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Materials with pore sizes less than hundred nanometres are considered
nanoporous. Their organic/inorganic framework supports their porous na-
ture, and the pores are filled with fluid. The pores of consistent shape and
fixed diameter are essential for these materials in specific applications.
They own certain magnetic, electrical, and optical properties, which signi-
fy them in various applications such as signal transmission, energy, medi-
cine, etc. Apart from natural nanoporous materials in existence, fabrica-
tion of materials with required melting point through combining polymers
is possible. Materials, which are tailored to achieve unnatural electromag-
netic properties like negative dielectric constant, negative refractive in-
dex, electromagnetic index, etc., are known as metamaterials. They are
microscopically built from conventional materials such as metals and die-
lectrics like plastics. Some of the metamaterials may be nanoporous but
not all. Metamaterials find significant applications in designing of anten-
nas, cloaking devices, sensing devices, etc. In view of the importance re-
lated to nanoporous and metamaterials, some of their applications are re-
viewed to the possible extent.

Marepisiu 3 posaMipoM mop MeHIIIe CTa HAHOMETPiB BBaKAIOTLCA HAHOIIOPHU-
ctuMu. IxHifi opramiuHo-HeopraHiuHWil KapKac MTiATPUMYe IXHIO HOPHUCTY
Opupony, a mopu 3amoBHeHi pimmuoro. Ilopu ysrom:xkenoi popmu Ta (ikco-
BaHOTO OisiMeTpa € BaXKJIMBUMU AJISA WX MaTepPidAJiB y KOHKPETHUX 3acCTo-
cyBaHHsX. BoHM MaioTh IEBHI MarHeTHi, eJIEKTPUYHI I OOTUYHI BJIACTHUBOC-
Ti, AK1 IPOPOKYIOTh IX Y Pi3HOMAHITHMX 3aCTOCYBaHHAX, TaKUX SK Ilepela-
ya CUTHAJIY, eHepreTuka, MeauiuHa Toimo. OKpiM HagBHMX IPUPOAHIX Ha-
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HOIIOPUCTUX MaTepisjiB, MOKJINWBE BUTOTOBJEHHSA MATepidAsiB i3 HeoOXin-
HOI0O TeMIIepaTypoi0 TOILJIEHHSA 3a JOIIOMOTOI0 KOMOiIHyBaHHA MOJIiMepiB.
Marepisanu, CTBOPEHi IJIs HOCATHEHHA TaKWX HEIIPUPOAHIX eJIeKTPOMAarHeT-
HUX BJIACTHBOCTEM, AK HeraTWBHA JieJeKTPUUYHA MPOHUKHICTH, HeTaTHUBHUI
TMIOKA3HUK 3aJIOMJIeHHSA, eJeKTPOMATHEeTHUH MOKAa3HUK TOIO, BigoMi AK Me-
rTamarepianu. Bouu mobGymoBaHi MiKpocKomiuHO 3i 3BMYAWHMX MAaTepidIis,
TaKUX SIK MeTaJU Ta MieJeKTPUKM, Taki AK miaacTuk. [esaxki meTramarepisnau
MOXKYTh OYTH HAaHOIIOPUCTUMU, ajie He Bci. MeraMaTepiaau 3HaXOAATH 3Ha-
YyHe 3aCTOCYBaHHS Yy PO3poOIli aHTeH, MaCKYBaJIbHUX IPUCTPOIB, CEHCOPHUX
TIPUCTPOIB TOIO. 3 OTJIAAY Ha BaKJIMUBICTDH, IOB’SI3aHy 3 HAHOIOPUCTUMHU Ta
MeTaMarTepisiamMu, AedKi 3 iXHiX 3acToCyBaHb POBIJISANAIOTHCA, HACKIIBKU
e MOKJIMBO.

Key words: nanoporous materials (NPM’s), metamaterials (MM’s), mem-
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1. NANOPOROUS MATERIALS (NPM’s)

A porous nanomaterial is signified by the existence of empty spaces
with dimensions being controllable at nano-, atomic, and molecular
scales. It can have micropores of diameter < 2 nm, mesopores of di-
ameter between 2-50 nm and macropores of diameter >than 50
mm. NPM’s potential in areas related to Li-ion batteries, drug de-
livery, water purification, etc. gained much significance. Some ex-
amples of natural NPM’s include zeolites, ceramic materials, and
activated carbon. Application of NPM’s depends on their porosity
and surface area. Since NPM’s are fabricated in laboratories from
organic/inorganic templates, their porosity depends on structure of
organic template or pore size of inorganic template. Greater number
of NPM’s are divided into membranes or bulk materials. It is re-
ported that NPM with pore of standard dimension passes particular
matter while hindering others [1]. Based on the relation between
property and structure, designing of NPM’s with required hin-
drances was taken up for particular applications. More emphasis
was laid towards emerging applications such as photonics, energy
storage, drug delivery, etc. by using NPM’s. One of the useful ap-
plications was water treatment, in which water purification with
nanoporous crystals adjoining graphene membranes was reported.
Minimised 2D graphene oxide nanosheets were used to construct
two-dimensional channels for filtering. 3D nanoporous crystals were
converted to 2D graphene laminates for enhanced performance in
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water purification with higher permeability [2]. Exploration of
NPM’s leads to identification of new materials and applications.
Recent developments in fabrication of nanoporous materials along
with their applications were reported [3—9]. However, societal ap-
plications of NPM’s in water purification, medicine and electronics
are of more significance.

2. NPM’s IN WATER PURIFICATION

Water is one of the prime sources of human existence. It is evi-
denced that humankind, out of available water on the Earth, can
use only 0.03% of fresh water. Anthropogenic activity leads to wa-
ter pollution and reduced water resources [10]. This pollution af-
fects human health, and purification of water through efficient
methods is of prime concern. Apart from existing technologies for
purifying wastewater, membrane filtration gains more attention due
to its high efficiency, simple operation and low cost. In this con-
text, nanoporous membranes, which filter pollutants ranging be-
tween 1-10 nm with high performance, are of importance in water
purification [11, 12]. High-performance nanoporous membranes de-
signed from materials of organic—inorganic hybrid materials [13,
14] were reported. Water purification with single-layer graphene
nanoporous membrane with diameter less than 10 nm was reported
[1, 15]. Late review on design and role of nanoporous membranes in
water purification was reported, which might be useful in develop-
ing novel NPM’s useful for efficient water purification [16—21]. In
general, water purification includes techniques like Reverse Osmo-
sis (RO), Nano Filtration (NF) or Ultra Filtration (UF). Nanoporous
membranes used in these techniques use various processes like
phase inversion (conversion of pure solution to solid) [22], interfa-
cial polymerization [23], monomer action [24], track etching [25,
26], and electrospinning [27, 28].

3. NPM’s IN ORGANIC ELECTRONICS

Materials used in electronic devices are evaluated in terms of size,
cost and effectiveness. In this regard, electronic devices developed
with organic materials gain significance due to their low cost as
they replace regular devices of inorganic nature with solution. This
technique makes them highly potential in integrated circuits, ener-
gy storage devices, biomedical electronics, etc. [29—33]. Latest re-
view was reported regarding performance enhancement in these de-
vices inserted with nanoporous configuration [34]. Nanofabricated
components used in organic electronic devices are being reported to
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perform better [35]. At present, basic units, which include nano-
tubes and nanowires, are of significance in the growth of optoelec-
tronic devices. Reports indicated that usage of metallic nanodots in
organic photovoltaic device increases its photocurrent, and organic
nanopillars enhanced their performance [36—39]. Modulation of per-
formance and charge trapping was reported in organic memory de-
vices [40].

The role of nanoporous structures in organic electronic devices
was continuously increasing due to their specific advantages [34].

4. NPM’s IN NANOMEDICINE

An important NPM in nanomedicine is nanoporous silicon (Psi),
which is a silicon element of exceptional design obtained from sili-
con substrate by electrochemical etching [41, 42]. These elements
are mainly used in health care, biosensors and drug delivery [43].
As these elements are highly biocompatible with body during inter-
action [44, 45], they find significant applications related to drug
delivery and drug loading [46]. Nanosize Psi materials are reported
to overcome the problems faced by traditional therapeutic admin-
istration [47]. Variation in adsorption capacity of Psi, its pore size,
uniformity in porous structure and flexible functionalization of
surface make it significant in drug movement [48]. These particles
allow wide range of drugs to be loaded and protected from degrada-
tion [49, 50].

The shape and size of pore can be tuned by changing the current
density, electrolyte concentration through etching [51]. Large sur-
face enhances adsorption capacity and favour loading of biomole-
cules with higher molecular weights [52, 53]. Increase in current
density and decrease in HF electrolyte concentration increase pore
size [54, 48]. Pores are created in Si particles and powders through
stain etching [55—59]. They should be inert and nontoxic in biologi-
cal environment for them to be used in drug delivery. Since silicon
is nontoxic, variation in physical properties at nanoscale may lead
to negative response [60]. Usage of Psi nanoparticles in testing of
therapeutic, antitumour and gene deliveries is of significance [61—
68]. Combination of molecular units into switches makes these par-
ticles improve drug delivery regulation for better effectiveness in
cancer treatment [69].

5. NPM’s IN ENERGY AND GAS STORAGE

Energy production from non-renewable resources raises concerns on
environmental issues. To address this concern, it is required to use
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renewable energy sources. In this condition, heterogeneous catalysts
play an important role, which converts renewable sources into fuels
and chemicals. It is a known fact that surface area influences effi-
ciency of heterogeneous catalysts, and hence, nanoporous heteroge-
neous catalysts play a vital role [70]. Review on the uses of three-
dimensional nanoporous metals and their composites in converting
renewable sources into chemicals and fuels mainly focussed on ma-
terial fabrication based on metals as they are used as efficient elec-
trocatalysts. Dealloying in aqueous media is an important process of
manufacturing nanoporous metal catalysts, in which highly active
element is being separated from parent alloy. Sometimes, an exter-
nal voltage is used to accelerate dealloying process subjected to non-
spontaneous reactions [71]. Electrocatalytic process that includes
water oxidation, methanol and CO, [72—-74] reductions can produce
fuel. However, nanoporous electrocatalysts are disadvantageous in
terms of cost and stability. Nanoporous structures obtained through
leaching serve to be high-performance electrocatalysts. Conventional
2D thin-film water-oxidation electrocatalysts perform well with lim-
ited use. Hence, bulk nanoporous materials are an alternative as it
is possible to combine materials’ quality with nanostructures’ elec-
trocatalytic properties. It is reported that 3D nanoporous graphene
can be synthesized from nanoporous nickel template along with ad-
justing pore size using solid-state growth approach at low tempera-
tures [75, 76]. Alteration of nanoporous Ni templates alters pore
size on nanoscale leading to manufacture of nanoporous graphene
for designing of electrochemical-energy storage devices.

Utilization of fossil fuels and associated harmful gases leads to
environmental pollution forcing us to use technology of renewable
energy. This includes hydrogen gas as an alternative energy for ve-
hicles in terms of safe and commercial aspect [77]. Porous carbon is
one of the materials being tested for hydrogen adsorption [78-81].
CNG is one of the alternatives containing compressed methane at
normal temperature that emits low pollution [82]. Some of the
drawbacks suggest ANG with porous materials in place of CNG
[83]. At the same time, huge utilization of fossil fuels emitting
dangerous gases (CO,) forced developing adsorbents, which can ar-
rest and stock carbon [84]. Activated carbons and zeolites are
sorbents, which store H,, CO, and CH, with high porosity and of
low cost [85—88]. Reports indicated carbon powder, which may be
used to synthesize activated carbon for membranes and thin films
[89]. In this context, carbon cloth was reported to be an efficient
gas adsorbent [89—-91]. Materials of required adsorption capacity
were designed using different approaches and reported [92, 93].

Machine learning and data science technology were used for hy-
drogen storage in materials [94].
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6. METAMATERIALS (MM’s)

Metamaterials are materials whose natural electromagnetic proper-
ties can be altered. If natural materials like glass or diamond,
which exhibit positive refractive index, permittivity and permeabil-
ity, are tailored for negative values, they are called negative index
materials and exhibit reverse Doppler effect. Four and half decades
earlier from now, it has been realized that materials tailored in a
suitable extent exhibit the property of negative refraction, and ma-
terials with negative permittivity and permeability values exhibit
properties of lenses [95]. Prior to this report, such material was
prepared after thirty years [96]. Tailoring of materials to exhibit
negative permittivity and/or permeability continued with fast rate
in spite of their novel applications. These applications include
cloaking, antenna design, electronics, eftc. The metamaterials with
negative permittivity and permeability will be having negative re-
fractive index and be called as Left Handed Material.

It is not possible to have both values negative simultaneously.
Hence, these materials are to be modified for abnormal properties
required as mentioned above.

7. ANTENNA DESIGNING

High gain, efficiency, large bandwidth, small size, large power and
lightweight are some of the important characteristics in antenna
design. These characteristics can be obtained from antennas de-
signed with MM’s [97].

Hence, metamaterials’ usage in antenna design makes the anten-
na exhibit specific characteristics different from routine. Met-
amaterial antenna consists of one or more layers of metamaterial
substrates. Depending on the design and application, selection of
metamaterial is done.

To start with metamaterials to be used in, antenna consists of
one or more unit cells whose permittivity, permeability and reso-
nance frequency (g, |, f,) depend on size and structure of each unit
cell [98, 99].

Less cell size when compared with wavelength makes a metamate-
rial satisfy homogeneity condition. As per the previous reports,
simulation of unit cell numerically could not obtain required re-
sults. Therefore, continuous modification in cell size was taken up
until required structure as per simulation was attained. Optimiza-
tion techniques yield good results in determining the size of unit
cells. It is reported that usage of AMC’s (artificial magnetic con-
ductors as a class of applied metamaterials) improves antennas’ ra-
diation properties in microwave applications. Improvement in radia-
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Fig. 1. Usage of metamaterials to improve power gain: (a) radiated patch
surrounded by unit cells; (b) metamaterials as superstrate; (¢) antenna load

[3].

tion properties of metamaterial antennas was achieved through
placement of antenna above reflector such that radiation is along
only single direction that reduces reverse radiation [100]. AMC’s
are widely used metamaterials, which simulate perfect magnetic
conductors (PMC’s) in antenna design [101]. Metamaterials of high
permeability can be used to design a patch antenna without reduc-
ing the efficiency (Fig. 1) [102, 103].

8. GAIN AND BANDWIDTH IN METAMATERIAL ANTENNAS
(MMA'’s)

Metamaterials in antenna design improve gain. Low gain is the
main drawback of small planar antenna, which may be addressed
through usage of metamaterials. Improvement in power gain is a
function of superstrate number, unit cell and the distance between
radiation element and superstrate. Placing of unit cells round the
radiation elements loads the substrate. Hence, unit cell size must be
estimated so that MM’s exhibit particular characteristics, which
match resonant frequency of the antenna. Therefore, the antenna
gain depends on number of unit cells and resonant frequency [104].
Antennas, if designed with metamaterial superstrates, increase
gain, size and antenna thickness. Figure 2 shows plane fractal an-
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Fig. 2. (a) Plane fractal antenna, (b) antenna covered with AMC metamate-
rial, (c) power gain for two resonant frequencies [3].

tenna along with power gain.

Compact antennas designed with dielectric substrates can be re-
placed with less size MMA having defected ground structures (DGS)
exhibiting unusual properties at resonant frequency [105]. In addi-
tion, usage of metamaterials increases antenna bandwidth.

Figure 3 displays the antennas’ S-parameters with and without
metamaterials. Unit cells situated at superstrate influence band-
width based on cell number and closeness between superstrate and
radiation surface.

Metamaterials can also be used to integrate multiple systems on a
single device [106], and the designed antennas exhibit multiband
behaviour with highly correlated results [107].
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Fig. 3. (a) S-parameters of an antenna without and (b) with metamaterial

[3].



APPLICATIONS OF NANOPOROUS AND METAMATERIALS 297

9. CLOAKING

Cloaking is a technique of masking objects with the help of met-
amaterials. An object really doesn’t vanish but appears as though
vanished through illusion. This can be achieved by metamaterials by
diverting specific frequencies [108]. Either light reflection or re-
fraction regulates the process of illusion. The concept of cloaking
gained importance with production of novel metamaterials. Elec-
tromagnetic cloak and Stealth cloak are two important cloaking de-
vices.

10. ELECTROMAGNETIC AND STEALTH CLOAKS

A device that masks an object for electromagnetic radiation of spec-
ified frequency range is an electromagnetic cloak. For an object to
be masked, waves should not be reflected back to the source [109].
This can be achieved by reduction of scattering cross section, which
can be obtained with materials of relative permittivity less than
unity [110]. It is reported that cloaking through scattering cancel-
lation technique limits bandwidth even though simple [111, 112].
Cloaking devices with anisotropic metamaterials create zero elec-
tromagnetic field in the device. It is also reported that limited val-
ues of permittivity and permeability lead to narrow bandwidth at
desired cloaking effect [113] and reduce cloaking performance
[114]. Stealth is technique of designing an aircraft not to be detect-
ed by radar/sonar. This technique can only minimise radars’ reflect-
ing power. This can be achieved if and only if the aircraft is cov-
ered with an absorbing layer so that the scattering field in the di-
rection of illumination will be minimized. This technique hides the
aircraft from front view, and it can be seen from side or back.

11. SENSORS AND SOLAR CELLS

Sensors are important in our daily life. Sensors developed with var-
ious materials play vital role in all sectors; however, metamaterial
sensors have various advantages. Sensors designed with metamate-
rial capable of detecting liquid chemicals were reported [115]. Simi-
larly, metamaterial-based optical sensor with E-beam lithography
technique for detection of sucrose was reported; its sensitivity was
higher than an ordinary sensor. This sensor has a central wave-
length of 967 nm as compared to gold sensor of 933 nm ensuring
more bandwidth and better sensitivity [116]. In continuation, semi-
conductor metamaterial sensors in THz range [117], sensors, which
sense alcohols’ permittivity [118], and high-@ gas sensors for envi-
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ronmental monitoring [119] were reported.

Metamaterials can be used in solar cells to enhance the absorption
capacity. They can be fabricated with wide band angle matching so-
lar spectrum to receive light in different angles increasing incident
and reducing reflected lights. This has certain disadvantage—
narrow band only supports perfect absorption. Hence, absorbers,
which utilize solar energy in perfect way, need to be designed. In
this context, solar cells with metamaterials are reported with 77%
and 84% absorptions of solar and visible regions [120]. Solar cells
made with Si having back reflectors made with metamaterial exhib-
iting maximum reflection are reported. If ordinary metallic mirrors
are used, reflected light has phase reversal, which leads to reduced
intensity. This can be overcome by using metamaterial mirrors lead-
ing to increased absorption in solar cells [121].

13. CONCLUSIONS

This paper mainly reviewed some of the important applications re-
ported over last five years related to nanoporous and metamaterials.
The role of nanoporous materials in water purification (mem-
branes), storage of energy, organic electronics (sensors, semi-
conductor films) and nanomedicine (cancer, therapy) was mainly re-
viewed. The role of porous silicon in drug delivery and its regula-
tion was of importance. Apart from nanoporous materials, review of
metamaterials was also done. Even though both are connected di-
rectly or indirectly through some common applications, review of
metamaterials in the area of antenna design is note worthy. The
role of metamaterials in antenna design, cloaking, sensors and solar
cells was reviewed in brief. Tailoring of metamaterials for novel
characteristics is an unending process. However, research in the di-
rection of investigating novel nanoporous metamaterials may lead
to new application in the field of photonics and optics in addition to
the existing applications in the fields of electronics and medicine.

REFERENCES

1. S. P. Surwade, S. N. Smirnov, I. V. Vlassiouk, R. R. Unocic, G. M. Veith,
S. Dai, and S. M. Mahurin, Nat. Nanotechnol., 10: 459 (2015);
https://doi.org/10.1038 /nnano.2015.37

2. K. Guan, Z. Di, M. Zhang, J. Shen, G. Zhou, G. Liu, and W. Jin, J. Membr.
Sci., 542: No. 15: 41 (2017); https://doi.org/10.1016/j.memsci.2017.07.055

3. B. C. S. Pergher and E. Rodruguez-Castellyn, Appl. Sci., 9: 1314 (2019);
https://doi.org/10.3390/app9071314

4. A. Schwanke and S. Pergher, Appl. Sci., 8, No. 9: 1636 (2018);
https://doi.org/10.3390/app8091636


https://doi.org/10.1038/nnano.2015.37
https://doi.org/10.1016/j.memsci.2017.07.055
https://doi.org/10.3390/app9071314
https://doi.org/10.3390/app8091636

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

APPLICATIONS OF NANOPOROUS AND METAMATERIALS 299

J. F. Silva, E. D. Ferracine, and D. Cardoso, Appl. Sci., 8, No. 8: 1299
(2018); https://doi.org/10.3390/app8081299

P. Vinaches, A. Rojas, A. E. V. De Alencar, E. Rodriguez-Castellon,

T. P. Braga, and S. B. C. Pergher, Appl. Sci., 8, No. 9: 1634 (2018);
https://doi.org/10.3390/app8091634

P. M. Pereira, B. F. Ferreira, N. P. Oliveira, E. J. Nassar, K. J. Ciuffi,

M. A. Vicente, R. Trujillano, V. Rives, A. Gil, S. Korili, and E. H. De Faria,
Appl. Sci., 8, No. 4: 608 (2018); https://doi.org/10.3390/app8040608

Y. Zhang, R. Luo, Q. Zhou, X. Chen, and Y. Dou, Appl. Sci., 8, No. 7: 1065
(2018); https://doi.org/10.3390/app8071065

M. E. R. Jalil, F. Toschi, M. Baschini, and K. Sapag, Appl. Sci., 8, No. 8:
1403 (2018); https://doi.org/10.3390/app8081403

L. A. Schaider, R. A. Rudel, J. M. Ackerman, S. C.Dunagan, and

J. G. Brody, Sci. Total Environ., 468: 384 (2014);
https://doi.org/10.1016/j.scitotenv.2013.08.067

X. Gao, L.-P. Xu, Z. Xue, L. Feng, J. Peng, Y. Wen, S. Wang, and

X. Zhang, Adv. Mater., 26, No. 11: 1771 (2013);
https://doi.org/10.1002/adma.201304487

Z. Karim, A. P. Mathew, M. Grahn, J. Mouzon, and K. Oksman, Carbohydr.
Polym., 112: 668 (2014); https://doi.org/10.1016/j.carbpol.2014.06.048

J. R. Werber, C. O. Osuji, and M. Elimelech, Nat. Rev. Mater., 1: 16018
(2016); https://doi.org/10.1038 /natrevmats.2016.18

A. Lee, J. W. Elam, and S. B. Darling, Environ. Sci. Water Res. Technol., 2,
No. 1: 17 (2016); https://doi.org/10.1039/C5EW00159E

Q. G. Zhang, C. Deng, F. Soyekwo, Q. L. Liu, and A. M. Zhu, Adv. Funct.
Mater., 26, No. 5: 792 (2016); https://doi.org/10.1002/adfm.201503858

Z. Wang, A. Wu, L. C. Ciacchi, and G. Wei, Nanomaterials, 8, No. 2: 65
(2018); https://doi.org/10.3390/nano8020065

G. Wei, Z. Su, N. P. Reynolds, P. Arosio, I. W. Hamley, E. Gazit, and

R. Mezzenga, Chem. Soc. Rev., 46: 4661 (2017);
https://doi.org/10.1039/C6CS00542J

D. Kanakaraju, B. D. Glass, and M. Oelgemoller, Environ. Chem. Lett., 12:
27 (2014); https://doi.org/10.1007/s10311-013-0428-0

P. Zhang, H. Wang, X. Zhang, W. Xu, Y. Li, Q. Li, G. Wei, and Z. Su, Bi-
omater. Sci., 3: 852 (2015); https://doi.org/10.1039/C5BM00058K

M. S. Rahaman, C. D. Vecitis, and M. Elimelech, Environ. Sci. Technol., 46,
No. 3: 1556 (2012); https://doi.org/10.1021/es203607d

J. Yin and B. Deng, J. Membr. Sci., 479: 256 (2015);
https://doi.org/10.1016/j.memsci.2014.11.019

Y. Wang, J. Zhu, G. Dong, Y. Zhang, N. Guo, and J. Liu, Sep. Purif. Tech-
nol., 150: 243 (2015); https://doi.org/10.1016/j.seppur.2015.07.005

J.-J. Wang, H.-C. Yang, M.-B. Wu, X. Zhang, and Z.-K. Xu, J. Mater.
Chem. A, 5: 16289 (2017); https://doi.org/10.1039/C7TTA00501F

B. Khorshidi, T. Thundat, B. A. Fleck, and M. Sadrzadeh, Sci. Rep., 6:
22069 (2016); https://doi.org/10.1038/srep22069

P. R. Kidambi, D. Jang, J.-C. Idrobo, M. S. H. Boutilier, L. Wang, J. Kong,
and R. Karnik, Adv. Mater., 29, No. 33: 1700277 (2017);
https://doi.org/10.1002/adma.201700277

F. E. Ahmed, B. S. Lalia, and R. Hashaikeh, Desalination, 356: 15 (2015);


https://doi.org/10.3390/app8081299
https://doi.org/10.3390/app8091634
https://doi.org/10.3390/app8040608
https://doi.org/10.3390/app8071065
https://doi.org/10.3390/app8081403
https://doi.org/10.1016/j.scitotenv.2013.08.067
https://doi.org/10.1002/adma.201304487
https://doi.org/10.1016/j.carbpol.2014.06.048
https://doi.org/10.1038/natrevmats.2016.18
https://doi.org/10.1039/C5EW00159E
https://doi.org/10.1002/adfm.201503858
https://doi.org/10.3390/nano8020065
https://doi.org/10.1039/C6CS00542J
https://doi.org/10.1007/s10311-013-0428-0
https://doi.org/10.1039/C5BM00058K
https://doi.org/10.1021/es203607d
https://doi.org/10.1016/j.memsci.2014.11.019
https://doi.org/10.1016/j.seppur.2015.07.005
https://doi.org/10.1039/C7TA00501F
https://doi.org/10.1038/srep22069
https://doi.org/10.1002/adma.201700277

300 N.V. KRISHNA PRASAD, T. ANIL BABU, N. MADHAVI, and S. RAMESH

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

https://doi.org/10.1016/j.desal.2014.09.033

M. Zhang, X. Zhao, G. Zhang, G. Wei, and Z. Su, J. Mater. Chem. B, 5:
1699 (2017); https://doi.org/10.1039/C6TB03121H

T. C. Mokhena and A. S. Luyt, J. Clean. Prod., 156: 470 (2017);
https://doi.org/10.1016/j.jclepro.2017.04.073

L. Wang, D. Chen, K. Jiang, and G. Shen, Chem. Soc. Rev., 46: 6764 (2017);
https://doi.org/10.1039/C7CS00278E

Y. Liu, K. He, G. Chen, W. R. Leow, and X. Chen, Chem. Rev., 117, No. 20:
12893 (2017); https://doi.org/10.1021/acs.chemrev.7b00291

C. Wang, H. Dong, L. Jiang, and W. Hu, Chem. Soc. Rev., 47: 422 (2018);
https://doi.org/10.1039/C7CS00490G; B. Wang, W. Huang, L. Chi, M. Al-
Hashimi, T. J. Marks, and A. Facchetti, Chem. Rev., 118, No. 11: 5690
(2018); https://doi.org/10.1021/acs.chemrev.8b00045

D. Ji, T. Li, W. Hu, and H. Fuchs, Adv. Mater., 31, No. 15: 1806070
(2019); https://doi.org/10.1002/adma.201806070

R. Ma, S.-Y. Chou, Y. Xie, and Q. Pei, Chem. Soc. Rev., 48: 1741 (2019);
https://doi.org/10.1039/C8CS00834E

D. Ji, T. Li, and H. Fuchs, Nano Today, 31: 100843 (2020);
https://doi.org/10.1016/j.nantod.2020.100843

C. Escobedo, Lab. Chip, 13: 2445 (2013);
https://doi.org/10.1039/C3LC50107H

S. Nam, J. Seo, S. Woo, W. H. Kim, H. Kim, D. D. C. Bradley, and Y. Kim,
Nat. Commun., 6: 8929 (2015); https://doi.org/10.1038/ncomms9929(2015)
W. Chen, Y. Zhu, Y. Yu, L. Xu, G. Zhang, and Z. He, Chem. Mater., 28,
No. 14: 4879 (2016);https://doi.org/10.1021/acs.chemmater.6b00964

Y. Oh, J.W. Lim, J. G. Kim, H. Wang, B.-H. Kang, Y. W. Park, H. Kim,
Y. dJ. Jang, J. Kim, D. H. Kim, and B.-K. Ju, ACS Nano, 10, No. 11: 10143
(2016); https://doi.org/10.1021 /acsnano.6b05313

J. He, Z. Yang, P. Liu, S. Wu, P. Gao, M. Wang, S. Zhou, X. Li, H. Cao,
and J. Ye, Adv. Energy Mater., 6, No. 8: 1501793 (2016);
https://doi.org/10.1002/aenm.201501793

X.-Z. Chen, Q. Li, X. Chen, X. Guo, H.-X. Ge, Y. Liu, and Q.-D. Shen, Adv.
Funct. Mater., 23, No. 24: 3124 (2013);
https://doi.org/10.1002/adfm.201203042

L. T. Canham, Appl. Phys. Lett., 57: 1046 (1990);
https://doi.org/10.1063/1.103561

L. T. Canham, Adv. Mater., 7, No. 12: 1033 (1995);
https://doi.org/10.1002/adma.19950071215

T. Kumeria, S. J. P. Mcinnes, S. Maher, and A. Santos, Expert Opin. Drug
Deliv., 14, No. 12: 1407 (2017);
https://doi.org/10.1080/17425247.2017.1317245

X. Xia, J. Mai, R. Xu, J. E. T. Perez, M. L. Guevara, Q. Shen, C. Mu, H.-
Y. Tung, D. B. Corry, S. E. Evans, X. Liu, M. Ferrari, Z. Zhang, X. C. Li,
R.-F. Wang, and H. Shen, Cell Reports, 11, No. 6: 957 (2015);
https://doi.org/10.1016/j.celrep.2015.04.009

H. A. Santos, E. Mikil4, A. J. Airaksinen, L. M. Bimbo, and J. Hirvonen,
Nanomedicine, 9, No. 4: 535 (2014); https://doi.org/10.2217/nnm.13.223
A. Malysheva, E. Lombi, and N. Voelcker, Nat. Nanotechnol., 10: 835
(2015); https://doi.org/10.1038/nnano.2015.224


https://doi.org/10.1016/j.desal.2014.09.033
https://doi.org/10.1039/C6TB03121H
https://doi.org/10.1016/j.jclepro.2017.04.073
https://doi.org/10.1039/C7CS00278E
https://doi.org/10.1021/acs.chemrev.7b00291
https://doi.org/10.1039/C7CS00490G
https://doi.org/10.1021/acs.chemrev.8b00045
https://doi.org/10.1002/adma.201806070
https://doi.org/10.1039/C8CS00834E
https://doi.org/10.1016/j.nantod.2020.100843
https://doi.org/10.1039/C3LC50107H
https://doi.org/10.1038/ncomms9929(2015)
https://doi.org/10.1021/acs.chemmater.6b00964
https://doi.org/10.1021/acsnano.6b05313
https://doi.org/10.1002/aenm.201501793
https://doi.org/10.1002/adfm.201203042
https://doi.org/10.1063/1.103561
https://doi.org/10.1002/adma.19950071215
https://doi.org/10.1080/17425247.2017.1317245
https://doi.org/10.1016/j.celrep.2015.04.009
https://doi.org/10.2217/nnm.13.223
https://doi.org/10.1038/nnano.2015.224

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

APPLICATIONS OF NANOPOROUS AND METAMATERIALS 301

X. Xu, W. Ho, X. Zhang, N. Bertrand, and O. Farokhzad, Trends Mol. Med.
21, No. 4: 223 (2015); https://doi.org/10.1016/j.molmed.2015.01.001

E. J. Anglin, L. Cheng, W. R. Freeman, and M. J. Sailor, Adv. Drug Deliv.
Rev., 60, No. 11: 1266 (2008);

https://dx.doi.org/10.1016% 2Fj.addr.2008.03.017

E. J. Kwon, M. Skalak, A. Bertucci, G. Braun, F. Ricci, E. Ruoslahti,

M. J. Sailor, and S. N. Bhatia, Adv. Mater., 29, No. 35: 01527 (2017);
https://doi.org/10.1002/adma.201701527

S. Mcinnes, C. T. Turner, A. J. Cowin, and N. H. Voelcker, Front. Bioeng.
Biotechnol. Conference Abstracts of the 10" World Biomaterials Congress
(2016); https://doi.org/10.3389/conf.FBIOE.2016.01.01514

J. Hernandez-Montelongo, A. Mucoz-Noval, J. P.Garcia-Ruiz, V. Torres-
Costa, R. J. Martin-Palma, and M. Manso-Silvan, Front. Bioeng. Biotechnol.,
3: 60 (2015); https://dx.doi.org/10.3389% 2Ffbioe.2015.00060.

F. Kong, X. Zhang, H. Zhang, X. Qu, D. Chen, M. Servos, E. Makila,

J. Salonen, H. A. Santos, M. Hai, and D. A. Weitz, Adv. Funct. Mater., 25,
No. 22: 3330 (2015); https://doi.org/10.1002/adfm.201500594

Y. Wang, Q. Zhao, Y. Hu, L. Sun, L. Bai, T. Jiang, and S. Wang, Int. J.
Nanomedicine, 8: 4015 (2013); https://doi.org/10.2147/ijn.s52605

M. J. Sailor, Porous Silicon in Practice: Preparation, Characterization and
Applications (Wiley—VCH Verlag GmbH&Co. KGaA: 2011).

S. J. P. Mcinnes and R. D. Lowe, Biomedical Uses of Porous Silicon (Eds.
D. Losic and A. Santos) (Cham: Springer International Publishing: 2015).
K. W. Kolasinski, Handbook of Porous Silicon (Ed. L. Canham) (Cham:
Springer International Publishing: 2017).

W. Nancy, S. Kyle, G. R. Akkaraju, L. Armando, L. T. Canham,

R. Gonzalex-Rodriguez, and J. L. Coffer, Small, 13, No. 3: 02739 (2017);
https://doi.org/10.1002/smll.201602739

M. Wang, P. S. Hartman, A. Loni, L. T. Canham, and J. L. Coffer, Silicon,
8: 525 (2016); https://doi.org/10.1007/s12633-015-9397-1

M. H. Kafshgari, N. H. Voelcker, and F. J. Harding, Nanomedicine, 10, No.
16: 2553 (2015); https://doi.org/10.2217/nnm.15.91

A. L. van deVen, P. Kim, O. H. Haley, J. R. Fakhoury, G. Adriani,

J. Schmulen, P. Moloney, F. Hussain, M. Ferrari, X. Liu, S.-H. Yun, and
P. Decuzzi, J. Control. Release, 158, No. 1: 148 (2012);
https://doi.org/10.1016/j.jconrel.2011.10.021

M. Masserini, International Scholarly Research Notices, 18: (2013);
https://doi.org/10.1155/2013/238428

N. Shrestha, M.-A. Shahbazi, F. Aradjo, H. Zhang, E. M. Makila,

J. Kauppila, B. Sarmento, J. J. Salonen, J. T. Hirvonen, and H. A. Santos,
Biomaterials, 35, No. 25: 7172 (2014);
https://doi.org/10.1016/j.biomaterials.2014.04.104

J. Kang, J. Joo, E. J. Kwon, M. Skalak, S. Hussain, Z.-G. She,

E. Ruoslahti, S. N. Bhatia, and M. J. Sailor, Adv. Mater., 28, No. 36: 7962
(2016); https://doi.org/10.1002/adma.201600634

H. Yin, R. L. Kanasty, A. A. Eltoukhy, A. J. Vegas, J. R. Dorkin, and

D. G. Anderson, Nat. Rev. Genet., 15: 541 (2014);
https://doi.org/10.1038/nrg3763

K. A. Jinturkar and A. Misra, Challenges in Delivery of Therapeutic Ge-


https://doi.org/10.1016/j.molmed.2015.01.001
https://dx.doi.org/10.1016%2Fj.addr.2008.03.017
https://doi.org/10.1002/adma.201701527
https://doi.org/10.3389/conf.FBIOE.2016.01.01514
https://dx.doi.org/10.3389%2Ffbioe.2015.00060
https://doi.org/10.1002/adfm.201500594
https://doi.org/10.2147/ijn.s52605
https://doi.org/10.1002/smll.201602739
https://doi.org/10.1007/s12633-015-9397-1
https://doi.org/10.2217/nnm.15.91
https://doi.org/10.1016/j.jconrel.2011.10.021
https://doi.org/10.1155/2013/238428
https://doi.org/10.1016/j.biomaterials.2014.04.104
https://doi.org/10.1002/adma.201600634
https://doi.org/10.1038/nrg3763

302 N.V. KRISHNA PRASAD, T. ANIL BABU, N. MADHAVI, and S. RAMESH

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

nomics and Proteomics (London: Elsevier: 2011); S. L. Ginn, A. K. Amaya,
I. E. Alexander, M. Edelstein, and M. R. Abedi, J. Gene Med., 20, No. 5:
e3015 (2018); https://doi.org/10.1002/jgm.3015

Y.-L. Hu, Y.-H. Fu, Y. Tabata, and J.-Q. Gao, J. Control. Release, 147, No.
2: 154 (2010); https://doi.org/10.1016/j.jconrel.2010.05.015

T.-L. Wu and D. Zhou, Adv. Drug Deliv. Rev., 63, No. 8: 671 (2011);
https://doi.org/10.1016/j.addr.2011.05.005

L. K. Medina-Kauwe, J. Xie, and S. Hamm-Alvarez, Gene Ther., 12, No. 24:
1734 (2005); https://doi.org/10.1038/sj.gt.3302592

R. Zhang, M. Hua, H. Liu, and J. Li, Mater. Sci. Eng. B, 263: 114835
(2021); https://doi.org/10.1016/j.mseb.2020.114835

J. Fu, E. Detsi, and J. Th. M. De Hosson, Surf. Coat. Technol., 347: 320
(2018); https://doi.org/10.1016/j.surfcoat.2018.05.001

T. L. Maxwell and T. J. Balk, Adv. Eng. Mater., 20, No. 2: 1700519 (2017);
http://dx.doi.org/10.1002/adem.201700519

J. K. Hurst, Science, 328, No. 5976: 315 (2010);
http://dx.doi.org/10.1126/science.1187721

Q. Cheng, Y. Wang, J. Jiang, Z. Zou, Y. Zhou, J. Fang, and H. Yang,

J. Mater. Chem. A, 3: 15177 (2015); http://dx.doi.org/10.1039/C5TA02627J
J. Qiao, Y. Liu, F. Hong, and J. Zhang, Chem. Soc. Rev., 43: 631 (2014);
http://dx.doi.org/10.1039/C3CS60323G

L. Ligiang, P. Andela, J. Th. M. De Hosson, and Y. Pei, ACS Appl. Nano
Mater., 1, No. 5: 2206 (2018); http://dx.doi.org/10.1021/acsanm.8b00284
J. Luo, J. Liu, Z. Zeng, C. Ng, L. Ma, H. Zhang, J. Lin, Z. Shen, and

H. J. Fan, Nano Lett., 13, No. 12: 6136 (2013);
https://doi.org/10.1021/n1403461n

L. Schlapbach and A. Ziittel, Nature, 414: 353 (2001);
https://doi.org/10.1038/35104634

M. P. Suh, H. J. Park, T. K. Prasad, and D.-W. Lim, Chem. Rev., 112,

No. 2: 782 (2012); https://doi.org/10.1021/cr200274s

Y. Xia, Z. Yang, and Y. Zhu, J. Mater. Chem. A, 1, No. 33: 9365 (2013);
https://doi.org/10.1039/C3TA10583K; H. Wang, Q. Gao, and J. Hu, J. Am.
Chem. Soc., 131, No. 20: 7016 (2009); https://doi.org/10.1021/ja8083225
G. E. Froudakis, Mater. Today, 14, No. 7: 324 (2011);
http://dx.doi.org/10.1016/S1369-7021(11)70162-6

J. Germain, J. M. Fréchet, and F. Svec, Small, 5, No. 10: 1098 (2009);
https://doi.org/10.1002/smll.200801762

Y. He, W. Zhou, G. Qian, and B. Chen, Chem. Soc. Rev., 43: 5657 (2014);
https://doi.org/10.1039/C4CS00032C

M. G. Waller, E. D. Williams, S. W. Matteson, and T. A. Trabold,

Appl. Energy, 127: 55 (2014);
https://doi.org/10.1016/j.apenergy.2014.03.088; J. A. Mason, M. Veenstra,
and J. R. Long, Chem. Sci., 5, No. 1: 32 (2014);
https://doi.org/10.1039/C3SC52633J

D. M. DAlessandro, B. Smit, and J. R. Long, Angew. Chem. Int. Ed., 49,
No. 35: 6058 (2010); https://doi.org/10.1002/anie.201000431

A. S. Mestre, C. Freire, J. Pires, A. P. Carvalho, and M. L. Pinto, J. Mater.
Chem. A, 2, No. 37: 15337 (2014); https://doi.org/10.1039/C4TA03242J
M. Sevilla, and R. Mokaya, Energy Environ. Sci., 7, No. 4: 1250 (2014);


https://doi.org/10.1002/jgm.3015
https://doi.org/10.1016/j.jconrel.2010.05.015
https://doi.org/10.1016/j.addr.2011.05.005
https://doi.org/10.1038/sj.gt.3302592
https://doi.org/10.1016/j.mseb.2020.114835
https://doi.org/10.1016/j.surfcoat.2018.05.001
http://dx.doi.org/10.1002/adem.201700519
http://dx.doi.org/10.1126/science.1187721
http://dx.doi.org/10.1039/C5TA02627J
http://dx.doi.org/10.1039/C3CS60323G
http://dx.doi.org/10.1021/acsanm.8b00284
https://doi.org/10.1021/nl403461n
https://doi.org/10.1038/35104634
https://doi.org/10.1021/cr200274s
https://doi.org/10.1039/C3TA10583K
https://doi.org/10.1021/ja8083225
http://dx.doi.org/10.1016/S1369-7021(11)70162-6
https://doi.org/10.1002/smll.200801762
https://doi.org/10.1039/C4CS00032C
https://doi.org/10.1016/j.apenergy.2014.03.088
https://doi.org/10.1039/C3SC52633J
https://doi.org/10.1002/anie.201000431
https://doi.org/10.1039/C4TA03242J

APPLICATIONS OF NANOPOROUS AND METAMATERIALS 303

https://doi.org/10.1039/C3EE43525C

87. J. A. Mason, J. Oktawiec, M. K. Taylor, M. R. Hudson, J. Rodriguez,
J. E. Bachman, M. L. Gonzalez, A. Cervellino, A. Guagliardi, C. M. Brown,
P. L. Llewellyn, M. Norberto, and J. R. Long, Nature, 527: 357 (2015);
https://doi.org/10.1038 /naturel5732

88. W. Tong, Y. Lv, and F. Svec, Appl. Energy, 183: 1520 (2016);
https://doi.org/10.1016/j.apenergy.2016.09.066

89. N. Kostoglou, C. Koczwara, C. Prehal, V. Terziyska, B. Babic, B. Matovic,
G. Constantinides, C. Tampaxis, G. Charalambopoulou, T. Steriotis,
S. Hinder, M. Baker, K. Polychronopoulou, C. Doumanidis, O. Paris,
C. Mitterer, and C. Rebholz, Nano Energy, 40: 49 (2017);
https://doi.org/10.1016/j.nanoen.2017.07.056

90. D. Lozano-Castelly, J. Alcaciz-Monge, M. A. de la Casa-Lillo, D. Cazorla-
Amorys, and A. Linares-Solano, Fuel, 81: 1777 (2002);
https://doi.org/10.1016/S0016-2361(02)00124-2

91. US Department of Energy. Hydrogen Storage,
http://energy.gov/eere/fuelcells/hydrogen-storage (accessed May 2021).

92. R. E. Morris and P. S. Wheatley, Angew. Chem. Int. Ed., 47, No. 27: 4966
(2008); https://doi.org/10.1002/anie.200703934

93. N. F. Attia, M. Jung, J. Park, H. Jang, K. Lee, and H. Oh, Chem. Eng. J.,
379: 122367 (2020); https://doi.org/10.1016/j.cej.2019.122367

94. D. P. Broom, C. J. Webb, G.S. Fanourgakis, G. E. Froudakis,
P. N. Trikalitis, and M. Hirscher, Int. J. Hydrog. Energy, 44, No. 15: 7768
(2019); https://doi.org/10.1016/j.ijhydene.2019.01.224

95. V. G. Veselago, Sov. Phys. Usp., 10, No. 4: 509 (1968);
https://doi.org/10.1070/PU1968v010n04ABEH003699

96. R. A. Shelby, D. R. Smith, and S. Schultz, Science, 292, No. 5514: 77
(2001); https://doi.org/10.1126 /science.1058847

97. W. J. Krzysztofik and T. N. Cao (Intech Open: 2018);
https://doi.org/10.5772/intechopen.80636

98.  https://www.intechopen.com/books/metamaterials-and-
metasurfaces/metamaterials-in-application-to-improve-antenna-parameters/;
do0i:10.5772/intechopen.80636

99. Y. Dong, W. Li, X. Yang, C. Yao, and H. Tang, I[EEE PELS. Workshop on
Emerging Technologies: Wireless Power Transfer (2017);
https://doi.org/10.1109/WoW.2017.7959382

100. P. D. Tung, P. H. Lam, and N. T. Q. Hoa, Vietnam J. Sci. Technol., 54,
No. 6: 689 (2016); https://doi.org/10.15625/0866-708X,/54/6/8375

101. P. K. Singh, J. Hopwood, and S. Sonkusale, Sci. Rep., 4: 5964 (2014);
https://doi.org/10.1038/srep05964

102. R. Dewan and M. K. A. Rahim, IEEE Conference on Antenna Measurements
& Applications (CAMA ), p. 1 (2015);
https://doi.org/10.1109/CAMA.2015.7428141

103. M. Karkkainen and P. Ikonen, Microw. Opt. Technol. Lett., 46, No. 6: 554
(2005); https://doi.org/10.1002/mop.21048

104. X.-J. Gao, T. Cai, and L. Zhu, AEU — Int. J. Electron. Commun., 70, No. 7:
880 (2016); https://doi.org/10.1016/j.aeue.2016.03.019

105. T. N. Cao and W. J. Krzysztofik, IEEE Conference Proceedings: 21° Inter-
national Conference on Microwave, Radar and Wireless Communications, p.


https://doi.org/10.1039/C3EE43525C
https://doi.org/10.1038/nature15732
https://doi.org/10.1016/j.apenergy.2016.09.066
https://doi.org/10.1016/j.nanoen.2017.07.056
https://doi.org/10.1016/S0016-2361(02)00124-2
http://energy.gov/eere/fuelcells/hydrogen-storage
https://doi.org/10.1002/anie.200703934
https://doi.org/10.1016/j.cej.2019.122367
https://doi.org/10.1016/j.ijhydene.2019.01.224
https://doi.org/10.1070/PU1968v010n04ABEH003699
https://doi.org/10.1126/science.1058847
https://doi.org/10.5772/intechopen.80636
https://www.intechopen.com/books/metamaterials-and-metasurfaces/metamaterials-in-application-to-improve-antenna-parameters/
https://www.intechopen.com/books/metamaterials-and-metasurfaces/metamaterials-in-application-to-improve-antenna-parameters/
https://doi.org/10.1109/WoW.2017.7959382
https://doi.org/10.15625/0866-708X/54/6/8375
https://doi.org/10.1038/srep05964
https://doi.org/10.1109/CAMA.2015.7428141
https://doi.org/10.1002/mop.21048
https://www.sciencedirect.com/science/article/abs/pii/S1434841116301054#!
https://www.sciencedirect.com/science/article/abs/pii/S1434841116301054#!
https://www.sciencedirect.com/science/article/abs/pii/S1434841116301054#!
https://doi.org/10.1016/j.aeue.2016.03.019

304 N.V. KRISHNA PRASAD, T. ANIL BABU, N. MADHAVI, and S. RAMESH

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

1 (2016); https://doi.org/10.1109/MIKON.2016.7491946

F. Raval,Y. P. Kosta, and H. Joshi, AEU — Int. J. Electron. Commun., 69,
No. 8: 1126 (2015); https://doi.org/10.1016/j.aeue.2015.04.013

R. Rajkumar and K. U. Kiran, AEU — Int. J. Electron. Commun., 70, No. 5:
599 (2016); https://doi.org/10.1016/j.aeue.2016.01.025

S. Dakhli, H. Rmili, J.-M. Floc’h, M. Sheikh, A. Dobaie, K. Mahdjoubi,

F. Choubani, and R. W. Ziolkowski, Microw. Opt. Technol. Lett., 58, No. 6:
1281 (2016); https://doi.org/10.1002/mop.29792

R. L. Hotz, The Wall Street Journal, (2009);
https://www.wsj.com/articles/SB123689025626111191

P. Alitalo and S. Tretyakov, Mater. Today, 12, No. 3: 22 (2009);
https://doi.org/10.1016/S1369-7021(09)70072-0

M. G. Silveirinha, A. Alu, and N. Engheta, Phys. Rev. E, 75, No. 3: 036603
(2007); https://doi.org/10.1103/PhysRevE.75.036603

U. Leonhardt, Science, 312, No. 5781: 1777 (2006);
https://doi.org/10.1126/science.1126493

J. B. Pendry, D. Schurig, and R. Smith, Science, 312, No. 5781: 1780
(2006); https://doi.org/10.1126/science.1125907

B. Zhang, B.-I. Wu, H. Chen, and J. A. Kong, Phys. Rev. Lett., 101: 063902
(2008); https://doi.org/10.1103/PhysRevLett.101.063902

M. Yan, Z. Ruan, and M. Qiu, Phys. Rev. Lett., 99: 233901 (2007);
https://doi.org/10.1103/PhysRevLett.99.233901

Y. I. Abdulkarim, L. Deng, H. Luo, S. Huang, M. Karaaslan, O. Altintas,
M. Bakir, F. F.Muhammadsharif, H. N. Awl, C. Sabah, and K. S. L. Al-
badri, J. Mater. Res. Technol., 9, No. 5: 10291 (2020);
https://doi.org/10.1016/j.jmrt.2020.07.034

S. Agarwal and Y. K. Prajapati, Optik, 205: 164276 (2020);
https://doi.org/10.1016/j.ijle0.2020.164276

M. Aslinezhad, Optics Commun., 463: 125411 (2020);
https://doi.org/10.1016/j.optcom.2020.125411

M. S. Gulsu, F. Bageci, S. Can, A. E. Yilmaz, and B. Akaoglu, Sens. Actua-
tor. A Phys., 312: 112139 (2020);
https://doi.org/10.1016/j.sna.2020.112139

Y. Liu, Y. Chen, J. Li, T.-C. Hung, and J. Li, Sol. Energy, 86, No. 5: 1586
(2012); https://doi.org/10.1016/j.solener.2012.02.021

A. Dhar, M. Choudhuri, A. Bardhan Roy, P. Banerjee, and A. Kundu,
Mater. Today: Proc., 5, No. 11: 23203 (2018);
https://doi.org/10.1016/j.matpr.2018.11.051


https://doi.org/10.1109/MIKON.2016.7491946
https://www.sciencedirect.com/science/article/abs/pii/S1434841115001144#!
https://www.sciencedirect.com/science/article/abs/pii/S1434841115001144#!
https://www.sciencedirect.com/science/article/abs/pii/S1434841115001144#!
https://doi.org/10.1016/j.aeue.2015.04.013
https://www.sciencedirect.com/science/article/abs/pii/S1434841116300437#!
https://www.sciencedirect.com/science/article/abs/pii/S1434841116300437#!
https://doi.org/10.1016/j.aeue.2016.01.025
https://doi.org/10.1002/mop.29792
https://www.wsj.com/articles/SB123689025626111191
https://www.sciencedirect.com/science/article/pii/S1369702109700720#!
https://www.sciencedirect.com/science/article/pii/S1369702109700720#!
https://doi.org/10.1016/S1369-7021(09)70072-0
https://doi.org/10.1103/PhysRevE.75.036603
https://doi.org/10.1126/science.1126493
https://doi.org/10.1126/science.1125907
https://doi.org/10.1103/PhysRevLett.101.063902
https://doi.org/10.1103/PhysRevLett.99.233901
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://www.sciencedirect.com/science/article/pii/S2238785420315313#!
https://doi.org/10.1016/j.jmrt.2020.07.034.
https://www.sciencedirect.com/science/article/abs/pii/S0030402620301108#!
https://www.sciencedirect.com/science/article/abs/pii/S0030402620301108#!
https://doi.org/10.1016/j.ijleo.2020.164276
https://doi.org/10.1016/j.optcom.2020.125411
https://www.sciencedirect.com/science/article/abs/pii/S0924424720302752#!
https://www.sciencedirect.com/science/article/abs/pii/S0924424720302752#!
https://www.sciencedirect.com/science/article/abs/pii/S0924424720302752#!
https://www.sciencedirect.com/science/article/abs/pii/S0924424720302752#!
https://www.sciencedirect.com/science/article/abs/pii/S0924424720302752#!
https://doi.org/10.1016/j.sna.2020.112139
https://doi.org/
https://doi.org/
https://www.sciencedirect.com/science/article/pii/S2214785318327883#!
https://www.sciencedirect.com/science/article/pii/S2214785318327883#!
https://www.sciencedirect.com/science/article/pii/S2214785318327883#!
https://www.sciencedirect.com/science/article/pii/S2214785318327883#!
https://www.sciencedirect.com/science/article/pii/S2214785318327883#!
https://doi.org/10.1016/j.matpr.2018.11.051

