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ABSTRACT 

The hazards from the use of X-ray have been recognized by International Committee 

on Radiological Protection (ICPR), showing that it is detrimental for human health, 

including the damage to human cells and is a carcinogenic hazard. The use of X-ray 

shielding apparel is therefore of great significance to protect workers from risk of 

excessive exposure towards harmful X-ray. Lead (Pb) has been used as an ideal radiation 

shielding material, owing to its high Z at 81 and high density of 11.3 g/cm3, which is 

commonly for sale on the market. However, the concerns have been growing recently that 

using Pb has caused safety and health issues. The toxicity, heaviness, and inflexibility of 

the Pb-based garments pose a great risk to practitioners, which can harm their biochemical 

system. The substitution of Pb is thus momentous for the development of lightweight, 

non-toxic, and Pb-free X-ray shielding materials, where several high-Z metals (including 

bismuth (Bi), tungsten (W), and barium (Ba), tin (Sn), and antimony (Sb)) and their 

derivates were explored.  

The aim of this thesis is to develop a new generation of lightweight, Pb-free, and 

highly efficient materials using a series of nanosized and layered 2D materials with their 

laminated structures and composites. Three key aspects are addressed in this thesis: firstly, 

the synergistic effect of the particle size and morphology on X-ray shielding performance 

have been investigated, showing that the nanomaterials with higher surface-to-volume 

ratio provide a significant effect on X-ray attenuation. Adapted this idea, successful 

synthesis of bismuth titanate (BTO) nanocomposite provides superior X-ray shielding 

ability (0.35 mm Pb equivalent attenuation). 

Secondly, development of the 2D layered material using few-layer molybdenum 

MoS2 provides an insight study for superior low-energy X-ray shielding application. 

Further, the design of the laminated 2D layered structure composed of few-layer MoS2, 

antimonene, Mxene and their heterolaminates combinations (MoS2 +Mxene) shows a 

promising enhancement for low-energy X-ray shielding, which could be a new radiation 

shielding technology. 

Thirdly, the addition of graphene and hexagonal boron nitride (hBN) has a significant 

impact on reinforcement of polymer-based composites, leading to improved X-ray 
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shielding ability of MoS2 nanocomposite. On the other hand, the laminated polymer-

based composite with the few-layer antimonene exhibits enhanced X-ray shielding ability. 

The superior X-ray shielding performance obtained from these studies suggests that 

these lightweight, non-toxic, and environmentally friendly materials could pave the 

development of a new generation of highly efficient Pb-free shielding materials, which is 

urgently needed across the broad sectors. 
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Chapter 1 Introduction 

1.1. Background, research motivation and significance 

According to its capability to ionize the materials, radiation is commonly classified 

into two major groups: (1) non-ionizing radiation, and (2) ionizing radiation.1 Non-

ionizing radiation possesses insufficient energy to eject electrons from one atom, and 

therefore it cannot generate ions. Microwaves, radio waves, infrared, and visible lights 

belong to this category.2 On the other hand, ionizing radiation is able to eject the electrons 

from one atom by producing both negative and positive charged ions, due to its high 

energy.3 Electromagnetic radiation mainly composes of X-ray, and gamma (𝛾)-ray from 

radioactive materials.4 With the development of industries including power plants, 

medical care industries as well as aerospace, various high energy radiation sources such 

as X-ray, gamma ray, neutron particles are mostly employed.5 Neutron particles are 

generally uncharged and applied to nuclear reactors for generating nuclear power.6 𝛾-ray 

is generated from the radioactive decay or nuclear explosion, which contains the smallest 

wavelength with the greatest energy among any waves from the electromagnetic 

spectrum.7 While X-ray is a pure energy of the photons, it is generally less penetrating 

and lower in energy than 𝛾-ray.7 

During the last decade of the 21st century, the hazards caused from ionizing radiation 

were extensively recognized by the International Commission on Radiological Protection 

(ICPR), due to their high penetration ability that is harmful for the human health and 

heredity.8  Long-exposure to X-ray is detrimental to human body, including poor 

haematopoiesis, nerve system dysfunction, spermatogenesis disorder, and lens turbidity.9 

In addition, the radiosensitive organs (e.g. lymph, spleen), skin, brain and cardiovascular 

system can be significantly affected during X-ray irradiation.10 Figure 1 illustrated the 

radiosensitivity level of organs and tissues.11  
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Figure 1. Radiosensitivity level of the organs and tissues.11 

 

During the last decade, X-ray is widely applied to the medical field, including medical 

radiotherapy and diagnosis.12 It is reported that the employment rate of radiology 

occupation has been estimated to increase by 9 % between 2014 and 2024.13 To protect 

the practitioners from the risk of the X-ray radiation, the Australian Radiation Protection 

and Nuclear Safety Agency (ARPANSA) has been monitoring the medical exposure dose 

for each worker over the decade. Regards to the doctors, nurses, radiographers and 

radiologists, the most receiving dose is 1 mSv per annum (max.). For personnel whose 

works are related to nuclear medicine and cardiology, the occupational receiving dose is 

3 mSv per annum (max.).14 The possible health effects caused from X-ray radiation is 

shown in Table 1. To achieve “as low as reasonably achievable” (ALARA) principle for 

reducing the receiving radiation dose,15 radiation protection is therefore paramount to 

prevent the related workers from the risk of X-ray sources. 

Table 1. Possible health effects caused from X-ray exposure.14 

Dose range (mSv) Dose level Health effects 

<10 Very low None observed 

10-100 Low Plausible health effect 

100-100 Moderate 
Increased risk of cancer or acute effect at the 

highest dose 

>1000 High 
Acute effect (vomiting or burn) 

Death caused at the highest dose 
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There are three ways to minimize the effect from radiation hazards: (1) reducing the 

exposure time, (2) keeping a certain (longer) distance from the radiation source, and (3) 

use of shielding. Among the three options, application of the radiation shielding material 

is the most effective practice to prevent the personnel from hazardous radiations (as 

shown in Figure 2).16, 17 The attenuation of the incident X-ray photons are largely 

dependent on the photoelectric effect and Compton scattering effect, where the 

photoelectric effect is one of the most important mechanisms during the X-ray photons 

interaction with the shielding material at low energy (<	100 keV). The probability of the 

photoelectric effect can be enhanced with the increased Z and density of the shielding 

material.18  

 
Figure 2. Three ways to minimize the hazardous effects from X-ray radiation.19 

Metallic Pb is therefore widely used as a dominant shielding material, owing to its 

high density and high Z that enhances the photoelectric effect by providing more electrons 

and photon absorption edges.20-22 Pb glass, one of the best-known products is applied not 

only to provide visibility of the observation room in the laboratory but also to protect the 

practitioners from X-ray.23 Pb bricks are often blended with concrete to add the extra 

shielding within the room construction, which is an efficient approach to reduce the 

thickness of the wall and maintain X-ray shielding effectiveness.24 Importantly, the 

conventional X-ray shielding apparels are made of layered Pb-based vinyl sheets 

enveloped with polyester fabrics. Figure 3 presented the four main Pb-based products for 

X-ray protection. 
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Figure 3. Four main Pb-based products for X-ray protection. 

However, the use of Pb-based shielding products (e.g. Pb bricks and Pb sheets) could 

generate Pb dust from their surfaces.25 This airborne Pb dust can be inhaled into the lungs 

or upper respiratory system, which can be absorbed into the human blood vessels.26 

Moreover, Pb is neither biodegradable nor rapidly excreted from the body, which 

increases the probability of having chronic or cumulative diseases.27 Human exposure to 

Pb could induce irreversible toxic hazards on the nervous, haematological, cardiovascular, 

and reproductive system.28  Furthermore, Pb-equivalent shields are often referred to Pb-

based aprons, which is used for protecting the workers from the hazardous radiation.29 

However, toxicity, poor flexibility, heaviness, and discomfort wearing experience of 

using Pb-based protective apparels have caused health and environmental concerns,30, 31 

which has been banned for use in Europe since 2014.32 With their long-term use, the inner 

Pb-sheets and the outer covering layer may be separated, due to their repetitive bending 

and folding.29 This leads to reduced X-ray shielding effectiveness and lost in capability 

against scattered radiation.33 To guarantee the safe use of the shielding aprons, they need 

to undergo a regular assessments to check for gaps and cracks within the aprons.34 

Another major issue of wearing Pb-based shielding apparel is severe low-back pain 

resulted from the continuously overuse of the back muscles. To solve the listed-above 

problems, there is an urgent need for the development of lightweight, non-toxic, 

environmentally friendly, Pb-free X-ray shielding materials.  

In the past, metals that contain other high-Z elements (including bismuth (Bi), 

tungsten (W), and barium (Ba), tin (Sn), and antimony (Sb)) were explored to replace Pb 
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as effective X-ray attenuating materials.35-42 To reduce the weight of shielding materials, 

polymers and their composites are introduced to provide benefits for X-ray shielding 

applications, owing to their lightweight, flexibility, durability and low manufacturing 

cost.43 However, polymer-based composites are often low in mechanical properties. To 

overcome this problem, the mechanical properties of polymer can be improved via the 

reinforcement mechanism.44 To be specific, polymers can be reinforced by adding 

inorganic particles that are tailored by reducing particle size (nanosized), changing shape, 

and increasing weight faction.45, 46 Polymer-based nanocomposites are thus widely 

applied to X-ray protection application, due to high surface-to-volume ratio of the 

nanofillers that improves the composite’s properties.3  

Previously, metal oxides have been commonly selected as effective components for 

the formation of shielding nanocomposites, due to their low manufacturing cost, high 

chemical stability, and low toxicity.47 Nanosized WO3, SnO2, Bi2O3, and Gd2O3 are often 

employed with different polymers for X-ray shielding applications.26, 48, 49 Table 2 

summarized several major polymer-based shielding nanocomposites and their attenuation 

performance. Among these studies, it was found that the dispersion ability within the 

composite began to significantly be affected (decreased) when the addition of the filler 

content was above 30 wt.%, resulting from the low compatibility of the filler-polymer 

composite. 

Table 2. X-ray shielding performance comparison between different polymer-based 
nanocomposites 

Active 
component Polymers Thickness 

(mm) 
Density 
(g/cm3) Attenuation performance Ref. 

Nanosized 
Bi2O3 

PLA 0.8 1.77 
38 wt.% Bi2O3 achieved 55 
cm-1 of linear attenuation 
coefficient at 20.8 keV 

48 

Nanosized 
Bi2O3 

PVA/Epoxy 2 1.5 
50 wt.% of Bi2O3 achieved 
0.51 mm Pb-equivalent X-
ray shielding 

50 

Nanosized 
Bi2O3 and SiO2 

Silicone 
polymer - - 

50 wt.% of Bi2O3 and 0.025 
wt.% of SiO2 achieved 7.19 
cm2/g of 𝜇m, and 0.78 cm 
of HVL at 66 keV. 

51 

Nanosized 
ZrO2 

P(VDF-TrFE) 1 - 
10 wt.% of ZrO2 achieved 
60 % X-ray attenuation at 
40 keV 

52 

Nanosized 
Gd2O3 

Epoxy 8 - 
14 vol.% Gd2O3 achieved 
0.5 mm Pb-equivalent X-
ray at 100 kVp. 

49 
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In the wonder materials of 21st century, graphene has been found to possess a variety 

of excellent electrical properties applied to many fields, such as electronic and 

optoelectronic industries.53 Current research reported that graphene oxide (GO) was 

employed as a reinforcement into the Pb3O4-epoxy composite for X-ray radiation 

shielding.54 The lightweight GO could be a good carrier for the homogeneous dispersion 

of Pb3O4 particles, leading to improved X-ray attenuation at a variety of energies.54 

Another study also claimed that graphene, as a good mobility carrier could improve the 

absorption and reflection at high energies.55 In addition, graphene with its excellent 

properties including light weight, higher thermal and chemical stability and higher 

specific surface area could potentially act as a reinforcement within the polymer-based 

nanocomposites for X-ray shielding enhancement.53 Recently, the ‘beyond graphene’ 2D 

material groups were established: the graphene family, hexagonal boron nitride (hBN), 

2D chalcogenides like transition metal dichalcogenides (TMDCs) and 2D oxides 

including transition metal oxides.56  

Hexagonal boron nitride (hBN, recognized as white graphene) having a hexagonal 

crystal structure similar to graphene was applied for improving the mechanical and 

chemical properties of the polymer-based composite, due to its stiffness and high thermal 

stability.58 So far, hBN has gained numerous interests on neutron shielding applications, 

owing to its high absorption cross-section (~ 760 b).59-61 However, with its excellent 

thermal and mechanical properties, the effect of hBN as a reinforcement on X-ray 

shielding enhancement has not been explored yet.   

Transition metal dichalcogenides (TMDCs) with the formula of MX2 (X-M-X layer), 

where M = Mo, Bi, V, Ti, Nb, W, and Zr and X = S, Se, and Te, have been studied 

systematically, especially for molybdenum disulfide (MoS2) and tungsten disulfide 

(WS2).62 The exfoliated TMDCs exhibited distinct properties compared to their bulk 

forms, and the single- or few-layer of TMDCs with their outstanding electrical, chemical, 

and mechanical properties are applied to numerous applications, including sensors, 

semiconductors, energy storage, and thermo-electric devices.63-65 So far, only few studies 

have explored the effect of MoS2 and WS2 on X-ray attenuation performance.66, 67 The 

findings from the previous studies brought potential for using exfoliated MoS2 (few-layer) 

or other high-Z TMDCs for not only improving X-ray attenuation but also to enhance the 

mechanical properties.  
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Metal oxides with their layered structure can be considered as the new 2D material 

group, including molybdenum oxides, vanadium oxides, phosphorus oxides, lead oxides 

and other transition metal oxides.68 Although many 2D oxides with layered structures 

may have promising properties after exfoliation, the effect of the exfoliated high-Z 2D 

oxide nanosheets on X-ray shielding have not yet been extensively studied.69  

Perovskites as new developed 2D metal oxides have attracted interests in many fields 

such as solar cell and building construction, due to their high optical absorption, 

ferroelectric, dielectric, and catalytical properties.47 The hybrid perovskites with the 

formula of ABO3 are often fabricated using the layers of a metal halide intercalated with 

the layers of the organic chains.70 Few-layer perovskites can be generated by mechanical 

exfoliation, which are highly stable.70 For the first time, Morad et al. explored the effect 

of Ni substitution on X-ray shielding efficiency of Nd0.6Sr0.4Mn1-yNiyO3 (perovskite 

structure).71 This study opened a pathway for use of hybrid perovskites for X-ray 

shielding application. A recent study compared the effect of Bi2O3 and Yb2O3 additives 

on the shielding effectiveness of a BaTiO3 composite. The obtained result indicated the 

addition of Bi2O3 provided greater shielding effectiveness than Yb2O3, owing to the 

increased composite’s density and the higher Z value (83) of the Bi element.72 However, 

the effect of the synthesized BaTiO3 for X-ray shielding efficiency was not clearly 

explained. Moreover, there are still more hybrid perovskite-structure materials that need 

to be explored for the design of Pb-alternative shielding materials. The mechanical 

properties, thermal and chemical stability of the perovskites-based materials are not yet 

studied, which can be crucial for the new generation of Pb-free X-ray shielding materials. 

The commercial Pb-based X-ray aprons composed of multilayered Pb-vinyl sheets as 

an inner layer enveloped with a polyester fabric as an outer layer.73 These Pb-based 

garments contain ~ 0.5 m2 of the shielding material with a total weight of 4.5 kg, which 

provide 0.50 mm Pb-equivalent X-ray shielding ability for diagnostic X-ray (60 kVp-120 

kVp).73 However, the inflexibility of these X-ray shielding aprons easily develops cracks 

and gaps, due to the long-term wear and bending. Recently, many studies have focused 

on the fabrication of a lightweight, durable, and flexible textile material for X-ray 

shielding to replace Pb aprons. According to the standard of the International Commission 

on Radiological Protection,74-76 the X-ray protection ability of Pb-free X-ray shielding 

garments need to achieve no less than 0.25 mm Pb-equivalent X-ray shielding ability at 

the same energy range. Polyester, cottons, nylons, and leather are often used as coating 
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substrates, due to their good strength, durability and lightweightness.41 Bismuth and its 

oxide (Bi2O3) are the most promising shielding candidate for coating on different types 

of textiles.41, 77-79 Although these textile materials achieved 0.25 mm Pb-equivalent 

shielding ability at 80 kVp and 100 kVp, the one-side coating technique has its limits for 

long-term use, due to less resistant to laundry and folding. The manufacturing technique 

for the coated textile thus needs to be improved, and the complete laboratory 

examinations are necessary before commercializing any Pb-free shielding products. 

To summarize, the future challenges of 2D nanomaterials as emerging X-ray 

protection components listed below are to be addressed: 

(1) There are limited studies on the effect of various nanostructured materials in terms 

the impact of their particle sized and morphology towards X-ray attenuation improvement. 

(2) Effect of carbon-based materials, such as graphene, CNT as reinforcements for 

X-ray shielding composites are still not clear. 

(3) The use of high-Z 2D materials with high density, non-toxicity and low 

manufacturing costs is not explored for X-ray shielding applications. 

(4)  Sustainability and durability of the X-ray shielding textiles needs to be evaluated 

for the development of commercial Pb-free shielding apparels. 

(5) Complete exploratory examinations are recommended for commercializing any 

novel Pb-alternative X-ray shielding materials. 

The successfully addressing these problems with understanding the knowledge of the 

material design constraints will provide the guidance for the development of new 

generation of the Pb-free X-ray shielding materials, which brings great potential for 

engineering the X-ray shielding apparels.     

1.2. Thesis outlines 

This thesis compiles the comprehensive outcomes of my PhD research structured into 

seven chapters including introduction with significance, literature review, four chapters 

adapted from the original research work and publications, and final chapter of conclusion. 

The details are summarized in the following sections: 

Chapter 1 Introduction  

This chapter presents a brief overview on the ionizing electromagnetic radiation and their 

hazards, especially for X-ray radiation, followed by the significance of applying radiation 

shielding. The health concerns of using conventional Pb-based materials are discussed, 
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followed by significance of developing Pb-free X-ray shielding composite materials and 

their limits. The research gaps and challenges of this research is highlighted, showing the 

significance of employing 2D materials to design a new generation of lightweight, non-

toxic, and advanced X-ray shielding materials.  

Chapter 2 Literature review 

This chapter provides a comprehensives literature review on the Pb-free shielding 

materials, introduction of 2D materials, and their potential applications for a new 

generation of Pb-free X-ray shielding materials. This section also introduces the 

fundamental principles of X-rays attenuation, including the definition and classification 

of X-ray energy, shielding mechanisms, properties of designing shielding materials. 

Moreover, the chapter focuses on the development of both Pb and non-Pb X-ray shielding 

composite materials, followed by the problems related to their formulation. Finally, the 

benefits of introducing 2D materials are discussed for a new generation of Pb-alternative 

X-ray shielding materials, followed by research gaps, aims and objectives, and hypothesis 

for this thesis. 

Chapter 3 Effect of particle size and morphology of 2D oxides for X-ray shielding 
enhancement  

This chapter investigates the synergistic effect of particle size distribution and structural 

morphology on X-ray shielding improvement of the metal oxide materials. The key 

finding from this work has been adapted to the next study on the development of a 2D 

metal oxide nanocomposite for the lightweight, non-Pb and high-performing X-ray 

shielding application. The outcomes from this chapter achieve aim 1 with two published 

peer-reviewed articles: 

(1) Yu, L., Pereira, A. L. C., Tran, D. N. H., Santos, A. M. C., & Losic, D. (2021). 

Bismuth Oxide Films for X-ray shielding: Effects of particle size and structural 

morphology. Materials Chemistry and Physics, 260, 124084-91. (Published) 

(2) Yu, L., Yap, P. L., Santos, A., Tran, D., & Losic, D. (2021). Lightweight bismuth 

titanate (Bi4Ti3O12) nanoparticle-epoxy composite for advanced lead-free X-ray radiation 

shielding. ACS Applied Nano Materials, 4(7), 7471-7478. (Published) 

Chapter 4 Development of 2D layered materials for low-energy X-ray shielding 
improvement 
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This chapter aims to explore the impact of applying 2D layered materials on X-ray 

attenuation improvement. Multilayered (bulk) and few-layer (exfoliated, FL) 2D 

materials including antimony, Mxene and MoS2 are prepared for the comparison of the 

low-energy X-ray shielding effectiveness. The outcomes regarding to the significant 

effect of the layer-structure materials on X-ray attenuation enhancement provide great 

potential for the new design of FL-2D materials for radiation shielding application. The 

key contribution of this chapter achieves aim 2, and two prepared manuscripts are under 

provisional patent approval (No. AU2021902612):  

(1) Yu, L., Douglass, M., Santos, A., Tran, D., & Losic, D. (2022). Two-dimensional (2D) 

layered molybdenum disulfide (MoS2) films for high-performing low-energy X-ray 

radiation shielding. 2D Materials. (To be submitted) 

(2) Yu, L., Nine, M. J., Tran, T., Pereira, A. C., Hassan, k., Tran, D., . . . Losic, D. (2022). 

Layered 2D materials films and their heterolaminates for enhanced low-energy X-Ray 

radiation shielding. Advanced Materials. (Submitted) 

Patent: Yu L, Losic D, Santos A, Tran D, Tran T and Nine M J (2021). Improved 

radiation shielding. University of Adelaide, No.72309AU. 

Chapter 5 Development of polymer-based 2D nanocomposites for enhanced X-ray 
shielding performance 

The first part of this chapter is to study the synergistic effect of using 2D nanomaterials 

(graphene and hBN) as reinforcements for polymer-based shielding materials. This work 

involves the fabrication of FL-hBN via wet chemical exfoliation, preparation of graphene 

and hBN reinforced MoS2 nanocomposites for evaluation of X-ray attenuation 

enhancement as well as their mechanical properties and thermal stability. The second part 

is to investigate laminated polymer-based composite reinforced with exfoliated 2D 

antimony for improved shielding ability. The results from this chapter achieve aim 3:  

(1) Yu, L., Yap, P. L., Tran, D. N. H., Santos, A. M. C., & Losic, D. (2021). High-yield 

preparation of edge-functionalized and water dispersible few-layers of hexagonal boron 

nitride (hBN) by direct wet chemical exfoliation. Nanotechnology, 32(40). (Published) 

(2) Yu, L., Yap, P. L., Santos, A., Tran, D., Hassan, k., & Losic, D. (2022). Synergistic 

effect of graphene and hexagonal boron nitride for significant X-ray shielding 
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enhancement of molybdenum disulfide-epoxy composites. ACS Applied Materials & 

Interfaces. (Under review) 

(3) Nine, M. J., Yu, L., Pereira, A. L. C., Batmunkh, M., Hassan, K., Santos, A. M. C., . . . 

Losic, D. (2022). Laminated antimonene as an alternative and efficient shielding strategy 

against X-ray radiation. Applied Materials Today, 29, 101556-64. (Published) 

Chapter 6 Application of the designed polymer-based 2D oxide coated textile for X-
ray shielding  

This chapter introduces the best shielding materials selected from the previous studies in 

chapter 3, 4, and 5 to fabricate a lightweight, Pb-free coated textile for X-ray protection. 

The study on the structure design of the 2D metal oxide composite coated textile provides 

a new solution to the fabrication of light, flexible and effective Pb-free shielding fabrics. 

The key findings from this chapter achieve aim 4:  

(1) Yu, L., Yap, P. L., Santos, A., Tran, D., & Losic, D. (2022). Lightweight polyester 

fabric with elastomic bismuth titanate composite for high-performing lead-free X-ray 

shielding. Advanced Engineering Materials. (Under review) 

Chapter 7 Conclusion and future challenges  

This chapter includes the summary of the development of 2D composite materials for 

advanced X-ray shielding application, and it also highlights the future challenges of 

engineering a lightweight, non-toxic, and environmentally friendly Pb-free shielding 

materials for commercializing X-ray shielding apparels.  

1.3.  Format 

The thesis entitled “New Generation of 2D materials for ionizing electromagnetic 

radiation shielding applications” has been prepared as a combination of publications, 

submitted and prepared manuscripts based on the requirements of The University of 

Adelaide. The printed and online versions of this thesis are identical.  
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Chapter 2 Literature review 

2.1. Introduction  

The current development in the medical, mining, agricultural, nuclear- and defence-

energy sectors are largely related to electromagnetic radiation.1 Ionizing electromagnetic 

radiation composed of X-ray and gamma (𝛾)-ray is extensively applied to many non-

destructive materials testing applications, including medical diagnosis and geological 

exploration, due to its high penetration ability.2 Unguarded ionizing radiation exposure to 

human can have severe harm to living cells, break the DNA chains, and cause many other 

health problems, including carcinogenesis, damage to the nervous system and cardiac 

diseases. So far, the growing demand of applying X-ray radiation, especially in the 

medical field has brought potential harm for practitioners, due to their frequent exposure 

to X-ray, which requires more efficient protection.3 The employment rate of radiology 

occupation has been estimated to increase by 9 % between 2014 and 2024.4 Previous 

reports from the International Commission on Radiological Protection (ICRP) revealed 

that the long-term exposure to high-energy radiation led to irreversible health issues (e.g., 

carcinogenetic disease),5 thus the use of X-ray protective material is inevitable for 

protecting personnel from the detrimental effects of X-ray. 

There are three ways to minimize the effect from radiation hazards: (1) reducing the 

exposure time, (2) keeping a certain (longer) distance from the radiation source, and (3) 

wearing protection garments. Among the three options, application of the radiation 

shielding garment is the most effective practice to prevent the personnel from hazardous 

radiations. Attenuation of the X-ray photon energy is achieved due to the dominant 

photoelectric effect (mainly dependent on the atomic number (Z) and density).6-7 Lead 

(Pb) is therefore widely used as an important shielding material, owing to its high density 

and high Z that enhances the photoelectric effect by providing more electrons and photon 

absorption edges.8-10 However, the heaviness of these Pb-based aprons hinders physical 

movement and causes discomfort for the wearer.11 Moreover, the severe toxicity of these 

Pb integrated materials is detrimental to the human body and leads to environmental 

pollution, thus limiting their extensive application.12 Recently, Pb has been reported as 

the second most hazardous material out of the top 20 materials by the Comprehensive 

Environmental Response, Compensation and Liability Act (CERCLA), as it is highly 

toxic and a cancer causing agent.13 There is thus an urgent demand for the development 
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of lightweight, non-toxic, Pb-free materials, which can replace or minimize the Pb usage 

for shielding applications. To address the aforesaid problems, polymer is often introduced 

as a supporting component to form a lightweight and durable X-ray shielding composite, 

owing to its unique properties, such as low density, durability, low manufacturing cost, 

and flexibility in fabrication.14 The polymer-based nanocomposites are widely used in the 

new design of lightweight radiological protective garments.  

On the other hand, two-dimensional (2D) materials have been applied extensively to 

many promising fields including optical devices, sensors, biomedicine and 

electromagnetic interference (EMI) shielding, owing to their unique mechanical, 

chemical, electrical and structural properties.15 Moreover, these 2D materials exhibit a 

wide range of thicknesses from atomic-layer (few microns) to lateral size of a few 

centimetres, leading to variations in their properties.16 Applying high-Z 2D nanomaterials 

can be a great potential to generate lightweight, environmentally friendly and high-

performing X-ray shielding materials.  

In this review, the fundamental principles of the ionizing electromagnetic radiation 

shielding, including classifications of radiation, the mechanism of radiation attenuation 

and properties of the shielding materials are explicitly explained. The conventional Pb-

based materials with their advantages are discussed, followed by introducing the 

development of the Pb-alternative shielding materials. The review also focuses on 

introducing the high-Z 2D nanomaterials for the new design of X-ray shielding 

enhancement and highlights the application of an X-ray shielding textile compared to the 

commercial Pb-based apparels. Finally, the challenges and opportunities of high-Z 2D 

nanomaterials as emerging X-ray protection materials are addressed.     

2.2. Classification of radiation  

Radiation is defined as an energy that originates from a source and travels through a 

variety of materials.17 According to its capability to ionize the materials, radiation is 

commonly classified into two major groups: (1) non-ionizing radiation, and (2) ionizing 

radiation.17 Non-ionizing radiation possesses insufficient energy to eject the electrons 

from one atom, and it therefore cannot generate ions. Microwaves, radio waves, infrared 

and visible lights belong to this category.18 On the other side, ionizing radiation is able to 

eject the electrons from one atom by producing both negative and positive charged ions, 

due to its high energy.19 Ionizing electromagnetic radiation can be divided in several 
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classes including X-ray, gamma (𝛾)-ray as well as alpha (𝛼) and beta (𝛽) particles from 

the radioactive materials.20 𝛾-ray is generated from the radioactive decay or nuclear 

explosion, which contains the smallest wavelength with the greatest energy among any 

waves from the electromagnetic spectrum.21 While X-ray is a pure energy of the photons, 

which is generally less penetrating and lower energy than 𝛾-ray.21 𝛼 particles are emitted 

from the decay of the heaviest radioactive nuclei, like uranium and radium, and 𝛽 

particles are negative charged electron-like particles.21 𝛼  particles can be easily 

attenuated by a piece of paper, and 𝛽 particles are shielded by only a layer of thin sheet 

of aluminium.22 However, attenuation of both X-ray and 𝛾 -ray requires the proper 

shielding materials (e.g., Pb sheet).22 Figure 1 shows the diagram of the required 

shielding materials for 𝛼 and 𝛽 particles, 𝛾-ray and neutron.23  

 
Figure 1. Diagram of the required shielding materials for alpha and beta particles, 
gamma-ray and neutron.23 

2.3. History of X-ray shielding 

Since X-ray was first discovered in 1895 by Wilhelm Roentgen (a German physicist), 

it has been extensively applied to many non-destructive material testing applications, 

including medical diagnosis, geological exploration, food irradiation, biological studies, 

space exploration and etc.24 However, inadvertent exposure to X-ray has drawn a great 

concern, as it is detrimental to human health and the environment.25 Hazards from X-ray 

have been recognized by the International Committee on Radiological Protection (ICRP), 

indicating that overexposure to X-ray can engender the carcinogenic effect to organs, 

radiation sickness, cell mutation and other illnesses.26-27 With the development of medical 

care industries, the employment rate of radiology occupation has been estimated to 

increase by 9 % between 2014 and 2024.4, 27 Protection from harmful effects of radiation 

is therefore of paramount importance for the related practitioners. Applying the principle 
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– as low as reasonably achievable (ALARA) can effectively minimize the radiation dose 

when the specialists are working closely with radiation sources.28 To minimize the X-ray 

exposure, it depends on three key factors: (1) reducing the exposure time, (2) increasing 

the working distance, and (3) applying shielding materials.29 Among all factors, shielding 

is considered as the most preferred radiation protection, owing to its independent 

efficiency within the required working circumstance. X-ray shielding towards the 

practitioners is thus highly in demand for the safe operation and healthy working 

environment.     

2.4.  Classification of X-ray energy 

X-ray is one of the ionizing radiations that can be emitted by the excitement of atoms, 

where the outer-shell electrons fill the vacancy in the inner-shell atoms by releasing X-

ray (called as characteristic or fluorescence X-ray).30 Moreover, X-ray can be generated 

by gamma-ray interaction with the matter.31 In general, X-ray can be categorized into five 

groups based on the energy ranges as listed in Table 1.32   

Table 1. Classification of X-ray based on the energy ranges.32   
Group Energy range 

Low-energy or soft X-ray 0.1-20 keV 

Diagnostic X-ray 20-40 keV 

Orthovoltage X-ray 140-300 keV 

Intermediate-energy X-ray 300 keV-1 meV 

Upward megavoltage X-ray >	1 meV 

 

In addition, X-ray based on the energy ranges is classified into two types, that is 

monochromatic and polychromatic X-ray.33 The former one is a type of X-ray with a 

single wavelength, while the polychromatic X-ray possesses a broad spectrum of energy 

with several wavelengths, which is commonly used in clinic practice.33  

2.5. X-ray attenuation  

X-ray attenuation is the process of X-ray intensity reduction via either absorption or 

scattering when X-ray passes through the shielding material.34 There are several methods 

to study the X-ray attenuation ability of a shielding material including: (1) X-ray 

transmission, (2) mass attenuation coefficient and (3) linear mass coefficient, (4) half-

value layer, and (5) radiation protection efficiency.35 For instance, when a narrow beam 



Chapter 2 

21 

 

of X-ray generated from X-ray tube goes through a attenuating material, some of them 

will be scattered directly from the surface of the material. Some of the X-ray photons will 

be absorbed completely by its interaction with the material, and then the low energy of 

electrons will be generated and received by the ionization chamber.36 

(1) For a narrow beam of mono-energy photons, the change in X-ray intensity at a 

certain distance within a shielding material can be expressed as equation (1),37 

     I = I0 𝑒!"#                    (1) 

where I is the X-ray intensity transmitted across a certain distance of a shielding material. 

I0 is the initial X-ray intensity that mainly depends on distance from the source to the 

detector, the mAs setting and detector calibration, 𝜇 is linear attenuation coefficient of 

the shielding material (cm-1), and 𝑥  is the distance travelled (cm).37 The X-ray 

transmission rate after the attenuation can be integrated as equation (2),  

 T = I / I0 × 100%      (2) 

(2) Linear attenuation coefficient (𝜇) and mass attenuation coefficient (𝜇m) are two 

major coefficients for determining the quantity of X-ray shielding ability. The linear 

coefficient expresses the fraction of X-ray that is absorbed or scattered per unit thickness 

of a shielding material.37 According to Beer Lambert’s law, it can be expressed as 

equation (3),38 

	𝜇 = (- ln (I / I0)) / 𝑥         (3) 

(3) Mass attenuation coefficient is used to evaluate the X-ray shielding ability of the 

developed shielding materials with different densities.2, 39 More specifically, it describes 

a rate between X-ray attenuation capacity per unit thickness (cm-1) of a shielding material 

and the density (g/cm3) of this material, which can be expressed as equation (4), 40 

	𝜇/𝜌 = - ln (I / I0) / 𝜌𝑡        (4) 

where 𝜌 is the density of the material (g/cm3). 

(4) Half-value layer (HVL) is the layer (thickness) of a shielding material that reduces 

the intensity of X-ray by a factor of one half of the initial intensity (as shown in equation 

5),34 

                                              HVL = ln (2) / 𝜇                 (5) 

(5) Radiation protection efficiency (RPE) is commonly used to evaluate the X-ray 

attenuation ability of a shielding material, which is determined as equation (6),41 

RPE = (1- I / I0) × 100%    (6) 
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2.6. X-ray interaction with the shielding materials 

In general, when the incident X-ray travels through a shielding material, three possible 

interactions may occur within the material as listed below:38 

(1) Absorption: X-ray photons encounter the atoms from the attenuating material 

and then lose all their energies to the atoms. 

(2) Scattering: X-ray photons encounter the atoms from the attenuating material, and 

the photons are directly deflected with or without energy loss. 

(3) No interaction: X-ray photons travel through the attenuating material without 

any interaction with any atoms from the material. 

These three interactions can be classified into five main mechanisms of the X-ray 

interactions towards the shielding material including: (1) photoelectric effect, (2) 

Compton scattering, (3) pair production, (4) Rayleigh scattering, and (5) photonuclear 

interactions.31 The above-listed interaction mechanisms when the incident X-ray is 

travelling through the attenuating material are shown in Figure 2. Among the five types, 

photoelectric effect, Compton scattering, and pair production are three of the most critical 

interaction types, since they can effectively deliver the photon energy to the electrons.42  

 
Figure 2. Five interaction mechanisms when the incident X-ray is travelling through the 
attenuating material. Reproduced with permission.43 Copyright (2005) JNMT. 
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2.6.1 Photoelectric effect 

Photoelectric effect is one of the most important interactions during the X-ray photons 

interaction with the shielding material at the low energy (<	100 keV). When the inelastic 

collision occurs between the incoming X-ray photons and the inner shell electron from 

the material, these photons will disappear with giving up all their energies.44 If the photon 

energy is greater than the binding energy from the core electron, the ejection of this 

electron will occur with the remaining photon energy converted to kinetic energy of this 

ejected photoelectron (Figure 3).45-46 The photoelectric effect is dominant at the X-ray 

energy range between 1-100 keV, and the probability of the photoelectric effect enhances 

with the increasing atomic number (Z) of the shielding material.47 The cross section of 

the interaction via the photoelectric effect is directly proportional to Z3 of the absorbing 

material, and inversely proportional to the X-ray energy (1 / E3).42 (Note: the cross section 

is used to describe the X-ray absorption ability of the shielding material, which evaluate 

the probability of photons interacted with the material).42   

 
Figure 3. Schematic illustration of the photoelectric effect within the attenuating material. 
Reproduced with permission.48 Copyright (2021) Springer Nature. 

2.6.2 Compton scattering 

Most of the scattered photons from the interaction within the absorbing material result 

from Compton scattering.32 During this process, the high-energy X-ray photons strike the 

outer-shell electrons, leading to the ejection of low-energy electrons from the orbit. At 

the same time, the photons are directly deflected and travel to a new direction with the 

reduced energy.46 The predominant Compton scattering effect occurs when the X-ray 
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energy ranges from 100 keV-10 meV, which is directly proportional to Z of the shielding 

material.49 Figure 4 depicts the process of Compton scattering effect occurring.  

 
Figure 4. Schematic illustration of the Compton scattering within the attenuating material. 
Reproduced with permission.48 Copyright (2021) Springer Nature. 

2.6.3 Pair production 

Pair production occurs when the X-ray photon energy is two times higher than the 

rest mass of the electron. (Note: rest mass of the electron is the mass measured when the 

electron is in its stationary status).45 As the rest mass of an electron is 0.511 meV, pair 

production will only happen when the X-ray energy reaches above 1.02 meV, where a 

pair of particles (an electron and a positron) are ejected from the nucleus of the shielding 

material, and the extra energy from the photons will then be transferred to this pair of 

particles (as shown in Figure 5).31 The probability of the pair production mainly relies 

on Z2 of the material.30  

 
Figure 5. The process of pair production occurred within the nucleus. Reproduced with 
permission.48 Copyright (2021) Springer Nature. 
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As discussed above, the relationship of the main attenuation mechanisms with the 

photon energy (E) and the atomic number (Z) during the absorption and scattering are 

summarized in Table 2.50 

Table 2. Summary of the relationship between the main attenuation mechanisms and the 
photon energy and the atomic number.50 

Mechanism Relationship with E Relationship with Z Energy range 

Photoelectric effect 1 / E3 Z3 1-100 keV 

Compton scattering 
Decreases gradually 

with E 
Independent 100 keV-10 meV 

Pair production 
Increases gradually 

with E 
Z2 >	1.02 meV 

 

2.7. Properties of materials for X-ray shielding 

2.7.1 Atomic number (Z)  

A compound containing high Z has its alluring property for the development of an X-

ray shielding material, since predominant photoelectric effect is significantly dependent 

on Z of the absorbing material.51 Moreover, the Z dependent K absorption edge of each 

element is another critical parameter for radiation absorption, especially for the diagnostic 

X-ray energy. The elements can effectively absorb the radiation energy above their K 

absorption edges. The important high-Z elements with their densities and corresponding 

K absorption edges are summarized in Table 3.52 

Table 3. High-Z elements with their densities and corresponding K absorption edges.52  

Elements Z value Density (g/cm3) K absorption edge (keV) 

Bismuth (Bi) 83 9.8 90.5 

Lead (Pb) 82 11.4 88.0 

Tungsten (W) 74 19.3 69.5 

Gadolinium (Gd) 64 7.9 50.2 

Cerium (Ce) 58 6.7 40.4 

Barium (Ba) 56 3.5 37.4 

Cesium (Cs) 55 1.8 36.0 

Antimony (Sb) 51 6.7 30.5 

Tin (Sn) 50 7.3 29.2 

Cadmium (Cd) 48 8.6 26.7 

Molybdenum (Mo) 42 10.3 20.0 



Chapter 2 

26 

 

2.7.2 Density of shielding materials 

Density (𝜌) is one of the key parameters for the design of a shielding material, which 

is a measure of mass per unit volume of a substrate.53 According to Beer Lambert’s law 

related to the X-ray absorption of the shielding material, the density is directly 

proportional to the X-ray intensity, showing that by increasing the density of a shielding 

substrate, it can effectively improve the probability of X-ray interaction between the 

incoming X-ray and the shielding material.54 Moreover, density determines the quantity 

of the electrons within the given thickness of the attenuating material, which is related to 

interaction with the photon energies.55 A dense material with a higher atomic number is 

beneficial to improve X-ray attenuation. The recent study investigated on the effect of 

adding bismuth oxide (Bi2O3) within the glass composite for X-ray shielding 

enhancement, proved that the addition of 14 % Bi2O3 was able to achieve a 15 % increase 

in the density of the glass composite, leading to 50 % improvement of the X-ray 

attenuation ability at 60 kVp.56 The density of the material can be calculated using 

equation (7), 

𝜌 = M / V                                  (7) 

where M is mass (g) of the material and V (cm3) is volume of the material.  

2.7.3 Thickness  

The photon intensity of X-ray, especially for low energy can be attenuated by the 

photoelectric absorption, which is significantly dependent on the thickness of the 

shielding material.57 Optimization of the material thickness is thus of great importance 

with the aim of designing a X-ray shielding composite.58 Previous study investigated on 

the enhanced X-ray shielding performance of neodymium oxide (Nd2O3) imbedded with 

natural rubber (NR) composites at 60 keV. With the increment of the composite 

thicknesses from 0.2 cm to 1.0 cm, X-ray shielding rate of the NR composite with 60 wt.% 

of Nd2O3 loading increased from 80 % to 100 %.59  

2.7.4 Effective atomic number of shielding materials 

The effective atomic number (Zeff) is a critical parameter for determination of an X-

ray absorbing material, especially for diagnostic X-ray (35-60 keV).60 The effectiveness 

of diagnostic X-ray shielding ability significantly depends on the probability of the 

predominant photoelectric effect, which is directly proportional to the atomic number of 
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the absorbing material.61 An effective Z (called as average Z) of the materials is 

considered, when various compounds, mixtures, and multilayered materials containing 

different Z are developed for X-ray shielding.60 The effective Z can be calculated using 

equation (8),62 

Zeff = 𝜎a / 𝜎e                                      (8) 

where 𝜎a and 𝜎e are total atomic cross section and electronic cross section, respectively. 

2.7.5  Key parameters of X-ray shielding using composite materials 

X-ray is a high-energy electromagnetic radiation that can penetrate many materials, 

and a short wavelength with high frequency of radiation. X-ray is widely applied in 

radiotherapy, medical imaging, and material characterization, due to its high penetration 

ability.2 At the same time, X-ray is biologically unsafe for the human body, leading to 

irreversible health issues, such as carcinogenetic diseases.5 The use of X-ray protective 

apparel is thus of great importance to the practitioners working with X-ray. The 

mechanism of X-ray attenuation is mainly based on the probability of the photoelectric 

and Compton scattering effects between the incident photons and the shielding materials.6 

Lead (Pb) is therefore widely used as an important shielding material, owing to its high 

density and high Z that enhances the photoelectric effect by providing more electrons and 

photon absorption edges.8-10 However, Pb-based materials normally lack flexibility, 

mechanical strength, and chemical stability.63 Moreover, the heaviness of these Pb-based 

aprons hinders the physical movement and causes discomfort wearing experience.11 To 

reduce the weight of these Pb-free shielding materials, polymer is often introduced as a 

supporting component to form a lightweight and durable X-ray shielding composite, 

owing to its unique properties, such as low density, durability, low manufacturing cost, 

and flexibility in fabrication.14 Many researchers have explored a wide range of 

polymetric matrices (e.g., polyvinyl chloride (PVC), polymethyl methacrylate (PMMA), 

and natural rubber (NR)) filled with different high-Z metals and metal oxides to fabricate 

polymer-based composites for X-ray shielding.64 Some of the widely used polymers are 

summarised in Table 4.65 To synthesize a polymer-based radiation shielding material, 

several key parameters are discussed in the following sections. 
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Table 4. Polymers with their chemical formula and densities.65 
Polymer name Formula Density (g/cm3) 

Polyacrylonitrile (PAN) C3H3N 1.18 

Polyaniline (PANi) C6H4NH 1.63 

Polyethylene terephthalate (PET) C10H8O4 1.38 

Polyphenylenesulfide (PPS) C6H4S 1.35 

Polyamide (Nylon 6) (PA-6) C6H11NO 1.13 

Polytetrafluoroethylene (PTFE) C2F4 2.20 

 

2.7.6 Particle size effect 

Particle size distribution of the radiation protective materials (fillers) is of great 

significance that impacts on radiation shielding performance of the polymer-based 

composite materials.66 The incorporation of the nanomaterials (nanofillers) into the 

polymeric matrix could significantly improve the properties of the composite.66 Generally, 

the filler can be bonded with the polymer by the intermolecular forces or weak chemical 

forces.19 However, the molecular interaction between polymers and nanofillers can be 

enhanced by chemical bonding, which elevates the mechanical and physical properties.19 

Moreover, the addition of the nanofillers into the polymeric matrix could gain some 

promising features, such as elevated mechanical strength and stiffness, heat resistance, 

and radiation resistance.67 Importantly, the loading requirement of nanofillers towards the 

polymers is lower than their microsized counterpart, which can be beneficial for the 

dispersibility within the matrix.67 

Currently, the use of nanomaterials for development of Pb-free radiation protection 

composites have gained immense attention, owing to their unique properties. Previous 

work carried out by Botelho et al. investigated the effect of nanostructured copper oxide 

(CuO, 13.4 nm) on X-ray shielding performance compared to its microsized counterpart 

(56 𝜇m).67 The outcome showed that X-ray attenuation of nanosized CuO had 14 % 

improvement, compared to the microsized CuO at low-energy X-ray (26 keV and 30 keV), 

at the same filler loading (5 wt.%). However, it has also proved that there was no 

significant difference between the two at the higher energy (60 keV and 120 keV).67 The 

study concluded that the nanostructured materials were more effective towards low-

energy X-ray absorption, due to the predominate photoelectric effect. Another study 

performed by Azman et al. confirmed that the nanosized tungsten oxide (WO3, 100 nm)-

epoxy composite had 1.1-2.3 times higher attenuation ability at the lower energy (10-25 
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keV), respectively, compared to the microsized WO3-epoxy composite at the same filler 

content (10 vol.%).9 However, there was no apparent size effect on X-ray attenuation at 

30-40 keV. The work also concluded that nanosized WO3 consisted of a higher number 

of particles per gram compared to its microsized WO3 composite, leading to increased 

probability of the photon absorption by the WO3 nanoparticles. In addition, the reduced 

size filler could provide more uniform dispersion within the polymer.9 Several similar 

studies have been investigated on the particle size effect towards X-ray attenuation 

improvement using other metal oxides, such as Bi2O3, PbO, confirming the same 

findings.68-70 However, there is no study that investigates the effect of particle size and 

morphology on X-ray shielding performance, since the shape variations of the 

nanomaterials may influence on radiation shielding effectiveness.  

2.7.7 Thermal stability 

Generally, more than 99 % of kinetic energy from the X-ray beam is converted to heat 

at the anode target. For instance, a 50 W X-ray tube can generate approximately 49.8 W 

energy transferred to heat.71 The materials containing good thermal stability are able to 

withstand the high energy bombardment caused by X-ray.7 Alternatively, the materials 

with good thermal conductivity can effectively remove the heat from their inner layer 

structure.47 

2.7.8 Radiation damage resistance and other factors 

Radiation damage resistance is a necessary requirement for the design of an X-ray 

shielding garment, due to a significant deleterious effect on the mechanical properties of 

the X-ray absorbing materials.13 Moreover, the balance between the durability, processing 

cost, and flexibility of the shielding materials should be considered for manufacturing 

effective X-ray protection materials. 

2.8. Pb as a conventional X-ray shielding material 

2.8.1. Pb properties 

Pb has excellent properties including high density (11.30 g/cm3), high Z (82), ease of 

fabrication, cheap and high level of stability, which is ideal for both X-ray and 𝛾-ray 

protection.13 In addition, when Pb is applied to neutron shielding, Pb itself cannot be 

radioactive after neutron irradiation, due to low level of neutron absorption. For this 
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reason, Pb can also be used in neutron shielding without emitting any significant amount 

of harmful secondary radiation.72 Despite that Pb is not the densest metal compared with 

tungsten or thorium, it is more readily available and lower in manufacturing cost 

compared to other high-density metals.73 Historically, Pb-based shields have been used 

frequently for radiation protection purpose. The application includes a Pb lined wall,  and 

Pb lined plywood for the construction of the laboratory or nuclear industries.72 The Pb-

based shielding materials are discussed in the following sections. 

2.8.2. Pb sheets, foils, and plates 

Pb sheets can be easily shaped and formed for use in many different applications, and 

the thickness of the commercially available Pb sheets is in a range from 0.007 cm to many 

centimeters.48 Its advantages include soundproofing, waterproofing and highly resistance 

to chemical corrosion and environmental changes. Moreover, Pb foils are referred to less 

than 0.08 cm of Pb sheets and Pb plates are defined as greater than 1.27 cm of Pb sheets.72 

2.8.3. Pb bricks 

Pb bricks commonly contain 4 % of antimony (Sb)-Pb alloy with interlocking styles 

in a wide size range, where the 4 % of antimony-Pb alloy can provide extra resistance to 

the damage, compared with pure Pb, and the interlocking style can prevent leakage caused 

from radiation irradiation.74 The smooth surface of these Pb bricks is manufactured to 

prevent the contamination from radiation dust.74 In addition, the standard sizes for a Pb 

brick can be set as 7-33 cm in length, 7-12 cm in width, and 5 cm in depth for the room 

build-up in the industry plants or hospital.51 However, Pb dust is created from the 

movement of the Pb bricks, which potentially causes hazardous effect on the lung and 

upper respiratory tract via inhalation.75  

2.8.4. Pb glass 

To view the patients without exposure to X-ray, Pb-glass commonly provides the 

visibility and effective X-ray and 𝛾 -ray shielding for the observation rooms in 

laboratories.76 The standard Pb glass is produced in the thickness of 0.63 cm, which has 

1.5 mm Pb-equivalent shielding ability.38 To achieve different levels of the Pb-equivalent 

shielding ability, Pb glass can be installed with a multilayered structure in the wall. 

Pb glass composes of 65 % of lead oxide into a high-quality optical grade glass during 

the manufacturing process, which contains a high refractive index to allow light 
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transmission with little or no distortion.77 It is also scratch-resistant as the result of the 

polished effect on both surfaces of the glass. At the same time, there is one major concern 

of using Pb-glass, that is the cause of eye strain to the medical users due to the light 

reflections created.78  

2.8.5. Pb-based acrylic/vinyl sheet 

Pb acrylic sheet is made of an acrylic copolymer blended with a Pb salt compound 

(30 %), which is a versatile and transparent plastic with a refractive index of 1.54.79 It has 

excellent light transmission with effective radiation protection, which is extensively used 

for Pb glass substitution as observation windows, mobile shielding protection and door 

glazing purposes.80 The details of different Pb acrylic sheets are summarized in Table 

5.38 

Table 5. Details of different Pb acrylic sheets.38 

Thickness of Pb acrylic sheet (mm) Weight (lb./ft) Pb equivalency (mm) 

7 2.3 0.3 

12 3.9 0.5 

22 7.2 1.0 

35 11.5 1.5 

46 13.7 2.0 

 

Pb vinyl sheet is made more suitably for use in X-ray and low-energy 𝛾-ray shielding 

purposes.81 It is often applied to a wide range of applications, such as Pb vinyl aprons or 

curtains, owing to its flexibility, durability, and uniform density.38 In addition, the 

conventional Pb-based shielding aprons are made from the multilayered Pb vinyl sheets 

because of their high abrasion resistance and acid/alkali resistance.81 Table 6 presented 

the different thicknesses of Pb vinyl sheets with their respective Pb-equivalent shielding 

values.82 

Table 6. Thicknesses of Pb vinyl sheets with their respective Pb-equivalent shielding 
values.82 

Thickness of Pb vinyl sheet (mm) Pb-equivalent shielding value (mm) 

0.8 0.25 

1.6 0.50 

3.2 1.0 
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The Pb apron with 0.50 mm equivalent protection and its inside filler of the Pb vinyl 

sheets are presented in Figure 6. 

 
Figure 6. 0.50 mm Pb equivalent X-ray protection apron composed of the Pb vinyl sheets. 

2.9. Disadvantage of using Pb as shielding material 

Despite the merits of using Pb as a conventional shielding material, the Pb-based 

shields are notorious for their environmental contamination, heaviness, low flexibility, 

chemical stability as well as toxicity.79 The dust generated from Pb is a highly potential 

hazard causing air pollution and provides harmful consequences to related practitioners 

when they breathe in the dust.78 Moreover, Pb is neither biodegradable nor fast at 

excretion from the human body. Constant exposure to high toxic Pb can give rise to 

several health concerns, such as cardiovascular and haematological diseases, which has 

been extensively recognized by the International Committee on Radiological Protection 

(ICRP).5 The heaviness and inflexibility of the Pb-based shielding aprons have brought 

about a significant health problem, such as back pain. Since 2014, Pb has been banned 

for use in European countries, and there is an urgent need for the design of a lightweight, 

non-toxic, Pb-free and effective X-ray shielding material.77 Furthermore, the good 

mechanical property, high chemical and thermal stability, improved flexibility and low 

manufacturing cost are considered as other critical qualities for the generation of Pb-free 

alternatives.51  

2.10. Development of Pb compounds-based shielding composites 

To reduce the toxicity and heaviness of metallic Pb, the compound and composite 

forms of Pb have been extensively studied to provide Pb-equivalent radiation (X-ray) 

shielding performance. Initially, Aziz et al. used lead oxide (Pb3O4) filled in styrene-
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butadiene rubber (SBR), and the use of Pb3O4 was first surface modified with stearic acid 

for compatibility improvement with SBR. The linear attenuation coefficient of Pb3O4-

SBR composite increased with the increment of Pb3O4 up to 5.6 vol.% at 30 kGy, which 

achieved 63 % radiation shielding ability of pure Pb.11 However, the mechanical 

properties decreased with the increment of the Pb3O4 loading. During the last decade, 

research on lead oxide composites for radiation shielding has gained momentum. In 2009, 

iso-phthalate resin was mixed with lead mono oxide (PbO) using a mold casting technique, 

and the composite with 50 wt.% provided the best radiation attenuation at 0.662 meV, 

showing its mass attenuation coefficient at 0.0948 cm2/g.7, 63 Azman et al. (2013) began 

to employ epoxy resin as the supporting component; a thermosetting polymer that can 

also withstand the heat from the high-energy X-ray. Microsized Pb3O4 particles were used 

to blend with the epoxy resin where the X-ray attenuation of the prepared composite was 

then tested under energy at 0.662 meV, indicating 0.0974 cm2/g of mass attenuation 

coefficient when Pb3O4 loading increased up to 50 wt.%.7 In another study, ethylene-

propylene-diene monomer (EPDM) were first introduced for high-energy X-ray shielding, 

owing to its good radiation resistance that is often used as a base matrix for the X-ray 

beam accelerator,83 and microsized PbWO4 particles was then employed to form a 

PbWO4-EPDM composite. Shielding capacity was measured at the energies of 0.086 

meV and 0.105 meV, suggesting that X-ray attenuation at 0.105 meV was achieved by 

both elements (W and Pb), and interestingly X-ray attenuation at 0.086 meV was 

governed by W only. This result proved that Pb has its weakness of attenuating the 

radiation energy below 0.105 meV, and W could be complementary towards Pb below 

0.105 meV.84 Importantly to notice, aggregation appeared within the PbWO4-EPDM 

composite, indicating the low compatibility between the polymer and the particles. This 

suggested that reduced-size filler particles or surface modifications in the composite for 

greater dispersion performance might need to be addressed. To improve the compatibility, 

the comparative study demonstrated that microsized and nanosized PbO particles 

individually mixed with a high-density polyethylene (HDPE) matrix showed that the 

nanosized PbO-HDPE composite had 12.5 % attenuation improvement at 1332 keV with 

improved mechanical and thermal properties, compared to its microsized counterpart.84  

With this proved finding, PbO nanoparticles with different loadings (5, 10, 20 wt.%) were 

applied to the EPDM matrix for enhancing the dispersion. The PbO-EPDM composite 

with 20 wt. % loading (thickness at 6 mm) provided 60.7 % attenuation ability at 120 
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kGy.85 In 2020, lead chloride (PbCl2) was first introduced for radiation shielding purposes 

where an orthophthaic unsaturated polyester resin was used as the supporting matrix. The 

radiation shielding ability of the PbCl2 composites with different weight fractions (10-

20 %) was measured under the energy range of 59.5 keV to 1408 keV. The key results 

found that the PbCl2 composite (thickness at 5 cm) with 20 wt.% addition showed 244 % 

radiation protection efficiency at 59.5 keV, compared to the neat polyester resin. With 

the increment of the radiation energies, the improvement effect of the PbCl2 loading on 

radiation shielding became insignificant.86 So far, many studies on high-energy X-ray 

shielding have been reported to incorporate non-toxic/low-toxic Pb compounds with 

various polymeric matrixes for replacing toxic Pb. Table 7 summarized the details of the 

Pb compound-based composites for high-energy X-rays shielding applications. 

Table 7. Details of the Pb compound-based composites for high-energy X-rays shielding  

Effective 
filler Polymers Density 

(g/cm3) 
Thickness 

(mm) Attenuation performance Ref. 

Pb3O4 
Styrene-
butadiene 

rubber 
4.73 2 87 wt.% Pb3O4 showed 0.424 

cm-1 of 𝜇	at 0.663 meV 11 

PbO Isopthalate 
resin 2.17 2 50 wt.% PbO showed 0.0948 

g/cm2 of 𝜇m at 0.663 meV 63 

Microsized 
Pb3O4 and 

PbO 
Epoxy resin 

2.83 for 
(Pb3O4) 
2.93 for 
(PbO) 

5 
70 wt.% of both fillers showed 
0.105 g/cm2 of 𝜇m for PbO, and 
0.102 g/cm2 of 𝜇m for Pb3O4 

7 

PbWO4 
ethylene-

propylene-
diene monomer 

1.24 5 30 wt.% of PbWO4 showed 
0.070 g/cm2 of 𝜇m at 1836 keV 87 

Microsized 
and 

nanosized 
PbO 

High density 
polyethylene 1.75 2 

Nanosized PbO composite 
provided 12.5 % attenuation 
improvement at, compared to the 
microsized PbO composite 

84 

PbCl2 
Orthophthaic 
unsaturated 

polyester resin 
1.33 10 20 wt.% of PbCl2 showed 0.748 

g/cm2 of 𝜇m at 59.5 keV 86 

 

2.11. Development of new Pb-free X-ray shielding materials 

Previous studies have explored a variety of high-Z metal (e.g., Bi, W, Gd, Sn) oxides 

for X-ray and -ray shielding applications. In 2012, Kunzel et al. used an epoxy matrix 

filled with micro- and nanosized copper oxide (CuO) for low-energy X-ray shielding, 

indicating that X-ray attenuation of nanosized CuO (30 wt.%) had 40 % improvement 

compared with their microsized counterpart, at 25 kVp and 30 kVp, while there was no 
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obvious difference in the attenuation when the energy increased above 60 kVp.88 

Mocahedi et al. prepared a combination of nanosized tungsten trioxide (15 wt.%, WO3) 

and tin dioxide (85 wt.% SnO2) particles within an epoxy paint, showing that this WO3-

SnO2-epoxy composite (density at 4.16 g/cm3) achieved 5.8 % of X-ray transmission at 

100 kVp, which is lower than a nanosized Pb-epoxy composite (9 %) with a density of 

4.79 g/cm3.89 Despite that the density of the prepared epoxy composite was slightly lighter 

than the Pb composite, this WO3-SnO2-epoxy composite still could be a potential 

lightweight, erosion-resistance, non-toxic material for Pb substitution. In 2016, Fontainha 

et al. used another 2D metal oxide (ZrO2 nanoparticles) integrated with poly(vinylidene 

fluoride tryfluorethylene) (P(VDF-TrFE)).90 The ZrO2 nanoparticles were first modified 

using methyl methacrylate (MMA) for dispersion improvement. The as-prepared ZrO2 

composite with a thickness of 1 mm achieved 60 % attenuation at 40 keV, proving that 

the enhanced dispersion ability using surface modification on the metal oxide 

nanoparticles could be beneficial for X-ray attenuation.90 Belgin et al. used an isophthalic 

polyester filled with natural ilmenite (titanium-iron oxide) for the first time, and 𝜇m of the 

prepared composite was measured at 60 keV.91 The ilmenite (50 wt.%)-based composite 

with a density of 1.86 g/cm3 achieved ~ 0.44 cm2/g of 𝜇m, showing 80 % of X-ray 

attenuation performance of the Pb at 60 keV. The scanning electron microscope (SEM) 

image confirmed that the nanosized filler particles exhibited uniform dispersion within 

the matrix. Singh et al. investigated on the X-ray attenuation efficiency of nanosized 

Bi2O3 integrated with polyvinyl chloride (PVC). The synthesis of the Bi2O3-PVC 

composite is shown in Figure 7.92 The outcome showed that the Bi2O3-PVC composite 

with a thickness of 1.5 mm achieved 0.51 mm Pb-equivalent X-ray shielding at 100 kVp, 

and its weight was 25 % lighter than a Pb sheet at the same dimension. It was also found 

that increasing the Bi2O3 loading could improve the thermal stability of the composite but 

reduced its mechanical strength due to the formation of micro cracks in the matrix.92  
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Figure 7. Process diagram of synthesis of the Bi2O3-PVC composite. Reproduced with 
permission.92 Copyright (2017) Elsevier. 

Later, Abunahel et al. studied the attenuation ability of epoxy-polyvinyl alcohol (PVA) 

filled with 12 wt.% of Bi2O3 nanoparticles towards the low-energy X-ray (23 keV and 35 

keV), indicating that the prepared composite with a thickness of 2 mm could attenuate 

nearly 100 % X-ray photons. This result suggested that the composite filled with more 

than 12 wt.% of Bi2O3 may be used as a Pb-free low-energy (<	35 keV) X-ray shielding 

material.93 Jayakumar et al. investigated on the X-ray attenuation efficiency of silicone 

filled with a combination of Bi2O3 and SiO2 nanoparticles.94 The prepared composite with 

50 wt.% of Bi2O3 and 0.025 wt.% of SiO2 provided the best X-ray attenuation, showing 

7.19 cm2/g of 𝜇m, and 0.78 cm of HVL at 66 keV. It was also found that the addition of 

the Bi2O3 and SiO2 nanoparticles could increase the thermal stability compared to the 

polymer itself.94 Table 8 summarized all the listed-above studies of the non-Pb metal 

oxide-polymer composites for X-ray radiation shielding. 
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Table 8. Development of Pb-free metal oxide composites for X-ray shielding. 

Active 
component Polymer Density 

(g/cm3) 
Thickness 

(mm) 
X-ray 
energy Attenuation performance Ref. 

Micro- and 
nanosized CuO Epoxy - 9 25, 30 and 

60 kVp 

30 wt.% of nanosized CuO 
had 40 % improvement, 
compared to microsized CuO 
at 25 and 30 kVp 

88 

Nanosized 
WO3 and SnO2 

HDPE 4.16 - 100 kVp 

15 wt.% WO3 and 85 wt.% of 
SnO2 achieved 8.5 % X-ray 
transmission and 0.23 mm of 
HVL 

89 

Nanosized 
ZrO2 

P(VDF-
TrFE) - 1 40 keV 10 wt.% of ZrO2 achieved 

60 % X-ray attenuation 90 

TiO2 and Fe2O3 Isophthalic 
polyester 1.86 - 60 keV 

50 wt.% of TiO2 and Fe2O3 
achieved 0.44 cm2/g of 𝜇 m, 
and 80 % of X-ray attenuation 
as Pb sheet 

95 

Nanosized 
Bi2O3 PVC - 1.5 100kVp 

50 wt.% of Bi2O3 achieved 
0.51 mm Pb-equivalent X-ray 
shielding 

92 

Nanosized 
Bi2O3 PVA/epoxy 1.5 2 23 keV and 

35 keV 

>12 wt.% of Bi2O3 achieved 
100 % X-ray attenuation at 
both X-ray energies. 

93 

Nanosized 
Bi2O3 and SiO2 

Silicone 
polymer - - 66 keV 

50 wt.% of Bi2O3 and 0.025 
wt.% of SiO2 achieved 7.19 
cm2/g of 𝜇m, and 0.78 cm of 
HVL 

94 

 

2.12. 2D materials and their potentials for X-ray shielding applications 

Since 2004, the first two-dimensional (2D) material - graphene was synthesized by 

isolating high oriented graphite; it has raised an interest in many disciplines, such as 

physics, chemistry, and material science.96-97 Other 2D materials, such as hexagonal 

boron nitride (hBN) and transition metal dichalcogenides (TMDCs) have also been 

applied extensively to many promising fields including optical devices, sensors, 

biomedicine, and electromagnetic interference (EMI) shielding, owing to their unique 

mechanical, chemical, electrical and structural properties.15 Moreover, these 2D materials 

exhibited a wide range of thicknesses from atomic-layer (few microns) to lateral size of 

a few centimetres, leading to the variations in their properties.16 The developed 2D 

materials are classified into three categories and are summarised in Figure 8.15 The 

yellow shaded materials from the majority of the graphene family are constant at ambient 

temperature for their monolayers. The light green shaded materials are mostly stable in 

air, while the blue shaded materials are only stable in the inert atmosphere. The materials 

under the purple shade require further characterization on their exfoliated monolayers.98 

Recently, 2D materials has gained an increased attention on radiation shielding 

applications, due to excellent chemical, thermal and mechanical properties.    
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Figure 8. Classification of the developed 2D (layered) materials. Reproduced with 
permission.15 Copyright (2020) RSC. 

2.12.1. Graphene  

Graphene sheets composed of a single layer of sp2-hybridized carbon atoms with a 

hexagonal lattice structure are covalently bound together (shown in Figure 9).99 It is also 

the most desirable nanomaterial, owing to its zero bandgap and high specific surface area 

(2630 m2/g).100 Graphene is 100 times stronger than a steel film and its conductivity of 

graphene is up to 15000 cm2/v∙s at room temperature (RT). In addition, it is reported that 

graphene can withstand the greater stress than other 2D nanomaterials.101 One of the 

notable properties of graphene is to improve the thermal conductivity of the composites. 

leading to improved electromagnetic radiation absorption.102 For example, a single layer 

of graphene can absorb ~ 2.3 % of the visible light.103 Graphene-based materials have 

also showed promising results for EMI shielding, indicating a shielding effectiveness at 

21 dB with only 15 % of graphene addition, due to its high specific surface area and high 

electric conductivity.104 So far, graphene has attracted research and industrial attentions, 

as it can significantly improve the mechanical or chemical properties of the 

nanocomposites using only low filler loadings.105  
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Figure 9. Hexagonal lattice structure of a single graphene sheet, fullerenes (0D), 
nanotubes (1D), and graphite (3D) are all carbon-based allotropes. Reproduced with 
permission.15 Copyright (2020) RSC. 

Currently, several studies have explored graphene oxide (GO) to form graphene-

based composites for X-ray shielding applications, as they can be acted as reinforcements 

towards the polymeric matrices for shielding enhancement. In 2017, graphene oxide (GO) 

was first considered as a potential two-dimensional (2D) material to be applied as an 

effective reinforcement, since it can be integrated easily with many high-density materials 

(e.g., Pb) to assist the homogeneous distribution of these materials within the polymers. 

The effect of the graphene oxide (GO)/polyvinylidene fluoride (PVDF) nanocomposite 

on X-ray attenuation coefficient was investigated at X-ray energy of 6.9 keV. For 

comparison, PVDF-based composites filled with other two graphitic materials (graphite 

(PG) and multiwalled carbon nanotubes (MWCNT)) were prepared in the same weight 

fractions as GO. The results demonstrated that the addition of GO (1.88 wt.%) into PVDE 

matrix had four times higher value of X-ray attenuation coefficient at 6.9 keV, compared 

to PVDF only. This result suggested that GO containing carboxyl (COOH) and hydroxyl 

(OH) bonds can improve the interaction with the PVDF main chain, leading to an increase 

in the homogenous dispersion.106 Importantly, the presence of GO in a polymeric matrix 

can effectively improve the radiation resistance of PVDF by preventing it from the 

radiation-oxidation reaction.106 Further comparison with PVDF/PG and PVDF/MWCNT 

revealed that a significant improvement was observed in the PVDF/GO composite, and 

the PVDF/PG and PVDF/MWCNT composites shared similar shielding ability, which 

was slightly higher than PVDF itself as shown in Figure 10.  
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Figure 10.  (a) Mass attenuation coefficients of PVDF based composites filled with GO, 
MWCNT, Soot with the same weight fraction (1.88 %), compared with PVDF at 6.9 keV, 
(b) PVDF/GO composites with increased GO loadings. Reproduced with permission.106 
Copyright (2017) American Chemical Society. 

With this idea, Pb3O4 decorated GO-EP composites towards X-ray shielding 

performance were studied with different filler loadings (5 wt.% and 10 wt.% of GO). The 

reinforced composites containing GO-Pb3O4 were fabricated using a vacuum shock 

technique and the X-ray effectiveness of each composite was evaluated using an 

equivalent aluminium (Al) thickness. The outcomes proved that the Pb3O4-EP composite 

containing 10 wt.% GO (thickness of 6 mm) achieved 4.1 mm, 4.8 mm, and 3.9 mm 

equivalent Al thickness, showing 124.3, 124.6 and 103.6% improvement in the X-ray 

attenuation at 40 kVp, 60 kVp and 80 kVp, respectively, compared to neat EP. It is proved 

that the molecular attachment between GO and Pb3O4 transformed as a carrier for the 

Pb3O4 particles, thus resulting in the homogenous dispersion within the composite. 

Moreover, the addition of GO can enhance the mechanical properties of the Pb3O4-EP 

composites, showing improved hardness (0.9 kg∙f/mm2), contact angle (27.8	°) and glass 

transition temperature (53.2 ℃).69 Interestingly, the reinforcement effect of GO towards 

X-ray shielding of the Pb3O4 composite diminished with the increment of the X-ray 

energies.69 

Another study reported that reinforced polyaniline (PANi) composites with different 

loading of GO-iron tungsten nitride (FeWN2, ITN) flakes for the X-ray shielding 

effectiveness at 30-60 kVp. The outcomes revealed that the PANi composite with 50 wt.% 
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of GO-ITN addition (the thickness at 1.2 mm) achieved 44.99 % X-ray attenuation at 60 

kVp. This final composite also presented 5.77 S/cm of the electrical conductivity, which 

had 131.75 % improvement compared to the neat PANi. Importantly, it is claimed that 

the enhancement in the electrical conductivity with the higher-charge carrier on the 

surface of the composite provided a benefit for X-ray absorption.107    

The latest work aimed at generating a novel reinforced PANi using GO nanoflakes 

decorated with the complex of the tungsten-bismuth-tin (TBT). X-ray attenuation 

property of these nanocomposites were examined under the energy range of 40-120 kVp.  

The final composite with a thickness of 9 mm and a density of 5.48 g/cm3 achieved 44.99 % 

X-ray attenuation and 0.43 cm2/g of 𝜇m value at 120 kVp. Importantly, it is claimed that 

the individually applied metals (Bi, W and Sn) had weak X-ray absorption edges at certain 

energy ranges, while the Bi-W-Sn hybrid complemented each other to enhance the X-ray 

attenuation at the region of 40 -120 kVp.108  

As discussed above, GO as a 2D carbonaceous material has extensively been used as 

an effective carrier to support the composite-based materials for shielding applications, 

due to its functional groups (COOH and OH). It has been approved from the studies that 

GO can not only integrate with the heavy metals (such as Bi, Pb and W), but also provide 

molecular attachment for homogenous distribution of various nanoparticles.109 In 

addition, the presence of GO within the polymer-based materials can improve their 

mechanical properties, as well as the chemical stability.110 Importantly to note, use of GO 

synthesized by Hummer’s method is not sustainable, due to generation of ionic 

wastewater streams during production process. Currently, the GO production process is 

significantly improved with minor waste, since the wastewater streams are treated using 

chemical precipitation, and the insoluble precipitates are then filtered.111 Table 9 

summarized the polymer-based composites with the addition of GO for X-ray attenuation 

improvement. 
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Table 9. Polymer-based composites with the GO additive for X-ray attenuation  

Active 
component Polymer Additive Density 

(g/cm3) 
Thickness 

(mm) 
X-ray 
energy 

Attenuation 
performance Ref. 

GO  PVDF - - - 6.9 keV 
1.88 wt.% of GO 

showed 84.3 g/cm2 of 
𝜇m 

106 

Pb3O4 EP GO 1.57 6 80 kVp 
10 wt.% GO achieved 
3.9 mm equivalent Al 

thickness 
69 

FeWN2 
(ITN) PANi GO 2.21 1.2 60 kVp 

10 wt.% GO achieved 
44.99 % X-ray 

attenuation 
107 

W-Bi-Sn 
(TBT) PANi GO 5.48 9 120 kVp 

10 wt.% GO achieved 
98.1 % X-ray 

attenuation and 0.43 
cm2/g of 𝜇m 

108 

 

2.12.2. Hexagonal boron nitride (hBN) 

Hexagonal boron nitride (hBN) is recognized as ‘white graphene’ that has a structure 

like graphene but with a different stack ordering. Layered hBN composes of hexagonal 

rings of boron (B) and nitrogen (N) atoms connected with the strong covalent sp2 

bonds.112 Figure 11(a) showed the schematic illustration of the hBN structure and its 

lattice constants of a = b =2.5 Å, c = 6.6 Å with a bond length of 1.45 Å and interlayer 

spacing of 3.3	Å.113 Figure 11(b) provides an example of the hBN monolayer. Among 

other 2D materials, h-BN has drawn considerable attention recently due to its exceptional 

properties, including high thermal conductivity (550 W/m ∙K), remarkable oxidation 

resistance, non-toxicity, excellent mechanical strength (up to 239 N/m). Its outstanding 

chemical stability can be applied as lubricants, light-emitting devices, surface coatings 

and a platform for graphene electronics.114-117  
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Figure 11. (a) Schematic illustration of hBN structure, (b) the atomic distribution of B 
and N atoms in different orientation, (c) illustration of possible nanostructures of hBN. 
Reproduced with permission.113 Copyright (2021) Wiley-VCH. 

 
Currently, hBN has also gained great attention in the radiation shielding application, 

owing to its high thermal stability (up to 1000 ℃), low density, high thermal conductivity, 

and stiffness.98 The mechanism of neutron shielding mainly depends on neutron 

absorption and scattering, and the thermalized neutron particles can be absorbed 

effectively by the boron-based composites, such as hBN, due to its high absorption cross-

section (~ 760 b).118 Many studies performed to fabricate hBN composites with various 

polymers for neutron shielding, as it not only provides the benefit for the shielding 

purposes, but also enhances the thermal stability and mechanical properties (strength and 

stiffness) of the polymer-based composites.118-120 Despite hBN not being a promising 

candidate (an effective component) for X-ray shielding due to its low Z number, it may 

have great potential to act as a reinforcement for a polymer-based X-ray shielding 

composites.  

2.12.3. Transition metal dichalcogenides (TMDCs) 

Transition metal dichalcogenides (TMDCs) with the formula of MX2 (X-M-X layer), 

where M = Mo, Bi, V, Ti, Nb, W, and Zr and X = S, Se, and Te, have been studied 

systematically, especially for molybdenum disulfide (MoS2) and tungsten disulfide 

(WS2).121 The symmetry of the MX2 structure can be anti-prismatic or trigonal-prismatic 
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with a coordination number of 6 (Figure 12). Metal dichalcogenides (MDCs) have strong 

interlayer covalent bonding between M-X and weak interlayer van der Waals bonding, 

which can be exfoliated into mono- or few-layer TMDCs depending on their surface 

energies.98 For example, both MoS2 and WS2 have surface energies between 65-75 mJ/m2, 

which is similar to graphene.98 Importantly to note, the exfoliated TMDCs can exhibit 

distinct properties compared to their bulk forms, and the single- or few-layer of TMDCs 

containing outstanding electrical, chemical, and mechanical properties are applied to 

numerous applications, including sensors, semiconductors, energy storage, and thermo-

electric devices.122-124 

 
Figure 12. The 3D view of the crystal structure of a single-layer MoS2, and the planar 
view of MoS2 structure from (b) Z axis, (c) Y axis and (d) X axis. Reproduced with 
permission.116 Copyright (2021) Wiley-VCH. 

MoS2 as one of the well-studied TMDCs is widely applied to biomedicine, biosensing, 

and drug delivery, due to its biocompatibility and antibacterial activity.125 A recent work 

explored a MoS2 composite for high-energy X-ray shielding, due to its high density (5 

g/cm3) and high-Z (Mo = 42) metal compound.52 A microsized MoS2-HDPE composite 

was prepared where its X-ray attenuation ability was further compared with a microsized 

W-HDPE composite at 40 keV. The outcome revealed that the MoS2-HDPE composite 

(thickness of 2 mm) provided slightly higher X-ray photon transmission (3927) than that 

(3887) from the W-HDPE composite with the same loading (45 wt.%). This result was 

attributed to the poor dispersion between the microsized MoS2 powder and HDPE matrix, 

leading to the negative effect on the X-ray shielding performance.126 The finding also 

showed that both MoS2 and W additives could enhance the thermal stability of the HDPE-

based composites.126 On the other hand, one previous study has proved that monolayered 

WS2 was effective for detecting a low dose 𝛾-ray, which is commonly used for the 

development of radiation sensors.127 Moreover, WS2 nanoparticles have been applied as 

a scaffold towards porous bioactive glass composites, showing an increase in the 
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compression strength.128 However, the effect of WS2 nanoparticles (as a biocompatible 

and high-Z metal compound) on the high-energy X-ray attenuation of the bioactive glass-

based material has yet to be investigated. WS2-glass based composites (1180.8 cm2/g) 

were therefore prepared using the different filler loadings (0.1-4 wt.%), achieving X-ray 

attenuation coefficient 1.5 times higher than that of a glass-based composite (784.3 cm2/g) 

at 15 keV. The compression strength was also improved by 55.7 % with the addition (4 

wt.%) of WS2 nanoparticles.129 This result suggested that the nanosized WS2 can not only 

achieved excellent X-ray attenuation ability, but also enhanced the mechanical property 

as an effective reinforcement towards the glass-based composite.129 This study has 

allowed the potential for applying WS2 or other high-Z TMDCs to form a non-toxic, Pb-

free, and superior X-ray shielding material. In conclusion, there is only few works 

reported using high-Z TMDCs for radiation protection. So far, the effect of the exfoliated 

MoS2 and WS2 (nanosheets) towards the X-ray shielding capacity is not yet explored, 

which may bring about a new pathway for the development of lightweight, Pb-free, and 

non-toxic radiation protective materials. 

2.12.4. 2D metal oxides 

The layer-structure metal oxides can be considered as a new group of 2D material, 

including molybdenum oxides, vanadium oxides, phosphorus oxides, lead oxides and 

other transition metal oxides. These 2D metal oxides often have a layered structure by 

covalent bonds or are intercalated with other elements that are normally stoichiometric, 

thus showing the polycrystalline phase. Most of these 2D oxides can be exfoliated using 

intercalation with ions and molecules, which allows it to combine with different layers or 

form alloys. This feature can be used in the material design that is suitable for many 

applications, such as battery cathode materials, superconductors, and radiation shielding 

materials.  

Perovskites as new developed 2D metal oxides have attracted interests in many fields 

such as solar cell and building construction, due to their high optical absorption, 

ferroelectric, dielectric, and catalytical properties. The hybrid perovskites with the 

formula of ABO3 are often fabricated using the layers of a metal halide intercalated with 

the layers of organic chains. Few-layer perovskites can be generated by mechanical 

exfoliation, which are highly stable. Recently, a few studies have explored the radiation 

protective properties of the synthesized perovskites. Morad et al. explored the effect of 

Ni substitution on X-ray shielding efficiency of Nd0.6Sr0.4Mn1-yNiyO3 (a perovskite 
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structure).130 With the increment of nickel (Ni) loading up to 20 wt.%, the 𝜇m value of the 

composite increased from 49.8 cm2/g to 51.1 cm2/g at 0.015 meV, due to the elevated 

density of the composite from 5.18 g/cm3 to 6.25 g/cm3.130 This result opened a new 

pathway to investigate the use of perovskites for the shielding applications. Mhareb et al. 

explored the effect of both Bi2O3 and Yb2O3 on the radiation shielding performance of a 

BaTiO3 material using ball milling technique.131 The 𝜇m value of BaTiO3 with 20 wt.% 

Bi2O3 loading was 0.065 cm2/g at 1 meV, which was slightly higher than that (0.062 cm2/g) 

from BaTiO3 with the same Yb2O3 loading. The obtained result indicated the addition of 

Bi2O3 had more shielding effectiveness than Yb2O3, owing to the increased composite’s 

density and the higher Z value (83) of Bi element.131 Slimani et al. employed BaTiO3 

nanoparticles within a PVA matrix for high-energy X-ray shielding application. The 

prepared BaTiO3 (3.57 wt.%)-PVA with a thickness of 2 cm provided 0.25 cm/g of 𝜇m 

value at 81 keV.132 The radiation shielding performance of the listed-above perovskite-

structure materials are summarized in Table 10. 

Table 10. Development of the perovskite-structure materials for high-energy X-ray 
shielding. 

Active 
component 

Density 
(g/cm3) 

Thickness 
(mm) 

X-ray energy 
(meV) Attenuation performance Ref. 

Nd0.6Sr0.4Mn1-

yNiyO3 6.25 - 0.015 20 wt.% of Ni content achieved 51.1 
cm2/g 130 

Bi2O3 and Yb2O3 
individually 
mixed with 

BaTiO3 

- - 1 

20 wt.% of Bi2O3 addition achieved 
0.065 cm2/g of 𝜇m, and 20 wt.% of 
Yb2O3 addition achieved 0.062 
cm2/g of 𝜇m 

131 

BaTiO3 
(+ polymer = PVA) 1.86 20 0.081 

50 wt.% of TiO2 and Fe2O3 achieved 
0.44 cm2/g of 𝜇m, and 80 % of X-ray 
attenuation as Pb sheet 

95 

 

The outstanding radiation attenuation performance of these perovskites showed their 

great potential to become Pb-alternative shielding materials for the various energy ranges. 

The tuneable property of the different perovskites is a motivation to explore other 

promising materials, which could provide valuable insight for the design of the effective 

radiation shielding materials. 

2.13. Applications for X-ray shielding textile  

Pb equivalence is a measure for radiation attenuation ability of non-Pb shielding 

materials compared to that of Pb with specific thicknesses (0.25 mm, 0.35 mm and 0.50 

mm).133 These values are commonly used for comparison with garment (or textiles) 
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materials, and the attenuation abilities of radiation shielding garments (textiles) can be 

specified as 0.25 mm Pb equivalent, 0.35 mm Pb equivalent, etc.52 To synthesize a 

lightweight X-ray protective apparel with comparable Pb-equivalent X-ray shielding 

performance, incorporation of Pb-free metal powders into the polymeric yarn was first 

developed. Earlier study tended to use Sn (80 wt.%) and Bi (20 wt.%) embedded in a 

protective clothing for evaluation of X-ray shielding effectiveness at 60 kVp and 120 kVp. 

However, the Sn-Bi combination embedded clothing (at the thickness of 0.41 mm) 

provided 32 % less protection compared with 0.35 mm Pb sheet at 120 kVp.134 In addition, 

it was found that adequately higher amount of metal powders were used within the 

polymeric fabric to achieve effective attenuation as Pb, which was much costly. Another 

study has been reported using barium sulphate (BaSO4)-silicon rubber (SR) composite 

coated cotton fabric for X-ray shielding performance, compared to Bi-SR and W-SR 

composites coated cotton fabrics. It was found that BaSO4-SR coated fabric with a 

thickness of 2.81 mm only showed 90 % X-ray attenuation at 100 kVp, which was less 

effective than the Bi-SR (99 %) and W-SR (95 %) composites coated fabrics.135 Bi2O3 

was then introduced as a Pb-alternative to develop an X-ray protective textile, showing 

that Bi2O3 (50 wt.%) coated polyester fabric with a thickness of 1.33 mm provided 92 % 

X-ray attenuation at 80 kVp.136 The latest study prepared La2O3 and Bi2O3 nanoparticles 

co-impregnated in natural leather (NL), followed by additional Bi2O3 coating at the 

bottom side of the NL (shown in Figure 13).26  

 

Figure 13. (a) Scheme of natural leather (NL) structure, (b) the BixLay impregnated NL, 
(c) schematic illustration of X-ray pathway within the Biz@BixLay-NL material. 
Reproduced with permission.26 Copyright (2020) American Chemical Society. 
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The X-ray attenuation abilities of the synthesized material were 65-100 % at 20-120 

keV, respectively, with 30 % reduced scattered secondary radiation.26 It was found that 

the bottom-side coated layer played a key role in X-ray shielding improvement, as well 

as minimizing the scattered secondary radiation via deflection and reflection of the 

incoming X-ray. The mechanical properties of this synthesized NL were significantly 

improved, showing 15.39 MPa of tensile strength and 25.81 N/mm of tearing load. 

However, the unsealed coating technique made this X-ray protective textile less resistant 

to laundry and less durable for long-term wearing purposes. The details of the X-ray 

attenuation performance of the synthesized textiles are summarized in Table 11.  

Table 11. The development of the synthesized X-ray shielding textiles at 80 kVp.  

High Z 
materials 

Textile 
matrix 

Thickness 
(mm) 

Mass per unit 
area (g/m2) Major results Ref. 

Bi2O3 Polyester 1.33 2907.0 X-ray transmission of 8 % 136 

Bi2O3/BaSO4 
Polyester/

viscose 1.8 Reduced 30 % 
of 0.35 mm Pb equivalent to 0.35 mm Pb 137 

Bi2O3/La2O3 Leather 1.4 - mass attenuation coefficient at 16.9 
cm2/g 26 

Bi2O3/BaSO4 Nylon 1.46 2321.8 X-ray transmission of 55.6 %, mass 
attenuation coefficient at 9.6 cm2/g 77 

Bi/I Leather 2.0 - mass attenuation coefficient at 28 
cm2/g, equivalent to 0.25 mm Pb 3 

 

Based on previous studies on generation of lightweight X-ray shielding materials, most 

researchers mainly focused on synthesis of X-ray attenuating materials using metal oxides, 

including Bi2O3, WO3 as well as Pb3O4. 2D materials with excellent chemical and 

physical properties have not been studied extensively for potential X-ray shielding 

applications. In particular, there is no specific research on the synergistic effect of size 

and morphology towards X-ray attenuation improvement. Moreover, there is no 

investigation on design of the layered structure for X-ray shielding improvement, which 

could provide a new prospective for design of Pb-free X-ray protection garments. So far, 

several works have focused on fabrication of  a textile-based material for engineering Pb-

free X-ray apparels. However, the durability and scalability of these non-Pb textile-based 

materials remain to be addressed. With the consideration of all constrains, development 

of new generation of lightweight, durable, Pb-free, and advanced X-ray shielding 

materials is urgently needed. 
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2.14. Research gaps  

According to the comprehensive literature review presented here, there are many 

challenges associated with the development of the Pb-free shielding materials need to be 

addressed as follows: 

Ø The effect of particle size and shape variations of the materials on X-ray shielding 

performance needs to be investigated. 

Ø Influence of other key parameters (such as filler loading, thickness, and density of the 

materials, etc.) on X-ray shielding performance needs to be studied. 

Ø The promising concept of the use of layered or laminated structure 2D materials on 

X-ray shielding enhancement needs to be explored and proved. 

Ø The X-ray shielding performance comparison between few-layered and bulk 2D 

materials needs to be investigated for new generation of Pb-free shielding materials. 

Ø The reinforcement of 2D materials (such as graphene and hBN) towards polymer-

based materials needs to be explored, and the properties of the reinforced composites 

including thermal stability, mechanical properties and dispersion ability needs to be 

determined. 

Ø The X-ray interaction between the layered-structure coated materials needs to be 

studied, which can provide important evidence for the new design of Pb-free shielding 

materials. 

Ø An urgent demand for developing a textile-based material for engineering Pb-free 

shielding garments with advanced X-ray shielding property is needed. 

2.15. Aims and research questions 

The aim of this PhD work is to develop a new generation of 2D and their composite 

materials for X-ray radiation shielding. By introducing 2D materials based on their unique 

physical and chemical properties, these 2D materials-based composites will provide the 

fundamental principles for designing lightweight, non-toxic, environmentally friendly 

and Pb-alternative X-ray radiation shielding materials, which can bring forward a new 

pathway to develop a high-performing Pb-free X-ray shielding garment. 

To achieve this goal, the objectives are articulated as the following:  

Ø Objective 1: To investigate the effect of the particle size and structural 

morphology on X-ray shielding enhancement using the metal oxide film, which 



Chapter 2 

50 

 

provided the guidance for the development of the 2D metal oxide composite for 

superior Pb-free X-ray shielding performance. 

Ø Objective 2: To understand the low-energy X-ray shielding improvement of the 

layered-structure materials using the representative 2D materials including MoS2, 

Mxene and antimony.  

Ø Objective 3: To explore specific 2D materials including graphene, hBN and 

antimony as the reinforcement towards the polymer-based nanocomposites for the 

X-ray shielding enhancement. 

Ø Objective 4: To design a polymer-based 2D oxide coated textile for the 

development of a lightweight, non-toxic, flexible Pb-free X-ray protection 

material, which is related to the practical application. 

This thesis attempts to address the following questions in separate chapters: 

Ø Question 1: How did particle size and structure morphology have impact on X-

ray shielding? 

Ø Question 2: How did the layered-structure materials influence on X-ray shielding 

improvement? 

Ø Question 3: How did 2D materials (graphene and hBN) reinforce the polymer-

based composites for X-ray shielding enhancement? 

Ø Question 4: How to design a polymer-based 2D oxide coated textile for the 

development of a lightweight, flexible, and highly efficient Pb-free shielding 

material? 

2.16. Hypothesis  

To address the above-mentioned aims and questions, the following hypothesis is made: 

Ø (1): Nanostructured materials with a high-aspect ratio are favorable for X-ray 

shielding. 

Ø (2): The layered 2D material sheets can enhance the X-ray shielding by absorption 

and internal scattering multiple times within the layered structure, which could 

lead to the discovery of a novel concept. 

Ø (3): 2D nanomaterials (graphene and hBN) act as carriers to improve the 

dispersion performance within the polymer-based composites, leading to 
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enhanced X-ray shielding efficiency with reinforced thermal and mechanical 

properties. 

Ø (4): The sandwiched 2D metal oxide composite coated textile offers its flexibility 

and durability for superior X-ray shielding effectiveness, which provide the new 

pathway for the development of the commercial X-ray shielding apparel. 
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Chapter 3 Effect of particle size and morphology of 2D oxides 

for X-ray shielding enhancement 

 

Overview and significance of work 

Chapter 3 investigates the effect of particle size distribution and structural morphology 

on X-ray shielding improvement of the metal oxide materials. The microsized and 

nanosized Bi2O3 films with different structural morphologies are prepared, followed by 

X-ray transmission measurement compared with the theoretical values from XCOM 

database. The key finding from this work proved that the synergistic effect of particle size 

and shape variations are significant for the X-ray shielding improvement at the energy 

range of 30, 50 and 80 kVp. The nanomaterials having high SA/V aspect ratio benefit the 

X-ray attenuation, which has been adapted to the development of a 2D metal oxide 

(Bi4Ti3O12) nanocomposite for the lightweight, non-Pb and high-performing X-ray 

shielding application. The results from this chapter achieve aim 1, with two published 

research papers: 

(1) Yu, L., Pereira, A. L. C., Tran, D. N. H., Santos, A. M. C., & Losic, D. (2021). 

Bismuth Oxide Films for X-ray shielding: Effects of particle size and structural 

morphology. Materials Chemistry and Physics, 260, 124084-91. (Published) 
(2) Yu, L., Yap, P. L., Santos, A., Tran, D., & Losic, D. (2021). Lightweight bismuth 

titanate (Bi4Ti3O12) nanoparticle-epoxy composite for advanced lead-free X-ray radiation 

shielding. ACS Applied Nano Materials, 4(7), 7471-7478. (Published) 
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Chapter 4 Development of 2D layered materials for low-energy X-

ray shielding improvement 

 

Overview and significance of work 

This chapter aims to explore the impact of applying 2D layered materials on X-ray attenuation 

improvement. Bulk and few-layer (exfoliated, FL) 2D material films including antimony (Sb), 

Mxene and MoS2 are prepared for the comparison of the low-energy (30 kVp) X-ray shielding 

effectiveness. Moreover, the influence on X-ray shielding performance using laminated 2D 

layered structure is investigated at low-energy X-ray. The outcomes showed the significant 

effect of the layer-structure materials on X-ray attenuation enhancement, providing great 

potential for the new design of FL-2D materials for the radiation shielding application. The key 

contribution of this chapter achieves aim 2, and two prepared manuscripts are under 

provisional patent approval (No. AU2021902612):  

(1) Yu, L., Douglass, M., Santos, A., Tran, D., & Losic, D. (2022). Two-dimensional (2D) 

layered molybdenum disulfide (MoS2) films for high-performing low-energy X-ray radiation 

shielding. 2D Materials. (To be submitted) 

(2) Yu, L., Nine, M. J., Tran, T., Pereira, A. C., Hassan, k., Tran, D., . . . Losic, D. (2022). 

Layered 2D materials films and their heterolaminates for enhanced low-energy X-Ray radiation 

shielding. Advanced Materials. (Submitted) 

Provisional patent: Yu L, Losic D, Santos A, Tran D, Tran T and Nine M J (2021). Improved 

radiation shielding. University of Adelaide, (No.AU 2021902612). 
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Abstract 

 
This paper studies the low-energy X-ray radiation shielding performance of two-dimensional (2D) layered 

molybdenum disulphide (MoS2) films with the aim of developing a new generation of high-performance, 

lightweight, and lead (Pb)-free X-ray shielding materials. The optimization of the MoS2 composite films was 

investigated with thicknesses ranging from 110 µm to 1.34 mm followed by the measurement of the low-energy 

X-ray attenuation performance. A Gulmay D3150 superficial X-ray (SXR) unit was used to investigate the effect 

of the MoS2 films on X-ray transmission at 30 kVp, and XCOM program was applied to calculate the X-ray 

transmission of 0.20 mm Pb for comparison. The results showed that the optimized MoS2 composite film (1.34 

mm) provided similar X-ray transmission to the control Pb sheet (2.17 g) at 30 kVp, and its weight (1.18 g) was 

50 % lighter. This new, lightweight, and Pb-free layered MoS2 (2D) material is potentially effective in providing 

X-ray shielding performance, as an alternative to the traditional Pb-equivalent materials.  

 
Keywords: low-energy X-ray, shielding, molybdenum disulphide, composites, two-dimensional (2D) 

materials 
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1. Introduction  
 
X-ray radiation is of vital importance in many fields, 

such as radiation therapy and diagnostic imaging, due 
to its high-penetrative electromagnetic property.[1-3] 
Currently, the increasing demand on the diagnostic 
imaging techniques, general computed tomography 
(CT), mammography, and fluoroscopic examinations 
have been widely used in the medical fields.[4] Since 
2020, the employment of radiologic technologists has 
increased by 16 %, compared to the average intake in 
2018.[5] This growing demand of using X-ray in the 
medical field causes potential harm for the 
practitioners who deal with ionizing radiation, 
especially fluoroscopic examinations.[6] Exposure to a 
certain amount of penetrative X-ray could cause 
harmful side effects or even severe cellular damage to 
living beings.[7] The as-low-as-reasonably-achievable 
(ALARA) principle for ionizing radiation protection 
has been established to minimize the doses received by 
personnel.[8] Meanwhile, application of X-ray radiation 
protective garment is of great significance to prevent 
X-ray from the human body for safe implementation. 

High atomic number (Z) elements like lead (Pb) are 
commonly employed for the commercial X-ray 
protection garments, due to their electron-rich atoms 
that can attenuate X-ray via the photoelectric effect and 
Compton scattering.[9, 10]  However, it is well-known 
that Pb is a toxic material, and it has been also banned 
for use in Europe since 2014 due to healthcare issues.[2] 
In addition, previous investigations showed that Pb was 
embedded with other polymers, but the structures of 
the composites were still detrimental as they easily 
cracked and aged during the production process. To 
address this problem, from the last decade, researchers 
have aimed at replacing Pb with other high-Z materials 
or with a combination of less toxic Pb compounds.[9] 
So far, a broad range of synthetic materials with other 
high-Z elements, such as tin [11], barium (Ba), antimony 
(Sb), tungsten (W), bismuth (Bi), have been explored 
to replace Pb for providing effective X-ray attenuation, 
especially from 40 to 150 kV, due to the strong 
dependence of the absorption capacity of atomic 
number on the photoelectric interaction.[4, 12, 13] 

The recent discovery of 2D layered materials with 
their outstanding properies of narrow size, light weight 
and chemical stability, espeically transition metal 
dichalcogenide (TMDs) of the form of  MX2  (M = Mo, 
W and X = S, Se), offered a span-new frontier in the 
generation of 2D material-based devices for space 
instrumentation.[14] However, less study is known 
about the X-ray shielding performance of TMDs and 
other 2D materials. Moreover, McCaffrey et al. (2007) 
studied several non-Pb elements ranging from Z = 37 

to 88 correlating the X-ray attenuation and materials’ 
properties via a Monte Carlo system. The simulation 
suggested that these elements, depending on the quality 
of radiation requiring attenuation, were capable of 
providing X-ray protection at the energies from 39-205 
kV, which provided  theoretical evidence to explore 
other non-Pb materials.[12]  

In this paper, it is hypothesized that high-Z, few-
layer 2D nanosheets tend to provide advanced X-ray 
shielding performance. To demonstrate this concept, 
molybdenum disulphide (MoS2) with a high Z of Mo at 
42 and density of 5.06 g cm-3 was investigated as one 
of the major TMDs for low-energy X-ray shielding 
application. The effectiveness of the MoS2 composite 
films with different thicknesses prepared using 
carboxymethylcellulose sodium salt (CMC) binder for 
low-voltage X-ray attenuation was examined. The 
optimized MoS2 composite was further compared to a 
0.20 mm Pb sheet as a benchmark for evaluation of X-
ray shielding performance with a correlation of its 
weight. The presented results confirmed the proposed 
concept that this lightweight, Pb-free layered MoS2 
composite had a considerable X-ray shielding 
performance, as an alternative to the traditional Pb-
based materials. 

2. Materials and methods 

2.1 Materials  

Molybdenum disulphide powder (MoS2, 99.99%, 23 
𝜇m) and sodium bromide (NaBr) was purchased from 
Chem-Supply [15]. Carboxymethylcellulose sodium salt 
(CMC, high viscosity) was provided by Aldrich Sigma 
[15]. Hydrophilic PTFE membrane filter (pore size: 0.45 
𝜇 m, diameter: 47 mm, thickness: 25 𝜇 m) was 
purchased from Filter-Bio (China).  

2.2 Experimental section  

2.2.1 Exfoliation of MoS2 via ball milling  

Bulk MoS2 powder was exfoliated using a Planetary 
Ball Mill PM 200 (Retsch, Australia) with zirconium 
balls (3 mm in diameter). NaBr was added to facilitate 
the process of the ball milling with a weight ratio of 
NaBr: MoS2 at 20:1, and the weight ratio of balls to 
powder was also 20:1. After the dry ball milling 
process, NaBr in the as-prepared mixture was removed 
by washing several times using distilled (DI) water 
with the aid of a centrifuge (Sigma, Australia, 4200rpm) 
and then dried in oven at 50℃ overnight for the further 
step.    

 
2.2.2 MoS2 composite films preparation  
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Bulk and ball-milled (exfoliated) MoS2 were 
dispersed with DI water and then bath-sonicated for 1 
h, respectively. CMC solution (0.5 wt.%) was added to 
the as-prepared MoS2 solution with the optimized 
weight ratio. The mixture was then stirred constantly 
for 3 h at the room temperature (20 ± 2 ℃) followed 
by vacuum filtration onto the membrane. The prepared 
composite film was then dried for 12 h in air at the 
room environment (20 ± 2 ℃).     

 
2.2.3 Characterization on MoS2 composite films  

The synthesized MoS2 composite films were 
characterized by a Scanning Electron Microscopy 
coupled with Energy Dispersive X-ray (SEM-EDX, 
FEI Quanta 450, USA; Ultim Max Oxford Instruments, 
UK) for surface morphology, composite thickness, and 
elemental analysis. SEM was also performed in 
backscattered electron (BSE) mode to evaluate the 
homogeneity of the composite material at an 
accelerating voltage of 10 kV. Transmission Electron 
Microscopy (TEM, FEI Tecnai G2 Spirit) at an 
accelerating voltage of 100 kV to study the number of 
the layers of the exfoliated MoS2. X-ray diffractometer 
(XRD, Rigaku Miniflex 600, Japan) for the 
measurements of the crystalline forms in the 
composites were collected in the range of 2𝜃 = 20-80° 
(scan rate of 10℃ min-1). Chemical structure of the 
prepared samples was determined using Fourier 
Transform Infrared spectroscopy (FTIR, Nicolet 6700 
Thermo Fisher, Australia) under transmission mode at 
4000-400 cm-1. Particle size distribution (PSD) was 
measured using a Zetasizer Nano-ZS (Malvern 
Analytical Australia, Australia). The vibrational 
characterization and layer identification of bulk and 
exfoliated MoS2 were analyzed by Raman 
spectroscopy (LabRAM HR Evolution, Horiba Jvon 
Yvon Technology, Japan) using 532 nm laser as the 
excitation source in the range of 300-500 cm-1. A 50× 

objective was used with the laser powder kept at 100% 
and all spectra were collected using an acquisition time 
of 1 s for 3 accumulations. The total composite film 
thickness (tCompM) was calculated as equation (1), 

 

tCompM = tComp + tM                                              (1) 

 
where tComp is the composite thickness and tM is the 
membrane thickness given as 25 𝜇m. 

 
2.2.4 X-ray transmission measurement  

X-ray attenuation is the reduction of the intensity of 
X-ray when it travels through matter.[16] The properties 
of the controls (air and membrane) and as-prepared 
MoS2 composite samples were measured using a 
Gulmay D3150 superficial X-ray (SXR) unit as shown 
in figure 1(a). The distances between the X-ray tube 
and the material sample, and the material sample to the 
detector were both set to 50 cm (figure 1(b)). The 
detector used to measure the transmission was a NE 
2571 farmer type ionization chamber (Phoenix 
Dosimetry Ltd, UK). The samples were exposed to the 
X-ray voltage at 30 kVp (0.20 mm Al HVL) for 0.50 
mins with the material sample placed over a collimator 
of diameter 1 cm (figure 1(c)). The X-ray transmission 
was calculated as the charge collected by the ionization 
chamber with the sample divided by the transmission 
dose without the sample. Each sample was measured 
three times and determined by the arithmetic mean.  

The X-ray attenuation of an X-ray beam through any 
material can be estimated as a function of the linear 
attenuation coefficient (𝜇) as equation (2),[17] 

 
I = I0 e!"#                                                                  (2) 

 
where I and I0 are the final X-ray intensity after the 

attenuation by the sample and the X-ray intensity 

Figure 1 Photographs of the (a) superficial X-ray unit, (b) X-ray attenuation testing set-up and (c) schematic illustration of the 
X-ray attenuation measurement on MoS2 composite film.[1]  
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before passing through the sample, respectively, and t 
is the material thickness (mm). The X-ray transmission 
(T) can be expressed as equation (3), 

 
T = (I / I0) × 100%                                                    (3) 
 
The theoretical X-ray transmission of 0.20 mm Pb 

for the comparison is calculated from the mass 
attenuation coefficient (𝜇/𝜌) evaluated using XCOM 
program.[18] 

3. Results and discussion  

3.1 Characterization of exfoliated MoS2 and MoS2 
composite films 

 
A facile and effective ball-milling method was 

employed to exfoliate a large quantity of MoS2 into 
small-layered sheets as shown in figure 2(a). SEM 
image confirmed the presence of the sheet-like MoS2 
with significant changes in the particle size distribution. 
In figure 2(b), the large layered MoS2 sheets with 
particle size of 22.02 𝜇m (figure 2(d)) was exfoliated 
into small and irregular sheets (figure 2(c)). More 
information about the exfoliated MoS2 was obtained 
using TEM technique (inset of figure 2(c)), showing 
few-layer MoS2 nanosheets with reduced particle size 
(432.10 nm) as shown in figure 2(e). This significant 
change of morphological geometry suggests successful 
delamination of MoS2 sheets via the ball milling 
process. EDX analysis was performed to evaluate 
whether additional elements were generated during 
ball-milling procedure.[19] As depicted in figure 2(b’, 
c’), the elemental composition of both bulk and 
exfoliated MoS2 indicated only the presence of Mo and 
S as major elements, there were no additional 
alterations in the material after the ball milling process. 
  

XRD patterns of the MoS2 sheets before and after 
the dry ball milling process were presented in figure 
3(a). Bulk MoS2 sheets exhibited the presence of 
typical peaks at 2𝜃 = 14°, 29°, 32°, 35°, 39°, 44°, 49°, 
56° and 58° corresponding to their diffraction planes of 
(002), (004), (100), (102), (103), (006), (105), (106), 
and (110), respectively. These observed XRD peaks 
were in good agreement with the standard pattern of 2H 
phase MoS2 (JCPDS-37-1492).[20] After 18 h of ball 
milling process, a decrease in intensity with an increase 
in width of the major peak (2 𝜃  = 14 ° ) and the  
disappearance of the remaining peaks represented 
successful exfoliation of MoS2.[21] FTIR spectra 
indicated that a characteristic peak at 470 cm-1 was 
detected in both the bulk and exfoliated MoS2 powder 
(figure 3(b)). A decreasing intensity of this peak in the 
exfoliated MoS2 could be contributed to the smaller 
thickness of the sheets after ball milling.[22] 

Raman analysis is one of non-destructive techniques 
to study the crystallinity and defect level of 2D 
materials, where the Raman bands of 2D materials are 
significantly dependent on the number of layers.[23] In 
figure 3(c), bulk MoS2 presented two typical bands at 
373.12 cm-1 and 399.96 cm-1, corresponding to E12g (in-
plane vibrations between two sulphur atoms and 
molybdenum atom) and A1g (out-of-plane vibrations 
between sulphur atoms in the opposite direction) 
modes, respectively.[24] Raman spectrum of the 
exfoliated MoS2 confirmed that bulk MoS2 was 
successfully converted to exfoliated MoS2, where the 
typical A1g and E12g peaks of exfoliated MoS2 were 
significantly weakened and blue-shifted by ~2 cm-1 
relative to those of bulk MoS2, due to the thickness and 
lateral size reduction.[25]  The frequency difference (∆𝜔) 

Figure 2 (a) Schematic illustration of MoS2 by ball-milling, (b, c) SEM images (scale bar = 2 𝜇m) and (b’, c’) EDX 
spectrum, (d, e) particle size distribution (PSD) of bulk and exfoliated MoS2, inset of (c) is TEM image of the exfoliated 
MoS2 nanosheets (scale bar = 50 nm). 
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between E12g (376.60 cm-1) and A1g (401.20 cm-1) of 
exfoliation MoS2 was 24.60 cm-1, which was applied to 
the identification of the layer number (N) as shown in 
equation (4),[26] 

 
∆𝜔 (A1g - E12g) = 25.80 – 8.40/N                               (4) 

  
The calculated N of exfoliated MoS2 was reduced up 

to 7 layers, providing the evidence of the successful 
delamination of the bulk MoS2 and confirmed by TEM 
image in figure 3(d) as 7 layers.  

The cross-section of bulk MoS2 composite film was 
composed of irregular MoS2 sheets with a random 
arrangement, showing a thickness of 111.05 𝜇m (figure 
4(a)). Adding the same amount of the exfoliated MoS2 
in the composite film showed a multilayered stacking, 
cross-sectional structure with a decreased thickness 
(87.07 𝜇m) in figure 4(b). This is due to the fact that 
the nano-size MoS2 sheets could enhance the molecular 
interaction between the filler (MoS2) and the binder 
(CMC) by weakening the chemical and intermolecular 
forces of the filler, which provided a dense and smooth 
coverage and also reduced the voidage of the film.[27] 
EDX analysis showed that the addition of CMC as a 
binder had no effect on the elemental analysis (shown 

as figure 4(c)), but only held the as-prepared MoS2 
nanosheets together. 
 
3.2 X-ray attenuation measurements 

 
An initial study provided the evaluation of X-ray 

attenuation ability between bulk MoS2 film and 
exfoliated MoS2 (layered) film. Figure 5 depicted the 
X-ray transmission of the controls (air and membrane) 
and as-prepared MoS2 composite films at the energy of 
30 kVp. The membrane did show a slight decrease in 
the X-ray transmission but only by 1.20 %, while it was 
negligible, there still was a small effect on the X-ray 
shielding. Comparing the bulk and exfoliated MoS2 
composites, it clearly illustrated that by decreasing the 
particle size of MoS2 from 22.02 𝜇m to 432.10 nm, 
there was a significant decrease in X-ray transmission 
from bulk MoS2 composite (64.10 %) to the exfoliated 
(55.06 %) at 30 kVp. By providing the same amount of 
MoS2 loading, the exfoliated MoS2 composite film 
achieved 15 % more of X-ray attenuation enhancement 
with a lesser thickness (87.07 𝜇m), compared with to 
its bulk counterpart (111.05 𝜇 m). Generally, 
photoelectric absorption dominates at the low X-ray 
energy (less than 200 keV) when the X-ray travels 
through a shielding material. A photon is completely 

Figure 3 (a) XRD pattern, (b) FTIR spectra, (c) Raman spectra of bulk and exfoliated MoS2, (d) TEM image of few-layer MoS2 
(scale bar = 100 nm), inset of (d) is a zoom-in image of seven-layer structure. 

Figure 4 Cross-sectional SEM images of (a, b) bulk and exfoliated MoS2 composite films showing the corresponding 
thicknesses (without the membrane) (scale bar = 50 𝜇m), inset of (b) is a zoom-in image of the multilayered structure, and 
(c) is EDX spectrum of the cross-section (exfoliated MoS2 composite). 
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absorbed by the atoms within the shielding material, 
and a photoelectron is generated and ejected from the 
material.[4, 28] During this process, the incorporation of 
nanofillers (exfoliated MoS2 nanosheets) within the 
composite materials has high potential to enhance the 
X-ray absorption, due to the high surface-to-volume 
ratio of the nanomaterials.[1] Importantly to note, the 
formation of the multilayered (exfoliated) MoS2 film 
(shown in figure 4(b)) benefited X-ray attenuation 
ability by facilitating the multiple scattering of 
incoming X-ray photon energy.[29, 30] 

 
3.3 Material thickness and Pb sheet 
benchmarking  

 
The photon intensity of low-energy X-ray can be 

attenuated by the photoelectric absorption, which is 
significantly dependent on the thickness (or density) of 
the shielding material.[31] Optimization of the material 
thickness is thus of great importance with the aim of 
designing a lightweight X-ray shielding composite.[32] 
Figure 6 demonstrated that by increasing the thickness 
of the exfoliated MoS2 composite films from 0.11 mm 
to 1.34 mm this could effectively attenuate the X-ray 
transmission down to 0.09 %.  

Pb equivalence is a measure for radiation 
attenuation ability of non-Pb shielding materials 
compared to that of Pb sheets with specific 
thicknesses.[30, 33] The X-ray transmission value of the 
exfoliated MoS2 composite with the optimized 
thickness of 1.34 mm was further evaluated with that 
of 0.20 mm Pb sheet (0.10 %) calculated by XCOM, 
indicating this optimized exfoliated MoS2 composite 
exhibited comparable 0.20 mm Pb-equivalent 
attenuation at 30 kVp (inset of figure 6). Although the 
optimized thickness (1.34 mm) was much thicker than 
the 0.20 mm Pb sheet, the weight of the optimized 
exfoliated MoS2 composite film (minus the membranes) 

at 1.18 g was 50 % lighter than the 0.20 mm Pb (2.17 
g). 

 

4. Conclusion  

In this work, the use of exfoliated MoS2 composite 
was explored for X-ray shielding applications. The 
optimized weight ratio of layered MoS2 composite with 
a thickness of 1.34 mm provided the most effective X-
ray shielding performance at the low energy (30 kVp). 
It also demonstrated that the optimized exfoliated 
MoS2 composite with a lightweight of 1.18 g enabled 
to provide 0.20 mm Pb-equivalent (2.17 g) X-ray 
attenuation at 30 kVp. In addition, both of MoS2 and 
CMC are cheap and environmentally friendly raw 
materials, which further enhances the potential use as a 
non-toxic composite. This new, lightweight, non-toxic, 
layered material composite exhibited its ability as an 
X-ray shielding alternative to the traditional Pb-based 
materials, thus providing the evidence for potential 
low-energy X-ray protection application.  
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Abstract  

Protection from ionizing electromagnetic radiation is of great significance for medical, 

space, nuclear industry, and defence sectors, where the conventional shielding materials 

have their limitations to provide the required high level of safety. In this paper, we present 

a new concept using multilayered 2D materials and their heterolaminates for X-ray 

shielding enhancement, due to the multiple scattering and reflecting of photons between 

the nano-layered structures. To practically demonstrate this phenomenon, we explored 

the X-ray shielding performance of the prepared multilayered films composed of 

exfoliated few-layers 2D sheets of MoS2, antimony, Mxene and their heterolaminates 

combinations (MoS2 +Mxene). These exfoliated films showed significant X-ray shielding 

enhancement (40-50 %) at lower energy, compared with their bulk structures. Further 

investigation on X-ray attenuation performance of the laminates (MoS2+Mxene) films 

provided promising shielding enhancement. The enhanced shielding efficiency can be 

explained by the cascade of multiple scattering of X-rays photons within the layered 

monoatomic 2D sheets. The designed layered structure can offer a promising strategy for 

the development of new generation of Pb-free shielding materials. 

The ionizing radiation emitted from the radioactive substances and natural sources 

can be classified as 𝛼, 𝛽, 𝛾, X, or neutron in the form of radiated waves or particles.[1] 
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Currently, there is a growing demand for applying ionizing radiation (e.g., X-ray) to many 

different fields, including the defence, nuclear, medical and space sectors.[2] For instance, 

medical irradiation in the UK is considered as one of the largest artificial sources for 

radiation exposure, which brings a great concern for human health.[3] An efficient, low-

cost and affordable radiation shielding material is in high demand to protect the related 

practitioners from overexposure to hazardous X-ray (or 𝛾-ray).[4] 

For protection of  X-ray radiation,  metallic lead (Pb) is considered as the conventional 

shielding material (in its different forms), for examples, Pb bricks, Pb glass and Pb-based 

garments, to block and absorb most of this radiation.[1, 5] However, Pb-based materials 

have many disadvantages of being extremely heavy, uncomfortable to wear, highly toxic, 

non-disposable, and environmentally unsustainable.[6] It is thus of great importance to 

develop a new generation of lightweight, non-toxic and sustainable Pb-free radiation 

shielding materials, which comply with the international standards for X-ray radiation 

protection. To achieve this goal, several materials with high atomic number (Z) and 

densities, such as tin (Sn), antimony (Sb), tungsten (W)[7] bismuth (Bi) have been 

explored as new Pb-alternatives.[7, 8] Most of these materials are prepared in different 

forms, such as polymer-based composites, films, and fabrics that show promising 

shielding advancements.[9] Although polymer-based composites have been widely used 

for the formation of lightweight Pb-free X-ray shielding materials, the pin holes and voids 

within the composites have a negative effect on X-ray attenuation, as the incident X-ray 

can easily pass through these voids.[10] To solve this problem, a material with a densely 

packed structure is desirable to stop the penetration of the incident X-ray. A study from 

our group has showed the advantages of using nanomaterials with high surface-to-volume 

(SA/V) ratios can provide improved shielding performance.[11] This is due to the fact that 

the high SA/V nanomaterials are homogenously dispersed in the film to create a densely 

packed layer.[10]  This result also indicated that by designing the internal architecture of 

the material it is possible to further enhance their radiation shielding performances, 

compared to their uniform bulk structures.  

Since the debut of graphene in 2004, 2D materials have received their designation as 

“materials of the 21st century”,[12] owing to their unique monoatomic 2D structures and 

outstanding properties, including physical, chemical, electrical, optical, magnetic, 

thermal, mechanical etc.[12, 13] They have opened a new horizon in materials science and 

engineering for creating novel materials, properties, and devices for a broad range of 
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applications.[14] The recent discovery that the combination of two or more 2D materials 

in the form of laminated structure could generate new and more intriguing properties,[15] 

which is different from their single-layer structures.[15, 16] This opens unprecedent 

opportunities toward new discoveries and applications using 2D layered structures.[17, 18] 

It is reasonable to assume that these 2D materials and their laminated structure may have 

different impact on radiation shielding properties.[18] For example, the significant effect 

of 2D layered materials (e.g., graphene[19] and Mxene[20, 21]) towards electromagnetic 

interference shielding (EMI) was first demonstrated, owing to their unique multilayered 

structure.[21, 22] To adapt this idea for X-ray shielding application, it is hypothesized that 

this multilayer structure can increase the probability of X-ray scattering and interaction, 

leading to the enhanced X-ray shielding ability. Moreover, this phenomenon is not further 

explored and delivered to practical applications, which can broaden its utilization for the 

development of new shielding materials that are needed for space exploration, and 

medical and nuclear industries.  

This paper presents the first demonstration for the effect of multilayered 2D material 

structures and the combination of several 2D materials with a heterolaminated structures 

on the X-ray shielding performance, because of the multiple scattering and interactions 

of the incoming X-ray photons occurring within each layer. This phenomenon has been 

not observed in their uniform bulk structures with the same thickness. The proposed 

concept is presented in Figure 1. This hypothesis is built on the idea of the unique 

structural properties of these multilayered films consisting of few-layer 2D material 

sheets, where each layer can act as a single nanolayered shielding barrier. This 

multilayered structure of 2D materials towards X-ray radiation is proposed to provide 

multiple scattering/absorption, leading to increased probability of interaction with X-ray 

photons, compared to their bulk materials. To demonstrate this behaviour, we prepared 

these multilayered films that consisted of several 2D materials including few-layer MoS2, 

antimony and Mxene, as well as their heterolaminated combinations (MoS2+Mxene), 

followed by the investigation on their X-ray shielding performance at low-energy X-ray 

(30 kVp), compared with their bulk films. The experimental setup is shown in Figure S1.  
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Figure 1. Cross-sectional SEM images of the multilayered structure of 2D film showing 
aligned layers of 2D nanosheets, which are schematically presented on the right and b) 
schematic illustration of interaction between X-ray and the layered structure composed 
of 2D crystals, showing multiple scattering occurred from each layer. The attenuation 
efficiency of a few-layer 2D material compared to its bulk material with the same 
thickness (or mass of material) is presented on the right. 
 

Comprehensive characterizations of the synthesized few-layers MoS2 sheets, 

antimony and Mxene and their multilayered films are summarized in Figure 2 and Figure 

S2-S4. A ball-milling method was employed to exfoliate a large quantity of microsized 

MoS2 sheets with an average particle size of 22 𝜇m (Figure S2) into few-layers 

nanosheets with an average particle size of 432 nm (Figure 2(a) and Figure S2). 

Corresponding SEM and TEM image (Figure S2(a) and Figure 2(a)) confirmed the 

presence of the sheet-like MoS2 structure with significant changes in their particle size 

and morphology. High-resolution TEM showed exfoliated MoS2 nanosheet with ~ 7 

layers (inset of Figure 2(a)), and Raman, XRD, FTIR analysis (Figure S2) exhibited 

significant difference from bulk MoS2. Few-layer Mxene were prepared using a 

common etching process from Ti3AlC2 MAX phase materials described in literature. 

The typical structure of few-layer Mxene was characterized by SEM and TEM are 

summarized in Figure 2(b). and Figure S2. These images confirmed a typical few-layer 

structure of Mxene with the dimension of few hundred nanometers. Few-layer 

antimony (FL-Sb) nanosheets were synthesized in a 4:1 isopropanol/water mixture by 

exfoliating bulk Sb crystals using a combination of ball milling and ultrasonication, 

and the structural differences before and after exfoliation are summarized in Figure 

2(c) and Figure S3. Their SEM, TEM and AFM images confirmed FL-Sb sheets with 

lateral sizes in a few-hundred nanometers (Figure 2(c) and Figure S3). It also showed 
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typical signatures of FL-Sb which agrees with literature (Figure S3). These prepared 

2D materials were used to make their multilayered films where a vacuum filtration 

process was applied to make the assembly of few-layer sheets into a multilayered 

structure in the film. Their cross-sectional SEM images presented in Figure 2(d-f) of these 

films confirmed the formation of the multilayered structure, where the thickness of the 

film could be controlled from tens to several hundreds of microns. 

 

Figure 2. SEM images (scale bar = 1 𝜇m) of the exfoliated nanosheets from the selected 
2D materials a) MoS2, b) antimony, and c) Mxene, with their corresponding TEM images 
(inset of a), b) and c)), and cross-sectional SEM images of the prepared films from d) 
MoS2, e) antimony and f) Mxene. 
 

The study on X-ray transmission and the attenuation enhancement of the prepared 

multilayered MoS2, Mxene and antimony films compared to their bulk structures is 

presented in Figure 3 and Table S1. These results clearly showed a significant decrease 

in X-ray transmission of 2D multilayered films at 30 kVp, compared to their bulk 

counterparts. Figure 3(b) presented the X-ray attenuation enhancement rate of 46.67 % 

for MoS2 film, 37.28 % for 2D antimony film and 41.07 % for Mxene film, compared to 

their bulk material films. It is worth noting that the mass loading of all the prepared films 

were the same, therefore the observed results is related to differences in their structures. 

The obtained results at lower X-ray energy of 30 kVp are presented. However, the X-ray 

transmission measurements at higher energy of 50 kVp and 80 kVp also showed the same 

trend in the shielding enhancement but with lower impact (data not shown).  

 



Chapter 4 

106 

 

 

Figure 3. Comparative X-ray transmission results performed at 30 kVp showing 
difference in X-ray shielding performance between bulk and multi-layered films of 
selected 2D materials composed of assembled 2D sheets of MoS2, antimony and Mxene; 
b) the enhancement rate in % in multilayered films compared to their bulk counterparts. 
All tested materials were used with the same mass loading. 
 

It is important to state that X-ray shielding is dependent on the thickness of the 

materials. By increasing the thickness of these 2D multilayered films, it is possible to 

create a new generation of lightweight X-ray shielding materials that could be comparable 

with Pb materials. Optimization of X-Ray shielding performance was further 

demonstrated by controlling the film thickness, by preparing MoS2 2D films with 

different thicknesses. Figure S4 presents the X-ray transmission results showing that by 

increasing the thickness of the MoS2 films from 0.11 mm to 1.34 mm this could 

effectively attenuate the X-ray transmission down to 0.09 %. The X-ray transmission 

value of the exfoliated MoS2 composite with the optimized thickness of 1.34 mm was 

further evaluated with that of 0.20 mm Pb sheet indicating this optimized exfoliated MoS2 

composite exhibited comparable 0.20 mm Pb-equivalent attenuation at 30 kVp (inset of 

Figure S4). Although the optimized thickness (1.34 mm) was much thicker than the 0.20 

mm Pb sheet, the weight of the optimized exfoliated MoS2 composite film (minus the 

membranes) at 1.18 g was 50 % lighter than the 0.20 mm Pb (2.17 g). This provides 

outstanding results that is comparable to Pb and very promising for the development of 

new generation of Pb-free shielding materials.   

To further investigate on the potential effect of the laminated structure materials for 

X-ray radiation shielding applications, laminated 2D films were prepared by combining 

two or more 2D material sheets followed by testing of the X-ray shielding performance. 

Figure 4 presents that X-ray transmission results were performed at 30 kVp using the 

prepared laminated 2D films by the combination of MoS2 and Mxene, showing further 

significant enhancement of X-ray attenuation. Comparing between the heterolaminated 
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film (a combination of 2D MoS2 (A) and Mxene (B) as double heterolaminated structure 

(A+B)) and single 2D MoS2 or 2D Mxene, 12.85 % of X-ray attenuation enhancement 

was observed compared to 2D MoS2 and 6.62% compared to 2D Mxene (Figure 4(b-c)). 

When a quadruple laminated film structure (A+B+A+B) was used with the same mass 

loading as the individual 2D MoS2 or 2D Mxene, further significant enhancement of 

62.26 % was observed for single 2D MoS2 and 59.57 % for 2D Mxene. In both cases, the 

MoS2 structure was on the top of their laminated films. There was no significant 

difference when the opposite orientation (Mxene was on the top) was used. Importantly 

to note, the synergetic effect of the doubled (or quadruple) 2D layered materials needed 

to be further explored for understanding the mechanism and interaction of X-rays at the 

interface of these laminated structures. These results suggested another promising 

strategy to improve the shielding performance of 2D materials has not been explored and 

considered before.  

 

Figure 4. X-ray transmission results performed using 2D heterolaminated structure 
combined by MoS2 and Mxene in the forms of double and quadruple laminated films; b) 
the enhancement rate of heterolaminated films (MoS2 + Mxene) compared to individual 
2D MoS2 layered film, and c) the enhancement rate of heterolaminated films (MoS2 + 
Mxene) compared to individual 2D Mxene layered film. All tested materials were used 
with the same mass loading and X-ray shielding was performed at 30 kVp. 
 

The results showing the enhanced X-ray shielding of the layered 2D materials and 

their laminated structures were undoubtfully demonstrated by the presented experiments. 

However, our attempt to use simulation based on the Monte Carlo system to predict these 

properties wasn’t successful. The main reason is that high complexity of the model 

needed to be built up for considering the multilayered 2D structure in the film compared 

with the uniform bulk film. So far, there is no simulation model on 2D materials based 

on their laminated structure. We expect these models will be developed in the future and 

will be able to theoretically verify our experimental results. X-ray attenuation is the 
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process of the X-ray intensity reduction via either absorption or scattering when X-ray 

photons pass through the shielding material.[23] It involves three interaction mechanisms 

including (1) photoelectric effect, (2) Compton scattering, and (3) pair production.[24] To 

explain the observed attenuation results of the 2D layered materials, we assumed that the 

X-ray shielding performance can be enhanced as a result of multiple scattering and 

absorption occurring during the incoming X-ray photons that interacted with the 

multilayered 2D material films. This type of scattering process is not observed within the 

bulk materials, where most of the deflection occurred on the surface, as schematically 

presented in Figure 1. The multilayered 2D material films can increase the probability of 

photoelectric effect within each layer, leading to enhanced X-ray shielding ability.[25] In 

other word, incident X-ray is absorbed and reflected many times between each layer 

within the multilayered 2D material films.  In terms of the combined layered 

heterolaminates of two or more 2D material films, the multiple interfaces between each 

layer of the 2D laminates ensure that X-ray photons can undergo scattering and absorption 

multiple times as shown in Figure 5. More studies are needed to explore the mechanism 

of X-ray interactions within these heterolaminated 2D structures. 

 

 

Figure 5. The schematic illustration showing explanation of X-ray shielding on laminated 
structure combining 2D materials (example: MoS2 and Mxene) compared with the bulk 
material (example: only MoS2). 
 

In summary, it was demonstrated that the films composed of layered 2D materials 

such as 2D MoS2, Mxene and antimony and their heterolaminated structure have benefits 

to attenuate X-ray, due to multiple scattering and absorption within the layered structures. 

The X-ray shielding performance obtained from the experiments using low-energy X-ray 

at 30 kVp showed significant enhancement of attenuation of 46.67 % for 2D MoS2, 37.28 % 
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for antimony and 41.07 % for Mxene, compared with their bulk counterparts. Significant 

X-ray shielding enhancement of the double laminated structure by combining MoS2 and 

Mxene (2D MoS2 +2D Mxene +2D MoS2 +2D Mxene) showed 62.26 % for single 2D 

MoS2 and 59.57 % of single 2D Mxene.  These results indicated that the layered 2D 

materials can be a promising candidate for X-ray shielding application. The promising X-

ray shielding properties of these laminated 2D materials will open a new horizon for 

designing an advanced Pb-free shielding material. Further studies based on the theoretical 

modeling and experimental evidence about these interactions are needed to provide more 

insights to this mechanism. The presented paper showed another exciting property of 2D 

materials that can be considered as a new radiation shielding technology. 

Experimental Section  

Experimental information is available in supporting information. 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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Experimental Section  

Chemicals and materials: Molybdenum disulfide powder (MoS2, 99.99%, 23 μm) 

and sodium bromide (NaBr) was purchased from Chem-Supply (Australia). Bulk 

crystalline antimony (Sb) with 99.9% purity was purchased from Smart Elements, Austria. 

The Ti3AlC2 MAX was supplied by Carbon-Ukraine. Carboxymethylcellulose sodium 

salt (CMC, high viscosity) was provided by Aldrich Sigma (Australia).  

Preparation of few layers 2D materials:  Bulk MoS2 powder was exfoliated using a 

Planetary Ball Mill PM 200 (Retsch, Australia) with zirconium balls (3 mm in diameter). 

NaBr was added to facilitate the process of the ball milling with a weight ratio of NaBr: 

MoS2 at 20:1, and the weight ratio of balls to powder was also 20:1. After the dry ball 

milling process, NaBr in the as-prepared mixture was removed by washing several times 

using distilled (DI) water with the aid of a centrifuge (Sigma, Australia, 4200rpm) and 

then dried in oven at 50℃ overnight for the further step.  The synthesis steps of Mxene 

materials mainly followed a literature guideline.[1] Briefly, the small pieces of Ti3AlC2 

MAX phase were ground into fine powders using a mortar, and the powders having a 

particle size of less than 25 μm were selected by a 25 μm sieve and collected for further 
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use. Lithium fluoride (1.5 g) was added to 20 ml of 9M HCl solution in a reaction vessel 

under and stirred with a magnetic bar, then 1 gram of Ti3AlC2 was slowly added into the 

solution. The mixture was maintained in an oil bath environment at 35 ºC for 24 h. After 

the etching reaction was completed, the reacted mixture was subjected to centrifugal 

washing with deionized H2O at 3500 rpm for 30 minutes. This washing procedure was 

repeated 5 to 6 times until the pH value reached around 6, and a relatively pure Ti3C2Tx 

product (Mxene) was obtained. After washing, the product was ultrasonically separated 

to obtain a two-dimensional layered Mxene material. A small amount of Mxene powder 

was obtained by drying the raw Mxene material, and its electrical conductivity was tested. 

Few-layer antimony (FL-Sb) nanosheets were prepared in a 4:1 isopropanol/water 

mixture by exfoliating bulk Sb crystals using a combination of ball milling and 

ultrasonication. Bulk Sb crystals were put in a zirconia milling pot with isopropanol/water 

solvent. The samples were then ball-milled using Retsch planetary ball mill (PM 200) 

with zirconia balls (1 mm) at 300 rpm for 30 min. After drying, the ball-milled Sb flakes 

(30 mg) were re-dispersed in 4:1 isopropanol/water mixture (10 mL) for further 

exfoliation. The exfoliation was carried out in a bath ultrasonication for 40 min. Then the 

resulting black suspension was centrifuged at 3000 rpm for 3 min, and the dark grey 

supernatant was recovered. 

Preparation of 2D materials multilayered films and their laminated structures: 

Few-layer exfoliated MoS2 were dispersed with DI water and then bath-sonicated for 1 h, 

respectively. CMC solution (0.5 wt.%) was added to the as-prepared MoS2 solution with 

the optimized weight ratio to prepare dispersion with known MoS2 concentration of 10 

mg/ml. The mixture was then stirred constantly for 3 h at the room temperature (20 ± 2 

℃) followed by vacuum filtration onto the membrane to prepare MoS2 films composed 

of multi layered structures of assembled MoS2 sheets. The prepared MoS2 film was then 

dried for 12 h in air at the room environment (20 ± 2 ℃) and used as freestanding film 

for X-ray experiments. The mass loading and thickness of the film was measured to be 

consistent with other prepared films using other 2D material. The Mxene film was 

produced by the same method of vacuum filtration as following details using Mxene 

dispersion in deionized water that was sonicated for 1 hour before filtration. Required 

volumes (2 ml to 8 mL) of as-prepared Mxene solutions were slowly filtrated by a vacuum 

filtration system to form Mxene layered films on the membranes. The Mxene-deposited 

membrane connected to the suction filter was placed in a vacuum drying oven and dried 
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at 40ºC for 12 h. After that, the entire system was taken out from the vacuum drying oven, 

the suction filter was removed, and then the dried Mxene film was carefully separated 

from the membrane and used for X-ray measurements. Similar process was applied to 

make 2D antimony layered films from prepared 2D FL-Sb dispersion with known 

concentration and volume to achieve with the same mass loading as 2D MoS2 and 2D 

Mxene films. Double laminated films of 2D structure were prepared by stacking 

individual 2D MoS2 layered film (A) and individual 2D Mxene layered film (B) into one 

combined structure (A+B). Quadrupole laminated films of 2D structures were prepared 

by double stacking individual 2D MoS2 layered films and individual 2D Mxene layered 

films into the combined structure (A+B+A+B). 

Characterization: a scanning electron microscope (SEM-FEI Quanta 450, Japan) in 

a low vacuum chamber at an accelerating voltage of 5 kV. The average thickness and 

particle topography of exfoliated FL-Sb was examined using an NT-MDT Ntegra Solaris 

Atomic Force Microscope (AFM) via tapping mode.  NT-MDT SPM Software (Nova 

1.0.26) was used for AFM image processing. A particle size analyzer from Malvern 

instrument (NanoSight NS300) was used to examine the average particle size distribution. 

A transmission electron microscope (TEM, FEI Titan Themis) was used to acquire 

nanoscale morphology and elemental analysis of exfoliated substances. 

Thermogravimetric analysis (TGA) of FL-Sb, PDMS and their composite were studied 

using Mettler-Toledo TGA/DSC 2, Switzerland in an air atmosphere at a constant heating 

rate of 5 °C/min. The vibrational stretching modes of different molecular bonds in PDMS 

modified samples were studied by Fourier transform infrared spectroscopy (FTIR) 

(Nicolet 6700 Thermo Fisher, USA). 

X-ray radiation measurements: X-ray transmission testing was performed using a 

superficial X-ray tube (SXR) unit (Gulmay D3150, UK) as shown in Figure S7. The 

distances between the X-ray tube and sample-placing panel and sample-placing panel to 

the detector were equally 50 cm. The samples were exposed to the X-ray voltage range 

at 30, 50, 80, 100 kVp, respectively, for 0.50 min with the X-ray transmitted sample 

placing area of diameter at 1 cm, and the X-ray attenuation performance was evaluated 

as the transmission dose of samples divided by the transmission dose without the sample. 

Each sample was measured 3 times and determined by the arithmetic mean. The X-ray 

attenuation of an X-ray beam is expressed as a function of the linear attenuation 

coefficient (𝜇) and calculated using equation and procedure as reported elsewhere.  
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Figure S1. Schematic illustration of (a) superficial X-ray unit, and (b) experimental set-up of X-
ray transmission.[2] 

 

 

Figure S2. (a, b) SEM images (scale bar = 1 𝜇m), (a’, b’) EDX spectrum, (c, d) particle size 
distribution (PSD), (e) XRD patterns, (f) FTIR analysis and (g) Raman analysis of bulk and 
exfoliated MoS2, respectively.  
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Figure S3. Structural and chemical properties of exfoliated FL-Sb. a) SEM micrograph of FL-Sb, 
b) Particle size distribution (Inset image-dispersed FL-Sb in Isopropanol), c) high-resolution 
TEM image of FL-Sb, d) AFM of FL-Sb, e) line profile showing thickness of the FL-Sb, f) EDS 
spectrum of FL-Sb, g) TGA and DTG of FL-Sb. 
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Figure S4. First line from left to right: the freestanding Mxene film, cross-sectional SEM image 
and zoom-in image of the layers. Second line from left to right: Top-view of Mxene sheets, TEM 
image and four-layer of Mxene. Third line is the EDS analysis of Mxene sheet. 

 

 

 
Figure S5. X-ray transmission of the exfoliated MoS2 film compared with increasing total 
composite film thicknesses at 30 kVp, inset is the X-ray transmission of the optimized exfoliated 
MoS2 film compared with 0.20 mm Pb sheet. 
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Table S1. X-ray transmission value of the bulk and exfoliated (nano) antimony (Sb), Mxene and 
molybdenum disulfide (MoS2) films at 30 kVp. Testing done in triplicate. 

Sample name X-ray transmission (%) 

Bulk Sb film 59.77 ± 0.02 

Nano Sb film 37.90 ± 0.01 

Bulk Mxene 56.11 ± 0.01 

Nano Mxene 33.20 ± 0.03 

Bulk MoS2 60.56 ± 0.01 

Nano MoS2 32.60 ± 0.02 

 

Table S2. X-ray transmission value of the layered 2D materials at 30 kVp. Testing done in 
triplicate.  

Sample name X-ray transmission (%) 

1L (2D MoS2 + 2D Mxene) 52.29 ± 0.02 

2L (2D MoS2 + 2D Mxene) 22.64 ± 0.01 
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Chapter 5 Development of polymer-based 2D nanocomposites 

for enhanced X-ray shielding performance 

 

Overview and significance of work 

The first part of this chapter is to study the synergistic effect of using 2D nanomaterials 

(graphene and hBN) as reinforcements for polymer-based shielding materials. This work 

involves the fabrication of FL-hBN via wet chemical exfoliation, preparation of graphene 

and hBN reinforced MoS2 nanocomposites for evaluation of X-ray attenuation 

enhancement as well as their mechanical properties and thermal stability. The key finding 

proved that graphene and FL-hBN as effective reinforcements can significantly improve 

the dispersion ability of MoS2 within the polymer-based composites, leading to enhanced 

X-ray shielding efficiency as well as improved thermal stability and the hardness of the 

MoS2 composites. The second part is to investigate laminated polymer-based composite 

reinforced with exfoliated 2D antimony for improved shielding ability. The results from 

this chapter achieve aim 3:  

(1) Yu, L., Yap, P. L., Tran, D. N. H., Santos, A. M. C., & Losic, D. (2021). High-yield 

preparation of edge-functionalized and water dispersible few-layers of hexagonal boron 

nitride (hBN) by direct wet chemical exfoliation. Nanotechnology, 32(40). (Published) 

(2) Yu, L., Yap, P. L., Santos, A., Tran, D., Hassan, k., & Losic, D. (2022). Synergistic 

effect of graphene and hexagonal boron nitride for significant X-ray shielding 

enhancement of molybdenum disulfide-epoxy composites. ACS Applied Materials & 

Interfaces. (Under review) 

(3) Nine, M. J., Yu, L., Pereira, A. L. C., Batmunkh, M., Hassan, K., Santos, A. M. C., . . . 

Losic, D. (2022). Laminated antimonene as an alternative and efficient shielding strategy 

against X-ray radiation. Applied Materials Today, 29, 101556-64. (Published) 
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Chapter 6 Application of the designed polymer-based 2D oxide 

for X-ray shielding 

 

Overview and significance of work 

This chapter introduces the best shielding materials selected the previous studies in 

chapter 3, 4, and 5 to fabricate a lightweight, Pb-free coated textile for X-ray protection. 

The new design of the sandwich-structure coated textile was prepared using nanosized 

Bi4Ti3O12 composite, followed by determination of chemical properties, thermal stability, 

and X-ray attenuation ability. The key finding indicated that the sandwich-structure 

Bi4Ti3O12 composite coated textile can achieve 0.35 mm Pb equivalent X-ray shielding 

ability at 80 kVp. This study on the structure design of 2D metal oxide composite coated 

textile provides new solution of fabrication of light, flexible and effective Pb-free 

shielding fabrics. The results from this work achieve aim 4 with one paper:  

(1) Yu, L., Yap, P. L., Santos, A., Tran, D., & Losic, D. (2022). Lightweight polyester 

fabric with elastomic bismuth titanate composite for high-performing lead-free X-ray 

shielding. Advanced Engineering Materials. (Under review) 
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Chapter 7 Conclusion, challenges, and future perspectives 

 

Overview and significance of work 

This chapter includes the summary of the development of 2D composite materials for 

advanced X-ray shielding application, and it also highlights the future challenges of 

engineering a lightweight, non-toxic, and environmentally friendly Pb-free shielding 

materials for commercializing X-ray shielding apparels. This section presents the key 

findings and the future direction of the development of a new generation of 2D materials-

based Pb-free X-ray shielding materials. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 7 

 

220 

 

7.1. Conclusion  

This thesis aims to provide a comprehensive study on a new generation of 2D and 

their composite materials for X-ray shielding applications. In essence, this thesis is 

devoted to the development of lightweight, non-toxic, environmentally friendly, and 

high-performing X-ray shielding materials using 2D materials in the form of films, 

composites, and textiles. The key findings from this research are summarized below: 

Chapter 3 investigates the effect of particle size distribution and structural 

morphology on X-ray shielding improvement of the metal oxide materials. This chapter 

contributes to two research papers, including (1) an insight study on influence of the 

particle size and morphological variations towards X-ray shielding performance of the 

Bi2O3 films, and (2) the dosage effect of the Bi4Ti3O12 (BTO) nanocomposites towards 

the X-ray shielding performance. The key results from this chapter are listed below:  

Ø The nanoflowered Bi2O3 film with the smallest particle size (~ 388 nm) and the 

highest SA/V ratio (22.07 𝜇m-1) achieved the best X-ray attenuation performance at 

the energy range of 30 kVp, 50 kVp, and 80 kVp.  

Ø The reduced particle-size nanomaterials with the large SA/V ratio have a significant 

effect on X-ray shielding, especially for the low-energy range, which can be 

considered when designing a Pb-free protection material.  

Ø The perovskite-structure BTO nanoparticles are fabricated using the 

mechanochemical process. The synthesized BTO-epoxy composite with a thickness 

of ~ 2mm achieved ~ 95 % of X-ray attenuation efficiency at 100 kVp. 

Ø The X-ray shielding effectiveness of the prepared BTO-epoxy composite (total weight 

of 2.18 ± 0.11 g) provided 0.35 mm Pb equivalent attenuation at 80 kVp and 100 kVp, 

with half of the weight relative to 0.35 mm Pb sheet (4.19 g). The results highlighted 

a promising potential for the BTO-based material as a lightweight, non-toxic X-ray 

protection material to replace Pb. 

Significance of these findings: 

Ø This chapter provides a new insight on the influence of particle size and morphology 

on X-ray shielding performance, which has not been explored properly before. 

Ø The outcomes of this study will provide new knowledge on greater understanding of 

the influence of shapes and particle size towards X-ray shielding performance. 
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Ø The better understanding of this knowledge can be beneficial for designing new 

generation of Pb-free shielding materials. 

Chapter 4 unveils a new concept of applying 2D layered materials for low-energy X-

ray attenuation improvement. To demonstrate this concept, the first study from this 

chapter aims to explore the X-ray shielding ability between the bulk and the exfoliated 

(few-layer, FL) MoS2 films at low-energy X-ray of 30 kVp. The second study aims to 

demonstrate a new concept that the 2D layered materials and their heterostructures in the 

form of multilayered films can significantly improve X-ray attenuation performance, due 

to the multiple scattering and absorption of the X-ray photons between each nanolayered 

structure. The key results from this chapter are listed below:  

Ø The FL-MoS2 (particle size of ~ 430 nm) film provided greater X-ray attenuation 

ability, showing ~ 15 % of X-ray shielding improvement, compared to the bulk MoS2 

(particle size of ~ 23 𝜇m) film at 30 kVp. 

Ø The results showed that the optimized MoS2 composite film (1.34 mm) provided 

similar X-ray transmission to the 0.20 mm Pb sheet (2.17 g) at 30 kVp, and its weight 

(1.18 g) was 50 % lighter. This new, lightweight, and Pb-free layered MoS2 (2D) 

material is potentially effective in providing X-ray shielding performance, as an 

alternative to the traditional Pb-equivalent materials. 

Ø The exfoliated FL-2D material films (MoS2, antimony, Mxene) exhibited 30-50 % of 

X-ray shielding enhancement at 30 kVp, compared to their bulk counterparts. 

Ø Further investigation on the heterostructure in the form of multilayered films unveiled 

that the two layers (2L) of the combined heterolaminated structure (MoS2 + Mxene) 

had ~ 62% and ~ 60% X-ray attenuation enhancement at 30 kVp, compared to the 

single MoS2 and Mxene film, respectively. This outcome shows the advantages of the 

2D layered structure towards X-ray shielding improvement, which provides a new 

technology for designing a Pb-free X-ray shielding material.  

Significance of these findings: 

Ø This chapter presents a new concept and discovery for improved X-ray shielding 

performance using layer-structure 2D materials, which has yet been reported. 

Ø The outstanding X-ray attenuation performance of this designed layer-structure 2D 

materials provides new technique for the development of Pb-alternative shielding 

materials. 
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Ø  The layer-structure 2D sheets that enhance X-ray shielding efficiency by the 

interlayer scattering multiple times open a pathway for applying a new technique to 

the material design. 

Chapter 5 exhibits the development of polymer-based 2D nanocomposites for X-ray 

shielding reinforcement. The first part of this chapter aims to study the effect of 2D 

nanomaterials on X-ray shielding improvement using pristine graphene and exfoliated 

hBN as additives. The second part of this chapter presents the study on X-ray shielding 

of the high-density FL-antimony lamellar composite in a sandwich structure compared to 

the conventional FL-antimony composite at 30, 50, 80 and 100 kVp. The key results from 

this chapter are listed below:  

Ø The exfoliated hBN using the direct wet chemical exfoliation process produced high-

yield, few-layer (3-6 layers), and edge-functionalized hBN nanosheets with a uniform 

particle size of ~ 486 nm. This result paves a promising pathway to effectively 

synthesize hBN nanosheets via this cost-efficient exfoliation method. 

Ø By proving the same composite thickness at ~ 2mm, the MoS2-epoxy composites with 

the respective addition (16 wt.%) of graphene and hBN achieved ~ 16 % and ~ 37 % 

of X-ray improvement at 30 kVp, compared to the MoS2-epoxy composite itself. 

Importantly, the addition of the graphene-hBN mixture within the MoS2-epoxy 

composite obtained ~ 52 % of X-ray improvement at the same energy. 

Ø This synergistic effect of graphene-hBN mixture with a significant X-ray attenuation 

enhancement provides a new strategy for the reinforcement of other high-Z 

compounds-polymer composites towards X-ray shielding application. 

Ø X-ray attenuation efficiency of the FL-antimony lamellar composite provided up to 

45 % of X-ray shielding improvement, compared to the conventional FL-antimony 

composite. 

Ø This new design concept provides significant potential to overcome the “blend and 

mix” technique, which can be employed for the development of an advanced Pb-free 

X-ray shielding composite.  

Significance of these findings: 

Ø This chapter brings great potential for employing 2D materials, especially carbon-

based 2D materials for X-ray shielding improvement. 
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Ø Graphene and hBN acted as reinforcement towards polymer-based composites, which 

can be adapted to other high-Z compound composites. 

Ø This study brings an opportunity to other carbon-based 2D materials as 

reinforcements for enhanced X-ray shielding performance with increased thermal 

stability as well as mechanical properties.  

Chapter 6 explores the new design of the polymer-based 2D oxide composite coated 

textile for X-ray shielding application. The work creates a sandwich-structure BTO-

PDMS composite coated polyester fabrics for fabrication of a highly flexible, non-toxic, 

high-performing Pb-free shielding material. The key results from this chapter are listed 

below:  

Ø The effective attenuating filler of this sandwich-structure coated polyester (PES) 

fabric was a PDMS matrix filled with BTO nanoparticles. This synthesized coated 

PES fabric with a thickness of 1.1 mm provided 0.35 mm Pb-equivalent X-ray 

shielding ability at both 80 kVp and 100 kVp. 

Ø This sandwich-structure coated fabric showed a high flexibility with a total weight of 

2.81 g, which is 42 % lighter than a 0.35 mm Pb sheet (providing the same dimension 

of the sheet). 

Ø This sandwich-structure design can significantly improve the X-ray shielding, due to 

the reflection and absorption of the incident X-ray multiple times with the densely 

packed BTO-PDMS composite sealed with two pieces of PES fabrics. 

Ø This sandwich-structure design offers a new approach for manufacturing a flexible, 

lightweight, non-toxic Pb-free textile material to replace the conventional Pb-based 

shielding garment. 

Significance of these findings: 

Ø This chapter brings a new idea for developing a 2D material coated fabric for X-ray 

shielding application. 

Ø This sandwiched coated fabric provides a new solution for the development of other 

polymer-based textiles, which can be employed as a new technique for the synthesis 

of X-ray shielding material.    

Ø The design of this sandwich-structure coated textile can be adapted to further 

commercialization of Pb-free radiation shielding apparels.  
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7.2. Challenges and future perspectives 

This PhD thesis has made a great contribution to the development of new generation 

of 2D materials for ionizing electromagnetic shielding applications. This work also 

signifies the advanced X-ray shielding materials designed using the different techniques 

with various forms of the 2D layered films, nanocomposites, and coated fabrics. Herein, 

there are several points for the future research direction and challenges listed as follows: 

Ø This thesis only provides important insights on the influence of particle size and 

morphology on X-ray shielding performance, which has not been explored before.   

Ø The comprehensive study on the mechanism of these nanomaterials with shape 

variations towards X-attenuation needs to be explored. 

Ø The theoretical data obtained from XCOM comparing the experimental data has its 

limitation of the simulation system, as it only can set up an ideal condition for a 

regular distribution of the nanomaterials with a standardized geometry. A proper 

computing simulation using Monte Carlo system is highly recommended in the future 

work. 

Ø As more than 99 % of the kinetic energy from the incident X-ray is converted to heat, 

the effect of heat on the properties of the polymer-based composite has not been 

investigated. The X-ray irradiation correlated to the time differences has to be 

performed for determining the degradation condition of the polymers. This will 

provide the guidance for development of the polymer-based shielding composite. 

Ø As the photoelectric effect is dominant in the low-energy X-ray range (<100 KeV), 

the dissipation probability of X-ray photons is significantly dependent on the atomic 

number and the density of the materials. However, the mechanism of the 

heterostructure materials with multilayered 2D sheets is still not clear. The secondary 

scattered X-ray generated from the reflection of each layer has not been determined 

yet. The future work should conduct this experiment with a proper setup for secondary 

scattered X-ray measurements. 

Ø There is still a synthetic challenge for production of graphene oxide and hBN using 

wet-chemical exfoliation, due to generation of the wastewater streams. A ‘zero-waste’ 

method needs to be explored for sustainability of graphene oxide/hBN production. 

Ø There are still many 2D materials with excellent physical and chemical properties that 

need to be explored for X-ray shielding application. For instance, other high-Z 2D 
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materials with high density, non-toxicity and low manufacturing cost have not been 

studied. 

Ø For manufacturing a Pb-free X-ray shielding apparel, the sustainability and durability 

measurement of the designed X-ray shielding textile needs to be conducted. 

Ø To scale up the developed X-ray shielding materials from this study, optimization of 

the manufacturing procedure is highly recommended before commercializing the Pb-

free shielding materials.  

Ø The new concepts of X-ray shielding enhancement from this study can be adapted to 

other radiation (e.g., 𝛾-ray) shielding applications, which can be applied to the field 

of space exploration and nuclear industry.   

Ø Designing a practical radiation protection garment for application across different 

sectors (nuclear plants, defence, and medical clinics) using the developed 2D 

materials and their composites is highly recommended as the next step for 

commercialization purposes.  




