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ABSTRACT

The development of efficient, scalable, and economically viable electrode

materials with high specific capacitance is of great significance for superca-

pacitor applications. Herein, a-Fe2O3 nanoparticles, a-Fe2O3/rGO, and a-Fe2O3/

SnO2/rGO nanocomposite were synthesized by a one-step hydrothermal

method. Different characterization techniques were used to study the physical

and chemical properties of the prepared materials. The powder XRD mea-

surement revealed that the formation of the ternary composite without any

impurities. As characterized by SEM and TEM techniques, both a-Fe2O3 and

SnO2 nanoparticles were embedded on two-dimensional reduced graphene

oxide sheets. The electrochemical properties of the prepared electrode materials

were studied by cyclic voltammetry and galvanostatic charge/discharge, and

impedance spectroscopy techniques in a 6 M KOH electrolyte solution. All the

electrode materials exhibit Faradic reaction peaks in CV curves which imply the

pseudocapacitive nature of the prepared materials. The ternary a-Fe2O3/SnO2/

rGO nanocomposite demonstrated the enhanced specific capacitance of 821 Fg-1

at 1Ag-1 than that of a-Fe2O3 nanoparticles (373 Fg-1 at 1Ag-1), and a-Fe2O3/

rGO (517 Fg-1 at 1Ag-1) nanocomposite with excellent cyclic retention (98.7%)

after successive 10,000 cycles. This improved electrochemical performance of

ternary a-Fe2O3/SnO2/rGOnanocomposite is mainly attributed to the surface

properties of nanostructures of metal oxides and an excellent conductive net-

work. Moreover, the asymmetric supercapacitor (ASC) device was fabricated

using the ternary a-Fe2O3/SnO2/rGOnanocomposite as the anode material and
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rGO as the cathode material. The ASC device showed an energy density of 17

Wh Kg-1 at a power density of 3585 W kg-1 and retains 94.52% capacitance

after successive 5000 cycles at a current density of 10Ag-1.

1 Introduction

The fast charge and discharge rates, high power

density, and longer life cycle of supercapacitors (SCs)

make them a vital device in an emerging energy

storage field [1]. The SCs can be classified into two

categories based on their charge storage mechanism

namely electric double-layer capacitor (EDLCs) and

pseudocapacitors [2]. In the EDLCs, the energy stor-

age mechanism is mainly based on the adsorption of

ions at the interface between electrode and elec-

trolyte. In the case of pseudocapacitors, the charge

storage mechanism involves fast Faradaic reactions

[3]. However, the charge/discharge rates of pseudo-

capacitors were hindered by their rates of Faradic

reactions. The performance of SCs is strongly deter-

mined by the inherent characteristics of the electrode

materials [4, 5]. Transition metal oxides such as RuO2

[6], Fe2O3 [7], SnO2 [8], CO3O4 [9], NiO [10], and

MnO2 [11] have been used as pseudocapacitive

materials due to their superior electrochemical

properties. Among them, a-Fe2O3 is a potential

material and has been drawn much attention due to

its high theoretical capacitance (974 mAh g-1), low

cost, natural abundance, and environmental friend-

liness [12]. However, the poor electrical conductivity

and insufficient ionic diffusion rates of the a-Fe2O3

electrode extend the low specific capacitances, and

cyclic stability would confine the practical applica-

bility [13]. The aforementioned problems were

resolved by integration with some electrically con-

ducting materials like conducting polymers [14, 15],

activated carbon [13], and also some metal oxides

such as SnO2 [16], MnO2 [17], etc. The properties of

nanocomposite are different from those of individual

metal oxides and could contribute to increase the

electrochemical activities. Many a-Fe2O3-based

nanocomposites have been designed and synthesized

for supercapacitor applications. The a-Fe2O3 nano-

materials are coupled with some carbon and con-

ducting polymer-based materials a-Fe2O3/rGO [18],

a-Fe2O3/activated carbon [19], a-Fe2O3/polyaniline

[20] showing enhanced supercapacitance than pris-

tine a-Fe2O3. In general, 2D-reduced graphene oxides

have been extensively unutilized as composite

materials to improve the electronic conductive,

specific capacitance, and rate capability of metal

oxide [21]. The enhancement in the specific capaci-

tance of a-Fe2O3 is mainly attributed to the higher

conductive nature of additive materials [22]. The

graphitic structure of graphene was extinguished

during the oxidation–reduction process during the

chemical oxidation [23]. To resolve prior defects, the

ternary composites have been emphasized to

improve the specific capacitance and capacitive

retention. For instance, Yu et al. fabricated a ternary

hierarchical nanosheet of rGO/PANI/Fe2O3 with the

largest specific capacitance of 605.2 F g-1 at 0.5 A

g-1. The improved electrical conductivity with

enhanced specific capacitance (37.5 m Fcm-2 at 20

mAcm-2) was achieved compared with pure Fe2O3

by Zhao et al. through the formation of Fe2O3/RGO/

Fe3O4 composite [24].

In this paper, we prepared a-Fe2O3 nanoparticles,

binary a-Fe2O3/rGO, and ternary a-Fe2O3/SnO2/

rGO nanocomposites by a simple on-spot

hydrothermal method. The synthesized materials

were used as electrode materials for supercapacitor

application in a typical there electrode system.

Among the prepared materials, the ternary a-Fe2O3/

SnO2/rGO nanocomposites exhibit large specific

capacitance with excellent cyclic stability, which can

be attributed to improved electrical conductivity and

the synergistic effect of a-Fe2O3, SnO2, and rGO.

Further, the ACS device was fabricated.

2 Experimental methods

2.1 Materials

Expandable graphite powder, potassium perman-

ganate (KMnO4), and ammonia solution (NH3.H2O,

25–28 wt%) were purchased from Loba Chemie,

India. Acetylene black (AR), polyvinylidene fluoride

(PVDF, AR), activated carbon, hydrogen peroxide

(H2O2, 30 wt%), hydrochloric acid (HCl, 36–38 wt%),

sulfuric acid (H2SO4, 98 wt%), and iron (III) chloride
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hexahydrate (FeCl3�6H2O) were purchased from

Merck Chemicals, India. Tin (IV) chloride pentahy-

drate ([ SnCl4�5H2O), potassium hydroxide (KOH),

poly(vinyl alcohol) (PVA) were purchased from

Merck Chemicals, and ethanol (AR) was purchased

from HiMedia Laboratories, India. Nickel foam was

purchased from Shanghai Zhongwei New Material

Co., Ltd, China. All experimental solutions were

prepared using DI water. All of the chemicals were

analytical grade as used without further purification.

2.2 Synthesis of a-Fe2O3 nanoparticles

In a typical synthesis of a-Fe2O3 nanoparticles, 2.2 g

of FeCl3�6H2O was mixed with 80 mL of DI water

under constant magnetic stirring at room tempera-

ture. Subsequently, 3 mL of ammonium solution was

gently mixed with the above blend and stirred for 1 h

to form a homogeneous solution. Next, the resultant

solution was transferred into a 50 mL of Teflon-lined

stainless steel autoclave and sealed. The autoclave

was subjected to hydrothermal treatment at 180 �C
for 12 h in a hot-air oven. After the hydrothermal

reaction, the autoclave was allowed to cool naturally

to room temperature, and the resultant solution was

centrifuged with DI water and ethanol to remove the

solid product. Finally, the resultant brown product

was dried at 80 �C for overnight in a hot-air oven.

2.3 Synthesis of binary a-Fe2O3/rGO and a-
Fe2O3/SnO2/rGO nanocomposites

The binary nanocomposites of a-Fe2O3/rGO and a-
Fe2O3/SnO2/rGO nanocomposites were prepared by

the hydrothermal method. First, the graphene oxide

(GO) was prepared by modified Hummer’s method

as reported in the literature [25, 26]. In a typical

synthesis of a-Fe2O3/rGO nanocomposite, 0.1 g of as-

prepared GO was mixed with 80 mL of DI water

under ultrasonic treatment for 2 h to achieve uniform

dispersion. Subsequently, 2.2 g of FeCl3�6H2O was

mixed into the GO solution under constant magnetic

stirring for 10 min, and then 3 mL of NH3�H2O

solution was dropped slowly into the mixture of

solution. The resultant solution was allowed to stir

for 2 h under magnetic stirring. Next, the resultant

solution was transferred into a 50 mL of Teflon-lined

stainless steel autoclave, and the sealed autoclave

was subjected to the hydrothermal treatment at 180

�C for 12 h in a hot-air oven. After the hydrothermal

reaction, the autoclave was allowed to cool naturally

to room temperature and the resultant solution was

centrifuged with DI water and ethanol to remove the

solid product. Finally, the resultant black product

was dried at 80 �C for overnight in a hot-air oven. A

similar procedure was followed for the synthesis of

ternary a-Fe2O3/SnO2/rGO nanocomposite with

adding of SnCl4�5H2O precursor into the GO solution

[27].

2.4 Material characterization

The crystal structure and phase formation of the

prepared samples were studied by powder X-ray

diffractometer (XRD) Rigaku Corporation, Japan with

Cu-Ka radiation in the 2h range of 50�–80� at a

scanning rate of 2� min-1. The microstructural and

morphological characteristics of the prepared mate-

rials were revealed using a field emission scanning

electron microscope (FESEM, Carl Zeiss, Supra 40) at

an accelerating voltage of 15 k and high-resolution

transmission electron microscope (HRTEM, JEOL

JEM 2100 F microscope) at an accelerating voltage of

200 kV. The elemental compositions of the as-pre-

pared samples were identified by the energy disper-

sive X-ray analyses (EDS) facility attached with the

FESEM instrument. Chemical bonding and functional

groups of the prepared materials were analyzed by

Fourier transform infrared spectroscopy (FTIR -

NEXUS 470 spectrometer) using the KBr pellet

method in the range of 4000–450 cm-1. Raman spec-

tra were recorded by LabRAM HR evolution Raman

microscopy with UV laser as a light source as an

exciting wavelength. X-ray photoelectron spec-

troscopy (XPS) technique was utilized to characterize

the bonding nature and chemical states of materials

using ESCA 3400 spectrometer in an ultra-high vac-

uum with 10 mbar base pressure with monochro-

matic Al (Ka) X-ray source (1486.6 eV).

2.5 Electrochemical measurements

To study the electrochemical performance of the

prepared material, the working electrodes were pre-

pared by mixing 80 wt% of active material (As pre-

pared samples), 10 wt% of acetylene black, and

10 wt% of polyvinylidene fluoride (PVDF) as a bin-

der in N-Methy l-2-pyrrolidone (NMP) an organic

solvent. The obtained homogenous slurry was pain-

ted on pre-cleaned nickel foam (1 cm 9 1 cm), and
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then it was dried at 60 �C for 4 h in a hot-air oven.

The acquired electrodes were used for electrochemi-

cal studies. The mass loading of active materials on

each electrode was measured as 1 mg. The electro-

chemical studies were performed in a standard three-

electrode configuration using Ag/AgCl as a reference

electrode, Pt wire as a counter electrode, and as a

prepared electrode as a working electrode. All the

electrochemical studies were carried out in 6 M KOH

electrolyte solution. An ASC device was assembled

by sandwiching a Whatman 40 filter paper (soaked in

a transparent PVA/KOH gel electrolyte) as a sepa-

rator in between a-Fe2O3/SnO2/rGO nanocomposite

coated nickel foam as the positive electrode (anode)

and rGO-coated nickel foam as the negative electrode

(cathode) in the Swagelok type cell [28]. The electro-

chemical techniques such as cyclic voltammetry (CV),

galvanostatic charge/discharge (GCD), and electro-

chemical impedance spectroscopy (EIS) were per-

formed using an electrochemical workstation

(Biological SP-150, France). The CV measurement

was acquired at various scanning rates (5-100 mVs-1)

within the potential window range from 0.05 to 0.5 V.

Impedance spectroscopy was measured in the fre-

quency range of 0.01 Hz to 100 kHz with modulating

voltage amplitude of ± 10 mV at open circuit

potentials (OCP). The specific capacitance of the

prepared electrodes was calculated from the follow-

ing equation using GCD curves [29]:

C ¼ ðIXDt
DmXDVð Þ ; ð1Þ

where I is applied current (A), Dt represents dis-

charge time (s), DV (V) is the sweep potential window

following time intervals, and m (g) is the mass of the

active materials for a three-electrode system.

For a two-electrode system, the specific capacitance

was calculated using the following equations [30]:

Cs ¼
2

mv2

Z
iV tð Þdt: ð2Þ

The energy density (E) and power density (P)

derived from galvanostatic tests can be calculated

from the following equation:

E ¼ CðDVÞ2

2
; ð3Þ

P ¼ E

Dt
; ð4Þ

where Cs (F/g) is the specific capacitance of the

supercapacitor, I (A) corresponds to the discharge

current, DV (V) is the potential window, Dt (s) is the

discharge time, and m (g) refers to the total active

mass of ASC(Positive and negative) materials [31].

3 Results and discussion

The synthesis of binary a-Fe2O3/rGO and ternary a-
Fe2O3/SnO2/rGO nanocomposites by the

hydrothermal process is typically illustrated in Fig. 1.

In general, GO has more negatively charged ions

such as hydroxyl and epoxy groups in planes and

carboxyl groups on their edges, and so it is uniformly

dispersed into water. The positively charged metal

ions (Fe3? and Sn4?) in the GO solution can selec-

tively be attached to a negatively charged surface

functional group of GO sheets [26, 27]. In the present

case surface, the functional group of GO sheets acted

as nucleation sites in the alkaline solution (NH3�H2O)

to form Fe(OH)3 and Sn(OH)4 and subsequent

hydrothermal treatment metal hydroxides were

transformed as a-Fe2O3 and SnO2 nanoparticles.

The powder X-ray diffraction (XRD) measurement

was carried out to investigate the phase purities and

crystal structure of the as-prepared samples. The

average crystallite size of the a-Fe2O3 was deter-

mined by the full width at half maximum (FWHM) of

the X-ray diffraction peak using Scherer’s Eq. (5) as

follows:

D ¼ kk
bcosh

; ð5Þ

where D—crystallite size, k—X-ray wavelength, b—
FWHM of the diffraction peak, h—diffraction angle,

and k—Scherer’s constant of the order of unity. Fig-

ure 2 shows the XRD patterns of a-Fe2O3 nanoparti-

cles, binary a-Fe2O3/rGO, and ternary a-Fe2O3/

SnO2/rGO nanocomposites. The diffraction peaks at

24.13�, 33.15�, 35.61�, 40.85�, 49.48�, 54.09�, 57.79�,
62.45�, 63.99�, 69.60�, and 71.93� correspond to the

(012), (104), (110), (113), (024), (116), (018), (214), (300),

(208), and (1010) plane of rhombohedral a-Fe2O3

(JCPDS card No. 33–0664, respectively. In the ternary

composition, the peaks at 26.61�, 33.89�, 38.96�,
42.63�, and 57.82� correspond to the (110), (101), (111),

(210), and (002) plane of tetragonal SnO2 (JCPDS card

No. 41-1445) along with characteristic peaks of a-
Fe2O3 which confirms the formation of the ternary
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nanocomposite. The crystallite size was estimated by

using the reflections of characteristic planes such as

to (110), and the crystallite size is calculated as

12.7 nm for the prepared samples of a-Fe2O3. The

characteristic peak of GO at 2h = 11.6� is diapered in

both binary a-Fe2O3/rGO, and ternary a-Fe2O3/

SnO2/rGO nanocomposites inferred that the

successful reduction of GO during the hydrothermal

synthesis of nanocomposites. Meanwhile, the char-

acteristic peak for rGO was not detected in the com-

posite materials due to the presence of a low quantity

of rGO [32].

The optical properties of the nanocomposite were

studied by UV–Vis. measurements. The UV–Vis.

absorbance spectra of a-Fe2O3 nanoparticles, binary

a-Fe2O3/rGO, and a-Fe2O3/SnO2/rGO ternary

nanocomposites are displayed in Fig. 3a. The band

gap of the samples was estimated by the following

equation:

a ¼
AðEg � hmÞn

hm
; ð6Þ

where absorption coefficient (a), Planck’s constant

(h), frequency of vibration (m), n ¼ 1=2 for indirect

transition, band gap (Eg), and proportional constant

(A). The calculated band gaps of a-Fe2O3 nanoparti-

cles, binary a-Fe2O3/rGO, and a-Fe2O3/SnO2/rGO

ternary nanocomposites are shown Fig. 3b [33]. The

calculated band gaps of a-Fe2O3 nanoparticles, binary

a-Fe2O3/rGO, and a-Fe2O3/SnO2/rGO ternary

nanocomposites were 1.9 eV, 1.86 eV, and 1.8 eV,

respectively. It is expected that the reduction in the

band-gap energy increases the electrical conductivity

of the materials [34, 35]. Therefore, the electrical

conductivity of the a-Fe2O3/SnO2/rGO ternary

nanocomposite was higher than that of pure a-Fe2O3

nanoparticles and binary a-Fe2O3/rGO

Fig. 1 Schematic illustration for preparation of binary a-Fe2O3/rGO and ternary a-Fe2O3/SnO2/rGO nanocomposites by hydrothermal

method

Fig. 2 Powder XRD patterns of a a-Fe2O3 nanoparticles,

b binary a-Fe2O3/rGO, and c ternary a-Fe2O3/SnO2/rGO

nanocomposite
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nanocomposite. Thus, the specific capacitance of the

materials is increased [36].

The surface morphology of the synthesized sam-

ples was characterized by the field emission scanning

electron microscope (FESEM). Figure 4 represents the

FESEM image of a-Fe2O3 nanoparticles, binary a-
Fe2O3/rGO, and a-Fe2O3/SnO2/rGO ternary

nanocomposites. The a-Fe2O3 nanoparticles with a

size of * 12 nm were agglomerated to form the

spherical shape (Fig. 4a). The agglomeration of the

nanoparticles is mainly attributed to an association of

high surface energy with smaller particles [37]. The

measured particle of a-Fe2O3 material was well con-

sistent with the XRD result. Figure 4b displays the

morphology of binary a-Fe2O3/rGO, which suggests

that the uniform size a-Fe2O3 nanoparticles were

embedded on 2D rGO sheets. As shown in Fig. 4c,

both a-Fe2O3 and SnO2 nanoparticles were strongly

embedded on rGO sheets which were distinguished

by their particle size and [27].

The internal structure and morphology of the

ternary a-Fe2O3/SnO2/rGO nanocomposite were

further characterized by TEM and HRTEM imaging

techniques. Figure 5a and b displays the distin-

guished morphology of rod and spherical shapes

which are in the agglomerated form. The length and

diameter of the rod shape particles were measured as

* 60–70 nm and * 10–15 nm, respectively. The

HRTEM image was exploited to distinguish the two

different crystal phases in a single system of the

composite. HRTEM image of ternary a-Fe2O3/SnO2/

rGO nanocomposite depicted in Fig. 4b demonstrates

that the presence of two distinguished crystals with

well-ordered crystal planes and lattice spacing was

measured as 0.36 nm and 0.32 nm, which are ascri-

bed to (012) and (111) planes of a-Fe2O3 and SnO2

Fig. 3 a UV–vis absorption spectra, b tauc plot for a-Fe2O3 nanoparticles, binary a-Fe2O3/rGO, and ternary a-Fe2O3/SnO2/rGO

nanocomposite

Fig. 4 FESEM images a a-Fe2O3 nanoparticles, b binary a-Fe2O3/rGO, and c ternarya-Fe2O3/SnO2 /rGO nanocomposites
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crystal planes, respectively [38, 39]. Moreover, the

rGO sheet was attached at the edge of the nanopar-

ticles which is indicated by a red arrow mark in the

HRTEM image. Therefore, the formation of the tern-

ary a-Fe2O3/SnO2/rGO nanocomposite was con-

firmed by FESEM and HRTEM characterizations.

As shown in Fig. 6, the chemical composition of the

prepared material was identified by EDS techniques.

Figure 6a& b reveals that the presence of a stoichio-

metric quantity of Fe and O in a-Fe2O3 and C, Fe, and

O in a-Fe2O3/rGO. Further, Fig. 6c evidences that the

presence of Fe, Sn, O, and C in the ternary a-Fe2O3/

SnO2/rGO nanocomposite. The functional groups of

the prepared material were studied by FTIR spec-

troscopy. Figure 7 shows the FTIR spectra of a-Fe2O3

nanoparticles binary a-Fe2O3/rGO and ternary a-
Fe2O3/SnO2/rGO nanocomposites. The strong bands

Fig. 5 a, b TEM and c HRTEM images ternary a-Fe2O3/SnO2/rGO nanocomposite

Fig. 6 EDS spectra of a a-Fe2O3 nanoparticles, b binary a-Fe2O3/rGO, and c ternary a-Fe2O3/SnO2/rGO nanocomposites. The inset

table shows the stoichiometric quantity of elements in the respective material

Fig. 7 FTIR spectra of a a-Fe2O3 nanoparticles, b binary a-
Fe2O3/rGO, and c ternary a-Fe2O3/SnO2/rGO nanocomposites

J Mater Sci: Mater Electron (2022) 33:8327–8343 8333



at 575 cm-1 and 477 cm-1could be attributed to

stretching vibrations of Fe-O in FeO6 octahedron and

FeO4 tetrahedron structures of a-Fe2O3 [40]. Along

with the Fe-O vibration, the strongest peak at

627 cm-1 was assigned to the Sn–O bond of SnO2 in

the ternary a-Fe2O3/SnO2/rGO nanocomposites [41].

The peak related to the GO cannot be detected in the

FTIR spectra of binary a-Fe2O3/rGO, and ternary a-
Fe2O3/SnO2/rGO nanocomposites confirm the suc-

cessful reduction of GO into rGO. Further, the new

peak was found at 1570 cm-1 in the binary a-Fe2O3/

rGO, and ternary a-Fe2O3/SnO2/rGO nanocompos-

ites could be assigned to the C=C vibration of rGO

[42]. Moreover, the broadband at 3420 cm-1 was

assigned to the O–H vibration of surface absorbed

water molecules. The formation of nanocomposite

was further confirmed by the Raman spectroscopy

technique. The Raman spectra of a-Fe2O3 nanoparti-

cles, binary a-Fe2O3/rGO, and ternary a-Fe2O3/

SnO2/rGO nanocomposite are shown in Fig. 8. The

fundamental vibration of a-Fe2O3 assigned at 224,

287, 403, 494, 606, 653, and 1320 cm-1 in Raman

spectra of a-Fe2O3 nanoparticles (Fig. 8a). The peaks

at 224 and494 cm-1 were attributed to A1 g symmetry

modes a-Fe2O3 and the vibration bands at 287, 403,

and 606, 653, and 1320 cm-1 were ascribed for Eg

symmetry [43]. As shown in Fig. 8b and c, two strong

peaks at 1582 and 1319 cm-1 correspond to the ‘D’

and ‘G’ band of GO were stretched with the funda-

mental vibration modes of a-Fe2O3 [44, 45]. Here, the

D band is related to the disordered atomic arrange-

ment due to sp3 hybridization. Meanwhile, the G

band can be attributed to the plane vibration of the

sp2-carbon atom [46]. Moreover, the peak at 697 cm-1

Fig. 8 Raman spectra of a a-Fe2O3 nanoparticles, b binary a-
Fe2O3/rGO, and c ternary a-Fe2O3/SnO2/rGO nanocomposite

Fig. 9 XPS spectra of a survey spectra, b Fe 2p, c Sn 3d, d C 1 s, and e O1s for ternary a-Fe2O3/SnO2/rGO nanocomposites

8334 J Mater Sci: Mater Electron (2022) 33:8327–8343



in the Raman spectra of ternary a-Fe2O3/SnO2/rGO

nanocomposite was assigned to the SnO2 [47]. The co-

existence of vibration modes of a-Fe2O3, SnO2, and

rGO in the Raman spectrum of ternary a-Fe2O3/

SnO2/rGO nanocomposite confirms the formation of

the ternary nanocomposite.

The chemical and oxidation states of the ternary a-
Fe2O3/SnO2/rGO nanocomposite were further

examined by XPS measurement. The full survey

spectrum of ternary a-Fe2O3/SnO2/rGO nanocom-

posite shown in Fig. 9a reveals the co-existence of Fe,

Sn, C, and O elements. Figure 9b displays core-level

spectra of Fe2p, consists of two peaks at 710.1 eV and

722.4 eV for Fe 2p3/2 and to Fe 2p1/2, respectively,

and correspond to the trivalent Fe3? oxidation state

of a-Fe2O3 [48]. Meanwhile, the two peaks at 485.4

and 494.7 eV were assigned to Sn 3d5/2 and Sn 3d3/2,

respectively, which confirm the Sn4? oxidation state

of SnO2 (Fig. 9c) [49]. The core-level spectra of C 1 s

(Fig. 9d) were further deconvoluted into four peaks,

centered at 284.6, 286.1, 286.7, and 286.5 eV from the

chemical bond of C–C, C–O, C=O, and O–C=O,

respectively [50]. Further, the core-level spectrum of

O 1 s in Fig. 9e is divided into five peaks at 529.9,

530.5, 531.3, 532.2, and 533.8 eV, corresponding to the

surface oxygen-containing group for Fe-O, Sn–O,

C=O, O–H, and C–O, respectively [51]. The shifting in

the peak position of Fe, Sn, O, and C from its original

values may be due to the strong interaction between

rGO, a-Fe2O3, and SnO2 [52]. The result inferred that

the electrostatic interactions were developed between

oxygen atoms in metal oxide surfaces with rGO

[53, 54].

To evaluate the electrochemical performance of the

prepared samples, CV and GCD measurements were

carried out in typical three electrodes in 6 M KOH

solution. Figure 10 shows the CV curves of a-Fe2O3

nanoparticles, binary a-Fe2O3/rGO, and ternary a-
Fe2O3/SnO2/rGO nanocomposites for different

scanning rates between 5 and 100 mV s-1 within the

potential window of 0.05 to 0.5 V. All CV curves

show a two pairs Faradaic redox reaction peak in the

cathodic and anodic regions which revealed a

pseudo-capacitance behavior of prepared electrode

materials [44, 47].

The current density in CV curves of all prepared

materials linearly depends on scanning rates in both

anodic and cathodic sides, which implies the ideal

capacitive behavior of electrodes. It is obvious that

the anodic peaks shift towards the positive potential

direction and the cathodic peaks shift towards the

negative potential direction upon increasing the

Fig. 10 CV curves of a a-Fe2O3 nanoparticles, b binary a-Fe2O3/

rGO, and c ternary a-Fe2O3/rGO/SnO2 nanocomposite for

different scanning rates between 5 and 100 mV s-1
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scanning rate. Although the redox peaks position was

conserved at high scanning rates due to the fast

electronic and ionic movements at the surface of the

electrode [3]. The GCD curves for a-Fe2O3 nanopar-

ticles, binary a-Fe2O3/rGO, and ternary a-Fe2O3/

SnO2/rGO nanocomposites in the voltage range of

0–0.4 V at different current densities are shown in

Fig. 11. The pseudocapacitive behavior of all pre-

pared materials was confirmed from voltage pla-

teaus, which is in good agreement with CV

measurement.

Figure 12a displays comparative CV curves of a-
Fe2O3 nanoparticles, binary a-Fe2O3/rGO, and tern-

ary a-Fe2O3/rGO/SnO2 nanocomposites at a scan-

ning rate of 5 mV/s in the potential range between

0.05 and 0.5 V. The ternary a-Fe2O3/rGO/SnO2

nanocomposites exhibit a larger area under CV curve

than a-Fe2O3 nanoparticles and binary a-Fe2O3/rGO,

demonstrating a notable enhancement in specific

capacitance of ternary a-Fe2O3/rGO/SnO2

nanocomposites. As shown in Fig. 12b, the GCD

curves of the a-Fe2O3 nanoparticles, binary a-Fe2O3/

rGO, and ternary a-Fe2O3/rGO/SnO2 nanocompos-

ites at a constant current density of 1 A g-1 were

compared. As expected that a-Fe2O3/rGO/SnO2

nanocomposites exhibit the longest discharge time

than that of other prepared materials due to their

enhanced electrochemical property [55]. The specific

capacitance of the prepared materials was calculated

from respective GCD curves at different current

densities as illustrated in Fig. 12c. The volumetric

specific capacitance of ternary a-Fe2O3/rGO/SnO2

nanocomposites was calculated as 821 Fg-1 for cur-

rent densities of 1 Ag-1, 793 Fg-1 (2 A g-1), 765 Fg-1

(3 A g-1), 731 Fg-1 (4 A g-1), 696 Fg-1 (5 A g-1), 651

Fg-1 (6 A g-1), 609 Fg-1 (7 A g-1), and 501 Fg-1

(10 A g-1), respectively. As expected, the ternary a-
Fe2O3/rGO/SnO2 nanocomposites provide higher

specific capacitance than that of a-Fe2O3 nanoparti-

cles and binary a-Fe2O3/rGO nanocomposite. The

specific capacitance of the ternary composite at a

constant current density of 1 A g-1 is comparatively

higher than that of other materials (Fig. 12d).

Further, the electrochemical impedance spec-

troscopy (EIS) measurement was conducted to study

the ionic diffusion and electronic conductivity of all

prepared electrodes. The Nyquist plots (Fig. 12e) for

prepared electrodes were composed of the semicircle

at the high-frequency region and a straight line at the

low-frequency region [56]. The Nyquist curves were

fitted based on the equivalent circuit model, and the

fitted circuit was displayed in the inset of Fig. 12e. In

general, the intercept of Nyquist plots on the real axis

at the high-frequency region provides internal resis-

tance (Rs) occurring from intrinsic resistance of cur-

rent collector and electrode materials, ionic resistance

of the electrolyte, and contact resistance between the

electrode material and current collector [57]. Mean-

while, the charge transfer resistance (Rct) arises from

the conductivity difference between the solid elec-

trode and liquid electrolyte and the slope of the

straight in the low-frequency region related to the

diffusion resistance (W) [58]. The values of Rct for

prepared electrodes were obtained by fitting the

Nyquist plots data by Zview. The calculated Rct val-

ues are 35.84, 24.73, and 18.66 X for a-Fe2O3

nanoparticles, binary a-Fe2O3/rGO, and a-Fe2O3/

rGO/SnO2 nanocomposites, respectively. The ternary

a-Fe2O3/rGO/SnO2 nanocomposites show a lower

charge transfer resistance (Rct) than other materials

Fig. 11 GCD curves a a-Fe2O3 nanoparticles, b binary a-Fe2O3/rGO, and c ternary a-Fe2O3/rGO/SnO2 nanocomposites at different

current densities

8336 J Mater Sci: Mater Electron (2022) 33:8327–8343



Fig. 12 a Comparison of CV curves of a-Fe2O3 nanoparticles,

binary a-Fe2O3/rGO, and ternary a-Fe2O3/rGO/SnO2

nanocomposites at a scan rate of 5 mV/s. b Comparison of GCD

curves of a-Fe2O3 nanoparticles, binary a-Fe2O3/rGO, and ternary

a-Fe2O3/rGO/SnO2 nanocomposites at current densities1 A g-1.

c The gravimetric specific capacitance of a-Fe2O3 nanoparticles,

binary a-Fe2O3/rGO, and ternary a-Fe2O3/rGO/SnO2

nanocomposites at different current densities. d Comparison of

specific capacitance of a-Fe2O3 nanoparticles, binary a-Fe2O3/

rGO, and ternary a-Fe2O3/rGO/SnO2 nanocomposites at a constant

current density of 1 A g-1. e Nyquist plots of a-Fe2O3

nanoparticles, binary a-Fe2O3/rGO, and ternary a-Fe2O3/rGO/

SnO2 nanocomposites. Inset shows the equivalent circuit model

and a magnified view of Nyquist plots in the high-frequency

region. f Cycle performance of ternary a-Fe2O3/rGO/SnO2

nanocomposites at a current density of 10 A g-1
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due to their higher electrical conductivity [59]. Fur-

thermore, a more vertical line in the low-frequency

region with a higher slope for the a-Fe2O3/rGO/

SnO2 nanocomposites indicates the faster ion diffu-

sion rate [27]. The cyclic stability test was performed

to study the practical feasibility of the electrode

material. Figure 12f depicts the electrochemical cyclic

stability of the a-Fe2O3/rGO/SnO2 nanocomposites

for 10,000 GCD cycles at the current density of 10 A

g-1. The specific capacitance retention of the a-
Fe2O3/rGO/SnO2 nanocomposites is 98.7% after

10,000 GCD cycles. The higher capacitance retention

is mainly due to the lower charge transfer resistance

of ternary nanocomposite [60]. The outstanding

electrochemical performances of the a-Fe2O3/rGO/

SnO2 nanocomposites are mainly attributed by the

following virtues:

(1) The a-Fe2O3 nanoparticles are embedded on

high surface area nanosheets provide abundant

electrochemical active sites, increases the

accessible surface area, and lead to enhance-

ment in the electrochemical reaction kinetics.

(2) The conductive rGO backbone in the nanocom-

posite extremely improved the electrical con-

ductivity which hinders the charge transfer

resistance and promoted the rapid electron

transfer process.

(3) The SnO2 nanoparticles in the composite matrix

further increased the electrical conductivity and

mechanical strength of the whole system, thus,

enhancing the electrochemical performances

and cyclic stability.

Further, the practical usage of a-Fe2O3/rGO/SnO2

electrode material was verified by assembling of ASC

device using the as-prepared material on NF as a

positive electrode and rGO on NF as a negative

electrode with Whatman 40 filter as a separator and

PVA/6 M KOH as a gel electrolyte. First, the

potential windows of both positive (a-Fe2O3/rGO/

SnO2) and negative (activated carbon) electrodes

were separately identified by CV measurement, as

shown in Fig. 13a. To establish the stable operating

potential window of the ASC device, the CV curves

were recorded within the different potential win-

dows from 0 to 0.6 V, 0 to 0.8 V, 0 to 1.0 V, 0 to 1.2 V,

and 0 to 1.4 V) at 100 m Vs-1 and similarly, GCD

curves were recorded at 1 Ag-1 (Fig. 13b and c).

Figure 13d depicts the CV curves of ASC at different

potential scan rates (0.6 V, 0.8 V, 1.0 V, 1.2 V, and

1.4 V) within the potential window of 0.0–1.4 V. The

shape of the curves does not change much with

increasing scan rate, suggesting good reversibility for

the electrode materials. Moreover, the CGD curves

were obtained within the different potential windows

like CV measurement at different scanning rates (1, 3,

5, 7, and 10 A g-1), shown in Fig. 13e. It can be

observed that the ASC demonstrates stable electro-

chemical behavior with excellent reversibility within

the potential window of 0 to 1.4 V. The specific

capacitances of the ASC were calculated for different

current densities using Eq. 2, shown in Fig. 13f. ASC

has exhibited the highest specific capacitance of 92.6

Fg-1 at a current density of 1 Ag-1. Further, the

energy and power densities of assembled ASC are

calculated using Eq. 3 and Eq. 4, respectively. Fig-

ure 13 g shows the plot between calculated power

and energy densities for different applied current

densities. ASC can deliver the highest energy density

of 25 Wh kg-1 at a power density of 2647 Wkg-1 for

an applied current density of 1 A g-1. The cycle life of

the ASC has investigated up to 5000 GCD cycles at a

current density of 10 A g-1, and corresponding

capacitance retention data are plotted in Fig. 13h.

4 Conclusions

In summary, we reported a synthesis of a-Fe2O3

nanoparticles, binary a-Fe2O3/rGO, and ternary a-
Fe2O3/SnO2/rGO nanocomposites by a one-step

hydrothermal method for supercapacitor applica-

tions. The ternary a-Fe2O3/SnO2/rGOnanocomposite

provided a higher specific capacitance 821 Fg-1 at a

current density of 1Ag-1 than a-Fe2O3 nanoparticles

and binary a-Fe2O3/rGO nanocomposite. Each com-

ponent in the ternary a-Fe2O3/SnO2/rGO nanocom-

posite played an important role to improve the

specific capacitance. Reduced graphene oxide has

bFig. 13 Electrochemical performance of a-Fe2O3/rGO/SnO2

nanocomposites-based asymmetric supercapacitor (a). CV curves

for different scanning rates between 5 and 100 mV s-1,

b Comparison of GCD curves at different current densities,

c CV curves at different potential windows at 100 mVs-1, d GCD

curves at different potential windows at a fixed current density of 7

Ag-1. e Specific capacitance at different current densities.

f Ragone plots at a current density of 1 A g-1. g Cycle

performance at a current density of 10 A g-1 i Cycle performance

at a current density of 10 A g-1 of ASC device
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been contributed to improving the electrical con-

ductivity and surface of the nanocomposite, and

SnO2 nanoparticles in the composite also improved

the electrical conductivity and specific capacitance.

Moreover, the ternary nanocomposite maintains

98.7% retention of the first cycle capacity after 10,000

cycles at 10 A g-1. The assembled ASC has an

attractive specific capacitance, energy densities, and

power densities within a potential window of

0.0–1.4 V in the alkaline polymer electrolyte and

exhibits almost 92.59% capacitance retention during

5000 cycles. These results demonstrated that the

ternary a-Fe2O3/SnO2/rGO nanocomposite would be

the potential and promising supercapacitor electrode

materials.
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