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   A novel method of electrochemical synthesis of yttrium aluminum garnet (YAG: Al5Y3O12) is 

successfully developed in the mixture of YCl33 and AlCl3 aqueous solution. The 

electrosynthesized YAG are further annealed and characterized by X-ray diffraction (XRD) and 

scanning electron microscopy (SEM). Ppy/YAG thin film electrode is synthesized 

electrochemically for electrochemical supercapacitor.  Scanning electron micrographs clearly 

reveals the formation of nanocomposites on the surface of working electrode. Different 

electrochemical methods including galvanostatic charge–discharge (CD) experiments, cyclic 

voltammetry (CV) and electrochemical impedance spectroscopy (EIS) are carried out in order to 

investigate the applicability of the system as a supercapacitor. Based on the electrochemical 

results obtained, Ppy/YAG gave higher specific capacitance, power and energy values than Ppy 

at a current density of 1mAcm
−2

. Specific capacitance (SC) of Ppy and Ppy/YAG electrodes are 

calculated using CV method are 109 and 254 Fg
-1

, respectively. This work introduces new 

nanocomposite materials for electrochemical redox capacitors with advantages including long 

life cycle and stability in an aqueous electrolyte to that of commonly used ruthenium based 

pervoskites. 
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   Electrochemical capacitors (ECs), known as supercapacitors, are charge-storage devices that 

capable of very fast charges and discharges, with a unique combination of high power, high 

energy and long lifetime [1, 2]. ECs with these unique properties can bridge the gap between 

batteries and capacitors, offering great potentials in applications such as starting automotives and 

regenerating of brake energy. To date, carbon [2–6], transition metal oxides [4, 5] and 

conducting polymers (CPs) [6] have been identified as most promising materials for ECs. Each 

material has its own unique advantages and disadvantages for supercapacitor applications. 

   Some of the most famous CPs includes polyaniline, polypyrrole, polythiophene and their 

derivatives. Polyaniline (PANI) and polypyrrole (Ppy) are the most promised CP for application 

as an electrode in redox supercapacitors [7]. Charge storage mechanism in CPs is followed by 

loss of electrons and formation of polycations, causing the anions in the solution to intercalate 

into the CP in order to maintain electroneutrality. Repeating charge-discharge process leads to 

accumulation of stress on polymer, which is related to poor cycle life [8].  One of the solutions 

for this problem is using nano materials to synthesize nanocomposites. In these nano composites, 

the nanoparticles are dispersed in monomer solution to make an entangled polymer matrix [9, 

10].  

   A lot of attempts are going on to increase the capacitance values of the electrode with the 

minimum investment. As is highly expensive, alternative metal oxides are being explored. Most 

of the attempts are made with a small amount of ruthenium which served as an excellent metal 

oxide for supercapacitor, with other materials for better performance. One of the attempts to 

obtain the better performance of supercapacitor electrode was to use pervoskite like SrRuO3 

containing one of element ruthenium [11, 12]. It is expected that the combined metal oxides, a 

pervoskite i.e. BiFeO3 has to show the similar or perhaps better performance. The bismuth iron 
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oxide in five crystallite phases i.e. BiFeO3, Bi2 Fe4O9 and Bi3 Fe5O12 is well known. That means 

this material may sustain the charges in its phases during the electrochemical changes [12]. 

   YAG has revealed many potential properties, for optical and structural applications. 

Conventionally, YAG was prepared by the solid–state combustion techniques. However, two 

intermediate phases yttrium aluminum perovskite (YAP) and yttrium aluminum monoclinic 

(YAM) are produced during the heating period using this method. The hydrothermal method [13, 

14] in this case, with higher pressure over 40 MPa was required to form YAG. The sol-gel 

method [15], although the sol-gel seems to be a potential method, the precursory solution was so 

complicated that a high temperature (1050°C) annealing process is essential for removing the 

impurity residues[16] Since the luminescent materials for flat panel displays have attracted more 

attention, the research activities aimed at developing these types of materials in the form of films 

are increasingly required [17]. Therefore, developing a simple process by using low cost 

equipment, at lower temperature and at ambient atmosphere, will become more attractive for 

commercialization. In this report, YAG thin film was prepared by  pulse electrochemical 

synthesis in the mixture of YCl3 and AlCl3 aqueous solution. 

   There are two methods for preparation of conductive polymer/nanocomposites: chemical 

method in which an oxidizing agent is used and in situ polymerization occurs [18, 19]. Another 

method is electrochemical synthesis of conductive polymeric nano composites in which nano 

materials are dispersed in a monomer solution and nanocomposite are formed by 

electropolymerization [20-26]. Electrodeposition is a powerful and interesting process that can 

be applied in numerous fields. Films can be synthesized at a low or room temperature because of 

high energy density accumulated in solution near the electrode surface. The advantages of 

electrodeposition compared with other techniques include low cost for raw materials and 
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equipments, capability of controlling composition and morphology by varying electrochemical 

parameters and the ability to deposit films on a complex surface. This is probably the easiest, 

non-vacuum and suitable method to prepare electrodes of large area. In the present work, room 

temperature electrochemically synthesized Ppy/YAG electrode is presented as an efficient 

potential candidate in supercapacitor application. Our goals in this paper were increasing the 

capacitance of Ppy electrode by using YAG nanoparticles to form a composite electrode and 

moreover increase the cycle ability of the electrode.  
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2. Experimental  

  2.1. Reagent and materials 

   All the chemical materials used in this work, obtained from Merck Chemical Co., were of 

analytical grade and used without further purification. Double distilled water was used 

throughout the experiments. Pyrrole (py) was doubly distilled and the resulting colorless liquid 

was kept in the dark at 5
◦
C. 

2.2. Apparatus   

   All electrochemical experiments were carried out by an Autolab General Purpose System 

PGSTAT 30 (Eco-chime, Netherlands). A conventional three electrode cell with an Ag/AgCl 

reference electrode (Argental, 3 M KCl) was used in order to carry out the electropolymerization 

of the Ppy. A platinum wire with a diameter of 0.5 mm and an exposed area of 0.65 cm
2
 was 

used as the counter electrode. A glassy carbon electrode with an area of 0.03 cm
2
 was used as the 

working electrode. A wide frequency range of 10 mHz to 100 kHz was used in EIS. 

Morphological investigations of the polymeric films were carried out by using SEM (Philips XL 

30). X-ray diffraction patterns were obtained from an X-ray diffrac-tometer (PANalytical X’Pert-

Pro) with a Cu-K
α
 monochromatized radiation source and an Ni filter. 

2.3. Preparation of YAG nanoparticles via cathodic pulse electrochemical deposition 

      YAG has been electrosynthesized in conventional three electrode cell with 316L 

stainless steel (100× 50× 0.5 mm) as a working electrode centered between two parallel 

graphite (100× 50× 5 mm) as a counter electrodes and saturated calomel electrode (SCE)  as 

a reference electrode. Electrolyte were 0.005M YCl3. 6H2O, 0.008 M AlCl3.6H2O (with 

Page 6 of 24RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

respect to YAG stoichiometry) dissolved in double-distilled water. The pH of the chemical 

bath was adjusted to 2.7 by adding concentrated HCl solution. YAG thin films were 

deposited on the surface of the stainless steel by using the pulse voltage mode, with applying 

a peak current density of  5mA.cm
-2 

and ton=toff=1ms  for 20 min in the 60
◦
C. The square 

wave potential (-0.7 V respect to SCE) was applied in the cathodic electrodeposition of 

YAG.  After electrodeposition process, steel electrodes were washed, dried at room 

temperature for 36 h and deposited powders were scrapped from the steel electrodes for 

further process.  Heat-treatment of the hydroxide powders was conducted at the 1200
◦
C  in 

dry air atmosphere for 2 h via electrical furnace with heating rate of 5
◦
C.min

-1
. Transparent 

powders of YAG finally formed after being annealed at 1200
◦
C. YAG powder was 

characterized by means of X-ray diffraction as shown in Fig. 1. In this figure, a strong and 

sharp peak at 2θ = 18.19, 29.74 and 33.42
0
 
  
are characteristic of YAG.  
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Fig. 1.  XRD spectrum of YAG 

    

   SEM and EDX have been applied for analysis of the compound. EDS spectrum and SEM 

image of YAG (Al5Y3O12) have been shown in figure 2 and figure 3 respectively. As evident 

from SEM image and EDS spectrum, formation of YAG nanoparticles have been confirmed.  
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Fig. 2. EDS spectrum of electrosynthesized YAG (Al5Y3O12) 

 

 

Fig. 3. SEM image of YAG (Al5Y3O12) 
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2.4. Synthesis of Ppy and Ppy/YAG nanocomposite 

    Ppy/YAG nanocomposite was synthesized electrochemically by cyclic voltammetry in 0.1M 

KCl solution contained Py monomer (0.1M), YAG (0.5% wt) and sodium dodecyl sulfate (0.005 

M) that dispersed in solution by sonication. Ppy electrode was synthesized in same solution 

without YAG. Electropolymerizations were conducted by 10 consecutive cycles at the sweep 

rate of 50 mV.s
-1

 in the potentials between 0.0 to 1 V. The  mass  of  Ppy  films  was  

approximated  assuming  a  current  efficiency  for  the electropolymerization process of 100%, 

using Faraday’s law. SEM images of Ppy/YAG film are shown in Fig. 4. 

 

 

Fig. 4. SEM images of Ppy/YAG nanocomposite in different magnification and quantitative 

results of EDS analysis. 
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3. Results and discussion  

     Figure 5 shows the CVs of Ppy and Ppy/YAG electrodes in 0.1 M H2SO4 solution at the 

sweep rate of 25 mV.s
-1

. As observed, the capacitance of composite electrode is about two times 

greater than that of Ppy electrode, which shows using YAG in Ppy electrode enhances the 

capacity of the electrode. The synergetic effect resulting from the interactions of Ppy and YAG 

nanoparticles may affect the shape of CV curves. The CV of Ppy/YAG electrode exhibits nearly 

symmetrical rectangular shapes in potential window, that shows the incorporation of YAG in 

Ppy matrix not only increase the capacitance of composite due to redox transitions of YAG 

between different valence states, but also save it’s ideal capacitive behavior. Due to electrostatic 

interactions, ions in the solution migrate to the electrode to counterbalance the charge on the 

electrode i.e. the protons travel from one electrode to the other through the electrolyte during 

charge and discharge. The movement of electrons occurs at the same time through the current 

source or the external load. Thus, the current–voltage profile of the composite electrode is 

symmetric. 

 Specific capacitance (SC) of electrodes is calculated from CV curves using the following 

equation [27]: 

� = �
��																																																																										(1) 

where I is the current, m is the mass of reactive material and ν is the potential scan rate. 

The SC of Ppy and Ppy/YAG electrodes were found to be 109 and 254 F.g
-1

, respectively. While 

Park et al. [28] have obtained the specific capacitance for lead ruthenate pyrochlore up to 160 

F.g
-1

. Similarly, for lead ruthenate pyrochlore, Cao et al. [29] and Bang et al. [30] have obtained 

the specific capacitance of 90 and 100 F.g
-1

. These values are certainly better than those obtained 
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from a pervoskite SrRuO3, co-precipitated at 800 C (specific capacitance = 8 F.g
-1

) by Mehrens 

et al. [31]. 

 

 Fig. 5. Cyclic voltammograms of Ppy and Ppy/YAG electrodes in 0.1M H2SO4 at the sweep rate 

of 25 mV.s
-1

. 

  Figure 6 shows CV curves of Ppy/YAG electrode at various scan rates in 0.1 M H2SO4 solution. 

As it can be seen, the excellent capacitive performance of the Ppy/YAG electrode is also verified 

from these curves. According to CV results, by increasing scan rate, the current response of the 

composite film increases. This behavior can be related to an ideal capacitive of Ppy/YAG 

electrode. Furthermore, the good rectangular CV shape of the Ppy/YAG electrode remains 

constant at the scan rate of 100mV.s
-1

. The deviation from rectangularity of CVs becomes 

obvious as scan rate increases. This phenomenon can be attributed to the electrolyte and film 

resistance, and this distortion is dependant on scan rate. By increasing the sweep rate, active sites 

will not have enough time for reaction on the surface of the electrode. 
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 Fig. 6. CVs of Ppy/YAG electrode at different scan rates in 0.1 M H2SO4 in the potential 

window of -0.2 – 0.8 V. 

 

Figure 7 shows the calculated specific capacitance of Ppy/YAG electrode as a function of scan 

rate. As observed, the capacitance of two electrodes decays over the entire range of scan rate, 

because in fast sweep rates just outer porosity are use and deeper those are not accessible for 

doping / undoing process. As can be seen in high scan rates the composite electrode losses it’s 

SC with a reduction pattern same as Ppy electrode that shows Ppy/YAG doesn’t block the 

porosities of polymer network. If these phenomena occurred, the reduction of SC in composite 

electrode was more than Ppy electrode.    
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 Fig. 7. Variations of the specific capacitance for Ppy and  Ppy/YAG electrode as a function of 

the scan rate in 0.1M H2SO4 solution. 

   Galvanostatic charge/discharge method has been used to highlight the capacitance 

characteristic of Ppy/YAG composite electrode.  Figure 8 shows the charge/discharge behavior 

of Ppy and Ppy/YAG electrodes in the potential range from -0.2 to 0.8 V at the current density of 

2.0 A.g
-1

. As it can be seen, a triangular shape between this potential ranges is observed that 

indicating good columbic efficiency and ideal capacitive behavior of Ppy/YAG as electrode for 

application in supercapacitors.  
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 Fig. 8. Galvanostatic charge and discharge measurements of Ppy and Ppy/YAG electrode in 

0.1M H2SO4 solution at the current density of 2.0 A.g
-1

. 

Figure 9 presents the charge−discharge curves of Ppy/YAG electrode at various specific currents 

of 2.2-16 A.g
-1

. As it can be seen, by enhancing the specific current, specific capacitance values 

decrease due to intercalation of ions at the surface of the active materials in the 

electrode/electrolyte interface.  On the other hand, when low specific current is used, the specific 

capacitance increases because there is enough time for insertion and deinsertion of the ions at the 

surface and deeper porosities of the active materials in the electrode/electrolyte interface. These 

phenomena can conclude from this data that in low density currents the voltage range in 

charge−discharge curves decreased. Here, SC has been measured according to the 

charge/discharge curves, using Eq. (2). 
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�	 =   
�

�������
                                                  (2) 

 where i is the applied current, -∆E/∆t is the slope of the discharge curve after the voltage 

drop at the beginning of each discharge (ESR) and m is the mass of composite electrodes. The 

most SC for composite electrode is obtained when the current density for charge/discharge 

process is 2.2 A.g
-1

. 

 

 

 Fig. 9. Galvanostatic Charge-Discharge curves of Ppy/YAG electrode at 2.2-16 A.g
-1

 in 0.1 M 

H2SO4 solution. 
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   EIS method is performed to investigate the electrochemical supercapacitive and conductivity 

behaviors of the prepared Ppy/YAG electrode. Figure 10 shows Nyquist plots of Ppy and 

Ppy/YAG electrodes at open circuit potential. Intercept of the Nyquist plots is related to the 

equivalent series resistance arising from contributions of electronic and ionic resistances [32-35]. 

There is a semicircle in high frequencies which is related to the charge transfer resistance (Rct) 

caused by the Faradic reactions and the double-layer capacitance (Cdl) at the contact interface 

between electrode and electrolyte solution. A resistance with the slope of the 45
° 
in the curve that 

called Warburg resistance (ZW) is a result of the frequency dependence of ion diffusion/transport 

in the electrolyte to the electrode surface. As observed, the magnitude of Rct in Ppy/YAG 

electrode was smaller than that in Ppy electrode, which shows that the addition of YAG 

improves charge transfer performance of Ppy composite electrode. In the low frequency region, 

both electrodes exhibit a nearly linear branch, indicating a decreased diffusion resistance of the 

electrolyte ions in the electrode, as expected for a capacitor. The low frequency capacitance (Clf ) 

of each film was determined from the slope of a plot of the imaginary component of impedance 

at low frequency versus the inverse of frequency (f ), using Eq. (3). 

                 
Clf	= �

(����’’)
                                                                                                                 

(3) 

It can be seen that Ppy/YAG electrode has more capacitance than Ppy electrode. The SC for Ppy 

and Ppy/YAG electrode were calculated 117 and 262 F.g
-1

 respectively. These results also 

confirmed the data obtained by CV and charge-discharge methods. 
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 Fig. 10. Nyquist plots recorded from 10 kHz to 0.01 Hz with an ac amplitude of 5 mV for Ppy 

and Ppy/YAG electrode.  

   One of the most important parameters for practical application is cycling stability. As depicted 

in figure 11, stability of two electrodes is compared in terms of losing their capacities as stability 

percentage. The stability of electrode calculated from following equation: 

Stability =	���� � 100                                                                                  (4) 

In that Cn is the capacitance of electrode in each cycles and C1 is capacitance of electrode in the 

first cycle.  Using YAG in Ppy caused an excellent retention in stability percentage of Ppy/YAG 
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electrode suggesting the good stability toward long time charge-discharge applications. While 

the Ppy electrode loses its stability fast and gets 30% of capacitance of the first cycle after 

20000s, Ppy/YAG electrode maintains its stability and saves more that 85% of its capacitance of 

the first cycle under consecutive cycles after 20000s.  

 

Fig. 11. stability of two electrode after consequtive cycles at 50mV.s
-1

 for 20000 s. 

 

 

5. Conclusion 
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polyaniline and polypyrrole are usually used as an electrode in redox SCs. However, due to 

accumulation of stress on polymer during repeating charge-discharge process, the cycle life of 

pure CPs-based SCs is poor, which needs to be further improved. For this purpose, combining 

conventional CPs active material and nanomaterials to fabricate hybrid electrode has been 

considered to be one of the efficient avenues. In this paper, firstly YAG has been synthesized 

using pulse electrochemical deposition technology and then fabricated hybrid Ppy/YAG films by 

electro- polymerization of Ppy in the presence of YAG nanoparticles to serve as the active 

electrode for SCs. Compared with that of pure Ppy electrode (109 F g-1), the obtained hybrid 

Ppy/YAG film electrode exhibit much higher specific capacitance (254 F g-1) and excellent 

cycling stability. The enhanced capacitance performance may be attributed to the increase of 

conductivity and interfacial electron transfer dynamics by incorporation of ceramic oxide 

nanoparticles, as evidenced by electrochemical impedance spectral. Furthermore, Ppy/YAG 

composite electrode exhibited more highly stable capacitance retention during charge/discharge 

cycling and is therefore a promising candidate for long-term applications in high-performance 

supercapacitor. 
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