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Highly (201)-oriented -Bi>Oz-decorated reduced graphene oxide (rGO) composites were prepared via
a novel route using GO and bismuth nitrate as the raw materials in various mass ratios. First, GO
solutions were obtained using the improved Hummer’s method, and then the highly (201)-oriented B-
Bi>Oz-decorated rGO composites were prepared by novel treatments after a hydrothermal treatment.
The galvanostatic charge-discharge measurement results revealed that the composite with a GO:
bismuth nitrate mass ratio of 1:1.2 exhibited the maximum specific capacitance of 196 F gt at1 A g*
in a 1 M KOH electrolyte. The as-obtained electrode maintained a minimum capacitance of 99.6%
with excellent reversibility even after 3000 charge-discharge cycles. The electrochemical impedance
spectroscopy results revealed that the as-obtained highly (201)-oriented B-Bi>Os-decorated rGO
composites showed lower impedance and better capacitance performance than rGO. Hence, the
findings of this study demonstrated that highly (201)-oriented Bi>Oz-decorated rGO composites can be
used as supercapacitor electrodes.

Keywords: B-bismuth oxide; reduced graphene oxide; improved Hummer’s method; capacitance;
electrochemical impedance spectroscopy.

1. INTRODUCTION

Owing to their long cycle life, rapid charging, and high-power density, supercapacitors have
gained immense attention [1-3]. Various metal oxide semiconductors such as NiO [4], RuO2[5], MnO;
[6], TiO2 [7], and Bi203 [8] are used for supercapacitor applications. Among these oxides, nanosized
polycrystalline Bi>Oz offers large surface area, electrochemical stability, and pseudo-capacitive
behavior and might make a significant contribution to the advancement of the supercapacitor
technology [9]. Moreover, Bi»Oz is an important metal oxide semiconductor. It has been reported that
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B-Bi203 shows better photoactivity than o-Bi.O3s owing to its narrower band gap and higher optical
absorption in the visible range [10-12].

Gujar et al. [13] synthesized Bi»Oz thin films by electrodeposition and achieved a specific
capacitance of 98 F g in 1 M NaOH at a scan rate of 20 mV s. Chitrada et al. developed a facile
electrochemical anodization process to deposit nanoporous mixed o/f3 phase Bi>Os layers on a bismuth
metal substrate [14]. The as-obtained Bi,O3 layer showed at least two-fold higher specific capacitance
than the values reported for electrodeposited a-Bi>Os. Huang et al. [15] synthesized rod-like Bi2O3
nanoparticles via a sol-gel method using simple precursor salts. Electrochemical studies showed that
rod-like Bi»Os3 exhibits a specific capacitance of 528 F g* at a scan rate of 5 mV s with a low
equivalent series resistance (ESR) value and excellent cyclic stability.

However, a disadvantage of metal oxides is their limited electrical conductivity. The excellent
electrical conductivity and high specific area of graphene make it a promising supercapacitor electrode
material. Nevertheless, graphene aggregation may occur during the fabrication of electrode materials,
leading to the deterioration of its capacitance characteristics. Therefore, transition metal oxides are
used as spacers to prevent the aggregation of graphene sheets and improve their capacitance properties
[16]. The combination of bismuth oxide and graphene can enhance the electrochemical properties of
the overall system.

Activated carbon and Bi.O3 composite materials have been used for supercapacitor applications
[17-19]. However, the use of graphene/Bi»Os to improve the capacitance of supercapacitors is very
limited. Wang et al. [20] synthesized a graphene nanosheet-bismuth oxide composite in an N, N-
dimethyl formamide solution of bismuth cations at 180 °C. Graphene-bismuth oxide composite
electrodes exhibit better capacitive performance than graphene electrodes because of the contribution
of bismuth oxide to the total capacitance. Sun et al. [21] reported a novel alkaline rechargeable Ni/Bi
battery with high performance. This battery was assembled using Ni(OH)./graphene and
Bi>Oz/graphene sheets as the positive and negative electrodes, respectively. These sheets were
synthesized by chemical deposition methods. The resulting Ni/Bi battery exhibited a high discharge
capacity of 102 mAh g* at a discharge rate of 1 C. Recently, Maruthamani et al. [22] used fine cutting
edge-shaped Bi>Os rods/reduced graphene oxide (rGO) nanocomposites for supercapacitor and visible-
light photocatalytic applications. The Bi>O3 rods/rGO nanocomposites were successfully synthesized
using a simple precipitation and calcination method. The Bi>Os rods/rGO composite electrodes
exhibited a capacitive performance superior to that of Bi,Oz electrodes. Moreover, Deepi et al. [16]
prepared pure Bi>Os and graphene/Bi»Oz-based nanocomposite materials via sol-gel methods for
supercapacitor applications. They also carried out the physical/electrochemical characterization of the
nanocomposites. Because of the presence of carbon and pure Bi2O3, the composites exhibited a high
specific capacitance of 136.76 F g™ (at a current density of 0.5 A g*) and excellent cycling stability (>
95 % over 1000 cycles).

Composites of rGO/B-Bi>03z are considered as promising electrode materials for supercapacitor
applications. However, since the crystalline temperatures of different bismuth oxide crystal phases are
very similar, different polycrystalline phases of Bi2Os or other impurities are often added during the
preparation of rGO-B-Bi>O3 composite materials. In addition, it is difficult to obtain high-purity rGO-
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B-Bi.O3 composite materials. To the best of our knowledge, very few reports are available on the
preparation of rGO/B-Bi,O3 composite materials for supercapacitor applications.

In this study, we developed a novel route to synthesize highly (201)-oriented B-Bi2Os-
decorated rGO composites using GO and bismuth nitrate reagents. Furthermore, we characterized the
properties of the rGO/B-Bi.O3 composites with different raw material mass ratios.

2. EXPERIMENTAL

2.1. Synthesis of highly (201)-oriented f-Bi-Oz-decorated rGO composites

GO was prepared using the improved Hummer’s method [23]. First, 500 mL of a strongly
acidic solution was obtained by mixing sulfuric acid and phosphoric acid in a volume ratio of 9:1. A
total of 3 g of natural graphite was added to the above mixture with vigorous agitation. Then, 12 g of
potassium permanganate (KMnOa) was added slowly at 35 °C and the resulting mixture was stirred for
3 h. The reaction temperature was increased to 50 °C with stirring at 600 rpm for 8 h until the mixture
turned brownish. Finally, 10 mL of H20, was poured into the solution to terminate the oxidation of
graphite. Finally, brownish-yellow GO was obtained after centrifugation, acid washing, water washing,
and vacuum drying.

Various GO:Bi(NO3)2-5H,0 mass ratios were used to synthesize the highly (201)-oriented B-
Bi>Os-decorated rGO composite materials. First, the as-synthesized GO (0.1 g) was mixed with 400
mL of de-ionized water. A certain amount of Bi(NO3).-5H.0 was dissolved in 5 mL of a nitric acid
solution. Then, these two solutions were mixed thoroughly. Furthermore, 28 wt.% ammonia water was
added to adjust the pH value of the solution at around 8.5. The mixed solution was ultrasonicated and
was then autoclaved at 180 °C for 12 h. After the completion of the hydrothermal reaction, the rGO-Bi
precursor was removed and washed several times with DI water. Finally, the resulting rGO-Bi
precursor was calcined via a two-step reaction as follows.

First, the precursor was dried at a constant temperature of 80 °C for 12 h in a vacuum oven.
Subsequently, the dried precursor was placed in a furnace at 450 °C for 2 h and was then naturally
cooled under a N2 atmosphere. When the furnace temperature reached 300 °C, the material was
exposed to air. The temperature was then held constant for 30 min and the cooling-down was
completed.

2.2. Characterization of the samples

The physical properties of GO and the as-prepared rGO/B-Bi-O3 composites were investigated
by X-ray powder diffraction (XRD) (RIGAKU, Rint-2000) with Cu Ko radiation (A = 1.5406 A),
Raman spectroscopy (HORIBA, HR550) with charge-coupled device (CCD) detection (=70 °C), and
transmission electron microscopy (TEM) (JEOL, TEM-3010) at an acceleration voltage of 80 kV.
Moreover, the surface morphology of the samples was examined by atomic force microscopy (AFM)
(BRUKER, Dimension Icon). Thermogravimetric analysis (TGA) was carried out in air (on model TA,
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SDT-Q600) using 5-10 mg of the powder samples at a heating rate of 10 °C min up to a maximum
temperature of 800 °C.

2.3 Electrochemical measurements

The rGO/B-Bi>03 mixture with polytetrafluoroethylene as the binder and carbon black as the
conductive additive was dispersed in ethanol and was then mixed homogeneously. The resulting slurry
was coated onto a current collecting graphite paper. The electrochemical properties of the samples
were investigated using a conventional three-electrode cell system in 1 M KOH as the electrolyte by
the cyclic voltammetry (CV, CH Instruments, Model 400) method. The galvanostatic charge/discharge
(GCD) measurements of the samples were carried out at a constant current density of 1 A g within
the same voltage range as that used for the CV measurements. The cycle life of the samples was
evaluated using a source meter (Keithley 2400).

3. RESULTS AND DISCUSSION

3.1 Preparation of the rGO/f-Bi>0O3z composites

Figure 1 shows the XRD patterns of the rGO/B-Bi.O3 composites with different raw material
mass ratios. The broad peak at 20 = 22-26° corresponds to rGO. Moreover, the conversion of the sharp
and high intensity GO peak at 20 = 10° (not shown) to a broad, low intensity peak indicates the
oxidation of GO through the introduction of oxygen-containing functional groups.
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Figure 1. XRD patterns of the rGO/B-Bi»Os composites with different GO: bismuth nitrate mass ratios.
(@) 1:0; (b)1:0.1; (c) 1:0.3; (d) 1:0.6; (e) 1:0.9; and (f)1:1.2
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This oxidation reaction weakened the van der Waals forces between the graphite layers,
resulting in an increase in the interlayer spacing, and hence a shift in the diffraction angle [24].
However, the hydrothermal synthesis involved a high-temperature and high-pressure environment,
which eliminated the oxygen-containing functional groups of GO, causing a portion of graphene to
wrinkle and stack disorderly. This phenomenon caused a few of the as-produced rGO sheets to regain
the (002) crystal plane, resulting in a broad diffraction peak. The diffraction angle shift and the
broadening of the peaks confirm the successful preparation of rGO. Figures 1(b)-2(f) show the XRD
patterns of the rGO/B-Bi.Oz samples with different raw material mass ratios. The XRD peaks
corresponded to the tetragonal phase of B-Bi>O3 (JCPDS # 27-0050). With an increase in the amount of
Bi (by adding the Bi-precursor), the B-Bi>Os content of the rGO/B-Bi>.O3z samples also increased. In the
rGO/B-Bi203 samples, the broad peak at 20 = 23-26° characteristic of rGO could not be observed
clearly because it was obscured by the stronger diffraction peak of 3-Bi2Os.

Furthermore, the relative intensity of the diffraction peak corresponding to the (201) plane (26
= approximately 27.8°) was much stronger than that of the peaks corresponding to the other planes,
indicating that B-Bi.O3z was oriented along the (201) plane (compare to JCPDS # 27-0050). The sharp
and well-defined peaks of the as-prepared powders indicate that they consisted of highly (201)-
oriented B-Bi.Oz particles. This observation is consistent with that reported by Huang et al. [15].

It can be observed from Figure 1(c) that the rGO/B-Bi.O3 samples consisted of a small amount
of Bi. The rGO/B-Bi203 preparation mechanism can be elucidated as follows.

Carbon in the form of graphene was used to reduce amorphous Bi>O3 to Bi during the first step
of the heat treatment, as shown in reactions (1) and (2). The bismuth metal was then oxidized during
the cooling process at a certain temperature to produce B-Bi2Os with fewer impurities (second step of
the heat treatment process), as shown in reaction (3). The formation of p-Bi>-Oz occurred as shown in
reactions (1), (2), and (3).

Bi03+ 3C — 2Bi + 3CO1 (1)
Biz03 + 3CO — 2Bi + 3CO21 @)
2Bi + 202 — B-Bi203 3)

Finally, rGO/B-Bi20s composites with different GO: bismuth nitrate mass ratios (1:0, 1:0.1,
1:0.3, 1:0.6, 1:0.9, and 1:1.2) were obtained.

In this study, the high temperature and pressure of the aqueous solution in the closed system
facilitated the dissociation or dissolution of the oxygen-containing functional groups to achieve the
reduction effect. Furthermore, because the reaction proceeded without the addition of a reducing agent,
the production of rGO/B-Bi,0O3 was relatively simple and required no further treatment.

Figure 2 shows the Raman shift of the rGO/B-Bi-Os composites with different raw material
mass ratios. According to Andrea et al. [25], the characteristic peak of the G band of graphene
represents the vibrational mode of sp?-hybridized carbon atoms. Therefore, the G band position of
graphene is very sensitive to the change in its number of layers. With a decrease in the number of
graphene layers, the G band shifts toward higher wavenumbers and vice versa.
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Figure 2. Raman shifts of the rGO/B-Bi.O3 composites with different GO: bismuth nitrate mass ratios.
(@) 1:0; (b)1:0.1; (c) 1:0.3; (d) 1:0.6; (e) 1:0.9; and (f)1:1.2

The R value of GO was found to be 0.87. This indicates that the GO prepared in this study
showed higher regularity and lower randomness than that prepared under other conditions. The G band
at 1597.9 cm confirms the introduction of oxygen-containing functional groups on GO. These groups
increased the distance between the graphite sheet layers and undermined the interlayer structure.
However, it is worth mentioning that the large number of oxygen-containing functional groups in the
interlayer structure decreased the conductive performance of GO [26]. The rGO prepared by the
hydrothermal synthesis method showed a highly stacked sp? structure because of the elimination of the
oxygen-containing functional groups, causing an increase in the reduction of graphite and a shift in the
G band to 1585.5 cm™.

The properties and quality of graphene can be evaluated by monitoring the shifts in its D and G
bands. The electrical conductivity and charge storage capacity of graphene can also be characterized
using its Raman spectrum. The GO prepared in this study exhibited a G band Raman shift to a higher
wavenumber offset, demonstrating a thin-layer (fewer layers) graphene structure. The lowest R value
indicates the ordered arrangement of the graphene structure.
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With an increase in the B-Bi.Oz content of the rGO/B-Bi.Oz samples, their R value increased,
presumably because some impurities and defects were introduced during the preparation of the
samples. Moreover, the loaded B-Bi»Os particles damaged the graphene order. However, as the G band
shift of graphene is highly sensitive to its thickness, the relative thickness of the graphene sheets could
be measured from the displacement of their G band position. The rGO/B-Bi.Os sample with the GO:
bismuth nitrate mass ratio of 1:0.6 exhibited the highest G band wavenumber of 1590.8 cm™,
indicating that the graphene produced in this study showed the highest degree of exfoliation and
conductivity at this Bi content.

3.2 Morphologies of the as-prepared rGO/f-Bi>O3 composites

Figure 3 shows the TEM image of the rGO/B-Bi.Oz composite with the GO: bismuth nitrate
mass ratio of 1:1.2. The black particles in Figure 3(a) correspond to $-BiO3z nanoparticles, while the
transparent wrinkles correspond to rGO. As can be observed from the figure, the B-Bi>O3 nanoparticles
were distributed on the graphene sheet surfaces, while rGO exhibited significant bulging and wrinkling
at the B-Bi2Os-containing sites. Hence, the B-Bi.Os nanoparticles replaced the oxygen-containing
functional groups and induced the rGO layer exfoliation effect. Figure 3(b) shows the electron
diffraction pattern of graphene, exhibiting a light graphene ring with insufficient intensity, which is
attributed to the scattering effect of electron diffraction for the different layers of graphene. Figure 3(c)
shows the electron diffraction pattern of the -Bi>Os particles.
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Figure 3. TEM image of the rGO/B-Bi-O3 composite with the GO: bismuth nitrate mass ratio of 1:1.2.
(@) TEM image of rGO/B-Bi»03z; (b) electron diffraction pattern of rGO; and (c) electron
diffraction pattern of B-Bi2O3
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The electron diffraction pattern exhibited clear spots highly oriented along the (201) plane.
This indicates that the B-Bi2O3 particles corresponded to the crystal plane of the B-Bi>Os phase [27].
The XRD results and electron diffraction patterns confirm the successful synthesis of highly (201)-
oriented -Bi,Oz-decorated rGO composites.
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Figure 4. AFM images of rGO and rGO/B-Bi»0s. (a) rGO; (b) rGO/B-Bi>03 composite with the GO:
bismuth nitrate mass ratio of 1:1.2

The graphene materials were dispersed in absolute alcohol and were deposited on a glass
substrate for surface morphology analysis. Figure 4 shows the AFM images of rGO and the rGO/p-
Bi>O3z samples. It was found that rGO exhibited a fragmented distribution. The hydrothermal method
resulted in the exfoliation of graphene on the graphite sheet during the reaction. The disordered
stacking of rGO occurred during the reduction process. The thickness of rGO was approximately 1.1—
2.2 nm and the number of layers was 2—6 (Figure 4(a)). Figure 4(b) shows the AFM image of the as-
prepared rGO/B-Bi>O3 composite with the GO: bismuth nitrate mass ratio of 1:0.6. Some particles
were observed on the surface of the graphene sheets, indicating that B-BiOs was successfully
synthesized. The thickness of rGO/B-Bi.Osz was higher than that of rGO, indicating that B-Bi2O3
facilitated the interlayer exfoliation while avoiding the agglomeration of graphene. However, because
of the loading of B-Bi>O3 particles, the thickness of graphene was more than that of rGO, which
showed a thickness of 2.2—4.2 nm and approximately 4-8 layers.

3.3 Electrochemical properties

Figure 5 shows the CV curves of the GO, rGO, and rGO/Bi.O3z samples at the scanning rate of
50 mV s It can be observed from the figure that the main charge storage mechanism of GO was the
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formation of an electric double layer, and its C-V curve was rectangular. However, the interlayer and
surface of GO consisted of a large amount of oxygen-containing functional groups, which significantly
decreased its electrical conductivity. Moreover, the hydrophilic character of GO gradually deteriorated
in the aqueous electrolyte. The CV curve of rGO showed a significant decrease in its oxygen-
containing functional groups because of the reduction reaction under the high-temperature and high-
pressure environment of the hydrothermal system. This decrease in the number of oxygen-containing
functional groups of rGO increased the degree of wetting between the electrode and the electrolyte,
thereby improving its conductivity. Energy storage in rGO also occurred via an electric double layer.
In the case of the rGO/B-Bi.Os composites, the composited Bi.Oz not only contributed to the
conductivity of graphene, but also enhanced the charge storage effect of the electrode material.

24 — GO S 4

Current Density (mA/g)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Potential (V)

Figure 5. CV curves of the GO, rGO, and rGO/Bi>03 samples at the scanning rate of 50 mV s*

Figure 6 shows the CV curves of the as-prepared rGO/B-Bi>Os composites with different GO:
bismuth nitrate mass ratios at the scanning rate of 75 mV s*. The CV area of the electrodes increased
with an increase in their bismuth content. This indicates that the capacitive ability of the rGO/B-Bi>O3
electrodes increased with an increase in their bismuth content. With an increase in the bismuth content,
the contribution of the pseudo-capacitance of Bi2Os to the total capacitance of the rGO/Bi.Oz3
composites increased gradually. Nevertheless, the rGO/B-Bi.Oz composites prepared in this study were
mainly electric double layers capacitive (EDLC) and slightly pseudo-capacitive [28, 29].

Figure 7 shows the GCD characteristic curves of the GO, rGO, and rGO/B-Bi>O3 samples. The
specific capacitance of the samples was calculated from their discharge curves using equation (4):



Int. J. Electrochem. Sci., Vol. 15, 2020 1924

Cm __ ixAt (4)

T AVXm
where i (A) is the discharge current, At (s) is the discharge time, AV (V) is the voltage potential, and m

(9) is the mass of the active materials.
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Figure 6. CV curves of the rGO/B-Bi20s electrodes with different GO: bismuth nitrate mass ratios at
the scanning rate of 75 mV s™. (a) GO: bismuth nitrate = 1:0.1; (b) GO: bismuth nitrate = 1:0.3;
(c) GO: bismuth nitrate = 1:0.6; (d) GO: bismuth nitrate = 1:0.9, and (d) GO: bismuth nitrate =
1:0.6; (d) GO: bismuth nitrate = 1:1.2

GO showed a low capacitance at 50 F g%, as shown in Figure 7(a). This can be attributed to the
presence of a large number of oxygen-containing functional groups in it, which affected the electrical
conductivity of graphene. In contrast, the G band of rGO appeared at 1585.5 cm™, indicating the
absence of the GO stabilizing factor, resulting in the agglomeration of the graphene layers after the
hydrothermal synthesis [30]. This indicates that in rGO, repeated decomposition and reconstruction of
the atomic-scale structures occurred during the reduction process, leading to an increase in the number
of defects and a decrease in the graphene order, which increased its R value. The capacitance of rGO
was 84.6 F g%, as shown in Figure 7(b). Furthermore, the capacitance of the rGO/B-Bi>O3 sample with
the GO: bismuth nitrate mass ratio of 1:1.2 increased to 196 F g*, as shown in Figure 7 (c). This
indicates that in the rGO/B-Bi>Os samples, graphene showed charge storage capacity by forming a
composite with B-Bi2Os. With the addition of the metal oxide, the contribution of the pseudo-
capacitance of 3-Bi»Os3 to the capacitance of the rGO/B-Bi-O3 composites increased [16].
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Figure 7. GCD curves of the GO, rGO, and rGO/p-Bi.O3 samples at 1 A g*. (a) GO, (b) rGO, and (c)

rGO/B-Bi,Os
0 500 1000 1500 2000 2500 3000
102 — 102
101 S - 101
100 100 :\;
ERLE N N o ~
IlIIIIIII................. >
’\; c
< 94 o Lo9 2
42‘ .. E
kS L4 oo )
S o8- 0000000000000 00000000 L 98 g
3 —_— c
o o
97 - Lo7 3
O
96 - 96
95 T T T T T T 95
0 500 1000 1500 2000 2500 3000

Cycle number

Figure 8. The cycle life of the rGO/B-Bi>Os composite with the GO: bismuth nitrate mass ratio of
1:1.2 at 1 A g*. (a) capacitance retention; (b) Coulombic efficiency

Figure 8 shows the cycle life of the rGO/B-Bi.O3 composite with the GO: bismuth nitrate mass
ratio of 1:1.2 at 1 Ag™. The composite showed a capacitance retention of 99.6% or more after 3000
charge-discharge cycles, as shown in Figure 8 (a). This indicates that this composite showed excellent
reversibility. The Coulombic efficiency of a material, which is mainly used to evaluate the reversibility
of the adsorbed and desorbed electrons on it, can be used to evaluate its electron transfer and



Int. J. Electrochem. Sci., Vol. 15, 2020 1926

capacitance stability [31]. Figure 8(b) shows that the rGO/B-Bi.Oz composite with the GO: bismuth
nitrate mass ratio of 1:1.2 maintained a Coulombic efficiency of 98% after 3000 charge-discharge
cycles.

Table 1 shows a comparison of electrochemical performance of bismuth oxide-based electrode
in the literature. Galvanostatic charge-discharge measurement results revealed that the composite with
a GO: bismuth nitrate mass ratio of 1:1.2 exhibited the specific capacitance of 196 Fgtat1 Agtina
1 M KOH electrolyte and an excellent capacitance retention of 99.6% after 3000 charge-discharge
cycles. The capacitance retention is quite higher than that of the previously studied electrode material.

Table 1. A comparison of electrochemical performance of bismuth oxide-based electrode in the

literature
Material Electrolyte Current density Capacitance Specific capacitance Ref
(Agh retention (%) (Fgh)

rGO/a-BirOs3 6 M KOH 0.5 95 (1000 cycles) 136.76 [16]
B-Bi,03/AC 6 M KOH 1 59 (1000 cycles) 332.6 [17]
a-Bi,03/AC 1 M Li,SO4 99.5 [18]
3-Bi,Os/graphene 6 M KOH 1 65 (1000 cycles) 255 [20]
rGO/a-BiO3 6 M KOH 2 94 (1000 cycles) 1041 [22]
rGO/B-Bi»03 6 M KOH 1 617.1 [33]
rGO/B-Bi»03 1 M KOH 1 99.6 (3000 cycles) 196 This work

AC: activated carbon

Electrochemical impedance spectroscopy (EIS) utilizes a small AC voltage or current
disturbance to investigate the electrochemical properties of a material. From the AC impedance data of
an electrode, its equivalent circuit diagram can be simulated to calculate the corresponding electrode
reaction parameters. In general, Nyquist plots extend from the divergent section of the low frequency
section to the intercept of the X axis (Z '(QQ)).

The enclosed high-frequency section can be considered as the total impedance (Ry) of the tested
component and the total component Impedance (Ry) is the sum of the three impedances, as follows
[32]:

Ri=Rs+ Rc+ Rp (5)
where Rs represents the ion mobility of the electrolyte and Rc and Rp represent the charge transfer
resistance and ion mass transfer impedance of the electrode, respectively.

Figure 9 shows the impedance analysis of the rGO and rGO/B-Bi203 (GO: bismuth nitrate mass
ratio = 1:1.2) electrodes. The rGO/B-Bi203 electrode exhibited a smaller semicircular diameter at high
frequencies, indicating that it exhibited low R impedance and excellent charge transfer ability. The
rGO/B-Bi203 electrode exhibited lower Rs impedance than the rGO electrode because of the presence
of B-Bi>O3 particles in it, which effectively exfoliated graphene and enhanced the infiltration of the
electrolyte into the voids of the rGO layers [33]. In addition, the low frequency part represents the
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diffusion resistance of the electrolyte ions in the pores of the electrodes. The rGO/B-Bi>O3s composite
showed an approximately straight line with slope more than 45°, indicating its excellent capacitive
properties.

. = GO
e rGO/Bi,0O,

Z'(Q)

Figure 9. Impedance analysis of rGO and the rGO/B-Bi.Oz electrode with the GO: bismuth nitrate
mass ratio of 1:1.2

4. CONCLUSIONS

Highly (201)-oriented B-Bi2Os.decorated rGO composites with various GO: bismuth nitrate
mass ratios were prepared via a hydrothermal route. First, GO solutions were obtained using the
improved Hummer’s method, and then the rGO/B-Bi.O3 composites were prepared by a novel two-step
reaction after the hydrothermal treatment. The physicochemical and electrochemical properties of the
rGO/B-Bi>0O3 composites were investigated.

During the preparation, the oxygen-containing functional groups of the as-prepared rGO/j-
Bi2Oz composites were largely eliminated, indicating the successful reduction of GO to rGO.
Moreover, with an increase in the -Bi>Os content, the surface morphology of graphene changed from
coil-shaped to lamellar. The thickness of the rGO/B-Bi.O3 composites was affected by the B-Bi2Os
particles. The rGO/B-Bi2Os composites showed a thickness of 2.2-4.2 nm and consisted of
approximately 4-8 layers. Moreover, the GCD measurements revealed that the rGO/B-Bi>O3 composite
with the GO: bismuth nitrate mass ratio of 1:1.2 exhibited a maximum capacitance of 196 F g at 1 A
glinal M KOH electrolyte. This composite showed a retention ratio and charge-discharge efficiency
of 99.6% after 3000 charge-discharge cycles. The rGO/B-Bi.Oz composites exhibited lower total
resistance and better mass transfer performance than rGO. Hence, the rGO/B-Bi.O3z composites
prepared by the novel two-step heat treatment in this study are suitable for supercapacitor applications.
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