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Abstract

Barriermaterials are important for improving the stability and lifetimes of organic electronic devices.

A simple technique for improving the barrier properties of polymer filmswas considered in this work

by using TiO2nanoparticles in the interlayer to be incorporated in the polymerfilm. TiO2was

synthesized by the solution combustion technique, was further functionalized using stearic acid or

octadecylamine to induce hydrophobicity and enhance processing of the composite interlayer. The

grafting of these compounds on to TiO2was investigated using Fourier transform infrared

spectroscopy, Raman spectroscopy, elemental analysis and thermo-gravimetric analysis. The

functionalized and neat TiO2were blendedwith poly (vinyl alcohol-ethylene) (EVOH) andweremelt

compressed between Surlynfilms. The resulting nanocompositefilmswere tested for their

transparency and barrier properties usingUV–visible spectroscopy and calciumdegradation test,

respectively. Further, the effectiveness of these barrierfilms in encapsulating organic devices was

determined from accelerated aging tests. Therefore, the synthesized barrierfilmswith neat and

functionalized TiO2 in the interlayers proved to be effective asmoisture barrier composite films.

1. Introduction

The drive to produce flexible electronic devices paved the path for the development of organic electronics [1–4].

Unlike their inorganic counterparts, these devices areflexible and also offer the advantage of solution processing

[5, 6]. These devices can be fabricated using simple and economical techniques such as roll-to-roll processing

[7, 8]. However, the long term stability of organic thinfilms is a hindrance for the commercialization of these

devices. The conducting organic layers degrade in the presence of oxygen andmoisture and undergo photo

oxidation [9–12]. Lowwork function electrodes utilized by these devices are reactive tomoisture resulting in loss

of electronic properties and delamination [13–15]. Thewater vapor transmission rates (WVTR) should be as low

as 10−6 g m−2 d−1 for increased lifetimes and stability of organic devices [16, 17]. Therefore, encapsulation of

these sensitive devices is critical for their efficient functioning.

Glass can be a direct solution for encapsulation as it possessmajor requirements of an encapsulant such as

transparency, impermeability tomoisture and oxygen, and stability [16]. Themain drawbackwith glass is its

inflexibility. Thoughflexible glass can nowbe fabricated using down-draw processing [18, 19], it cannot be used

as encapsulants because it is brittle. Plasticmaterials used as gas/moisture barriers in food and pharmaceutical

industries are flexible. However, thesematerials cannot provide the stringent levels of water vapor barrier that

are required for organic device encapsulation [20, 21]. Thinmetal foils and organic/inorganic layered barriers

areflexible and can be developedwith required permeation rates. However, pinholemediated permeation of

moisture and their opacitymakes themunsuitable for encapsulation [19, 22]. Therefore, the development of

barriermaterials that areflexible, transparent andwith the requiredwater vapor permeabilities is crucial for the

commercialization of organic devices. In order to develop a suitable barriermaterial possessing all these
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properties, barriermaterials based on reactive nanocomposites such asMgOhave been recently being

investigated [23, 24].

Nanocomposites are synthesized by incorporating nanoparticles into the polymermatrix to develop

reinforced and high performancematerials. The addition of nanomaterials to polymer resinwould enhance the

properties ofmatrix such as electrical conductivity, elasticity, insulation,mechanical strength, thermal stability

and gas barrier [25–29]. These properties can be achieved at extremely low concentrations of nanoparticles

because the interactions at the particle/matrix interface will be largely improved at nanoscale compared to

macro ormicro scale.Moisture barrier properties of various nanocomposites such as Al2O3, ZnO and SiO2 have

been recently investigated [30–32]. Polymer nanocomposites alsofind their applications in biomaterials [33, 34],

sensors [35] andwhile their use as gas barriermaterials have gained a lot of interest due to their direct

implications in packaging [36, 37]. Thefinely dispersed nanoparticles in the polymermatrix create a tortuous

path for permeating gasmolecules thereby increasing the diffusion path length and time of thesemolecules. This

will result in decreased permeation rates of gasmolecules [38]. The decrease in permeation rates is further

governed by factors like dispersion, aspect ratio, and volume fraction of the nanoparticles [39, 40].

TheWVTRs can be further reduced if the permeatingwatermolecules can chemically bond or interact with

the nanoparticles. However, this aspect of polymer nanocomposites is less studied and reported compared to

non-reactive nanocomposites. Further, composites based on titania have not been reported earlier. In this study,

a polymer nanocomposite with titaniumoxide (TiO2)nanoparticles was developed. The neat TiO2

nanoparticles have the ability to formhydroxyl bondswith the permeatingwatermolecules enhancing the

barrier property of the nanocomposite films. Further, the TiO2was surfacemodified to study the effect of

grafting onwater vapor permeability.

TiO2 particles were synthesized following solution combustion technique, amethodwhich is widely used to

synthesizemetal oxides [41, 42]. The solution combustionmethod to synthesize TiO2 so that the size of the

nanoparticles was<10 nm. This low size of the nanoparticles ensures higher reactivity and the surface

modification of these nanoparticles resulted in better dispersion in terms of the time required for dispersing and

obtaining composites with lesser agglomeration. Further, thismethod is preferred over other techniques

because it is comparatively simple, easy to handle, economical, can be processed at low temperatures and results

in the product with lower particle size and higher defect sites. The lower particle size ensures higher surface area

while the higher defect sites in increasing the reactivity. TiO2was previously synthesized using fuels like glycine,

triethyl amine, and hexamine [43, 44]. In this study, TiO2was synthesized using lactose and surfacemodified

using a carboxylic acid and an amine to improve the dispersion of TiO2 in the polymer and to study the effect of

surfacemodification on thewater vapor permeability. TiO2 synthesized using solution combustion is

hydrophilic and grafting stearic acid and octadecylamine on to the surface of TiO2will impart hydrophobicity.

Therefore, the objective of this workwas to synthesize an interactive polymer nanocomposite aswater vapor

barrier for encapsulation of organic devices. Pristine and functionalized TiO2was blendedwith poly (vinyl

alcohol-co-ethylene) (EVOH). To further enhance thewater vapor barrier of EVOHnanocomposites films,

thesefilmswere sealed between two Surlynfilms. The synthesized nanoparticles and nanocomposite filmswere

characterized using various techniques and theWVTRswere determined using calciumdegradation test.

Further, accelerated aging tests were used to evaluate the performance of organic photovoltaics (OPVs)

encapsulatedwith fabricated barrier films under acceleratedweathering conditions.

2.Materials andmethods

Titanium (IV) isopropoxide (TISO)was obtained fromAlfa Aesar (USA). Lactosewas purchased fromFischer

Scientific (India). Poly (vinyl alcohol-co-ethylene) (EVOH)with 38% ethylene (inmol), octadecylamine (ODA),

Poly (ethylene-co-methacrylic acid), Surlyn (zinc salt), PEDOT-PSS, [6, 6]-phenyl-C61-butyric acidmethyl ester

(PCBM) calciummetal (∼99.99%purity) and stearic acidwere procured fromSigmaAldrichChemical

Company, Inc. (USA). Nitric acid and hydrogen peroxidewere obtained fromMerck. Dimethyl sulfoxide

(DMSO), used as solvent, was obtained fromS.D. fine chemicals (India). Poly (3-hexylthiophene) (P3HT)was

purchased fromRiekeMetals Inc. (USA). The epoxy glue used for sealing the barrier filmswas obtained from

Atul Industries Ltd (India).

2.1. Synthesis of TiO2nanoparticles

TiO2was prepared following the solution combustion technique. Titanyl nitrate was synthesized using TISO

[43]. TISOwas added dropwise to ice coldwater under continuous stirring. The titanyl hydroxide (TiO(OH)2)

precipitate was filtered out andwashed thoroughly. The powder of TiO(OH)2was slowly added to 1:2 nitric acid

andwater solution. Themixture was stirred continuously till a clear transparent solution of titanyl nitrate was

2

Mater. Res. Express 3 (2016) 025302 GNKopanati et al



obtained. Thus obtained solutionwas used for solution combustion bymixing titanyl nitrate (oxidizer) and

lactose (fuel) in their stoichiometricmolar ratios and thismixture was combusted at 350 °C in amuffle furnace.

2.2. Surfacemodification of TiO2

2.2.1. Amine functionalization

TheODAand synthesized TiO2 taken in themolar ratio of 2:1were dispersed in toluene by ultra-sonication. The

dispersed solutionwas refluxed at 120 °C for 36 h under nitrogen atmosphere. The resulting powderwaswashed

several timeswith toluene to remove unreactedODA. The surfacemodified TiO2was dried in a vacuumoven at

110 °C for 4 h to remove toluene [45].

2.2.2. Acid functionalization

SA andTiO2nanoparticles inmolar ratio of 2:1were dispersed in toluene. Thismixture was refluxed at 120 °C

for 36 h. The product obtainedwas vacuum filtered at 110 °C for 4 h to remove toluene. Thus obtainedTiO2,

graftedwith SA andODAwill be referred as SA-TiO2 andODA-TiO2, respectively [46].

2.3. Fabrication of barrier samples

Polymer nanocomposites of EVOHandTiO2were prepared by solution processing technique. EVOHwas

added toDMSOand stirred at 80 °Cusing amagnetic stirrer until the polymer completely dissolved in the

solvent. Variousweight%of neat TiO2 and surfacemodified TiO2 (0.5%–3%)were added to the polymer

solution and stirred till afinely dispersed solutionwas obtained. Deionizedwaterwas added to the above

polymer solution that resulted in the formation of white precipitate of polymer nanocomposite. The precipitate

was vacuum filtered and dried at 60 °C for 20 h to evaporateDMSOandwater. The dried product was

compressionmolded at 190 °C to obtain composite films of thickness∼75 μm.These filmswere then sealed

between two Surlyn films (of∼50 μmeach) by thermal treatment tofinally obtain the barrier films of thickness

∼150 μm.Unless otherwisementioned, nanocomposites filmswith 2% loadingwere used for further analyses.

2.4.Methods

Rigaku SmartLab, x-ray diffractometer (XRD)was used to determine the phase and crystallite size of the

synthesized TiO2nanoparticles. The powder was scanned at a scan rate of 1°min−1 over a 2ϴ in the range:

25°–85°. The surface areas and pore volumes of synthesized and functionalized TiO2were determined using

BET (Smartsorb, India). Perkin Elmer FTIR/FIR frontier spectrometer was used to characterize the synthesized

neat TiO2 and functionalized TiO2 in the range of 4000 to 400 cm
−1 by accumulating 32 scans at a resolution of

4 cm−1. Raman spectroscopy (LabRamHR) and x-ray photoelectron spectroscopy (Thermo ScientificMultilab

2000)were used to confirm the grafting of SA andODAon to the TiO2 surface. LECOTruSpec (CHN) and

Perkin Elmer thermogravimetric analyzer (TGA)were further used to determine the grafting density of surface

modifiers, SA andODA. The optical transparency of polymer nanocomposite films over the range of

230–1100 nmwas determined using Perkin Elmer (Lambda 35)UV–visible spectroscophotometer.

2.5. Permeability studies

Calciumdegradation test, which is a technique used to determinewater vapor permeabilities through the barrier

materials, was used to calculateWVTR through the synthesized barrier films. In this test, the change in

conductance for the sealed calcium thin filmwith the barrier sample ismonitoredwith time. The conductance

decreases with time due to the oxidation of calciumwhen it comes in contact withwater vapor. Thus the amount

of water permeated is related to the amount of calciumoxidized and is used for determiningWVTR through the

barrier films following the standardized setup [47].

2.6.OPVdevice aging studies

The effectiveness of the fabricated film to encapsulate anOPVdevice under acceleratedweathering conditions is

determined from accelerated device aging studies. OPVdevices were fabricated using an indium tin oxide (ITO)

coated glass slide with active layers of PEDOT-PSS and P3HT-PCBMand used for this study. ITO coated glass

slides were etched on the two edges. PEDOT-PSSwas spin coated at 3000 rpm for 1 min followed by annealing at

110 °C for 10 min P3HT (22 mg) and PCBM (18 mg) in 1 ml of dichlorobenzenewas spin coated on the glass

slides and annealed at 140 °C for 10 min. Aluminum (electrodes)was thermally evaporated on to the etched

edges of the glass slides to provide contacts formeasurements. These devices were sealedwith the synthesized

barrier films and subjected to acceleratedweathering conditions (RH=85%and 65 °C) and efficiencies of the

devices was determined using aKeithley semiconductor characterization system (4200) and the solar simulator

(sol 3 A,NewportOriel) [23].
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3. Results and discussion

The Surlyn barrier filmswere fabricatedwith EVOH interlayer containing the synthesized neat and

functionalized TiO2 nanoparticles. The process of dispersion of neat TiO2 in EVOHwas found to be relatively

difficult due to agglomerationwhen compared to the surfacemodified TiO2. SA andODAwere grafted on to the

surface of TiO2nanoparticles for surfacemodification. The hydroxyl groups present on the surface of TiO2

nanoparticles will react with the carboxyl group of SA and amine group ofODA [46]. This results in the

formation of surfacemodifiedTiO2 nanoparticles with dangling hydrophobic carbon chains [45, 46], which

help in the formation of better dispersionwith polymers. Polymer nano-composites generally offer better gas

barrier properties due to the increase in the tortuosity for permeation [38]. Further, the addition ofmoisture

reactive components to the polymerwould result in the enhancement of barrier properties.

3.1. Characterization of the synthesized nanoparticles

3.1.1. XRD studies

TheXRDpattern for nanoparticles obtained from combustion synthesis is given infigure 1. The diffraction data

shows the formation of TiO2 (JCPDS 00-001-0562)with characteristic peaks of TiO2 at 2ϴ=25.275°, 37.7°,

48.0°, 55.27°, 62.6°, 70.17°, 75.23° and 83°. These peaks refer to the formation of pure anatase phase. Further,

the crystallite size for the synthesized TiO2 calculated using Scherrer formula is∼7 nm.

3.1.2. FTIR andRaman spectroscopic analyses

The FTIR spectra for pristine and surfacemodified TiO2 are given infigure 2(a). The broad peak in the range of

3500–3200 cm−1 in pristine TiO2 is due to the –OHstretching of hydroxyl groups bonded to TiO2 nano particles

[48]. Similarly, the peak at∼1640 cm−1 can be ascribed to –OHbending vibrations. The absence of these peaks

in functionalized TiO2 suggests that there is reaction of carboxylic acid group of SA and amine group ofODA

with the hydroxyl groups onTiO2. After functionalization, therewere additional peaks observed at∼2910 and

2848 cm−1which are characteristic to symmetric and asymmetric –CH stretchings [48], respectively.

The peaks at∼1550 and 1400 cm−1 in SA-TiO2 can be attributed to –COO symmetric and asymmetric

vibrations [46]. The small peak at∼1630 cm−1 inODA-TiO2 can be ascribed to -NHbending. Therefore, these

peaks confirm the presence of –COOHand –NH2 of SA andODA respectively. Further, in order to confirm the

grafting of these functional groups on the synthesized TiO2, Raman spectrawere given infigures 2(b) and (c).

The bands observed in samples SA-TiO2 andODA-TiO2 at∼2800 cm
−1 are due to the presence of –CHgroups

[45]. The peaks at 144 cm−1 are characteristic of the anatase TiO2 groups. From figure 2(c), it can be observed the

peak at 144 cm−1was shifted towards lowerwavenumbers in the case of functionalized TiO2. Therefore, this

shift in thewavelength confirms that SA andODAare grafted on to the surface of TiO2.

3.1.3. Surface area analysis

The BET surface area based on nitrogen adsorption–desorption for the synthesized TiO2was found to be

160 m2 g−1. The high surface area of nanoparticles is due to its high porous structure with the pore volume of

0.85 cm3 g−1. The surface areas for both SA andODA functionalized TiO2were found to be∼29 and 10 m
2 g−1,

respectively and the pore volumeswere found to be∼0.3 cm3 g−1 for SA andODA functionalized TiO2. This

drastic reduction in pore volumes and surface area indicate the effective functionalization of nanoparticles.

Figure 1.Powder XRDpattern of nanoTiO2 synthesized through solution combustion technique.
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3.1.4. Elemental analysis

The elemental and thermal analyses of pristine and functionalized TiO2were used to quantify the grafting of SA

andODAover the surface of TiO2. The increase in carbon, nitrogen and hydrogen percentages of nanoparticles

after functionalization prove that SA andODAwere grafted on to the TiO2 surface. TheC,H andNpercentages

and BET surface area of pristine TiO2 are used to calculate grafting density of SA andODAon the surface of

TiO2. The percentage of carbon in TiO2, SA-TiO2 andODA-TiO2 is 0.3175%, 10.25%and 45.89%, respectively.

The hydrogen percentage for samples TiO2, SA-TiO2 andODA-TiO2 is 1.06%, 1.78% and 7.65%, respectively,

while the nitrogen percentage inODA-TiO2 is 3.68%.

Q
d

M N A
. 3CH c

C C

( )=
´ ´

In equation (3), dc is the% increase in carbon content obtained fromCHNanalysis,MC is the atomicweight

of carbon,NC number of carbon atoms on the surface of TiO2 andA is the surface area of neat TiO2 fromBET

[49]. The grafting density for SA andODA calculated using equation (3) are∼2.8 (∼2 nm−2) and 13.9

(∼8.5 nm−2)μmol m−2, respectively. Considering –OHcoverage over the surface of TiO2 to be∼14 nm
−2, the

surface coverage determined fromCHNanalysis is∼18%and 71% for SA andODA, respectively [50].

Figure 2. (a) FTIR, (b) and (c)Raman spectra of neat and functionalized TiO2.
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3.1.5. Thermogravimetric analysis

Theweight loss for neat and functionalized TiO2 over the temperature of 25 °C–650 °C is given infigure 3. The

weight loss observed from25 °C to 150 °C for functionalized samplewhile theweight loss in the range of 25 °C–

650 °C for neat samples ismainly due towatermolecules adsorbed on the surface. Further loss from150 °C to

650 °C for functionalized TiO2 is due to the degradation of grafted SA andODAon the surface of TiO2 [49]

Q
W

M A
. 4TGA ( )=

´

In equation (4),W is the%weight loss determined fromTGAanalysis,M is themolecular weight of organic

molecules grafted to the surface of TiO2 andA is the surface area of TiO2 fromBET. Theweight loss from160 °C

to 650 °C for SA andODAgrafted TiO2, as observed from figure 3, is∼16%and 71%, respectively. The grafting

density calculated using equation (4) are∼3.2 (∼2 nm−2) and 13.2 (∼11.4 nm−2)μmol m−2 [49]. Therefore, the

surface coverage of SA andODA is∼15%and 81%, respectively. Further, it can be inferred from theTGA and

CHNanalysis that the grafting density ofODA is nearly three times higher than that of SA. The BET surface area

of SA-TiO2 is higher thanODA-TiO2 implying that the surface coverage ofODA is higher compared to SA.

3.2. Compositefilm characterization

3.2.1. UV visible analysis

The optical transparency, which is one of the important features of an encapsulant, is evaluated byUV–visible

spectroscopy. The average transmittance obtained in the range of 200–800 nm for all the nanocomposite films

with different loadings is given infigure 4. It can be observed that the optical transparency decreases with

increase in loading. Thefilms have similar transparency at 0.5% and 1%filler concentration. The transparency

of 2%neat TiO2nanocomposite is lower compared to that of functionalized TiO2. However, the average

transmittance for all the composite films is�50%,which is acceptable for encapsulation applications [51].

3.3. Permeability studies

Extensive details on the determination ofWVTR from calciumdegradation studies are given in our previous

studies [45, 47, 49]. Thewater vapor permeabilities obtained from calciumdegradation test for the

nanocomposite films at∼4000 s are shown infigure 5. TheWVTRof neat TiO2nanocomposites decrease with

increase infiller concentration from0.5% to 1%.However, there is∼5.5 times increase inWVTRwith 2%when

compared to 1% loading for neat TiO2nanocomposites and the performance of the nanocomposites with 3%

neat TiO2 is poor and theWVTR is lesser than that obtainedwith 0.5% loading. The increase ofWVTR at higher

loadings is due to agglomeration of TiO2. Thus, functionalization of TiO2would be helpful as it would prevent

agglomeration. This is apparent from theWVTR studies.When dealingwith functionalized TiO2, theWVTRs

increases continuously with increasing loading ofmodified TiO2 and theWVTRof 3% functionalized TiO2 is

significantly lesser than that obtainedwith 1% functionalized TiO2. Further, the barrier filmswith interlayers

comprising TiO2modifiedwith SA exhibited better water vapor barrier performance than the filmswithODA

modifiedTiO2. This could be attributed to the higher grafting ofODAon toTiO2 resulting in the complete

surface coverage of TiO2. Therefore, the dispersed TiO2 is unavailable for reacting with permeatingmoisture,

resulting in higherWVTRswhen compared to SA-TiO2 barrier films .

Figure 3.Weight loss of pristine and functionalized TiO2 obtained fromTGA.
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3.4. Accelerated aging studies

TheOPVdevices were encapsulatedwith the fabricated barrier films (2% loading) to study the effectiveness of

EVOH/TiO2 interlayers for organic device encapsulation.When devices were subjected to accelerated aging

conditions, the performances of the devices decreasedwith time (figure 6)due to the permeation ofmoisture

through the encapsulation. In the case of barrier filmswithout TiO2 in the interlayer, the efficiency dropped

down to 74%, 32%, 12%and 5%of its initial performance in 15, 30, 60 and 120 min, respectively.When the

interlayer was dispersedwith neat TiO2, SA-TiO2 andODA-TiO2, the efficiencies were found to be 95%, 92%

Figure 4.Average visible light transparency of the barrierfilmswith variousfiller loadings.

Figure 5.WVTRof nanocomposite films at∼4000 s for different TiO2 loadings.

Figure 6.Normalized efficiency of 2%nanocomposites subjected to acceleratedweathering conditions for various time periods.
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and 81%after 15 min, 85%, 81%and 80%after 30 min, 50%, 47%and 42%after 60 min and 18%, 15%and

13%after 120 min of accelerated aging, respectively. These results suggest that the composites with interlayers

comprising TiO2 are better encapsulants than thosewithout TiO2. Among the interlayers with TiO2, the neat

TiO2 exhibited better barrier properties than the surfacemodified TiO2 due to the availability ofmore surface

area for interacting with the permeatingH2Omolecules. Similarly, the devices encapsulatedwith barrier films

containing SA-TiO2 interlayers sustainedwith higher efficiencies due to the lower surface coveragewhen

compared to the barrier filmswithODA-TiO2. Therefore, these results are in agreementwith the previously

studiedWVTRs through the composites. Further, these accelerated aging studies suggest that the synthesized

composite films can sustain the performance of the devices up to∼50% for∼1 h. This clearly shows that the

synthesized barrier films are capable of sustaining the device lifetimes under ambient conditions at 25 °Cand

35%RH for∼1000 h [52].

4. Summary and conclusions

TheSurlyn/EVOH(withneat ormodifiedTiO2)/Surlyn barrier architectureswere studied for organic device

encapsulation. TheTiO2used in theworkhas been synthesized by solution combustion technique to obtain

nanoparticleswith high surface areas. The synthesized nanoparticleswere characterized and thenused for

synthesizing the compositefilmswith EVOH.Due to the difficulty in achieving proper dispersion of TiO2 in

EVOH, theTiO2nanoparticleswere functionalizedwith SAandODA.The extent of surfacemodificationwas

determined fromelemental and thermal analyses suggesting higher surface coverage in the case ofODA-TiO2

when compared to SA-TiO2. Further, the EVOHcompositefilms fabricatedusing these functionalized andneat

TiO2were subjected to visible light transparency andwater vapor barrier studies.All the transparencieswere above

50% indicating these are suitable for encapsulation applications.However, the key property that determines the

applicationof thesematerials for encapsulation is theWVTR.ThepolymernanocompositefilmswithoutTiO2

exhibitedWVTRof∼1 gm−2day−1. Incorporating neatTiO2 in thenanocomposite resulted in reducedWVTRof

∼10−4 gm−2 d−1. The higher barrier properties of the compositefilmswith neat TiO2were attributed to thehigh

surface area andporosity of TiO2nanoparticles. TheWVTRreducedwith increasingTiO2 content up to 1%

loading but decreased on further loading due to agglomeration. In the case of SAandODAmodifiedTiO2, the

WVTRsdecreasedwith increasing loading and reducedWVTRof∼10−5 gm−2 d−1was achievedwith 3%

loading. The composites investigated in this study showedWVTRs that are considerably lower than theWVTRsof

∼0.015, 0.0089 and 0.07 g m−2d−1obtainedwith the composites ofAl2O3, ZnOandSiO2, respectively [30–32].

This indicates that the compositeswithTiO2 exhibited superior barrier properties. The SA-TiO2 compositefilms

exhibited bettermoisture barrier properties than theODA-TiO2 composites. Further, the accelerated aging studies

for the encapsulatedOPVdevices suggest the effectiveness of the barrierfilms by improving thedevice lifetimes.
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