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 Abstract: This research is concerned with the synthesis and characterization of a 
composite material that may be used as a battery electrode. Bismuth oxide (Bi2O3) was 
synthesized from Bi(NO3)3·5H2O, Na2SO4, and NaOH mixed with commercial activated 
carbon and graphite. The composite formation process was carried out using the 
hydrothermal method at 110 °C for 5 h. The characterization data indicated the 
composites produced contained Bi2O3 with a monoclinic crystal system, and Bi2O3 
particles were evenly distributed in the composite. The composites were characterized to 
be mesoporous, with the electrical conductivity reaching 10−1 S m−1. The development of 
this composite material has potential applications in the field of energy storage, 
particularly in the development of battery anode. 
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■ INTRODUCTION 

Batteries are widely regarded as the most efficient 
and convenient power source for electronic devices, 
thanks to their adaptable structure and extended 
operational duration. They operate by transforming 
chemical energy from their active components into 
electrical energy through electrochemical reactions [1]. A 
good indicator of a working battery is the electrochemical 
cycle performance, which depends on the materials 
comprising the anode. Materials that are used as anodes 
must have good charge or ionic conductivity 
characteristics (> 103 S cm−1), large energy capacity, high 
coulomb output (A h g−1), high effectiveness as a reducing 
agent, excellent stability, straightforward manufacturing, 
and affordability [1]. 

Bismuth oxide (Bi2O3) is a promising candidate for 
utilization as a battery anode due to its favorable 
electrochemical stability, strong redox reversibility, and 
substantial capacity, as demonstrated in recent research 
[2-4]. Notably, Bi2O3 boasts a volumetric capacity of 
3765 mA h cm−3, a potential difference of 2.8 V, and it 
offers the additional advantages of being non-toxic and 

cost-effective [5]. However, in using Bi2O3 as an anode, 
an issue of low electrical conductivity value [6-7] that 
inhibits the conductivity of electrons in the battery needs 
to be overcome. This can be done through the addition 
of other materials, namely commercial activated carbon 
and graphite, which can increase electrical conductivity. 

Utilizing commercially produced activated carbon 
sourced from coconut shells results in the creation of 
carbon materials characterized by minimal internal 
resistance and excellent electrical conductivity, as 
evidenced in reference [8]. These carbons offer 
substantial volumetric capacity and a significant 
potential difference, as indicated in reference [9]. In 
contrast, graphite exhibits remarkable electrical 
conductivity, a high energy density (implying a high 
specific capacity), and an exceptionally long cycle life 
[10]. Some researchers reported the electrical 
conductivity of graphite depends on the humidity [11] 
and grain composition [12]. Said characteristics of 
activated carbon and graphite are expected to be able to 
promote Bi2O3 ability as a battery anode. 

Astuti et al. [13] conducted research on the 
synthesis and characterization of Bi2O3/activated carbon 
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composite for battery anode. They employed the 
hydrothermal method with varying weight ratios of 
activated carbon to bismuth nitrate pentahydrate, 
specifically 2:1, 1:1, and 1:2. In their findings, the electrical 
conductivities were measured at 0.59 × 10−5, 1.24 × 10−5, 
and 0.51 × 10−5 Sm−1 for the respective ratios. These 
conductivity values are relatively low. It is plausible that 
the composite had not yet achieved optimal Bi2O3 
formation, and carbon distribution appeared to be more 
dominant than Bi2O3 within the material. 

Hence, there is a need to refine the synthesis process 
to create an improved Bi2O3/activated carbon composite 
with a more precise composition. To date, no prior 
research has explored the synthesis of a composite 
consisting of Bi2O3, activated carbon, and graphite. This 
current study aims to fill this research gap and hopes to 
offer valuable insights into the potential applications of 
metal oxide and carbon-based composites in electrode 
technology. 

■ EXPERIMENTAL SECTION 

Materials 

The substances employed in this investigation 
encompassed Bi(NO3)3·5H2O from Sigma Aldrich, 
distilled water, 60% H3PO4 (v/v), Na2SO4 powder, NaOH 
crystal sourced from Merck, as well as commercially 
available activated carbon (AC) and graphite. 

Instrumentation 

The instrumentations used in this research were 
Fourier transform infrared (Shimadzu IRAffinity-1), X-
ray diffraction (XRD, Shimadzu 7000), scanning electron 
microscope (SEM, Jeol JED 6510LA model), 
thermogravimetric analysis (TGA, Mettler Toledo 
TGA/DSC 3+), gas sorption analysis (GSA, Tristar II 
3020) and LCR meter (HIOKI 3532-50). 

Procedure 

Synthesis of Bi2O3/AC/graphite composite 
A total of 8 mmol of Bi(NO3)3·5H2O was combined 

with 12 mmol of Na2SO4, which were then dissolved in 
40 mL of distilled water and stirred using a magnetic 
stirrer (IKA RH Basic KT/C) at 1500 rpm for 45 min. The 
solution was agitated using a magnetic stirrer (IKA RH 

Basic KT/C) at 1500 rpm for 45 min. Subsequently, 
40 mL of a 72 mmol NaOH solution [14] was added to 
the mixture. To this blend, 0.5 g of commercially 
available AC and 0.1 g of graphite were introduced. The 
resulting mixture was then introduced into a 
hydrothermal reactor and subjected to a temperature of 
110 °C for a duration of 5 h. During this process, the 
reactants within the sealed container were heated by 
rapidly increasing temperature and pressure generated 
by water [6,15]. The temperature and pressure exerted 
by the water played a crucial role in facilitating the 
formation of the composite. Following the hydrothermal 
treatment, the mixture was cooled and subsequently 
filtered. The precipitate obtained from the filtration was 
dried in an oven (Fisher Scientific) at 110 °C for 60 min 
and subsequently sieved to a 100-mesh size. The same 
procedure was replicated for the synthesis of composites 
with varying amounts of Bi(NO3)3·5H2O, specifically 24 
and 32 mmol. Accordingly, the composites synthesized 
with 8, 24, and 32 mmol of Bi2O3 in conjunction with 
commercial AC and graphite were designated as BCG1, 
BCG2, and BCG3, respectively. 

Characterization of the Bi2O3/AC/graphite composite 
material 

The resultant composite materials of Bi2O3, AC, 
and graphite underwent a series of characterization 
processes. FTIR analysis was conducted to elucidate the 
functional groups present in the composites. FTIR 
measurements were carried out in the spectral range of 
4000 to 400 cm−1, with a scanning rate of 0.25 cm−1, all at 
room temperature. Furthermore, the composites 
underwent XRD analysis to identify their crystalline 
structures. This analysis was performed by measuring 2θ 
angles with Cu-Kα radiation (λ = 0.15406 nm). The 
surface morphology and the spatial distribution of Bi2O3 
and AC within the composite were assessed using a 
SEM. This analysis was conducted at magnifications of 
100× and 5000× and was complemented by mapping 
and energy dispersive X-ray (EDX) analysis. Thermal 
decomposition and stability of the composite materials 
were investigated through TGA and differential 
thermogravimetric analysis (DTG). The samples were 
subjected to a temperature range of 40–800 °C at a 
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heating rate of 4 °C/min under a nitrogen (N2) 
atmosphere. To assess the size and distribution of pores 
within the composites, GSA was conducted. This analysis 
involved the use of N2 gas. Lastly, the conductivity of the 
composites was determined through LCR 
characterization. The samples were prepared in pellet 
form, with a diameter of 1.5 cm and a thickness ranging 
from 2 to 5 mm. 

■ RESULTS AND DISCUSSION 

Preparation of Graphite Doped Bi2O3/AC Composite 

The synthesis of the composite consisting of Bi2O3, 
commercial AC, and graphite, with varying mole ratios of 
bismuth nitrate pentahydrate, was initiated by carrying 
out a reaction involving the precursor compounds 
Bi(NO3)3·5H2O, Na2SO4, and NaOH. This procedure 
closely followed the protocol outlined by Wu et al. [14]. 
Subsequently, commercial AC and graphite were 
introduced into the solution, followed by thorough 
homogenization, before subjecting the mixture to 
hydrothermal heating. The formation mechanism of 
Bi2O3, as proposed by Wu et al. [14] underpinned Eq. (1). 

 3 2 2 4 2 2 4 33

3 2

2 2 4 2 3 2 4

3 2 3 2

2Bi NO 5H O Na SO Bi O(OH) SO 2NaNO
                                                        4HNO 7H O
Bi O(OH) SO 2NaOH H O 2Bi(OH) Na SO
2Bi(OH) Bi O 3H O

   

 
   

 

 (1) 

The BCG1 composite product had grayish-black 
powder form, while the BCG2 and BCG3 composites 
showed gray color. The BCG3 had an agglomerated 
appearance, as shown in Fig. 1. The resulting coloration 
of the material exhibited a gray hue, which emerged as a 
result of the combination of the pale-yellow tint 
contributed by Bi2O3 [16] and the black color imparted by 
the presence of AC and graphite. 

Material Characterization 

Functional group structure 
FTIR characterization was conducted to determine 

the functional groups present in the composite sample. 
The FTIR spectra of the composite samples, along with 
pure Bi2O3, commercial AC, and graphite, are shown in 
Fig. 2. Fig. 2 presents the FTIR spectra of commercial 
AC, having absorption at wavenumbers of 1600–
1475 cm−1, denoting the C=C group [18] and 1320–
1000 cm−1, denoting C–O group [19]. In the absorption 
spectra for graphite, the presence of a C=C group is 
indicated at wavenumber 1633 cm−1 [20]. Similar 
absorptions were also shown by each composite sample, 
with the C=C group in the absorption area of about 1626 
and 1642 cm−1 and the C–O group in the absorption area 
of about 1103 cm−1. 

The above data present that the three composite 
samples have almost the same pattern of absorptions 
with the presence of a fairly sharp absorption in the area  
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Fig 2. FTIR spectra of composite products, pure bismuth 
oxide [17], commercial AC [15], and graphite [15] 

 
Fig 1. Composite products (a) BCG1, (b) BCG2, and (c) BCG3 
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around 820–842 cm−1, indicating the Bi–O–Bi group and 
the absorption in the area around 1383 cm−1, which 
indicates the Bi–O group. The same absorption was also 
shown by the pure Bi2O3 samples [13], i.e., the absorption 
of Bi–O–Bi groups in the 829 cm−1 area [21], and at the 
wavenumber of about 1380 cm−1, showing the presence of 
a Bi–O group [13,22]. This implies that Bi2O3 was formed 
in each composite sample. Additionally, the three 
composite samples contain O–H groups observed at the 
wavenumber of about 3400 cm−1 [23]. It is expected due 
to the by-product and imperfect reaction as presented in 
Eq. (1). The three composite samples had the same group 
absorption, however, with different intensities. The 
comprehensive data pertaining to the functional groups 
present in the three composite products, namely pure 

Bi2O3, commercial AC, and graphite, as determined 
through FTIR testing, are detailed in Table 1. 

Crystal structure 
Characterization of composite samples using XRD 

was carried out to determine the success of the formation 
of Bi2O3 in the composite and to determine the crystal 
structure of Bi2O3 in the composite. The results of the 
XRD diffractograms of all the composites made and the 
comprising components can be seen in Fig. 3. The XRD 
characterization results (Fig. 3) show that the diffractogram 
of the BCG1 composite has a notable match with the α-
Bi2O3 diffractogram. The BCG1 composite has high peak 
2θ values at 27.386°, 33.248°, and 46.309°. The 2θ values 
are almost similar to the 2θ values of α-Bi2O3 peaks at 
27.377°, 33.039°, and 46.305° (JCPDS no. 41-1449). 

Table 1. Functional groups identification from the FTIR analysis 

Functional 
group 

Wavenumber (cm−1) 
Sample Bismuth 

oxide 
Commercial 

activated carbon 
Graphite 

BCG1 BCG2 BCG3 
Bi–O 1383.54 1383.61 1383.07 1400–1300 - - 
Bi–O–Bi 842.50 841.60 820.60 900–700 - - 
C–O 1103.39 1104.09 1108.28 - 1032.86 - 
C=C 1626.10 1637.36 1630.14 - 1570.01 1642.90 
–OH 3399.10 3433.74 3464.66 - - - 
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Fig 3. Diffractograms of composite products, Bi2O3 (JCPDS), bismuth nitrate pentahydrate [6], commercial AC [15], 
and graphite [15] 
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The BCG2 composite diffractogram shows that 
there are sharp peaks that are almost similar to the cubic 
crystal system (γ-Bi2O3), though at low intensity, namely 
at 2θ values of 30.159°, 32.746°, and 51.788° (JCPDS no. 
27-0052). The sharp but low-intensity peaks indicate that 
Bi2O3 with a cubic crystal system (γ-Bi2O3) may have been 
formed but to a small degree. Wu et al. [14] on the XRD 
diffractogram of the by-product (Eq. (1)) in the form of 
Bi2(OH)2SO4 presented sharp peaks at the value of 2θ 
around 30.159° to 32.746°, similar to the composite. The 
diffractogram results indicate that the BCG2 composite 
still has residual reaction by-products in the form of 
Bi2(OH)2SO4, meaning that less Bi2O3 was produced. 

The BCG3 composite diffractogram shows the 
presence of sharp peaks with considerable intensity at the 
2θ values of 21.941°, 29.099°, 32.904°, and 33.425°, which 
matched the bismuth nitrate pentahydrate diffractogram 
peaks. These peaks are also thought to be the peaks of the 
by-product Bi2(OH)2SO4 + Bi(OH)3 [14] formed during 
the reaction (Eq. (1)). The BCG3 composite diffractogram 
also displays small peaks at 27.651°, 33.425°, and 36.824° 
having a good match with the α-Bi2O3 diffractogram 
(JCPDS no. 41-1449), indicating that the BCG3 composite 
contained more Bi(NO3)3·5H2O (BNP) precursor and 
reaction by-products compared to Bi2O3. 

Morphology and particle distribution 
In Fig. 4, it can be observed that the BCG1 

composite exhibited a morphology characterized by 
rod-shaped particles, with lengths ranging from 6.6 to 
11.2 μm and widths spanning 1.4 to 2.4 μm. This rod-
like particle structure is indicative of the presence of 
Bi2O3 within the composite, consistent with findings 
reported by Wu et al. [14]. Meanwhile, the BCG2 
composite showed irregular particle shapes, with few 
that were shaped like rods with a length ranging from 
14–35 μm and a width between 4–9 μm. Alternatively, 
the BCG3 composite showed particles having irregular 
shapes and agglomeration, with a length between 2–
5.4 μm and a width of about 1–4 μm. Furthermore, Fig. 
5 presents the SEM mapping images of the three 
composite samples. 

In Fig. 5, the distribution of elements, including 
bismuth (Bi), carbon (C), oxygen (O), and silicon (Si), 
within the BCG1, BCG2, and BCG3 composites is 
depicted. These elements are denoted by the colors red, 
green, yellowish green, and blue, respectively. It is evident 
that in the BCG1 composite, the distribution of Bi and C 
appears relatively balanced and evenly spread across the 
material's surface. In the case of BCG2, the surface is 
noticeably dominated by the presence of the Bi element. 

 
Fig 4. SEM images of composites (a) BCG1, (b) BCG2, and (c) BCG3 
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Fig 5. Mapping images of composites (a) BCG1, (b) BCG2, and (c) BCG3 

 
Conversely, in BCG3, both Bi and O elements are 
prevalent on the sample surface, making the presence of 
C less conspicuous. The EDX data presented in Fig. 6 
corroborates the distribution patterns of these elements. 

Based on the EDX results shown in Fig. 6, the three 
composite samples contained elements such as C, Bi, O, 
and a small amount of Na and Si. The C element indicated 
the presence of carbon in the composite. The Bi and O 
elements in BCG1 originated from Bi2O3 formed, as 
suggested by the XRD results (Fig. 3). The presence of a 
small amount of Na is thought to have come from the 
remaining precursor (NaOH), whereas the Si element is 
assumed to have come from the activated carbon. The 
elements in the BCG2 composite are thought to have 
originated from the precursor materials and reaction by-
products, as per the XRD data where the Bi2O3 formed in 
BCG2 was very small. Furthermore, in the EDX results of 
the BCG3 composite, in addition to the C, Bi, O, Na, and 
Si elements, the elements of N, P, and S were also present. 
Elements such as Bi, O, N, Na, and S are thought to have 
come from Eq. (1) by-product or the left-over precursors 
as indicated by the XRD results (Fig. 3). Overall, the C 
element decreased in amount with increasing mole 
variation of BNP, causing the distribution of the C 
element to be increasingly invisible on the surface of the 
material in the mapping results shown in Fig. 5. 

 
Fig 6. EDX spectra of composites (a) BCG1, (b) BCG2, 
and (c) BCG3 
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TGA-DTG composite characterization 
TGA-DSC analysis was employed to assess the 

decomposition mechanism and thermal stability of the 
composite materials. The TGA-DTG results for these 
composites are presented in Fig. 7. Based on the results, 
the composite BCG1 and BCG2 underwent five stages of 
the decomposition process, while the BCG3 composite 
experienced four stages of decomposition. Stage I of the 
three composites occurred at a temperature of 200–
310 °C, denoting the removal process of several functional 
groups such as –COO–, –CO–, and –OH– from graphite 
[24] as well as materials other than carbon such as 
cellulose and hemicellulose from AC [25]. 

In the second stage, which occurred within the 
temperature range of 250 to 380 °C, it is presumed that 
the process involved the removal of amorphous residues 

[26], including substances such as NaNO3, NaOH, and 
SO4

−2. Notably, in BCG3, there was a more substantial 
weight loss during this stage in comparison to BCG1 and 
BCG2. This suggests that the BCG3 composite 
experienced a greater decomposition of amorphous 
residues, possibly due to the presence of reaction by-
products such as Bi2O(OH)2SO4 and the BNP precursor, 
as indicated by the XRD results (Fig. 3). 

Stage III occurred at a temperature range of 300–
400 °C, denoting the mass transformation process of the 
precursors to form Bi2O3 [27]. In stage IV, composites 
undergo a transformation from a monoclinic structure 
(α-Bi2O3) into a body-centered cubic structure (γ-Bi2O3) 
at a temperature of about 500 °C. Stage V indicates the 
retransformation of the body-centered cubic (γ-Bi2O3) 
structure into the monoclinic structure (α-Bi2O3) [28] at  
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Fig 7. TGA-DTG results of composites (a) BCG1, (b) BCG2, and (c) BCG3 
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a temperature of about 600 °C. The TG-DTG curves of the 
three composite samples show that thermal stability was 
obtained at  700 °C. 

Surface area and pore size 
Fig. 8 presented the evidence that the three 

composite samples exhibit similar isotherm patterns, 
specifically of type IV, which is characterized by the 
presence of a hysteresis loop. The presence of this 
hysteresis pattern signifies that the samples possess a 
porous nature. The results obtained from GSA analysis 
for the BCG1, BCG2, and BCG3 composites are 
summarized in Table 2. 

Table 2 reveals that all three composite samples have 
mesoporous structures, featuring pore radii ranging from 
3 to 50 nm [29]. As reported in a study by Agrawal et al. 
[30] on the production and characterization of nitrogen-

doped hard carbon as a battery anode material, porosity 
plays a significant role in influencing a sample's 
conductivity. Samples with high porosity, meaning they 
contain numerous small-sized pores, tend to exhibit 
lower conductivity due to increased resistance caused by 
the abundance of small pores. This correlation is 
supported by the GSA and LCR characterization results 
for the BCG3 composite, which possesses the largest pore 
size at 15.168 nm. Interestingly, despite having a small 
pore volume and surface area (0.011 cm3/g and 2.792 m2/g,  

Table 2. Surface area and pore size 
Sample SBET (m2/g) Vpore (cm3/g) Pore size (nm) 
BCG1 2.311 0.007 12.822 
BCG2 5.594 0.016 11.664 
BCG3 2.792 0.011 15.168 
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Fig 8. N2 adsorption/desorption isotherm graphs of composites (a) BCG1, (b) BCG2, (c) BCG3 
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Table 3. LCR Meter conductivity measurement 
Sample Conductivity value (S m−1) 
BCG1 0.02 × 10−1 
BCG2 0.01 × 10−1 
BCG3 1.02 × 10−1 
Commercial AC 7.41 × 10−6 
Bi2O3 [7] 1.55 × 10−7 
Graphite 4.03 × 101 

respectively), the BCG3 composite exhibits low measured 
resistance and high sample conductivity. These findings 
suggest that the BCG3 composite has a relatively low 
porosity or a small number of pores, resulting in 
enhanced conductivity. 

Electrical conductivity 
The conductivity values of the BCG1, BCG2, and 

BCG3 composites, Bi2O3, commercial AC and graphite 
are shown in Table 3. As presented in Table 3, the 
conductivity values of commercial AC and graphite are 
higher than the conductivity values of pure Bi2O3. 
Correspondingly, the conductivity values of the 
synthesized products were higher compared to pure 
Bi2O3, implying that the addition of AC and graphite can 
increase conductivity. 

The composite conductivity values from the highest 
to the lowest were BCG3, BCG1, and BCG2. The 
conductivity value obtained can be related to the 
crystallinity of the composite produced based on the XRD 
results (Fig. 3). High level of composite crystallinity 
causes the resulting conductivity value to also be higher 
[31-32]. BCG2 composite has the lowest conductivity 
value because the crystal content of Bi2O3 contained in the 
composite was very small (see Fig. 3). The low crystallinity 
level of the composite caused the arrangement of the 
lattice between the atoms to be irregular, and the mobility 
of the electrons is, therefore, inhibited and the value of the 
electrical conductivity is low. 

The BCG1 composite has a higher conductivity 
value than BCG2, although not too significant. This is 
attributed to the balanced composition of precursor 
materials for Bi2O3 formation and the addition of AC in 
the BCG1 composite. Consequently, Bi2O3 formation (as 
observed in Fig. 2 and 3) is uniformly distributed across 
the material's surface (as depicted in Fig. 5). This uniform 

distribution of Bi2O3 enhances electron mobility within 
the material, resulting in an increased conductivity 
value. Conversely, the BCG3 composite exhibits notably 
high conductivity because of the impurities present in 
the composite, according to the XRD results shown in 
Fig. 3. 

■ CONCLUSION 

Bi2O3/AC/graphite composites have been 
successfully synthesized by the hydrothermal method. 
The composition of the precursors used affects the 
formation of composites and, thus, their characteristics 
which can be seen from the presence of functional 
groups, crystal structure, morphology, surface area, pore 
size, and particle distribution. Additionally, identification 
of the thermal stability of the products formed presented 
different stages of thermal decomposition, although, in 
the end, the electrical conductivity values of the three 
samples do not differ significantly. 
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