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a b s t r a c t

Bi2O3 rods/RGO composite has been synthesized by a simple precipitation and calcination method. The
crystallnity, structural, and morphological features were studied by X-ray diffraction (XRD), field-
emission scanning electron microscopy (FE-SEM), and high resolution transmission electron microscopy
(HR-TEM) techniques. The supercapacitor behavior was studied using cyclic voltammetry, galvanostatic
charge discharge and impedance analysis, respectively. TheBi2O3 rods/RGOnanocomposite exhibits amax-
imum specific capacitance of 1041 F g�1 at a current density of 2 A g�1. The photocatalytic activity of Bi2O3

rods/RGO composite was evaluated by photocatalytic degradation of methylene blue (MB) dye under
visible-light irradiation. The enhancement of photocatalytic properties of Bi2O3 rods/RGO composite attrib-
uted to the synergistic effect between Bi2O3 rods and graphene sheets which effectively prevents recombi-
nation of the photogenerated electron-hole pairs in Bi2O3 rods. The present study provides a new approach
in improving the performance of Bi2O3 rods/RGO composite in energy and environmental applications.
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1. Introduction

Electrochemical capacitors or supercapacitors are supposed to
be a kind of promising candidate for energy storage devices owing
to their high power density and long cycle life [1–3]. There are two
types of supercapacitors in practice namely, electrochemical dou-
ble layer capacitors (EDLCs) and pseudocapacitors. In EDLCs, the
energy is stored electrostatically at the electrode-electrolyte inter-
face of the double layer, while in pseudocapacitors, charge storage
occurs by redox reactions on the electrode surface [4,5]. Therefore,
the capacitive performance of supercapacitor mainly depends
upon the physical and chemical properties of the electrode materi-
als. Metal oxides like RuO2 [6], NiO [7], MnO2 [8], Bi2O3 [9], and
conducting polymers [10,11] are conventional pseudocapacitive
materials. Thus, the pseudocapacitor materials hold the potential
for the next generation of supercapacitor electrodes [12]. The main
drawbacks of pseudocapacitive electrodes are poor conductivity,
sluggish redox reaction, and intrinsic structural degradation during
the charging-discharging process [13]. To overcome this problem,
much efforts have been devoted to combine pseudocapacitor elec-
trode with carbonaceous materials solve these issues [14]. How-
ever, the previous reports clearly indicated that the incorporation
of carbon materials on pseudocapacitor materials can dramatically
improves the specific surface area [15].

On the other hand, photocatalysis is an advanced oxidation pro-
cess, which showed a good performance in degradation of organic
pollutants [16]. The environmental pollutants can be effectively
degraded with the presence of active species like hydroxyl and
superoxide radicals, which are generated by heterogeneous photo-
catalysts under an appropriate light irradiation [17]. Compared
with other usual treatment methods, photocatalytic processes
exhibited the salient features of non-toxicity and excellent stability
for consequent cycle usage [18]. Many works showed that bismuth
based materials like Bi2WO6 [19], BiVO4 [20], Bi2O3 [21], and Bi2S3
[22] have good visible-light photocatalytic activity and superior
electrochemical properties.

Among them, bismuth oxide (Bi2O3) is a promising semiconduc-
tor material for environmental and energy applications, due to its
excellent photocatalytic performance, refractive index, and photo-
luminescence properties [23]. These unique properties have made
as suitable for the important applications such as gas sensors [24],
fuel cells [25], optical coatings [26], supercapacitors [27], photocat-
alysts [28], and photovoltaic devices [29]. To date, many Bi2O3

nanostructures have been successfully synthesized, including rods,
belts, flakes, particles, and thin films [30].

The application of Bi2O3 in supercapacitors was first reported by
Gujar et al. [31]. The Bi2O3 films were prepared by electrodeposi-
tion method and exhibited specific capacitance of 98 F g�1. Yuan
et al. [32] reported bismuth oxide/worm-like carbon composite
using microwave approach and exhibited maximum specific
capacitance of 386 F g�1. Huang et al. [33] prepared rod-like
Bi2O3 by sol-gel method and demonstrated specific capacitance
of 528 F g�1 at the scan rate of 5 mV s�1. Wang et al. [34] synthe-
sized Bi2O3/graphene by a solvothermal approach and the specific
capacitance of 255 F g�1 was obtained at a current density of
1 A g�1. It is important to note that the synthesis of Bi2O3 incorpo-
rated carbon composites materials could enhance the electrochem-
ical properties.

To further improve the visible-light photocatalytic activity of
Bi2O3, many studies have been done. Graphene is one of the most
studied versatile material to combine with Bi2O3, owing to its large
surface area, high electronic conductivity and excellent electro-
chemical properties [35]. In addition, graphene was exploited as
one of the most promising candidates for supercapacitor electrodes
which provide long cycle life for supercapacitors [36]. Both the

excellent electronic conductivity of graphene and the pseudoca-
pacitive nature of Bi2O3, they can work together to gain the higher
specific capacitance and long cycle stability in supercapacitors
[37].

Herein, we report a simple and cost effective technique for the
synthesis of Bi2O3 rods/RGO composite using simple precipitation
and calcination method. This hybrid material exhibited higher
specific capacitance and better cyclic stability. Furthermore, the
photocatalytic properties of the Bi2O3 and Bi2O3 rods/RGO compos-
ite was evaluated through the degradation of MB dye under
visible-light irradiation. Finally, a possible mechanism for
enhanced photocatalytic activity and electrochemical properties
was proposed.

2. Experimental

2.1. Materials

All chemicals used in this present study were of analytical grade
and used without any further purification. Bismuth nitrate pen-
tahydrate (Bi(NO3)3�5H2O), potassium hydroxide, polyethylene
glycol 6000 (PEG), potassium permanganate, sodium nitrate,
hydrogen peroxide (30%), and sulphuric acid (98%) were obtained
from SRL Chemicals private, Ltd. India. Graphite powder was
obtained from Loba Chemicals, India.

2.2. Synthesis of Bi2O3 rods/RGO composite

Graphene oxide (GO) was prepared according to our previous
reported literature [38]. The Bi2O3 rods/RGO nanocomposite was
prepared as follows. First, 0.45 g of (Bi(NO3)3�5H2O) and 0.015 g
of GO was dissolved in 50 ml of dilute nitric acid (0.1 M) and it
was placed in an ultrasonic bath and irradiated for 30 min to form
a homogenous suspension at temperature of about 25 �C. Then,
0.25 g of KOH was added to the above solution and irradiated for
another 10 min at the same temperature to get a pale yellow sus-
pension. Then, the prepared sample was separated and dried in
oven at a temperature of 60 �C for 8 h. Finally, the product was sub-
ject to calcination with a heating rate of 5 �C/min for 4 h at 500 �C.
The pure Bi2O3 rods were also prepared by the similar procedure
except for the addition of GO sheets.

2.3. Characterization techniques

Powder X-ray diffraction (XRD) study was performed with
Xpert-Pro-PAN analytical instrument with Cu-Ka radiation
(45 kV, 30 mA, k = 0.15418 nm) between the 2 theta values of 10
and 70�. Field-emission scanning electron microscopy (FESEM,
Hitachi S-4800, Japan), transmission electron microscopy (Hitachi
H7650 electron microscope), and energy-dispersive X-ray spec-
troscopy (EDS) were used to characterize surface morphology
and chemical compositions of the Bi2O3 rods/RGO nanocomposite.
Raman spectra were recorded using Nanophoton confocal Raman
micro spectrophotometer at visible light range of 532 nm. Fourier
transform infrared (FT-IR) spectrum was analyzed using PERKIN
ELMER RX-1 FT-IR spectrophotometer. UV–vis diffused reflectance
spectra (UV–vis DRS) of Bi2O3 and Bi2O3 rods/RGO nanocomposite
were obtained using UV-2450 (Shimadzu) UV–vis spectropho-
tometer. Electrochemical and photocurrent studies were carried
out by CHI660D electrochemical workstation.

2.4. Electrochemical measurements

The working electrodes for super capacitor studies were pre-
pared as follows. Briefly, the graphite sheet electrode (1 � 1 cm2)
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washed with acetone and dried at 65 �C under vacuum. The active
material (80 wt%), acetylene black (10 wt%), and PTFE (10 wt%)
were mixed uniformly to form a homogenous slurry using ethanol
as the solvent. Then, the slurry was coated onto the pretreated gra-
phite sheet electrode and dried at 70 �C. Electrochemical studies
were carried out in a 6M potassium hydroxide (KOH) electrolyte
at room temperature. A platinum wire was used as the counter
electrode and Ag/AgCl was used as the reference electrode. The
active material mass of the electrode was about 2 mg. Cyclic
voltammetry (CV) studies were carried out in the potential win-
dow range of -1.0 to 0.0 V at different scan rates (2–40 mV s�1).
The galvanostatic charge-discharge (GCD) studies were performed
at various current densities (2–8 A g�1) over a potential window
from �1.0 to 0.0 V. Electrochemical impedance spectroscopy (EIS)
studies was recorded in a frequency range from 0.01 Hz to10 kHz.

2.5. Photo-electrochemical studies

In a typical working electrode preparation, 3 mg of the catalyst
was ground with 5 mL of polyethylene glycol and 10 mL of deion-
ized water to make homogeneous slurry. The slurry was coated
with conducting side of the FTO glass plate by doctor blade
method. Then, it was dried in hot air oven. The 0.1 M Na2SO4

was used as electrolyte and 100W halogen lamps were used as
the visible-light source. The photoelectrochemical properties were
investigated with a electrochemical workstation in a conventional
three electrode system with a Pt-wire as a counter electrode, Ag/
AgCl (in saturated KCl) as a reference electrode and active material
coated FTO glass plate as a working electrode respectively.

2.6. Evaluation of photocatalytic activity

The photocatalytic activities of the synthesized materials were
evaluated through the degradation of MB dye under visible-light
irradiation. A 300W xenon lamp was used as the visible-light
source and the irradiation time was optimized as 175 min. The
temperature of the reactor was adjusted by a water bath circula-
tion system. In all experiments, the as-synthesized photocatalysts
(0.1 g) were added to 100 mL aqueous solution of MB (10 mg/L)
aqueous solution without any pH adjustment. The suspension
was ultrasonicated for 2 min and stirred at a speed of 500 rpm
for 20 min in the dark condition before the irradiation, in order
to achieve an adsorption-desorption equilibrium between the MB
dye and the photocatalyst. During each photocatalytic experiment,
2 mL of the aliquot was collected and the concentration of MB was
evaluated using a UV–vis spectrophotometer by measuring the
maximum absorbance wavelength at 663 nm.

3. Results and discussion

3.1. XRD analysis

The crystal structure and purity of the synthesized Bi2O3 and
Bi2O3 rods/RGO composite were determined by XRD analysis.
Fig. 1 shows the XRD patterns of GO, Bi2O3 and Bi2O3 rods/RGO
composite, respectively. The XRD pattern of the pure GO shows a
prominent peak at (2h = 10.7�) corresponding to the (002) reflec-
tion of the GO, viewing that complete oxidation of graphite into
the graphene oxide. The XRD patterns of Bi2O3 and Bi2O3/RGO com-
posite confirms that the Bi2O3 exhibits monoclinic phase with
space group of P21/c. The diffraction peaks present in the XRD
was well-indexed with JCPDS card no: 41-1449. No other diffrac-
tion peaks related with any impurities were detected in the XRD
spectrum of both Bi2O3 and Bi2O3 rods/RGO composite, which fur-
ther confirms that the prepared materials are in the pure form [39].

Moreover, no obvious peak of RGO can be observed, that might
attribute to the high crystallanity of Bi2O3 and lesser weight per-
centage of RGO in the nanocomposite [40].

3.2. FT-IR spectroscopy

FT-IR spectroscopy was used to identify the chemical bonding
in the GO, RGO, Bi2O3 and Bi2O3/RGO composite, as shown in
Fig.2. In the spectrum of pure GO, the broad peak around the
3355 cm�1can be attributed to the OAH stretching vibration. The
strong absorption bands at the 1733 cm�1and 1630 cm�1are attrib-
uted to the C@O and C@C stretching vibrations, respectively
[35,36]. The peaks around 1403 cm�1 is corresponding to the
stretching vibrations of CAO respectively. FTIR spectrum of the
pure Bi2O3 shows major absorption peaks at 847 cm�1,
1363 cm�1, 1648 cm�1 respectively. The peak at 847 cm�1 is due
to the symmetrical stretching vibration of the BiAOABi group of
the BiO3 pyramidal unit. The peak at 1092 cm�1 is ascribed to
OAO stretching mode. The absorption at 1363 cm�1 is due to
stretching vibration of BiAO bond. Furthermore, the peak at
1650 cm�1 is assigned to surface carbonate species [9,21]. The
main characteristic peaks of BiAOABi and BiAO stretching vibra-
tion in pure Bi2O3 show slight shift to lower wave number in
Bi2O3/RGO composite. This shift confirms the formation of close
interaction between the Bi2O3 and RGO counterparts of the
composite.

3.3. Raman spectroscopy

The Raman spectra of GO and Bi2O3/RGO composite are pre-
sented in Fig.3. The Raman spectrum of GO shows two prominent
peaks at 1345 cm�1(D band) and 1575 cm�1 (G band). The D band
is a common feature for sp3 defects in carbon, and the G band pro-
vides an information about in-plane vibration of sp2-bonded car-
bon atoms in a two dimensional hexagonal lattice. The
broadening of the D and G bands is due to the introduction of oxy-
gen functional groups during the oxidation process such as hydrox-
yls and epoxides. The Raman spectrum of Bi2O3 rods/RGO
composite shows remarkable shifts and the D and G bands appear
at 1339 and 1590 cm�1, respectively [35]. Compared to the pure
GO, the Bi2O3 rods/RGO composite shows an increment in ID/IG
ratio (0.98–1.05) [36]. The increased ID/IG ratio in the Bi2O3 rods/
RGO composite suggests that a decrease in the size of sp2 domains
upon the removal of oxygen functional groups in GO [37].

3.4. Morphological studies

FE-SEM images of the Bi2O3 and Bi2O3 rods/RGO composite
were shown in Fig. 4(a–d). Fig. 4a and b shows the FE-SEM image
of the Bi2O3, which revealed that the as-synthesized Bi2O3 possess
a unique rod-shape structure which are grown with high density.
The diameters of the rods are in the range of 1–1.5 lm while the
average lengths are in the range of 2-4 lm respectively. Fig.4(c
and d) shows the typical FE-SEM image of Bi2O3 rods/RGO compos-
ite, which shows that the RGO sheets wrapped tightly on the sur-
face of the Bi2O3 rods. Thus, the flexible and good conductive
nature of RGO could provide excellent conducting pathway for this
composite as good photocatalyst and supercapacitor [41].

Fig. 5(a–d) exhibits the HR-TEM images of the prepared Bi2O3

and Bi2O3 rods/RGO composite. The HR-TEM images are in full con-
sistent with FE-SEM results in terms of morphology as well as
dimensionality. Fig. 5(a and b) shows typical HR-TEM images for
a single micro-rod, which revealed that the synthesized nanorods
possessing smooth as well and clean surface with ultra fine
cutting edges. The HR-TEM image (Fig. 5c) taken from the edge
of the Bi2O3 rods reveals that the lattice fringe of about
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0.330 nm, corresponding to the (120) plane of monoclinic phase of
Bi2O3, which is consistent with the XRD results [42]. Fig. 5d shows
the uniform deposition of Bi2O3 micro-rods in RGO sheets which
confirm the successful preparation of Bi2O3 rods/RGO composite.

3.5. EDS elemental mapping analysis

EDS mappings were performed to investigate the elemental dis-
tribution and purity of the Bi2O3 rods/RGO composite and the

results are shown in Fig. 6(a–d). The EDS mapping of the elements
indicate that the Bi2O3 has homogeneously deposited over the RGO
sheets, which supports the corresponding FE-SEM results. Addi-
tionally, the existence of Bi, C, and O in the nanocomposite has
been proved by the representative peaks in the EDS data
(Fig. 6a). Thus, Bi and O elements originated from the Bi2O3, and
the C peak arises from the RGO counterparts of the composite
(Fig. 6b–d).

3.6. Electrochemical studies

To explore the energy storage behavior of the Bi2O3 rods/RGO
composite, cyclic voltammetry (CV) and galvanostatic charge dis-
charge (GCD) studies were carried out in 6 M KOH electrolyte.
Fig. 7a shows CV curves of the Bi2O3 and Bi2O3 rods/RGO composite
between the potential window of �1.0 to 0 V at a scan rate of
2 mV s�1. A pair of redox peaks is observed for the Bi2O3 electrode
confirming the significant influence of pseudocapacitive nature
[43]. The redox peaks at �0.53 and 0.79 V for the Bi2O3 could be
attributed to the reversible redox reactions of Bi3+ to metallic Bi

Fig. 1. XRD patterns of the Bi2O3 and Bi2O3 rods/RGO composite.

Fig. 2. FT-IR spectra of the GO, RGO, Bi2O3, and Bi2O3 rods/RGO composite.

Fig. 3. Raman spectra of the GO and Bi2O3 rods/RGO composite.
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[44]. The small peak around �0.6 V is due to the catalytic induction
or the oxidation of some untransformed Bi0 during the process. The
CV curves of the Bi2O3 rods/RGO composite and the pure Bi2O3 are
fairly similar in shape. Moreover, it is observed that the onset
potential of the oxidation and reduction peaks of the Bi2O3/RGO
shifts slightly compared to that of the pure Bi2O3. The peak current
of the redox couple for the Bi2O3 rods/RGO composite are higher
than those of the bare Bi2O3. Obviously, the CV curves of the

Bi2O3 rods/RGO composite display larger integrated area than the
Bi2O3 at the same scan rate, revealing the higher energy storage
capacity of the electrode material [45]. The CV curves of Bi2O3

and Bi2O3 rods/RGO composite electrodes at various scan rates
(2–40 mV s�1) are demonstrated in (Fig. 7b and c). As the scan rate
increases, the cathodic peak position shifts to a lower potential and
the anodic peak position shifts to a higher potential, which is
attributed to the polarization effect of the electrode [46].

Fig. 6. EDS mapping analysis of the Bi2O3 rods/RGO composite.

Fig. 7. (a) CV curves of the Bi2O3 and Bi2O3 rods/RGO composite compared at 2 mV/s; (b) CV curves of the Bi2O3 and Bi2O3 rods/RGO composite recorded at various scan rates.
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Galvanostatic charge-discharge (GCD) is a reliable method to
estimate the specific capacitance of the supercapcitor electrode
materials. GCD curves of the as synthesized Bi2O3 and Bi2O3/RGO
nanocomposite at different current densities (2–8 A g�1) between
the potential window of �1.0 to 0 V are shown in Fig. 8(a and b).
As consistent with the CV studies, the non linear behavior of
charge-discharge curves at various current densities further con-
firms the pseudocapacitance nature of the Bi2O3/RGO nanocom-
posite [47]. It can be clearly observed that the very long
discharge time of Bi2O3 rods/RGO composite compared with the
pure Bi2O3 reveals that it has superior charge storage capacity than
the pure Bi2O3. The specific capacitance values were calculated
from the GCD curves by using the following equation [48]

SC ¼ I � Dt
DV �m

F g�1 ð1Þ

where I (A) is the discharged current, Dt (s) is the discharge time,
DV (V) represents the potential drop, and m (g) is the mass of the
active material [49].

The specific capacitance of Bi2O3 rods/RGO composite electrode
are calculated to be 1041, 568, 465, and 236 F g�1 at current den-
sities of 2, 4, 6, and 8 A g�1, respectively, which are much higher
than that of the pure Bi2O3 electrode at the same current densities
(891, 500, 306, and 230 F g�1). The calculated specific capacitance
as a function of current density is shown in Fig. 9. At lower current
densities, the electrolyte ions have enough time to access interior
parts of the electrode active material leading to the higher specific
capacitance [50]. Furthermore, the electrode active material exhi-
bits lower specific capacitance values at higher current densities
due to the electrolyte ions does not have sufficient time to interca-
late the active material completely [51].

Table 1 summarizes the capacitive performance of previously
reported bismuth based electrode materials in terms of specific
capacitance. The calculated specific capacitance of 1041 F g�1

obtained from the charge–discharge curve of the Bi2O3 rods/RGO
composite material was quite higher than the previously reported
composite electrode materials.

3.6.1. Electrolyte effect
In order to study about the effect of electrolyte in supercapaci-

tor performance, the cyclic voltammetric studies and galvanostatic
charge-discharge studies were also performed in 1 M NaCl solution
to investigate the supercapacitor of the Bi2O3, Bi2O3 rods/RGO com-
posite in deoxygenated electrolyte (Fig. S1a–d). As can be seen, the
CV curves are closely resembles to KOH electrolyte, which indi-
cates the capacitance mainly resulted by pseudo-capacitance. The
redox behavior in terms of peak of the Bi2O3 in NaCl solution is

quite differing from the behavior of alkaline solution (KOH) and
it is based on the intercalation of sodium ions into the crystalline
structure of the Bi2O3 [43]. The GCD studies confirms that the
specific capacitance greatly decreases as 6 M KOH (1041 F g�1)
> 1 M NaCl (300 F g�1). Therefore, higher the concentration of
OH- ion facilitates the redox reaction of Bi2O3and lead to more
stored charge at electrode surface.

The resistive behavior of the pristine Bi2O3 and Bi2O3 rods/RGO
composite electrodes were analyzed using electrochemical impe-
dance spectroscopy (EIS) measurements. The representative
Nyquist plots of the Bi2O3 and Bi2O3 rods/RGO composite are pre-
sented in Fig. 10. In addition, the enlarge view of the same plot is
presented in the inset of this figure. The Nyquist plot shows a semi-
circle in the high-frequency region and a straight line in the low-
frequency region. The semicircle at the high-frequency region
implies the charge transfer resistance value (Rct), and the straight
line in the low-frequency region implies the diffusive resistance
[52]. Thus, the Bi2O3 rods/RGO composite electrode exhibits a
smaller radius of semicircle in the high frequency region and a lar-
ger slope line in the low-frequency region compared with the pure
Bi2O3 electrode, confirming that the fast charge transfer and ion
diffusion processes happened at electrode material [53]. The Rct

values observed for the Bi2O3 and Bi2O3 rods/RGO composite are
1.3 and 10.9X, respectively. It is noted that the Rct value of Bi2O3

Fig. 8. Galvanostatic charge-discharge curves of (a) pure Bi2O3 and (b) Bi2O3 rods/RGO composite at different current densities.

Fig. 9. Variation of specific capacitance of the pure Bi2O3 and Bi2O3 rods/RGO
composite as a function of current density (Inset of figure) galvanostatic charge-
discharge curves of the pure Bi2O3 and Bi2O3 rods/RGO composite electrodes at
2 Ag�1.
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rods/RGO composite is lower than that of the bare Bi2O3. The lower
charge transfer resistance for the composite electrode confirms the
usefulness of adding RGO to the bare Bi2O3. Here RGO acts as con-
ductivity booster and lowered the Rct value of composite material.
Due to lower value of Rct, the Bi2O3 rods/RGO composite shows
good electrochemical performance.

The cyclic stability is another important factor for commercial
exploitation of electrode material. The cycle life test was carried
out for over 1000 cycles at 2 A g�1 for the both prepared electrodes.
Fig. 11 displays that the specific capacitance of the Bi2O3 rods/RGO
composite electrode increases gradually and reaches the highest
value after 100 cycles, and thereafter slightly decreases, which

mainly due to activation of the electro active materials [54]. The
specific capacitance retention for the Bi2O3/RGO nanocomposite
electrode is about 94% after 1000 cycles, which is much better than
80% capacitance retention for the Bi2O3 electrode after the same
cycles. This specific capacitance loss after several cycles is due to,
the volume distortion of electrode materials caused by swelling
or shrinkage during the reversible redox process [55]. However,
in the Bi2O3 rods/RGO composite, graphene plays a crucial role in
preventing the volume distortion of Bi2O3 counterpart during the
redox process, subsequently improving the cyclic stability [56]. It
is observed that this higher electrochemical performance of the
prepared Bi2O3 rods/RGO composite could be attributed to the fol-
lowing reasons: (i) the in situ synthesis of the Bi2O3 rods/RGO com-
posite provide effective interfacial contact between Bi2O3 rods and
RGO nanosheets. (ii) The well-dispersed RGO with a high surface
area in the composite provides a high conducting pathway, result-
ing in fast electron transfer and ion transport during the charging
and discharging process [57].

3.7. UV–vis DRS analysis

The UV–vis DRS spectra of the prepared Bi2O3 and Bi2O3 rods/
RGO composite were recorded in the range of 200–900 nm. As
shown in Fig. 12a, it can be obviously seen that Bi2O3 has a clear
absorption edge around 464 nm in the visible-light region [58].
Compared with the spectrum of Bi2O3, the absorption edge of the
Bi2O3 rods/RGO composite shows a slightly shift in to the higher
wavelength (482 nm). A plot of the transformed Kubelka-Munk
function of light energy (ahv)2 vs. energy (hv) is also shown in
Fig. 12b. The band gaps of as-prepared photocatalysts are calcu-
lated as 2.82 and 2.75 eV respectively for the Bi2O3, and Bi2O3

rods/RGO composite [59]. This enhanced visible-light absorption
ability of the nanocomposite will increase the degradation rate of
MB dye.

3.8. Photocurrent studies

In order to confirm the photo-induced charge separation effi-
ciency of the as-prepared Bi2O3, and Bi2O3 rods/RGO composite,
the photocurrent studies were carried out and the results are
shown in Fig. 13. Upon illumination, the photocurrent values
increases sharply reaching a steady state and the current intensity
returns quickly to the normal state when the light is turned off
[60]. The presence of RGO leads to the enhancement of transient
photocurrent response in Bi2O3 rods/RGO composite. Moreover,
the transient photocurrent is fast, steady and reproducible during
the consecutive cycles. Photocurrent results shows that addition
of RGO to the Bi2O3 matrix reduces effectively the recombination
rate of electron-hole pairs [61].

3.9. Photocatalytic degradation experiments

Fig. 14 shows the photocatalytic degradation profiles of MB over
the Bi2O3 and Bi2O3 rods/RGO composite photocatalysts. It can be

Table 1
Summary of electrochemical performance of bismuth based electrode materials.

S. No Electrode material Electrolyte Specific capacitance Reference

1 Bi2O3 rods 6M KOH 528 Fg�1 [9]
2 Bi2O3/activated carbon 1M Li2SO4 99.5 Fg�1 [65]
3 Bi2O3 @MnO2 1M Na2SO4 139.4 Fg�1 [66]
4 Bi2O3/carbon 6M KOH 235 Fg�1 [32]
5 Bi2O3 film 1M NaOH 98 Fg�1 [31]
6 Bi2O3 rods/graphene 6M KOH 1041 Fg�1 This work
7 Bi2S3/graphene 2M KOH 290 Fg�1 [38]

Fig. 10. Electrochemical impedance spectroscopy (EIS) plots of the pure Bi2O3 and
Bi2O3 rods/RGO composite.

Fig. 11. Cyclic stability of the Bi2O3 rods/RGO composite at 2 Ag�1 upto 1000 cycles.
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seen that MB shows mild degradation in the absence of any photo-
catalyst, reflecting high stability of MB molecules under the
visible-light irradiation. It should be noted that the Bi2O3 rods/
RGO composite exhibits increased adsorption ability for MB mole-
cules than the pure Bi2O3. The higher adsorption capacity of MB
dye over the surface of Bi2O3 rods/RGO composite can be beneficial
for the improvement of photocatalytic degradation. However,

obvious degradation of MB was observed in the presence of
Bi2O3, where nearly 67% of the MB dye was degraded. It can be seen
that the photocatalytic activity of Bi2O3 was dramatically improved
after the modification with RGO. Thus, the Bi2O3 rods/RGO com-
posite shows the highest photocatalytic activity (96%) which is
quite higher than that of the pure Bi2O3 (Fig. 14a). The positive
effect of RGO on the photocatalytic activity of the Bi2O3 sample
can be ascribed to the strong interaction between Bi2O3 and highly
conductive RGO sheets which facilitate the separation of electron-
hole pairs [62]. The capability of reuse is one of the most serious
issues for an ideal photocatalyst. Hence, the reusability and stabil-
ity of the Bi2O3 rods/RGO composite was investigated [63]. The
sample was collected after each degradation experiment and
reused for three times. Fig. 14b shows the results of three succes-
sive MB degradation runs under the same experimental conditions.
It can be seen that the Bi2O3 rods/RGO composite exhibits only 12%
loss of its activity, which confirms the stability of the photocatalyst
for degradation of MB pollutant [64]. Furthermore, the crystalline
nature and structural stability of Bi2O3 rods/RGO composite was
maintained even after the degradation of MB. Fig. 15 shows the
XRD patterns of Bi2O3 rods/RGO composite which represents an
unchanged crystalline structure, even after performing the photo-
catalytic experiments for three times, further implying the excel-
lent stability and no phase transformation during the visible-
light illumination [28,29]. Fig.16 depicts that the degradation rate
constant (k value) of MB over the RGO, Bi2O3 and Bi2O3 rods/RGO
composite samples are 0.0021, 0.0075, and 0.0132 min�1,
respectively. Hence, photocatalytic activity of the Bi2O3 rods/RGO

Fig. 12. UV–vis DRS spectra of the pure Bi2O3 and Bi2O3 rods/RGO composite.

Fig. 13. Photocurrent studies of the pure Bi2O3 and Bi2O3 rods/RGO composite.

Fig. 14. (a) Plots of C/C0 versus the irradiation time; (b) cyclic stability of the Bi2O3 rods/RGO composite towards MB degradation under visible-light irradiation.
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composite is higher than those of the pure RGO and Bi2O3 samples.
This increase in the degradation rate constant confirms the exis-
tence of a synergistic effect between RGO and Bi2O3 counterparts
in the composite.

4. Conclusions

The Bi2O3 rods/RGO nanocomposite has been successfully syn-
thesized by using simple precipitation and calcination method.
As compared with the Bi2O3 electrode, Bi2O3 rods/RGO composite
electrode exhibits higher capacitive performances due to the addi-
tional contribution from RGO. A maximum specific capacitance of
1041 F g�1 obtained at a current density of 2 A g�1 for the Bi2O3

rods/RGO composite as compared with 891 F g�1 for the pure
Bi2O3. Therefore, this Bi2O3 rods/RGO composite is considered as
a supercapacitor material. Furthermore the strong interfacial con-
tact between the RGO sheets and Bi2O3 counterparts in the com-
posite enhances the photocatalytic activity of Bi2O3 rods/RGO
composite. Photocatalytic experiments showed that the Bi2O3

rods/RGO composite effectively degraded the MB dye (96%) under
the visible light irradiation. Hence this Bi2O3 rods/RGO composite
has potential to be applied in energy and environmental purposes.
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