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REVIEW

Beyond superconductivity towards novel biomedical, energy, ecology, and
heritage applications of MgB2
Petre Badica a and Dan Batalu b

aNational Institute of Materials Physics, Magurele, Romania; bDepartment of Metallic Materials Science, Physical Metallurgy, University
Politehnica of Bucharest, Bucharest, Romania

ABSTRACT
Twenty years passed since the discovery of superconductivity in MgB2. Although there is much
progress, the use of superconductors, in general, and of MgB2 in particular, remains limited. On
the other hand, in the last 10 years MgB2 became a material of great interest for emergent
applications, such as propellants, batteries, and catalysis, as a source material to obtain 2D
borophene-like materials (e.g. BH borophane), biomedical field (taking advantage of its
promising antimicrobial, antitumoral, biodegradable, and biocompatible features), heritage and
ecology being the latest trends. These new directions place MgB2 as a material well integrated
with nature cycles that can promote the concept of one eco- and health-friendly, with many
envisioned practical purposes. This type of material is at the core of a clean and sustainable
economy promoting new developments, boosting the older ones (e.g. superconductivity) and
minimizing the costs for the transition to new and modern materials and technologies. In this
work, we review recent trends and new directions of MgB2 applications and discuss their
potential impact.
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1. Impact of materials today and MgB2

One materials classification is based on their targeted
practical application or function, e.g. materials specifically
designed for power and energy, electronics, aerospace,
transportation, medicine, sports, and construction. The

limitation is that aiming for a specific technical or techno-
logical solution, materials, and technologies are unilater-
ally optimized for one application. Few parameters,
such as efficiency or efficiency per cost are defined as
the key indicators of success. There are also other
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important aspects. Implications of indirect and long-term
impact of materials and technologies on nature,
especially on the biosphere, are difficult to identify, antici-
pate, and quantify for the whole spectrum of materials:
the impact is in fact resumed to their influence on
nature cycles, on equilibrium, and on time dependent bal-
ancing mechanisms. The required time for adaptation to
the new conditions induced by using new materials
must match the time scale of the inevitable changes. A
human being is known as the most invasive species,
and many recently developed materials, initially con-
sidered nature friendly, are now suffocating nature. This
is not a trivial aspect, and we can already see new
measures and laws for avoiding catastrophic changes
(such as air, water, and soil pollution, global warming,
etc.). These changes are life threatening and are leading
to the extinction of many climate/pollutions sensitive
species because of the rapid climate change and/or pol-
lution increase. More andmore, public voices and govern-
ments promote and apply the principles of healthy
human life and activity, where eco-friendly, green
materials play a major role. In industrial design, there
are already examples of software tools for generative
design based on artificial intelligence or for smart selec-
tion of materials based on their both ecological and econ-
omic impacts. Many materials are currently defined by a
low carbon footprint, energy cost, water consumption,
pollution, and recycling, to provide a low contribution
to global warming. It means that through fabrication
technology and use they do not produce high emissions
of greenhouse gases over a long enough timeframe,
allowing the biosphere to smoothly adapt without
extreme response, even if the materials are not recycled.
These materials are integrated and are usually derived
from nature. Examples are ceramics and glass made of
natural minerals, materials produced from natural or agri-
cultural products such as plants and animals, or artificial
materials that replicate the natural ones or react to
environment in a similar manner. According to their des-
tination, these friendlymaterials are labeled as biodegrad-
able, recyclable, safe, non-toxic, biocompatible, etc.

Under the presented circumstances, how shall the
materials of the future be designed? This question
may raise different answers. In the view of the previous
paragraph, materials stronger connected and inte-
grated with cycles of the nature and biosphere are
seen as an advantage over the others, but is this
enough? Unfortunately, these materials cannot ensure
fast enough progress, and cannot replace already suc-
cessful materials used in high-tech applications, indis-
pensable today. For the progress of the future society,
game-changing materials are required. History shows
periods defined by materials, e.g. stone, bronze, iron,

aluminum, plastics, and silicon ages (though other
materials were used as well).

Energy materials deserve special attention since they
are at the core of any human activity. One of the main
challenges, according to the present concerns, is their
high CO2 footprint. From a larger perspective, they are
in fact far away from the nature cycles, energy, and
time scales of these processes. For example, fuel or a
power generating device should be as compact as poss-
ible, to deal with as much as possible energy, and
release/absorb/store/transport the energy within a
certain time frame. Although this is common sense,
there is no clear understanding of the consequences
and impact on nature cycles. For example, solar and
wind generation technologies labeled as ecofriendly
already start to show different problems in near future
recycling (1). One reasonable question is how long it
will take to replace all fossil fuels and reach a carbon-
free state? At that point, we may assume a carbon zero
or/and a close to 100% renewable industry. In fact, the
immediate solution found under a certain pressure
usually creates a new problem. Recent natural disasters
or human conflicts have pointed to the fact that the
world is not fully prepared to give up fossil fuel. In
extreme unforeseen situations of crisis, there is a
strong drawback in clean energy use, e.g. with a recon-
sideration of coal-based energy production, even in
countries with a strong green policy. Essential become
questions regarding safety, security, independence,
and reliability of the energy rather than pollution and
principles of a clean environment.

The conflicting aspects and presented uncertainty of
the progress outcome suggest we look for different,
alternative solutions. These solutions should compen-
sate for each other effects and bring the system of sol-
utions closer to nature cycles, i.e. to a self-balancing
and harmonious eco-social system. Currently, the hydro-
gen-based economy is highly regarded as the future of a
clean economy. On the other hand, hydrogen, along
with oxygen, carbon, and nitrogen are involved on a
large scale in nature cycles, including those related to
life. Where would be the balance, how to preserve it,
how much hydrogen we need, or should we produce
to minimize the current problem of greenhouse gases
or avoid a new and similar one concerning hydrogen
footprint? While the answer to these questions remains
open for discussion, the diversity principle concerning
materials deserves attention. This can be understood
considering many different materials or just a few
friendly materials, but with many functions.

In this work, we review MgB2 as a case study of one
material with different functions, already useful for
energy and power applications, still well integrated
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into the nature cycles. Various functions are discussed
emphasizing implications, future directions of research,
and potential perspectives of the addressed concept
(Figure 1).

2. MgB2 a superconducting practical material

First attempts to obtain magnesium borides were
reported in 1890 (Mg9B2, Mg2B5) (2) and in 1914
(Mg3B2) (3). In 1953 MgB2 and MgB4 were for the first
time synthesized and based on X-Ray diffraction analysis
(4) a hexagonal structure was identified, with lattice par-
ameters a = 3.084 ± 0.001 Å and c = 3.522 ± 0.002 Å.
MgB2 has a 2D hexagonal layered crystal structure,
where planes of B alternate with those of Mg. MgB2
can be considered a borophene-like material interca-
lated with Mg-planes. It has metallic conductivity at
room temperature, and in 2001 it was demonstrated
that MgB2 is a superconductor (5) with a critical tempera-
ture Tc of 39 K. This unexpectedly high Tc for a binary
compound and other superconducting characteristics
(large coherence length, relatively high critical current

density, and high irreversibility field) promoted MgB2
as a practical superconductor with high potential for
industrial applications (6), e.g. in the energy and
medical imaging sectors. Proposed products could
efficiently work at temperatures up to 25–30 K. To
achieve these temperatures the cooling agent can be
H2, with a boiling point at 20.28 K. This means that the
envisioned hydrogen clean industry will easily accom-
modate and benefit from currently developing
machines, devices, and equipment based on MgB2
superconductor. MgB2 is a lightweight material with a
bulk density of 2.63 g/cm3. It is the lightest material
among practical superconductors. This makes MgB2
attractive for portable applications (6). For example,
MgB2 shows excellent magnetic shielding properties
(7) (Figure 2) that can be useful for passive shielding of
devices and orbital stations, protecting them in space
from cosmic radiation. Also, raw materials are largely
available and do not contain rare earth, noble or toxic
elements as in the case of other high- or low-tempera-
ture superconductors. The engineering properties of
MgB2 can be improved by additions.

Figure 1. Emergent fields of MgB2 applications and its impact.
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Despite presented undeniable advantages and huge
potential impacting virtually all industries and human
society, applications based onMgB2 andonother practical
superconductors remain a high-tech niche without large-
scale products. High costs prevent the development of
superconductors and superconducting applications for
general use. Enlarging the application range of supercon-
ductors, especially those that are bio-eco-friendly, by
taking advantage of other properties than superconduc-
tivity may generate a new favorable environment for
their use. This environmentmayboost indirectly supercon-
ducting applications, but, currently, an analysis is missing.
As already pointed out, MgB2 is notable for superconduc-
tivity. It is of much interest that other functions of MgB2
were recently explored, and new applications emerged
in the last years, the list being open for new ideas and
development of applications.

3. MgB2 as a propellant

In aerospace and underwater propulsion, MgB2 can
become of interest as a propellant. Both Mg and B have
excellent gravimetric/volumetric calorific values (8) of
58.86 kJ·g−1/137.73 kJ·cm−3, and 24.70 kJ·g−1/
43.00 kJ·cm−3, respectively. One observes that for B, the
calorific values are higher than for Mg, but the presence
of Mg in mixtures of Mg and B can promote ignition
and combustion of B. Magnesium ignites first and

increases the environment temperature to higher
values necessary to induce the ignition of B. Stability of
B ignition depends on its surface status, on the presence
of oxides and other impurities, and the mixing level
between B and Mg. To overcome these problems, it was
proposed by Liang et al (9) to use MgB2 as a propellant
(38.5 kJ·g−1) (10). It was found that MgB2 has a shorter
ignition time and longer stable combustion stage time
than for Mg or B (Figure 3). Gunda et al (11) reported
that MgB2, as a catalytic and energetic additive, supports

Figure 2. (a) Magnetic shield of MgB2 added with hexagonal BN in the shape of a cup (outer radius, Ro = 10.15 mm, inner radius, Ri =
7.0 mm, external height, he = 22.5 mm, internal depth, di = 18.3 mm). The material is machinable by chipping; shielding factors (i.e.
the ratio between outer applied magnetic field Happl and inner magnetic field measured by a Hall sensor at different z1–z5 positions
(b)) at T = 30 K are shown in (c). The dashed lines represent the shielding factors computed in correspondence of the Hall probe pos-
itions, assuming the Jc(B) dependence at 30 K. Note very high shielding factors up to ∼0.8 T. Adapted from ref. (7).

Figure 3. Ignition delay (tid) and two-stage combustion
(explosion, tes and stable combustion, tscs) times for B, Mg,
and MgB2 (from ref. (9)).
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and enhances the thermal decomposition of ammonium
perchlorate (NH4ClO4), amajor ingredient in the currently
used solid rocket propellants. Namely, the energy release
is enhanced by 78% and the decomposition temperature
is reduced by 73°C. MgB2 was present in the boron fuel
from the typical rocket propellant (12). Recently, MgB2
was also used in green fireworks made of a MgB2/
NaNO2-PVA composite (13).

4. MgB2 for hydrogen storage and batteries

In the field of solid oxide fuel cells (SOFC) technology
and batteries for electric cars and other applications,
MgB2 can also play an important role.

In the first case, hydrogen storage as fuel for SOFC is
not a trivial problem. Severa et al. (14) reported more
than 11 wt. % of reversible hydrogen storage by direct
hydrogenation of MgB2 to Mg(BH4)2 in at least 75%
yield. Stepwise dehydrogenation takes place following
reactions (1)–(3):

6Mg(BH4)2 � 5MgH2 +Mg(B12H12)+ 13H2 (1)

5MgH2 � 5Mg+ 5H2 (2)

5Mg+Mg(B12H12) � 6MgB2 + 6H2 (3)

Improved hydrogen storage properties of MgB2 were
obtained by surfactant (a mixture of heptane, oleic acid,
and oleylamine) ball milling to produce a boron deficient
powder product (15) with a plate-like morphology and
particle sizes ranging from 5 to 50 nm.

Garapati and Sundara (16) used MgB2 as a metallic
interlayer at the nitrogen-doped highly porous carbon

cathode with interconnected pores as the sulfur host
(NC-S) in high-energy-density lithium–sulfur batteries
for electric vehicles. This solution of an NC-S/MgB2
cathode proved to deliver high specific capacity and
rate capability, and excellent cyclic stability (Figure 4).
Pang et al (17) have shown similar promising results in
the case of lithium-sulfur batteries, where MgB2
powder was introduced between graphene nanosheets
to form the high surface-area composite of the sulfur
cathode that achieved stable cycling at a high sulfur
loading of 9.3 mg·cm−2.

5. MgB2 catalyst and water splitting

Photocatalytic properties ofMgB2 forwater splittingwere
proved in ref. (18). Water splitting is unanimously recog-
nized as environment friendly, potentially low cost and
renewable energy solution in the future hydrogen
economy. Authors demonstrate photogeneration under
IR-VS light irradiation of the electric current from disso-
ciated water molecules using MgB2 as a catalyst with a
conversion efficiency of ∼27% at bias voltage Vbias =
0.5 V. Metal-doped (Fe, Co) MgB2 works well also as an
electrocatalyst (19), being a potential candidate to
replace Pt-based catalysts involved in the hydrogen evol-
ution reaction (HER) during water splitting (Figure 5).

6. MgB2 as a precursor for obtaining 2D
materials (nanosheets and borophane)

The reaction of MgB2 with water (20) was studied in 2001.
The main reaction products are Mg(OH)2, B, and H2 (gas).

Figure 4. (a) Li-S battery for electric cars with MgB2 interlayer; (b) the long-term cyclic stability of the NC-S, S/MgB2, and NC-S/MgB2
cathodes evaluated at 1 C rate in the potential window 2.8−1.7 V for 500 cycles. At the end of 500 cycles, cathodes NC-S (without
interlayer), S/MgB2, and NC-S/MgB2 could retain 66.4%, 71%, and 85% (and ∼99% of coulombic efficiency) of initial capacity, respect-
ively. NC-S denotes nitrogen-doped highly porous carbon (NC) with interconnected pores as the sulfur (S) host (from ref. (16)).
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B2O3 and MgCO3 were also detected by XPS on the
sample’s surface. Following the example of Mg and MgO
behavior in water (21), one may expect that the degra-
dation mechanism is more complex involving different
steps and intermediate reaction products. Indeed, some
recent experiments support this observation (22). Cor-
rosion of MgB2 is influenced in the aqueous physiological
environment by preferential Mg reaction with anions (e.g.
Cl, S, P) (23–25). In addition, the formation of low water-
soluble Mg(OH)2 can passivate the surface and hinder
the reaction of MgB2 with water, but the solubility of Mg
(OH)2 increases in the physiological environment (26). In
a medium containing proteins, dissolution of Mg is sup-
pressed (27). Interaction with water is also influenced by
composition, morphological, and structural features (28).

Although the pH values of different pristine MgB2
powders in water saturated at∼10, kinetics to reach satur-
ationwas different. By high energy sonication inwater Das
et al. (29) observed exfoliation into few-layer-thick Mg
deficient hydroxyl-functionalized nanosheets. The
chemically modified MgB2 nanosheets show photolumi-
nescence and low absorptivity (2.9 ml·mg−1·cm−1

measured for an excitation wavelength λ = 200 nm)
whencomparedwithother 2Dmaterials suchasgraphene,
Mo2S, h-BN, and WS2. Photoluminescence was not
observed in the parent MgB2. The ability of MgB2 to yield
nanosheets by exfoliation with properties different than
that of the parent material is considered to open multiple
newperspectives in science and technology and to lay the
foundations of other metal borides exfoliation. Further
experiments on MgB2 exfoliation and investigation of
the products and their properties were performed in refs.
(22, 30–35). In these articles hydrogen boride (HB)
nanosheets, named also borophane, were synthesized
(Figure 6). The treatment ofMgB2 was performed in aceto-
nitrile ormethanolwith a proton-exchange resin, under an
inert nitrogen atmosphere, at room temperature, and
under ambient pressure. MgB2 is stable in organic media
such as ethanol, methanol, and acetone (36), and to
enhance the yield in the exfoliation process through the
exchange mechanism, formic acid was also added (35).
The HB sheets were shown to exhibit acid catalytic activity
promoting ethanol conversion into hydrocarbons (32), a
property not found in theparentMgB2. TheHBnanosheets
were also used as reductants of the metals with reduction
potentials larger than −0.257 V versus standard hydrogen
electrode (34). By this approach, HB-metal nanocompo-
sites were obtained. The HB nanosheets release 8% of
hydrogen under photoirradiation, indicating a high H2-
storage capacity (33), being comparable with that of the
metal H2 storage materials. Synthesis of borophane (HB)
from magnesium boride is a remarkable continuation of

Figure 5. Photoelectrochemical cell using MgB2 as the photoa-
node (1 – glass, 2 – Au, 3 – MgB2) and Pt as the cathode in dis-
tilled water (from ref. (18)).

Figure 6. Synthesis of 2D borophane (HB) using MgB2 as a precursor (from ref. (30)).
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previous works to produce boride hydrides such as B4H10

(37, 38).

7. MgB2 as a biodegradable, antibacterial,
and biocompatible material used for
biomedical applications

MgB2 sparked not only catalysis and energy fields. MgB2
as a biodegradable and biocompatible material can play
an important role in bio, eco, medical, and other related
fields.

The first article proposing the use of MgB2 in the bio-
medical applications (39) was published in 2014. The
biocompatibility of MgB2 resides in the relatively high
abundance and the important role played in humans,
plants, and animals of the component elements. Mg
and B are considered macronutrients and micronutrients
(though quite close to the macronutrient region and
approximately similar to Fe and Zn that are essential
elements for life), respectively, with catalytic function
in enzymatic reactions (40).

Mg and some Mg-alloys have shown excellent bio-
compatibility without symptoms of allergic or toxic reac-
tions and safe degradation (41–47). The daily intake of
Mg is 240–420 mg/day (48) and of B is 1–7 mg/day
(49). In healthy people, boron levels (50) are 15-80 µg/
kg. Boron is present in the body as boric acid, and it is
completely absorbed from the gastrointestinal tract
(51). Boron is involved in healthy bone growth and cell
membrane care (52–55). However, as pointed out by
Kot (54), information about the physiological functions
of B is fragmentary and often contradictory, while little
is known about B speciation of living matter-bearing for-
mations, i.e. soils, natural waters, and sediments.

The in vitro cytotoxicity of MgB2 powders on different
cellular lines was studied and recently reported (28, 56,
57). While this is a useful information, in general, for
Mg-based alloys it is recognized that dynamic effects
are important, and only in vivo tests are relevant to
observe if the body can accommodate the effects of
the material implantation (25).

Promising results (58) were presented for nanosheets
of MgB2 used to induce hydrogen release at targeted
gastric cancer cells (Figure 7). The approach opens a
new treatment path, the hydrogen-chemotherapy of
the digestive tumors, considered to induce reduced
toxic side effects compared to ordinary chemotherapy.
In vitro experiments on cervical and colon tumor cells
(lines HeLa and HT-29) have also demonstrated excellent
activity (28) of MgB2. Experiments of the cellular cycle
revealed that the MgB2 powders mainly induce apoptosis
and arrest of the tested tumor cells in the S phase: they
interfere with DNA synthesis and cellular proliferation.
MgB2 was introduced in mice and remarkable changes
in the intestinal microbiota were observed. Microbiota is
well known to be linked with multiple immuno-oncologi-
cal processes (59–61). Presented effects could be
exploited in the future for the development of novel
anti-cancer drugs and treatments based on MgB2.

MgB2 nanosheets have also proved to have a good
osteogenic potential for bone disease-related thera-
peutics since they are able to enhance the osteoblast
differentiation of mouse mesenchymal stem cells when
embedded in polymeric scaffolds (62). Recent results
based on in vivo experiments on mice suggest the use
of bulk MgB2 or of 3D printable polymer-MgB2 in biode-
gradable bone implants (63, 64). In both cases, complex
shapes can be obtained opening the road for custom-
oriented products.

Figure 7. (A) Schematic illustration of the synthesis route of nano-MgB2-PVP pills, (B) treatment strategy and (C, D) synergy/attenu-
ation mechanisms of combined hydrogenochemotherapy (from ref. (58)).
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MgB2 is a valuable antimicrobial material being
effective against Gram positive and negative strains.
The growth of different bacteria and fungi was strongly
inhibited, depending on the microbe. It is remarkable
that the effect against microbes in planktonic state
and against biofilms is comparable and it was observed
at short (6 h) and long (24 h) incubation times. There-
fore, MgB2 inhibited both the initial phases of biofilm
development and the mature biofilms. The in vitro
results of excellent activity of MgB2 on standard
microbial lines were confirmed on 29 methicillin resist-
ant clinical S. aureus isolates and 33 vancomycin resist-
ant E. faecium/faecalis strains (28). The adherent
microbial cells are known to be 100–10,000 times more
resilient than individual microbes (65). The conse-
quences are that biofilms pose a significant threat to
human health and are responsible for 80% of human
microbial infections (66). To combat them, high anti-
biotic doses are required, but excessive use of antibiotics
and high adaptability of microbes promote the strength-
ening of the microbes’ antibiotic-resistant behavior. Due
to infections with antibiotic-resistant bacteria, only in
the EU, 25,000 people die every year (67). Twenty new
types of antibiotics were developed between 1930 and
1962, while from 1962 to the present, only two new
types of antibiotics have gone into production (68–70).
The slowdown in the development and commercializa-
tion of novel antibiotics and the problem of antibiotic-
resistant microbes and biofilms need urgent measures
and solutions. Nanomaterials, including MgB2 are prom-
ising antimicrobial candidates, but much more research
and technological developments are needed. For
example, only one study on the in vivo antimicrobial
activity of MgB2 powder is currently available (28). It
shows that MgB2 treatment of infected mice led to a sig-
nificant decrease of E. coli colonization in liver, spleen,
and peritoneal liquid (Figure 8). The effective

antimicrobial activity, tested in vitro, was measured on
MgB2 powders, as well as on biodegradable coatings
of polyvinyl pyrrolidone (PVP) with embedded MgB2 par-
ticles applied on different parts of a urinary commercial
catheter (56) and on an orthosis (71), and on machinable
by chipping MgB2-hBN high density spark plasma sin-
tered bulks (72).

The MgB2 powders produced by infiltration of a reac-
tive liquid (RLI) perform better than commercial powders
(73), but the understanding of the reasons needs further
effort and studies. In general, the details of the mechan-
isms and consequences of the MgB2 – cells interactions
are lacking or are insufficient, their research being in an
early stage. This makes difficult analysis of some surpris-
ing experimental results with excellent practical and
impact value. It is noteworthy to mention in this
regard the following one. Addition of MgB2 into com-
mercial mouthwash with chlorhexidine (C22H30Cl2N10)
produces an enhancement in its efficiency because of
the antimicrobial synergetic effect against oral bacteria
colonization and biofilms formation (74). The Global
Burden of Disease Study (75), estimated that in 2017
oral disorders affected 3.47 billion people worldwide.
Presented result can have significant positive conse-
quences in stomatology, and it deserves further
attention.

Use of MgB2 in the biomedical field promises many
interesting novel applications. According to results
addressed in the previous paragraphs, internal and
external use of MgB2 seems possible. Medical
devices such as prosthetics and biodegradable
implants, drug delivery systems, self-sterilizing
medical instruments, and many other kinds of
medical items with time- and space-controlled activity
can benefit from the application of MgB2–based
materials. We have also seen that MgB2 is a candidate
for development of drugs and solutions fighting

Figure 8. The average abundance (CFU/g) of E. coli in the liver (A), spleen (B), and peritoneal fluid (C) in nude CD-1 mice infected with
E. coli and treated with MgB2: n = 4, means ± standard error of the mean, unpaired t-test, in A – p = .12, B – p < .01, and C – p < .05
(from ref. (28).
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against cancer and infections. Given the anti-inflam-
matory effects of magnesium, one may also expect
that the use of MgB2 in antimicrobial formulations
can lead to the alleviation of tissue damage caused
by a vigorous inflammatory response when patho-
gens are present (76).

8. MgB2 as an antifungal material for heritage
and eco applications

The MgB2 powders have been shown to be effective also
against planktonic and biofilm fungi cells involved in the

bio-deterioration of heritage buildings and objects (57).
Minimal inhibitory concentrations average values for
different fungal strains belonging to different genera
or when collected from different heritage objects such
as stone, wood, paper, textiles, mural paintings, and
museum objects are presented in Figure 9. The values
of <2.5 mg/ml are relatively low. At the same time the
ecotoxicity results have indicated that tested MgB2
powders can be considered ecofriendly at concen-
trations up to 20 mg/ml. In addition, it is noteworthy
that water degradation of MgB2 prevents its accumu-
lation in the natural environment. This article opens a

Figure 9. Minimal inhibitory concentrations (MIC) average values for different fungal strains belonging to (a) different genera or (b)
when collected from different heritage objects. Four commercial MgB2 powders denoted PVZ, LTS, AA, CERAC were used in the in vitro
antifungal tests being supplied by Pavezyum Advanced Chemicals, LTS Research Laboratories Inc, Alfa Aesar, and CERAC Inc (part of
Materion – Advanced Materials Group), respectively (from ref. (57)).
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new practical field of applications of MgB2, shifting from
the superconductivity, energy, and biomedical fields to
other different domains. Based on biodegradation and
biocompatibility, the antimicrobial effect of MgB2 can
be of interest in the heritage conservation and restor-
ation. We also mention water management of potable
water, biofouling applications, packaging in the food
industry, cleaning, and so on.

9. Concluding remarks

Our analysis suggests that MgB2 has a promising future
as a versatile material useful for many applications,
superconducting or beyond, showing high potential of
being well integrated with bio, health, ecology, and
environmental top demands of the present and future
clean economy. It is anticipated that MgB2 can have a
major impact on various industries and on life quality.
It is a valuable example to illustrate and propose a
path, direction, or solution as a possible viable answer
to one of the most difficult and complex questions con-
cerning materials future research and use: Quo vadis
materia? From a practical viewpoint, materials close to
the nature cycles are of key importance and investi-
gation of their complex bio-eco-physical–chemical prop-
erties can be rewarding. The presented case study based
on the MgB2 multi-functionality, reviewed in this work,
indicates that criteria by which materials are selected
for an application need careful re-evaluation and
refinement.

Author contributions

Authors equally contributed to conceptualization, meth-
odology, and analysis. P.B. wrote the original draft and
D.B. involved in review and editing.

Acknowledgements

PB and DB acknowledge UEFISCDI and EC, projects M-ERA.NET
74/2017 BIOMB and 5 PTE/2020, BIOTEHKER.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This work was supported by European Commission [grant
number M-ERA.NET 74/2017 BIOMB] and Unitatea Executiva
pentru Finantarea Invatamantului Superior, a Cercetarii, Dez-
voltarii si Inovarii [grant number 5 PTE / 2020, BIOTEHKER,M-
ERA.NET 74/2017 BIOMB].

ORCID

Petre Badica http://orcid.org/0000-0003-3038-2110
Dan Batalu http://orcid.org/0000-0001-7393-5286

References

[1] Chowdhury, M.S.; Rahman, K.S.; Chowdhury, T.;
Nuthammachot, N.; Techato, K.; Akhtaruzzaman, M.;
Tiong, S.K.; Sopian, K.; Amin, N. An Overview of Solar
Photovoltaic Panels’ End-of-Life Material Recycling.
Energy Strategy Rev. 2020, 27, 100431.

[2] Winkler, C. On the Reduction of Oxygen Compounds
Through Magnesium. Ber. Dtsch. Chem. Ges. 1890, 23,
772–791.

[3] Ray, R.C. Magnesium Boride and Amorphous Boron.
J. Chem. Soc. 1914, 105, 2162–2168.

[4] Russell, V.; Hirst, R.; Kanda, F.A.; King, A.J. An X-Ray Study
on Magnesium Borides. Acta Cryst 1953, 6, 870.

[5] Nagamatsu, J.; Nakagawa, N.; Muranaka, T.; Zenitani, Y.;
Akimitsu, J. Superconductivity at 39 K in Magnesium
Diboride. Nature 2001, 410, 63–64.

[6] Durell, J.H.; Ainslie, M.D.; Zhou, D.; Vanderbemden, P.;
Bradshaw, T.; Speller, S.; Filipenko, M.; Cardwell, D.A.
Bulk Superconductors: A Road map to Applications.
Supercond. Sci. Technol. 2018, 31, 103501.

[7] Gozzelino, L.; Gerbaldo, R.; Ghigo, G.; Torsello, D.; Bonino,
V.; Truccato, M.; Grigoroscuta, M.A.; Burdusel, M.; Aldica,
G.V.; Sandu, V.; et al. High Magnetic Shielding Properties
of an MgB2 Cup Obtained by Machining a Spark-
Plasma-Sintered Bulk Cylinder. Supercond. Sci. Technol.
2020, 33, 044018.

[8] Haynes, W.M., Ed. CRC Handbook of Chemistry and Physics;
CRC Press: Boca Raton, 2014.

[9] Liang, D.; Xiao, R.; Li, H.; Liu, J. Heterogeneous
Decomposition and Oxidation During Composition of
Magnesium Diboride Particles. Acta Astronaut. 2018,
153, 159–165.

[10] Rosenband, V.; Gany, A. Thermal Explosion Synthesis of a
Magnesium Diboride Powder. Combust. Explosion Shock
Waves 2014, 50, 653–657.

[11] Gunda, H.; Ghoroi, C.; Jasuja, K. Layered Magnesium
Diboride and its Derivatives as Potential Catalytic and
Energetic Additives for Tuning the Exothermicity of
Ammonium Perchlorate. Thermochim. Acta 2020, 690,
178674.

[12] Lebedeva, E.A.; Astaf’eva, S.A.; Istomina, T.S.; Badica, P.
Combustion Products Agglomeration of Propellant
Containing Boron with Fluorinated Coatings. Combust.
Flame 2022, 238, #111749.

[13] Jeyavani, V.; Kumar, R.; Joy, P.A.; Mukherjee, S.P. MgB2/
NaNO2–PVA free-standing polymer composite film as a
green firework: a step towards environmental sustainabil-
ity. Bulletin of Materials Science. 2022, 45 (4), 175.

[14] Severa, G.; Rönnebro, E.; Jensen, C.M. Direct
Hydrogenation of Magnesium Boride to Magnesium
Borohydride: Demonstration of >11 Weight Percent
Reversible Hydrogen Storage. ChemComm 2010, 46,
421–423.

[15] Liu, Y.-S.; Ray, K.G.; Jørgensen, M.; Mattox, T.M.; Cowgill,
D.F.; Eshelman, H.V.; Sawvel, A.M.; Snider, J.L.; Wijeratne,

GREEN CHEMISTRY LETTERS AND REVIEWS 655

http://orcid.org/0000-0003-3038-2110
http://orcid.org/0000-0001-7393-5286


P.; Pham, A.L.; et al. Nanoscale Mg-B Via Surfactant Ball
Milling of MgB2: Morphology, Composition and
Improved Hydrogen Storage Properties. J. Phys. Chem.
2020, 124, 21761–21771.

[16] Garapati, M.S.; Sundara, R. Synergy Between
Interconnected Porous Carbon-Sulfur Cathode and
Metallic MgB2 Interlayer as a Lithium Polysulfide
Immobilizer for High-Performance Lithium-Sulfur
Batteries. ACS Omega 2020, 5, 22379–22388.

[17] Pang, Q.; Kwok, C.Y.; Kundu, D.; Liang, X.; Nazar, L.F.
Lightweight Metallic MgB2 Mediates Polysulfide Redox
and Promises High-Energy-Density Lithium-Sulfur
Batteries. Joule 2019, 3, 136–148.

[18] Kravets, V.G.; Grigorenko, A.N. New Class of Photocatalytic
Materials and a Novel Principle for Efficient Water
Splitting Under Infrared and Visible Light: MgB2 as
Unexpected Example. Opt. Express 2015, 23, A1651–
A1663.

[19] Sadeghi, E.; Peighambardoust, N.S.; Khatamian, M.; Unal,
U.; Aydemir, U. Metal Doped Layered MgB2
Nanoparticles as Novel Electrocatalysts for Water
Splitting. Sci. Rep. 2021, 11, 3337.

[20] Aswal, D.K.; Muthe, K.P.; Singh, A.; Sen, S.; Shah, K.; Gupta,
L.C.; Gupta, S.K.; Sahni, V.C. Degradation Behavior of MgB2
Superconductor. Phys. C 2001, 363, 208–214.

[21] Chen, Y.K.; An, Z.; Chen, M. Competition Mechanism
Study of Mg+H2O and MgO+H2O. IOP Conf. Ser. Mater.
Sci. Eng 2018, 394, 022015.

[22] Nishino, H.; Fujita, T.; Yamamoto, A.; Fujimori, T.; Fujino,
A.; Ito, S.; Nakamura, J.; Hosono, H.; Kondo, T. Formation
Mechanism of Boron-Based Nanosheet Through the
Reaction of MgB2 with Water. J. Phys. Chem. C 2017,
121, 10587–10593.

[23] Poinern, G.E.J.; Brundavanam, S.; Fawcett, D. Biomedical
Magnesium Alloys: A Review of Material Properties,:
Surface Modifications and Potential as a Biodegradable
Orthopaedic Implant. Am. J. Biomed. Eng 2012, 2, 218–240.

[24] Batalu, D.; Bojin, D.; Ghiban, B.; Aldica, G.; Badica, P.
Corrosion Behavior of Pristine and Added MgB2 in
Phosphate Buffered Saline Solution. IOP Conf. Ser. Mater.
Sci. Eng 2012, 40, 012032.

[25] Agudo, V.L.; Calderon, M.C.F.; Olivenza, M.A.P.; Giraldo,
C.P.; Moreno, A.M.G.; Martin, M.L.G. The Role of
Magnesium in Biomaterials Related Infections. Colloids
Surf. B 2020, 191, 110996.

[26] Wetteland, C.L.; Sanchez, J.J.; Silken, C.A.; Nguyen, N.T.;
Mahmood, O.; Liu, H. Dissociation of Magnesium Oxide and
Magnesium Hydroxide Nanoparticles in Physiologically
Relevant Fluids. J. Nanopart. Res. 2018, 20, 215.

[27] Tie, D.; Feyerabend, F.; Hort, N.; Willumeit, R.; Hoeche, D.
XPS Studies of Magnesium Surfaces After Exposure to
Dulbecco’s Modified Eagle Medium, Hank’s Buffered
Salt Solution, and Simulated Body Fluid. Adv. Eng.
Mater. 2010, 12, B699–B704.

[28] Badica, P.; Batalu, N.D.; Chifiriuc, M.C.; Burdusel, M.;
Grigoroscuta, M.A.; Aldica, G.; Pasuk, I.; Kuncser, A.;
Enculescu, M.; Popa, M.; et al. MgB2 Powders and
Bioevaluation of Their Interaction with Planktonic
Microbes, Biofilms, and Tumor Cells. J. Mater. Res.
Technol. 2021, 12, 2168–2184.

[29] Das, S.K.; Bedar, A.; Kannan, A.; Jasuja, K. Aqueous
Dispersions of few Layer-Thick Chemically Modified

Magnesium Diboride Nanosheets by Ultrasonication
Assisted Exfoliation. Sci. Rep. 2015, 5, 10522.

[30] Nishino, H.; Fujita, T.; Cuong, N.T.; Tominaka, S.; Miyauchi,
M.; Iimura, S.; Hirata, A.; Umezawa, N.; Okada, S.; Nishibori,
E.; et al. Formation and Characterization of Hydrogen
Boride Sheets Derived from MgB2 by Cation Exchange.
J. Am. Chem. Soc 2017, 139, 13761–13769.

[31] Tominaka, S.; Ishibiki, R.; Fujino, A.; Kawakami, K.; Ohara,
K.; Masuda, T.; Matsuda, I.; Hosono, H.; Kondo, T.
Geometrical Frustration of B-H Bonds in Layered
Hydrogen Borides Accessible by Soft Chemistry. Chem
2020, 6, 406–418.

[32] Fujino, A.; Ito, S.; Goto, T.; Ishibiki, R.; Kondo, J.N.; Fujitani,
T.; Nakamura, J.; Hosono, H.; Kondo, T. Hydrogenated
Borophene Shows Catalytic Activity as Solid Acid. ACS
Omega 2019, 4, 14100–141004.

[33] Kawamura, R.; Cuong, N.T.; Fujita, T.; Ishibiki, R.;
Hirabayashi, T.; Yamaguchi, A.; Matsuda, I.; Okada, S.;
Kondo, T.; Miyauchi, M. Photoinduced Hydrogen
Release from Hydrogen Boride Sheets. Nat. Commun.
2019, 10, 4880.

[34] Ito, S.; Hirabayashi, T.; Ishibiki, R.; Kawamura, R.; Goto, T.;
Fujita, T.; Yamaguchi, A.; Hosono, H.; Miyauchi, M.;
Kondo, T. Hydrogen Boride Sheets as Reductants and
the Formation of Nanocomposites with Metal
Nanoparticles. Chem. Lett. 2020, 49, 789–793.

[35] Kawamura, R.; Yamaguchi, A.; Shimada, C.; Ishibiki, R.;
Fujita, T.; Kondo, T.; Miyauchi, M. Acid Assisted
Synthesis of HB Sheets Through Exfoliation of MgB2
Bulk in Organic Media. Chem. Lett. 2020, 49, 1194–1196.

[36] Lim, J.Y.; Ahn, J.H.; Ranot, M.; Oh, Y.S.; Kang, S.H.; Jang,
S.H.; Hwang, D.Y.; Chung, K.C. Effects of Surface-Treated
Boron Powder Using Chemical Solvents on MgB2 Bulk
Superconductors. Prog. Supercond. Cryog. 2018, 20, 11–14.

[37] Stock, A.; Massenez, C. Borwasserstoffe. Berichte der
deutschen chemischen Gesellschaft. 1912, 45 (3), 3539–3568.

[38] Stock, A. Fünfundzwanzig Jahre Borchemie-Forschung.
Die Naturwissenschaften. 1937, 25 (26-27), 417–420.

[39] Batalu, D.; Stanciuc, A.M.; Moldovan, L.; Aldica, G.; Badica,
P. Evaluation of Pristine and Eu2O3 Added MgB2 Ceramics
for Medical Applications: Hardness, Corrosion Resistance,
Cytotoxicity and Antibacterial Activity. Mater. Sci. Eng. C
2014, 42, 350–361.

[40] Ochiai, E.I. General Principles of Biochemistry of the
Elements; Plenum Press: New York and London, 1987.

[41] Staiger, M.P.; Pietak, A.M.; Huadmai, J.; Dias, G.
Magnesium and its Alloys as Orthopedic Biomaterials: A
Review. Biomaterials 2006, 27, 1728–1734.

[42] Peuster, M.; Hesse, C.; Schloo, T.; Fink, C.; Beerbaum, P.;
Schnakenburg, C. Long-term Biocompatibility of a
Corrodible Peripheral Iron Stent in the Porcine
Descending Aorta. Biomaterials 2006, 27, 4955–4962.

[43] Li, H.; Zheng, Y.; Qin, L. Progress of Biodegradable Metals.
Prog. Nat. Sci. Mater. Int. 2014, 24, 414–422.

[44] Zartner, P.; Cesnjevar, R.; Singer, H.; Weyand, M. First
Successful Implantation of a Biodegradable Metal Stent
Into the Left Pulmonary Artery of a Preterm Baby.
Catheter. Cardiovasc. Interv. 2005, 66, 590–594.

[45] Mario, C.; Griffiths, H.; Goktekin, O.; Peeters, N.; Verbist, J.;
Bosiers, M.; Deloose, K.; Heublein, B.; Rohde, R.; Kasese, V.;
et al. Drug-eluting Bioabsorbable Magnesium Stent. J.
Interv. Cardiol. 2004, 17, 391–395.

656 P. BADICA AND D. BATALU



[46] Peeters, P.; Bosiers, M.; Verbist, J.; Deloose, K.; Heublein, B.
Preliminary Results After Application of Absorbable Metal
Stents in Patients with Critical Limb Ischemia. J. Endovasc.
Ther. 2005, 12, 1–5.

[47] Erbel, R.; Mario, C.; Bartunek, J.; Bonnier, J.; Bruyne, B.; Eberli,
F.R.; Erne, P.; Haude, M.; Heublein, B.; Horrigan, M.; et al.
Temporary Scaffolding of Coronary Arteries with
Bioabsorbable Magnesium Stents: A Prospective, Non-
RandomisedMulticentre Trial. Lancet 2007, 369, 1869–1875.

[48] Chen, Y.; Xu, Z.; Smith, C.; Sankar, J. Recent Advances on the
Development of Magnesium Alloys for Biodegradable
Implants. Acta Biomater. 2014, 10, 4561–4573.

[49] Uluisik, I.; Karakaya, H.C.; Koc, A. The Importance of Boron
in Biological Systems. J. Trace Elem. Med. Biol. 2018, 45,
156–162.

[50] Clarke, W.B.; Webber, C.E.; Koekebakker, M.; Barr, R.D.
Lithium and Boron in Human Blood. J. Lab. Clin. Med.
1987, 109, 155–158.

[51] Hunt, C.D. Regulation of Enzymatic Activity − One
Possible Role of Dietary Boron in Higher Animals and
Humans. Biol. Trace Elem. Res. 1998, 66, 205–225.

[52] Tanaka, M.; Fujiwara, T. Physiological Roles and Transport
Mechanisms of Boron: Perspectives from Plants. Pflugers
Arch. Eur. J. Physiol. 2008, 456, 671–677.

[53] Cui, Y.; Winton, M.I.; Zhang, Z.F.; Rainey, C.; Marshall, J.;
Kernion, J.B.; Eckhert, C.D. Dietary Boron Intake and
Prostate Cancer Risk. Oncol. Rep. 2004, 11, 887–892.

[54] Kot, F.S. Boron Sources, Speciation and Its Potential Impact
on Health. Rev. Environ. Sci. Biotechnol. 2009, 8, 328.

[55] Nielsen, F.H. Boron in Human and Animal Nutrition. Plant
Soil. 1997, 193, 199–208.

[56] Badica, P.; Batalu, N.D.; Burdusel, M.; Grigoroscuta, M.A.;
Aldica, G.; Enculescu, M.; Gradisteanu Pircalabioru, G.;
Popa, M.; Marutescu, L.G.; Dumitriu, B.G.; et al.
Antibacterial Composite Coatings of MgB2 Powders
Embedded in PVP Matrix. Sci. Rep. 2021, 11, 9591.

[57] Gheorghe, I.; Avram, I.; Corbu, V.M.; Marutescu, L.; Popa,
M.; Balotescu, I.; Blajan, I.; Mateescu, V.; Zaharia, D.;
Dumbrava, A.S.; et al. In Vitro Evaluation of MgB2
Powders as Novel Tools to Fight Fungal
Biodeterioration of Heritage Buildings and Objects.
Front. Mater. 2021, 7, 601059.

[58] Fan, M.; Wen, Y.; Ye, D.; Jin, Z.; Zhao, P.; Chen, D.; Lu, X.; He,
Q. Acid-Responsive H2-Releasing 2D MgB2 Nanosheet for
Therapeutic Synergy and Side Effect Attenuation of
Gastric Cancer Chemotherapy. Adv. Healthcare Mater.
2019, 8, 1900157.

[59] Honjo, T. Serendipities of acquired immunity. Nobel
Lecture, 2018. https://www.nobelprize.org/uploads/
2018/10/honjo-slides.pdf.

[60] Kawamoto, S.; Tran, T.H.; Maruya, M.; Suzuki, K.; Doi, Y.;
Tsutsui, Y.; Kato, L.M.; Fagarasan, S. The Inhibitory
Receptor PD-1 Regulates IgA Selection and Bacterial
Composition in the Gut. Science 2012, 336, 485–489.

[61] Rinninella, E.; Raoul, P.; Cintoni, M.; Franceschi, F.;
Miggiano, G.A.D.; Gasbarrini, A.; Mele, M.C. What is the
Healthy gut Microbiota Composition? A Changing
Ecosystem Across Age, Environment, Diet, and Diseases.
Microorganisms. 2019, 7, 14.

[62] Abhinandan, R.; Adithya, S.P.; Sidharthan, D.S.;
Balagangadharan, K.; Selvamurugan, N. Synthesis and
Characterization of Magnesium Diboride Nanosheets in

Alginate/Polyvinyl Alcohol Scaffolds for Bone Tissue
Engineering. Colloids Surf., B 2021, 203, 111771.

[63] Badica, P.; Batalu, N.D.; Balint, E.F.; Niculae, T.; Burdusel,
M.; Grigoroscuta, M.A.; Aldica, G.V.; Trancau, I.O.;
Chifiriuc, M.C.; Barbuceanu, F.; et al. Bicomponent
Composite Biodegradable System for Osteosynthesis
Materials With Biomechanical Control. Patent
RO135301A0 2021.

[64] Badica, P.; Batalu, N.D.; Balint, E.; Tudor, N.; Barbuceanu, F.;
Peteoaca, A.; Micsa, C.; Eremia, A.D.; Trancau, O.I.; Burdusel,
M.; et al. MgB2-based biodegradable materials for orthope-
dic implants. Journal of Materials Research and Technology.
2022, 20, 1399–1413.

[65] Davies, D.UnderstandingBiofilmResistance toAntibacterial
Agents. Nat. Rev. Drug Discov. 2003, 2, 114–122.

[66] Hall-Stoodley, L.; Costerton, J.W.; Stoodley, P. Bacterial
Biofilms: From the Natural Environment to Infectious
Diseases. Nat. Rev. Microbiol. 2004, 2, 95–108.

[67] EU Action on Antimicrobial Resistance. https://ec.europa.
eu/health/antimicrobialresistance/eu-action-on-
antimicrobial-resistance_en.

[68] Boucher, H.W.; Talbot, G.H.; Bradley, J.S.; Edwards, J.E.;
Gilbert, D.; Rice, L.B.; Scheld, M.; Spellberg, B.; Bartlett, J.
Bad Bugs, No Drugs: No ESKAPE! An Update from the
Infectious Diseases Society of America. Clin. Infect Dis.
2009, 48, 1–12.

[69] Walsh, P. Where Will New Antibiotics Come From? Nat.
Rev. Microbiol. 2003, 1, 65–70.

[70] Lewis, K. Platforms for Antibiotic Discovery. Nat. Rev. Drug
Discov. 2013, 12, 371–387.

[71] Batalu, N.D.; Dobre, N.; Trancau, I.O.; Dumitriu, B.G.; Olariu,
L.; Grigoroscuta, M.A.; Burdusel, M.; Aldica, G.V.; Badica, P.;
Gaidau, C. Porous Orthotic Structures Functionalized With
Antimicrobial Powders, Polypeptidic Fragments and
Vegetal Extractions Used in Orthopedics and
Traumatology. Patent RO135565A0 2021.

[72] Badica, P.; Batalu, N.D.; Chifiriuc, M.C.; Burdusel, M.;
Grigoroscuta, M.A.; Aldica, G.V.; Pasuk, I.; Kuncser, A.;
Popa, M.; Agostino, A.; et al. Sintered and 3D-Printed
Bulks of MgB2-Based Materials with Antimicrobial
Properties. Molecules 2021, 26, 6045.

[73] Kumar-Padhi, S.; Baglieri, N.; Bonino, V.; Agostino, A.;
Operti, L.; Batalu, N.D.; Chifiriuc, M.C.; Popa, M.;
Burdusel, M.; Grigoroscuta, M.A.; et al. Antimicrobial
Activity of MgB2 Powders Produced via Reactive Liquid
Infiltration Method. Molecules 2021, 26, 4966.

[74] Madalina, L.; Popa, M.; Chifiriuc, M.C.; Marutescu, L.G.;
Badica, P.; Batalu, N.D.; Grigoroscuta, M.A.; Burdusel, M.;
Aldica, G.V. Mouthwash Based on Chlorhexidine and
MgB2 as Active Ingredients, With Synergistic Effect
Against Microbial Colonization and Dental Plaque
Formation. Patent RO134808A0 2021.

[75] Abate, D.; Abate, K.H.; Abay, S.M.; Abbafati, C.; Abbasi, N.;
Abbastabar, H.; Abd-Allah, F.; Abdela, J.; Abdelalim, A.;
Abdollahpour, I. Global, Regional, and National Incidence,
Prevalence, and Years Lived with Disability for 354
Diseases and Injuries for 195 Countries and Territories,
1990–2017: A Systematic Analysis for the Global Burden
of Disease Study 2017. Lancet 2018, 392, 1789–8583.

[76] Nielsen, F.H. Magnesium Deficiency and Increased
Inflammation: Current Perspectives. J. Inflamm. Res.
2018, 11, 25–34.

GREEN CHEMISTRY LETTERS AND REVIEWS 657

https://www.nobelprize.org/uploads/2018/10/honjo-slides.pdf
https://www.nobelprize.org/uploads/2018/10/honjo-slides.pdf
https://ec.europa.eu/health/antimicrobialresistance/eu-action-on-antimicrobial-resistance_en
https://ec.europa.eu/health/antimicrobialresistance/eu-action-on-antimicrobial-resistance_en
https://ec.europa.eu/health/antimicrobialresistance/eu-action-on-antimicrobial-resistance_en

	Abstract
	1. Impact of materials today and MgB2
	2. MgB2 a superconducting practical material
	3. MgB2 as a propellant
	4. MgB2 for hydrogen storage and batteries
	5. MgB2 catalyst and water splitting
	6. MgB2 as a precursor for obtaining 2D materials (nanosheets and borophane)
	7. MgB2 as a biodegradable, antibacterial, and biocompatible material used for biomedical applications
	8. MgB2 as an antifungal material for heritage and eco applications
	9. Concluding remarks
	Author contributions
	Acknowledgements
	Disclosure statement
	ORCID
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


