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Abstract 

Effective protection against X-ray is the premise of utilizing the X-ray, thus it is critical to develop novel X-ray shield-
ing materials with both low density and high X-ray attenuation efficiency. As the even distribution of high-Z element 
components is of great significance for increasing the attenuation efficiency of X-ray shielding materials, in this study, 
the microfiber membrane (MFM), a type of synthetic leather featuring hierarchical structure was chosen to provide 
large surface area for the dispersion of rare earth (RE) element. Meanwhile, plant polyphenol was utilized to achieve 
the stable loading and uniform dispersion of the Ce or Er into MFM. Benefiting from the assistance of polyphenol and 
hierarchical structure of MFM, the even dispersion of RE element was successfully realized. The resultant shielding 
materials displayed approximately 10% superior X-ray attenuation efficiency compared to that without polyphenol, 
and an averagely 9% increment in X-ray attenuation efficiency than that without hierarchical structure. Moreover, 
the obtained composite with a thickness of 2.8 mm displayed superior X-ray shielding performance compared to 
0.25 mm lead sheet in 16–83 keV and retained an ultralow density of 1.4 g cm–3. Our research results would shed new 
light on the manufacture of high-performance X-ray shielding materials with excellent X-ray shielding performance.
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Graphical Abstract

1  Introduction
X-ray is a kind of high-energy electromagnetic radiation 
widely employed in a variety of fields, such as medical 
diagnosis, material characterization, fouling control, and 
defect detection [1–4]. As prolonged exposure to X-ray 
can cause biochemical, carcinogenic, and genetic inju-
ries that seriously affect human health [5, 6], it is of great 
significance to protect the human body from exposure to 
X-ray. As X-ray primarily interacts with matters via the 
photoelectric effect and Compton scattering, in which 
the interaction probabilities of each effect are positively 
correlated to the atomic number (Z) and the number of 
electrons, respectively [7, 8], high-Z elements such as 
lead (Z = 82) are preferred to be utilized in X-ray shield-
ing. However, lead suffers from poor wearability [9], 
hampering its applications in a wide range of mobile sce-
narios. Therefore, it is vital to develop high-performance 
X-ray shielding materials to guarantee personal safety.

To prepare wearable X-ray shielding materials, high-
Z elements are commonly dispersed into polymer sub-
strates to reduce weight. Aral et  al. mixed tungsten 
with silicone rubber and coated them on the cotton fab-
rics to prepare X-ray shielding materials. The density 
of the obtained composite was successfully reduced to 
2.55 g cm–3 by dispersion of high-Z element, meanwhile, 
the composite could shield 30% of 100 kVp X-ray [10]. 
Muthamma et al. utilized a solution casting technique to 
load and disperse bismuth into poly(vinyl alcohol) to fab-
ricate X-ray shielding materials, and the resultant com-
posite exhibited low density of 1.61  g  cm–3 and a mass 
attenuation coefficient of 1.57 cm2 g−1 at 59.54 keV [11]. 

Jaiyen et  al. dispersed BaSO4 into polyvinyl chloride to 
obtain shielding materials, the density of obtained com-
posite which containing 60% BaSO4 was 2.36 g cm–3, and 
the mass attenuation coefficient could reach 5.98 cm2 g−1 
at 50 keV [12].

Many researches have shown that the X-ray shield-
ing efficiency is significantly influenced by the disper-
sity of high-Z elements in the composite matrix and the 
hierarchical structure of substrate could contribute to 
the dispersion of functional components [13–16]. Quan 
et  al. prepared polymer-matrix composites contain-
ing Bi nanoparticles and UHMWPE for personal radia-
tion shielding, but Bi nanoparticles dispersed unevenly 
in UHMWPE without hierarchical structure, resulting 
in the difference of shielding performance [17]. Wang 
et  al. and Shen et  al. creatively loaded high-Z elements 
into natural leather which possesses hierarchical struc-
ture, achieving high dispersion of high-Z elements and 
obtaining excellent wearable shielding materials, while 
the limited size of natural leather makes it difficult to fab-
ricate large size shielding materials [18–20]. Therefore, 
it is essential to search for a substrate featuring not only 
hierarchical structure but also adjustable size. Micro-
fiber membrane (MFM), a type of synthetic leather, pos-
sesses hierarchical porous structure, the softness and low 
density, and has been broadly applied to prepare wear-
able clothing such as synthetic leather coats and shoes 
[21]. Particularly, MFM exhibits highly regular structure 
and adjustable spread area which is versatile for various 
application scenarios. Originating from the hierarchical 
porous structure, larger specific surface area could be 
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used to load and disperse high-Z element in the MFM, 
increasing loading amount of high-Z element on the 
microfiber surface and improving the X-ray shielding 
performance. Thereby, it is promising to utilize the hier-
archical structure of MFM to enhance X-ray shielding 
performance.

Furthermore, stable loading and even dispersion of 
high-Z element are also beneficial to improving X-ray 
shielding efficiency. Plant polyphenol, a natural plant 
extract, could adhere to the surfaces of various substrates 
through covalent or noncovalent bond, providing more 
active groups as reaction sites on the surface to react with 
high-Z element. Meanwhile, it contains plenty of phe-
nolic hydroxyls which can coordinate with most metal 
ions to form steady metal–phenolic networks (MPN) 
[22]. Hence, it is intriguing to apply the strong adhesion 
of polyphenol to load and disperse high-Z element stead-
ily on the microfiber surface to improve X-ray shielding 
efficiency in the preparation of microfiber membrane-
based materials.

Based on the aforementioned analysis, we reported a 
new strategy for preparing X-ray shielding materials by 
using polyphenol as a bridge to load and disperse high-
Z element stably into MFM. The novel X-ray shielding 
materials based on MFM were prepared successfully via 
the improved “impregnation−desolvation” strategy. 
MFM featuring   the  hierarchical structure was selected 
as the substrate to load and disperse RE element, and the 
loading stability and dispersity of RE element were signif-
icantly enhanced with the help of the plant polyphenol, 
resulting in remarkable enhancement of the X-ray shield-
ing performance of the prepared samples. Thus, novel 
approaches to manufacture high-performance X-ray 
shielding materials based on polymer fabrics were pro-
posed through this study.

2 � Experimental section
2.1 � Materials
Erbium nitrate pentahydrate (Er(NO3)3‧5H2O) and 
cerium nitrate hexahydrate (Ce(NO3)3‧6H2O) were 
obtained by Aladdin Bio-Chem Technology Co., Ltd. 
(Shanghai, China). Barium carbonate (BaCO3) and bis-
muth trioxide (Bi2O3) nanoparticles were purchased 
from Yaotian Nano New Materials Co., Ltd. (Shanghai, 
China). Bayberry tannin (BT, extracted from the bark 
of bayberry) was obtained by Tianxing Plant Technol-
ogy Co., Ltd. (Guangxi, China). Acetone was purchased 
from Kelong Chemical Co., Ltd. (Sichuan, China). All 
the chemicals were of analytical grade and were used as 
received. Microfiber membrane (MFM, 1.2  mm thick) 
was kindly provided by Mingxin Menoroka New Mate-
rial Co., Ltd. (Jiangsu, China). Woven polyethylene tere-
phthalate fabric membrane (PETM, 1.2  mm thick) was 

purchased from Suzhou Renfeng Textile Technology Co., 
LTD. (Jiangsu, China). Waterborne polyurethane (WPU) 
was purchased from Dowell Chemical Co., Ltd. (Sichuan, 
China).

The microfiber membrane (MFM) was fabricated by 
sea-island conjugated spinning technology with a Co-
PET sea and PET islands, where the microfibers were 
arranged randomly and fixed. Briefly, the sea-island 
microfibers were fixed by polyurethane, and the sea com-
ponents (Co-PET) were then removed to give a piece of 
microfiber membrane with hierarchical structure.

2.2 � Preparation of microfiber membrane/bis‑high‑Z 
element composites (ZyREx‑MFM)

Before the introduction of high-Z elements, the rare 
earth (RE) element salt was initially dissolved in 
0.03  g  mL–1 BT solution based on the volume of MFM 
to form metal–phenolic networks (MPN). The resultant 
samples were denoted as REx-MPN, where RE repre-
sents the elemental symbol of the introduced rare earth 
element, and x signifies the loading amount of the rare 
earth element in mmolRE  cmMFM

−3. Then the RE ele-
ments were introduced by the “impregnation–desolva-
tion” strategy developed by our group [18, 19]. Briefly, 
a piece of MFM (100 × 100 × 1.2  mm3) was immersed 
in 12 mL MPN solution for 6 h to load the RE element, 
and the solvent was removed by acetone, producing the 
intermediate samples marked by REx-MFM. Afterward, 
BaCO3 or Bi2O3 NPs were dispersed in WPU solution 
with a weight ratio of 1:3, and the mixtures  were then 
coated onto the outer surface of REx-MFM to form a 
1.0 mmolelement  cmMFM

–3 coating layer, and were dried 
at 60  °C. The obtained composites were denoted as 
ZyREx-MFM (where Z represents the elemental sym-
bol of the coated high-Z elements, RE symbolizes the 
elemental symbol of the introduced rare earth elements, 
y denotes the coating amount of the high-Z element in 
mmolelement cmMFM

−3, and x signifies the loading amount 
of the RE element in mmolRE cmMFM

−3).The same method 
was used to prepared control samples based on woven 
polyethylene terephthalate fabric membrane (PETM) 
with the same elemental compositions and amounts.

2.3 � Characterizations
The coordination between BT and RE elements were 
confirmed by ultraviolet–visible spectroscopy (UV–Vis, 
UV-3600, Shimadzu, Japan), Fourier transform infra-
red spectrophotometry (FT-IR, Spectrum Two, Perkin-
Elmer, USA), and X-ray photoelectron spectroscopy 
(XPS, Escalab Xi + , AXIS Ultra DLD, UK). The mor-
phologies of MFM and ZyREx-MFM were observed by 
field emission scanning electron microscopy (FESEM, 
Nova NanoSEM450, FEI, USA). Elemental distributions 
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of RE elements in MFM were presented by energy dis-
persive X-ray (EDS) mapping (EDS, Azteclive Ultim Max 
100, Oxford Instruments, UK) and transmission electron 
microscopy (TEM, Talos F200S G2, Thermo Fisher Sci-
entific Inc., USA). The amounts of introduced high-Z 
elements contents were determined using an inductively 
coupled plasma−optical emission spectrometer (ICP−
OES, OPTIM 8000D, PerkinElmer, USA). The mechani-
cal behaviors of MFM and the resultant composites were 
investigated by a universal testing machine (AI-7000 S, 
Gotech Testing Machines Co. Ltd., China). The samples 
were tailored into 50 × 25 × 1.3  mm3 pieces before the 
test. The density of composites and pore size distribu-
tion of MFM were determined by a mercury injection 
pore analyzer (MIP, AUTOPORE IV9500, Micromerit-
ics Instrument, USA). The water contact angles of MFM 
and the resultant composites were measured by drop-
ping a 3.0 μL water droplet onto the surface of samples 
using a contact angle goniometer (DSA30, Krüss GmbH, 
Germany). The BET surface area of the ZRE-MFM and 
ZRE-PETM were measured by an automatic porosim-
eter (BET, ASAP 2460, USA). The fastness properties to 
rubbing and bending of composites were measured by a 
martindale abrasion testing apparatus (GC-M810-M6, 
Geecise Testing Machines Co. Ltd., China) and bally 
flexometer (2226, Jinan Xing Hua Instruments Co., Ltd., 
China).

2.4 � X‑ray shielding performance tests
X-rays with different photon energies (16−118 keV) were 
produced by an X-ray generator (CF320, Gulmay Ltd., 
UK) according to the Chinese National Standard JJG 
393-2003 [23]. The generated X-rays passed through the 
as-prepared samples, and the residual X-ray doses accu-
mulated in 30  s were determined by a PTW-UNIDOSE 
dosimeter equipped with a TN34069-2,5 ionization 
chamber. During the X-ray shielding performance tests, 
the distance between the sample and the X-ray genera-
tor was 80 cm, and the distance between the sample and 
the X-ray detector was 20 cm. The attenuation efficiency 
(AE) was calculated using Eq. 1 [18]:

The linear attenuation coefficient (μ) was calculated by 
Eq. 2 [24]:

The mass attenuation coefficient (μm) was computed by 
using Eq. 3 [25]:

(1)AE =

I0 − I

I0
× 100%

(2)I = I0e
−µd

where I0 and I are the intensities (mGy s−1) of the original 
and transmitted X-rays, d is the thickness of the sample, 
and ρ is the density of the sample.

3 � Results and discussion
3.1 � Preparation and characterizations of microfiber 

membrane/(bis‑)high‑Z element composites (RE‑MFM 
and ZRE‑MFM)

According to recent research, the uniform distribu-
tion of high-Z element components is of great signifi-
cance for increasing the attenuation efficiency of X-ray 
shielding materials [26, 27], therefore, in this work, 
microfiber membrane (MFM) was used as the sub-
strate to load and disperse rare earth (RE) elements. 
MFM is commonly used as substrate to fabricate syn-
thetic leather, and possesses merits of both the natural 
leather and polymer materials. Gas absorption opera-
tion was used to obtain the specific surface area and 
nitrogen adsorption–desorption isotherms of MFM 
and PETM (Additional file  1: Figs. S2 and S3). Origi-
nating from the hierarchical structure and resultant 
hierarchical pores, MFM features much higher specific 
surface area (7.6 m2 g–1) than that of commercial poly-
ethylene terephthalate membrane (PETM, 1.2 m2  g–1), 
and may give rise to enhanced dispersion of RE ele-
ments on the microfiber surface to enlarge the prob-
ability to interact with X-ray photons. Meanwhile, to 
achieve the uniform dispersion of RE element, plant 
polyphenols were chosen as a bridge to disperse RE ele-
ments into MFM. Plant polyphenols, which are broadly 
employed in various industries, contain plenty of phe-
nolic hydroxyls which can coordinate with different RE 
metal ions to form metal–phenolic networks (MPN) 
[22, 28]. What is more, polyphenols can adhere to vari-
ous surfaces via the coordination, electrostatic interac-
tions, hydrophobic interactions and hydrogen-bonding 
interactions. Thus, polyphenols can facilitate an effec-
tive dispersion of RE elements to form X-ray shield-
ing composites. To achieve this goal, RE nitrate salts 
are firstly mixed with bayberry tannin (BT) solution 
to form rare earth metal–phenolic network (RE-MPN) 
[29]; then the RE-MPN is loaded and dispersed into the 
MFM by the “impregnation−desolvation” strategy to 
prepare the X-ray shielding materials (Fig. 1a) [18, 19]. 
The resultant composites are denoted as REx-MFM, 
where RE represents the elemental symbol of the intro-
duced rare earth elements, and x signifies the loading 
amount of the RE element in mmolRE  cmMFM

−3; the 
subscripts in the notations are omitted when their val-
ues do not affect the discussions (similarly hereinafter). 

(3)µm =

µ

ρ
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Furthermore, to compensate the weak absorption 
region of single RE element, Ba or Bi was selected to 
form a thin coating layer onto the surface of RE-MFM 
by water-borne polyurethane (WPU, Fig.  1a), and the 
prepared samples are named ZyREx-MFM, where Z 

represents the elemental symbol of the coated high-
Z elements, and y indicates the coating amount of the 
high-Z element in mmolelement cmMFM

−3.
The coordination between RE cations and phenolic 

hydroxyls is verified by ultraviolet–visible spectroscopy 

Fig. 1  Illustrations on the preparation and characterizations of RE-MFM and ZRE-MFM. a Graphical illustration of the preparation process of the 
ZRE-MFM via the “impregnation−desolvation” strategy and then the coating process. b UV–Vis spectra of BT and RE-MPN. c FT-IR spectra of BT and 
RE-MPN. d High-resolution XPS O 1 s scan spectra of BT and Ce-MPN. e–g SEM morphologies (e) and elemental mappings of Bi (f) and Ce (g) of 
BiCe-MFM
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(UV–Vis), Fourier transform infrared spectrophotometry 
(FT-IR) and X-ray photoelectron spectroscopy (XPS). In 
the UV–Vis spectrum, the maximal absorption peak of 
Ce-MPN has red-shifted from 277 to 283  nm as com-
pared to BT (Fig.  1b), giving evidence for the interac-
tions between BT and RE cations [30, 31]; additionally, 
the FT-IR peaks of BT at 3390 and 1150 cm–1, which are 
corresponded to O–H vibrations, have become weaker in 
intensity after interacting with RE cations (Fig. 1c), prov-
ing that the interactions are carried out between the phe-
nolic hydroxyls and RE cations [32]; moreover, in the O 
1 s scan spectra of Ce-MPN and Er-MPN, a new peak at 
533.24 eV and 533.46 eV, respectively, could be deconvo-
luted in comparison to BT (Fig. 1d and Additional file 1: 
Fig. S4), suggesting the coordination between phenolic 
hydroxyls of BT and RE cations [33]. In brief, the afore-
mentioned characterizations demonstrate that plant 
polyphenol can coordinate with RE elements to form RE-
MPN, providing the premise of dispersing RE elements 
into the MFM.

After introducing the RE-MPN into MFM, the sec-
ond high-Z elements were appended onto the surface of 
RE-MFM by coating. The elemental compositions were 
analyzed by X-ray photoelectron spectroscopy (XPS). 
As shown in Additional file 1: Fig. S5, both the XPS sur-
vey spectra of BaCe-MFM and BiCe-MFM displayed Ce 
3d energy peaks at 885.69 eV, and the new energy peaks 
located at 780.84 and 159.49 eV corresponded to the Ba 
3d and Bi 4f energy levels in BaCe-MFM and BiCe-MFM, 
respectively, further confirming the introduction of Ba 
or Bi to the Ce-MFM [34, 35]. Likewise, the two high-Z 
elements were also successfully loaded into Er-MFM by 
coating (Additional file 1: Fig. S6). The loading amounts 
of high-Z elements were measured by inductively cou-
pled plasma−optical emission spectrometry (ICP−OES). 
The average loading efficiencies of RE elements were 
high up to 91% (Additional file 1: Table S1), demonstrat-
ing the excellent stabilization effect of BT; and the results 
indicated a satisfactory average coating efficiency of 82% 
(Additional file 1: Table S1), proving the successful intro-
duction of Ba or Bi. Besides, the dispersion of high-Z 
elements in ZRE-MFM was characterized by field emis-
sion scanning electron microscopy (FESEM). The SEM 
cross-sections of BiCe-MFM (Fig.  1e) indicated that no 
obvious microstructure could be observed in the coating 
layer, and no distinct phase interface existed between the 
coating and Ce-MFM, suggesting that the second high-Z 
elements were firmly loaded onto Ce-MFM. The elemen-
tal mappings exhibited that the two introduced high-Z 
elements both showed distinct spatial distributions in 
the composites (Fig. 1f and g), where Ce predominantly 
existed in the MFM while Ba or Bi was only distributed 
in the coating layer (Additional file  1: Fig. S7); in each 

matrix, the corresponding high-Z elements were uni-
formly dispersed. The same conclusion was also attained 
from the SEM and mappings of ZEr-MFM (Additional 
file 1: Figs. S8 and S9).

3.2 � Synergistic effect of hierarchical structure and plant 
polyphenol on the uniform dispersion of RE element

The dispersion of high-Z element in the shielding mate-
rial greatly affects the shielding performance of the 
material, therefore, MFM and BT were used to load 
and disperse RE element to improve the dispersion in 
the shielding material. According to the morphological 
analyses, the original MFM is composed of hierarchi-
cal microfiber bundles (25 μm) which consists of several 
parallelly arranged 3-μm microfibers, and the surfaces of 
the microfibers are smooth (Fig. 2a). The data of pore size 
and distribution of MFM prove that microfiber bundles 
intercross with each other to form hierarchical pores and 
there exists large quantities of gaps between the single 
fibers in microfiber bundles (Additional file  1: Figs. S10 
and S11).

After loading RE-MPN into MFM, the morphologies of 
MFM remained unaffected where microfibers were still 
bundled and their overall outline was still visible, and a 
layer of a thin film could also be observed which formed 
on the microfiber surfaces (Fig. 2c). The elemental map-
ping of Ce displayed the same trend as the contours of 
the microfibers (Additional file  1: Fig. S12), indicat-
ing the successful loading and uniform dispersion of Ce 
on the microfibers. The loading and dispersion of Er in 
MFM were also verified using SEM and correspond-
ing elemental mapping (Additional file  1: Fig. S13). On 
the contrary, when RE cations were directly loaded into 
MFM without the facilitation of BT, the RE elements 
were unevenly distributed and aggregated into large par-
ticles up to micrometer scale (Fig. 2b, Ce-MFM0). As the 
main constituent of MFM is polyethylene terephthalate 
which contains few active groups, the MFM is incapa-
ble of binding and stabilizing RE elements. BT, a type of 
plant polyphenols versatile to bind to various matters, 
can interact with RE elements through coordination, and 
can also induce strong adhesion to MFM via hydrophobic 
bonding between the aromatic moieties [36]. Therefore, 
with the help of BT, RE elements could be successfully 
loaded and evenly dispersed into MFM to produce RE-
MFM. This idea can expand our “impregnation–desolva-
tion” strategy to load and disperse high-Z elements into 
various polymer matrices either with or without active 
functional groups, providing promising universality to 
prepare X-ray shielding materials that can be applied to 
various mobile scenarios.

The hierarchical structure of MFM was observed 
in Fig.  2d–e. The woven polyethylene terephthalate 
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membrane (PETM) was selected as a controlled refer-
ence to demonstrate the merits of hierarchical structure 
of MFM. PETM is a typical woven fabric absent of hier-
archical structure, and the single fiber’s diameter was 
approximately 12-μm which was 3 times larger than that 
of MFM (Fig. 2f and Additional file 1: Fig. S14). As seen 
in Fig. 2d–e, the hierarchical structure of MFM and the 
pores between the microfiber bundles were still present 
after spreading RE element onto the microfibers sur-
face. Meanwhile, a layer of thin film could be seen on 
the microfiber bundle surface, and the boundary of each 
microfiber was still visible, suggesting that the loading 
did not affect the microstructure of MFM. The micro-
fiber surface did not exhibit any evident aggregations, 
indicating the uniform dispersion of RE element with 
the assistance of BT. Additionally, the SEM and TEM 
elemental mappings clearly revealed that the loaded RE 
elements were distributed following the direction of the 
fibrous structure in MFM, proving the successful loading 
and uniform dispersion of RE elements (Additional file 1: 
Figs. S15 and S16). According to Fig. 2g and Additional 

file 1: Fig. S17, RE element could be loaded and dispersed 
on the fiber surface of PETM, suggesting the universality 
of plant polyphenol as bridge to disperse RE elements in 
the polymer matrices. Compared with PETM, the micro-
fiber bundle of MFM has similar diameter to a single 
fiber of PETM, yet it consists of multiple microfibers that 
is able to expose larger surface area to load and disperse 
RE element, enlarging the collision probability between 
photons and RE element. To sum up, we chose MFM 
with hierarchical structure as substrate to provide larger 
area to load and disperse RE elements, and utilized plant 
polyphenols as a bridge to bind RE elements and MFM, 
leading to stable loading and even distributions of RE 
elements, which is expected to provide excellent X-ray 
shielding performances.

3.3 � Influence of dispersity on X‑ray shielding performance
To examine the effect of dispersity on the X-ray shield-
ing performance, the X-ray attenuation efficiency of the 
prepared samples was evaluated by a set of X-ray gener-
ating and detecting systems (Fig.  3a). According to the 

Fig. 2  Microstructure of the prepared samples. a The SEM images of hierarchical structure of MFM. b–c The SEM images of Ce-MFM0 (b) and 
Ce-MFM (c). d–e The SEM images of hierarchical structure of Ce-MFM. f The SEM images of single fiber of PETM. g The SEM images of single fiber of 
Ce-PETM
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measurement, the X-ray attenuation efficiency of MFM 
was only 8% at 16 keV and 5% at 33 keV, and dropped to 
zero as photon energy further increased, demonstrating 
that MFM provided little protection (Fig. 3b).

Additionally, X-ray attenuation properties of barium 
and cerium-containing composites with BT to facilitate 
the dispersion or without BT (noted as Ba0.84Ce3.67-MFM 
and Ba0.84Ce3.67-MFM0, respectively) were compared. As 
seen in Fig. 3b, although the two materials had the same 
Ba and Ce loading amounts, Ba0.84Ce3.67-MFM displayed 
approximately 10% superior X-ray attenuation efficiency 
compared to Ba0.84Ce3.67-MFM0 when exposed to the 
incident X-ray with the same energy. With the addition 

of BT, Ce was fully dispersed in MFM and its atoms were 
maximally accessible to the X-ray photons, enlarging 
the cross-section of the composites. According to our 
estimation, the enhancement of X-ray shielding perfor-
mance stemming from the uniform dispersion of Ce was 
equivalent to increasing Ce loading amount from 0.91 to 
1.81 mmol  cm–3, indicating that the density of shielding 
materials could be reduced by improving the dispersity of 
high-Z elements. The same conclusion can be obtained 
from Bi0.84Ce3.67-MFM and Bi0.84Ce3.67-MFM0 (Fig.  3b). 
Owing to the significant performance increase brought 
by the polyphenol-facilitated dispersion of high-Z ele-
ments, BT was utilized in all the samples to enhance the 

Fig. 3  Influence of Dispersity on X-ray Shielding Performance. a Photographic demonstration of the X-ray generating and detecting setups. b 
X-ray attenuation efficiency of MFM, Ba0.84Ce3.67-MFM, Ba0.84Ce3.67-MFM0, Bi0.84Ce3.67-MFM and Bi0.84Ce3.67-MFM0. c–f X-ray attenuation efficiency of 
ZRE-MFM and ZRE-PETM, Ba0.84Ce3.67-MFM and Ba0.84Ce3.67-PETM (c), Bi0.84Ce3.67-MFM and Bi0.84Ce3.67-PETM (d), Ba0.79Er3.65-MFM and Ba0.79Er3.65-PETM 
(e), Bi0.81Er3.65-MFM and Bi0.81Er3.65-PETM (f)
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X-ray shielding performance and reduce the material 
density.

The X-ray attenuation efficiency of ZRE-MFM and 
ZRE-PETM were compared to analyze the effect of the 
hierarchical structure on X-ray shielding performance. 
The attenuation efficiency of ZRE-MFM with the same 
elemental compositions and amounts was higher than 
that of ZRE-PETM in the range of 16–118 keV (Fig. 3c–
f). According to our calculations, ZRE-MFM showed 
an averagely 9% and maximally 15% increase in X-ray 
attenuation efficiency compared with ZRE-PETM. In 
particular, the attenuation efficiency of Ba0.84Ce3.67-MFM 
was 20% higher than Ba0.84Ce3.67-PETM at 48  keV, pro-
viding compelling evidence of the benefit of hierarchi-
cal structure on X-ray shielding. As is well known, X-ray 
energy could be attenuated by the photoelectric effect 
and Compton scattering which transfer all or part of 
the energy to electron, respectively. The incident pho-
tons will predominantly interact with elements that are 
dispersed on the surface of nanoparticles, and few col-
lisions will happen with elements distributed inside the 
particles. Therefore, the number of surficial RE elements 
need to be maximized to enhance the interact prob-
ability with X-rays, which calls for better dispersion of 
RE elements. MFM features the intriguing hierarchi-
cal structure, where multiple microfibers assemble into 
microfiber bundles and further into MFM. As mentioned 
before, the specific surface area of MFM is 6 times to 
that of PETM benefiting from its hierarchical structure. 
Therefore, MFM could expose more surfaces to evenly 
distribute RE element on the microfiber surface for better 
dispersion, increasing the number of atoms on the nan-
oparticle surface, enlarging the collision probability of 
RE element with photons. Additionally, the hierarchical 
pores between microfiber bundles and individual micro-
fibers may elongate the transmission route of X-ray pho-
tons in the MFM to induce more interactions between 
photons and atoms of RE element as well as MFM, giving 
rise to extra attenuation of photon energy. In a word, the 
results of X-ray attenuation efficiency indicated that bet-
ter dispersity stemming from the facilitation of BT and 
the hierarchical structure of MFM can provide benefits 
for X-ray shielding performances.

3.4 � X‑ray shielding performances of RE‑MFM 
and ZRE‑MFM

The single high-Z element displayed a distinct weak 
absorption region because X-ray with slightly lower 
energy than the absorption edge was incapable of inter-
acting with electrons via the photoelectric effect [20, 
37]. To address this issue, Ba or Bi was selected as the 
second high-Z element to compensate for the weak 
absorption regions of Ce and Er by coating. Considering 

Bi0.84Ce3.67-MFM as an example, the composite showed 
an excellent attenuation efficiency of 90% at 33 keV, which 
was 29% higher than that of Ce3.67-MFM; and BiCe-MFM, 
BaEr-MFM and BiEr-MFM illustrated no obvious shield-
ing defects in the whole range of 16–118 keV according 
to Additional file 1: Fig. S1. The result suggested that the 
weak absorption region of RE-MFM was successfully 
complemented through the synergistic effect of bis-high-
Z elements. The detailed analysis of the synergistic effect 
of bis-high-Z elements on X-ray shielding can be seen in 
Supporting Information Sect. 1. Additionally, the attenu-
ation efficiency of shielding materials is influenced by the 
K absorption edge of RE elements, resulting in a weak 
absorption region of shielding materials. In BaCe-MFM, 
due to the almost identical K absorption edges of Ba and 
Ce (37.44 and 40.45  keV, respectively), the overlapped 
weak absorption regions result in the inverted attenua-
tion efficiency at 33 keV and 48 keV.

The X-ray shielding properties of ZRE-MFM were 
affected by RE loading amounts and material thickness 
[18]. For the same Z0.84Cex-MFM sample, the attenua-
tion efficiency showed an overall decreasing trend as the 
X-ray photon energy increased (Fig. 4a, d). All the com-
posites could attenuate more than 90% of X-ray at 16 keV, 
whereas their efficiencies gradually diminished to around 
20% at 118  keV. When X-ray photon energy was fixed, 
the attenuation efficiency increased with the increase 
of Ce contents. For X-ray at 48 keV, the attenuation effi-
ciency of Z0.84Cex-MFM rose by about 20% to more 
than 80% as the loading amount increased from 0.91 to 
3.67 mmol cm–3. Additionally, the shielding performance 
of the composites could be further elevated by increas-
ing material thickness. It can be observed that when the 
X-ray photon energy was 100  keV, the attenuation effi-
ciency of Ba0.84Ce3.67-MFM was substantially raised from 
an average value of 32% to 54% as the thickness increased 
from 1.4 to 2.8 mm (Fig. 4b). This was attributed to the 
enlarged collision probability of X-ray photons with uni-
formly dispersed RE elements in the elongated propaga-
tion path of the material. Further increase in the material 
thickness only resulted in 14% and 8% enhancement in 
attenuation efficiency, suggesting that the shielding per-
formance enhancement was gradually limited as further 
increasing thickness. The same results were achieved 
for the attenuation properties of Bi0.84Ce3.67-MFM, 
Ba0.79Er3.65-MFM, and Bi0.81Er3.65-MFM (Fig.  4e and 
Additional file  1: Figs. S18–S21). Afterward, the linear 
attenuation coefficients (LAC) of Z0.84Ce3.67-MFM were 
obtained by fitting X-ray attenuation efficiencies ver-
sus material thicknesses according to the Lambert–Beer 
law [17]. The LACs of Ba0.84Ce3.67-MFM were 12.6, 7.3, 
4.3, 2.8, and 1.7  cm–1 at 48, 65, 83, 100, and 118  keV, 
respectively, which were reduced with the increasing 
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X-ray photon energy (Fig. 4c). The same trend could be 
observed for Bi0.84Ce3.67-MFM and ZEr-MFM (Fig.  4f, 
Additional file 1: Figs. S22 and S23).

According to the Chinese National Standard GB 
16,757–2016, materials with X-ray shielding perfor-
mance no less than that of 0.25 mm lead are considered 
potential materials for producing X-ray protecting suits 
[38]. Therefore, a 0.25  mm lead sheet was chosen as 
the reference standard for assessing the X-ray shielding 

performance. Based on the measurements, the overall 
X-ray shielding performance of 2.8 mm Z0.84Ce3.67-MFM 
surpassed that of the 0.25 mm lead sheet in the range of 
33–83  keV (Fig.  4g). Note that Z0.84Ce3.67-MFM exhib-
ited outstanding X-ray shielding performance, prohibit-
ing 90% of incident X-rays at 65 keV and displaying 20% 
enhancement as compared to the 0.25  mm lead sheet. 
Moreover, the mass attenuation coefficients (MACs) 
of the materials were calculated using Eq. 3. The MACs 

Fig. 4  X-ray attenuation properties of RE-MFM and ZRE-MFM. a X-ray attenuation efficiency of Ba0.84Cex-MFM with different Ce loadings. b X-ray 
attenuation efficiency of Ba0.84Ce3.67-MFM with different thicknesses. c The fitted curves of linear attenuation coefficients for Ba0.84Ce3.67-MFM at 
different energies. d X-ray attenuation efficiency of Bi0.84Cex-MFM with different Ce loadings. e X-ray attenuation efficiency of Bi0.84Ce3.67-MFM with 
different thicknesses. f The fitted curves of linear attenuation coefficients for Bi0.84Ce3.67-MFM at different energies. g X-ray attenuation efficiency 
comparison of 2.8 mm Ba0.84Ce3.67-MFM, 2.8 mm Bi0.84Ce3.67-MFM, and 0.25 mm lead sheet. h Mass attenuation coefficients of Ba0.84Ce3.67-MFM, 
Bi0.84Ce3.67-MFM, and the lead sheet
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of Z0.84Ce3.67-MFM exceeded those of the lead sheet in 
48–83 keV (Fig. 4h), and were still 40% greater than those 
of the lead even the X-ray energy was as high as 83 keV. 
Additionally, the MAC values of some polymer-based 
X-ray shielding materials are summarized in Table  1. It 
can be observed that microfiber membrane-based X-ray 
shielding materials displayed superior shielding perfor-
mance at low bulk density, demonstrating the merit of 
polyphenol- and hierarchical structure-facilitated dis-
persion. In summary, ZRE-MFM with evenly dispersed 
high-Z elements showed excellent X-ray shielding perfor-
mance and exhibited promising application potentials in 
various scenarios.

3.5 � Physical and mechanical properties of ZRE‑MFM
Both remarkable X-ray shielding performance and out-
standing physiomechanical behaviors are indispensa-
ble prerequisites of advanced X-ray shielding materials 
for versatile applications [19], thus, the mechanical and 
physical properties of BiCe-MFM are assessed as a dem-
onstration in this section. MFM displayed prominent 
tensile strength of 9.9 N mm–2 and tear strength of 58.5 
N  mm–1 stemming from its three-dimensional hier-
archical structure (Fig.  5a, b). Without rupturing the 
original structure of MFM when loading RE elements 
by the “impregnation–desolvation” strategy, Ce-MFM 
fully retained the excellent mechanical performance of 
MFM. Surprisingly, BiCe-MFM showed superior ten-
sile strength and tear strength (11.5 N mm–2 and 65.1 
N mm–1, respectively) due to the strengthening effect 
of the introduced waterborne polyurethane (WPU) thin 
film on the Ce-MFM surface, which were around 4.5 
times and 2 times compared with those of the 0.25 mm 
lead sheet (2.6 N mm–2 and 28.2 N mm–1, respectively). 
The corresponding stress–strain curves and load–exten-
sion curves of MFM, Ce-MFM and BiCe-MFM were 
shown in Additional file  1: Figs. S24 and S25. Besides, 
the as-prepared X-ray shielding material displayed an 
ultralow density of 1.4 g cm–3, only 1/8 of that of the lead 

(11.3  g  cm–3), exhibiting great potential in the mobile 
application conditions (Fig. 5c). Wearable shielding mate-
rials need to have good fastness properties to washing, 
rubbing and bending, thus, the attenuation efficiency of 
Bi0.84Ce3.67-MFM was tested after rubbing 10,000 times, 
bending 5,000 times and soaking in water (Fig. 5d–f), the 
processes of testing were shown in Additional file 1: Figs. 
S26–28. As shown in Fig. 5g–i, the results exhibited neg-
ligible reduction of attenuation efficiency, indicating that 
the as-prepared shielding materials obtained outstanding 
fastness properties to soaking, rubbing and bending. In 
a word, the prepared microfiber membrane-based X-ray 
shielding materials exhibited outstanding physical and 
mechanical properties and were appropriate for a variety 
of application environments.

4 � Conclusion
In summary, with the assistance of plant polyphenols, we 
successfully prepared high-performance X-ray shield-
ing materials based on microfiber membrane, a type of 
synthetic leather. With the addition of BT to facilitate 
the dispersion of RE element, the as-prepared materi-
als exhibited an average 10% superior X-ray attenuation 
efficiency compared to the composites without the addi-
tion of polyphenol; meanwhile, the hierarchical structure 
of MFM provided larger specific surface area to load and 
disperse RE element, leading to an extra enhancement 
of average 9% on the X-ray shielding performance. Ben-
efiting from synergistic effect of hierarchical structure 
and plant polyphenol, the obtained ZRE-MFM with uni-
formly dispersed RE element exhibited 19% increase in 
X-ray attenuation efficiency, and displayed higher MACs 
than that of lead sheet in 48–83  keV. In particular, the 
MAC of Bi0.84Ce3.67 was 40% larger than that of the lead 
at 83 keV. Furthermore, the prepared composites had an 
ultralow density of 1.4 g cm–3, which was as low as 1/8 of 
that of the lead, while retained outstanding physical and 
mechanical properties. Our study would shed new light 
on the manufacture of novel X-ray shielding materials 
with excellent X-ray shielding performance.

Table 1  The X-ray shielding performance of polymer matrix based shielding materials

No Polymer matrix High-Z elements Density (g cm–3) Incident X-ray Mass attenuation 
coefficient (cm2 g–1)

References

1 Polystyrene Ba 1.68 50 keV 3.9 [12]

2 Wood/Polyvinyl chloride Bi 2.04 60 kVp 2.2 [39]

3 Silicone rubber W 2.55 100 kVp 0.5 [40]

4 Polyvinyl chloride Ta and Bi 1.66 129 kVp 2.7 [41]

5 Microfiber membrane Ce and Ba 1.40 48 keV 9.0 This work

6 Microfiber membrane Ce and Bi 1.40 83 keV 3.2 This work

7 Microfiber membrane Ce and Bi 1.40 100 keV 2.5 This work
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