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Abstract

Nowadays, diverse leather usage conditions and increasing demands from consumers challenge the leather industry.
Traditional leather manufacturing is facing long-term challenges, including low-value threshold, confined applica-
tion fields, and environmental issues. Leather inherits all the biomimetic properties of natural skin such as flexibility,
sanitation, cold resistance, biocompatibility, biodegradability, and other cross-domain functions, achieving unre-
mitting attention in multi-functional bio-based materials. Series of researches have been devoted to creating and
developing leather-based flexible multi-functional bio-materials, including antibacterial leather, conductive leather,
flame-retardant leather, self-cleaning leather, aromatic leather, and electromagnetic shielding leather. In this review,
we provide a comprehensive overview of the commonly used leather-based functional materials. Furthermore, the
possible challenges for the development of functional leathers are proposed, and expected development directions
of leather-based functional materials are discussed. This review may promote and inspire the emerging preparation
and applications of leather for flexible functional bio-based materials.
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Graphical Abstract

1 Introduction

As a flexible, hygienic, and durable biomass material,
leather is obtained from the by-products of animals
through a series of processes, in which various chemicals
are employed [1-3]. Leather manufacturing for mak-
ing use of rawhide waste is one of the earliest processing
contents of human beings, which mainly involves four
processes, including pre-tanning, tanning, post-tanning,
and finishing (as manifested in Fig. 1) [4]. Preparing raw
hides and skins for appropriate interaction with tanning

agents is the primary purpose of pre-tanning processes,
while the central role of post-tanning is to improve the
mechanical and sensory properties of tanned leathers [2,
5]. Besides, the tanning process, which is the crucial step
for leather-making, leads to actual conversion from raw
hides/skins to leather through stabilizing collagen against
the damage of heat, enzymatic and so on [6—11]. Finally,
as one of the essential processes in the leather-making
industry, finishing can increase the variety of leather
appearance and increase the application properties of
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leather, such as mechanical property, antibacterial prop-
erty, and hydrophobic property [12, 13].

Up to now, artificial synthetics still cannot match the
structure marvel of skin and leather, and the products
based on leather always remain unique and showcase
excellent comfort and hygiene, making leather remain the
consumers’ first consideration. Due to the implementa-
tion of stricter environmental protection policies from
pole to pole, the development of the leather industry
has been subject to restrictions ascribed to the genera-
tion of tannery wastewater, sludge, and other solid waste.
Therefore, the leather industry is rapidly transforming
and upgrading. Interestingly, nowadays, leather-making
has become cleaner, greener, and more friendly, and the
many fundamental nature of leather, including fullness,
air permeability, cold resistance, and flexural strength,
have been a progressive improvement. Furthermore,
many interdisciplinary technologies have been adopted
in up-to-date leather-making processes, and many
emerging materials have been introduced as tanning,
retanning, fatliquoring, and finishing agents to fabricate
multi-functional leather.

The rapid development of sundry functional leathers
has been witnessed during the past decade, e.g., antibac-
terial leather, conductive leather, flame-retardant leather,
self-cleaning leather, aromatic leather, waterproof leather,
electromagnetic shielding leather, X-ray shielding leather
and so on (as displayed in Fig. 2). The development of
functional leather will meet the living and production
needs of consumers, improve the application value of nat-
ural leather biomass, and promote the long-term devel-
opment of the traditional leather industry. Herein, we
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Fig. 2 Different types of functional leathers
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attempt to comprehensively review the types and recent
researches of leather-based flexible functional materials.
Moreover, the research outlook in this aspect is also pro-
posed. This review will serve to inspire researchers and
engineers towards novel leather chemicals and manufac-
turing technologies to boost the industrial fabrication of
functional leather.

2 Fabrication and utilization of functional leather
2.1 Antibacterial leather

As protein is the main component of leather, hence
leather is prone to breed microorganisms, including bac-
teria, fungi, and mold, during the storage process, which
may affect the structure and properties of leather and
even damage the health of users. The antibacterial treat-
ment of leather can inhibit the growth of bacteria, thereby
reducing the health problems of users. In recent years,
researchers mainly have applied antibacterial agents into
the tanning and finishing processes of leather to prepare
antibacterial leather. According to the different sources
and components, antibacterial agents can be subdivided
into natural, organic, and inorganic antibacterial agents,
and the silver-related antibacterial agents are most widely
used in the preparation of antibacterial leather.

In 2018, gallic acid modified silver nanoparticles (GA@
Ag NPs) were first fabricated in situ syntheses [14]. The
antibacterial leather was prepared after GA@Ag NPs
were successfully filled into the leather matrix as a retan-
ning agent. Interestingly, the resultant leather possessed a
high payload of silver nanoparticles against laundry, dis-
playing strong and long-term antibacterial ability. Simul-
taneously, a composite coating was facilely fabricated
onto the leather surface via the layer-by-layer assembly
of positively charged chitosan and negatively charged
gallic acid modified silver nanoparticles (GA@Ag NPs),
with subsequent immobilization on leather by chemi-
cal cross-linking [15]. After being treated by CS/GA@Ag
NPs, the leather showcased efficiently antibacterial activi-
ties against Escherichia coli (E. coli) and Staphylococcus
aureus (S. aureus) through a “kill-release” strategy. After
that, I. Carvalho et al. used the hydrothermal method to
prepare titanium dioxide (TiO,) and Ag-TiO, nanoparti-
cles with anatase phase, and the two kinds of nanoparti-
cles were applied on the leather substrates with different
surface finishing [16]. In contrast with the leather samples
covered by TiO, nanoparticles, all the samples covered by
Ag-TiO, nanoparticles displayed antimicrobial activity,
indicating Ag was the leading antimicrobial agent.

According to the research of E. Rohaeti et al., after
modified by coating Ag NPs synthesized with an extract
from green betel leaf, the suede leather can effectively kill
E. coli, outperforming the leather without modification
by 1.8 times and the silver nanoparticles in incubation
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for 36 h by 1.3 times [17]. Meanwhile, biogenic Ag NPs,
synthesized using aqueous plant extract of Portulaca
oleracea L. at 75 C in 20 min, were applied to leather
preservation [18]. There was no growth of leather iso-
lates and deterioration of treated leather even after six
months, while untreated leather began to deteriorate by
the isolates, showing the efficiency of biogenic Ag NPs
in preserving leather. Recently, the antibacterial leather
was obtained through in-situ deposition of Ag NPs onto
the leather surface by employing trisodium citrate. The
prepared leather demonstrated excellent antimicrobial
properties, including 100% bacterial reduction efficiency
against both S. aureus and E. coli, and more than 93%
fungal reduction efficiency against Candida albicans [19].
Besides, as reported by Barana et al., the aqueous extracts
of the Nardostachys jatamansi root was used to synthe-
size stable Ag NPs by bio-reduction of Ag" to Ag’, and
the experimental results showed that the obtained Ag
NPs co-polymer nanocomposite had a great potential in
developing the fungal-free leather materials and products
[20]. Furthermore, as illustrated in Fig. 3, poly(dimethyl
dially] ammonium chloride-methacrylic acid)/sil-
ver deposited ZnO composite was prepared by in-situ
method and used in leather re-tanning process [21]. Due
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to the synergistic antimicrobial action of Ag/ZnO and
N in the composite, the re-tanned leather demonstrated
good antibacterial and anti-mildew properties [21].

2.2 Conductive leather

Now, conductive leather and conductive leather-based
sensors have attracted considerable attention in captur-
ing postures and monitoring human activities. In 2014,
a conducting leather was fabricated using in-situ polym-
erization of pyrrole [22]. The resultantly leather, with a
maximum conductivity of 7.4 S/cm, can be used for mak-
ing conductive gloves for operating touch-screen devices
[22]. And then, self-colored and conducting leathers were
prepared by using in-situ polymerization of aniline, in
which ammonium persulfate and hydrochloric acid were
playing the roles of oxidant and dopant, respectively [23].
The treated leathers are bluish-green, indicating the toxic
and expensive dyes used during the coloration process
can be avoided entirely. According to the research of Xie
et al.,, a strain sensor based on the leather substrate was
prepared by filtering the aqueous dispersion of conduc-
tive nanomaterials [24]. The as-prepared sensor possesses
special microstructure, which not only inherits the air
permeability, mechanical property, and biocompatibility
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of leather, but also shows excellent sensing performances
[24]. As demonstrated in Fig. 4, a newly designed elec-
tronic skin (e-skin) was reported by Zou et al., the e-skin
based on leather integrated leather with various func-
tional materials, such as carbon nanotubes (CNTs), silver
nanowires (Ag NWs), to endow the leather with sensing
performance [25].

In 2020, a leather-based e-whisker was created by
introducing conductive ink into leather [26]. Due to the
porosity of leather, a 3D conductive pathway in leather
was formed after the ink permeated into it. The pre-
pared leather-based e-whisker has high sensitivity and
can be used to detect a height difference of 50 um, so it's
pretty capable for wind mapping, surface texture detect-
ing, spatial distribution mapping, etc. [26]. Meanwhile,
in the open air, a highly efficient and scalable laser direct
writing (LDW) technique was employed to mask-freely
prepare highly sensitive strain sensors on leather [27].
The sensors were constructed by the carbon flake, which
was synthesized by LDW carbonization of collagen fib-
ers, and this device can provide maximum sensitivities
about 2010 and 51 for tension and compression strain
detection, respectively [27]. In addition, a dry electrode,
which is a breathable, biocompatible, and soft device
that adheres to the skin comfortably, with leather as sub-
strate and polypyrrole (PPy) as conductive material was
prepared by Zhang and co-workers for ECG monitoring
[28]. Based on the natural surface and hierarchical struc-
ture of leather, the conformal contact and extended wear
can be realized by this electrode, and the quality of the
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collected electrophysiological signals can also be ensured
[28]. Recently, due to the good mechanical strength,
flexibility, permeability, long-term durability and visual
acceptance, the top grain leather and split leather of pig
were utilized as the substrate to fabricated a novel elec-
trode to detect electrocardiogram signals [29]. The nat-
ural leather was pre-treated with Ar plasma and a thin
silver paste coating was brush-painted on the surface to
gain electrical conductivity [29]. Meanwhile, the leather
was integrated with the mixture of conductive polymer,
poly(3,4-ethylenedioxythiophene)/poly(styrenesulfonate)
(PEDOT:PSS), and layered double hydroxides (LDHs)
by using simple and effective vacuum filtration method
[30]. The fabricated sensor based on leather possessed
superior sensitivity (GF=2326.84), tunable strain range
(0-70%), fast tensile response time (160 ms), and good
stability in 1000 stretching-relaxing/compression-relax-
ing cycles [30].

2.3 Flame-retardant leather

Leather and leather products are extremely flamma-
ble ascribe to various flammable additives used in the
manufacturing process. Interestingly, the introduction
of flame retardants in the leather-making process can
effectively inhibit the occurrence of combustion. Leather
flame retardants can be subdivided into organic, inor-
ganic, and organic/inorganic hybrid flame retardants
according to their composition. In 2005, to investigate
the effect of phosphorus-based flame-retardant com-
pounds containing nitrogen atoms on the treatment of
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leather samples and to improve their flame retardancy,
the flame-retardant finishing was carried out accord-
ing to the pad-dry-cure method with finishing formula-
tions consisting of pyrovatex, etherified methylolated
melamine, and the catalyst (NH,),SO, at different con-
centrations [31]. The results indicated that pyrovatex CP
can be successfully used as a flame retardant for leather.
Then, by combining the advantages of intumescent flame
retardant and montmorillonite, Jiang et al. made toward
developing a novel polymer/layered silicate nanocompos-
ite used for leather flame retardant by the intercalation
compounding method, the results attested the prepared
nanocomposite has a good synergistic effect for improv-
ing the flame-retardant performance of leather [32]. As
an organophosphorus compound, tributyl phosphate
(TBP) shows a fire-retardant effect in different materials
and applications. In 2018, two typical vegetable tannings,
mimosa and tara, were used for tanning lime splitting
cattle leather, and then, TBP was applied to the vegeta-
ble-tanned leather, which was non-finished [33]. After
the application of 21% TBP, the limiting oxygen index
(LOI) of mimosa tanned leather was 39.7%, while the LOI
of tara tanned leather was 34.9%, proving that TBP can
endow vegetable tanned leather with a good flame retard-
ant effect. In addition, after the phosphoramidate-based

diol was covalently embedded into polyurethane chain,
the waterborne polyurethane/graphene nanocompos-
ite (PN/G-WPU) was synthesized by emulsification
with graphene oxide (GO) aqueous solution and in-situ
reduced with hydrazine hydrate [34]. The results indi-
cated the excellent dispersion and strong interfacial
interaction of graphene with polyurethane matrix, which
favors the PN/G-WPU penetrating into leather fibers.
Therefore, the flame retardancy and smoke suppression
performance of the leather can be effectively improved by
the PN/G-WPU retanning agent.

After that, an in-situ method was employed to fabricate
the nanocomposites (MZBMSO/s-LDH), which were
based on modified zanthoxylum bungeanum maxim seed
oil (MZBMSO) fatliquoring agent and stearate-layered
double hydroxide (s-LDH) [35]. The leather treated by
MZBMSO/s-LDH, compared with treated by MZBMSO,
had an excellent softness and a notable improvement
on flame retardancy, and the LOI increased from 23.6
to 28.0%, and the smoke density index decreased from
25 to 6 [35]. According to the research of Pan et al., the
PVA(PEG)-SiO,-GO nanocomposites were fabricated by
loading the near-spherical SiO, nanoparticles with poly-
vinyl alcohol (PVA-SiO,) or polyethylene glycol (PEG-
Si0,) onto GO nanosheets [36]. After the leather samples
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Fig. 6 Self-cleaning effect of Ag-N-TiO, NPs, Ag-TiO, NPs, and TiO, NPs on the leather surface exposed to UV and visible light [41]. Copyright 2016,
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were treated by PVA-SiO,-GO and PEG-SiO,-GO dur-
ing the tanning process, the LOI of leather was increased
to 31.2% and 30.1% respectively. The reason may be that
GO accelerated the forming of compact char layer, and
isolated heat and burnable gases from the unburned
leather, and released non-flammable gases to dilute O,
[36]. Recently, as depicted in Fig. 5, a bio-based caprol-
actam modified casein was played the role of a template
to fabricate MgAl layered double hydroxide nanomaterial
(Temp@MgAl-LDH) by using coprecipitation method,
then modified casein emulsion and Temp@MgAl-LDH
were blended and applied as a flame retardant in leather
finishes [37]. The results showed that the increase of
Temp@MgAl-LDH content can effectively improve the
flame retardancy of leather, the LOI of leather can reach
28.5%, and smoke density decreased obviously when the
content of Temp@MgAl-LDH was 5%. Moreover, after
the hetero-structured filler layered double hydroxide-
reduced graphene oxide was prepared by an in-situ co-
precipitation method, the waterborne casein-based
nanocomposite latex was prepared by solution blend-
ing, which can effectively enhance the fire-resistant and
smoke suppression properties of the leather [38].

2.4 Self-cleaning leather

Traditional leather is easily contaminated by pollutants
due to its inherent hydrophilicity, which limits its appli-
cation. Therefore, self-cleaning technology is widely used
to create self-cleaning leathers to enhance the quality of

the leather and increase its market value. According to
different working principles, self-cleaning leather can
be divided into photocatalytic (super-hydrophilic) self-
cleaning and super-hydrophobic self-cleaning leather.

2.4.1 Photocatalytic (super-hydrophilic) self-cleaning leather
The principle of photocatalytic (super-hydrophilic) self-
cleaning is the contact angle of the water droplets on the
surface of the substrate is close to 0°, so the water drop-
lets on the surface of the substrate can quickly disperse
to wet the substrate completely. The water on the sub-
strate surface can effectively avoid the direct contact of
pollutants with the substrate, and the original dirty on
the surface of the substrate will be degraded and sepa-
rated under catalytic action. After Wang et al. [39] first
reported the research on the super-hydrophilic surface
of TiO, in 1997, TiO, has attracted widespread attention.
Due to the advantages of nontoxicity, harmlessness, and
good chemical stability, TiO, and modified TiO, have
been widely used in the preparation of functional leather.
According to the research of Aurora et al,, to improve the
photocatalytic activity of TiO, nanoparticles (TiO, NPs)
in the visible light region, the TiO, NPs doped with N
and Fe were fabricated and then applied to the leather-
making [40]. Under the irradiation of visible light, the
leather treated with Fe—N co-doped TiO, NPs demon-
strated the fastest degradation efficiency towards methyl-
ene blue stains. Furthermore, after TiO, NPs and N-TiO,
NPs were modified by Ag NPs via the electrochemical
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method, these nanoparticles displayed excellent pho-
toinduced catalytic properties in the visible domain [41].
Interestingly, as presented in Fig. 6, the enhanced photo-
catalytic properties in the visible light domain were con-
firmed on the leather surface through self-cleaning stains
of ball pen ink, Orange II, and methylene blue dyes that
were recorded for treated leather surfaces with Ag—N-
TiO, NPs [41].

Furthermore, the hydrothermal method was used
to prepare SiO, doped TiO, NPs, which can be used
for leather coating as the alternative to halogen-based
flame retardants and dry-cleaning solvents [42]. After
the leather surface was treated by the composites of
film-forming polymers and 10% SiO, doped TiO, NPs,
the leather exhibited photocatalytic properties against
methylene blue dye under UV and visible light, which
ascribed to reactive species generation with effect on sur-
face hydrophilicity increase [42]. To increase the proper-
ties and performances of the solvent-free polyurethane
film (SFPU) in the artificial material industry, the hol-
low nano-TiO, spheres (HNTSs) with large surface area,
high permeability performance, and high photocatalytic
performance were introduced into the SFPU film, which
has effectively enhanced the mechanical property, water
vapor permeability, and photocatalytic performance of
the SFPU and synthetic leather [43]. Recently, compared
to the state-of-the-art, Maria et al. proposed a facile
method for polymer composite preparation and leather
surface covering to develop multifunctional leather [44].
The photocatalytic properties of bovine leather sur-
face treated with 0.5% multi-walled carbon nanotubes
(MWCNTs) were shown against an olive oil stain after
visible light exposure, which was attributed to reactive
oxygen species generation and supported by contact
angle measurements in dynamic conditions, with the
generation of hydrophilic properties. In addition, accord-
ing to the research of Xu and her co-authors, zein-based
amorphous TiO, composite microcapsules were innova-
tively prepared based on zein, tetra butyl ortho titanate,
and PEO,,,PPO,,PEO, via interface template synthesis
method, and the composite film containing the as-pre-
pared nanocomposite has the potential to endow leather
with self-cleaning property [45].

2.4.2 Super-hydrophobic self-cleaning leather

The principle of super-hydrophobic self-cleaning is that
the contact and sliding angle of the water droplets on the
surface of substrate were more significant than 150° and
less than 10° respectively, so the droplets will not spread
on the surface of the substrate but roll off easily, and the
dirt on the substrate surface will be taken away, which is
also called the self-cleaning effect of the lotus leaf [46].
In 2015, the super-hydrophobic leather coating was
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fabricated by layer-by-layer spraying [47]. More specifi-
cally, the coating was obtained by spraying polyacrylate
emulsion and followed by spraying ethanol dispersion
of hydrophobic SiO, NPs, and the hydrophobicity of the
coating could be tuned by the layers of hydrophobic SiO,
NPs [47]. Then, Munusamy et al. reported a successful
demonstration of the “click” polymerization approach
to prepare a novel copolymer of single-walled carbon
nanotubes (SWCNTs) with aromatic moieties, and the
super-hydrophobic behavior of leather can be found
when coated with a copolymer of SWCNTs [48]. How-
ever, the micro-nano structure of the super-hydrophobic
surface is fragile and is easily damaged under mechanical
wear, so the wear-resistant super-hydrophobic technol-
ogy has received widespread attention. In 2018, super-
hydrophobic artificial material was fabricated for the first
time [49]. Superhydrophobicity and self-cleaning were
obtained after applying the nanoparticle-binder coating,
and the contact angle and sliding angle were about 160°
and 3°, respectively. Moreover, superoleophobicity was
achieved when the contact angle and sliding angle were
about 155° and 4°, separately [49].

Most hydrophobic materials cannot be applied directly
to specific surfaces like leather because of incompatibility.
Therefore, Vijaya et al. endowed the surface of the leather
with hydrophobicity in various degrees as well as super-
hydrophobicity by utilizing the conjugates of methacrylic
polymers and various carbon nanomaterials (CNT) [50].
As reported in Fig. 7, the superhydrophobicity of the
leather surface was supplied by CNT-poly(methyl meth-
acrylate) conjugate plausibly because of the synergy of
surface roughness and inherent low surface energy of the
polymer. After that, the amphiphilic hollow SiO, Janus
particles were fabricated by sequential grafting hydro-
philic and hydrophobic monomers onto both sides of
the hollow SiO, particles [51]. The prepared SiO, Janus
particles had the potential to promote the application of
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super-hydrophobic coating on leather, and the treated
leather had a water contact angle of 162.2° and can still
maintain super-hydrophobicity even after 140 cycles
of abrasion. Recently, Carlos and co-authors developed
hydrophobic coatings on leather by plasma polymeriza-
tion with a low-pressure plasma system using an organo-
silicon compound as chemical precursor [52]. The results
attested that the surface modification can impart a water
repellent effect to leather but not alter the visual appear-
ance and haptic properties. Simultaneously, a fluorine/
silane free super-hydrophobic material was created by
exploring the imine chemistry for synthesizing a ligand
through a two-step process in a non-toxic solvent, fol-
lowed by reacting the synthesized ligand with the metal
ion in an aqueous medium [53]. The water contact angle
of the leather increased to 155° after being treated by this
super-hydrophobic material, indicating the super-hydro-
phobic property of the leather.

2.5 Aromatic leather
Leather will produce a peculiar smell in the application
process due to the special smell of the skin itself and the
use of chemical materials in leather-making. Interest-
ingly, leather perfuming technology can well mask or
eliminate the odor of the leather. Therefore, the prepara-
tion and application of aromatic leather have gradually
attracted people’s attention. Traditional leather perfum-
ing techniques are usual directly introduce the fragrances
or perfumes into the leather. However, most essences
or perfume have shortcomings such as easy volatiliza-
tion, poor thermal stability, and bad compatibility, so the
treated leather cannot be used for a long time. Currently,
microencapsulation has been one of the effective ways
to prepare aromatic leather. In 2014, after miniemulsion
polymerization was used to fabricate polyacrylate nano-
capsules loaded with lilial (PNLs), PNLs were applied
directly to leather [54]. The results showed that some
PNLs were appearing on the surface of the leather fin-
ished by the PNLs when it was flexed 5000 times. How-
ever, after the strong mechanical actions, PNLs tended
to aggregate into large particles due to the high elastic
state. And then, encapsulation was used to arrest the
volatility of flavors and fragrances to produce aromatic
leather. According to the research of Velmurugan et al,,
the emulsion polymerization technique was used to man-
ufacture fragrant nanospheres with chitosan and acrylic
acid as the wall materials [55]. After these nanospheres
were optimized during the application in leather process-
ing, the lemongrass oil in the nanospheres can be well
retained in the leather matrix even after washing with
water and solvent.

After that, the scent oils were encapsulated by using
chitosan as the wall material via emulsion polymerization

Page 9 of 16

technique, and the encapsulation efficiency, oil load, and
content of the products have been investigated and opti-
mized [56]. After applying the encapsulated scent oils
into leather, the perception, strength, washability, and
diffusion coefficient of the leather have been systemati-
cally studied. The “smart scented” leather has been made
through incorporating of pleasant smells, which increases
in value of leather. In 2018, the interfacial condensation
approach was adopted to develop chitosan-coated SiO,
nanocapsules with a double-shelled structure using Plu-
ronic F127 as the template [57]. The inner layer and outer
layer of the nanocapsules were SiO, and chitosan respec-
tively, which have the function of continuously releas-
ing vanillin. After the nanocapsules were applied to the
leather finishing, the vanillin in the leather was controlled
releasing, and other properties of the finished leather
were also improved, including mechanical property,
hygienic property, and antibacterial property. Recently,
as represented in Fig. 8, Xu et al. first reported a route
of crafting zein-sodium alginate microcapsules loaded
with artemisia argyi essence and casein modified by cap-
rolactam, which can be used as leather finishes [58]. The
essence in the leather treated by the coating comprising
zein-sodium alginate based microcapsules was controlled
releasing and could release for 6 weeks.

2.6 Waterproof leather

Leather is easy to absorb water ascribed to its high sur-
face energy which in virtue of the many hydrophilic
groups including hydroxyl, amino, and carboxyl groups
on the side chains of leather, and the use of hydrophilic
chemicals in leather-making, such as surface-active
agents. With the development of the leather market and
the demand of the international market, waterproof
leather is more and more favored by the market. In the
initial research, grease was employed to coat the leather
surface and fill the pores of leather fibers to prepare
waterproof leather. However, the air permeability of the
leather is significantly reduced, and the peculiar smell
of the leather will also affect its application. Now, water-
proof leather is mainly fabricated by using waterproofing
agents which are hydrophilic to treat the leather surface
or fill the leather. In 2016, the properties of composites
based on acrylic polymers and polyvinilethynildihidrox-
ichlorsilan were investigated, the results showed that the
polymer composites with polyvinilethynildihidroxichlor-
silan increased the waterproof property of shoe upper
leather by 1-2 times compared to those with polyethyl-
hydrosiloxane [59].

Moreover, the waterproofness of leather also can be
enhanced by adjusting the processes of leather-making
involving the operations from pre-tanning to finishing.
As reported in Barana et al., three sets of experiments
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in which the tanning and finishing techniques were dif-
ferent were conducted to analyze the changes of water-
proofness [60]. In addition, to further enhance and
assess the waterproofness of leather, the finishes in each
experiment were changed by adopting various water-
proof fatliquors [60]. The results proved that water
vapor permeability would decrease as the waterproof-
ness improvement of the leather. Recently, a new type
of leather fabric was fabricated by using the woven pro-
cess. This leather fabric was different from traditional
leather-thermoplastic polyurethane bionic leather fab-
ric, which had fantastic gloss, abrasion resistance, and
water resistance, and had a bionic texture that tradi-
tional leather lacks [61]. In addition, according to the
research of Su et al, the fluorinated polyurethanes
containing short branched fluorocarbon chains were
prepared by a novel strategy, and then it was applied
in leather-making [62]. Since the coating surface has
abundant fluorine-containing chain segments, the
treated leather showed outstanding performances, such
as high wear resistance, good hydrophobicity, low water
absorption, and potential photodegradability [62].

2.7 Electromagnetic shielding leather

With the prosperity of highly integrated electronic tel-
ecommunication technology and personal electronic
devices, electromagnetic radiation pollution has become
severe and challenging issue in our daily life and work
[63, 64]. Leather owns the unique spatial structure and
dielectric property; hence, it may be a potential raw
material as an absorption matrix to produce electromag-
netic waves (EW) shielding composites with wonderful
performances. For example, the unique hierarchically
suprafibrillar structure in leather is possible to increase
the transfer time and enlarge the transmission routes of
the EW transmission in the leather via multiple diffuse
reflections within the hierarchical structure of leather.
Therefore, the research and development of electromag-
netic shielding leather have received extensive attention.
Currently, electromagnetic shielding leather, which can
achieve shielding effect through reflection or absorption,
is often prepared by the coating method, the dip coating
method, the chemical plating method, etc. Metal-based
materials can reflect EW effectively due to their high
conductivity, so they have been used as EW shielding
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materials for a long time. In 2016, a lightweight, high-
performance and wearable nanocomposite shielding
material was prepared by using Cu@Ag nanoflakes to
coat the surface of the leather matrix (LM) that was used
as a microwave-absorptive substrate [65]. In this way, an
extremely low content of Cu@Ag nanoflakes is enough
for LM-Cu@Ag to achieve superior high shielding abil-
ity (~100 dB), showing lightweight high-performance
shielding ability in a board frequency range. As provided
in Fig. 9, metal nanoparticles (MNPs) were coated onto a
leather matrix (LM) to craft a lightweight and high-per-
formance EW shielding composite that has both absorp-
tion and reflection abilities to EW [66]. When the coated
MNPs was 4.58 wt%, the EW shielding effectiveness and
specific shielding effectiveness of the as-prepared metal/
LM membrane were about 76.0 dB and 200.0 dB cm® g~ !
separately in the frequency range of 0.01-3.0 GHz, indi-
cating that more than 99.9% of EW was shielded [66].
Recently, Polydopamine modification and pH-triggered
hydrogen bonding have been combined to create a tough
interface to prepare waterborne polyacrylate/graphene@
polydopamine composites with flexibility and mechani-
cal robustness [67]. The composite with filler loading
of 20 wt% exhibited an EMI shielding effectiveness of
58 dB at 0.6 mm thickness and thermal conductivity of
1.68 W/m K, respectively [67]. Overall, the leather coated
with this composite showed outstanding EMI shielding,
flexibility, and heat dissipation performance. Then, the
facile vacuum-assisted filtration process was used to fab-
ricate multifunctional wearable silver nanowire decorated
leather (AgN'W/leather) nanocomposites with hierarchical
structures for integrated visual Joule heating, electromag-
netic interference (EMI) shielding and piezoresistive sens-
ing [68]. The resultant AgN'W/leather nanocomposites
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exhibit extremely low sheet resistance of 0.8 /sq, supe-
rior visual Joule heating temperatures up to 108 °C at low
supplied voltage of 2.0 V, excellent EMI shielding effective-
ness (EMI SE) of ~55 dB, and outstanding piezoresistive
sensing ability in human motion detection [68].

2.8 X-ray protection leather

As a kind of electromagnetic wave, X-ray has been broadly
used in our daily life [69, 70]. However, long-term expo-
sure to X-ray will directly or indirectly cause harmful
effects on human health [71]. Therefore, the composite
protection materials based on leather with high shield-
ing efficiency, lightweight, flexibility, and wearability will
significantly promote the present investigation on X-ray
protection materials [72]. The natural leather (NL) can
effectively absorb the energy of X-ray after taking the “dip-
ping-solvent removal” strategy and changing the retanning
process. Herein, according to the research of Li et al., a co-
doped Bi/Ce-NL composite with excellent X-ray attenu-
ation in the energy range of 20-120 keV was successfully
fabricated [72]. Due to the uniform distribution of Bi,O4
and CeO, nanoparticles in the hierarchical structure of
NL, the X-ray attenuation was significantly promoted by
improving the weak absorption region of Bi with Ce via
synergistic effects of the two elements.

Meanwhile, a high-shielding, low secondary radia-
tion, lightweight, flexible, and wearable X-ray protec-
tion material was prepared by coimpregnating La,O4
and Bi,O; nanoparticles in natural leather (NL) with
an additional Bi,O; coating at the bottom surface of
the leather [73]. The prepared Biyg,@Bij; gLla;,45-NL
(28.2 and 3.48 mmol cm™? are the loading contents
of elements) showed excellent X-ray shielding ability

(@)  Triple helix D periodicity 67 nm

[66]. Copyright 2018, ACS Applied Materials and Interfaces

Fig. 9 a Hierarchically fibrous structure of LM. b—f Field emission scanning electron microscope images of different levels of microstructures of LM
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(65—100%) in a wide energy range of 20—120 keV with
reduced scattered secondary radiation (30%) [73].

As exhibited in Fig. 10, an advanced X-ray shielding
material based on the leather that containing bismuth
and iodine (BiINP-LM) was crafted by Wang et al., the
favorable interactions between bismuth iodide and
leather realized the stable and well-dispersed load-
ing of high-Z element components [74]. The resulting
leather displayed an excellent X-ray attenuation effi-
ciency of more than 90% in the photon energy range
below 50 keV, and the X-ray attenuation efficiency
was 65% when the photon energy was 83 keV, which
averagely exceeded about 3% than that of the 0.25 mm
lead plate and about 5% than that of the 0.65 mm com-
mercial lead apron [74]. Recently, Wang and her co-
authors further developed a structural material with
high mass attenuation coefficients in a wide energy
range (10-100 keV) [75]. The backscatter radiation
was drastically reduced due to the integration of high-
Z elements in hierarchical collagen nanofibers, result-
ing in only 28% of secondary radiation compared with
a standard lead plate [75]. In addition, the water vapor
permeability of the engineered leather is nearly 340
times higher than commonly used synthetic and natu-
ral polymers.
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2.9 Other functional leather
In addition to the above functional leathers, other func-
tional leathers have also been widely used, for example,
thermal camouflage leather, sensory leather, and so on.
The past years have witnessed a rapid development of
thermal camouflage materials, which have many poten-
tial applications in personal thermal management, infra-
red stealth, and functional wearable device, etc. [76, 77].
Accordingly, the thermal camouflage armor with multi-
ple functions was developed by making direct editing on
the natural thermal insulation structure of cowhide [78].
As manifested in Fig. 11, the tasks of trapping stagnant
air, blocking infrared absorptive groups, and reflecting
infrared radiation from heat objects were achieved by the
SiO, NPs, which were in situ grown on the hierarchically
fibrous scaffold of leather [78]. In addition, the direct
thermal transmission from heat objects to the thermal
camouflage armor was suppressed by the thermal insula-
tion layer of SiO, NPs on the back surface of leather [78].
Recently, two kinds of leather-based multi-stimuli
responsive chromic devices named UV/thermo/electro-
chromic device and UV sensor were developed based on
the unique micro-nano structure, high strength, dura-
bility, and softness of leather [79]. As demonstrated in
Fig. 12, when faced with applied UV radiation, heat, and
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Fig. 10 A Graphic illustration of the facile two-step “impregnation-desolation” strategy for the preparation of the BiINP-LM sample; SEM images of
B LM and C BilNP-LM [74]. Copyright 2020, ACS Applied Materials and Interfaces

@oil%gen fiber:

.},w}




Bai et al. Journal of Leather Science and Engineering (2022) 4:16 Page 13 of 16

! [“:":‘53 '.A i “‘W~

SiO, nanopaticle  “egygw
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f leather and g leather-SiO, [78]. Copyright 2019, Chemical Engineering Science

i 5 Temp. <31°C Temp. <31°C Temp. > 31°C Temp. > 31°C i
i i Without UV With UV With UV Without UV .
e

1

1

1

1

i

! Without

i voltage

i

With
voltage

Fig. 12 Overall responsive behavior of the leather-based UV/thermo/electrochromic device [79]. Copyright 2021, Advanced Functional Materials

voltage, this leather-based device indicated instanta- applicability because the pattern was formed with the
neous and reversible chromic responses with different assistance of 3D printed molds and the dyes/pigments
color-changing styles [79]. Furthermore, the leather- have a broad selection.

based device owned high design flexibility and broad
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3 Conclusions and outlook

With the increase in demand and the expansion of the
market, more and more leather-based functional mate-
rials are gradually developed. The progress of multi-
functional leather will increase the ontological value of
natural leather biomass, broaden the application areas
of natural leather, and boost the sustainable develop-
ment of the conventional leather industry. Further-
more, the researches of functional leather will further
promote the creation of novel functional leather chemi-
cals and the invention of related new manufacturing
technologies and processes.

Meanwhile, the issues listed in the following still need
to be further considered and solved: (1) Although func-
tional leathers emerge in an endless stream, most func-
tional leathers still have circumscribed functions, and
the preparation and application of functional leathers
with on-demand multiple functions is still a tremendous
challenge; (2) Most researches mainly focus on the tradi-
tional application of leather, and there is huge application
potential and opportunities for leather in new research
fields, such as flexible electronics, human-computer
interaction, and health care; (3) Many functional leath-
ers have been created in the laboratories of institutes
and universities or the R&D department of companies,
however, most of them almost cannot be reproduced or
mass-produced.

Therefore, in the future, we should make good use of
the advantages of leather substrate, such as excellent
mechanical properties and good air permeability, and
increase the researches on leather-based materials with
multiple integrated functions, and enhance the com-
petitiveness of traditional leather products comprehen-
sively. In addition, we are supposed to carry out creative
researches on the special structure of leather, and vigor-
ously promote the application of leather as the functional
devices in more interdisciplinary fields, such as electro-
magnetic shielding devices, flexible sensing devices, and
medical diagnostic devices.
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