′) as can be seen 

in Figure 1. Nevertheless, we provide electrical equivalent circuits (EECs) models to knowing 

more deeply about ion-conduction mechanism in this SPEs. The high semi-circle and half semi-

circle curves in SPEs 1 (Figure 1.a) assigned as bulk conductance effect and ion diffusion in 

SPEs 1. It is clearly fitted by EECs that semi-circle curve in high frequency appears from the 

parallel combining of bulk resistance (Rb) and bulk capacitance (constant phase element, CPE) 

of the SPEs 1 [20,31]. In contrast, a half semi-circle is defined as electrode polarization with 

Li+ ions diffusion in the presence of Warburg impedance [27]. In the SPEs 2 (Figure 1.b), 

impedance curves show a half semi-circle in high frequency following straight-line at low 

frequency. A lower bulk effect of the SPEs 2 denotes capacitance and CPE in parallel. The 

CPE connection in series is assigned as electric double layer capacitance (EDLC) creation at 

low frequency due to the free charges accumulation at the electrode-electrolyte interface 

[32,33]. Meanwhile, the double depressed semi-circle in SPEs 3 (Figure 1.c) have higher 

impedance values than SPEs 2 but lower than SPEs 1. But, two depressed semi-circles is caused 

by the combination of parallel between Rb and CPE from ions in series with another Rb and 

CPE that may be appear from grain boundaries of LiClO4. 

 
Figure 1. Nyquist plots of (a) SPEs 1, (b) SPEs 2, and (c) SPEs 3 fitted with Electrical Equivalent Circuits 

(EECs) models. 

3.2. Dielectric permittivity analysis. 

The dielectric curves was performed in real (휀′) and imaginary 휀′′ parts as shown in 

Figure 2. Principally, 휀′ represents an ability of SPEs to store energy in loading charge carriers 

for ion diffusion process, whereas 휀′′ called as an ability of SPEs to dissipate energy for ion 

associaton under electric fields [28,34,35]. Both types of dielectric permittivity can be obtained 

following the equation (1) and (2) [36,37]. 

𝜺′ =
𝒁′′

𝝎𝑪𝟎(𝒁′𝟐
+𝒁′′𝟐

)
     (1) 
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𝜺′′ =
𝒁′

𝝎𝑪𝟎(𝒁′′𝟐
+𝒁′𝟐

)
     (2) 

where, 휀′, 휀′′, 𝑍′, 𝑍′′, 𝜔 and 𝐶0 are real dielectric, imaginary dielectric, real impedance, 

imaginary impedance, angular frequency, and capacitance in vacuum. 

The curves which are resulted have a similar pattern depends on frequency. But, the 

saturation points of dielectric from each sample are different. The peaks at a low frequency of 

휀′ assigned as electrode polarization that leads to charge accumulation or Li-ion immobilization 

between electrode-electrolyte interface [38]. Then, the saturation at high frequency is claimed 

as dielectric relaxation [39]. Whereas, 휀′′ peaks at low frequency assigned as dielectric loss 

which are needed for ion association [40]. Figures 2.a and 2.b show 휀′ and 휀′′ curves of SPEs 

1 which are started with peaks at low frequency and saturated closely in the middle frequency. 

It assumed that polarization process have medium range to accumulate and associate the Li 

ions during transport process between electrode-electrolyte interface. Meanwhile, if we 

observe the 휀′ and 휀′′ curves in Figures 2.c and 2.d, SPEs 2 has a better dielectric properties 

than SPEs 1 due to higher peaks and short saturation in low frequencies. This situation relates 

with short relaxation process which is caused by high charge density [36]. Thus, SPEs 2 

performed good electrical and dielectric properties which are assumed that ionic transport 

works in short-range area of SPEs 2. However, this situation returned to the lack dielectric 

properties, where 휀′ and 휀′′ curves in SPEs 3 in Figures 2.e and 2.f is decrease but closely high 

than SPEs 1. In addition, the transport process in SPEs 3 looks like poor due to the range 

between peaks and saturation points presence at middle frequencies. Therefore, we conclude 

that SPEs 3 have a good electrical and dielectric properties than SPEs 1, but lack in ionic 

transport process. 
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Figure 2. Various real (left side) and imaginary (right side) parts of dielectric permittivity which are resulted 

from all SPEs. 

3.3. DC ionic conductivity vs dielectric constant. 

The ionic conductivity (𝜎𝐷𝐶) against dielectric constant 휀′ values (Table 2) of the SPEs 

commonly depends on ion and polymer chain mobility, and bulk resistance values (Rb) which 

is obtained from impedance plots. Generally, 𝜎𝐷𝐶 were calculated in room temperature using 

equation (3) [36,41,42]. 

𝝈𝑫𝑪 =
𝒍

𝑹𝒃×𝑨
     (3) 

where, 𝑙, 𝑅𝑏, and 𝐴 are ionic conductivity, thickness, bulk resistance, and surface area of SPEs.  

The obtained 𝜎𝐷𝐶 against 휀′ values corresponding to LiClO4 concentration as can be 

seen in Figure 3. SPEs 1 without LiClO4 addition has a lower 𝜎𝐷𝐶 due to high impedance or 

𝑅𝑏 value. The significant enhancement of 𝜎𝐷𝐶 in SPEs 2 due to Li+ content from LiClO4 which 

is enhanced its charge density [43]. In addition, 𝜎𝐷𝐶 returned to decrease significantly in SPEs 

3 with 20% LiClO4. In previous study, the exessive of LiClO4 content triggered an ionic pairing 

effect following recrystallization of SPEs [44]. Thus, it inhibits ion transport process between 

electrode-electrolyte interface. 

 
Figure 3. DC ionic conductivity vs dielectric constant values depended on LiClO4 concentration. 

 

Table 2. List of sample names of SPEs with various ionic conductivities, bulk resistances, and dielectric 

constant. 

Sample names 𝝈𝑫𝑪 (S/cm) 𝑹𝒃 (𝜴) 𝜺′
 

SPEs 1 2.21 × 10-8 459710 415.96 

SPEs 2 1.32 × 10-5 956 95638.09 

SPEs 3 1.54 × 10-7 65648 1904.13 

3.4. Loss tangent analysis. 

This parameter is used to explain the dielectric relaxation process in SPEs. 

Mathematically, loss tangent is obtained by using equaiton (4) [45]. 
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tan 𝛿 =
𝜀′′

𝜀′      (4) 

tan 𝛿 performed in Figure 4 as a function of frequency for all SPEs. The curves increased with 

increasing frequency until reaching a maximum peak and saturated at a higher frequency. 

Principally, an increasing tan 𝛿 curves at the lower frequency indicated that ohmic components 

as current is higher than capacitive components. Then, the current is decreased at a higher 

frequency due to the increase of capacitive components [46–48]. SPEs 1 has a lower peak than 

others, it assumed as low current of charge carriers in polymer chains due to the absence of 

ions. But, it has a good transport where SPEs 1 can flows the charges in low frequency. 

Meanwhile, SPEs 2 performed with a better result due to the higher peak, which is resulted in 

the lower frequency. This case is linear with previous results such as complex impedance and 

dielectric properties that SPEs 2 has better electrical, dielectric properties, and fastest ion 

transport with the presence of Li ions content. However, too much LiClO4 triggered ionic pairs 

phenomena which inhibited ion transport and decreased its electrical performance [49]. 

Therfore, tan 𝛿 peak of SPEs 3 place at a higher frequency. 

 
Figure 4. tan 𝛿 curves of all SPEs with various peaks as a function of frequency. 

3.6. Electrochemical stability. 

LSV curves for All SPEs depicts in Figure 5. A small current was performed through 

the working electrode until the voltage reached a decomposition at 0.87 V for SPEs 1 (Figure 

5.a) without LiClO4 addition. Meanwhile, the small current is more stable in SPEs 2 (Figure 

5.b) and SPEs 3 (Figure 5.c), which reached voltage decomposition at 2.14 V and 2.25 V, 

respectively. This results provide information on the electrochemical stability of SPEs-based 

CMC with or without LiClO4 salt, where SPEs can be applied in electrochemical devices at a 

potential range where it doesn’t experience oxidation or reduction in battery cells [50,51]. 

Therefore, LiClO4 addition gives more electrochemical stability in SPEs-based CMC 

compared without LiClO4 addition. 
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Figure 5. Electrochemical stability of (a) SPEs 1, (b) SPEs 2, and (c) SPEs 3 from LSV measurement with 

various voltage decomposition. 

4. Conclusions 

 All SPEs are successfully synthesized and packaged to coin cells lithium batteries with 

various electrical and dielectric properties. SPEs 2 has a better ionic conductivity in 1.32 × 10-

5 S/cm and dielectric properties such as fastes ionic transport than others which are proven from  

tan 𝛿 result. Moreover, electrochemical stability is increase in SPEs with LiClO4 addition, 

where SPEs 3 has a better electrochemical stability in 2.25 V, but it has poor electrical 

conductivity and dielectric properties. Therefore, the proportional LiClO4 addition in this SPEs 

is 10% based on its electrical and dielectric properties. 
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