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PVP-LiClO4 SOLID POLYMER ELECTROLYTE AND ITS APPLICATION IN TRANSPARENT 
THIN FILM SUPERCAPACITORS 
 
Authors: Jorge Rodríguez, Elena Navarrete, Enrique A. Dalchiele, Luis Sánchez, José 

Ramón  Ramos-Barrado,  and  Francisco Martín as the corresponding  author. 

to be considered for publication in J. Power Sources as an article, if acceptable. The 
manuscript is original and is not under consideration for publication in another journal. 
We believe that it contains research results attractive for a broad readership, as 
explained in the following.  
 

The demand for reliable and quickly rechargeable energy sources has undergone a 
constant increase, for this solid polymer electrolytes have become very important as 
key materials for different electrochemical devices, such as rechargeable batteries, 
supercapacitors, and other kind of devices like electrochromic glassing systems. On the 
other hand is increasing the interest in transparent devices.  It must be pointed out 
that the ionic conductivity of solid polymer electrolytes is dependent on the inorganic 
salt to polymer molar ratio. Within the vast variety of polymer electrolytes, polyvinyl 
pyrrolidone (PVP) has been the focus of a wide range of fundamental and application-
orientated studies. PVP is a polymeric lactam with an internal amide bond, and the 
tertiary amide carbonyl groups of PVP posses a marked Lewis base character such that 
PVP can form a variety of complexes with a wide range of inorganic salts. It is also 
hygroscopic and easily soluble in water and organic solvents such as alcohols. Due to 
these characteristics, layers of PVP can be easily obtained by a dip-coating process, like 
it has been obtained in this work, or by other similar low cost techniques carried out 
under air atmosphere conditions. We have carried out the study of the ionic 
conductivity of solid polymer electrolyte depending on the inorganic salt to polymer 
weight ratio (we have tested salt/polymer ratios higher than that you can usually find 
in the bibliography), but the ionic conductivity is also depending of the presence of 
residual solvent, ethanol in this case, or the gained water due to the hygroscopic 
nature of the PVP when the obtained layer is exposed to air atmosphere with near 
constant relative humidity. ATR and TGA have been the tools to characterize the PVP 
and PVP-LiClO4 systems and the presence of residual solvent or moisture.  

In order to study the performance of the PVP-LiClO4 as a solid polymer electrolyte in 
electrochemical devices, symmetrical structured electrochemical double layer 
capacitors (EDLCs): glass/ITO/PEDOT/PVP-LiClO4/PEDOT/ITO/glass were fabricated.  A 
wished quality of these supercapacitors is transparency in the visible range.  The 
PEDOT was obtained by electropolymerization onto glass/ITO as thin films. The effect 
of the thickness of the PVP-LiClO4 layer and the effect of the aging time (nine months) 
on the cyclability and capacitance has been studied.  
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ABSTRACT 

We have obtained films of PVP (polyvynilpyrrolidone) and LiClO4 by dip coating to be used 

as solid ionic conductors in transparent energy storage systems. The dependence of the ionic 

conductivity of PVP/LiClO4 films on temperature, lithium salt concentration, and residual 

solvent content or humidity has been studied. The films were used in a symmetrical 

supercapacitor (PEDOT/PVP/PEDOT). The aging time effect on the behaviour of the 
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supercapacitor has also been studied. It was observed that the experimental differences in the 

behaviour of lithium ion based energy storage devices using these films as a solid electrolyte 

may be due to changes in the residual content of the solvent or the hygroscopic nature of the 

electrolyte. 

 

Keywords: polymer electrolyte, polyvinylpyrrolidone, supercapacitor, transparent 

electrochemical devices.  

 

1. Introduction 

In recent years, solid polymer electrolytes have become very important as key 

materials for different electrochemical devices, such as rechargeable batteries [1-3], 

electrochromic displays [1], and supercapacitors [1].  Solid polymer electrolytes are 

compounds formed through the dissolution of salts into polar and high-molecular weight 

macromolecules that can interact strongly with cations. Lithium ion conductive materials are 

particularly attractive owing to their applications as a solid polymer electrolyte for lithium 

rechargeable batteries [3] and other solid-state electrochemical devices [3]. Hence, lithium 

salt-based electrolytes have been the focus of a wide variety of fundamental and application-

oriented studies [4].  

To reduce costs and to extend the useful lifetime of a device, it is necessary to obtain a 

solid polymer electrolyte with good stability during electrochemical cyclation under 

environmental conditions. For most potential applications, it is desirable that the solid 

polymer electrolytes display a reasonable ionic conductivity (over 10
-4

 S cm
-1

) [5]. It must be 

pointed out that the ionic conductivity of solid polymer electrolytes is dependent on the 

inorganic salt to polymer molar ratio, and on the nature of the lithium salt, due to the transfer 
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efficiency of charge carriers and complex formation between the metal cation and polymer 

[6]. Moreover, the presence of any residual solvent has an influence on the conductivity [7]. 

Within the vast variety of polymer electrolytes, polyvinyl pyrrolidone (PVP) has been 

the focus of a wide range of fundamental and application-orientated studies [1, 2, 5, 8, 9]. 

PVP is an amorphous conjugated polymer with good stability, which has the aspect of a white 

powder [4]. It can easily be processed, and it displays moderate electrical conductivity, i.e.: 

associated with PVA (polyvinyl alcohol) it is about 4.6x10
−7

 S cm
−1

 at room temperature [10]. 

PVP exhibits a high transition temperature value, Tg, around 170 ºC because of the presence 

of its rigid pyrrolidone groups, but water can act as a plasticizer lowering this Tg value from 

approximately 170 ºC to below 40 °C [11]. PVP is a polymeric lactam with an internal amide 

bond, and the tertiary amide carbonyl groups of PVP posses a marked Lewis base character 

such that PVP can form a variety of complexes with a wide range of inorganic salts. It is also 

hygroscopic and easily soluble in water and organic solvents such as alcohols [12]. Due to 

these characteristics, layers of PVP can be easily obtained by a dip-coating process or by 

other similar low cost techniques carried out under air atmosphere conditions. However, by 

using these thin film growth methods the influence of the air atmosphere parameters (i.e.: 

ambient humidity), on the properties (i.e.: ionic conductivity) of the PVP layers obtained must 

be taken into account. In fact, the properties of the PVP layers obtained could change when 

exposed to air environmental conditions, due to: i) additional loss of residual solvent, and ii) 

by incorporating environmental humidity. Therefore, some differences in the behaviour of 

lithium batteries or supercapacitor devices using PVP as the solid electrolyte could be 

explained by changes caused by the residual solvent or humidity in the solid polymer 

electrolyte. 
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Regarding polymer electrolytes based on PVP doped with lithium perchlorate 

(LiClO4) salt, PVP-LiClO4, there is very little information in the literature [4], and to our 

knowledge, there are no reports of conductivity studies on the PVP-LiClO4 solid polymer 

electrolyte. In view of the above, the present paper aims mainly to report on the ionic 

conductivity of the PVP-LiClO4 solid polymer electrolyte system as a function of the lithium 

perchlorate content. Moreover, transparent electronics (i.e.: transparent diodes, functional 

windows, TFT, CMOS, etc.), is an emerging and promising technology for the next 

generation of optoelectronic devices [13]. As such, the possibility of growing transparent 

solid polymer electrolytes provides the opportunity to fabricate transparent electrochemical 

storage systems, with great relevance for application in transparent electronics. Especially of 

interest is producing optically transparent polymer-based films of a certain electrical 

conductivity [14]. In this sense, PVP has attracted special attention amongst the conjugated 

polymers because of its good environmental stability, easy processing and excellent 

transparency [15].   

On the other hand, recently, supercapacitors, also known as electrochemical 

capacitors, have attracted great attention due to their high power density and long term cycles 

[16, 17]. In general, they can be classified into two categories in terms of their energy storage 

mechanism, i.e.: electric double layer capacitors (EDLCs) and pseudo-capacitors [16, 18]. 

EDLC type devices generate capacitance from charge separation at the electrode/electrolyte 

interface, while the pseudo-capacitance type generates capacitance from fast faradic reactions 

in the electrode material [18]. The EDLC is an intermediate power/energy storage/supply 

device that can provide a higher energy density than a conventional electrostatic capacitor, a 

higher power density than batteries, as well as a much longer cycle life [16, 19].       
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In the present study, the dependence of the ionic conductivity of dip-coated PVP-

LiClO4 solid electrolyte thin films on temperature, lithium salt concentration, aging time, and 

residual solvent or humidity content has been studied. Moreover, these films have been 

employed in the fabrication of a symmetrical electrochemical supercapacitor (PEDOT/PVP-

LiClO4/PEDOT), which to our knowledge, is the first time that a supercapacitor of this type 

has been reported in the literature. The aging time effect on the behaviour of the proposed 

supercapacitor has also been studied. Moreover, all components of these devices have been 

fabricated as transparent thin films. 

 

2. Experimental 

 

2.1 Materials  

Polyvinyl pyrrolidone (PVP) with a molecular weight of 1,300,000, lithium 

perchlorate (LiClO4) and (3,4-ethylene dioxythiophene) EDOT monomer were purchased 

from Aldrich, USA. All chemicals were used as received without any further treatment. 

Commercial In2O3:Sn (ITO) thin films (8-10 Ω Sq
-1

) on glass were used as substrate 

electrodes.   

  

2.2 Preparation of PVP-LiClO4 solid electrolyte thin films  

 

Solutions of PVP-LiClO4 were prepared by dissolving desired amounts of PVP and 

lithium salt in ethanol. Immediately after continuous stirring during 30 min at room 

temperature, the polymer electrolyte was cast forming films using the dip coating technique 

over copper circle substrates of 13 mm in diameter and 0.124 mm in thickness. The copper 
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substrates were previously ultrasonically cleaned for 10 min with isopropanol and afterwards 

for 10 min with acetone. Then the copper substrates were dipped into the PVP- ethanol-

LiClO4 solution and withdrawn at a speed of 180 mm min
-1

. Between each dipping, the 

samples were dried with a halogen lamp (50 ºC), for 10 minutes. This procedure was carried 

out inside a dry-box with a partial vacuum, and the air purged with a nitrogen stream. The 

film thickness of each PVP-LiClO4 layer was estimated by scanning electron microscopy 

(SEM) cross sectional images. 

 

2.3 Measurement of ionic conductivity of   PVP-LiClO4 solid electrolyte thin films  

 

Ionic conductivities of the (PVP-LiClO4) solid polymer electrolyte films were 

measured using an AC impedance technique with an HP Impedance Analyzer, where the AC 

frequency was scanned from 5x10
6
 Hz to 1 Hz at a voltage amplitude of 250 mV, and 

temperature range 273-333 K. From the resulting complex impedance plots the bulk 

resistance of the polymer electrolyte was obtained. Ionic conductivity of the solid polymer 

electrolyte was calculated from the measured bulk resistance, area and thickness of the 

polymer thin film, by using the following equation: 

 

                                                     σ = L/(Rb A)                                         (1) 

 

where L is the thickness of the polymer electrolyte (cm), A is the area of the blocking 

electrode (cm
2
), and Rb is the bulk resistance of the polymer electrolyte. 
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To study the effect of the aging time on conductivity, PVP-LiClO4 samples were left 

in air at room temperature from 6 to 72 hours after being made before DTGA measurements 

were carried out. 

 

2.4 Thermal analysis 

 

Thermogravimetric analysis (TGA) data were recorded on an SDT-Q600 analyzer 

from TA Instruments. The temperatures varied from room temperature (25 ºC approx.) to 145 

ºC at a heating rate of 5 ºC min
-1

. Measurements were carried out on samples in open 

platinum crucibles under air flow.  

 

2.5 ATR analysis 

Attenuated Total Reflectance (ATR) spectra were obtained using a Golden Gate 

Single Reflection Diamond ATR System using a Fourier Transformed IR Vertex-70. 

Transmittance measurements were carried out with a spectrometer VARIAN Cary 5000. 

 

2.6 Supercapacitor fabrication 

 

In order to evaluate the performance of the PVP-LiClO4 solid polymer electrolyte, 

symmetrical structured electrochemical double layer capacitors (EDLCs): 

glass/ITO/PEDOT/PVP-LiClO4/PEDOT/ITO/glass were fabricated. In a first step, PEDOT 

(poly(3,4-ethylenedioxythiophene) thin films were grown by electropolymerization of EDOT  

over commercial ITO/glass substrates as reported in our earlier work [20]. To this end, a 

typical three electrode electrochemical cell geometry was used, comprising an ITO-coated 
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glass substrate (2.0 cm
2
), a Pt wire and a saturated calomel electrode (SCE) (E=+0.25V vs. 

normal hydrogen electrode (NHE)), as working, counter and reference electrodes, 

respectively. The electrodeposition bath consisted of an aqueous solution of 3 mM EDOT + 

0.2 M LiClO4. All solutions were prepared from analytical grade reagents and 18.3 MΩ.cm 

Millipore water. The electrodeposition was performed at room temperature. Nitrogen was 

flushed through the cell and the electrolyte prior to the experiments, and a nitrogen flow was 

maintained over the solution during the electrodeposition process. The substrates were first 

cleaned ultrasonically, 5 min in acetone, 5 min in ethanol and 5 min in DI water. The PEDOT 

thin film was grown by a potential cycling procedure between -0.8 and 2 V at 75mV/s, for 5 

cycles using an Autolab PGSTAT30 potentiostat/galvanostat. In a second step, a PVP-LiClO4 

solid polymer thin film was grown by the dip-coating technique (as mentioned above in 

section 2.2), onto a previously synthesized glass/ITO/PEDOT. In a third step, the freshly 

prepared glass/ITO/PEDOT/PVP-LiClO4 sample was fastened to a glass/ITO/PEDOT sample 

by simple hand pressure. Several glue fixing points were applied to the interface to ensure 

mechanical stability.  

 

2.7 Supercapacitor performance study  

 

The performance of the resulting supercapacitor devices was evaluated by cyclic 

voltammetry carried out with an Autolab PGSTAT30 potentiostat. It is worth noting that the 

data presented here in the performance studies of the EDLC were obtained from a two-

electrode cell test and not from the widely used three-electrode type that overestimates the 

results [19, 21]. In fact, it as has been reported in the literature that the results should be 

quadrupled compared with the three-electrode cell tests [19, 21]. 
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2.8 Scanning electron microscopy characterization 

 

 The cross section morphology of the fabricated supercapacitors was studied by 

scanning electron microscopy (SEM) in the backscattered mode (BSE), with a JEOL JSM-

840 microscopy.  

 

3. Results and discussion  

 

3.1 Ionic conductivity study 

 

The effect of lithium perchlorate salt content on the ionic conductivity of PVP-LiClO4 

samples was studied, and the results are depicted in Figure 1a. It can be seen that ionic 

conductivity increases as the amount of lithium perchlorate increases, reaching a maximum of 

ionic conductivity as the lithium perchlorate content attains a value of 120 (wt%). Beyond this 

point the ionic conductivity decreases with increasing lithium perchlorate content. A similar 

trend has been observed by Zhou et al.
 
[6] when doping a poly(organophosphazene) polymer 

with LiClO4. In the latter case a maximum value on the ionic conductivity was reached for a 

lithium content of 14%. When the LiClO4 concentration increases, an increase of the ionic 

conductivity is expected due to the increase of charge carrier numbers in the polymer 

electrolyte. On the other hand, the decrease of the ionic conductivity of the polymer 

electrolyte at high LiClO4 contents could be due to the polymer cages trapping liquid 

electrolyte, becoming smaller and thus hindering ionic motion. Also, at high lithium salt 

concentration ranges the decreasing conductivity could be due to emerging salt crystallites as 

a result of having exceeded the local solubility of the lithium salt in the polymer. Excessive 



10 

 

 

 

cations and anions could aggregate and form crystalline phases that block the movement of 

the charge carrier, which would result in a decrease in the ionic conductivity of the polymer 

electrolyte [22, 23]. Solvent loss at higher salt electrolyte concentrations could lead to a local 

increase in the LiClO4 and LiClO4 crystallization concentration in the PVP matrix. This 

solvent loss would reduce the ion mobility in the polymer. In our case, the PVP layers were 

heated at 50ºC between dip cycles, as described in the experimental section. However, a small 

fraction of the initial ethanol solvent remains in the PVP and if the PVP/LiClO4 film is 

exposed to an ambient temperature, it can loose some of the residual solvent (ethanol) 

content. Because of the hygroscopic nature of the PVP, it could gain water.  

 

Figure 1b shows the variation in the logarithm of the ionic conductivity with the inverse 

absolute temperature for a typical PVP-LiClO4 sample with a 100 (wt%) lithium perchlorate 

content. From the plot, it is evident that as the temperature increases the ionic conductivity 

increases, reaching its highest value of 3.34x10
-3

 S cm
-1

 at value at 60 ºC. Moreover, the 

regression value of the plot using a linear fit is found to be close to unity suggesting that the 

temperature dependent ionic conductivity obeys an Arrhenius relationship. The dependence of 

the PVP-LiClO4 ionic conductivity on temperature would be owing to the fact that the 

polymer matrix is amorphous and has large numbers of free-volume cages. This number 

increases with increasing temperature just as described in the free-volume model [24].  This 

results in an increase in movable ions and higher ionic conductivity of PVP at ambient 

conditions [25]. The activation energy was calculated from the logarithm of the ionic 

conductivity versus 1/T plot of Fig. 1b using the Arrhenius equation: 

                                   σ = σ0 exp(-Ea/(kT))                             (2) 
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where σ0 is a constant, Ea , the activation energy, k, the Boltzmann constant and T the 

absolute temperature. An activation energy value of 88.39 KJ mol
-1 

(0.92 eV) was calculated. 

 

3.2 ATR and TGA discussion. 

 

Due to its hygroscopic nature PVP takes up ambient moisture when it is exposed to an air 

atmosphere. When absorbed onto PVP, water molecules are linked to the PVP C=O groups by 

hydrogen bonds. Every C=O group can be directly linked to two water molecules via these 

bonds [26]. The presence of water in PVP is a limitation to the voltage window because at 1.3 

V the water is oxidised.   In figure 2a, curve 1 shows the ATR region of the PVP powder from 

3000 cm
-1

 to 4000 cm
-1

 after being exposed for days to non saturated air. The observed bands 

correspond to –OH bonds (3000 cm
-1

 to 3600 cm
-1

) and the C-H stretching 2700 to 3030 cm
-1

 

with  asymmetrical and symmetrical C-H stretching vibrations at around 2962 cm
-1

 and 2872 

cm
-1

 respectively. The fundamental stretching and in-plane bending mode of water molecules 

occurs within the 3900-2800 cm
-1

 region at around 1640 cm
-1

. Water displays a large band in 

the 3900-2800 cm
-1

 because O-H stretching modes of water are complex due to symmetric 

and antisymmetric coupling and to intermolecular and intramolecular hydrogen bonding of 

different strengths. Although the increasing intensity of the band at 3400 cm
-1

 with increasing 

water content is similar to the behaviour of other hydrophilic polymers, a difference is 

observed in this case; with respect to the also hydrophilic PVA [26], the 3400 cm
-1

 band is 

shifted to a higher wavelength when the water content decreases (Fig. 2a). When the PVP 

powder is exposed for days to non saturated air (Fig. 2a, curve 1) with an average relative 

humidity of 45%, and then dried at 100ºC for one hour, the -OH bands from 3000 cm
-1

 to 

3800 cm
-1

 were considerably reduced (Fig. 2a, curve 2). But after another 10 minute exposure 
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to the air (Fig. 2a, curve 3), an increase of the OH bands is observed due to water gain. A 

more prolonged exposure would lead to a limit in the water gained, and therefore the amount 

of water in the PVP after exposure to air for days could be considered to have reached this 

limit. The limiting amount of water gained has been estimated by TGA to be 8% of the total 

initial weight (Fig. 4a). Because the intensity of the –CH stretching bands remains nearly 

constant (Fig. 3a), the relationship between the –OH and –CH intensities in this region could 

be used to estimate the water content of the PVP.  Figure 3a also compares the ATR-FTIR of 

pure solid LiClO4. In the 2600 to 3000 cm
-1

 range, LiClO4 displays two bands at 3560 cm
-1

 

and 3525 cm
-1

. Other distinctive bands for LiClO4 appear around 1100 cm
-1

 due to Cl-O 

stretching. In this region PVP does not show any significant absorption bands. When LiClO4 

is added to the PVP, the LiClO4 bands convolute with the -OH bands as shown in Fig. 3b.   

The bands corresponding to the pure PVP carbonyl stretching band (1642 cm
-1

) and 

pure LiClO4 (1621 cm
-1

) and the corresponding fit to a Lorentz function are shown in Fig. 3a. 

Figures 3b and 3c show the same region for the film with weight ratios of 1 and 2 

LiClO4/PVP respectively. Lithium and ClO4
-
 form complexes with the C=O groups. As the 

LiClO4 concentration increases, the carbonyl bands in Fig. 3 (c) broaden gradually, and a new 

band appears at 1650 cm
-1

 as a result of the coordination between the Li
+
 and the oxygen atom 

on the carbonyl group of the PVP. In addition to the free carbonyl band, the carbonyl 

stretching band of PVP shifts to a lower frequency (1640 cm
-1

 to 1650 cm
-1

) as a consequence 

of the coordination between the Li
+
 cation and the oxygen atom on the carbonyl group of the 

PVP as proposed by C. Chiu et al. [4, 27]. The deconvolution of the peaks in the infrared 

spectral regions analyzed was made by using the best fit with Lorentzian functions.  The C=O 

stretching band for PVP at 1640 cm
-1

 and LiClO4 at 1620 cm
-1

 convolute to give a unique 

band. However this band can be deconvoluted into three peaks, corresponding to LiClO4 at 
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1620 cm
-1

, free C=O PVP at 1640 cm
-1

, and at 1655 cm
-1

 for  C=O  associated with Li
+
 ions 

by forming a polymer–salt complex. When the amount of LiClO4 increases, then the peak at 

1655 cm
-1

 increases, showing that more C=O groups are forming complexes with Li
+
 ions, 

Figures 2b an 2c. 

 

To study the effect of exposure to air of the solid electrolyte, electrolyte films with a 

LiClO4/PVP weight ratio of 1 were deposited onto glass by dip coating and exposed to non 

saturated air from 6 to 72 hours. These films had been dried at 50ºC for 15 minutes previous 

to their exposure to air during the dip coating process. ATR spectra and TGA measurements, 

Figures 2b and 4 respectively, were carried out immediately upon the exposure time ending. 

The IR regions from 2500 cm
-1

 to 4000 cm
-1

 for these films are shown in Fig. 2, in which it 

can clearly be seen that the band intensities from 2400 cm
-1

 to 4000 cm
-1

 are identical for all 

the films exposed from 24 to 72 hours. The weight loss percentages at temperatures higher 

than 80ºC are also similar (Fig. 4a) for these films at around 12%. However the sample 

exposed for 6 hours shows a bigger weight loss of 17%, which could be due to a greater 

amount of residual ethanol in the polymer film, and the conductivity of this film is the highest 

(Fig. 4b), being 1.89 10
-4

 S cm
-1

 for the 6-hours sample and 3.29 10
-6

 S cm
-1

 for the 24-hour 

sample.  The samples exposed to the atmosphere from 24 to 72 hours are poorly conductive 

(Fig. 4b).   

 

3.3 Supercapacitor device fabrication and characterization 

 

In order to study the performance of the PVP-LiClO4 as a solid polymer electrolyte in 

transparent electrochemical devices, symmetrical structured electrochemical double layer 
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capacitors (EDLCs): glass/ITO/PEDOT/PVP-LiClO4/PEDOT/ITO/glass were fabricated. A 

scheme of the device is depicted in Fig. 5a. A SEM image of the cross-sectional view of a 

supercapacitor made in our laboratory is shown in Fig. 5b. In this image all the layers 

constituting the supercapacitor can be seen, except the ITO layers, as they are too thin (ca. 

150 nm). Due to the effect that the thickness exerts on the capacitance, different thicknesses 

of the PVP-LiClO4 solid polymer electrolyte layer (controlled by the number of dip-coating 

cycles), have been assayed, in all cases with a lithium perchlorate content of 100% (wt%). It 

must be pointed out that each dip coating cycle corresponds to approximately 15 µm of layer 

thickness. It is found that the electrochemical response of the supercapacitor is influenced by 

the PVP-LiClO4 electrode’s thickness. Figure 6a shows the resulting cyclic voltammetry (CV) 

curves (scan rate of 75 mV/s) for four different PVP-LiClO4 electrode layer numbers (1 to 4 

dip cycles). All the CV curves shown in Fig. 6a have a nearly rectangular shape, indicating a 

nearly ideal capacitive response.  Moreover, it can be seen that the specific electrode 

capacitance reaches a maximum of mass specific capacitance (15 F/g) when the number of 

layers is two. The effect of the PVP-LiClO4 electrode layer numbers on the CV behaviour of 

the supercapacitor can be explained as follows. Dielectric breakdown could cause current 

leakage between the electrodes when the thickness of the polymer is low; in fact, the external 

circuit intensity recorded by the potentiostat is one order of magnitude lower for 15 µm of 

thickness with respect to the others. The capacitance of a parallel plate capacitor is inversely 

proportional to the distance separating the electrodes. When the thickness of the electrolyte 

increases, the transport of the electrolyte ions is hindered. On the other hand, as discussed 

above, the conductivity of the polymer depends on the amount of residual solvent in the 

polymer electrolyte. An undesirable effect due to the loss of residual solvent could be the 

shrinking of the polymer electrolyte leading to local contact being lost with the surface of the 
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electrodes or polymer electrolyte cracking. Owing to this, an important aspect for any 

material to be used as a supercapacitor electrolyte is its behaviour after a certain aging time, 

and the electrochemical stability after repeated charge/discharge cycling. Figure 6b shows a 

comparison of the characteristic CV curves for a supercapacitor device (with two layers of 

PVP-LiClO4), taken just after the device has been prepared, and after the device has been 

stored under air atmosphere conditions and at room temperature after nine months aging time. 

Very little difference between the two CV profiles can be seen, indicating a very small 

decrease in the mass specific capacitance from 15 to 10 F/g after a nine month aging time (see 

Fig. 6b).  Furthermore, when a cyclability study was carried out by cyclic voltammetry of the 

supercapacitor device with four layers (four dip cycles) after nine months storage in an air 

atmosphere, a decrease of 10 % of specific capacitance was found at the early 500 cycles 

stage (scan rate 100 mV/s), but after the 500 cycles stage the specific capacitance increases 

significantly with the increasing cycle number, until the capacitance reaches a plateau, and the 

values before aging are recovered (figure 6c). 

 

3.4 Optical transmittance analysis                        

 

Light transmittance of the supercapacitor can be seen in Fig. 7, in which the 

transmittance spectrum of an EDLC device is shown (see Fig. 5), which reaches its maximum 

value of almost 50% in the visible wavelength region, from 370 to 770 nm. 
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5. Conclusions 

 

Films of solid polymer electrolyte consisting of mixtures of polyvynilpyrrolidone (PVP) and 

LiClO4 with various mass ratios were synthesized by the dip-coating method. The ionic 

conductivity increases with temperature reaching a value of 3.34 10
-3

 S cm
-1

 at 60 ºC for a 1.2 

LiClO4/PVP mass ratio. At higher LiClO4/PVP ratios the conductivity decreases. Dried PVP 

gains humidity quickly when it is exposed to an air atmosphere, reaching a constant weight 

increase of around 8%. The residual amount of solvent, ethanol, is important for conserving a 

good ionic conductivity. The loss of solvent and the water gained when the electrolyte is 

exposed to the atmosphere reduces the ionic conductivity. It has been demonstrated that these 

films are available for use as a solid ionic polymer electrolyte in transparent supercapacitors. 

Their behaviour depends on the aging conditions of the electrolyte. A decrease in the mass 

specific capacitance is found when the electrolyte is aged under ambient conditions, but the 

mass specific capacitance is recovered after several hundred charge/discharge cycles. 
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Figure captions 

 

Fig. 1. (a) Ionic conductivity as a function of the lithium perchlorate content in a typical PVP-

LiClO4 sample measured at room temperature. (Solid line is a guide for the eye). (b) Plot of 

the temperature dependence of ionic conductivity for a PVP-LiClO4 sample with a lithium 

perchlorate content of 120 (wt%), where the linear fitting is indicated by a dashed line. 

 

Fig. 2.  ATR spectra. (a) a-1 PVP powder after exposure to air, a-2 after heating at 100ºC for 

one hour, a-3 after heating at 100ºC and exposed to air for 10 minutes, a-4 pure solid LiClO4. 

(b) 100% LiClO4/PVP films on glass after 24 (b-1), 48 (b-2) and 72 (b-3) hours of exposure to 

air after fabrication. 

 

Fig. 3. ATR spectra. (a) PVP powder as received (a-2), pure solid LiClO4 (a-1) and Lorentz 

fit. (b) 100% LiClO4/PVP films onto glass and deconvolution curves. (c) 200% LiClO4/PVP 

films onto glass and deconvolution curves. 

 

Fig. 4. (a) TGA weight loss curves for PVP powder as received after air exposure and 100% 

LiClO4/PVP films on glass after 6 and 24 hours of air exposure after fabrication. 

 

 

Fig. 5. (a) Scheme of the glass/ITO/PEDOT/ PVP-LiClO4/PEDOT/ITO/glass symmetrical 

structured electrochemical double layer capacitor device. (b) BSE-SEM cross-sectional view 

of the supercapacitor. ITO layers are not appreciable due to their very small thickness.     
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Fig. 6. (a) Cyclic voltammograms of the capacitor depicted in Fig. 5a, for different PVP-

LiClO4 solid polymer electrolyte layer numbers. (b) Cyclic voltammograms of a capacitor as 

depicted in (a), with two PVP-LiClO4 solid polymer layers, recorded just after the device has 

been prepared (curve 1), and recorded after an aging time of nine months (curve 2). (c) Mass 

specific capacitance over 1400 cycles of cyclic voltammetry for a nine month aged 

supercapacitor assayed in (b) (the solid line is a guide for the eye). In all cases the lithium 

perchlorate content in the PVP polymer was 100 (wt%), and the cyclic voltammetry scan rate 

was 100 mV/s. 

 

Fig.7. Optical transmittance spectra of a typical glass/ITO/PEDOT/ PVP-

LiClO4/PEDOT/ITO/glass symmetrical structured electrochemical double layer capacitor 

device. The inset shows a photograph of the supercapacitor device to illustrate its level of 

transparency.  
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