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and Cr2O3 thin film electrodes. This may be due to outstand-
ing electrochemical properties that are mainly attributed to 
the synergistic effect between PPy and Cr2O3 and its novel 
architecture.

1  Introduction

Supercapacitors or ultracapacitors are the electrochemical 
energy storage device. On the contrary, they store superior 
energy density than conventional capacitors and better power 
density than batteries [1]. Along with they have long cycle 
life, better cycling ability, high efficiency, reversibility and 
lightweight which make them supercapacitor as a promis-
ing energy storage device. They can be used in variety of 
potential applications such as hybrid electric vehicle [2], 
uninterruptible power supplies [3], memory back up devices, 
digital communication [4], etc. Electrochemical capacitors 
can be classified into two ways based on the charge stor-
age mechanism such as electrical double layer capacitor and 
pseudocapacitor. The former is named as electrochemical 
double layer capacitor in which non faradaic reaction hap-
pens. The electrode materials used in electrochemical double 
layer capacitors are carbon. The later is called pseudoca-
pacitors, in which charge storage is done with the help of 
faradaic reaction [5]. Transition metal oxides and conduct-
ing polymers based electrodes are used in pseudocapacitors.

Conducting polymer is a class of smart materials whose 
conductivity lies between the ranges of metals. The poly-
mers such as polythiophene, polypyrrole and polyaniline are 
most studied conducting polymers. Among these conducting 
polymers, polypyrrole is one of the best conducting poly-
mers thanks to availability of monomer, low cost, toxicity, 
environmental stability, high voltage window, high porosity, 
high conductivity in doped states and easy synthesis [6–8]. 

Abstract  In the present work, we have synthesised 
polypyrrole (PPy), Cr2O3 and layered PPy/Cr2O3 thin films 
on stainless steel (SS) substrates for electrochemical super-
capacitor applications. The PPy and Cr2O3 thin films were 
deposited by galvanostatic electrodeposition on stainless 
steel substrate separately. Layered PPy/Cr2O3 thin films 
are prepared via electrochemical polymerization of PPy 
on which Cr2O3 layer was deposited by electrodeposition 
technique. The structural and surface morphological studies 
of these thin films were carried out with the help of X-ray 
diffraction (XRD) technique and scanning electron micros-
copy (SEM) images. XRD study remarks that formation of 
crystalline Cr2O3 and amorphous PPy while in the layered 
PPy/Cr2O3 structure showed no additional peaks. The forma-
tion of polypyrrole in layered PPy/Cr2O3 was confirmed by 
Fourier transform infrared (FTIR) spectroscopy. The SEM 
images showed favourable morphology for supercapaci-
tive study. Furthermore, the electrochemical supercapaci-
tive properties were studied by cyclic voltammetry (CV), 
galvanostatic charging–discharging and electrochemical 
impedance spectroscopy (EIS) techniques. The layered PPy/
Cr2O3 thin film showed higher coulombic efficiency of 97% 
and specific power 49.75 kW kg−1 at current density of 0.5 
mA cm−2. In addition to this, the layered PPy/Cr2O3 thin 
film showed higher cycling stability than that of pure PPy 
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However, they suffer from swelling and shrinking during 
the intercalation and de-intercalation process. They lead to 
mechanical degradation of the electrode during the cycling 
process. Hence they have low cycling stability.

Several transition metal oxides such as RuO2, MnO2, 
Co3O4, NiO, Cr2O3 etc have been studied for supercapacitor 
applications [9–13]. The ruthenium oxide (RuO2) is mostly 
studied for supercapacitor application which shows maxi-
mum specific capacitance of 1500 F g−1 [9]. However, high 
cost and toxic nature of the ruthenium oxide electrode limits 
its further commercial application. Hence alternative low 
cost materials such as MnOx, Co3O4, NiOx, and Cr2O3 have 
been studied for supercapacitor with good capacitive per-
formance. Among these metal oxides, Cr2O3 is low cost and 
widely used in many applications such as; catalysts [14–17], 
magnetic applications [18] and gas sensors [19], pigment 
[20] wear resistance [21, 22], advanced colorant [23], and 
solar energy collector [24]. However, Cr2O3 electrode has 
disadvantage of low specific capacitance and conductivity.

Taken consideration to these drawbacks of polypyrrole 
and Cr2O3 in the present view we have decided to make 
composite of PPy/Cr2O3 layered thin film. It is expected that 
the combination of PPy and chromium oxide will produce 
synergetic effect. Earlier literature such as MnO2/PPy [25], 
Co3O4@PPy [26], ZnO–PPy [27], PPy/TiO2 [28] etc; have 
been reported and well explained the synergetic effect which 
is useful for supercapacitor application. As per authors lit-
erature survey there is only few availability of report on the 
synthesis and characterization of layered PPy/Cr2O3 com-
posites for supercapacitor application which appears to be 
promising work.

In the present work, efforts have been taken to synthe-
size PPy–Cr2O3 layered structure using galvanostatic elec-
trodeposition method; so as we can improve electrochemi-
cal performance of single material (PPy–Cr2O3) from PPy 
and Cr2O3. Such properties will be useful for supercapacitor 
application like enhancement in coulombic efficiency, spe-
cific capacitance, specific energy and specific power than 
parent electrodes.

2 � Experimental

2.1 � Synthesis of PPy

The PPy thin films were synthesized following procedure 
reported earlier by reference [29]. Here, aqueous 0.1 M pyr-
role was mixed with aqueous 0.1 M H2SO4 and PPy thin 
films were deposited on stainless steel (SS) substrates via 
galvanostatic electrodeposition method at constant current 
density of 5 mA cm−2 for 600 s. Prior to deposition, the 
SS substrates were pre-treated with dilute HCl and rinsed 

thoroughly with distilled water and acetone. The films grown 
exhibit black colour indicating formation of PPy.

2.2 � Synthesis of Cr2O3

The Cr2O3 thin films were synthesized using an aqueous 
bath of 0.5 M CrCl3*6H2O via cathodic electrodeposition 
technique. The chromium was deposited on the SS substrates 
galvanostatically with deposition at constant current density 
of 10 mA cm−2 for 1800 s and then annealed at 450 °C for 
1 h in air atmosphere.

2.3 � Synthesis of PPy/Cr2O3

The layered PPy/Cr2O3 thin film were synthesized as fol-
lows, the polypyrrole thin film deposited on SS substrate 
by using above mentioned process was used to form layered 
PPy/Cr2O3 thin film. The chromium was deposited cathodi-
cally on polypyrrole thin film at constant current density of 
10 mA cm−2 for 1800 s. In the present case the formation 
of Cr layer on polypyrrole thin film was anodically oxidized 
in 0.5 M KOH bath. Then the deposited PPy, Cr2O3 and 
PPy/Cr2O3 thin films were used for various characterization 
techniques.

2.4 � Characterization techniques

The deposited films in the form of layered structure, were 
characterized by XRD technique for crystallographic study 
using Bruker axis D8 Advance Model with copper radia-
tion (Kα of λ = 1.54 Å) in the 2θ range from 20° to 80°. The 
Fourier transform infrared (FTIR) spectrum of the deposited 
samples were compiled using a ‘Perkin Elmer, FTIR Spec-
trum one’ unit. The surface morphology was studied using 
SEM, JEOL JSM 6390. The cyclic voltammetry, electro-
chemical stability and galvanostatic charging–discharging 
studies were carried out using electrochemical workstation 
(CHI 660C). The EIS study was evaluated using the electro-
chemical workstation (CHI 660C). An electrochemical cell 
was constituted using three electrode systems, deposited film 
as a working electrode, graphite as a counter electrode and 
saturated calomel electrode (SCE) as a reference electrode. 
The aqueous 0.5 M Na2SO4 was used as an electrolyte for 
electrochemical supercapacitor cell.

3 � Results and discussions

3.1 � XRD studies

For the structural detection of the PPy, Cr2O3 and layered 
PPy/Cr2O3 thin films, XRD was carried out in the 2θ range 
between 20° and 80°. Figure 1a–c show the XRD patterns 
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of PPy, Cr2O3, and PPy/Cr2O3 thin films deposited on SS 
substrates. Figure 1a shows the XRD spectra of polypyrrole 
thin films which do not show any characteristic broad peak. 
Observed peaks are due to SS substrate only. The XRD pat-
tern confirms that the amorphous nature of polypyrrole thin 
film which is consistent with XRD pattern of PPy observed 
by other group [30, 31]. Furthermore, Fig. 1b shows XRD 
pattern of Cr2O3 thin film. The diffraction peaks at 2θ of 
33.50°, 41.38°, 43.66° are assigned to (104), (113), (202) 
planes of the Cr2O3 crystal lattice respectively, which reveals 
the formation of rhombohedral crystal symmetry [JCPDS 
card no. 81-0314]. The peaks originated due to SS substrate 
are indicated by (SS). Figure 1c show XRD spectra of lay-
ered PPy/Cr2O3 layered structure thin film. The XRD spec-
trum shows all the peaks corresponding to Cr2O3 thin film 
only and no peak corresponding to any impurity phase was 
seen in the XRD spectrum.

3.2 � Fourier transform infrared (FTIR) spectroscopy

Figure 2 shows the FTIR spectrum of layered PPy/Cr2O3 
thin film deposited on stainless steel substrate. The powder 
collected from the deposited films was characterized by 
FTIR spectroscopy in the range of 500–4000 cm−1. The 
peak observed at 3440 cm−1 corresponds to –OH vibra-
tion band corresponding to water. The characteristic peaks 

observed at 2933 and 2855 cm−1 correspond to N–H bond 
present in aromatic amines [32]. The peak observed at 
1628 cm−1 belongs to C–C backbone stretching [33]. The 
peak 1177 cm−1 correspond the C–N stretching vibrations 
[34]. These characteristic peaks confirmed the formation 
of polypyrrole in PPy/Cr2O3 thin films.

3.3 � Surface morphological studies

Figure 3a–c shows the SEM images of PPy, Cr2O3 and 
PPy/Cr2O3 thin films respectively. Figure 3a shows SEM 
images of PPy thin film. The microstructure of PPy thin 
film shows cauliflower like structure [35]. Figure 3b shows 
the SEM images of Cr2O3 thin film, it can be seen that the 
Cr2O3 thin films exhibits compact, smooth, sponge like 
morphology [36]. Figure 3c shows the SEM images of 
Cr2O3 particles deposited on PPy thin film. The micro-
structure of PPy/Cr2O3 thin film shows the Cr2O3 particles 
are diffuse inside the microstructure of PPy thin films. 
The films are uniformly deposited. Thus, the layered PPy/
Cr2O3 thin film gives combined features of PPy and Cr2O3 
thin films which are feasible for supercapacitor study. The 
layered compositions consist of PPy and Cr2O3, which 
are stacked to form unit arrangement, which offer a dif-
ferent microstructure to improve strength of active sites 
for promoting electrolyte/electrode reactions. Improved 
microstructure is a potential candidate for supercapaci-
tor application, will provides rigidity; it possesses loosely 
connected PPy/Cr2O3 layered structure along with advan-
tageous for the electrolyte ions to access the active mate-
rials. Hence, results in Faradaic reaction, which may 
improve the stability in capacitive performance [37].

Fig. 1   X-ray Diffraction pattern of a PPy thin film, b Cr2O3 thin film 
and c PPy/Cr2O3 thin film

Fig. 2   Fourier transform infrared (FTIR) spectroscopy of layered 
PPy/Cr2O3 thin film
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3.4 � Cyclic voltammetry studies

Cyclic voltammetry is a fascinating tool to analyze the 
capacitive performance of prepared electrodes. Large 
amount of current, symmetric in anodic and cathodic path 

and rectangular types of waveforms remarks ideal super-
capacitive behaviour of materials. Figure 4A (a–c) shows 
typical cyclic voltammetry curves of PPy, Cr2O3 and PPy/
Cr2O3 electrodes within the potential window of −1.0 to 
+1.0 V versus SCE at scan rate of 5 mV s−1 in aqueous 

Fig. 3   Scanning electron 
microscope images of a PPy 
thin film, b Cr2O3 thin film and 
c PPy/Cr2O3 thin film

Fig. 4   A Cyclic voltammetry of (a) PPy thin film (b) Cr2O3 thin film and (c) PPy/Cr2O3 thin film at 5 mV s−1 scan rate. B Specific capacitance 
versus scan rates of PPy, Cr2O3 and PPy/Cr2O3 thin films
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0.5 M Na2SO4 electrolyte. The Cr2O3 electrode shows very 
low current density as shown in Fig. 4A (b) due to its non-
electroactive nature and low area under curve as compared 
to PPy electrode. It is seen that current density of layered 
PPy/Cr2O3 thin films are rising. This is may be due to 
reduction of internal resistance between less conducting 
Cr2O3 adhered on conducting PPy chains. Hence specific 
capacitance of layered PPy/Cr2O3 thin films is improved as 
compared to Cr2O3 thin film. The Cr2O3 electrode shows 
oxidation peaks at −0.39 and +0.7 V versus SCE. In this 
potential window Cr(III) oxidises to Cr(VI) via no. of oxi-
dation states. Also it reduces from Cr(VI) to Cr(III) via 
no. of reduction states such as Cr(VI) to Cr(V) and Cr(V) 
to Cr(III). The reduction of Cr(V) to Cr(III) is fast and 
stable state. The CV shows the reduction peaks at +0.21 
and −0.42 V versus SCE which corresponds to oxidised 
Cr(VI) reduces from Cr(VI) to Cr(III) [38–40].

Figure 4A (a) shows a pair of redox peaks of polypyr-
role thin film electrode within the potential range −1.0 
to +1.0 V versus SCE with scan rate 5 mV s−1. The CV 
shows the oxidation peak at +0.04 V versus SCE, which 
corresponds to over oxidised polypyrrole back bone. In 
the reverse scan the reduction peak is observed at −0.49 V 
versus SCE, which corresponds to reduction of polypyr-
role backbone. Also, during reduction process of polypyr-
role there may be insertion of SO4

−2 ions into polymer 
chain and hence current density increases in the reverse 
scan. Figure 4A (c) shows CV of PPy/Cr2O3 layered struc-
ture. The layered structure strongly differentiates the CV’s 
obtained from parent electrodes. There is shifting in the 
oxidation and reduction potentials of the species in the 
layered structure. The oxidation peak at −0.74 V versus 
SCE corresponds to oxidation of Cr(III) species. Also, the 
oxidation peak at −0.28 V versus SCE corresponds to oxi-
dation of PPy chain. In the reverse scan the reduction peak 
is observed at +0.63 V versus SCE corresponds to reduc-
tion of Cr species and the peak at −0.36 V versus SCE is 
due to the reduction of PPy chain. Specific capacitance 
values are to be determined by using the formula reported 
in earlier reference [29]. The PPy, Cr2O3 and layered PPy/
Cr2O3 thin films shows maximum specific capacitance of 
565, 177 and 426 F g−1 respectively at the scan rate of 
5 mV s−1 versus SCE.

Figure 4B (a–c) shows dependence of specific capaci-
tance vs scan rates of PPy, Cr2O3 and layered PPy/Cr2O3 thin 
films in aqueous 0.5 M Na2SO4 electrolyte at scan rate of 5, 
10, 50 mV s−1. From the Fig. 4B (a–c), it can be seen that 
as scan rate increases specific capacitance decreases. The 
decrease in specific capacitance proposes that; at higher scan 
rates, the presence of inner active sites that can incomplete 
the redox transitions. These imperfect redox transitions may 
be because of the diffusion effect of ions within the elec-
trode. Hence, the specific capacitance obtained at the low 

scan rate is indication to be close to that for full utilization 
of the electrode material [41].

3.5 � Electrochemical stability studies

The electrochemical cycling stability of the PPy, Cr2O3 and 
layered PPy/Cr2O3 thin film electrodes were calculated by 
repeating the CV test for 1000 cycles at 100 mV s−1 scan rate 
in aqueous 0.5 M Na2SO4 electrolyte solution. The variation 
of specific capacitance with cycle number for the electrodes 
is shown in Fig. 5a–c, which shows that specific capacitance 
decreases with increasing the cycle number. The capacitance 
retained ratios after 1000 cycles (capacitance at the 1000th 
cycle/capacitance at the 1st cycle) of the PPy, Cr2O3 and 
PPy/Cr2O3 electrodes were 78, 81 and 89%, respectively. 
This implies that stability of PPy thin film is improved with 
layered structure of Cr2O3 thin film. The layered structure 
PPy/Cr2O3 can provide better electronic conducting channel, 
due to excellent conductivity of PPy. Also, PPy efficiently 
provide electron transfer to improve electrochemical perfor-
mance of layered structure PPy/Cr2O3. This indicates that 
PPy/Cr2O3 layered composite thin film possesses excellent 
long-term recycling capability.

3.6 � Galvanostatic charging–discharging (GCD) studies

To analyse the specific power and specific energy of pre-
pared PPy, Cr2O3 and the layered PPy/Cr2O3 electrodes, a 
galvanostatic charge–discharge (GCD) study was carried out 
in aqueous 0.5 M Na2SO4 electrolyte solution at a current 
density of 0.5 mA cm−2 over the potential window of −1.0 to 
+1.0 V as shown in Fig. 6a–c. The values of specific capaci-
tance (SC), specific energy (SE) and specific power (SP) at 
current density 0.5 mA g−1 were calculated from following 
formulae (1, 2, 3) respectively.

and

where Id—discharge current, Td—discharge time, V—poten-
tial window and W—mass of active material.

Table 1 shows the variation of columbic efficiency, spe-
cific capacitance, specific power and specific energy. From 
Table 1, it could be seen that the performance of Cr2O3 
thin film is improved and enhance with the PPy thin film. 
The specific capacitance of PPy, Cr2O3 and PPy/Cr2O3 thin 

(1)SC =
I
d
× T

d

ΔV ×W

(2)SE =
SC × ΔV

2

2

(3)SP =
SE

2

T
d
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films are 466, 118.36 and 392 F g−1 respectively. The spe-
cific capacitance obtained from CV and GCD techniques 
are comparable. The coulombic efficiency and specific 
power of PPy/Cr2O3 thin film is greater than that of Cr2O3 
and PPy thin film. By creating nanosized porosity between 
Cr2O3 and PPy, open transport paths and a more fast access 
of the electrolyte to the active surface of Cr2O3 are pro-
vided, which consequently result in a low ion transport 
resistance in PPy/Cr2O3. In addition, the layered structure 
helps to reduce the resistance of effective electrochemical 
penetration of ions through the PPy and to easily access 
the internal surface of PPy. Similar results have been 
reported for polymer–metal oxide composites [42].

Further, specific capacitance and specific energy of 
PPy/Cr2O3 is greater as compared to Cr2O3. Therefore, 
PPy/Cr2O3 bilayer thin film shows improved performance 
than PPy and Cr2O3 thin films.

3.7 � Electrochemical impedance spectroscopy (EIS) 
studies

Electrochemical Impedance Spectroscopy (EIS) meas-
urements of the PPy, Cr2O3 and the layered PPy/Cr2O3 
electrodes were performed within the frequency range 
102–105 Hz. Figure 7a–c shows the Nyquist plot for the 
PPy, Cr2O3 and PPy/Cr2O3 thin film in the in aqueous 
0.5 M Na2SO4 solution as electrolyte. The Nyquist plots 
of PPy and PPy/Cr2O3 thin film shows semi-circle nature 
at high frequency region and straight line in the low fre-
quency region indicating capacitive behaviour of the pre-
pared electrodes, while the Nyquist plot chromium oxide 
film electrode shows double semi-circle which indicates 
poor performance of charge storage. The value of charge 
transfer resistance (Rct) for PPy, Cr2O3 and layered PPy/

Fig. 5   Electrochemical stability of a PPy thin film, b Cr2O3 thin film and c PPy/Cr2O3 thin film
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Cr2O3 electrodes were 4.76, 3.16 and 2.98 Ω respectively. 
From the Fig. 7b–c; it is clear that the second semicircle 
in the low frequency region for chromium oxide changes 
to straight line for layered PPy/Cr2O3 structure. This indi-
cates that the layered structure has improved charge stor-
age ability. The Rct of the layered PPy/Cr2O3 electrode 
is smaller than that of the PPy and Cr2O3 electrodes. 
The low value Rct of the layered PPy/Cr2O3 electrode is 
due to inclusion of Cr2O3 on PPy chain which facilitate 
a more rapidly cation insertion/extraction process into/

from the PPy chain, which leads to better electrochemical 
performance.

4 � Conclusions

In summary, three different electrode materials such as PPy, 
Cr2O3 and layered PPy/Cr2O3 were successfully prepared by 
galvanostatic electrodeposition method. SEM micrographs 
of the thin film show porous nature of the electrode mate-
rials which are feasible for easy access of protons during 

Fig. 6   Charging–discharging curves of a PPy thin film, b Cr2O3 thin film and c PPy/Cr2O3 thin film

Table 1   Columbic efficiency, 
specific capacitance, specific 
energy and specific power for 
PPy, Cr2O3 and PPy/Cr2O3 
at constant current density of 
0.5 mA cm−2

Electrodes Coulombic efficiency 
in (%)

Specific capacitance in 
(F g−1)

Specific energy in 
(Wh kg−1)

Specific 
power in 
(kW kg−1)

PPy 86.63 466 48.68 14.54
Cr2O3 95.41 118.36 13.1 20
PPy/Cr2O3 97 392 49.57 49.75
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intercalation and de-intercalation. It is observed that PPy/
Cr2O3 layered thin film give higher value of specific capaci-
tance, specific power, specific energy and coulombic effi-
ciency than individual PPy and Cr2O3 thin film. Also the 
cycling stability of PPy/Cr2O3 layered thin film electrode is 
better than PPy and Cr2O3 thin films. The EIS study remarks 
that PPy/Cr2O3 layered thin film electrode provides very low 
impedance which can be easily access charge carriers from 
intercalation and de-intercalation. The synergistic effect of 
layered PPy/Cr2O3 composite contributes to enhancing the 
supercapacitive properties of electrode material in terms of 
high specific capacitance, cycle stability and coulombic effi-
ciency. Thus, amongst all the electrodes, galvanostatically 
deposited PPy/Cr2O3 layered thin film is one of the superior 
candidate for supercapacitor application.
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