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ABSTRAUT:

Une dimensional nanostructuted materals possess a very hipgh aspect ruo and eonsequently
they possess a bigh degree of antsottopy. Conpled with an execemely high surface area, this
leads 1o an lnreresing display of properties in the cne dimensional napostrechired ceramics,
which differ matckedly from their bulk counterpart:. ‘These chamcteristics have made the
one-duneonstonal nanomarerials o e most sought in snesoscopie phvsics and o fabrcdon
of ranescale, mimaiurzed devices, Flectrospmmning is an established method for fabricanon
of polymer nanofibers on a large seale. By clectmospinning of a polyneric solution coentining
the ceramic precursor and subsequent drying, caleination, and sintering, i has been possible
o produce ceramie nanostructures and this echaigue appears kighly promising for scale-up.
Durng the last five years, there has been remarkable progtess i the fabrication of eeramic
nanotods and manofibers by electrospinning. Cerante nanofibers are becoming useful and
niche marerialy for several applicarions owing s their surface: and size-dependan propeztics.,
In this paper thee o case studies will he preseated which cluddate the versatliy of
cerurmic nanotibiers in the domains of healthoare, reaewaldle evergy and sensor applicatons.

INTRODUCTHON

Advanced ceramic materials constiture @ maiire technology with a very broad buse of
current and porendal applications and a growing listo of mazterial compositions. Advanoed
coramics are  movganic,  nonmetallic  matedals  with combipations of finre-seale
micTostricitees,  putity,  comples compositions and  crvel structhures, and accurarely
comroled addiirres, Such matenats nxluitc 2 level of processing science and m!gim:(:ring Far
hevond that used in making conventional cermmics.

Advanced ceramics are wonr-reststant, corrsion- reststant and lighoweighr marenals, and are

superior o many other ruterial systems with regard fo stabiliy in high-temperature

eriviconmentts. Because of thiv combination of properties, advanced ceramics have an
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especially high potential ro resolve a wide nunber of today's material challenges 1n process
intdusinies, power generation, aerosfrace, fransportation, military and healtheare applicarons®.

Nanostruenires of advanced ceramic matetials are noted for therr stabiliee compared o their
neaz-oxide covnteepares and find diverse techaical appheations. The nanostructured cerammic
materials could viethally replace all the bulk ceramcs due to their high value-addidon in
applicatiens such as catalisis, fuck cells, solar cells, membranes, hydrogen seotage bacteries,
stractural applicanons reguirmg high mechadical strengih, i biology for Hssue enginecong,
Diomolecular machines, Dlosensors, ete, Besides, nanostroctured  ceramie osides  have
poteniia] appheations in advanced optical, magnetic and elecriical devices due 1o the physical
propertics these maredals posses cn account of their electronic sucrure,

One-dimensional manestruciures can e fabdcated on a labowatory seale by advanced
nanofithographic echmgues such as focuseddon-bezm wdting, N-ray hthogeaphy, o’
however, some of these techngques are swited to onily a few inaterial .-:ysicms‘ and moeover
duvelopment of these technigues for large scale production at reasonably low costs requires
great ingenuity. In contrast uncenventional methods based on chemical syathesis such as
electrospinning  might  provide  an altermatve  for  peveraton  of  one-dimensivaal
nanostructuted ceramics 1 rerms of marenal diversity, cost. throughpot and porential for
high volume production. The field «f cecamic nanofiberss made via clecrrospinning 1 eapidhy
growing, as seen in Figure 1.7
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Figure-1: Publication teends in coramic nanofibers upto 2006°

This increasing interesi in clectrospinning stems pritnarily from the fact that it @ a simple,
versatile and relatively Inexpensive technique for syntheszing nanofibers. Tr is precisely the
versatility «f the technique that has aillowed the synrhesis of abour 40 Jdifferens ceramic
systems’. I addition, unlike other methnds which produce relatveh shoet nanorods ot
cathon nanctubes, clectroepinning prodoces continuous nanofibers, This contiouity offels
the potential fur alignment, divect writing, and spoolng of the fibers. This potental has been
recently demenstrated in several laboratory seales, procf of concepr type of experiments.”
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With rhe expansion of elecrrasmnning bom polymers o composires and o cetamics, the
applications tor clectrospun fibers are vastly expanded actoss the domams of healthoare,
reiewable energy and advanced clecerenics. This paper shall review the advancements made
by clectraspun nanostrucrured ceramics acenss 1 of these three domams.

L NANOSTRUCTURED CERAMICS IN HEALTHUARE - IHOMEDICAL
APPLICATIONS

Nature hone is a composite comprising 7% mincerals mainly i the form of nano-HA and
3¥ 5 orgarmc etz mamnly 10 the form of ope 1 collagen. fo addioen o a nerwork of
intcrennnected micro-pores. bone alse has 2 nanostructure made ap maialy of collagen
nanndibers and nans-HA, Tt is icreasingly cleur that nato-texture plays 2 siguificanr tole i
enhancing cell-scatfold interaction. 1t is therefori desitable that the next genevation of hone
graft substitutes would incorporate the kaown compaosition and sttucture of narral bone.
The objeorive of this stady is w0 develop bonwe graft substinite i the form of « thive-
dinenstonal 31} seaffeldd thar not oaly bas the desieable macerial eommposition bat also bone
ikt microe and nano-testure.

A rhree-dimensicaal (312 seaffold was fabudcared using a novel clectrospinning serup based
wn a dvnamic liquid suppoer systerm’. Callagen sype 1, a mujor organic component of hene
and a lindegradable polyet and polveapiolactons (PCL) were used 1o prepare the scaffold”.
PCLL and PCL/collagen three-dimensional seaffold was minecalized using the aliernate
soaking” and the co-precipitation methods”™

By electrospiuning on o dynamic bguid support, the nanohbets coalesced inny bundles of
varn (nanovamy. The fulding of these steands of rope-like nanoyam creates a 31 scaffold
with mtetcomected micropores. Freese-dried PCL and PO/ Collagen 313 sealfold were
made out af a network of nanoyarn with pore size ranging from a few micromerers to 3 few
hundred micromicters as shown in Figure 2(A% Under SEM, it can be seen that individual
yags feom PUL 3L seaffold were made out of aligned nancbbers white PCL/Collagen M)
scatfold were mere random.

Alernately dipping the scaffald i CaCl and Na,HPO, creates depositon of T4
ianaparticles un the 31 PO Collagen scaffold as showno i Figuse 1ib) while no HA were
found i pure PCL scafold. Nevertheless, some J1A were deposied on PCEL seaffold by cor
precipitatadon in CaCl, and collagen solation as shown in Vigure 3 (). Huoum teal
asteoblast cells and mesenchymal stem eclis (MOS) were seeded om the scaffolds and
obsetred™

Huiman feial coreoblasi cells were found to adhere well 1o I’CL,#'(.'r..rﬂagcu 31Y scafiold and
minetalized PO/ Collagen 3D seaffold (Figuee 2 @0 However, very few cells were fouad
on PCT. 3T seaffold, MSCs seeded on PCY that were mineralived by co-precipitation i
Call and eollagen woludon were also chserved o agiach well to rhe 313 scatfold as shown in
i"igurt 2 (_bx'l.
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Figare 2 |A) Freeve-drird PCT/Coflages 3T [B] Mivienaized PCTS Cullagen
sewlTobd wink TTA {srrerwesl umm‘psﬂicir.s m:illg alierrae Nlmi\illg eeved Doeel, [}
ostcoblast cullvred or mincralized PCL/ Colingen 300 seadfold after 3 days.

fagsie 3: Mineralzed colligen nanofibers tabricared by donhla
soshing method, reaction time 5 min {Jefi} amd 1% mip (nghi}

Conventional electrospinning 15 a versatile process for producing sheers of manofibers from
different matenals and compositions. By modifying the setp, we were successid in
fabticatng 3D scaffold made of aanofibrous yarn. The resultant 3D scaffold hax
incerconnected pores of varying sizes. The lngrer pore of more thuan 100 um will be
favarable for bone mgrowth and angiopenesis.  As pure collagen degrades too rapidhy, a
blend of PCL and collagen was used ro provide straciural support dedng cell mugaaen and
profiferation. In our Blrcation process, HA thay were mearpneated onto the nanchbers
were in the form of biomineralized HA nanoparticles i resemble the FLA found i natueal
bone. "The alternate soaking method has been shown o be a rapid method of depeasiting
HA nanoperticles onto substrates ermnpared to orther method of biominetalization. This
study also showed chat the presence of collagen is vital for the successtul deposition of HA
manoparticles. In pure PCY, very limited HA was deposited on the nanofibers while in
PCL/Collagen comprsite, large quantdtcs of BA were deposited. The hydrophobic nature
of PCL 15 not conducire to formation and deposigon of 1A, Only when « small amnount of
collagen was added to CatCly soluden can HA nunoparticles be depesited on pure PCL
scalfoldd, The reacttve amino and cathoxylic group mn collagem provides nucleation site for
the formation of TIA nanoparticles. I-vitre sfudy using MSC and asrecblasts shoased tha
these cells adhere well 1 those scaftolds conaining collager.  Tarthermore confocal
microscopy showed the prosence of nsteoblasts ar the interior of these scaffolds, [n spite nf
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the presence of nantotexture, 3-17 scaffold made of pure PCL baz poor cell adhesion due o
the hivdeophobne natare of the polymer.

‘The oext stage s to fabdcate 312 seaffolds fram other pofemers such ar polvlactic acud sl
the incomoraron of hilogical molecules such as bone morphogenie protein (BMI),

Chetlook

H A deposited cnmpeasite polymer fibers show a preat potential for (abrication of boae grafes.
By combiming the nanocompostte fibers with of growth factors and deaps which aid in
healing process, it will he possible to fabnicale a bone gratt which can be wsed for
retntorcerment o treal muldple fractures and osicoporests. The appliciion of ceramic
pansfibers m the feld of biomedical implants is stil st its lancy and as indicated before the
potential c¢ffocts and henefits are yet to be quantitatively estrated. Aldiongh mweral oxide
nanuparticles have beeo suggested Tor chemotherapy, drog rargeting and dilivery vehicle and

as Diosensnrs srill they have not been commercialized because thetr eytaroxionty remains
unhoewn'' These nunoparticles could permeats e tissues and other organs becavse of
their small size. We predict that by using elecitospun nanoceramics, this issae can be solved
due ro their macre scale dimension alvag voe direcion; beavever, deiled tests are required
to prowe this.

1L CERAMIC NANOFIBERS FOR CLEAN FNERGY SOURCES - EXCITONIC
SUOLAR CLLLS:

Une af the major challenges that future generations will face is to find ot solutons tor the
mcreasing energy needs. 'This challenge stems froam the limitanons i the stock of aroral
fovuil fucle, Therefore, scarch for alternare encrgy source that are not enly rencwable but o
clewnt From envirenmeneal and other buards has been dniiared worldwide. Theotov oltides
(LY are & promising technology that directly takes advantuge of our plaet’s ultimate source
of power — the sun, When exposed 1o lighe, solar cells are capable of producng electnciry
without any harmful effect ro the envitonment or device, which means they con generate
pracer For maay years while reguicing only minimal mainieance and operational cosrs,

Existing Solar Cell Technologies

Vidarding types of solar cells may be divided inea two distine classes: convenaonal solar cells,
such as sihicon and H-V pon juncoons, and excitonic solar cells, s Moar onganic-hased
sodar celis, including dve-senstinzed solar cells Tsss) fall inne the CHTCETY of ESCs In
these cells, ercirons are generated opon Light absorpuon. The distungushing chamcteniste of
IisCs 45 that charge catriers are generated  and  smuoloancowsly  separated  across
hcteromeceface. 1n conteast, pboto-generation of free clecteon-hale parrs ocours througheut
the hulk semiconductor in conveational par jutedon cddls, the catrier separation upon it
arrival af the juricnon s

aubseguent process, Phis apparattly minoer mechamstie disnnction
results 1 fundamental differences in photovelmic hebavior, For exunple, the open circat
photovolage Fne i conventional celis is Tmiced 1o Jess than the magnitode of the band
bemding (9hi): however, oo in FSCe is commonly greater rhan Ohi Solid stare pon
juncton sobu cells made from crystalline inoggranic sertconduciors {e.g Sand Gads) have
domimated the commercial Y market for decades, Commoercial solar cell modules (aves
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typical 1 x 2 o) of efficiency ~ 17% and single cells (area ~1 cm? of efficiency up to 4070
{undet lugh opucal concenteadon) have been realized from crystalline silicon and
multijunction  Jevices, tcspccﬁw[\-‘”‘ A thotough documeniation of the progress in
photovelraics 1l dhe year 2006 can be fouad in ag easlier report'®. Currently the wide-spread
wse of photovoltaics over other energy sources is lunited by its telstively high cost per
Kilowart-hour, however, HSCs are libely o be an exceptinn due oo the possibilities of cost-
effecriveness and sase of fabrication compared o the orystalline silicon and TV pn
juncton solac eolls® "

Principle of working of a DSSC

The phoroveltaic effect in 1SC ocenrs at the harerface between a dye-couiugared
photociecirode and an electrolyte. A DINSC consists of three funcricnal pares {Fignre 423 vie
a solar light harvester, nsualle w dve, whick convents an absorbed photon inro an exciton; an
clectron accepror (elecrrode) that splits the exciton mnto clecirons and hisles by the encrgy
difference between the LUMOy of the light harvester and the conduction band of the
clectrode: and a redox mixture that injects the cleetron back ®s the dye. The final
photuelectric comversion officiency of TISSC depends on many factors.

There arc ar Jeast nine fundamental processes that can control the final energy conversion
efficiency in o excitonic solar cell (Figure 4h). The fundamental processes oecuwr in HSCx
are {{} photom absorption which is deeermined by the wavelength window where the
tarvester absorhs, innensity of solar radiaton at that window, and absorption cross section
of the dve () (2) eadiative recombination determined by the caerier life time and the
probability for mdiatve recombinarion mn the excited state {Tgb {3) excitan diffusion and ity
diffusion length (V1 which conrmlled by the exaton diffusion coefficient (Ryy,) and
cxciton life tme; (4 nterfacial elecuon transfer and i rare (04,40 (5) interfacial charge
recombinaba determined by the rate at the interface (), .k and (6) the exaton relaxanou
(M) through which the exciron lose it coergy due to telaxation: (7 electron teansport
theough the clecrrade with dnfr (ve) (%) ihe phonon relaxation (..} through which an
clectron fose 1ts eacrgy via thermalization, (4} the tedox potental of the clectrelyn: and eare
of clectren tonsfer to the dve. All these factors are o be clearly vnderstood to achieve hivh
conversion eificiencies. - .
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Figuee 4: Configuration of DSSC {A). A siwmplificd diagram that shows processes
ocour in a DSSC. Refer text for definition of tie parameters.

Improvement of Conversion Efficiency

LT 1Tl 2 .
v LE L e ax wiell as choice of elentrolytes

efficient electron diffusion and transport
and dye medec wles™ & 5 A Loy improving the energy conversion etficiency of TXSSC, The
hest petformed RS0 so Far produced, which reported an efficlency ~L1.i%, ushilized 2
dedivative of Ru dye as light-harvester (hlack dyved and mesoporens Til), as clectr swle™. Tar
curdonr applications. the wedo elecrrolyke containing lonic Haguids wodide (1 and siiodide (T
) ions wee the mediam of choice because of ther high thermal swabiliy, non-flanunaladity,
neligible vaper pressee, oad low texiay. ‘the 110, naaofibers and nanoreds recently
gained utrention ot fabreicarion of TESXC due to the channeled electron rranster in them.” "
U onversion efficiencies of ~5.8%% and ~6.2% are reporied in polyerystalime T, fibers
and single crvsralline nanorods', rexpecrively. Apabi in beorh of these cases device working
area was rather small (< 025 et Poor adhesion of nanofihers with the conductive gliss

substrates Inposes severe restrictions on the fabrication of latge area cust-eftectve D53

T ovvereome il adhesion ditficulties of TIK- nanefihers oo conducting, alass plates, we
developed a technique to fabreate latge atea eleeteode layer wsing clectrospun nanofibers’
Pure anatse 130, nanofibers were prepared by electrospianing » polimeric solurion. and
sulwsegnent sintering, The deratls of 1k nanober fabricarion and their propueey ecatuagon
are published clsewhere™. The elecrrospun aanofibers were mechanically groand 106 prepare
T nanoreds, These rods were dispersed i o sufrabile sobvent, spray dried, and siatered to
obiain demse elecirades, A schematic of this prucedore and final dve-anchored elecrrndes
develaped on conducting plare = shown in Fgure 5 These dyc-anchored TiL), nancdibees
were vsed to fabricae fagge area solar cells. The best-porformed BS3C evaluated under
AMISG (T sunl condiffon gave current deasiey ~ 13,6 mA Jem’, open cucuit volrage ~R2 V),
fill factor ~51% and cnergy comversion cofficieacy ~5.8%%, We fusther observed thar when
dyer are cowugated o nanohbers they showed THoaggregation in contrast 1o the 1
aggrepation eeporied when they are coordinated to 110, nanoparticles. We are curranily
warking nn iproving the elecizical fransport propertcs of nanorad 10, electrodes athet

Mangstructured Materials and Nanotechnology I - 7
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by doping with heavy metal wns for guasi-metallic conducovity or by patteming the
nanofibers such thai the grain boundary scattering are minmimized.

@ Tt
Tior Mamorods

Figurc 5: {A) A schematic showing spray deposition of T10, nanorods vn the
surface of FIO glasses. (B) The Ti(, nancrods sprayved and sintered on FIO glass.
The color of the electrod fayer is due to the N3-dye anchoring. The TiO, nanorod

electrodes were dispersed in a 1:1 vol. mixtuwre of acetonitrile and {ert-butanol
with rutheniuma dve (RuL (NCS).-2H O; L=2.2" - bipyridyl-4.4 -dicarboxylic acid (0.5
mM, N3 Solaronix) for 12 h at roonr femperature. (C) An SEM image of the spray
sintered Ti), nanorods.

Performance of solar cdlls can be improved by inwoducing highly orgarjiud vertically
aligned arravs of nanorods as 2 base of solae celis constrocnon (Furaee ﬁ_, High aspect ratic
and imuch agger, n comparison to classic setup, acove area of such srmchire sould increase
eficiency and faster ionde and clecreon maobility along e nanorods wouold prevenr the
trapping of electron-hole pars especially at graias boundaics, whar alse will find effeer in
efficiency increase. Ti is proposed to obitain such strucrures by electrohydradynamic shaping

of charged sohncn droplets by longirudinal dectric feld inceracton wieh them and prectsely
placing of the creared nanoreds on the substeate.

2 ~100nm

Figure 6: Patiemed Electsospinoing o produce
orderod naenfiber armays
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The Third Generation of Solar Power Haroessing — Application of Quantum Dots

The 13550 has a theoretical Wit of conversion efficiency ~ 31%,, which could be shilred
~42%. if the dyes are replaced By inorganic quastum dots due (o the ability of the latrer o
prodduce more excirons feom a single photon of suificient crlerlz,y':"’. ‘this phenomenon is
called multi-excitan generation (MEG) or imp'mt wimizarion and has been dememairated in
quatttam dots popular sumiconductoes such as CdSe and Phde™ ™ ¥ 1 his property could
be cxplonted 1o build solar cells, then mare fracidon of the solar energy could be converted
it clectrdeal enirgy. Colloidal CdS quantum dots were used 1n DISMI as varly as 1990, e,
within twur vears froan the reabization of qoantum dots, that gave an encigy conversion
cfficiensy ~6"". Towever this result conld aot be reproduced and sulsequent seports il io
date gove efficiencies less than by a tactor over two (Lsble 1) Tn other words, dhe
performance of quanmm dot sensitized solac cells is nferior compared o the conventional
dve sensitiyed solac cells despite ol the remarkable propertizs of guantam clors.

We recognize that in carlier approaches, quentum dots were stroply wwed o5 a replicernent
for dves without understandmg fully the origin and controlling factors of photo-excired
clectrons and/or their photoelectrochemicul properties, For example, the most imporrant
Fequiretnent for electrun injection jo 13880 s that LLMO of the light harvester should be ac
higher energies than conduciion band of the phetoelectrade. 16 the LMY @5 at sigdar
energies or lewer than that of the conducrion band of the clectzode matetial, the clection
injection 18 oot probable. In eonvendonal photeclectrochemical cells, TiC, has beea a
matedial of cholce as photoclecteade beeause of ity readily availabdity and relapve Hund
positions with mawy of the dyes. However, the conduction band of V0, & neagy same as
that of the conducticn band of the bulk CdSe and Ca%, a0 widely studied seomconduceors
foor qumrum ennfinement effect'’™. 1F these yuanium dots are used as lght harnvesters, the
castier injection is efficient woly if the guantum confiaement phenomena shift it LEMO o
higher levels. This tssue is oot elaborarely addressed in the lirerzrute of guantun dees
canploved photoclectrochemical eolls. Farther, colloadal guantum dots should be properly
atiached to organic ligands e bind with the phoroclecrodes. These linker molecales have
crucial roles in determining the charge transfor and final erergy conversion officieney of

photulecirochemical cells.

Ve addressed e later problun, e, role of a linker molecule on rthe aoploclectronic
properties of CdSe guantam dots, recently using expedmental results and fiest principle DU
calendations™. This study revealed that axygen-containing molecules that are confugated o
the sueface of CdSe mreract strongly wich CdSe compared [ [ON-OXYgen  crmuaining
molecules and infucnee s optoclectronic properries. Our study recommends that surface of
quantum dots should be confugated with proper choice of bnker molecules for improving
the performmnee of quantum dot sensinacd solar cells,

Onuilook

The 1%55Cs have the poreonal of produciag solar cells of lower cost per kilowaer-hoor due
to the availability of cheaper coranne macerial systens and case of fabricatiem compared o
the crrstalline <ilicon apd M-V pon juncion solar cells, Conversion efficiencies as high as

Nanostructured Matenals and Nanntechnology I - 9
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~ 11.1% were achieved i XSSO by making use of mesoporaus 'Pil); as electrode and black
dve, Efforts are corrently underway ro improve the conversion cefliciency by improving the
clecuical rransport properaes of nanorod deceades cither by doping with heavy mictal jons
[t guasi-metallic conductvity or by patteraing the nanofibers such that the geain boundare
scatrering, are minimized. Besides efforts are also undentook to develup new protaiypes of
excitonic solar cells 10 which guantum dots are uvsed as lght harvesters in the place of
organic dyes. The quanmim dois has the potential of increasing the conversion efficiency of
solar cells by gencrating more charge carricrs from a single photon of sufficient encrpy
compared (o the conventional organic and meallorganic dves.

NI NANGSTRUCTURED CERAMICS IN SENSOR APPLICATIONS —
ELECTROCERAMIC GAS SENSORS

(her the past 20 years, a prear deal of research effort has been directed toward the
development of gas sensing devicrs owing to the fact that these sensors have heen widely
used, Gas sensors are owreenty used 1 the following dotmnains-
»  The anrometive, ndusrial, and acrospace scctor for the deteebon of NO_ O, NH,,
SO, Oy, hvdeacarbons, or CO in exhavst gases ot envitonnient protection
s The fond and beverage indusmics, where pas sensors ace wsed for control of
fermeniation processes: :md
& The domesne sector, where €O, humidity, and combustible gases have o be
monitercd or detecied
The buge varety of applications of sensor technology faels 3 continuously growing market,
which 15 expeeted o excecd § 7.5 Billion ia 2009 for the USA alone™. Some emesrping novel
applications for these sensors include continuous memiroring of explosive traces which can
help 1o enhance securty, moenitoring of vapars in medical Jiagnosncs, and in monroring the
level of trace pollutants such as CO, PMI partcles, ere. In a laborarory environment, all
these comprnds can conventionally be measured vsing techniques such as JR or LV-Vis
Specteoscopy, mmuss specttometey, or gas chromatography, Alrhough these methods ace
precise and highly selective, and allow tie detection of a single compound in a mixoire of
gases in very Jow conceiueations, it s obvions that their ﬁppl.[cat_i{.m s bimited by cos,
instrumentation complexity, and the lazge physical stec of the instrumentation,

For low-cost and mobile applications, solid-state pas sensors are most common, Such o
sensor elemen has to wansform chemical infremation, originaring feom a chemical ot
physical reaction of the gas mulecule to be detected with the gas-sensivive materdal, into an
anabytically maunpeable signal. Considerable efforrs have bren undertaken to develop seasors
for these novel applications, however, many of these cfforts have not yet reached
conminereial viabilicy [)LLJLL:-,L of problems associated with the sensor technologies apphed ro
Inaccuracies and mherenr chasactensaes of the sensors themschees
have made i dii‘h{,u]t to produce fast, relizble, and low-maintenance sensing systetns
compatable ro other mice-sensor technelogies that have grown oo widespread use
eomimercially™. Wiih the inereasing demand for bettes gas senzors of highet sensicdviry and
grearer selecrivicy, intense efforts are being made o find more satrable marerials with the
required surface and bulk propetties For use In gas sensass.

-
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Warking principic of a gas sensor

The principle behund solid-state gas sensors s the reveraible interaction of the gas with rhe
surface b o sebid-simte wateet resoldng i a change 10 macerinl’s conductivity, ln addition 1o
the conductivity change of g-ensing material, the detection of this reacoon can be
performed by messoring the change of eapacisance, work l'unrriun, s, opteal
clirneteristios or peaction eneigy released by the mas/solid interac tiwm*’ This prinople s
lestrated o fgare 7 below,

Various makenaly, synthestzed i the form of potols ceranics, and (ll.‘]'ll’__ib‘i('f_'.d i the form of
thivk oc thin Oling, are used 23 active lavers in such gas-sensing dovices. Yhe read-out of the
memured value 15 performed vin clectrodes, diode artangements, ransistors, surface wave
components, thickness-made transducers or oprical arrangements. |owever, m spie of so
big vartety of approasches to solid-stare gas sensor design the basic operatinn principles of all
s sensors above mentoned are smdlar tor all the devices. As a ules chermiesl processes.
which detecr the s by means of sclective chemieal teacnion with a reagent, mainly arilice
solid-state chemical detecdon principles s shown in figure 7.

| Change of the thickness of
| unstoichiometric surface layer;
| change of bulk conductivity;

| change of the thickness of |
| space-charge region |

| Change of surface stoichiometry;
{ change of surface potential;
l change of surface conductivity,

change of surface reactivity

\\ Grains Reduction/Reoxidation —
Bulk oxygen
diffusion —
Surface
unstoichiometric
laver

Bulk region

Interface region I Adsorption/Desorption

Catalysis \\

r— ------- —  Intergrain {surface) diffusion 1

Change of metal oxide Change of surface charge; '

stoichiometry change of surface potential;

at the intergrain interface: change of the concentration of

change of the hight of intergrain chemisorbed oxygen participated

potential barier; in “redox” and diffusion

change of intergrain resistance —

Figure 7: Hlustration of the processes that take place in metal oxides during
gas detection '

Materials used in » sensor

sedid srate sensers have heen Babricated from a wide wancny of matenals such ag sohd
electrolytes, classical senicinducror, nsubaiors, metals and Hr'"mll pelvimers Y he deraids
have been furulsh:,d o table 1.
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Table 1: Sokid State Sensor Materials and Applications

Type of Materials Analyte
Sensor
Semconductor 51 Gads H'. G, €0, HE propanc e,

based zensots
Serpicemducting 500, Zn, 110, Cadl, NiO, H., OOy, Q2 HLR AsH, NO,

metal oxide WO, I\.ZH,, NH., f_l-l_;, .tlcohml
SENSULS
Solid elecrzolyte Y. stahilized ZeCh, ). in exhanse pases of
SEnsOrS automohiles, boders erc.
Lal,, Nafirm, L, O, CO, SOy, NO, NG, and
(HPO ol 1O, Ste . Yh (s 110
Creganic Polpheml acerlene, 20, Co, CH,, H.O, NGy WO,
semuconductors  phrhalocranine, polypyrrok, NH,, chlorinared hvidrocathons

polvamide, polvinude

While many different marerials and approaches to gas detectiom ate available, meta oxide
sensors remant a widely wsed choice for o range of gas specics. These deviees offer low cost
unel relative staplicit,, advantages thet shoold work in their favor as new applicutions
emerge. Metal vxade based sensors are much stable and pufmm well compared toe their
polviner counrerparts, Morcover it is selatively simple to (nynu‘r these ceramic matetials to
aptmiye sensor perfonmance.

It has been reported'© chat metal oxide senscrs comptise 1 significant part of the gas sensor
component tnarker, which gencrared revenues of spprodmaicly $1.5 Billion wotldwide in
998, Significant growth 15 projected, and the marker should exceed $2.5 Bilhon by 2000

Advantages of une-dimensionsl structures

The different 1.1 panostrueare atrangements that have been reported in Breraruze to have
the potential in sensing applicaton are summarized in fipuee 34

Figure 8: Diﬁerem ID meial ux;de nanostrucmres fmm top right:
nanowire, core-shell structure, nanotubule, nanchelt, dendrite, hierarchical
nanostencture, nanorod, nanoring, nanocomb™

O E
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Chaygen doms adsorhy onto the surface of the 1-0 nanostuctured  matenal, reimoving
clectinns from the hulk and creaning a potenoal harrec that e electron movement and
conductivite, When teactive pases combine with this oxygen, the height of the barrier
{Schortky) is reduced, increasing conduerivity. This change in conductvity 13 ducedy rolated
to the amount of 4 spectfic gas peesent in the caviconment, vesuling o2 quantifasve
duetermination of gas presence and concenttradon, These gas-sensor reachions g preally oocur
at clevated tompesatures (150-600°0), sequiting the sensors o be anternadly heated for
maumunr response. The opecating temperarure must be optuntzed for oy the sensor
material und the gas being detected. Tn addiion, to maxdimive the opportenities for surbice
reactions, a high ratie of surface area 1o volume is needed. As an inverse relstionship exists
herween surface area and parocle size, nano-scale maredals, which exhibit very high surface
ares, ate highly desirable. Gne dimensional nanematerals have o unique preference Bor
sensor fabrication® . This is because of therr size dependant behavlor, This quantum size
effect is repotted w be seen in 1-T3 natomaterials of size < 50 nm and funcoons oo enhance
the sensor properties.

Structural Frgincering of materials to enhance sensor peyformance

Structural engineering of metal oside films 35 e most ctfecive method  used  for
aptimization of selid stale gas sensors. The considetable 1mprovement of such cperating
preameters as gas sesponse, seleetvity, stabibity, and sate of gas response can be achieved due
w optintzaton of both bulk and surface siruceure of apphicd menl vade films,

Besides the particle size, the iufluence of 1he microstructnre, that w, the subsirace thickness
and irs potosity, are the other fictors thai affect respense Hme and the sensitvity. Sensiag
lavers are pencirated by oxvgen and analyre molecules so that a concentration gradient i
formed, which depends »n the equilibrivm berween che diffusion rures af the reactants and
thwir surface reacrion. The rate leading o the equilibrom condition determines the response
and recovery sme. Therefore, a Fast diffusion mte of the analyre aod oxvpen ings o he sensing
bedy, which deperds on it mean pore size and rthe working temperature, s vital.
Fusthegmore, maximuem sensitivity will be achicved if all perenlaton paths contabute o the
evemnll change of resistance, that 15, that they are all accessible to the analyre molecules in the
ambient. Thus a lower subsirare thickness together with a highor porosity conmiliures §o a
higher renuitivity and faster response time, This was verified experimentally most recenrly by
Yamazoe and coworkers™ 7 imvestigating the gas vespoase on 1, and HS of thin filme of
monodisperse: S0, with particle diameters sanging from 6-16 om. ¥t was found that the
seasor tespoilse was greatly enhanced with decreasing film thickness but with increasing
prain size up fo 16 nm. the darter appears to be unexpecred but can be understood 1o ferms
of an increased porosivy, which cannot be achieved with the smallest parncles studied.

Recently we ¥ demuonistrated  rhe gt plevo-response from nanaftbers of PAT (Jead-
zreconmm ritanate) maveral prepared by the elecrrospinning technique. Tr was found that the
stmin i these ose-dimensional menofibers were 5 omes in comparison with their bulk
counterpare. Such maccrils are oot only wsefud as sensing subsitare bui also 11 acarors
which and i ransducoon of the signal iote dectnes] or mechanical response. Application of
manostruchured ceramics moactaators codld lead o development of devices with higher
overall sensineity and much lower it of detection could be obruned.
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Pare metal oxides are not able to comply with all the demands of @ perfect sensing interface,
To avercome the wsherent imitations of the pute base matetial, doping with metals and./or
oxides has a profouwd mmpact on the sensor perforlrnmce'; ! Nre thar this prowess of daping
is not compatable with the bulk doping of semiconductors for microdlecironie applications.
In this case, doping is i fact more the addiion of carlytically active sites (o the surface of
the base material. Ideally, the depig process improves sensor perfermance by increasing te
sensitivity, favoting the selecrive interacdon with the target analvte and thus inercasing the
selectrary and decreasing e response and recovery dme, respectively, which is then
aceorpanied by 5 reduction of the working temperature. Furthermore, surface doping may
enhance the thermal and long-termm stability. The conirol paramerers are composition, sive,
habie, and redox stare of the surface modifices, as well as their dispersion on and/or e the
metal oxide surface. As s known from the size-dependent properdes of camalyrically active
nanoparticles, the particle size can c.ffc-:tiuc'i}- comtr the temperaure range as well as the
cfticicney of o catalytic reacton . The effects of doping are swnmarized i figoace 9.

con-
contraticn of
froe chargo

caminTe

Slcechametry
& surface
archilectne

gran mze &
Fublr

formaton &

atabilization
of active

calatyst

catalyhc

g(al:}
sintaning

Figure 9: Various effects of metal based doping on ceramic sensor
suhstrates™

The mudification of Talictd, by 5 and Mg had an effect o swongly increase the
cenductanee of the nanocrystalline samples. At low operstion temperarures, an exceptional
dual conductance response was found ar exposute o the tested redusing gases GO, CJH,
and CLL,. T dhe case of €O exporure, & high conductance incrcase of the Lal'e), saople
was found ar low operation remperatures, o, by a factor of | 300 at exposure ro 200 ppra
of €0 m synihetic air ar 100eC. The sensitivity of the TMFD and TSRO samples was nuch
lower than that of the 130 sumple at exposure to CO, C1 1, and CTLY

Tan and #hu' reported that mived tron and tin oxide sensors made from nannmarerials
thar were about 30-30 uin in size shiwed enhanced sensitiviy iowards ethanol. The
quanmum size cffeet was scen to enhaner ot ealy the sensitivity aloae but also the schectivity
against the trger analyte. This properry was attributed o the dangling oxygen bonds at the
srface which caprured the apalyte. n fact, the authors veported the selectivity {othanel Vs
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20 and H) was 32 rimes hightr than aniy other ethanol sensing syatem. Sach draspic
i are possible ooy through the nanosize,

IMPrOveTen

Outlook

Wato-compaosites” Jdesign is the most promising, ditection in the development of mateeials
tr solid-stare gas sensors. Cine dimensgonal nanomarenals have seeantly atteacted nereasing
mnterest and the possibility of functonalivaden of these materials with dopants would inpart
them with  unigue physical- chemical  properdes. FMhighly  soplisocated  surface-related
properiies, such as optical, electronic, catabytic, mechanical, and chemical ones can be
obrined by advateed manocompaosite 113 marenals, making them atuwactive for gas sensor
applivations,

V. NANOSTRUCTHRED CERAMICSE IN CATALYSIS AND OTUER
APPLICATIONS

Ceratvic panofibers huve been explored  for other inrercsting  applications swch as
punification of fuel oils, hot gazes and also eovironmemal applicitions as described in this
section, Suetace arca s the dominanr facror thar decides the oxtent of caralysis and s
efficiency. Ceramic panofibets are niche matenals which fir this application as they posaess
estravrdmarily high speeific surface area, ‘the use of decirospun coramics for chenucal
reaction subserates or catalysts 1s also an upcommyg field of mterest.

Ceramic membranes can be used o wap heavy metal coutaminants from indusirial effluents
ot avers. Teis well established that the nanosize possesses 2 hich surface activity and this
aids 1n selectve captore of contaminants or functional modetics. Taking the<e advantages
i consilerarion, nanoceramic oembranes could be fabricated by decirospuming and wsed
for specialized filoradon applicarions, Moreover by elecrrospinning ir is posatble 0 achieve
precise positioning of the Gbers and asourate control over pute-stre of the camlyde
membrase. This leads o fabricaron of membranes tadored for a given syetem fo achieve

cnhanced mass-rransfer.

Alumina nanofibers thae are abouar 2 pm oin diameter are currently manufactured 1 the
wdusers™ (Manncecan®®) {or fderadon applications. The Nanocerun® aloming Bhers are
cleciropissitive and attact dust, They alser bind and zap virwies and bactena, The nan size
cnabiles hugher fus, atleast fwo erders of magnitude compared o other membrancs and de
oist gt clogeed by sub-micton paiticles wlich 1< a major problem in conamcercial sembes.
Hor cr al™ were the first 1o prove the concept by fabrication of ceramic nanefibers fhrough
elecrrospinning and showed dhar i aids in the remoral of heavy metal impurites suely as
Cadimium and Arsenic from waste water. The eam found thar the semoval of heavy meral
impurties was cuhanced due to the nanostrucrure configuration of the flter and the captuce
uf contaminants was much borter than thas of the budk ceramic maverzal.

Ramascshan et o™ have shown the applicabiliry of clectrospun ceramic nanotibers as good
catalysts for the detoxtlicanion of chemical warfare agents. Chemical warfaee agents such as
the uerve agents {forpanophosphorus class uf coimpounds] and che bhstee agents fmastards/
sulfidest are quue haemfol and are eapable of killing or meapacitaning the pesple whe are
exprsed to, even for a shor nme, These agents are knosn oo react with meial oxides (Mp,
Al Fe, Ty Zn, Cr, Cu, M, ero) which act as canalysts 10 detnxify dhem inte non-woxic
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harmless by prodoces. The authors Fabricated a mixed metal owde nanofiber reporied as
Zine Titanate and proved rheir deconmmmation capacity over warfare simulants such as
dimerhyl macthylplhiosphonate and chlorocthy! ethylsulfide,

Outlook

The caralytic appheaton of bulk phase ceramics hae been well recoguized explored quite
extensively, Minirorzacion will lead o improvement of catalvtic activity and Improve vield
and turnover mtios. This potential opens up a wide range of applications for the ceramic
nanfibers, from industoal catalysis to filusdon, purification and other envicemmental
applications.

SUMMARY

MNunostrochired ceramics are indispensable matedals for many applicationa. Althouph their
value.add i several applications has heen shown, however only a very few are in
eotinercial form. This is owing to difficoltics m their sputhesis while maintaining wniform
configurations on a lerye scale. In this review, we have highliphted seme impoctant
apphcatnons wherem the usefuliess of nanostrucnaed cevamics have been clocidared and
alsi desciibed how these materials have alsa been fabricared by electrospinning. Rescarch
zctivities in the field of one-dimensional cermmic nanostructures began only recently and this
1= still considered a5 a burgeoning area. Application potentials «f ceramic nanostnwciures in
pure form or in hybed with polymers or other organic materals are stll to be explored in
detail and require considersble artention by the R&:1D communie,
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