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A B S T R A C T   

The electrodeposition technique was used to create Prussian blue (PB), binary: rGO/PB, PANI/PB, rGO/PANI, 
and ternary: rGO/PANI/PB nanocomposites. X-ray diffraction (XRD), Fourier transform infrared spectroscopy 
(FT-IR), scanning electron microscope (SEM), and Brunauer–Emmett–Teller (BET) methods were used to describe 
the samples. The results demonstrated the covering of PB by the rGO and PANI. The electrochemical charac
teristics of the studied materials were examined using cyclic voltammetry (CV), galvanostatic charge and 
discharge (GCD), and electrochemical impedance spectroscopy (EIS) in 2 M Na2SO4. The specific capacitance 
follows the order: rGO/PANI/PB > rGO/PB > PANI/PB > rGO/PANI> PANI > rGO > PB. The rGO/PANI/PB 
nanocomposite electrode exhibits a specific capacitance of 336 F. g− 1 in 2 M Na2SO4 at a discharge current 
density of 1 A. g− 1 with 92 % retention of its original capacitance after 3000 cycles. The remarkable electro
chemical performance of the ternary rGO/PANI/PB nanocomposite is attributed to its synergistic effects among 
individual components. The ternary electrode's high electrochemical performance indicates that it might be 
employed as an electrode for commercial supercapacitors. An asymmetric supercapacitor (ASC) was built using a 
positive electrode of rGO/PANI/PB and a negative electrode of activated carbon (AC). The arranged (ASC) 
operates continuously within the potential range of 0–1.8 V and delivers a high energy density of 56.3 Wh. kg− 1 

at a power density of 8804 W. kg− 1, as well as 92 % retention of its original capacitance after 3000 cycles.   

1. Introduction 

Due to the depletion of fossil fuel stocks, and the escalating envi
ronmental issues, there is a significant need for a renewable, environ
mentally friendly energy conversion and storage technology, which 
involves batteries, fuel cells, capacitors, and supercapacitors [1–3]. 
Among various energy storage devices, supercapacitor technology has 
attracted significant attention for high-power applications because of its 
higher power density, fast charging-discharging rate, wide working 
temperature range, and long cycling life [4,5]. 

Depending on how they store energy, supercapacitors are divided 
into the following categories: the electric double layer capacitor (EDLC), 
of which capacitance results from charge storage electrostatically at the 
interfaces between the electrodes and electrolyte solution, and pseu
docapacitors electrodes such as metal oxides materials with different 
oxidation states and conducting polymers, which create charge storage 
due to the fast reversible redox (faradaic) process. Based on combining 
the benefits of double-layer capacitance and pseudocapacitance, hybrid 

capacitors with distinguished super capacitance and high stability have 
recently been developed [6–10]. 

Prussian blue (PB) is a mixed-valence iron cyanide complex with a 
general formula of Fe4[Fe(CN)6]3.xH2O. It exhibits a cubic array with six 
cyano groups attached to each Fe ion and edges composed of Fe2+-CN- 
Fe3+ chains, which correspond to cubic face-centered unit cells [11]. PB 
exhibits two important properties (i) large three-dimensional diffusion 
channels causing a weak contact with any diffusing ion improving ion 
transport both inward and outward (ii) the presence of two independent 
of [Fe(CN)6]4− per unit cell [12,13]. These two properties, besides its 
first-rate electrochemical behavior, good reversibility, natural abun
dant, and low cost, encouraged its evaluation as a new type of pseudo
capacitive material [14–19]. 

The principal opposition to using PB as an electrode material is the 
instability in the alkali solution and insignificant cycling properties, 
which limits its use in supercapacitors. In contrast, conducting materials 
such as conducting polymer and carbon materials have good stability 
and high capacitance. Thus, the conducting polymer and carbon 
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materials protected PB composite may increase the stability of PB. 
Reduced graphene oxide (rGO) is one of the most interesting carbona
ceous materials for EDLC electrodes because of its porous structure and 
specific surface area, outstanding electronic conductivity, and substan
tial theoretical specific capacitance [20]. Polyaniline (PANI), as one of 
conducting materials, has drawn wide interest due to its respectable 
electrochemical, thermal, and environmental stabilities, low cost, 
distinguished conductivity, and high theoretical specific capacitance 
[21,22]. The pseudo-capacitance of PANI makes it an encouraging 
applicant for electrochemical capacitor applications [23]. Thus, super
capacitors with prominent capacitance and good cycling stability can be 
constructed using the advantages of the rGO, PANI, and PB with various 
valence states. 

In the present work, we have prepared individual and different PB, 
rGO, and PANI film hybrids by employing electrodeposition, electro
polymerization, and simple chemical methods. Various characterization 
methods have successfully investigated the interactions between the 
individual components of the prepared composites. The energy storage 
of the prepared materials was studied. The triple composite film of rGO/ 
PANI/PB showed significantly improved energy storage capabilities 
compared to the pristine PANI, PB, and rGO, as well as their binary 
composites revealing the synergetic effects of the individual compo
nents. The highest capacitance rGO/PANI/PB electrode was used as a 
positive electrode in an asymmetric supercapacitor (ASC) with activated 
carbon (AC) as a negative electrode. A two-electrode arrangement was 
used to assess electrochemical performance. 

2. Materials and methods 

2.1. Chemicals and synthesis 

Exception for aniline, all the chemicals were of analytical quality and 
employed without additional purification. Prior to usage, the aniline 
was distilled at reduced pressure. Activated carbon (AC) with a surface 

area of 1100 m2/g was provided from Jiangsu Zhuxi Activated Carbon 
Co., Ltd. All samples, except reduced graphene oxide, were electrically 
synthesized. The electrochemical capacitors' working electrodes were 
made using the following methods:  

(1) A modified Hummers' approach was used to create a reduced 
graphene oxide (rGO) [24].  

(2) Polyaniline thin film was deposited using the electrochemical 
polymerization method on FTO Glass. This was accomplished by 
doing five cycles of back-and-forth scanning from 0 to +1.2 V vs. 
SCE at a scan rate of 50 mV/s in an aqueous solution containing 
0.5 M H2SO4 and 0.5 M aniline [25].  

(3) Prussian Blue Film was deposited on FTO glass substrate by 
Chronoamperometry at potential − 0.5 V for 10 min from depo
sition solution composed of 100 mL distilled water, 0.7455 g KCl 
(1 M), 3.29 g of K3[Fe(CN)6] (1 M), 2.70 g FeCl3.6H2O (1 M).  

(4) PANI/PB composite electrode was synthesized by deposition of 
PB on the surface of PANI film by chronoamperometry at po
tential − 0.5 V for 10 min from a deposition solution composed of 
100 mL distilled water, 0.7455 g KCl (1 M), 3.29 g K3[Fe(CN)6] 
(1 M), 2.70 g FeCl3.6H2O(1 M).  

(5) rGO/PANI composite electrode was prepared by deposition of 
rGO on FTO glass using the spin coating method. Then PANI was 
deposited on rGO by polymerization of aniline by chro
noamperometry at potential +0.8 V for 5 min from a deposition 
solution containing 50 mL of 0.5 M H2SO4 aqueous solution 
comprising 0.5 M aniline.  

(6) rGO/PB composite electrode was prepared by depositing PB on 
rGO/FTO surface by chronoamperometry at potential − 0.5 V for 
10 min from deposition solution composed of 100 mL distilled 
water, 0.7455 g KCl (1 M), 3.29 g of K3[Fe(CN)6] (1 M), 2.70 g 
FeCl3.6H2O (1 M).  

(7) rGO/PANI/PB composite electrode has been prepared by electro- 
polymerization of aniline on the rGO/PB/FTO surface by 

Fig. 1. XRD of investigated samples.  
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chronoamperometry at potential +0.8 V for 5 min from deposi
tion solution containing 50 mL of 0.5 M H2SO4 aqueous solution 
enclosing 0.5 M aniline. 

All the prepared samples were left to dry in the air naturally over
night before making the electrochemical measurements. 

2.2. Characterization tools 

The crystal structure of as-synthesized materials was investigated by 
using an X-ray diffractometer (XRD, D8 Discover SSS, Bruker, the 
Netherlands, CuKα radiation with wavelength λ = 0.154 nm) in the 2θ 
range from 5◦ to 80◦. The attenuated total reflectance Fourier-transform 
infrared spectroscopy (Vector 22, Bruker Inc., Billerica, MA, USA) was 
employed to identify functional groups of the thin films in the 4000–400 
cm− 1 range. The examined materials' Brunauer-Emmett-Teller (BET)- 
specific surface area and pore properties were determined using a 
Micrometrics ASAP 2020 analyzer and nitrogen adsorption-desorption 
isotherms at 77 K. The morphologies of the materials were examined 
using SEM (JEOL JSM-6460, Tokyo, Japan). 

2.3. Electrochemical measurements 

Electrochemical measurements were carried out in a three-electrode 
cell employing a working electrode, a platinum wire with a high area 
dimension electrode, and saturated calomel reference electrode. To 
make the working electrodes, a homogenous slurry of the studied ma
terials, acetylene black, and polyvinylidene binder, with a weight ratio 
of 80: 10: 10, respectively, was formed. With a blade, the slurries were 
coated onto nickel foam current collectors. To avoid material degrada
tion in the electrolyte solution, the thin layer of tested materials was 
coated by a Nafion membrane (prepared from Nafion solution 9/1 v/v in 
ethanol). The electrode was then dried at room temperature for three 
hours. All the electrochemical measurements were conducted on a 
potentiostat/galvanostat (Autolab 101) electrochemical workstation 
equipped with NOVA software. The EIS data was collected at an open- 
circuit potential within the frequency range of 10 mHz to 100 kHz. All 
measurements were done at room temperature. 

Using a two-electrode pneumatic coin cell, the electrochemical 
properties of an asymmetric device (rGO/PANI/PB//AC). Electrolyte 
membrane made of LiTFSi-soaked PTFE was used as separator. 

3. Results and discussion 

3.1. Characterization 

XRD investigated the phase purity and crystal structure of the studied 
materials, Fig. 1. As the XRD patterns of rGO, Fig. 1. a, b, illustrate broad 
reflections at 2θ ~ 24◦ matching to an interplanar space of 0.37 nm and 
which is greater than the graphite interlayer distance (0.34 nm), dem
onstrates the intercalation of numerous distinct oxygen-containing 
groups inside the interlayer gap [24]. The XRD spectrum of the PANI 
(Fig. 1.a, b) displays a wide peak in the range of 15-25o, indicating that 
the PANI exhibit amorphous nature. The XRD patterns of PB, Fig. 1.a, c, 
show diffraction peaks at 17.71o, 24.9o, 31.33o, 35.5o, 39.75o, 43.58o, 
51.27o, and 57.64o which are assigned to the (200), (220), (222), (400), 
(420), (422), (440) and (620) crystal planes of the Prussian Blue, 
respectively. These peaks can be related to the face-centered cubic 
structure of PB (JCPDS 73–0687, space group Fm3m, a = b = c = 10.13 
Å, α = β = γ = 90o). The binary and ternary systems' XRDs show peaks 
corresponding to all component materials' standard diffraction data. The 
peak intensities of (200) and (400) of PB in the composite samples have 
been reduced and shifted to a lower degree due to the introduction of 
rGO and/or PANI into the PB. 

The average crystallite size of the examined materials was deter
mined through Scherrer's relation [26]: 

D/ =
0.9λ

β cos θ
(1)  

where λ denotes the X-ray wavelength employed, θ signifies the angle of 
incidence of X-rays, and β denotes the diffraction peak's half-peak width. 
The acquired outcomes are listed in Table 1, demonstrating that the 
particles of all the materials fall within the nanometer scale range. 

Fig. 2 illustrates the SEM images of the prepared samples. The 
micrograph of the rGO Fig. 2.a showed transparent and ultrathin paper- 
like morphology. The SEM image of PANI Fig. 2.b shows a morpholog
ical structure composed of deformed nanospheres. The SEM image of PB 
Fig. 2.c demonstrates a mixed morphological structure with the popu
larity of deformed spheres.The micrographs of the binary and ternary 
composites, Fig. 2.d-g, show mixed morphological structures of the basic 
materials. It could be seen that the PB particles were covered by each of 
the PINI and rGO nanofiber sheets in each binary and ternary system. 

Fig. 3 show the FTIR spectra of the studied materials. The FTIR 
spectrum of rGO demonstrates a peak at 3450 cm− 1 apportioned to the 
hydroxyl compound functional group (–OH) besides peaks at 1628 and 
1239 cm− 1 assigned to the aromatic carbon functional group (C=C) and 
epoxy functional group (–CO), respectively [27]. All the samples con
taining rGO also showed absorption bands at ~3390 and 1590 cm− 1 

assigned to the O–H stretching and H-O-H bending modes [28], 
respectively, revealing the existence of adsorbed and interstitial water in 
the samples. The pure Prussian blue demonstrates an intense peak at 
~2070 cm− 1, credited to the stretching absorption band of the CN group 
in the Fe2+-CN-Fe3+ [29]. This band is also detected in the spectra of the 
binary and ternary composites containing PB. The FT-IR spectra of the 
samples containing PANI demonstrate peaks at ~1479 cm− 1 credited to 
the quinoid ring's C = C stretching vibration [30]. 

The surface area analysis using N2 adsorption and desorption mea
surements of the investigated samples at 77 K, Fig. 4, provides essential 
information about the surface and pore-size distribution, which are the 
main important factors for electroactive materials in energy conversion/ 
storage appliances [31]. According to the findings, all samples, except 
PANI, contain hysteresis loops, including capillary condensation (P/P◦

> 0.43). According to the IUPAC classification, the hysteresis loop of 
PANI begins at P/P◦ > 0.90 and may be classified by the type V with H1 
referring to a prominent organization of pore size regularity and 
disclosing to the mesoporous structures. BET surface areas and mean 
pore diameters were calculated using desorption data [32] and are 
presented in Table 1, which demonstrates that the specific surface rises 
in the following order: 

rGO/PANI/ PB > rGO/PB > rGO > PANI/PB > rGO/PANI > PB >
PANI. Whereas the pore size diameter follows the order: rGO/PANI/ PB 
> rGO/PB > PANI/PB > rGO/PANI > rGO > PANI > PB. 

3.2. Electrochemical properties of the synthesized electrodes 

The CV plots of the as-synthesized electrodes recorded in 2 M Na2SO4 
electrolyte solution at a sweep rate of 10 mV/s are shown in Fig. 5. The 
CV plot of rGO demonstrates an almost rectangular form denoting a 
dielectric behavior. The CV voltammogram of PANI displays two pairs of 
redox peaks as a result of leucoemeraldine ↔ emeraldine and 

Table 1 
Particle size, surface area and pore size of the studied materials.  

Sample Particle Size, nm Surface area, m2/g Pore Size, nm 

PB 35  50  4.3 
rGO –  171  6.5 
PANI –  42  4.9 
rGO/PANI –  192  6.1 
rGO/PB 25  182  7.0 
PANI/PB 28  190  7.9 
rGO/PANI/ PB 20  208  10.9  
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emeraldine ↔ pernigraniline redox conversions. The acid-doped 
version, i.e., the emeraldine structure, is the most conducting of these 
structures. The observed reversible redox pairs refer to the pseudo- 
capacitance behavior of PANI [33]. The CV voltammogram of the 
electrodes containing PB demonstrated clear symmetric redox peaks, 
indicating that the electrochemical process was reversible. The redox 
course of the Fe (II/III) couple coordinated through nitrogen atoms from 
the C–N group (Eq. (2)) may be the cause of a pair of redox peaks that 
appeared at about 0.2 V [34]. 

Fe3+[Fe3+ (CN)6
]
+Na+ + e − →Na Fe2+ [

Fe3+(CN)6
]

(2) 

Fig. 5 also shows that the redox peaks obtained from the CV rGO/PB, 
PANI/PB, and rGO/PANI/PB electrodes are higher than that obtained 
from PB, referring to a synergistic effect between the PB and each of rGO 
and PANI. The large CV current obtained for the composite electrode 
materials indicate that they have high conductivity and low internal 
resistance. The anodic and cathodic PB peaks are found in the CV curves 
of the PB electrode at 340 and 120 mV, respectively. About 220 mV is 
the potential peak separation (ΔEP). At the same time, the CV plots of the 
binary and ternary electrodes have similar redox peaks with smaller ΔEP 
values of 180, 190, and 180 and 175 mV for rGO/PB, PANI/PB, and 
rGO/PANI and rGO/PANI/PB, respectively. These outcomes illustrate 
that the electron transfer rate is significantly increased while the over
potential of the Fe(II/III) redox course at the binary and ternary elec
trodes is noticeably reduced. 

The specific capacitances (Csp) were estimated from the CV plots 
according to the following equation [35]. 

Csp =

∫
i dV

2mνΔV
(3)  

where 
∫

i dV is the integral region of the CV peak, ΔV is the potential 
window, m is the active material's loading mass, and ν is the sweeping 
rate. The acquired results are recorded in Table 2, which shows that the 
specific capacitance of ternary composite is greater than that of binary 
and single materials. 

The performance in capacitance of binary and ternary composites 
Table 2 can be explained based on the existence of a detectible amount 
of the rGO, which causes an enhancement in the number of mesopores 

that the electrolyte's Na+ can enter. Besides, the great conducting 
network arranged by rGO and PANI causes development in the electron 
transport for the time of the charge and discharge processes, accordingly 
intensifying the electrical conductivity and charge transport tracks 
produced in PB. The non-rectangular style of the CV plots of all samples 
containing PB and/or PANI indicates that pseudocapacitance contrib
utes significantly to the overall specific capacitance. 

Generally, besides the manifestation of carbon in rGO, the PANI 
molecules allowed better conductivity from π-electron bonds. Moreover, 
the great quantity of oxygen, a greatly electronegative element, leads us 
to be sure that the composites are highly conducting materials. Also, the 
existence of oxygen and nitrogen groups in rGO and polyaniline in
creases the surface hydrophilicity in an aqueous electrolyte and en
hances the double-layer capacitance qualities of the composites. In 
conclusion, the interaction between the Fe ions in PB and the polar 
molecules in rGO and PANI results in a pseudocapacitor's charge transfer 
properties, which enhance overall storage [36]. Because of all these 
characteristics, upgraded specific capacitance was achieved by rGO/ 
PANI/PB nanocomposite. 

More reasons for the synergetic impact of rGO, PANI, and PB may be 
found in the following. For example, rGO nanosheets are uniformly 
distributed on PB and PANI, allowing the electrolyte to penetrate. 
Furthermore, the use of rGO lowers PB particle agglomeration, 
improving their electrochemical utilization. This finding further implies 
that the rGO nanosheets served as a mechanical and electrical bridge 
between the PB nanoparticles in the composite structure during the 
charging/discharging operations. Furthermore, the polymerization of 
PANI forms well-arranged and uniformly distributed nanoparticles on 
the rGO/PB via hydrogen bonding and electrostatic interactions 
(confirmed by FT-IR data), reducing electrically isolated parts that 
cannot be used and providing a significant electrochemically high active 
surface area for charge transfer. Based on BET data, this highly porous 
shape can suggest a short diffusion channel length and extra active sites 
for electrolyte ions/electrons, maximizing electrode material utilization 
and leading in fast charging/discharging rates. 

The GCD analysis is the more practical method for understanding the 
super capacitive characteristics of a material. The GCD plots of the as- 
prepared electrodes in 2 M Na2SO4 electrolyte were recorded in the 

Fig. 2. SEM of (a) rGO, (b) PANI, (c) PB, (d) rGO/PANI, (e) PANI/PB, (f) rGO/PB and (g) rGO/PANI/PB.  
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voltage range − 0.2 - 0.8 V at a current density of 1 A/g as presented in 
Fig. 6. It is noted that the discharging curve of rGO electrode exhibits an 
ideal linear curve, which points out to the double layer capacitance 
behavior. However, in all the other electrodes, the charging/discharging 
curves are not symmetrical, demonstrating the pseudo-capacitive 
behavior of electrode material. rGO/PANI/PB electrode has a signifi
cantly longer discharge time and smallest potential drop (IR) than the 
other materials electrode; consequently, it has the most excellent spe
cific capacitance in all tested electrodes. The Csp values were determined 
from the discharge curves using the formula [37]. 

Csp =
I Δt

mΔV
(4)  

where I denotes the discharge current, Δt denotes the discharge dura
tion, m is the loading mass and ΔV is the voltage change of the electrode 
materials in the course of the discharge process. The acquired outcomes 
are listed in Table 2, which confirms our prediction that the rGO@PA
NI@PB electrode has an elevated capacity value due to the synergistic 
effect of its constituents, as mentioned above. These results also provide 
credence to the earlier computed specific capacitances based on CV 
curves. 

Galvanostatic charge-discharge analyses were also carried out by 
employing a series of charging and discharging currents (1–10 A/g) to 
the supercapacitors. Table 2 shows the results showing that the elec
trode capacitance falls as the current density raises. The presence of 
active interior sites cannot entirely strengthen the redox transition at 
high current density owing to the diffusion influence of the Na+ inside 
the electrode [38,39]. 

Cycling stability, which can be communicated in the relationship of 
capacitance retention (%), is an important feature that defines the effi
ciency and durability of supercapacitors. Thus, the tested electrodes' 
capacitance retention (%) was evaluated through 3000 GCD cycles at 1 
A/g current density, as illustrated in Fig. 6. b. The capacitive retentions 
are found to be: 92 %, 89.7 %, 88.9 %, 86.6 %, 77.5 %, 75.3 %, and 75 % 
for rGO/PANI/PB, PANI/PB, rGO, rGO/PB, rGO/PANI, PANI, and PB, 
respectively. The synergistic interactions between its components may 
be responsible for the high stability of rGO/PANI/PB, where the rGO, 
which acts as a protective layer, induces some mechanical deformation 
during the redox process of the PB particles [40]. 

The EIS analysis is an effective and helpful method for assessing the 
conductivity and charge transport characteristics at the film/electrolyte 
interface [41]. Fig. 6. c demonstrates the Nyquist plot (imaginary 
impedance, Z/ vs. real impedance, Z/) of the impedance response of the 
tested electrodes in the frequency range of 10 kHz to 0.01 Hz. For each 
plot, a depressed semicircle in the figure's high-frequency section is 
connected to a sloped line in the low-frequency area. The inset of Fig. 6. 
c. shows the EIS at higher frequencies. The intercepts on the Z/− axis are 
labelled as solution resistance (Rs), and the diameters of semicircles 
specify electrode resistance (Rct) in the high-frequency region due to 
charge transfer resistance in the active materials [42]. For the investi
gated electrodes, Rct was found to follow the order: 

Ternary electrode < PANI/PB < rGO/PB < rGO/PANI < rGO < PANI 
<PB. 

A curvature line close to 45◦ is detected in the low-frequency section 
of the Nyquist plot. This is ascribed to the Warburg impedance linked to 
the diffusion/ transport of Na+ ions and the pores of the electroactive 

Fig. 4. (a) N2 adsorption/desorption isotherm (b) and pore size distribution of the investigated samples.  

Fig. 5. CV of all investigated electrodes in 2 M Na2SO4 electrolyte at a scan rate 
10 mV/s. 

Table 2 
Specific capacitance of the studied samples using CV and GCD.  

Sample Specific capacitance Csp, F/g 

From CV at 
10 mV/s 

From GCD at 

1A/g 2A/g 5A/g 10A/g 

PB  87  85  82  81  80 
rGO  125  120  115  112  111 
PANI  77  75  74  72  69 
rGO/PANI  150  145  143  140  138 
PANI/PB  212  207  205  201  195 
rGO/PB  203  199  195  191  187 
rGO/PANI/PB  340  336  330  325  321  
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material throughout the redox reactions and implies that the electro
lyte/electrode redox reactions were controlled by the mass transfer 
process, i.e., diffusion-controlled reactions. In the low-frequency area, 
the rGO/PANI/PB electrode displays the most significant slope of the 
other electrodes. This is due to the rGO/PANI/PB electrode's micropo
rous shape, which has a large surface area to enable quick ions diffusion 
and electrolyte penetration in these pores, improving the specific 
capacitance. Based on the acquired results, the EIS data are fitted with 
the equivalent circuit presented in Fig. 6. c, and the simulated outcomes 
are recorded in Table 3. 

The synergistic impact exhibited in the ternary rGO/ PANI/ PB 
composite electrode can also be observed from the EIS data. The ternary 
electrode displayed a lower equivalent series resistance Rs and charge- 
transfer resistance Rct. This indicated that the rGO/ PANI/ PB had a 
substantial synergistic impact when compared to the binary composite 
and purity components. The decreased resistance of the rGO/ PANI/ PB 
electrode allows for a faster Faraday reaction, resulting in higher rate 
capability. Furthermore, the limited slope of the straight line demon
strated the electrolyte's diffusive resistance in the electrode pores and 
cation diffusion in the host materials. 

To provide further information on the electrochemical performance 
of the studied electrodes, the Na+ ion diffusion coefficients (D/) in the 
analyzed electrodes are also computed using Eq. (5) [43]. 

D// =
R2T2

2 A2n4F2C2σ2 (5)  

where F, R, T, represent the Faraday number, the universal gas constant, 
the temperature of the system, respectively. A, n and C denote the 
electrode surface area and the charge-transfer number and the electro
lyte ion concentration, respectively. σ is the Warburg factor, which is 
obtained by the following equation: 

Z/ = RS +RCT + σ ω0.5 (6)  

where ω is the angular frequency, the evaluated Na+- diffusion co
efficients are 2 × 10− 13, 2.4 × 10− 13, 1.1 × 10− 13, 8.2 × 10− 14, 7.5 ×
10− 14, 5.8 × 10− 14 and 3.9 × 10− 14 cm2 s− 1 for rGO/PANI/PB, rGO/PB, 
PANI/PB, rGO/PANI, rGO, PANI, and PB, respectively. Due to its sub
stantially larger pore size and synergetic effect, which makes it easier for 
the electrolyte to diffuse through the composite electrode, ternary and 
binary composites have more significant diffusion coefficients than their 
constituent materials. 

Power density (Pd) and energy density (Ed) are critical criteria for 
evaluating supercapacitor and electrode material electrochemical per
formance. They are computed using Eqs. (7) and (8) [40]. 

Ed =
Csp ΔV2

7.2
(7) 

Fig. 6. (a) The GCD curves of all the investigated electrodes in 2 M Na2SO4 electrolyte at discharging current density of 1A/g. (b) The cycling stability of the 
investigated electrodes at 1 A g− 1. (c) The Nyquist impedance plots of the investigated electrodes and their equivalent electric circuit, (d) Ragone plots of the 
investigated electrodes. 

Table 3 
Parameters values from the fitted impedance equivalent circuit of the investigated electrodes.  

Sample rGO PANI PB rGO/PB PANI/PB rGO/PANI rGO/PANI/PB 

Rs (Ω)  3.13  5.49  5.52  3.11  3.31  2.62  0.91 
Rct (Ω)  9.91  10.78  11.11  5.62  4.52  7.11  4.51 
W (Ω)  14.21  17.32  18.35  9.37  7.91  10.73  5.82 
Csp (mF)  120.0  175.0  85.0  199  207  145  336  
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Pd =
3600 Ed

Δt
(8)  

where ΔV and Δt are the potential windows and the discharge time, 
respectivel. The Ed-values of the tested electrodes at several Pd-values 
(Ragon plots) are demonstrated in Fig. 6.d. With a power density of 6.25 
kW kg− 1, the rGO/PANI/PB electrode has an energy density of 64.2 Wh 
kg− 1. This demonstrates that the rGO/PANI/PB material is a promising 
electrode for electrochemical capacitors. 

3.3. Asymmetric supercapacitor (rGO/PANI/PB//AC) 

Next, we assembled the rGO/PANI/PB //AC asymmetric super
capacitor in a two-electrode setup, as discussed in the “Experimental” 
section. The capacitance of the AC-negative electrode was measured in a 
three-electrode system at a scan rate of 10 mV/s within a potential 
window of 1 to 0 V (versus SCE), and the outcomes are shown in Fig. 7. a. 
The figure depicts the electric double-layer capacitance as a rectangular 
form. The specific capacitance of the activated carbon electrode calcu
lated based on Eq. (3) is 190 F/g, which is consistent with that reported 
in the literature [44]. 

Usually, asymmetric supercapacitors require to be charge-balanced 
(q +––q − ) such that the applied voltage is evenly divided between the 
electrodes for ideal performance [45]. As a consequence, the mass bal
ance formula (9) follows: 

m−

m+
=

C+
m

C−
m

x
ΔV+

ΔV −
(9)  

where m is the electrode's mass, C is the specific capacity, and ΔV is the 
potential working window of the positive/negative electrode. Conse
quently, the m− /m+ = 1.26 for the examined ASC, and the ASD device's 
best functioning window was assessed to be 0 to 1.8 V. 

Fig. 7. b depicts the ASC device's CV curves at scan rates ranged from 

1 to 50 mV/s. The assembled ASC exhibited stable capacitive behavior, 
as shown in the figure. The CV curves do not change with changing the 
sweep rate, demonstrating the remarkbly-electrochemical reversibility 
and quick charge-discharge manner. The specific capacitance (Ccell) of 
the asymmetric cell is calculated from a CV curve using Eq. (10) [46]. 

Ccell =

∫+V

− V

I(V)dV

2MvΔV
(10)  

where M represents the mass of the active materials in the two electrodes 
and all other symbols are as specified above. The evaluated specific 
capacity of the device from the GCD measurements is found to decrease 
gradually with increasing the scan rate, i.e., 144, 142, 139, 136,132, and 
129 F/g, at scan rates of 1, 2, 5, 10, 20, and 50 mVs− 1, respectively. 

The GCD of the ASC was further investigated at several current 
densities ranging from 1 to 10 A g-1, with the findings shown in Fig. 7. c. 
The charge and discharge parts of the GCD plots are almost symmetric 
and display a small internal resistance drop, as shown in the figure. 
Using Eq. (11), the discharge parts of the GCD draws were used to 
compute the associated specific capacity (Ccell) of the device at various 
particular currents (I) [47,48]. 

Ccell =
Idt

MdV
(11) 

At 1, 2, 5, and 10 Ag− 1, the Ccell calculated is 135, 131, 128, and 125 
Fg− 1, respectively. With a 10-fold increase in current density, the ASC's 
capacitance remains at 92.5 %, indicating a reasonable ability rate. This 
may be due to the extraordinary nanostructure features with large sur
face area and good electrical conductivity of the activated carbon elec
trode, which promote excessive adsorption of electrolyte as well as an 
efficient ion intercalation/deintercalation. 

The cyclic stability of the device is performed at a current density of 

Fig. 7. (a) CV of AC at 10 mV/s (b) CV of rGO/PANI/PB //AC asymmetric cell at several scan rates, (c) the GCD plots of rGO/PANI/PB //AC asymmetric cell at 
different current densities, (d) stability of rGO/PANI/PB //AC asymmetric cell, (e) Nyquist plot of rGO/PANI/PB //AC asymmetric cell, and (f) Ragone plot of the 
asymmetric cell. 
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10Ag− 1 for 3000 cycles. Fig. 7(d) demonstrates a high capacity reten
tion of ~91 %. EIS was performed further to explore the improved 
capacitive performance of the asymmetric capacitor. The resulting 
Nyquist plots were presented in Fig. 7e. The Figure illustrates a 
depressed semicircle in the high frequency region, following by an 
essentially straight line in the low frequency section, indicating an 
extremely low Rs- and Rct- values of 0.91and 1.76 Ω, respectively. 

The Ed- and Pd –values of the ASC were assessed by Eqs. (8) and (12) 
[49]. 

Ed = Ccell (ΔV)2/7.2 (12) 

All of the symbols have already been stated. The results generated at 
various current densities are depicted as a Ragone plot in Fig. 6f, which 
shows the most significant value of Ed is 56.3Whkg− 1 and the highest 
value of Pd is 8804 Wkg− 1. Table 4 compares Ragone values for several 
systems to our results. 

4. Conclusions 

In summary, Prussia blue, rGO, polyaniline, and a binary and ternary 
composite of them are synthesized and characterized via XRD, FTIR, 
BET, and SEM. The prepared materials were examined as potential 
materials for supercapacitor electrodes. Microstructural investigation 
confirms the formation of the examined materials in diverse morpho
logical structures. They all showed nanosized particles with a meso
porous structure that enables the transfer of electrolyte ions. The super 
capacitive performance of the investigated material was studied in 2 M 
Na2SO4 employing CV, GCD, and EIS in a three-electrode cell arrange
ment. The CV voltammograms have illustrated that all the materials, 
except rGO, show a pseudocapacitive behavior with specific capacitance 
following the order: rGO/PANI/PB > PANI/PB > rGO/PB > rGO/PANI 
> rGO > PANI > PB. The rGO/PANI/PB composite electrode has a high 
specific capacitance of 236 F/g at the current density of 1 A g− 1. It also 
has good cycling stability, with capacitance retention of 92 % even after 
3000 cycles. It showed excellent cycling stability with capacitance 
retention reaching ~92 % even after 3000 cycles. The ASC device, 
comprised of AC negative and rGO/PANI/PB positive electrodes, has a 
comparatively high energy density of 56.3 Wh kg− 1 and a power density 
of 8.8 kW kg− 1 while maintaining outstanding cycling permanence 
(keeps 92.5 % capacitance preservation after 3000 cycles). Our findings 
show that the porous ternary nanocomposite of rGO/PANI/PB (a low- 
cost material) has a prospective use in energy storage devices. 
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