Journal of Materials Chemistry C

AL SOCETY Journal of
("""““ Materials Chemistry C

Electrospun materials for solar energy conversion:
innovations and trends

Journal: | Journal of Materials Chemistry C

Manuscript ID | TC-REV-02-2016-000702.R1

Article Type: | Review Article

Date Submitted by the Author: | 23-Apr-2016

Complete List of Authors: | JOLY, Damien; CEA, INAC-SPRAM; CNRS, INAC-SPRAM; Univ. Grenoble
Alpes, INAC-SPRAM

Jung, Ji-Won; Korea Advanced Institute of Science and Technology,
Department of Materials Science and Engineering

Kim, IlI-Doo; Korea Advanced Institute of Science and Technology,
Materials Science and Engineering

DEMADRILLE, Renaud; CEA, INAC-SPRAM; CNRS, INAC-SPRAM; Univ.
Grenoble Alpes, INAC-SPRAM

\RONE"




Page 1 of 28 Journal of Matertals Chemistry C

»

CHEMISTRY
Journal of Materials Chemistry C

Electrospun materials for solar energy conversion: innovations
and trends

Received 00th February 2016, Damien Joly,”>¢ Ji-Won Jung,? Il-Doo Kim“?" and Renaud Demadrille #><

Accepted 00th January 20xx
This feature article discusses highly promising and versatile electrospinning methods and electrospun materials employed

DOI: 10.1039/x0xx00000x for the fabrication of solar cells. Electrospinning is attracting for creating one dimensional mesostructured organic, inorganic
www.rsc.org/ and hybrid nanomaterials of controlled dimensions, prepared as random or oriented continuous nanofibers (NFs), with
possibilities of ordered internal morphologies such as core-sheath, hollow or porous fibre, or even multichanneled
microtube arrangements. The dimensionality, directionality and compositional flexibility of electrospun NFs and mats are
increasingly being investigated for the targeted development of electrode and electrolyte materials, where the specific
properties associated with nanoscale features such as high surface area and aspect ratios, low density and high pore volume,

allow performance improvements in solar energy conversion devices.

capabilities in creating nanostructures from cecamaterials.
1. Introduction This remarkably simple technique is applicable td a

During the last decade, the dramatic growth of aded condensable materials, spanning from polymer smistito

electronic and optoelectronic devices, and relééetinologies, mOIth mat'(\elrllzals _a:d 'r: allo(\j/vs the produt;;u%r‘;sofraa:mc
has been inherently associated to the developnienhovative narl]no : .er.s( S)k‘;\_”t de't _err]a ense, porolus, ID I tructgre
nanomaterials. Around the world academic and iméaist V€N It is combined with conventional sol-gel prsmag

researchers have focused their works to designsgnthesize followed by high tempe_ratur(_a calcmatpn_._One ot titrong
new nanomaterials exhibiting tailor-made propert@svarious advantages of the technique is the possibiliutwetaccurately

application domains including information and conmication the chemical composition and the dimensions okjhehesized

technologies$;? biotechnologies and health care technoIo@ieQanomate”als' Besides, .the control of the direalo
sensord:S6 energy conversion and stordge arrangement of the nano-objects as well as thaseirdoverage

In this particular field, nanostructured materiajgpear as can be achieved on various surfat&srom an applicative point

valuable components to decrease the weight of greiaage of view electrospinning is a cost-effective methbdt can be
devices such as batteries and supercapacéhdtdZor to boost easily scaled-up making it very economically atixes and

the performances of photovoltaic and thermoelectrﬁ;@mpat'bIe with industrial requiremerifs. For the above

devices!®141516The preparation of nanomaterials requires frofjentioned reasons, electrospinning methods werelaeed and
employed in recent years for the fabrication ofimas material

electrodes suitable for energy conversion and géora
applicationg?°

In this review, we will discuss some of the maderesting
features associated with electrospinning technidoie the

the scientists to develop specific methods andgs®es in order
to control the shape of these nano-objects, theiedsion and
their chemical composition. Among the techniqued &pls

developed for the preparation of nanomaterials;tedepinning

appears as one of the most powerful and versatdthads. ) ) ) )
Indeed this wonderful technique that was discovenede than preparatlor_1 of nanomaterla!s of |nteresF, partidylafor
one hundred years ago by Colyand later developed byphotovoltalc energy conversion. We will introdudee tkey

Formhals!® allows for the fabrication of a large variety o]prlnup.le_s. of the electrosplnnlng. process and huyhl .the
nanostructured and mesostructured inorganic, ocgaand potentialities of electrospun materials by presenthe various
hybrid materials morphologies that can be obtained, and the divays®ositions

Nowadays the tremendous interest of the scientif?é binary or ternary metal oxide semiconductors dmped

community in electrospinning originates first fraits unique materlals. that can be achl_eved. . . .
We will attempt to provide a detailed overviewtloé various

materials made so far by electrospinning and shggd bn the
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Fig. 1(a) shows a typical electrospinning set ulpictv basically
is composed of three major parts: i) a small di@meeedle
syringe including electrospinning solution (compbeéa highly
viscous polymer and various precursors (e.g. imdma
precursors), which are dissolved in solvents sushNaN-
dimethylformamide (DMF), deionized (DI) water, N-khgl-2-
Electrospinning is a kind of spinning on the basishe use of pyrrolidone (NMP) and ethanol etc.), i) a high tagle power
electrostatic force. It has been employed as a fawmol to supplier, and iii) a grounded collector (usuallyndacting
produce high-quality organic and/or inorganic fdewhich metallic plate). The nonwoven one-dimensional Niessimply
reveal nanometer scale diameters and larger sudisaes than synthesized by applying a high voltage source tetedield)

the conventional fibers obtained from other spigrtiechniques petween a needle syringe tip and the groundedatotle
such as melt-spinning and dry-spinnfig.A schematic

illustration for electrospinning and NF-syntheticopess is
shown in Fig. 1.

2. Electrospinning background and basic
principles

2.1 Electrospinning process

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Electrospinning

Metal oxide nanofiber

Electrospun nanofiber

Fig. 1 (a) Electrospinning equipment. (b) Inorganic precursor/polymer composite
electrospun nanofiber (‘as-spun nanofiber’). (c) Metal oxide nanofiber after high-
temperature heat treatment in air atmosphere. (d-e) SEM images of the as-spun
NFs and the metal oxide NFs corresponding to (b) and (c), respectively.

Firstly, the electrospinning solution is fed byyaiisge pump, and
an electric field is applied to induce electrifiget. During
electrospinning, the hemispherical surface of tiat®n at the
tip of the needle is electrically charged and cumiusly
elongated to develop a cone-shape (referred tol6Fayone’)

Journal of Materials Chemistry C

Through the optimized handling of these parameters can
prepare NFs with desired morphology, microstructuaad
composition. To illustrate this versatility, we shosome
examples of various morphological evolutions ofélectrospun
NFs as functions of processing parameters (FigFig). 2(a-c)
show the morphologies and microstructures of edspiun TiQ
fibers synthesized by using different polymers suab
polystyrene (PS), poly(methyl methacrylate) (PMMand
poly(vinyl acetate) (PVAcY® As shown in Fig. 2(a), TiONFs
prepared by the removal of PS template are compo&&iD:
nanoparticles (NPs) of ca. 30 nm, which is orighdafrom fast
phase separation driven by immiscibility between g mer
and Ti precursors. PMMA has better miscibility wifhi-
precursor than PS. This feature leads to the foomatf smooth
cladding surface layer, which is distinctly diffatewith inner
TiO2 NPs (Fig. 2(b)). In the case of PVAc-driven Tifibers
(Fig. 2(c)), the TiQ fibers showed fibrillar structure elongated
along the fiber direction. It is important to notkat the
solidification of TiQ: depends on the phase separation between
selected polymers and Ti precursors. As a conseglehe
phase separation in PS matrix occurs suddenlyeiimntimiscible

with increasing the voltagé. When the applied electric field System, resulting in the formation of polycrystadliTiC: fibers

reaches sufficient value (over critical value), ukspre force
between the charged surface and evaporation oésbis larger
than the surface tension of the solutérA charged jet of the
solution is then injected from the tip of the smnet. Even
though the jet is stable near to the end of thellee¢he erupted
solution goes through unstable elongation processaarapid
whipping of the jet arises in space between thdlaaptip and
collector. Meanwhile, a solvent is evaporated, #edorecursors
and/or polymer fibers are collected on ground pilatthe form

consisted of small NPs. To the contrary, in theecakPVAc
matrix, the phase separation slowly proceed, thigor8cursor-
rich domains and PVAc-rich domains co-exist andvalithe
domains stretching in 1D direction during electiogmg
process. After calcination, the PVAc matrix is remd,
resulting in the formation of open pores while Téqursor-rich
domains are converted to Ti@hases. In parallel with polymer
parameter, electrospinning solution feeding spedhsv,
intermediate and fast flow rates) have significafifécts on the

of nonwoven matrix. Fig. 1(b) shows the long andnthmorphology control of the NFs. For example, Figd-B(show

electrospun fibers (the so-called ‘as-spun fibeadd)ained by
strong polymer template allowing the jet to be wabable. The
as-spun fibers can be easily changed to metal oXiEe by
subsequent thermal treatment in air atmosphereltireg in

simultaneously removal of the matrix polymer angistallite

growth due to the oxidation of inorganic precur@ég. 1(c)). As
an example, Fig. 1(d-e) show SEM images of as-sfuan

SEM and TEM images of as-spun fibers, calcined SxdBs at
very high flow rate (25 pl/ming® When given fast injection rate,
the solution jet was stretched in spinning dirattidhe large
amount of solvent erupted from the end of the @puits in
tremendous evaporation of solvent every momentchvhllows
unstable fluctuation of solution. The as-spun Secprsor/PVAc
composite fibers, as shown in Fig. 2(d), showedyhosurface

precursor/PVP composite fibers and Si0Fs calcined at 500 morphologies with elongated bumpy voids along tligerf

°C for 2h, clearly revealing morphological changdobe and
after high temperature calcination.

2.2 Parameters influencing electrospinning process

The electrospinning process is greatly influencgdsbveral
parameters, which can be categorized as follows:

i) Operating parameters such as applied power ge|tahe
solution flow or feeding rate, a shape or gaugeesfdle, tip-to-
collector distance

ii) Solution parameters, such as the type of polymatrix and
solvent, solubility and viscosity of the solutionsiolecular
weight of the polymer, precursor type and their patibility
each other componefis

iii) Environmental parameters such as
humidity 24

This journal is © The Royal Society of Chemistry 2016

direction. During heat-treatment, a number of fursdn the as-
spun fibers were converted into elongated openshatesurface
and inner part of the fibers. The small and largevices
indicated by blue arrows and dotted yellow frammeBig. 2(d-f)
are clear evidences for the effect of flow ratetoarassisted by
the phase separation. In addition, facile synthekisore-shell,
multi-walled tubular and multichannel structuresa vian
electrospinning route has been successfully dematest (Fig.
2(g-i)). Fig. 2(g) shows SEM image of a coaxial ienof
anatase Ti®@ hollow NFs prepared by dual-nozzle
electrospinning’ In a typical procedure, a spinneret including
two viscous and immiscible solutions is simultargpufed
through two co-axial capillaries.

temperaturel a

J. Name., 2013, 00, 1-3 | 3
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3. Electrospun materials for DSSCs

Dye-sensitized solar cells (DSSCs) are photo-elebhgmical
devices capable to convert solar radiation direcihto
electricity. Basically, they consist in a photoaa@hd a counter
electrode separated by an electrolyte that can lmpi@ or an
ionic liquid containing a redox couple. Alternatiyea hole
transporting material (HTM) can be used to replte= liquid
element. The breakthrough in the photon to electamversion
efficiency of DSSCs was achieved in the early 1980®n
Gratzel and O’Regan used a colloidal Tifdm to fabricate a
mesoporous photoanode in replacement of bulk nadgeri
employed so fa#!32 Since this discovery, DSSCs have attracted
considerable interest due to their low cost faliidcaprocess,
their short energy payback time and their relayivéigh
conversion efficiency and stabili#j.Besides, this technology is
compatible with large area surfaces, and in the lesars
industrial developments have successfully demotesirédts
potential for building integrated photovoltaics E&).3435

In a typical DSSC, the photoanode is composed by a
transparent conducting oxide (TCO) coated with a

oxide

Fig. 2 The SEM images show the morphologies of electrospun NFs, depending on
various parameters such as (a-c) different kind of polymers; (d-f) solution feeding
rate; (g-i) the shape of needle; (j-1) pressing. The (a-c) shows the SEM images of
TiO, NFs prepared from (a) PS, (b) PMMA and (c) PVAc (Reproduced with
permission from ref [25]. Copyright 2005 Taylor & Francis Group). The (d-f) shows
SEM image of (d) as-spun Sn precursors/PVAc composite fibers, (e) SEM image and
(f) TEM image of calcined SnO, NFs at the high feeding rate (Reproduced with
permission from ref [26]. Copyright 2013 Wiley). The (g-i) shows SEM images of
TiO, NFs synthesized via (g) dual-nozzle (Reproduced with permission from ref
[27]. Copyright 2004 American Chemical Society), (h) triple-nozzle (Reproduced
with permission from ref [28]. Copyright 2010 American Chemical Society) and (i)
Y-shape inner ridge nozzle (Reproduced with permission from ref [29]. Copyright
2007 American Chemical Society). The (j-k) shows the SEM images of the as-spun
fibers of Ti precursors/PVAc composite (j) before and (k) after hot-pressing, and
the (l) shows the SEM image of hot-pressed TiO, nanofiber after calcinations at
450 °C (Reproduced with permission from ref [30]. Copyright 2006 American
Chemical Society).

The matrix polymer in the core and shell is elinvgth and Ti-
precursor loaded in only matrix shell undergoesdation and
crystallization to form crystalline Tigfibers during calcination.
In similar way (the so-called ‘multi-fluidic coatia
electrospinning’), independent Tianofiber (Fig. 2(h¥f and

nanostructured film of a wide band gap metal
semiconductor. The counter electrode usually enguois a

TCO coated with a thin layer of platinum. In thelsvices light

is absorbed by a photo-sensitizer attached to temlnoxide

surface through an anchoring function. Upon irradig the

electrons are injected from the excited state efdje into the
conduction band of the semiconductor and transgoethe

counter electrode through an external circuitharheantime the
oxidized dye is regenerated thanks to the redotesypresent in
the electrolyte which is itself reduced at the deurelectrode.
The detailed description of the basic working piptes can be
found elsewheré&3”

Among the fruitful strategies to improve the penfiances of
DSSCs, one consists in increasing the short-circuitrent
density (Jsc) delivered by the solar cells by imprg the light
harvesting efficiency of the photoanodes. On orredhthis can
be achieved by synthesizing new sensitizers showimigher
molar absorption coefficient and revealing absorptiomains
better matching the solar emission spectféidn the other hand,
this goal can also be achieved by developing nancisired
electrode materials presenting light scatteringpprtes and
showing dramatically enhanced specific surfacesarieaorder

Y-shaped Ti@ nanofiber (Fig. 2(i)}° which are embedded into increzse the number of dye molecules that cad b the
the center of Ti@microtubes, were also synthesized. In order &!"face’

improve the adhesion strength between fibers matd a

underlying substrates, thermo-compression stepintesduced
prior to the calcination step. Fig. 2(j-I) show tm®rphological
difference between as-spun fibers and hot-presbedsf® The
as-spun fibers without hot-pressing treatment akhigpical
nanofiber mats (Fig. 2(j)), on the other hand, pi@ssed fibers
show interconnected network structure due to theégbanelting
of PVAc matrix polymer with low glass transitionntperature
(Fig. 2(k)). Subsequently, after calcination steg%0 °C for 30
min, highly porous Ti@ NFs composed of single crystallin
anatase nanorods (NRs) are achieved (Fig. 2(l)).

4| J. Name., 2012, 00, 1-3

One should keep in mind also that, in DSSCs, fena@ircuit
photovoltage (Voc) is given by the difference of fhermi level
of electrons in the metal oxide and the redox padef the
electrolyte. Therefore by tuning the chemical cosipon of the
photoanode materials (by employing various metats doping
elements) it is possible to adapt the Fermi levéltle
semiconductor and to increase the Voc of the smls. These
strategies based on the fine tuning of the eleetrodterials have
initially sparked the strong interest of materiatdentists for

dntegrating electrospun components into photovoltsvices.

This journal is © The Royal Society of Chemistry 20xx
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3.1 Electrospun materials as photoanodes in DSSC to anatase single crystals after calcination. A DS®as
3.1.1 TiO» photoanodes prepared by electrospinning. fabricgted using these TiONRs electrodes sensitized with a
Screen-printing coating of T&NPs is the most popular andruthenlum dye (N3), and a gel-based electrolyte{PAHFP)
was used instead of a liquid electrolyte. An effitipenetration
of the highly viscous gel electrolyte into the ti€lectrode was
observed through large pores in the web. The wigihad 1D
TiO2 NRs and the good penetration of gel ensured a Jsghof
14.77 mA.cr? for the resulting quasi solid-state solar cells
leading to a rather good power conversion efficyent 6.2%
(Table 1).

While controlling finely this mechanical hot-press step,
during the calcination process Hwaeg) al. were capable to
obtain highly porous fiber-based photoanode wittydapore

i gt .
Recently one-dimensional (1D) Ti@anostructures such asvolume ofcirca 2.41 nt-g*, and large surface area of 112 m*.g

144 i i il
nanotubes (NT$ or nanorods (NR$) have attracted interest for - _It was therefore apl?ea“”_g to use them in qualsttstate and
the fabrication of DSSC with either liquid or quasilid-state solid-state DSSC configuration where the penetnaticthe hole

electrolytes. Indeed, the devices based on thedostructures tr.anspor.ting material is. often problematic. Usin.g.este
demonstrated higher photocurrent generation cordpdre hierarchically structured TiONFs _W|t_h large pores, ef_ﬂuency
conventional NPs-based systems. This improvemens vﬁ solar cells reac.h(_ed 6.54%. This |_mprovement mm;buted
attributed to the reduced grain boundaries with stiictures © @ better pore filling by the plastic crystal-edssolid-state
compared to those of the sintered NPs. One ofittsieeikamples electrqutes that lowered series resistance andaveg charge
of the use of electrospinning technique for theppration of collection (Table 1).

photoanode with 1D nanostructures was reportedadng 8t al. In 2009, the efﬁCie”CY of electrospun -EiONR
in 2004%2 In this pioneer work, authors faced difficulties tphotoelgctrodes W_as greatly 'mpr_OVEd to reach 9.52%his
impressive value is still the efficiency record foon-doped

convenient technique to prepare the mesoporoudfithia that

are utilized as photoanodes in DSSCs. TypicakT@soporous
layers show thickness in the range of 2 - 16 pmaaadnade of
colloidal NPs with diameters of 15 to 40 nm. In moases, the
particles are prepared from controlled sol-gel biydis of

titanium alkoxides. In these layers the surfacéestinfluence
strongly the photo-induced charge transfer thatcbetween
the sensitizer and the metal oxide and the conrigcbetween
the particles greatly influences the transport refefelectrons
through the mesoporous nanoparticle network.

ensure adhesion of the TiONFs on the conductive glass. ) A -
Adhesion of the NFs produced from electrospinning general electrospun materials. The optimization in thegel-chemistry
and electrospinning process led to fibers consiitubf NRs

gtructures with diameters of circa 15 nm and leagth60-100
nm. These NR fibers allowed the preparation of tedeles
showing higher active surface area and larger poheme than
classical fibers. To increase further the surfapeaeof the

goal to promote interconnection of the fibers. Afteeat ]
treatment fibers made of anatase crystallites fegreed and the el_ectrodes, ngn@t al. developed a tgmplate approach with
SiO2 NPs? TiO2 NFs were fabricated by a simple

TiO2 web electrodes maintained their porous structurd a A ) - . =
showed a better adhesion on the substrate. Theltingsu electrospinning method starting from mixed solutb@mtaining

photoanodes were subsequently treated with 4Ti€lat the precgrsors together with colloidal SJ(Et_chlng step Wlth an
contributed to a dramatic increase of the currentsity up to HF solution allowed to create wormhole-like poreghe TiQ

11.24 mA.cn? and to boost the power conversion efficiencb"z_s' _These I_arge pores fapilitate electrolyte d;iﬁiu. for
(PCE) up to 5% for the solar cells (Table 1) oxidation reactions (regeneration of the dyes)alad contribute

to a higher dye loading. Actually the surface ar#athis
electrospun photoanodes was found nine times hitjtzar the
usual pristine Ti@based photoanode. Following this strategy a
rather high PCE of 8.50% was reached for the smalis (Table

1). A similar approach was developed by Natial. but in this
work the etching of Sigfrom electrospun Ti@SiO2 composite
was carried out using NaOH. The performances ofékalting
solar cells were slightly above 7% in this caseb(@al)?’ To
fabricate 1D mesoporous TiONFs with wormhole-like pores,

electrode. In addition to solvent treatments, nreently Duet Lin etal. developed a simple electrospinning method combine

al. demonstrated that the TiClreatment also reinforces theWith a sol-gel procgss. In ‘_Nh'_Ch they used a srrmld:tfor? of
strength and adhesion of the TiFs films#? Single-crystalline room-temperature ionic liquid as the mesopore foiona

8 H .
NRs of TiQ: have also been prepared from electrospun NFs éﬁmplate‘! Thg porqsﬂy of thg NFs was_tuneq by Vf;\rylng the
similar adhesion difficulties were encountefédHerein, @mountofionic liquid content in the feeding s@utduring the

alternatively to solvent treatments, a mechaniagtgnessing electrospinning process. The ionic liquid entrappethe fibers

step was employed to ensure adhesion of the as-Q'punwaS subsequently removed by washing it with anhyslethanol

precursor/PVAc composite fibers with the FTO. Upbis kind before their calcination. After this step, highlgrpus NFs with

e : . 2 i i
of treatment, each fibril gave rise to NRs whichreveonverted surfgoe area up to 90 m*gvere obtained. Using these NFs,
efficiency up to 5.64% was reached compared to%.wathout

problem and several strategies have been devetopsalve it.
In particular, Songtal. have pre-treated NFs prior to calcinatio
with solvent vapour (THF) in order to partially m#ie polymer
matrix in which the inorganic precursors are emigeddith the

Alternatively to a vapour exposure treatment, Qkaztal.
reinforced the adhesion between fibers and sulkstist dipping
for a short period the as-spun fibers in DMF whagboor solvent
for PVAc employed in this case as sacrificial teat@!® After
the calcination step, the NFs made of anatase Gigstallites,
as revealed by XRD patterns, showed a good adhestbrthe
pre-deposited dense layer of BiMifferent thicknesses of TiO
fibers were investigated and the highest efficieroy the
corresponding solar cells reached 4.14% for a 30 thick

This journal is © The Royal Society of Chemistry 2016 J. Name., 2013, 00, 1-3 | 5
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the use of ionic liquid (Table 1). Alternatively tonic liquids,
paraffin oil microemulsion droplets were also tdsés the soft
template for the preparation of electrospun NFsfaom &
multiscale ultraporous NRS.TiO2 NRs with a composite §
structure of mesopores and macropores were prefateding
this procedure. Subsequently, they were formulasgplastes and
deposited by screen-printing. The efficiency of @Sisased on
these NRs as photonanode was lower than the one
conventional NPs mainly because they showed a l@agtve
surface area (Table 1). However when the materiab w
employed as scattering layer on top of NPs the emion
efficiency was enhanced up to 8.53%.

More commonly the template role is played diredttythe
polymers employed in the starting solution. Sevgralips have TR T s o
reported that when the polyvinyl pyrrolidone (PViRtrix is Fig. 3 (a) SEM image of a bundle of core-shell (PEQ/TiO,-PVP) composite nanofibers. [The
swapped to polyvinyl acetate (PVACc) or to a mixtafé®VP and inset is the photo of core-shell (PEO/TiOz-PVFf) composite narfofibers s'amples.]. (b)

i K i i Close-up image of a bundle of core—shell (PEO/TiO,-PVP) composite nanofibers. (c) TEM
PVAc, the morphology of the Tifvaries from continuous fibers image of core—shell (PEO/TiO,-PVP) composite nanofibers. (d) SEM image of a bundle of
to rice-shape®®! and to leaf-shap&#8inanostructures. Indeed,hollow mesoporous TiO, nanofibers. (e) Close-up tilted view image of a bundle of hollow
the nature of the matrix has a strong impact onstinectural mesoporous fibers TiO,. (f) Close-up image of one single hollow mesoporous TiO,
characteristics of the final NFs such as surfaea,asrystallinity nanofibers. Reproduced with permission from ref [55]. Copyright 2012 The Royal Society
and shapes and ultimately it impacts the photoimfieoperties of Chemistry.
(Table 1)2%To increase the active surface area of NFs &tcal
recently developed a co-electrospinning technigueoliving

PVPs of different molecular weight$.The TiQ: nanowires ; : . . .
(NWs) prepared from different molecular weight fians of synthesised with or without template. In this wihik TiQ; was

PVP showed higher surface area and a roughened:ta:ng.nSitizefj with an organic dye (D131) and the thC,E was
compared to NWs prepared from a single fraction@67nz- gt 4 times hlghgr compared to the mesoporous NFS 'pz.rdpmthe
against 23.93 m24. A clear effect on the dye loading wa em.plate-as&ste.d method. The'larger Jsc attamkmikﬂ.case'was
evidenced, but despite of improving this parametes,PCE of attributed to a higher dye loading and a bettee giding with

the corresponding solar cells remained below 4%blgd). the HTM (Table 1).

Zhangetal. demonstrated that when two non-miscible polymers Apart of the Compgsmon of the initial Tl-pr.ecurzé;molym.er
are employed such as PVP and polyethylene oxid©)REis blend, the effect of critical parameters such adifeg rate during

possible to obtain core-shell nanostructures (3ge3 where the e'ec”osP'“”'“Q process or temperature .durmlglnatlon
TiO»PVP blend covers a PEO core nanofifferAfter step were investigated. It was clearly evidencedt tthe
calcination, hollow NFs were obtained with superiotlf"nmer"jlture of the calcination step plays a cruald in the
characteristics in terms of surface area and poskime formation of different structures. This was illgtrd by several
compared to the classical NFs. Devices fabricatéh whe teams and notably Kumaet al. who annealed their fibers
hollow NFs exhibit higher Jsc and Voc due to higtiye loading prepared from Ti precursor and PVAC at differemoperatures
and better electrolyte penetration in the mesopofeke films ranging from 400, C 10800 @-Va“,"”g .the growth condltlgns,
compared to conventional NFs. To synthesize sintilaifow pure anatase, mixed, and pure rutile Zghases were obtained.

nanostructures Wanet al. developed a coaxial eIectrospinningThe transformation of regular fibers to porous hadow tube

proceduré® Instead of PEO, paraffin oil was employed agtructure, and to spindle network structures wélsienced by

sacrificial template. A syringe containing paraffail was polymer degradation and crystallite reformationgasses. The
connected to the inner capillary of the spinnettaining the variations of shape and crystallinity resulted imofmvoltaic

i 0, 0,
Ti precursor and PVP solution. After calcinatio;dNwith inner performances spanning from 0.79% to 4.56% (TableThp

diameter ofcirca 275 nm and wall thickness of around 115 m%ritical effect of the calcination temperature vaéso highlighted

were obtained. These nanostructures showed ansa by Lin etal. who developed a template-free alkali hydrothermal
crystalline phase. The device performances conmgishem route to. synthesi.ze NP8A prickle-like structure wag formed by
were limited (around 4.3%) because of a lower dyading controlllng premsgly the parameters of the calmma'st.ep.
compared to a classical NPs-based photoanode. tieless this When this step is performed at :'L5O °C for 12 thke
drawback was partially overcome by a faster electransport b.ran.c.hes grow off the TiDnanofiber backbone Ieadllng to
in the NTs which improves charges collection anggirise to a significantly larger surface area (154 m?) ghan conventional

longer electron lifetime, leading to higher Voc.
Template-assisted synthesis was also demonstratbedaw
amphiphilic triblock copolymer as the structureediing agent?
With this strategy photoanodes with a surface afdd2 m2-¢
and rather large pores, 6 = 0.5 nm were fabricathd.large size

of the pores enabled the use of P3HT as the hatesporting
material. Solid state DSSC were fabricated from thEes
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fibers (36 m2-g). After optimization of the device fabrication,
PCE of circa 7.9% was achieved using the prickle-likef
nanostructures. The influence of the feeding raiend the
electrospinning process was investigated as wedli Mt al.
prepared NFs with different diameters by varying feeding
rate during the depositidi.At low feeding rate.e. 1.0 mL-ht,
thin fibers (296 nm wide) were formed whereas faghker
feeding ratei.e. 2.5 mL-h* wider fibers (639 nm wide) were
obtained. Bigger fibers do not necessarily leadreater active
surface area as it was evidenced in this work. dddde NFs
deposited at 1.5 ml~h(421 nm) showed highest efficiency at|
5.39%, this performance was attributed to a higher loading
related to a higher surface area (14728gM) (Table 1).

After analysing in details literature, it turns dluat NFs offer
better charge transport properties but the deverfopmances
remain very often lower than the ones obtainedl&vices based |
on NPs. Several groups tried to take advantagesooli ',
nanostructures by combining NPs and NFs. In 200
Chuangchotetal. electrospun NFs layer ofyln thick on top of
a TiOz NPs-based photoanoffeThe Jsc of the NFs-containing
cells was found to be higher Compared to the ommaming Fig.4Surfac.e morphologies of (a) P25 and (c) P25./NS—Ti02 electrodes; Fig. 4. Surface
Solely NPs (Table 1) Authors atributed tis effecimproved [orere * 1 72 1 () P10, ecrmien ) ot 10 e
charge transport properties in these electrodeslbatto a light prepared P25/NS-TiO, electrode, and (f) UV-vis diffuse reflectance spectra of P25
scattering effect originating from the NFs layemiar property and P25/Ns-TiO; electrodes. Reproduced with permission from ref [63]. Copyright
was observed by Leet al. who used different thicknesses o#012 The Royal Society of Chemistry.
electrospun NFs on top of NPs (Table®d)with the same
philosophy, Zhu et al. prepared nest-shaped NPs byhe scattering effect of electrospun materials aéimg various
electrospinning to act as a scattering layer (Hp®® The shapes was investigated in details by £bal. who synthesized
photocurrent of DSSCs containing the nest-shaped W&s and compared rice grain- or nanofiber-shaped: ¥@oth type
relatively high due to the improvement of light Westing and of nanomaterials showed similar diameter and seréaea.
lower electron transfer resistance (Table 1). Tieisulted in To compare their scattering ability, 2 um thickdayf these
relatively high efficiency of 8.02%. materials were deposited on top of a 10 um thigkeraof

Joshiet al. proposed a different strategy and synthesizé@nventional TiQ NPs. Photovoltaic parameters of the devices
nanoparticles (NPs)/nanofibers (NFs) composite ispatsing showed that the both Jsc and Voc of rice-grain effa@:-based
various amount of electrospun NFs in conventiori@, NPs% device were higher (Table 1). The enhancement ofwas
Their study revealed that the presence of eleamodpO; NFs attributed to a better light scattering effect whilthe
noticeably improves the management of light inahtive layer improvement of Voc was attributed to reduced glkainndaries
through scattering effect without substantiallyrfaing the dye leading to lower recombination rate. These featueze
uptake. A PCE of 8.8% was obtained with such ebelets. (1D) particularly interesting for increasing the Jscdalar cells.
assembly of TI@NPs was also investigated as scattering lay&everal groups have demonstrated that 1D nanostesct
Indeed Gacet al. prepared a blends of conventional Ti@Ps generally show reduced grain boundaries that @ayisportant
and PVP dispersed in ethanol and used it as efgitnoing role on the recombination processes allowing to rowe
precursor solution. Their work showed that the E®emnbly of simultaneously Jsc and Voc.

NPs can enhance simultaneously electron transputtlight This brief overview illustrates that electrospingmican lead
scattering (Table 1% A similar effect was recently to a large structural diversity of TiGhanostructures by simply
demonstrated using electrospun Ti®IRs constituted of tuning the chemical composition of the precursaisition or
NPs®6:67 To take advantage of light scattering and of gdarrelevant processing parameters such as the catoinat
surface area, Yangtal. prepared photoanodes consisting of twiemperature or the mechanical hot-pressing etcctidlgsun
layers of electrospun TENFs showing different diameters,TiO2 materials can be deposited directly on the sutestrar they
respectively 60 and 100 nfhFor this device architecture, it wascan be formulated as printable pasteMoreover, following
demonstrated that the smaller-diameter nanofibgerjavith a appropriate procedures, they can even be verticaigned
large surface can adsorb a large quantity of dyes result this perpendicular to the substrdte.

layer efficiently harvests sunlight and transpdrbio- generated

electrons, on the other hand the bigger-diameteofitzer layer

reflects and traps sunlight in the photoanode. PB& of this

type of DSSC can be increased up to 8.4%.

—
-

-~

%

— P25
-_—— P25/NS.Ti0,

Diffuse reflectance /

This journal is © The Royal Society of Chemistry 2016 J. Name., 2013, 00, 1-3 | 7



irhalof Ma IS Chemisitn

ROYAL SOCIETY
OF CHEMISTRY

Journal of Materials Chemistry C

ARTICLE

Table 1: photovoltaic parameters of DSSC using electrogghatoanode

TiO, photoanodes prepared by electrospinning f;;-cm'ﬂ \[\//(])C ;/:] F%] Comments Ref.

NR (12 pm) 14.77 0.70 60 6.20 N3 dye, polymer gel 41

NF (no TiCl treatment) (2Qum) 8.67 0.77 60 4.01 N3 dye 42

NF (no TiCl treatment) (2Qum) 8.07 0.80 59 3.80 N3 dye, polymer gel

NF (TiCl, treatment) (2@m) 11.24 0.77 58 5.02 N3 dye

NF (TiCl, treatment) (2@m) 10.52 0.78 56 4.60 N3 dye, polymer gel

NF (2 um) no DMF treatment 4.99 0.82 45 1.86 N3 dye 39

NF (2um) 6.26 0.81 49 250 N3 dye

NF (3.9um) 9.88 0.82 51 414 N3 dye

NF (3 pm) on NP (no TiGlpost-treatment) (3 um) 10.60 0.70 60 4.46 N719 43

NF (3 pm) on NP (TiGlpost-treatment) (3 pum) 12.20 0.73 61 5.40 N719

NF (9 um) 11.30 0.67 71 5.41 N719, plastic crystal 44

NF (14pm) 14.10 0.67 69 6.54 N719, plastic crystal

Reference TiQNP (9um) 7.10 0.60 62 2.65 N719, plastic crystal

NR (14pm) 17.60 0.761 70 9.52 N719 45

NF 10.70 0.71 62 4.8 N719 46

Large pores NF 12.60 0.72 65 6.0 N719

Small pores NF 15.60 0.72 68 7.6 N719

Multiscale pores NF 16.30 0.73 71 8.5 N719

Reference NP 12.00 0.71 70 6.0 N719

NF after SiQ etching 14.38 0.75 65 7.02 N3 dye a7

NF of "rice grain” after Si@etching 14.12 0.74 64 6.72 N3 dye

NF 8.60 0.75 58 3.75 N719 48

NF (1 wt.% of template) 13.70 0.73 56 5.64 N719

NF (2 wt.% of template) 13.00 0.72 59 5.50 N719

NF (3 wt.% of template) 11.70 0.71 53 4.45 N719

NR (15um) 11.16 0.81 67 6.07 N719 49

NP (15um) 13.65 0.79 66 7.11 N719

NP + NR (20um) 16.19 0.78 68 8.53 N719

Reference Ti@QNP (20um) 14.73 0.78 68 7.79 N719

TiO, NF "rice grain” (12 um) 8.2 0.96 62 5.1 N3 50

TiO2 NF "rice grain” (11 pm) 9.40 0.815 60 4.63 N3 51

Reference Ti@NP (11 um) 9.34 0.765 62 4.49 N3

NP: 15% NF (PVP, calcinated at 500 °C) (2.2 pm) 9.0 0.63 77 4.31 C106 53

NP: 15% NF (PVP, calcinated at 590 °C) (2.2 um) 8.7 0.62 75 411 C106

NP: 15% NF (HPC, calcinated at 500 °C) (2.2 um) 9.9 0.64 76 4.65 C106

NP (2.2 pm) 11.0 0.65 70 4.96 C106

“Roughened” TiQ NW 8.94 0.67 59.89 3.63 N719 54
This journal is © The Royal Society of Chemistry 20xx J. Mater. Chem. C., 2016, 00, 1-x | 8

Please do not adjust margins




trnaliof Mate 5 (Chemistry

Journal of Materials Chemistry C FEATURE ARTICLE
Conventional TiQ NW 5.88 0.67 59.23 2.36 N719
Hollow NF (12pm) 10.38 0.76 72 5.61 N719 55
NF (12pm) 8.99 0.74 64 4.17 N719
TiO> NT (18 um) 6.01 0.80 69 3.33 N719 56
NT/NP (8/2) (18 um) 7.91 0.78 69 4.26 N719
Reference Ti@NP (11 pm) 11.50 0.74 70 5.98 N719
NF (1.8pm) 0.97 0.86 50 0.42 D131, solid state (P3HT) 57
Mesoporous NF (1.8m) 3.98 0.92 50 1.82 D131, solid state (P3HT)
Spindle (annealed at 400 °C) (26) 1.98 0.77 52 0.79 N719 58
Porous rod (annealed at 500 °C) (20) 8.61 0.80 66 4.56 N719
Rod structure (annealed at 600 °C) (20) 4.55 0.78 69 2.47 N719
Hollow tube (annealed at 700 °C) (2th) 3.79 0.80 71 2.16 N719
Spindle network (annealed at 800 °C) (20) 2.18 0.83 64 1.17 N719
NF (20pm) 8.6 0.76 63 4.09 N719 59
Hierarchical NF (2G:m) 9.2 0.75 58 3.98 N719
NP (6 pm) + NF (141m) 13.5 0.75 62 6.24 N719
NP (6 um) + hierarchical NF (34m) 16.2 0.75 65 7.86 N719
Reference Ti@NP (20um) 10.9 0.73 63 4.98 N719
NF (speeding rate 1 mL™ 8.62 0.719 63 4.09 N719 60
NF (speeding rate 1.5 mL*p 13.32 0.698 55 5.39 N719
NF (speeding rate 2.5 mL*p 10.21 0.694 61 4.55 N719
Reference TiQNP 8.61 0.718 60 3.96 N719
TiO2> NF/NP (8,4um) 15.90 0.71 68 7.10 N719 61
TiO2 NP (8,4um) 14.00 0.7 68 6.69 N719
TiO, NF/NP (15,5um) 17.90 0.69 66 8.14 N719
Reference Ti@QNP (15,5um) 16.10 0.69 67 7.47 N719
Reference Ti@NP (6um)/NF (6um) 511 0.72 72 2.69 N719 62
Reference Ti@NP (8um)/NF (4pm) 8.05 0.71 69 3.94 N719
Reference Ti@N (10pum)P/NF (2um) 8.92 0.70 67 4.21 N719
Reference TiQNP (12um) 5.84 0.74 71 3.16 N719
NP (11 pm) + nestshape NP (2 um) 14.29 0.79 71 8.02 N719 63
NP (11 um) + reference NP scattering layer (2 pm) 4.1Q 0.79 70 7.83 N719
Reference Ti@NP (13um) 13.41 0.79 71 7.49 N719
NF (7.5um) 5.7 0.81 63 29 N719 64
NF/NP (15%) (7.5:m) 16.8 0.82 64 8.8 N719
Reference Ti@QNP (7.5um) 11.4 0.77 70 6.1 N719
Assembly NP (12 pm) 11.19 0.65 71 5.19 N719 65
NP (6 um) + assembly NP (6 um) 16.54 0.64 64 6.85 71N
Reference Ti@NP (12 pm) 14.07 0.61 70 5.96 N719
NP (15 pm) 10.30 0.630 68 4.68 N719 66
NR (15 pm) 8.55 0.725 69 4.30 N719
NP (12 pm) + NR (3 um) 16.02 0.635 69 6.60 N719
NP (9 um) + NR (6 pm) 14.72 0.640 69 6.49 N719
NP (6 um) + NR (9 pum) 14.83 0.635 68 6.50 N719
NP (3 um) + NR (12 um) 11.94 0.695 69 5.74 N719
NP 12.9 0.707 69 6.37 N719 67
NR 11.4 0.648 66 4.92 N719
This journal is © The Royal Society of Chemistry 2016 J. Name., 2013, 00, 1-3 | 9
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NP+NR 15.7 0.710 72 8.03 N719

Single layer (small NF, 5.5 pm) 6.5 0.67 52 2.50 187 68
Single layer (small NF, 9.2 pum) 20.1 0.74 48 7.14 71981

Bilayer (small NF + big NF, 5.4 um) 9.6 0.72 63 6.3 N719

Bilayer (small NF+ big NF, 8.9 um) 225 0.71 60 B.4 N719

NP (10 pm) + NF (2 um) 14.9 0.74 64 7.06 N3 Dye 69
NP (10 pm) + NF "rice grain" (2 pm) 15.7 0.74 64 4157, N3 Dye

Reference Ti@NP (12 pum) 13.6 0.72 66 6.44 N3 Dye

NR (12um) 8.00 0.81 62 4.02 N3 70
TiO, NF "vertical" 5.71 0.78 64 2.87 N719 71

NF: nanofibers, NP: nanoparticles, NR : nanorod%, éanosheet, NT: nanotubes, NW: nanowires, liglédtrolyte unless stated otherwise.

3.1.2 Electrospun TiO, doped or coated with metals. of Ni-doped TiQ showing a diameter of 60 nm and a specific
surface area oftirca 80 m2.g! were obtained. The fibers
Another strong advantage of electrospinning relegs the contained up to 5% Ni atoms and this amount wafcgarit to
possibility to tune very easily the chemical sturet and the shift the band gap of the Ni doped Titdward the visible region.
crystallinity of the final nanostructures by simgldjusting the 77 Once incorporated in devices the fibers with 2%showed
composition of the precursor’'s solution (polymertnxaand high Voc (881 mV) related to its higher flat-barashd a rather
metal precursor components). Complex chemical caitipas high Jsc (12.01 mA-cn), resulting in a PCE of 6.75%. (Table
including various nanostructures can be obtainedntples of 2) Ni-doped TiQwith higher content of Ni revealed lower PCE
such heterostructures include Pi8I203 NFs or TiQ doped mainly because these NFs showed mixture phasasitef and
with various metalg?737475 An interesting approach inanatase in their structure.
photovoltaics consists in using Au or Ag nanostites in the Finally Archanaet al. have performed the synthesis of
photo-active layer in order to take benefit fromrface tungsten-doped TiO(W-TiO2) NWs by electrospinning and
plasmonic effect to enhance absorption. have evaluated their performance in DS8Gimilarity in the
Naphade et al. explored this concept and preparesbnic radii between W and T and availability of two free
electrospun NFs from titanium and gold precursorseth in electrons per dopant were the justification forsthatudy.
PVP73 After the calcination step the presence of tiny MBs Tungsten hexachloride was used as the source of Whe
dispersed uniformly in the semiconducting oxide nRawvas electrospun materials. The results showed that Whndpfirst
evidenced by TEM and EDAX analysis. The Au conteas hindered the grain growth leading to a larger adéd surface
close to 1 wt.% in the Ti©ONFs and the size of the NPs was ifor grafting dyes, and second increased the eledifetime on
the range of 5 to 10 nm (Fig. 5). Those Au-dope&dNFs were account of increased electron density. The NWsaioimg only
used in the scattering layer of a DSSC deviceak showed that 2 at.% W-TiQ gave 90% higher Jsc (15.39 mA-graompared
Au loaded fibers help improving mainly the curreensity and to non-doped materials and the PCE of the bestdeavas close
the fill factor of the devices. This was attributeedbetter light to 9%.
harvesting properties of the doped fibers tenttiaétributed to Alternatively to elemental doping with metals, étespun
plasmon-polariton modes and to a lower charge réawation TiO2 nanofibers can be coated by metals nanopartclpsovide
attributed to nanoscale Schottky junctions in tlesNPCE close efficient photoanodes.
to 7.8% were achieved with these materials. (Tahle
Alternatively, Archanaet al. doped TiQ NFs with
Niobium.”®In this case Nb was directly incorporated in thetah
oxide lattice. The primary effect was a decreasgrain size
within the doped-NFs compared to the non-doped .ohegas
found that the active surface area was also reduogzhcting
negatively the amount of dye loaded on the dopedtedes.
However, surprisingly the Jsc of DSSC with Nb-dope®:
photoanode was found higher compared to the referdavice
(Table 2). This phenomenon was attributed to a drigl
concentration of additional charges induced byNiedoping.
Unfortunately a higher rate of recombination (anaging from
the smaller grain size) between the photoanode doad
electrolyte was also observed leading to averag®nmeances
around 4.7%. The same authors investigated Nic&plng) of Fig.5a) and b) show the FE-SEM images of TiO, NFs and Au:TiO; NFs. c) shows the dark
TiO2 NFs by electrospinning Titanium (|V) isopropoxidmd field image of Au:TiO, NFs shown in d) Reproduced with permission of ref [73]. Copyright
Nickel sulfate hexahydrate with PVAc. After caldiioa, NWs 2014 The Roval Society of Chemistry.
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This approach is quite popular in photocatafffsirit only Apart from graphene derivatives, carbon nanotuB&gT() were
few examples have been reported for solar cellfiGgtipns. In also employed to tune the electronic propertieglettrospun
2011, Shi and coworkers prepared silver nanopartidated materials. For example, TiONFs or NRs with embedded
TiO2 nanofibers by incorporating silver nitrate (Agl@uring multiwall carbon nanotubes were synthesiZ&t.In the case of
the electrospinning process. After the calcinattep, AQNQ composites with NRs of Ti§)the doping rate, ranging from 0.05
decomposes to form Ag nanoparticles homogeneousty0.15 wt.% was simply controlled by adjusting #maount of
distributed in the fibers mat. This resulted in igngicant nanotubes in the mother solution. Similarly to drape, it was
increase of photocurrent density compared to pesiblar cells. established that carbon nanotubes can significarglyuce
The improvement was attributed to a better lightvlesting recombination process. Besides, they can activatftigipate to
efficiency due to the plasmon enhanced optical gdtm the collection and transport of photo-generatedteas to the
induced by Ag nanoparticles, and to an improvedctada electrode. A very low amount of CNTs of 0.1 wt.%s#aund to
collection efficiency resulting from faster elecairtransport in be optimum to reach high efficiency in solar cdll@ble 2),
the Ag doped Ti®@ nanofiber photoanod®. More recently higher concentration lead to a dramatic drop oileaisured Jsc.
silver-decorated porous Tihanofibers were made by simpleThis phenomenon was explained by a lower absorpifotine
electrospinning, etching, and chemical reducticocpsses. The dyes when large amounts of CNTs are used becauoséizers
Ag NPs were well dispersed on the TiGurface and in the cannot anchor to the surface of CNTs. After optation of the
photoanode film after heat treatment. The Ag NRslated light device fabrication, PCE reached 10.24% which is Highest
scattering and plasmonic effects, thus leadingmoroved light reported for a DSSC using an electrospun photoa(fidare 6)
absorption at visible wavelengths. Consequently REE of the (Table 2)86
DSSCs was improved from 6.2% to 8.8% relative trepliO;

NFs8 Owing to the large development of electrospun fibecs  3.1.4 Alternative metal oxides for electrospun phatanode
coated by metals nanoparticles for catalysis, peaps that Despite of the fact that the record efficienciesD8SCs are
further improvements can be expected by implemgntirese obtained using nanostructures made ofzJi@her metal oxides

materials as photoanodes in DSSCs. have been successfully implemented as photo-ebdrdn
DSSC¢’ such as SngP889 NbpOs,%0-91 |n,03%2 and ZnO For
3.1.3 Electrospun TiQ doped with carbon materials. instance, some of these materials possess goodadietability

Over the past years carbon-based materials suptapsene and and they exhibit electron mobility in the bulk thstl to 3 orders
nanotubes (NTs) have emerged as valuable compoiientsof magnitude higher than the one of Ti®% %For this reason,
(opto)electronic applications thanks to their umiggemi- some research teams have undertaken works devoteglace
conducting properties and their robustness. Sevastarch TiO:2 by other type of metal oxide semiconductdrémong the
groups have employed them to prepare blends Vémge variety of binary metal oxides ZnO appearsbto a
electrospinning process with TiOln 2012, Madhavaret al. particularly interesting alternative material, iedeusing ZnO
prepared electrospun Ti@raphene composite NF%.The NPs, power conversion efficiencies up to 7.5% haeen
presence of graphene phase in the NFs was cleddgreed reported?®°7:9%8Zn0 is a wide-bandgap metal oxide that usually
using Raman spectroscopy and TEM. In order to ramintcrystallizes in the hexagonal wurtzite phase. Thadaction
consistency and stability for the NFs the amoumfraphene was band edges of ZnO and Ti@re close (around -4.3 eV versus
voluntarily limited to 1 wt.%. Tests with higherments resulted vacuum level) but the former shows significantlyhanced
in stress and breakage of the fibers during theirwion step electron mobility in the bulk (200-300 éw~1-s%) than the
because of the mismatch between coefficients ofnthke later (0.1 crA V1. s1),99.100
expansion of the two materials. One benefit ofitte@rporation
of graphene was the reduced recombination rate haftop
induced electrons and holes in Ri@omposite NFs. As a
consequence a rather good PCE of 7.6% was obtainthd Fg
graphene-loaded electrodes, which is higher thenRGE of
6.3% measured with pristine TiOIFs used as reference materiz
in this study (Table 2). ‘
Similar observations,e. annihilation of the electron-holess
recombination processes in solar cells, was regdiyeMotlak
et al. for graphene oxide-doped TiONFs® However the
performances of the DSSC based on this materighireed low
(Table 2). To improve the performances the autiperformed
additional doping of Ti@ graphene oxide photoanode witt:
nitrogen® The Nitrogen doping was found to produce ne,
electronic states, narrowing the band gap and lgreaproving /
the electron transport in TEONFs films thereby reducing theFig. 6 SEM and TEM images: a) SEM image of TiO; nanorods |ncorporat|ng
MWCNTSs; b) and c) are TEM images, respectively, of MWCNTs and TiO, nanorods
charge recombination rate of photon-generatedrelest

incorporating MWCNTs. d) HRTEM image of TiO, nanorods that incorporate
MWCNTs.Reproduced with permission of ref [86]. Copyright 2013 Wiley.
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Table 2 Photovoltaic parameters of DSSC using electroghatoanode

Doped TiO; electrospun photoanode Jse i voc P n comments ref
[mA-cm? V] o] [%]

TiO, NF (12 pm) 13.90 0.76 64 6.76 N3 Dye 73

TiO, NF (10 um) + Au:TiQ NF (2 um) 15.10 0.77 67 7.77 N3 Dye

Reference TiQNP (13 pum) 8.90 0.75 70 4.67 D131 76

NbTiO, NF (2 at.%) (7.8 pum) 9.74 - - - D131

Nb:TiO, NF (5 at.%) (8.2 pm) 10.00 - - - D131

Ni:TiO, NF (2 at.%) (12 um) 12.01 0.88 64 6.75 N3 77

Ni:TiO2 NF (5 at.%) (12 pm) 7.57 0.83 65 4.07 N3

TiO, NF (12 pm) 9.68 0.81 66 5.20 N3

Reference TiQNP (12 pum) 12.89 0.782 70 7.09 N3

TiO z:Carbon based electrospun photoanode \[Jns; om?] KZC ;Z] E})/O] comments ref

TiO,/Graphene (0.7 wt.%) 16.2 0.71 66 7.6 N719 82

TiO, NF 13.9 0.71 63 6.3 N719

TiO2/Graphene oxide (0.5 wt.%) 9.41 0.784 61 4.52 N719 83

TiO,/Graphene oxide (1.0 wt.%) 6.56 0.804 63 2.84 N719 84

TiO, NF 6.75 0.635 35 1.54 N719

TiO2/N, Graphene oxide (0.5 wt.%) 10.82 0.815 65 5.72 N719

TiO2/N, Graphene oxide (1.0 wt.%) 7.65 0.832 60 4.82 N719

TiO, NF/N 11.16 0.750 56 4.70 N719

TiO, (6.0pm) 10.6 0.70 60.2 4.46 N719 85

TiO/MWCNT (0.1 wt.%) (6.0um) 11.0 0.71 60.2 4.69 N719

TiO/MWCNT (0.3 wt.%) (6.0um) 12.0 0.79 59.4 5.63 N719

TiO/MWCNT (0.5 wt.%) (6.0um) 12.2 0.73 60.6 5.40 N719

TiO/MWCNT (1.0 wt.%) (6.0um) 11.4 0.68 49.9 3.87 N719

Reference TiQNP (16.7 pm) 16.30 0.74 51 6.18 N719 86

TiO/MWCNT (0.05 wt.%) (14.5um) 14.20 0.76 72 7.80 N719

TiO/MWCNT (0.10 wt.%) (14.um) 18.53 0.75 74 10.24 N719

TiO/MWCNT (0.15 wt.%) (13.9um) 12.11 0.78 76 7.13 N719

NF: nanofibers, NP: nanopatrticles, NR : nanorods, éanosheet, NT: nanotubes, NW: nanowires, ligledtrolyte unless stated otherwise.

Moreover this material can also be prepared bytr@sginning
following pretty much the same procedures develdpediO..
One of the first example of electrospun ZnO NFsduss
photoanode was reported by Kiehal. in 20071°t ZnO fibers
were prepared from a DMF solution containing Zneprsor and
PVAc. After hot-pressing and calcination step, fdowith grain
size averaging 36 nm and showing the expected iairtygpe
phase were obtained. Small surface area of the Z
nanomaterials (around 24 m#)gvas the limiting factor in this
work, preventing the authors to obtain high Jsaweslfor the
solar cells and consequently a low PCE of 1.34% ngpsrted
(Table 3). In 2009, Zhanet al. tried to optimize this approach
by preparing electrospun ZnO fibers electrodes winious
thicknesses varying from 1.am to 5.0 um.%?2 Due to the
mismatch between thermal expansion coefficienthef glass
substrate and ZnO, some cracks in the layer ocar a

12 | J. Name., 2012, 00, 1-3

calcination steps (Fig. 7(a,b)h order to prevent the film from
such defects and to promote the adhesion of tleedibnto the
FTO substrate the authors investigated the spootene
formation of a buffer layer. They employed a Zn(QZsurface
treatment prior to the deposition to form a dersget that acts
as a “self-relaxation layer” (Fig. 7(c)). After calation step, the
active area of the ZnO NFs was 30 m-gdSSCs were
fedricated with N719 as sensitizer and the powarvecsion
efficiency of such cells was improved to 3% (TaBle This
enhancement was explained by higher Jsc companaevaus
studies, originating from a slightly larger surfamea and the
suppression of recombination processes betweerldutrode
and the electrolyte as confirmed by impedance spsmbpy
measurements.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 SEM images of the as-spun (a) and calcined (b) ZnO NFs on FTO substrates (inset:
photograph of calcined ZnO film on FTO substrate). (c) Typical cross-sectional SEM
images of the calcined ZnO film on FTO substrate. (d) The variation in ZnO film thickness
with different eletrospinning time. Reproduced with permission of ref [102]. Copyright
2009 The American Institute of Physics.

Later, with the objective to boost the light hatuses
efficiency of ZnO NWs-based electrodes, 3D arclitexs were

developed by McCune and co-workéfdn their work a specific

electrospinning process was set up to grow a 3Dtilaydred
ZnO NW arrays with caterpillar-like structure. Pieally, the

3D structure was obtained by a layer-by-layer globhased on

electrospinning. ZnO NFs are prepared on top oWVipusly
grown NWs that serve as seeding layer for the dgr@fithe next

aterials Chemistr
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Fig. 8 SEM images: (a) ZnO NFs electrospun on FTO substrate; (b) two distinct
layers of ZnO nanowire array; (c) close-up view of highly dense “caterpillar-like”
ZnO nanowire structures; (d) multiple layers (3-5) of ZnO nanowire array
illustrating the distinct layers of the “caterpillar-like” ZnO nanowire structures.
Reproduced with permission from ref [103]. Copyright 2012 American Chemical
Society.

by Madhavaret al821% Mixing ZnO with TiQ; was motivated

by the fact that the conduction band of Ti®located at -4.2 eV
whereas the one of ZnO is slightly lower in eneyd eV. This
difference can be beneficial to increase the fifietiof the
electrons by promoting electron transfer from théOzT
conduction band to the one of the ZnO. Graphene was
investigated in this work as a separation layer.rédle was to
favour the separation of the photo-induced excitansl to
prevent their recombination thanks to the band bendhat
occurs at the interface with the ZnO-Ttilend. The use of ZnO-
TiO2 blend as photoanode yielded a PCE of 2.7 % whereas

generation of NWsAs a consequence the last layer of ZnO NV\@mploying the graphene doped blend the PCE reasheét

grow upward, in a 360° fashion, along the entirggté of the
NFs, leading to multidimensional nanostructureg (B). After
the third deposition step, the morphology changes flayer on
top of each other to a caterpillar-like structuteatt owns
extremely high density of NWs (between 8%#nd 1.18' cni?)

(Table 1). Co-axial electrospinning techniques iaflit
developed for the formation of TiOhollow structure, were
implemented by Detal. to form NFs consisting in a Ti@ore
surrounded by a ZnO shedff§ This strategy was successful and
led to the effective suppression of some recomlmnairocesses

with small diameter ¢- 50 nm). This unique nanostructurgpa; yielded PCE of 5.2%.

significantly enhances the surface area of the @m@ys, leading

to higher short-circuit currents in solar cells.dittbnally, this
design resulted in closer spacing between the Nk more

direct conduction pathways for electron transféug, the open-

circuit voltage was significantly improved as aedir result of

the reduction in electron recombination. A PCE igb las 5.2%
was achieved, which is among the highest reporaéaesg to date

for ZnO nanowire-based DSSCs.

Apart from ZnO, Tin oxide (Snf) is also identified as a
useful transparent conducting oxide for nanoeleitsodue to
its high electron mobility in bulk (10-125 énv-1.s7) and its
wider band gapdjrca 3.6 eV). Krishnamoorthet al. extended
the technique they developed to form verticallgadid TiQ NFs
to SnQ.7%1%7 They demonstrated a large-scale production of
aligned Sn@NFs with a multi-nozzle electrospinning method
combined with an air-shield enclosed rotating droofiector.

In 2015, Songet al. also developed ZnO electrospuRrhe height and diameter of the NWs were 19 + 2 pch 26 +

photoanodes constituted by mixtures of NPs and MAfding to

25 nm respectively and XRD patterns revealed that3nQ

PCE close to 2.69%9* They intended to improve theseyws are polycrystalline rutile structures. DSSCsangsthis

performances by incorporating CNTs in their NPs-Nbl&nds
and they reached 3.8% after treating the finalteddes with

nanostructured material as photoanode gave a shioutit Jsc of
9.9 mA.cn?, a Voc of 0.525 V and a PCE of 2.53 % (Table 3).

TiCls. Electrospinning was also employed to blend Zn@hWwiThese results were comparable to DSSCs consistimgdomly

TiO2 and graphene following the procedure initially eleyped

This journal is © The Royal Society of Chemistry 2016

aligned NWs produced by hydrothermal synthesis,thick
mesoporous SNENPs1% The rather low Voc usually observed
for DSSCs fabricated with a SaPhotoanode (typically below

J. Name., 2013, 00, 1-3 | 13
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Fig. 9 SEM images (A & B) and HRTEM images (C & D) of fibers and flowers,
respectively. Insets: (B) magnified SEM images of the flower morphology; (C)
selected area electron diffraction (SAED) pattern showing polycrystalline rings;
and (D) SAED pattern of flowers showing single crystalline spotty patterns.
Reproduced with permission from ref [109]. Copyright 2012 The Royal Society of
Chemistry.

600 mV) is due to the position of its conductiomtavhich is
located at a lower energy level compared with sTiKumaret
al. explored further the versatility of electrospimgiby precisely
controlling the precursor concentration (anhydrdus (1)
chloride) in the polymeric solution (DMF-Ethanol-R¥) to
obtain either fibers or flower shaped nanostructweSnQ.10°
The nanoflowers were made of nanofibrils with disene
ranging from 70 to 100 nm, which in turn consistddinear
arrays of single crystalline NPs of 20 to 30 nnegizig. 9). XPS
and XRD analysis of the nanostructures showed Hwuih
nanoflowers and NFs have the same chemical conosind
show the same cassiterite phase, however the avef
revealed a superior crystallinity. DSSCs were fadtad using
the different materials, highlighting the betterfpemances of
the nanoflowers-based device which PCE reachedTzti€ 3).
Surprisingly the Voc of the solar cells was impiesly high for
a SnQ-based device at 0.7 V. This was tentatively ex@diby
a faster charge collection in the nanoflower stices due to their
superior crystallinity, allowing to suppress sigrdftly the
surface defects and interfacial recombination pgses between
the semiconductor and the electrolyte.

In order to solve the Voc issue usually observeith \8nQ
photoanodes while keeping their transport abiligo et al.
developed Sn©nanotubes and SndiO: core-shell NF41°
Nanotubes were obtained starting from precursartiesils with
lower concentration compared to the ones that sledd to
NFs. It was hypothesized that upon heating, thetetl SnCl
precursors dispersed in the PVP solution tend ffosh to the
surface of the NFs and to decompose to form3%s whereas

14 | J. Name., 2012, 00, 1-3
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using the more concentrated solutions, fibers arméd after
decomposing the precursors without any migratiomisT
formation mechanism of SnChollow structures was also
investigated by other teams who proposed compleamgent
interpretationg!1112 Coating of TiQ on SnQ NFs and
nanotubes was performed by dipping the SndFs and
nanotubes electrodes into a Ti@ueous solution followed by
sintering. XRD analysis showed that both Srad TiQ were
in a rutile phase. The surface area was increased ¢irca 39
m2-g' to 52 m2. g after coating with Ti@the SnQ nanotubes.

The devices using the bare and coated NFs and utze®t
show that the Voc and Jsc of the coated photoararée
considerably higher than those obtained with thee banes
(Table 3). These results were expected becauseotidrction-
band edge of Sndds 300 mV more positive than that of BiO
which leads to a faster interfacial electron recoration and
lower trapping density. Therefore, the significamtreases in
Voc and Jsc indicate that the interfacial electombinations in
SnG: NFs and nanotubes photoanode are effectively ssppd
by coating them with Ti@ Gaoetal. recently developed a new
procedure to tune the architecture of the Sm®> NFs!13They
managed to grow TiEneedles at the surface of the NFs from a
TiCls solution heated at 75 °C. High Jsc (20.5 mA?rwas
achieved with this new architecture, that waslaited to a lower
charge recombination and a faster electron tramspor

In 2013 Ahnetal. used a similar approach to cover the 5nO
nanotubeswith TiO2 nanosheets grown via hydrothermal
reaction (Fig. 10319114 These nanotubes were dispersed in
mesoporous Tiefilms. The coated nanotubes exhibit a superior
light harvesting efficiency originating from a batt light
scattering ability.

o

Fig. 10 a, b) Field emission scanning electron microscopy (FE-SEM) images of
pristine SnO, nanotubes c,d) FE-SEM images of SnO, nanotube@TiO; nanosheet.
e,f) TEM images of SnO, nanotube@TiO; nanosheet. Reproduced with permission
of ref [114]. Copyright 2013 Wiley.

This journal is © The Royal Society of Chemistry 20xx
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These photoanodes also show a bimodal porosityistongs adhesion to the FTO surface that partially melessRWAc onto
of small and big pores that enable good penetrati@tectrolyte the FTO before a calcination step. CalcinationzQ 4C gives
making them suitable for quasi-solid state DSSQO:SHO2 porous and smooth amorphous NFs as confirmed by @R
coated nanotubes showed better efficiency, reachingy with X-ray diffraction patterns (Fig. 11). The spec#iarface area for
electrodes containing 10 wt.% of coated nanotubes. this NFs network was found to be 124 m2.ghich is similar to

In 2010 Wuet al developed a scattering layer of Sreid conventional Ti@NPs electrode. Results obtained using organic
ZnO on top of ZnO NWs-based photoanétel he electrospun and organometallic sensitizers clearly showed THaiSnG;
PVP-hosted SngZnO NFs were swollen using methanol vapgshotoanodes give better performances when thegarbined
followed by high-temperature calcination at 600 ttCform a with organic sensitizers. Power conversion efficierwith
layer composed of Snnd ZnO nanocrystals with a diameteorganic dyes leads to PCE up to 3.7% whereas tHe \with
of ~10 nm. The NFs of ZnO and SmQere also obtained N719 was limited to 1.4% for similar photoanodeckmess
without vapor treatment. Jsc, Voc, and FF of theidks (3um) (Table 3). The better efficiency with organicedywas
fabricated with this type of scattering layers aehanced originating from much higher Jsc attributed to atdredye
compared to pristine ones. IPCE spectra and IMBdlteeshow loading and their higher extinction molar coeffidieceompared
that the dye-sensitized Sp@nO films does not contributeto N719. This work paved the way for further impeawvents.
directly to the generation of photocurrent, the aardement of Indeed, recently, hierarchically structured 28nQ: beads
Jsc can mainly be attributed to the reflectionladtons back into synthesised by hydrothermal method and deposited by
the nanowire photoanode. Lately some teams hawetezbthe electrospray technique have demonstrated PCE 6.83
use of electrospun #@s; as photoanode for DSSCs but their
efficiency was limited below 0.5%3%117 To improve these
results, in 2015, Miaet al attempted to use electrospinnin
methods for the synthesis of indium oxide nanotumgsed with We have seen previously that electrospun NFs ang sra
rare earth element such Dysprosium, Holmium anduBrB'® nowadays increasingly being investigated for theettment of
The structure analysis of these new photoanodefiricmd that photoanode materials, where nanoscale featuresasulcigh
the different rare earth elements were incorporatiedthe cubic
crystal lattice of IBOs. The band gap of the doped indium oxid [Z]
photoanode was slightly larger due to charge teartsénsition
between these ions and indium oxide conduction fzembalso
to the formation of localized band edges at theedogites in the
In203 lattice. DSSC based on these doped photoanodes sl
better performances than the undoped ones. Dogithdarbium
gave the best result with a PCE of 1.4% compare@.5686
obtained with undoped 1@s (Table 3).

Besides the simple binary metal oxides, ternaryahwtides
have also been considered as photoelectrode materiaSSC. ¢
In contrast, electrospinning of multication oxides been rarely l
explored. In comparison with simple binary oxidesiltication
oxides show more possibilities to tune the matsriehemical
and physical properties by altering the compos#idy varying
the relative element ratio, the band gap energg, work
function, and the electric resistivity of the temynaxides can be
readily tuned. Considering the availability of adeirange of [

é.z Electrospun materials as electrolyte in DSSC

multication oxides and their tuneable propertiess therefore =[(k) (22%111‘1]@22) (400) i)

interestir?g to investiga_te t_heir applications inF&Sand for their % - ]' )U‘ | g3 @2 I|

preparation electrospinning appears as a partiguleell- gE‘O‘L‘C_NL/ L__’{__ X Aicd N
. 2 |B00°C

adapted method. Up to now, electrospun ternaryasxglich as £ loe

SrTiOs fibers'19120.122have been principally investigated fol )~ 5 = o A

photo-catalysis and only few articles are focuseelectrospun : 2 6 (deg.)
i i i i 123,124,125
Zn2SnQ: nanomaterials for photovoltalc app|lcatldﬁ§. Fig. 11 a) SEM image of as-spun Zn(OAc),-Sn(OAc),/PVAc composite fibers; b) SEM
The main motivation in developing nanostructuresdenaf image of Zn,Sn0s fibers calcined at 500°C; c) cross-sectional view of Zn,Sn0, fibers
. P T i calcined at 500°C; d) Zn,SnQ, fibers calcined at 700 °C (reference); e) hot-pressed
ZnzSnQ rely on its Iowgr s_ensmwty to acidic _(?0“(_1mOnSZn(OAc)Z—Sn(OAc)A/PVAc composite fibers; f) SEM image of Zn,Sn0O, fibers calcined
compared to ZnO and its higher electron mobility Halk  at 450 °C after hot-pressing step; g) cross-sectional view of Zn,Sn0, fibers calcined
Compared to Ti@ In 2013, Choiet al. prepared electrospunat 450 °C after hot-pressing step; h) TEM image of Zn,Sn0, fibers calcined at 450
’ . . °C after hot-pressing step; i) magnified TEM image in (h); j) magnified TEM image
Zn2SnG phOtoanOde that were sensitized with N719 and am) and the inset shows the SAED patten; k) X-ray diffraction pattern of Zn,SnO,
organic dyeé?6 The ZrSnO photoanodes were prepared bybers calcined at various temperatures of 450 °C, 600 °C, and 700 °C. Reproduced
. . . ith issi f ref [126]. C ight 2013 Wiley.
electrospinning of a mother solution made of Zn(@Ac "'t Permission of ref[126]. Copyrig ey

Sn(OAc) and PVAc, followed by a hot-pressing step to easur

This journal is © The Royal Society of Chemistry 2016 J. Name., 2013, 00, 1-3 | 15
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aspect ratios and large surface area combined gb pore
volume allow improvements of the performances ddusoells.
However electrospinning is such a powerful techaithat it can
also be applied for the processing of other keymelgs in
DSSCs such as electrolyte and counter electrodeeBbuse of
DSSCs and future applications in BIPV for instarineaddition
to high PCEs, long device lifetimes are requireglc&ise of this
requirement, highly volatile electrolytes, such astonitrile-

Page 16 of 28

plasticizer. As a result ionic conductivity was anbed in the
presence of this additive and reached values dlmdbe ones
observed with standard liquid electrolyte (Table Be quasi
solid-state DSSC fabricated from electrospun fitmensiprising
the additive reached a maximum PCE of 6.82%. Withdame
philosophy,i.e. boosting the ionic conductivity by means of
additives, Vijayakumaetal. have developed PVdF-HFP layers
with various amounts of cobalt sulphide (CoS) using

based ones, have to beplaced because they are inappropriatgectrospinning techniqué? Nanocomposite membranes were

for achieving high stability.

One of the clearly identified problems employingrthis the
difficulty to find robust sealing, and their tendgn to
evaporation and leakage. Many research groups haen
searching for alternatives to liquid electrolytasch as inorganic
or organic hole conductors, ionic liquid, and gelc&olytes. In
particular, polymer gel electrolytes have attradtedrest due to
their appealing properties such as thermal stgbiliton-
flammability, small vapour pressure, good porérfilproperties
and high ionic conductivity, which is achieved bgpping a
liquid electrolyte in polymer cages formed in a thomtrix. A
wide variety of polymers have already been emploged
studied over the years such as poly-(acrylonitiié)
poly(ethyleneglycol}?° poly(methylmetha-crylate) (PMMAY?
and poly(VinylideneFluoride-co-HexaFluoroPropylege)Y dF-

activated by an ionic liquid electrolyte. Authomihd that, even
with limited amount (up to 3 wt.%) of CoS NPs umifdy
dispersed in the matrix, the charge transport waseased and
that the diffusion of the redox couple in the alelgtte system
was facilitated. The photovoltaic performance o thSSCs
assembled using this new material was found to0.B4%. It is
worth noting that the incorporation of the CoS NBsnot
detrimental for the stability of the cells. The sateam also
studied the swelling of PVdF-HFP electrospun fibesig ionic
liquid electrolyte giving a power conversion eféocy of 6.42%
and an excellent stability over more than 30 ddy<-ollowing
the same approach polyaniline (PANI) was mixed theoPVdF-
HFP membrané&®® PANI facilitates electrical conduction and
ultimately accelerates redox reaction kinetics.aAgsult power
conversion efficiency was improved from 6.42% faispne

HFP)'31 to name a few. So far PVdF-HFP looks to be thetmdayers to 7.20% with 3 wt.% of PANI in the PVdF-HRRtrix.

promising system due to its high ionic conductestiat room
temperature and its stability and compatibility twiiTiOz
photoanode and Pt counter electrode.

Lately, Sethupathgtal. electrospun another type of blend based
on poly(vinylidenefluoride-co-polyacrylonitrile) (YRIF-PAN)
and FeOs NPs!®7 Similarly to CoS in composites with PVdF-

In 2008, Priyaetal. investigated a method to process polymétFP, FeOs NPs increased ionic conductivity in the deposited

gel electrolytes via electrospinning to generatefitaous

layer, but the PCE of the devices was limited @0% in this

membrane of PVdF-HFP? The membrane was prepared fronsase (Table 4).

a 16 wt.% solution of PVdF-HFP in a mixture of aset/N,N-
dimethylacetamide at 80 °C. The resulting membtaickness
was reduced from 30 to 15 um after a drying stdpve@d by a
hot-pressing step. The average length of the NFssestimated

3.3 Electrospun materials as counter electrodes DSSC

Platinum counter electrodes have been widely usddSSCs,
because Platinum is an efficient electro-catalgstéduction of

to be 600 nm while the ionic conductivity of them@rane was 13- ions!3® Nowadays, Platinum still appears as a reference
measured atirca 1.10° S-cm! at 25 °C (Table 4). To fabricatesystem in the field but this metal is also known iging an
the DSSC, the membrane was simply sandwiched battfee expensive element that prevents further massiveldpments at
sensitized photoanode (sensitizer N719) and thenteou the industrial level. Besides, side reactions (sagcbxidation and
electrode and the cell was filled with iodine etebtte before complex formation) with the corrosive/lF- redox couple can
being thermally sealed. Photovoltaic measuremédrawed that reduce its catalytic activity, which can jeopardike long-term
the final device exhibits higher Voc but lower Xb@an the stability of DSSC$3%140For the above mentioned reasons
reference device containing solely a liquid eldgtea The comes out highly desirable to replace this compbimeBSSCs
reduction in the back electron transfer from th@&zICB to the or to significantly diminish the quantity of Pt rmessary to
I3 ions because of a lower concentration pEpecies in the fabricate them. The first example of electrospuifr&: counter-
electrolyte near the mesoporous Ti@as hypothesised toelectrode was published in 20%8.In this work Platinum was
explain the enhancement of Voc value. Unfortunatilis replaced by carbon NFs synthesized according tdaifeving
phenomenon is also detrimental to the Jsc, andulseaaf lower process: in a first step, NFs were simply prep&rech a DMF-
ionic conductivity, the dye regeneration kinetimist as fast as Poly(acrylonitrile) solution that was electrospuwsing standard
in liquid cells. The photoconversion efficiency wéswer conditions, then the fibers were collected and sgbsntly
compared to the liquid device but the cells denratestl higher heated at 1200 °C to give rise to the formationcafbon
fatigue resistance. Indeed the PVdF-HFP based eleeiained nanofibers (CNFs). Those fibers were then dispersed
96% of their efficiency after two weeks (compared36% for poly(oxyethylene-tridecylether) and printed usindpator-blade
reference devices). Later Ahat al. further enhanced theonto a FTO glass substrate. Processing the NFkehding them
performances of PVdF-HFP-based devices by devajopimew with a polymer matrix appeared mandatory since ttayd not
system composed of liquid crystal embedded polymerovide alone enough strong attachment to the Rir@ce.
electrolytest3® The role of the liquid crystal was to act as

it
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Table 3. Alternative semiconducting oxide for electrospun photoanode

Photoanode ‘[Jri:.cm-z] Voc [V] FF [%] n[%] Comments ref
ZnO NF (1,5um) 3.58 0.6 62 1.34 N719 101
ZnO NF (1,5um) 4.58 0.63 61 1.77 N719 102
ZnO NF (3,2um) 6.10 0.61 64 2.36 N719

ZnO NF (5,0 pm) 6.62 0.59 66 2.58 N719

ZnO NF (5,0 um, Zn(Oac)?2 treatment) 9.14 0.57 58 3.02 N719

ZnO 2 layers (50 mM precursor solution) 4.45 0.51 0 4 0.91 N719 103
ZnO 5 layers (50 mM precursor solution) 10.16 0.56 43 2.45 N719

ZnO 2 layers (75 mM precursor solution) 8.69 0.67 9 5 3.43 N719

ZnO 5 layers (75 mM precursor solution) 15.20 0.69 50 5.20 N719

ZnO NP 5.2 0.621 46.5 1.5 N719 104
ZnO NP: ZnO NW (20 wt.%) 6.29 0.672 61.5 2.6 N719

ZnO NW 5.41 0.653 45.3 1.6 N719

(ZnO NP:MWCNT): (ZnO NW: MWCNT) (20 wt.%)  7.27 0.89 59.5 3 N719

ZnO NP: ZnO NW (20 wt.%) TiGltreatment 7.59 0.7 60.2 3.2 N719

(ZnO NP:MWCNT): (ZnO NW: MWCNT) (20 wt.%) 8.48 0.732 61.2 3.8 N719

TiCl, treatment

TiO2:ZnO 6.3 0.73 57 2.70 N719 105
TiO2:ZnO:Graphene (0.7 wt.%) 9.4 0.71 56 3.70 N719

TiO2:ZnO NF (core sheath) 11.3 0.75 61 5.17 N719 106
TiO, NF 10.6 0.70 60 4.47 N719

SnG, NP (3 pm) 2.38 0.52 41 0.50 N719 107
SnG NP (3 pm) + SNONW (19 pm) 9.90 0.53 49 2.53 N719

SnQG nanoflowers (15 pm) 7.30 0.7 60 3.00 N3 109
SnQ, NF(15 pm) 3.00 0.6 38 0.71 N3

SnQ NF 4.51 0.50 31 0.71 N719 110
SnQ NT 5.89 0.49 35 0.99 N719

Core shell Sn©ONF-TiO, 12.69 0.74 49 4.61 N719

Core shell Sn@NT-TIiO, 14.71 0.72 48 5.11 N719

Reference TiQNP 11.44 0.73 58 4.82 N719

SnQ NF 7.04 0.51 38 1.34 N719 113
Core shell Sn©ONF-TiO, 9.80 0.59 37 2.11 N719

Core shell Shn@NF-needle TiQ 20.5 0.71 48 7.06 N719

Reference NP 11.7 0.75 58 5.04 N719

Organized mesostructured (OM) TP (8.5 um) 13.1 0.76 60 6.0 N719, solid stateBIPE =~ %4
OM TiO./SnQy NT (7 wt%) (8.5 um) 14.5 0.73 54 5.7 N719, sotiates (PEBII)

OM TiOy SnG NT (10 wt%) (8.5 um) 13.9 0.70 49 4.9 N719, sstate (PEBII)

OM TiOz/SnO2 NT @ TiQNS (7 wt%) (8.5 pm) 16.2 0.75 57 6.9 N719, solates(PEBII)

OM TiO/SnO2 NT @ Ti@ NS (10 wt%) (8.5 um) 17.4 0.77 58 7.7 N719, sstate (PEBII)
ZnO NW (3 pum) + Sn@ZnO NF scattering layer 2.66 0.54 51 0.74 D149 115
ZnO NW (3 pm) + Sn@ZnO nanofilm scattering 2.99 0.57 59 1.01 D149

layer
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ZnO NW (3 pm) 2.46 0.44 53 0.58 D149

N0z 4.6 0.4 26.2 0.5 N719 118
In,03:Dy** 6.6 0.5 334 1.1 N719

In,03:Ho*" 6.7 0.5 33.2 1.1 N719

ZnSnQy NF (1,5um) 6.39 0.73 59 2.77 TA-TV-CA 126
ZnSnQy NF (3um) 8.11 0.72 63 3.67 TA-TV-CA

Zn,SnQy NF (4um) 7.66 0.75 62 3.55 TA-TV-CA

Zn;SnQy NF (4um) 2.75 0.74 69 1.40 N719

NF: nanofibers, NP: nanoparticles, NR : nanorodS; Manosheet, NT: nanotubes, NW: nanowires, ligledtrolyte unless stated otherwise.

Table 4. Photovoltaic performances of electrospun polymer gel electrolyte-based device

Polymer gel Electrolyte [m;iﬁq_z] Voc [V] FF [%] n [%] ionic conductivity [S.cm™] ref
PVdF-HFP? 15.57 0.76 62 7.3 ~1 %0 132
liquid 2 16.86 0.73 63 7.8 -
PVdF-HFP® 13.65 0.7 67 6.35 2.1 %0 138
E7 + PVdF-HFP 14.62 0.72 65 6.82 2.9%0
liquid ® 14.71 0.75 65 7.17 3.2%0
PVdF-HFP® 13.10 0.71 69 6.42 5.8310 134
CoS 1 wt% + PVdF-HFP 14.42 0.73 70 7.34 36.4310
PANI 3 wt% + PVdF-HFP 14.30 0.72 70 7.20 31.4410 135
Fe0s3 3 wt% + PVdF-PAN 9.6 0.75 55 3.96 6.30 20 137
Fe0s; 5 wt% + PVAdF-PAN 10.0 0.76 56 4.30 6.42 %0
FeOs; 7 wt% + PVAF-PAN 10.4 0.77 62 4.90 6.81 %0

a Electrolyte composition: 0.6 M 1-hexyl-2,3-dimelihyidazolium iodide, 0.1 M Lil, 0.05 M, and 0.5 M 4-tert-butylpyridine in ethylene
carbonate/ propylene carbonate (1:1 wt.%), dye: N7 Electrolyte composition: iodine, tetrabutylammaniuiodide, 1-propyl-3-
methylimidazolium iodide (PMII) as an ionic liquidthylene carbonate /propylene carbonate (3/1 &htveatio), dye: N719¢ Electrolyte
composition: 0.5 M Lil, 0.05 M,| 0.5 M 4-tert-butylpyridine and 0.5 M 1-butyl-3-thglimidazolium iodide, dye N719.

When processed into a paste, the NFs, which wagmaly tens electrodes where the quantity of Pt was 10 timéderior

of micrometers long, were broken into sub-micromsetéeo compared to conventional devices. Their catalytitviay was
micrometers. That impacted the conductivity whichswone good enough to reach PCE oifca 7.2%, but this was not
order of magnitude lower (1538 Skto 164 S.im). Photovoltaic sufficient to outperform above-mentioned performemdiore
performances of the Pt-free electrodes (PCE of p.88re recently, Elbohyet al. integrated graphene nano-platelets into
slightly lower than the reference Pt-based couatectrode, electrospun CNFs and they subsequently grown Ri-naedles
mainly originating from an increase of the totaliegresistance onto the CNFs surface through a redox reaction éetwtPtCl

of the device. With the goal to maintain efficienfiyr the and HCOOH** Synergistic effects of graphene integration and
regeneration process of the redox species andgtuifisantly Pt nano-needle decoration on DSC performance wesereed.
reduce the quantity of Pt used in the counter eddets, Pt NPs They were attributed to higher electro-catalytifpenance due
were incorporated in electrospun carbon fibers (N this to larger interfacial area, faster teduction rate, lower charge
study, the CNF were prepared by electrospinningansfer resistance, and lower series resistanceelfectron
polyacrylonitrile nanofibers followed by thermak#&tments of transport. Overall this yielded to PCE of 9.77%alfle 5)
stabilization and carbonization. Then, crushed CNiere In order to get rid of Platinum, Nickel is a plaulsi
soaked into a Pt precursor solution and heatedd@tCG The alternative. However to reach respectable effigiehbas to be
CNF-Pt composite were then mixed with carboxymethgither nitridel*®embedded in graphene as nickel phospttae
cellulose (CMC) and sodium salt in deionized wates added processed as nanopartiéfé. Joshi et al. followed that last
as a binder to give a printable paste. That paaseapplied onto strategy and produced a counter electrode from éllidkPs
the FTO coated glass substrate by doctor bladirgjndJthis embedded in carbon nanotubes and ME$o form the nickel-
material, the total resistance of the DSSC dececasel the embedded CNT-coated electrospun NFs, Poly(acrylm)ieind
devices with a CNF-Pt-based counter electrode &iBCE of Ni(AcAc)2 were dissolved in DMF and then the precursors
8%.142 These authors also developed electrospun nano-iseliution was electrospun. The NFs were then andéake mixed
consisting of overlaid TiC/C composite NFs where slurface Hz and Argon flow to reduce Rfi to Ni atom. This forces the
was decorated with Pt NP This approach led to Pt counteraggregation of Ni at the NFs surface to form caial\NPs.
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Following that step, NFs were fully carbonized lefgrowing
nanotubes by introducing a flow of Argon and ethgleThe
resulting materials are then crushed, mixed witth@aymethyl
cellulose sodium salt to give a paste that can dposited by
doctor blading onto a FTO glass substrate to divedounter
electrode. The new counter electrode was roughly tine

thickness of the reference electrode but it rewvkaleeater
porosity and surface area and therefore bettetytiatactivity.

Despite of being lower, the DSSC performances Witlhased
electrodes were very close to the ones of Pt-bakadces
(7.96% versus 8.32%) (Table 5). In 2015, Saraetyal. swap
from Ni NPs to a bimetallic Fe-Ni system and folledvthe

electrospinning procedufé? They were able to attain the

equivalent electrochemical parameters to Pt-basaahter-
electrode with this new material and reported vetgse
photovoltaic efficiencies (Table 5). Mohametal. selected (Co-
Cr) NPs to be embedded into CNFs to boost theictre

catalytic activity'>® However, their approach was not fully

successful as the performances were lower. Therefoey
replaced Cr in their material by Ni and they ackig\slightly
better performances close to 4.5% (Tablé®5).

Conducting polymers were also considered for deietp
original Pt-free counter electrodes materials.062 Pengetal.
used electrospun conductive polyaniline-polylaetaid (PLA)
composite NFs for the fabrication of rigid and flae devices'>?
PLA was necessary to increase the viscosity arfdceitension
of the solution to form NFs during electrospinnimgd PANI
was doped with camphor sulfonic acid (CSA) to makaore
conductive. One strong advantage of this appraatiteiabsence
of annealing process to form the electrode. Thepas: PANI-
CSA-PLA NFs are stacked and bonded with the sutesfiranly,
immediately after deposition resulting in an interected
nanofibrous network (Fig. 12). A quite promising PGf 5.3%

- : /
AR
(e)

Fig. 12 SEM images of the top views (a and b) of the PANI-PLA and PANI-CSA-PLA film on
FTO glass, the magnified part (c) and crosssectional view (d) of the PANI-CSA-PLA
nanofiber film, and the photos of the PANI-PLA/FTO (e), PANI-CSA—PLA/FTO (f), and
PANI-CSA—PLA/PEN (g), respectively. Reproduced with permission from ref[152].
Copyright 2012 The Royal Society of Chemistry.

adjusted from 100-150 nm to 10-20 nm diameters lysswaping
from PVP to CA matrix. The XRD and TEM results reeshthat the
PVP-assisted CZTS NFs are single kesterite crys¢alivhereas CA-

was obtained for the devices containing PANI-CSAAPLassisted CZTS NFs are kesterite polycrystallineaitume. Promising

counter-electrode. Because annealing step is rugtssary with
this kind of materials, the process is fully conifplat with

flexible substrate, and the authors demonstrasedgplicability
on polyethylene naphthalate (PEN) (Table 5).

performances in solar cells close to 3.9% wereiobtawith these Pt-
free electrode®

In 2013 Kimetal. developed platinum NFs in order to get ri% 4 Electrospun materials for flexible DSSC

of the FTO that is used in the counter electrfdeThe

electrospinning process allowed the authors to greet NFs
from a PVP solution containing the Pt sourceRt€Ck-6 HO)

and thermal annealing was employed to decompoge\tireand
reduce the precursor to give pure metallic Pt. 8ytiolling the

electrospinning time it is possible to control thEs density on
the bare glass substrate onto which they are deplo§ihe NFs
density clearly impacts the sheet conductance bhadcharge
transfer resistance. The benefits of this appressie limited as,
Pt is still used to fabricate the electrodes adRICE remains
moderate (Table 5). In 2015, Zhai al reported a similar
approach to form Pt NWs mats as counter electtioaiewere

The integration of electronic devices into everydéjects that
are non-planar and foldable can open new areappiication.
Therefore flexible electronics have extensivelyestgated in
the last decade for displays, thin-film transistmatteries, solar
cell, and others. The development of lightweightd an
mechanically resilient solar power sources is ofréasing
interest for transportable applicatiofi.Typically in flexible
devices the electrode is deposited on conductingstigol
substrate. However, thermal degradation at higlpezatures of
most of the polymers used for the fabrication of fhlastic
substrates prevents the development of flexible ©sS3Here the

used in flexible cellds* Even if the electrocatalytic behaviour of"itical challenge is to achieve the good connégtiof TiO>

those Pt counter electrode was found to be simitar
conventional Pt/FTO counter electrode the photaolt
performances were relatively poor (3.82%). Kestestanother
class of material that was recently investigatedcasnter-
electrode in DSSCs. Indeed, Mat al have successfully
synthesized PVP- and CA (cellulose
CwZnSnS (CZTS) NFs via an electrospinning technique.
Surface morphology reveals that the PVP-assistetSI¥Fs
have a smooth surface and that the diameters dibires can be

acetate)-askis

particles in a photo-electrode fabricated by a temperature
process (below 150 °C) because most of the plastistrates
suffer from thermal degradation at the high tempees (>450
°C) employed in the conventional sintering proc&sseral low-
temperature methods such as chemical sint&fingmechanical
pressing® have been proposed to improve the interconnegtivit
of TiOz2 nanoparticles. Nevertheless, the degree of
interconnectivity of particles or the adhesion begw the
resulting photoelectrode film and the substrateaiaroften

Please do not adjust margins
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unsatisfactory. To tackle this callenges, in 20LR, et al. These authors reported a hybrid mat consistingafase-phased
suggested a novel, low-temperature process fdativecation of TiO2 nanofibers and amorphous Si@anofibers prepared via the
photo-electrodes composed of reinforced electrospmethod of dual-spinneret electrospinning followgdogrolysis.
polyvinylidene fluoride (PVDF) fibers and T¥ONPs. Fig. 13(a) The hybrid fibrous mat was impregnated with binftee TiO;
shows the spray-assisted electrospinning as a meekss of nanoparticles and sintered at 480 °C to form ablexcomposite
PVDF/TiO2 NPs composité>® The as-spun PVDF NFs withphotoanode for DSSC. The freestanding hybrid maTiaf.-
diameters of ca. 400 nm were synthesized by elguinaing, as SiOz nanofibers was then pressed on ITO/PET and aftesrsg
shown in Fig. 13(b). Surface analysis of the amdpuUDF/TiQ: at 150 °C, a flexible and bendable photoanodevils obtained.
NPs composite fibers (CFs), demonstrated that N®s were The performances of the corresponding flexible deviwere
uniformly sprayed in pore volume between the NF&isT rather low, around 1%, but the free-standing mesmpo
material was tested with respect to organic birfcee-films electrodes developed in this work allow to envisiure
(BFs) which are conventional electrodes for flegilDSSCs developments of substrate-free flexible DSSC.
processed at low-temperature. The PCE of these sella was
poor, around 1%, however the PVDF/Righotoanode revealed
superior mechanical properties and a high stabditgn after
1000 bending cycles. Further developments on flexit?- Other types of photovoltaic devices
substrates were achieved by implementing a bilplietoanodic
film composed of carbon nanotubes with Ti@&anorods as under
layer and branched Ti(anotubes as a light scattering top laye@rganic bulk-heterojunction (BHJ) solar cells arevides
Flexible DSSCs were fabricated using these materta) usually fabricated by mixing p-type organic semidoctors
combining electrospray deposition, compression, af@lch as a pi-conjugated polymer or a small moard n-type
microwave treatment at low temperature (< 150°@ylieg to Semiconductors (that can be a fullerene derivatvesmall
PCE close to 4.29§° molecule or a polymer). In organic BHJ solar cell
Apart from the low temperature of processing thet aelectrospinning technics have been rarely explomedpared to
required by plastic substrates, the brittlenesaafanic photo- DSSC developments. However one can cite some wibids
electrodes is another major problem that resulfsaictures and were devoted to the preparation of electrodestrele¢ransport
delaminatation under external bending forces. Caqumesetly, layer, and also the photoactive layer of the dexice
under deformation the DSCs show usually poor mechhn  Since 2010, electrospinning was used as a tochliddate
stability. To overcome this problem the developmaft NFs made of either, coaxially assembled P3HT angIN?€4.165
nanowire morphology with an orientation perpendicub the or pure PCDTB® P3HT-PCBM blends are not directly
substrate seems preferable. Indeed this configuratilows to electrospinnable. To overcome this problem, in 2012
gain crack resistance, due to the efficient releafsbending P3HT:PCBM-containing fibers were produced in a dalax
stressi®l However the implementation of electrospinningashion by utilizing Poly(CaproLactone) (PCL) as an
techniques for the preparation of vertically orazht electrospinnable sheath material (Fig. 1%).The pure
nanotructures remains challenging. Another intérgsipproach P3HT:PCBM fibers were obtained after electrospignioy

4.1 Organic Solar Cells

consists in developing polymer-TiChybrid composite€$? or

selectively removing the PCL sheath with cyclopaote. The

TiOz-inorganic photoelectrodes showing higher mechaniggsulting fibers show an average diameter 120 5180 They

robustness. This strategy appears indeed more cimepavith
electrospinning process. To illustrate this, one o&ntion the
work of Zhu et al. who reported a photoanode thahlgzines
excellent bendability and flexibility and high-teemature
durability 163

(@
AR
2/

Fig. 13 (a) Spray-assist&@ray-assitsted electrospinning system. SEM images of (b) as-
spun PVDF nanofibers. Reprinted with permission from ref [159]. Copyright 2012 The
Royal Society

were incorporated into the active layer of a BHJicks, and this
resulted in improved operating parameters and P@Gg,
compared to thin-film devices of identical chemicainposition.
The best-performing fiber-based devices exhibit®cC& of 4%.
This increased performance was related to theangoalignment
of P3HT polymer chains within the fibers resultifrpm the
electrospinning process, which leads to increasetical
absorption and subsequent exciton generation. The bf
PCDTBT of different diameter were obtained follogia similar
strategy with a sacrificial poly(ethylene oxide)E(®) matrix
which is electrospun along the active polymer.
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Table 5. Photovoltaic performances and electrochemical parameters of electrospun counter electrode based device

Counter electrode materials frii.cm'ﬂ Voc [V] FF [%] 1 [%)] Rs[Q.cm?] Rer [@.cm?]  ref
CNFs/FTO 12.60 0.76 57 5.50 5.12 0.90 41
ref Pt/FTO 13.02 0.75 71 6.97 2.00 1.89

CNFs 12.98 0.89 54 6.30 4.12 0.44 142
CNFs-Pt 14.53 0.83 67 8.00 3.16 0.175

Ref. Pt 14.27 0.81 61 7.00 3.31 1.15

Ni NP-CNT-CNFs/FTO 15.83 0.80 63 7.96 5.96 0.355 148
ref Pt/FTO 15.01 0.83 67 8.32 5.77 0.9
TiC-C/FTO 12.30 0.66 37 2.95 3.92 68.6 143
Pt NP-TiC-CN/FTO 14.40 0.78 64 7.21 2.71 1.4

Ref. Pt/FTO 14.80 0.77 66 7.54 2.29 0.7

GCN 5 um 14.52 0.77 64 7.15 3.63 0.49 144
GCN-Pt5 um 18.70 0.78 67 9.77 3.16 0.12

Ref. Pt/FTO 17.20 0.79 63 8.63 3.27 1.3
CN-(Fe-Ni) 10.1 0.72 65 4.6 7.50 3.01 149
CN 7.3 0.74 58 3.1 10.06 9.12

Ref. Pt 9.8 0.71 66 4.6 5.07 3.12
CN-(Cr-Co)/FTO 8.784 0.685 54 3.27 5.975 47.55 150
CN-(Ni-Co)/FTO 11.12 0.74 54 4.47 6.3 3.9 151
Ref Pt/FTO 16.12 0.718 51 5.90 - -
PANI-PLA/FTO 4.70 0.65 52 1.60 195 10.6 152
PANI-CSA-PLA/FTO 12.01 0.70 63 5.30 16.7 2.4

Ref. Pt/FTO 13.88 0.70 67 6.51 155 2.1
PANI-CSA-PLA/ITO (flexible substrate) 7.65 0.70 58 3.10 - -

Pt/ITO (flexible substrate) 10.38 0.70 61 4.39 - -

Pt NF (9 min) (FTO free) 12.30 0.81 54 5.30 18.7 .230 153
Pt NF (12 min) (FTO free) 12.30 0.81 60 6.00 17.9 5.82

ref Pt/FTO 12.50 0.80 66 7.20 15.8 9.65

Pt (40Q.5qY) 9.6 0.58 47 2.63 115 189.8 154
Pt (140Q.sq%) 10.99 0.66 53 3.82 13022 286.7

Pt (250Q.5q%) 10.95 0.66 48 3.47 176%4 482.3

Pt/FTO 11.36 0.65 56 4.13 10621 86.96
PVP-CZTS/FTO 6.83 0.577 64 3.10 73 - 155
CA-CZTS/FTO 8.42 0.574 65 3.90 69 -

Pt:FTO 4.66 0.623 57 1.72 96 -

a inQ.
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Fig. 14 A schematic depicting P3HT:PCBM fiber generation from the coaxial fibers and
the subsequent deposition of nanofibers within the active layer of the BHJ-OPV device,
along with a) a scanning electron microscope (SEM) micrograph; b) a TEM micrograph of
P3HT:PCBM (core)-PCL (sheath) fibers (2.5 um and 200 nm scale bars, respectively); c)
an SEM micrograph of P3HT:PCBM nanofibers after removal of the PCL sheath (2 um
scale bar), and; d) a high-resolution TEM micrograph of the P3HT:PCBM fibers after
removal of the sheath PCL (25 nm scale bar).Reproduced with permission from ref [164].
Copyright 2012 Wiley.

PCDTBT:PEO NFs were electrospun onto a neat layer
PCDTB and after selective removal of PEO, PCBM spis-
coated onto the fibers to complete the active laybe higher
Jsc of 11.54 mA.cm? for the cell with NFs (compated®.95
mA.cm?2 for conventional BHJ solar cell), was afiitid to better
exciton dissociation and charge transport. This eleerved for
the NFs with the lower diameter of 20 nm which dnsien is
close to exciton diffusion length in organic maaési Some
parameters such as the relative humidity level rdurthe
electrospinning process were investigat®dndeed Kimet al.
studied the impact of external conditions on therfation of
P3HT:PEO NFs. They found that humidity rate modifibe
kinetic of evaporation of the solvent during theogass and
therefore the structure of the final NFs. When Hdityiis high
beads of pure P3HT are formed at the surface ofafiésas the
consequence the photo-conversion efficiency of
corresponding devices drops significantly.

Apart from the materials of the active layer, dalede
materials were also investigated. In particular sd¥Ws were
made of copper by electrospinning. In this work Cx#RVACc

|
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the surface. This copper electrode compares fabbuta other
type of electrodes such as graphene-based elestnatiech
possess higher sheet resistance for similar tratzsme.
Moreover unlike ITO, the transmittance is relatwéht along
the visible spectrum which is valuable for photasi
application. The potential of the Cu-electrode waaluated in
BHJ device configuration with P3HT/PCBM as an astisyer
leading to a promising PCE of 3%. Interestingly the-NFs
electrodes also exhibit good mechanical propeatiesving their
implementation on flexible substrate. ZnO was atsestigated
as an electron collecting electrode in BHJ devinesause this
semi-conductor possesses a high electron mobiitymalaiet
al. fabricated ZnO NWs electron transport layers rimerted
organic solar cell$®® The 1D structure of ZnO NWs greatly
enhances charge collection compared to ZnO NPs. Ne
contributed to a better charge collection and F&dileg to
performances close to 3.5%.

4.2 Electrospun materials for perovskite solar cedl

Metalorganic lead halide perovskites have emergedntly as a
very promising class of hybrid materials for phaihaics.
Indeed perovskite solar cells combine high efficiei(>18%)
with low cost fabrication via low-temperature sadutprocesses.
Rerovskites can be integrated in various devicdigomations
including the ones inspired by DSSCs and BHJ so#dlls.
Similarly to DSSC most of the approaches that idelu
electrospun materials in perovskite solar cells ceon the
fabrication of the mesoporous photoanode. Dhamtnial.
prepared and used electrospun JINFs mats as photoanode and
studied the effect of the TiCfilm thickness after sensitization
with perovskite. They demonstrated a PCE of 9.8286 f
thicknesses ofirca 400 nmt7°

Later, Mahmoodet al. made a hyper-branched TiO
photoanode by using a procedure that combétectrospinning
and a hydrothermal method to grow NRs on the spesiit An
impressive PCE of 15.5% was obtained with a peritarsk
sensitizer using this unique hyper-branched strectdhe
technique was further extended by adding extrarfagé these

theyper-branched NFs to give thicker photoanode.r€balts with

perovskite were disappointing because of the diffjcto grow
perovkite in the pores, but using N719 as a semesith PCE of
11.2% was demonstrated.

The hyper-branched structure exhibits higher diffms

Page 22 of 28

was electrospun on the substriffeAfter a calcination step in coefficient and longer electron lifetime comparedimple NFs
ambient conditions CuO NFs are obtained and sulesglyu and conventional NPs. In order to overcome the pooe filling
annealed under +htmosphere to give rise to pure Cu NFs witvith perovskite in the mesoporous photoanode, Xéaal.
diameter of 100 nm. The Cu NWs are well-intercone@@nd developed a process to grow €HHsPbls perovskite directly
the transmittance as well as the sheet resistahite gesulting onto TiG: NFs!72First TiO:PbO doped NFs were prepared by
electrodes can be adjusted by playing with the diRerage of electrospinning, then the mats were dipped intsdéllition and

This journal is © The Royal Society of Chemistry 20xx J. Mater. Chem. C., 2016, 00, 1-x | 22
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dried. TiG:Pbk NFs were obtained and these fibers wefEhe increasing development of electrospun matereisl
subsequently used as a substrate to spin-coatiiosoh Pbi on  methods in laboratory research and industry willresu
top. After this step the material was then immeiigea solution contribute to push forthcoming electrospinning pragd with
of CHsNHasl to form the CHNHsPbls perovskite layer. This low cost and low environmental impact toward indiagization
method allowed the author to have a relatively higbkness of in the field of energy conversion systems.

mesoporous film and therefore have better lightésting. This

strategy was successful and diminished the losgphafto-

generated electrons thanks to the efficient cabectand Acknowledgements
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maximum PCE of 7.38% was obtained for the best loetl
interestingly it was shown a moderate hysteresmpared to
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This feature article discusses highly promising and versatile electrospinning methods and electrospun
materials employed for the fabrication of solar cells.
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