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A reactive polymer nanocomposite system was proposed as an effective water vapor barrier material for

organic device encapsulation. Nanosized magnesium oxide (MgO) was synthesized by the solution

combustion technique using two different fuels, lactose and alanine. The purity and crystallite size of

MgO were determined from X-ray diffraction studies. The surface areas and porosity measurements

were used to determine the water adsorption capacities of MgO. Nanocomposites with various

concentrations (wt% ¼ 0.25, 0.5, 1 and 2.5) of MgO were prepared using Surlyn as the base polymer. The

permeation rate of moisture through the fabricated films was calculated using calcium degradation test

and these rates were further used to calculate the diffusivities. Accelerated aging experiments were

conducted to study the performance of organic photovoltaic devices encapsulated with synthesized

films under accelerated weathering conditions. The performance of the barrier materials with

synthesized MgO was also compared to that obtained with commercial MgO. The films containing MgO

obtained from lactose exhibited better barrier properties compared to other films made with commercial

MgO and MgO synthesized using alanine as well as other nanocomposites reported in the literature.

1. Introduction

Advancements in the eld of organic semiconductor materials

and their processing techniques have led to the development of

various cost effective organic devices.1,2 These devices have

desirable properties for commercial applications such as a

direct band gap, light weight and exibility. However, the

commercialization of these devices still remains a challenge

because of the degradation of the active layer device compo-

nents at ambient atmospheric conditions. Moreover, the hole

transporting layers used in these organic devices such as

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate

(PEDOT:PSS) are highly hygroscopic in nature. These layers

absorb moisture and create insulating patches at the layer/

electrodes interface.3–5 Furthermore, oxygen and water vapor

also accelerate the photo-degradation resulting in reduced

lifetimes and lower efficiencies of the organic devices.6,7

Therefore, the development of exible barrier lms for organic

device encapsulation is of great interest to improve the device

stability.

Gas barrier materials have direct applications in the pack-

aging industry for food, pharmaceutical, electronics, etc.8,9

However, organic device encapsulants are required to satisfy the

barrier for water vapor with water vapor transmission rates

(WVTR) of <10�6 g per m2 per day.10 Several encapsulation

materials such as glass/metal lids and thin polymer lms are

used conventionally. Though glass and metallic barriers can

provide the required barrier for oxygen and water vapor, they are

rigid and cannot be used with exible organic electronics.10

Thus the development of thin and exible ultra-high barrier

lms has gained a lot of interest in the eld of encapsulation.

Polymer lms with multilayered inorganic/organic coatings

have been reported in the literature to reduce the WVTR by

�4–5 orders when compared to the neat polymers.11–13 However,

encapsulants with inorganic layers are limited by structural

defects like pinholes that promote the diffusion of water vapor

and oxygen resulting in poor barrier performance over a period

of time. Therefore, inorganic coatings over the polymer

substrate do not provide a satisfactory and long term solution

for encapsulation. However, the positive effect of inorganic

materials such as their reactivity with water molecules could be

used to reduce the permeation rates by blending thesematerials

with polymers to form polymer nanocomposites.

Polymer nanocomposites have been widely studied for their

superior reinforcement, barrier, electrical and thermoelectric

properties.14–17 The mechanical strength of the polymer is

improved by the addition of nanoparticles, which occupy the
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voids and reduce the propagation of cracks. Therefore,

composites with higher mechanical strength and exibilities

are of particular interest for organic device encapsulation

applications. Moreover, the nanoparticles in the polymer matrix

create a tortuous path for the permeating molecule thereby

increasing the diffusion path length and penetration time

resulting in decreased permeation rates.18 These nanoparticles

can either react or not react with the incoming permeant.

Several non-reactive composites have been previously studied

for their water vapor and oxygen barrier properties.19–22

However, reactive nanocomposites where the nanoparticles are

reactive to permeating molecules have not been investigated.

Therefore, the reactive nanocomposites that can result in

reduced water vapor permeabilities have been synthesized in

this work.

The performance of polymer nanocomposites is affected by

the type, dispersion, loading and geometry of the nano-

particles.18,23,24 Though nanoparticles can be synthesized by a

wide variety of methods, the solution combustion technique

has been used in this study due to its tailorability. This tech-

nique is relatively simple and has been extensively used to

synthesize metal oxides of various shapes and sizes.25,26 In this

technique, the precursor medium, which is in aqueous state, is

subjected to high temperature. The solution ignites and forms

the desired product. The aqueous solution helps in the proper

mixing of reactants, while high temperatures ensure the purity

of the product.27,28 The particle size, surface area, pore size and

defect sites can be controlled by changing the fuel and fuel to

oxidizer ratios.29 The synthesis of magnesium oxide (MgO) by

solution combustion using hexamine,30 starch31 and glycine32 as

fuels has been reported. However, its synthesis by lactose and

alanine has not been studied previously. Further, the possible

use of MgO as reactive encapsulant has not been explored.

Therefore, the objective of the work was to synthesize reac-

tive polymer nanocomposites where the nanoparticles are

reactive with the permeating molecules. Synthesized MgO was

used as the reactive nanoparticle in Surlyn polymer matrix.

Surlyn was chosen to be the polymer matrix because of its lower

WVTR, chemical resistivity and thermal stability.33 These poly-

mer nanocomposites were characterized by several techniques

to understand thematerial, mechanical and thermal properties.

Further, their ability to withstand humid environmental

conditions was studied from water vapor permeability

measurements through the barrier lms and accelerated aging

experiments for encapsulated organic devices.

2. Experiments
2.1 Materials

Magnesium nitrate hexahydrate puried, alanine (A), and

dichlorobenzene were procured from S.D Fine chemicals Ltd.

(India). Lactose (L) was obtained from Fischer Scientic. Surlyn

(zinc salt) was purchased from Aldrich Chemical Company, Inc.

(USA). PEDOT–PSS, [6,6]-phenyl-C61-butyric acid methyl ester

(PCBM) and calcium metal (�99.99% purity) were procured

from Sigma Aldrich Co. (USA). Poly(3-hexylthiophene) (P3HT)

was obtained from Rieke Metals Inc. (USA). The epoxy glue used

for sealing the barrier lms was purchased from Atul Industries

Ltd. (India). Commercial MgO (C-MgO) was obtained from

Merck & Co. (USA).

2.2 Sample preparation

MgO was synthesized following the solution combustion

process. Aqueous solutions of magnesium nitrate (6.4 g) and the

fuels in their respective stoichiometric molar ratios were mixed.

The stoichiometric amounts were calculated based on the

oxidizer to fuel molar ratios, which are 0.67 and 0.21 for alanine

and lactose, respectively. These aqueous solutions were then

placed in a furnace maintained at 350 �C for �20 min, sepa-

rately. The mixtures were combusted at this temperature to

form a powder of MgO. The products formed from alanine were

white in color whereas the products from lactose were brown in

color. Therefore, the product obtained from lactose was

calcined for 2 h at 400 �C that resulted in a white powder. The

calcined and uncalcined products of lactose are tagged as CL-

MgO and UL-MgO, respectively. Similarly, the product from

alanine is referred as A-MgO. The synthesized MgO was melt

mixed with Surlyn in a twin screw extruder (Haake Mini Lab) at

180 �C and 100 rpm. The samples were prepared by varying the

weight percent of MgO (0.25, 0.5, 1 and 2.5 wt%) in Surlyn to

study the effect on barrier properties. The same procedure was

repeated for C-MgO also. The extruded samples were

compressed at a temperature of 180 �C and a pressure of 10 kN

using a hydraulic press. The lms (�100 mm) thus obtained

were further used for characterization and permeability studies.

2.3 Characterization methods

The crystallite size of MgO particles was determined using

Rigaku X-ray diffractometer (XRD) at a scan rate of 1� min�1

over a 2q range of 25–85�. The surface areas and pore volumes of

synthesized MgO were determined using Smart sorb 92/93 BET

instrument. Water vapor absorption isotherms and BET surface

areas for water vapor adsorption were obtained from Belsorp-

Max and Belsorp-Aqua Porosimeter, respectively. The mechan-

ical properties of the barrier lms were determined using

Mecmeisin Micro Universal Testing Machine, with 10 kN load

cell at a rate of 25 mm min�1 following ASTM D882-12. Perkin

Elmer (Lambda 35) UV-visible spectroscope was used to deter-

mine the transparency of lms.

2.4 Permeability studies

WVTR was determined by following the calcium degradation

test. A neat, cleansed glass slide (2 � 2 cm) was taken and

calcium was deposited at the centre of the glass slide with

dimensions of 1 cm in length (l) and 1 cm in breadth (b) in a

thermal evaporator under ultra-high vacuum. The thickness of

the deposited calcium was �200 nm. Aluminium was then

evaporated on either side of calcium such that it is in contact

with the deposited calcium. Thus the deposited aluminium acts

as electrodes. The calcium was completely covered and sealed

with the fabricated lms using an epoxy sealant. A Kaleidoscope

humidity chamber was used to maintain humid conditions of

relative humidity (RH) � 95% at a temperature of 35 �C. The
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calcium deposited glass slides sealed with the fabricated barrier

lms were placed in the humidity chamber exposing them to

humid atmosphere. The moisture permeating through the

barrier lms reacts with calcium, resulting in the increase of

calcium thin lm resistance with time. Digital multimeter was

used to record these changes of resistance (R) with time (t). The

WVTR through the barrier lms was further calculated from the

data obtained using eqn (1).11

WVTR ¼ �2
MH2O

MCa

drðl=bÞ
dð1=RÞ

dt
(1)

In eqn (1), MH2O
and MCa are the molecular weights of H2O

and calcium. The above equation is applicable only when

resistivity (r) of calcium is constant and can be considered

above 100 nm thickness of calcium.34 Therefore, only the data

between 200 nm to 100 nm was considered in the calculations.

2.5 Aging studies

Standard organic photovoltaic devices (OPVD) were prepared

using indium–tin oxide (ITO) coated glass slides. The edges of

these glass slides were properly etched such that the ITO was

present only at the centre. The etching was followed by spin

coating of PEDOT–PSS at 3000 rpm for 1 min. The spin coated

glass slides were annealed at 110 �C for 10 min. These glass

slides were further spin coated with solution of P3HT (22 mg)

and PCBM (18mg) in 1mL of dichlorobenzene at 1000 rpm for 1

min and were annealed at 140 �C for 10 min. Aluminum (elec-

trodes) was thermally evaporated onto the glass slide. The OPV

devices were then hermetically sealed with the fabricated

barrier lms using epoxy glue. The sealed devices were then

subjected to accelerated weathering conditions of RH � 85%

and 65 �C.35 Keithley semiconductor characterization system

(4200) and the solar simulator (sol 3 A, Newport Oriel) were used

to measure the efficiencies of the encapsulated devices before

and aer aging.

3. Results and discussion
3.1 MgO characterization

The synthesized MgO is used as reactive nanoparticle in Surlyn

to decrease WVTR. The presence of MgO nanoparticles in the

Surlyn matrix increases the diffusion path length and results in

lower WVTR. Further, the water molecules permeating through

the matrix are reactive to MgO,36 which would further decrease

the permeation rates. The reactivity of moisture on MgO

depends on various factors such as the size of the particles,

surface area, aspect ratio, defect sites and carbon content.

Therefore, the synthesized MgO, A-MgO, UL-MgO, CL-MgO and

the commercial MgO (C-MgO) were characterized using XRD

and BET surface area analyzer.

3.2 XRD

MgO obtained from solution combustion and commercially

were characterized using XRD and the diffraction patterns are

given in the Fig. 1. The diffraction peaks at 36.9�, 42.9�, 62.3�,

74.7� and 78.6� are characteristic of MgO that conrms that a

pure product is obtained from the combustion synthesis. The

peak at 36.9� corresponds to the 111 plane while the peak at

42.9� corresponds to the 200 plane of MgO. The small visible

peaks for 111 planes suggest the presence of higher defects and

larger number of microfaceted steps.37 The ratios of intensities

of 200 to 111 planes for CL-MgO, UL-MgO, C-MgO and A-MgO

are 14, 17, 39 and 63, respectively. The lowest ratios were

obtained for MgO synthesized from lactose when compared to

the MgO obtained from alanine suggesting the presence of

higher defect sites. The crystallite size was further obtained

using the diffraction pattern that was determined by the

Scherrer formula.38 The crystallite sizes of UL-MgO, CL-MgO, A-

MgO and C-MgO obtained from the full width half maximum of

200 peak were found to be 5, 6, 14 and 10 nm (Table 1),

respectively. Thus the MgO synthesized from lactose has the

least crystallite size and higher defect sites when compared to

the commercial MgO and MgO synthesized with alanine.

3.3 Surface area analysis

The surface areas for the synthesized and commercial MgO were

determined from the nitrogen adsorption–desorption BET

surface area analysis. The surface areas for A-MgO, CL-MgO, UL-

MgO and C-MgOwere found to be 12.0, 46.8, 52.2 and 43.2m2 g�1

as given in Table 1, respectively. The high surface areas exhibited

by UL-MgO and CL-MgO can be attributed to their lower crystal-

lite sizes. The surface area for MgO synthesized from alanine is

the lowest due its larger crystallite size. The pore volumes deter-

mined from BET analysis were �0.001 cm3 g�1 for A-MgO,

0.03 cm3 g�1 for both UL-MgO and CL-MgO and �0.1 cm3 g�1

for C-MgO. This shows that theMgO synthesized using alanine as

the fuel has the least pore volumes, which is 30 times lower than

the MgO synthesized from lactose. Based on these results, the

synthesized MgO and commercial MgO were subjected to water

vapor adsorption–desorption BET surface area experiments. The

water vapor adsorption surface areas were found to be 28, 30, 83

and 113 m2 g�1 for A-MgO, C-MgO, CL-MgO and UL-MgO,

Fig. 1 XRD pattern of MgO obtained from different fuels and

commercially obtained MgO, inset: magnified view of 111 peaks.
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respectively. Therefore, the MgO synthesized from lactose

exhibited the highest water vapor adsorption capability, which is

at least 2.5 times higher than MgO synthesized with alanine.

Further, the mono-layer adsorption capacity for UL-MgO was

found to be 33 cm3 g�1 that is higher by 2.3 times when compared

to that for A-MgO (14 cm3 g�1). The commercial MgO exhibited

the least mono-layer adsorption capacities with 9 cm3 g�1. These

results suggest the importance of the process of synthesis of the

nanomaterials for obtaining varying characteristics resulting in

different properties.

3.4 Film characterization

The nanocomposite lms were fabricated using Surlyn and

MgO from synthesis and commercial sources. These lms were

subjected to mechanical and barrier analyses to validate their

suitability for exible encapsulation applications. Accelerated

encapsulated OPV device aging studies further provide the

evidence for real time applicability of the fabricated barrier

lms.

3.5 Mechanical properties

The barrier lms employed for encapsulation of organic devices

have to be exible and also be capable of withstanding

mechanical load and stress. Hence, mechanical properties of

encapsulant lms are critical for this study. The fabricated lms

were tested for their mechanical stabilities and shown in Fig. 2.

The tensile strength of the lms increased with the increase in

nanoparticle concentrations (Fig. 2(a)). The lms with

commercial MgO exhibited the least strength at all the loadings

when compared to the lms with synthesized MgO. This further

shows that the method of synthesis plays an important role on

the resultant properties, as discussed previously. The prole for

tensile strengths shows that the particle size of the nanoparticle

affects the resultant tensile properties. When the particle size of

the nanomaterial is smaller, the tensile strength of the

composite lms is higher. The crystallite sizes were observed to

be the lower for UL/CL-MgO and highest for A-MgO. Therefore,

the tensile strength is the highest for the composites with

UL-MgO and lowest for composites with A-MgO when compared

among the synthesized MgO composites.

The tensile strength is higher for Surlyn/UL-MgO (7.5 � 2

MPa) and Surlyn/CL-MgO (7.2 � 2 MPa) at 2.5% of MgO when

compared to all the other nanocomposites and neat Surlyn lm

(3.6 � 2 MPa). A similar trend was observed for Young's

modulus of the composites (Fig. 2(b)) with the nanocomposites

exhibiting higher modulus compared to neat Surlyn (93 � 2

MPa). These results show that the lms with synthesized MgO

from lactose show better mechanical properties than the other

composites. The elongation at break decreased with the

increasing of the nanoparticle loading in the nanocomposite

(Fig. 2(c)). It was least for Surlyn/UL-MgO (63 � 2%) compared

to other nanocomposites and neat Surlyn lm (135� 3%). All of

the nanocomposites lms exhibited elongations at break >70%.

Therefore, these lms are suitable for exible applications.

3.6 Optical properties

The optical properties of all the nanocomposite lms and neat

Surlyn lm were studied using UV-visible spectral analysis over

the range of 1100–230 nm. The UV-visible spectrum for Surlyn/

UL-MgO is given in Fig. 3(a). The average transmittance in the

visible region is�82, 77, 67 and 50% for 0.25, 0.5, 1 and 2.5% of

UL-MgO loading in Surlyn. Further, the average transmittance

of all the nanocomposite lms was determined using the

spectrum and is given in Fig. 3(b). It can be observed from both

the data that the transmittance decreases with an increase in

the ller concentration. The neat lm has an average trans-

mittance of �84% whereas the composites exhibited >65%

transmittance explicitly in the visible region, which is higher

than the traditional glass with EVA module.37 Moreover, the

addition of MgO to Surlyn improved the UV barrier by

decreasing the transmission in the UV region. Therefore, the

fabricated composite lms are suitable for encapsulating OPV

devices.

3.7 Reactivity of MgO with water vapor

The synthesized MgO powder was placed in a humidity

chamber maintained at relative humidity of 95% and temper-

ature of 35 �C (similar to the conditions for calcium degradation

test) for 2 h. The obtained powder was characterized by XRD.

The diffraction pattern of the sample is given below (Fig. 4). The

diffraction peaks at 2q ¼ 38.2, 50.9, 58.7, 62.2, 68.4, 72.03 and

81.5� are characteristic peaks of magnesium hydroxide (JCPDS:

001-1169). This indicates that MgO placed in the humid atmo-

sphere is capable of reacting with moisture resulting in the

formation of Mg(OH)2. Thus, Surlyn/MgO will act as a reactive

nanocomposite in the presence of moisture.

Table 1 Surface area and barrier properties of synthesized MgO and MgO composite films. The surface area and pore volume are based on

nitrogen absorption–desorption

Fuel

Crystallite
size

(nm)

Surface
area

(m2 g�1)

Pore
volume

(cm3 g�1)

Water adsorption
capacity

(m2 g�1)

WVTR at 3000 s
(1% loading of MgO)

(g per m2 per day)

Device performance% efficiency
retained (1 h under accelerated

aging conditions)

UL-MgO 5 52.2 0.030 113 0.008 40
CL-MgO 6 46.8 0.030 83 0.015 26

A-MgO 14 12.0 0.001 28 0.030 22

C-MgO 10 43.2 0.100 30 0.028 20

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 32580–32587 | 32583
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3.8 Permeability studies

The water vapor barrier properties of the fabricated lms have

been determined from calcium degradation test (at RH � 95%

and 35 �C). Fig. 5(a) shows the WVTRs calculated for the Surlyn/

MgO nanocomposites at �3000 s. It can be inferred from these

results that the loading of MgO affects the water vapor

Fig. 2 (a) Modulus of elasticity (b) tensile strength and (c) elongation at

break for fabricated composite films.

Fig. 3 (a) UV-visible spectrum for Surlyn/UL-MgO nanocomposite for

different MgO loadings (b) average transmittance of synthesized

nanocomposite films with different MgO loading, determined from

UV-visible spectrometer.

Fig. 4 Diffraction pattern of magnesium hydroxide.
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permeability. The WVTRs decreased from 0.25 to 1% loadings

of MgO in Surlyn. However, there is an increase in WVTR for

2.5% loading of MgO which could be due to the agglomeration

of MgO and decreased diffusion path lengths. Thus there is an

optimum concentration of nanoparticles, which exhibit better

barrier properties compared to other concentrations. Therefore,

the optimum loading of MgO is �1% irrespective of the fuel

used for the synthesized composites. On comparing the

reactivity of MgO obtained from two different fuels (Fig. 5(b)), it

is found that the WVTR for Surlyn/UL-MgO (0.008 g per m2 per

day) at 1% loading exhibited the least values. The WVTRs for

other composites, Surlyn/CL-MgO (0.015 g per m2 per day),

Surlyn/A-MgO (0.030 g per m2 per day) and Surlyn/C-MgO (0.028

g per m2 per day) showed no signicant difference at 1%

loading (Table 1). However, the lms with UL-MgO and CL-MgO

showed lower water vapor permeabilities compared to the other

composites due to their better dispersion and higher surface

areas. The WVTR through the Surlyn/UL-MgO lm decreased by

�50% than that of Surlyn/CL-MgO. This reduction is due to the

presence of carbonaceous impurities in UL-MgO, which were

removed by calcination in CL-MgO. In order to verify carbona-

ceous impurities, thermogravimetric analysis was carried out

for UL-MgO and CL-MgO in the presence of oxygen. The weight

loss of �30% was observed between 300 and 400 �C indicating

the presence of carbonaceous impurities. Therefore, the syner-

gistic effect of high surface area and defect sites in UL-MgO

results in a lower WVTR compared to Surlyn/CL-MgO and

Surlyn/A-MgO lms.

The reduction in WVTR in the lms with MgO is due to the

reactivity of MgO and the increased diffusion path for perme-

ation. Therefore, the diffusivities of water vapor through the

fabricated lms were determined and calculated using eqn (2).19

Q

sc
¼

Dt

s2
�

1

6
�

2
Q2

X

a

n¼1

"

�1n

n2
exp

 

�Dn2
Q2

t

s2

!#

(2)

In eqn (2), Q is the cumulative WVTR obtained from calcium

degradation test, s is the thickness of the lm, c is the

concentration of moisture at 95% RH and 35 �C, D is the

diffusivity and t is the time. The diffusivities of water vapor

through these lms decreased by one order when compared to

neat Surlyn lm. It can be observed from Fig. 5(c) that the

diffusivities decrease with increasing MgO loading from 0.25%

to 1% and increase for loadings from 1% to 2.5%. Further, the

lowest diffusivity was observed for Surlyn/UL-MgO nano-

composite at 1% loading of MgO.

Therefore, the WVTR and diffusivity calculations show that

1% of MgO is the optimal loading for water vapor barrier

properties above which agglomeration of the nanoparticles

results in a decreased diffusion path resulting in higher WVTR.

Such observations regarding optimal loading of nanoparticles

for WVTR have been previously reported for functionalized20

and mesoporous38 silica and clay.39

3.9 Device performance studies

The normalized efficiencies of OPVDs are given in Fig. 6. The

OPVDs were encapsulated with the fabricated lms and exposed

to accelerated weathering conditions of 85% RH and 65 �C for 1

h. The efficiencies were normalized with their respective initial

efficiencies (efficiencies at time ¼ 0). The unencapsulated device

did not sustain and lost all of its efficiency in 10 min. The device

encapsulated with neat Surlyn retained �8% of its initial effi-

ciency aer 1 h of accelerated aging, while the highest retained

efficiency was observed for device encapsulated with Surlyn/UL-

Fig. 5 (a) WVTR of Surlyn/MgO for different precursors used in

combustion synthesis of MgO and for different compositions of MgO

(b) WVTR (c) diffusivities (D) of Surlyn/MgO nanocomposite at 1%

loading compared with neat Surlyn (S).

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 32580–32587 | 32585

Paper RSC Advances

P
u
b
li

sh
ed

 o
n
 3

1
 M

ar
ch

 2
0
1
5
. 
D

o
w

n
lo

ad
ed

 b
y
 D

al
h
o
u
si

e 
U

n
iv

er
si

ty
 o

n
 1

8
/0

5
/2

0
1
5
 1

4
:5

8
:4

7
. 

View Article Online



MgO lm. It retained �40% efficiency even aer 1 h of exposure

to accelerated weathering conditions (Table 1). The OPVDs

encapsulated with Surlyn/CL-MgO retained efficiencies of�26%,

followed by the OPVDs encapsulated with C–MgO and A-MgO

with retained efficiencies �20 and 22%, respectively. Therefore,

the water vapor permeability results and the accelerated weath-

ering studies are in agreement following the same trend.

4. Summary and conclusions

The OPVDs encapsulated with reactive Surlyn/UL-MgO nano-

composite lms were observed to retain their efficiencies for

longer times when subjected to accelerated weathering condi-

tions. These lms also exhibited lower WVTR and water vapor

diffusivities compared to the neat Surlyn lms. The MgO

nanoparticles incorporated in Surlyn matrix improved the water

vapor barrier properties due to the higher diffusion path

lengths and chemical reactivity to H2O molecules.36

The least permeability is shown by Surlyn/UL-MgO followed

by composites with CL-MgO, C-MgO and A-MgO (Table 1). The

reactivity of these nanoparticles depends on various factors

such as surface area, defect sites, particle size and carbonaceous

content. The solution combustion technique resulted in prod-

ucts with larger defect sites that can increase the reactivity of

nanoparticles. The exposure of the 111 plane is higher for UL-

MgO compared to other synthesized and commercial MgO.

This plane is the stepped surface of MgO and shows higher

adsorption of water molecules.32 Moreover, the pore volumes

are higher for CL/UL-MgO. Therefore, the Surlyn lms blended

with UL-MgO exhibited better barrier properties compared to

neat and other nanocomposite lms. Moreover, the device

encapsulated with UL-MgO retained an efficiency of�40%, even

aer 1 h of exposure to accelerated weathering conditions,

suggesting better barrier properties. Table 1 shows that UL-MgO

has the lowest crystallite size, higher surface area, largest water

absorption capacity and larger defect sites compared to other

MgO synthesized in this study. This leads to the best barrier

properties for Surlyn/UL-MgO composite lms.

Previously investigated barrier materials with different nano-

particles such as zinc oxide, functionalized silica and amine

functionalized alumina exhibited up to 2 orders lower WVTRs

than the neat polymers (Table 2). The WVTRs obtained from zinc

oxide, clay and functionalized alumina are comparable to the

WVTR from MgO nanocomposite. However, the amount of

nanoparticles used in this study is comparatively lower than the

other studies. The fabricated barrier lms also exhibited lower

WVTR for a longer period of time compared to other materials.

The WVTR of Surlyn/MgO composite at 1% loading of MgO is

20 000 times better than the neat Surlyn lm. The mechanical,

barrier and aging characterizations for the fabricated Surlyn/

MgO composites show that they are suitable for encapsulating

OPVDs. The use of reactive component, MgO in Surlyn, resulted

in better water vapor barrier. Therefore, the fabricated Surlyn

nanocomposite systemwith synthesizedMgO is effective as water

vapor barrier for encapsulating organic electronic devices and is

better than the existing state-of-the-art materials.

This work shows that the reactive nanocomposite system can

signicantly reduce the water vapor permeability. Therefore, future

work can further explore the various branched polymers and

reactive nanomaterials, which are generally used for sensing,

catalytic and reactive applications for designing better moisture

barriermaterials for organic device encapsulation applications.40–43
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Fig. 6 Normalized efficiencies of OPV devices encapsulated with

fabricated films with MgO nanoparticles, obtained from different

precursor medium, after 1 h exposure to accelerated weathering

conditions.

Table 2 Comparison of WVTRs for different filler materials calculated at RH: 95% and temperature: 35 �C

Polymer Inorganic ller Loading (%) Time (s)

WVTR

(g per m2 per day)

Thickness

(mm) Reference

Poly(vinyl butyral) Functionalized silica 1.5 200–800 0.07 200 20

Polyvinyl alcohol Zinc oxide 4 150–200 0.0088 250 21

Poly(vinyl butyral) Alumina 4 1000–1500 0.015 250 19
Poly(vinyl butyral) Functionalized alumina 5 1000–1500 0.002 250 19

Cyclic olen copolymer Clay 4 12 000–15 000 0.004 75 39

Surlyn MgO 1 0–3300 0.008 150 This study
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