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A B S T R A C T

The quest for advanced materials in gamma radiation shielding has spurred the exploration of environmentally 
friendly, nanotechnology-based approaches. This study introduces a novel synthesis of Cr2O3/Bi2O3 nano
composites (NCs) using the solution combustion method, with Aloe vera extract serving as a natural reducing 
agent. Comprehensive analytical characterization of the synthesized NCs was conducted using powder X-ray 
diffraction (PXRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier- 
transform infrared spectroscopy (FTIR), and ultraviolet–visible (UV–Vis) spectroscopy. The gamma radiation 
shielding properties of the Cr2O3/Bi2O3 NCs are evaluated using a NaI(Tl) detector connected to a multichannel 
analyzer. Key shielding parameters, including mass attenuation coefficients, mean free path, half-value layer, 
tenth-value layer, energy buildup factor, and radiation protection efficiency, indicate that Cr2O3/Bi2O3 NCs are 
highly effective in gamma radiation shielding. The results demonstrated the feasible shielding performance of 
these nanocomposites across various energies within error limits of 5 %. This study highlights the potential of 
Cr2O3/Bi2O3 NCs as a promising, sustainable alternative to conventional shielding materials, offering enhanced 
gamma radiation protection with reduced environmental impact.

1. Introduction

Effective shielding against gamma radiation is essential to mitigate 
its harmful effects on human health, ensure safety in radiation-intensive 
environments, protect sensitive equipment, and minimize environ
mental contamination [1,2]. When considering gamma shielding, the 
primary objective is to reduce the intensity of gamma radiation passing 
through a material [3,4]. This is typically achieved through a combi
nation of factors including the thickness, density, and composition of the 
shielding material [5]. Conventional gamma shielding materials, such as 
lead, concrete, and steel, have been widely utilized for their ability to 
attenuate gamma radiation [6,7]. However, these materials often come 
with drawbacks such as high weight, bulkiness, and environmental 
concerns [8,9]. In recent years, there has been growing interest in 
exploring alternative shielding materials that offer improved efficiency, 
reduced environmental impact, and greater versatility [10,11].

Nanoparticles, with their unique properties stemming from their 
small size and high surface area-to-volume ratio, have emerged as 

promising candidates for gamma shielding applications [12]. Tradi
tional methods of synthesizing nanoparticles often involve chemical 
processes that may generate hazardous byproducts or require the use of 
toxic chemicals [13,14]. Green synthesis methods utilize environmen
tally benign substances such as plant extracts, microorganisms, or 
environmentally friendly solvents to produce nanoparticles [15,16]. 
These methods aim to reduce the environmental impact and health risks 
associated with nanoparticle synthesis. These environmentally friendly 
NCs hold promise for various applications in nuclear power, medical 
imaging, space exploration, and other fields where gamma radiation 
protection is essential.

Chromium (Cr) can be used as a component in composites or coatings 
for radiation shielding applications [17,18]. The combination of its high 
density, stability, and compatibility, makes chromium a viable option 
for gamma radiation shielding in various industrial, medical, and 
research applications [19–24]. Cr can be easily integrated into various 
forms of shielding structures, such as sheets, plates, or coatings, making 
them adaptable to different shielding configurations and environments 
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[25–28]. Moreover, Cr is relatively abundant and cost-effective 
compared to commonly used materials used for gamma shielding, 
such as lead [29,30]. This makes it an attractive option for applications 
where cost considerations are important.

Bismuth (Bi) has a high density, which allows it to effectively absorb 
and attenuate gamma radiation [31,32]. With a density of around 9.78 
g/cm3, it provides significant mass per unit volume, making it effective 
at blocking radiation [33]. Unlike lead, which has been traditionally 
used for radiation shielding but is toxic, Bi is considered safer for 
handling [34,35]. It has low toxicity levels, making it more environ
mentally friendly and suitable for applications where exposure to the 
shielding material is a concern [36–38]. Bi is stable and does not un
dergo significant radioactive decay itself [39]. This means that its 
shielding properties remain consistent over time, providing reliable 
protection against gamma radiation.

Herein, the present work uniquely involves the synthesis of 
chromium-bismuth nanocomposites using an environmentally friendly 
approach for the first time. The Cr2O3/Bi2O3 NCs are procured through 
an innovative green synthesis approach using Aloe vera as a reducing 
agent through a solution combustion technique. The synthesized NCs are 
characterized to assess their crystallographic, morphology, structure, 
and interaction properties through PXRD, SEM, EDS, FTIR, and UV–Vis 
spectroscopic techniques. Further, the obtained NCs in a pellet form are 
subjected to gamma irradiation and the radiation shielding properties 
are studied. The shielding parameters such as mass attenuation coeffi
cient, half-value layer (HVL), tenth-value layer (TVL), mean free path 
(λ), energy buildup factor (EBF), and radiation protection efficiency 
(RPE) are calculated. Thus, the current study explores the effectiveness 
of Cr2O3/Bi2O3 NCs in gamma radiation shielding as a superior and 
sustainable alternative to traditional shielding materials.

2. Materials and methods

2.1. Preparation of Aloe vera gel extract

The Aloe vera leaves were harvested from the plant and thoroughly 
washed with tap running water followed by double-distilled water. The 
base of the leaves was trimmed, and the outer green layer was carefully 
removed using a clean knife that had been washed with double distilled 
water. The gel was then scooped out using a spoon and collected in a 
beaker for further use.

2.2. Green synthesis of the Cr2O3/Bi2O3 (1:1) NCs

The green synthesis of the Cr2O3/Bi2O3 (1:1) NCs are prepared by 
taking the stoichiometric ratio of Cr (NO3)3⋅9H2O and Bi (NO3)3⋅5H2O in 
a beaker. Fresh Aloe vera leaves are taken and outer skin is peeled to get 
its gel. The obtained gel is grinded in a mixer to get an even consistency. 
The as-prepared 30 ml of Aleo vera gel as a combustion fuel is added into 
the mixture and stirred vigorously using a magnetic stirrer for 15 min to 
get a uniform mixture of all the nitrates. Then, the obtained sample is 
kept in a pre-heated muffle furnace at 500 ± 10 ◦C for 10 min. The 
obtained product is grinded and calcinated for 3 h. The pinkish-cream 

Cr2O3/Bi2O3 nanocomposite crystals are obtained. The complete pro
cess is illustrated in a Fig. 1.

2.3. Characterization techniques

This study utilized various analytical techniques, including Powder 
X-ray Diffraction (PXRD) with Cu Kalpha radiation on a PANalytical 
X’Pert-PRO MPD instrument, Scanning Electron Microscopy (SEM) 
conducted with a Hitachi S-4200 instrument, UV absorption spectra 
recorded using a V-730 double-beam UV–Visible spectrometer, Fourier 
Transform Infrared Spectroscopy performed with a Perkin Elmer 
L1280134 instrument. The intensity of gamma radiation was measured 
using a gamma ray spectrometer, alongside the experimental setup as 
discussed in our previous studies [40].

3. Results and discussion

3.1. PXRD analysis

To know the phase purity of the synthesized nanocomposite (NCs) 
and its crystal structure, PXRD analysis was carried out. In PXRD 
pattern, the Bragg reflections observed at 27.1, 28.3, 29.02, 30.15, 
31.27, 37.04, 45.54, 47.47, 53.35 and 53.94◦ 2θ values corresponds to 
(1 1 1), (1 2 0), (0 0 2), (2 2 0), (1 3 0), (0 2 3), (1 4 0), (− 3 2 1) and 
(− 2 4 1) planes. Bi2O3 crystallizes in monoclinic crystal structure. The 
planes match well with the JCPDS card no: 71-2274 [41]. The Bragg 
reflections observed at 34.80, 36.24, 43.94, 51.16, 56.31 and 57.90◦ 2θ 
values corresponds to (1 0 4), (1 1 0), (1 1 3), (0 2 4), (1 1 6) and (0 1 8) 
planes of Cr2O3. Cr2O3 crystallizes in rhombohedral crystal structure 
having space group R-3c (JCPDS card No. 38-1479) [42]. No other im
purity related peaks were observed. The PXRD pattern of Cr2O3/Bi2O3 
NCs is compared with the PXRD pattern of individual metal oxides. By 
considering the (1 1 1) plane, the crystallite size is calculated using 
Scherrer’s formula [43]: 

Dhkl =
0.9λ

cosθβhkl
(1) 

where D, K, λ, β and θ stand for the size of the crystallite, Scherrer’s 
constant (K = 0.9), the X-ray beam’s wavelength, full width half 
maximum (FWHM), and Bragg angle respectively. The intercept and 
slope drawn between βcosθ v/s 4sinθ gives the crystallite size and lattice 
strain (Fig. 2b). The W-H plot method equation can be written as [44]: 

βcosθ = ∊(4sinθ)+
λ
D

(2) 

where, β, ∊, θ, λ and D corresponds to FWHM, strain, Bragg angle, X-ray 
wavelength and crystallite size respectively. The crystallite size and 
other structural parameters such as dislocation density (δ) and stacking 
fault (SF) is determined by using the relation: 

δ =
1
D2 (3) 

Fig. 1. Flowchart of synthesis of Cr2O3/Bi2O3 NCs.
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SF =
2π2

45(3tanθ)
1
2

(4) 

Crystallinity (%) =
Area of the crystalline peaks

Total area of the peaks
*100 (5) 

The calculated crystallite size, strain, crystallinity, dislocation den
sity and stacking fault are found to be 15 and 16.2 nm from Scherrer’s 
and W-H plot method respectively, 3.781 × 10− 3, 89 %, 4.44 × 1015 

line/m2, and 0.4213 respectively.

4. B. SEM analysis

To know the surface morphology of the synthesized NCs, SEM 
analysis was carried out. Fig. 3(a–c) shows the SEM images of Cr2O3/ 
Bi2O3 NCs at different magnification. The surface morphology of Cr2O3/ 
Bi2O3 NCs consists large number of irregular shaped NCs. Among them 
few of them are smaller in size and a few of them are bigger in size. 
During combustion synthesis, rapid and intense heat is generated, 
leading to the evaporation and subsequent condensation of precursor 
materials. Gases released during combustion can create voids or cavities 
within the nanoparticles as they escape, leaving behind a hollow 
structure. The hollows observed on the surface are the characteristic of 
the combustion method. Fig. 3d represents the EDS spectra, which 
clearly indicates the presence of only Cr, Bi and O elements and also the 
absence of other impurities. The atomic and weight percentage of the 
elements present in the synthesized sample is given in inset of Fig. 3d.

4.1. FTIR analysis

The recorded FTIR spectra for Cr2O3/Bi2O3 nanocomposites (NCs) 
span the range of 4000––400 cm− 1. Various absorption peaks are dis
cerned at specific wavenumbers, namely 511, 873, 1385, 1626, 2848, 
2919, and 3409 cm− 1. The peak at 511 and 873 cm− 1 is attributed to 
metal–oxygen (metal = Cr/Bi) stretching vibrations, while the presence 
of O–H bonds is indicated by the band at 3409 cm− 1. Additionally, the 
absorption peak at 1385 cm− 1 is associated with − C-N vibrations. 
Another noteworthy IR absorption peak appears at 1626 cm− 1 and is 
related to bending –OH vibrations. The IR absorption peak appeared at 
2848 and 2919 cm− 1 corresponds to alkyl stretching frequency [45] (see 

Fig. 4).

4.2. UV–visible absorption analysis and determination of energy band gap

The optical properties of the synthesized material were investigated 
through UV–Visible spectral analysis, aiming to elucidate its electronic 
transitions and determine the bandgap. Fig. 5 depicts the UV–Visible 
absorption spectrum of Cr2O3/Bi2O3 nanocomposites (NCs) within the 
wavelength range of 200–800 nm. Notably, a broad absorption spectrum 
spanning 300–400 nm is evident. In materials like Cr2O3/Bi2O3 NCs, 
diverse factors and physical processes contribute to such broad UV–Vi
sible absorption spectra. Charge transfer transitions, involving the 
movement of electrons between distinct elements or ions within the 
compound, can significantly influence the absorption spectrum. Addi
tionally, the presence of defects, impurities, or surface states may 
introduce extra energy levels, thereby contributing to the observed 
broad absorption spectrum.

Utilizing Tauc’s plot, the optical bandgap of a material is determined 
by graphing (αhν)2 against photon energy (hν) to identify the bandgap 
energy. In the current investigation, the observed energy gap for Cr2O3/ 
Bi2O3 NCs was determined to be 4.15 eV. Comparative studies indicate 
that the energy band gaps for Cr2O3 and Bi2O3 are reported as 3.2 eV 
[46] and 2.88 eV, respectively [47]. The combination of Cr2O3/Bi2O3 
NCs leads to increase in the bandgap to 4.15 eV.

4.3. Gamma characteristics of Cr2O3/Bi2O3 NCs

The essential factors for evaluating shielding interaction comprise 
the linear attenuation coefficient, mass attenuation coefficient, HVL, 
TVL, λ, EBF, and RPE. The gamma radiation intensity was measured 
using a gamma ray spectrometer, with the experimental arrangement as 
shown in Fig. 6. The gamma ray spectrometer is composed of a NaI(Tl) 
scintillation detector system, a pre-amplifier, an amplifier, a cathode ray 
oscilloscope (CRO), a multi-channel analyzer (MCA), and a personal 
computer (PC).The spectrometer was first calibrated and its linearity 
was confirmed to calculate and analyse these parameters. By obtaining 
raw spectrum data from the NaI(Tl) detector, the gamma shielding pa
rameters were calculated. The data recorded in the MCA clearly shows 
that gamma rays are absorbed in the sample. The emergent radiation 
intensities were quantified for 10,000 s, initially in the absence of any 

Fig. 2. (a) PXRD pattern and (b) W-H plot of Cr2O3/Bi2O3 NCs.
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Fig. 3. (a–c) SEM image at different magnification, (d) EDS spectra (Inset: Atomic and weight percentage of elements) of Cr2O3/Bi2O3 NCs.

Fig. 4. FTIR spectra of Cr2O3/Bi2O3 NCs.
Fig. 5. Wood and Tauc’s plot (UV–Visible absorption spectra) of Cr2O3/ 
Bi2O3 NCs.
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absorber and subsequently with Cr2O3/Bi2O3 NCs pellets employed as 
absorbers with varying thickness. The measurements included a range of 
energy spectra, including those corresponding to 22Na, 137Cs, and 60Co.

Further, the mass attenuation coefficient of the sample is calculated 
using integral intensities and Beer Lambert’s law [48]. Both the inter
action energy and the material thickness affect the effectiveness of the 
shielding material. The mean free path is calculated as the inverse of the 
attenuation coefficient [49,50], which is influenced by the physical 
properties of the sample and the incident energy of photons. Specif
ically, in the case of high-energy photons, the mean free path increases 
as the energy of the photons increases, while it reduces with a rise in the 
atomic number of the material through which the photons traverse. 
Selecting a material that successfully lowers radiation intensity requires 
knowledge of its HVL and TVL values. The HVL is a key concept in ra
diation shielding, representing the thickness of a material required to 
reduce the intensity of radiation by 50 %. It is a crucial parameter in 
determining the shielding effectiveness of materials, as it directly cor
relates with how well the material can attenuate radiation. The HVL 
depends on both the type of radiation and the material used for 
shielding. For a given material, the lower HVL, more effective it is in 
attenuating radiation.

Furthermore, a comparison is made between the theoretical values 
and the experimental values of the shielding parameters which include 
μ/ρ, μ, HVL, TVL, and λ. The EDS composition of the Cr2O3/Bi2O3 NCs 
pellets was entered into the WinXCom software to obtain the theoretical 
values of the shielding parameters [51]. Table 1 shows both the exper
imental and theoretical values of shielding parameters at various en
ergies. It is evident that there is good agreement between the 
experimental and theoretical shielding parameters. Furthermore, as 
shown in Fig. 7, it can be shown that an increase in source energy 
increased indicate HVL, TVL, λ and EBF, but a decrease in μ/ρ, μ, and 
RPE. These results visually indicates the effective shielding qualities of 
the synthesized Cr2O3/Bi2O3 NCs.

5. Conclusion

This study presents a novel approach to gamma radiation shielding 
through the synthesis of Cr2O3/Bi2O3 NCs using a solution combustion 
method, with Aloe vera extract as a natural reducing agent. The char
acterization results supported the successful synthesis of the NCs 

revealing their crystallographic, surface, structural, and optical prop
erties. The calculated crystallite size is found to be 15 nm from Scher
rer’s method and 16.2 nm from W-H plot. Also, strain, crystallinity, 
dislocation density and stacking fault calculated by PXRD analysis are 
found to be 3.781 × 10− 3, 89 %, 4.44 × 1015 line/m2, and 0.4213 
respectively. Surface analysis indicated nanoparticle aggregation with a 
flake-like structure. EDS spectrum analysis confirmed the presence of Cr, 
Bi, and O elements. The direct energy gap, determined from absorption 
spectra, was calculated as 4.15 eV. Further, evaluation of gamma radi
ation shielding capabilities indicated superior performance of Cr2O3/ 
Bi2O3 NCs, as evidenced by the determined shielding parameters. The 
shielding parameters such as μ/ρ, μ, HVL, TVL and, λ are found to be 
0.120, 0.108, 0.058 and 0.054 cm2/g, 0.049, 0.044, 0.024 and 0.022 
cm− 1, 13.90, 15.44, 28.57 and 30.64 cm, 46.20, 51.34, 94.94 and 101.8 
cm and 20.06, 22.29, 41.23 and 44.22 cm at energies 0.511, 0.662, 
1.173 and 1.332 MeV respectively. This research highlights the potential 
of Cr2O3/Bi2O3 NCs as a promising, environmentally friendly alternative 
to conventional radiation shielding materials.

Fig. 6. Experimental setup for gamma shielding.

Table 1 
Comparison of measured gamma shielding parameters with that of the theo
retical values.

Source 22Na 137Cs 60Co

Energy 
(keV)

​ 511 662 1173 1332

µ/ρ (cm2/ 
g)

Th 0.138 0.101 0.060 0.055
Ex 0.120 ±

0.006
0.108 ±
0.005

0.058 ±
0.002

0.054 ±
0.002

µ (cm− 1) Th 0.057 0.041 0.025 0.023
Ex 0.049 ±

0.002
0.044 ±
0.002

0.024 ±
0.001

0.022 ±
0.001

HVL (cm) Th 12.09 16.52 27.44 29.95
Ex 13.90 ±

0.695
15.44 ±
0.772

28.57 ±
1.428

30.64 ±
1.832

TVL (cm) Th 40.18 54.90 91.20 99.55
Ex 46.20 ±

2.310
51.34 ±
2.567

94.94 ±
4.747

101.8 ±
5.090

λ (cm) Th 17.44 23.84 39.60 43.22
Ex 20.06 ±

1.003
22.29 ±
1.114

41.23 ±
2.061

44.22 ±
2.211
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