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This study  is concerned  with  the  enhancement  of the  molecular,  weathering  stability  of  two  models  of
thin  film  luminescent  solar  concentrators  (LSCs).  Two  model  systems  of  thin  film  LSCs  had  been  proposed;
the  first  model  consists  of a transparent  PMMA/SiO2 nanohybrid  layer  coated  on  a coumarin  doped  PMMA
eywords:
MMA/SiO2 nanohybrids
oumarin dyes
hotostability

substrate.  The  second  model  designed  as  the  ordinary  configuration  in  which  coumarin  dye  is dissolved
in  PMMA/SiO2 nanohybrid  layer  then  coated  on  a transparent  PMMA  substrate.  The effect  of  nanosilica
concentration  on  the prepared  models  was studied  by  TEM, SEM,  DSC,  FT-IR,  UV–vis  absorption  and
indoor  photodegradation  test.  The  obtained  results  suggested  the  first  model  for  a  durable  design  of  thin
film  LSC  applications  specially  in  hot  regions.

© 2014  Elsevier  GmbH.  All  rights  reserved.
. Introduction

Photovoltaics (PVs) enable the conversion of solar light into
lectricity without polluting the environment, the idea of solar
nergy concentration is considered a suitable way  of decreasing
he cost of photovoltaic energy conversion [1]. The standard meth-
ds of light concentration such as mirrors and lenses requires sun
racking, which only work for a narrow range of solar radiation
nd poorly suited to capture diffused solar radiation [2]. In the
ate 1970s the luminescent solar concentrator (LSC) had appeared
s an alternative that it can avoid all of these disadvantages [3],
nd the technology was studied intensely through the early 1980s
ntil the limitations of organic laser dyes hindered further devel-
pment [4,5]. Fig. 1 shows a the operation principle of LSC device,
t consists of a transparent plate where highly luminescent cen-
ers are embedded, a typical design consists of PMMA plate doped
ith a fluorescent material such as organic laser dye [6]. The dye
olecules absorb a part of solar spectrum and the luminescent

mission is guided by a light-pipe effect to the edge of LSC where the

hotovoltaic cells are attached. The main advantages of LSCs are;
oncentration of direct solar radiation without tracking the sun,
igh collection efficiency of diffused light, good heat dissipation

∗ Corresponding author at: Department of Physics & Astronomy, Science College,
ing Saud University, Riyadh, Saudi Arabia.

E-mail address: elbashireg@yahoo.com (S.M. El-Bashir).

ttp://dx.doi.org/10.1016/j.ijleo.2014.06.046
030-4026/© 2014 Elsevier GmbH. All rights reserved.
from large areas of the LSC plate in contact with air, concentrated
light could be optimized to match the spectral sensitivity of PV cells,
besides the materials used in manufacturing LSCs are cost effective
so the price of the PV cell is less important in the cost of the total
system [7]. Materials used for manufacturing LSCs should have the
properties tailored to meet the requirements set by the spectral
distribution, intensity, and the angle of incidence the electromag-
netic radiation [8]. The science and technology of such materials
have soared during the past three decades as a result of the grow-
ing demand, cost, and environmental impact of energy production
[9], PMMA/SiO2 nanohybrid is considered a promising host matrix
for organic luminescent dyes [10]. On the other hand the literature
has a large number of papers published about luminescent plates in
which the dye is incorporated in the entire bulk of the plate [11,12].
The LSC configuration in which the plate is covered by a thin film
incorporating the colorant deposited in close contact with the plate
had proved a better performance due to the decrease of parasitic
losses resulting from self-absorption and scattering from impuri-
ties that usually found in bulk doped plates [13,14]. In the present
study we employed two model systems of thin film LSCs depicted
by Fig. 2. Model (1) consists of a transparent PMMA/SiO2 nanohy-
brid layer coated on a fluorescent PMMA  substrate. Model (2) in
which the luminescent dye is dissolved in PMMA/SiO2 nanohybrid

layer then coated on a transparent PMMA  substrate, this style is
similar to that studied by Dienel et al. [14]. Our study aims to com-
pare between the two  models in order to choose the more stable
one for outdoor application of thin film LSCs in hot countries.

dx.doi.org/10.1016/j.ijleo.2014.06.046
http://www.sciencedirect.com/science/journal/00304026
http://www.elsevier.de/ijleo
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijleo.2014.06.046&domain=pdf
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Fig. 1. The operation principle of luminescent solar concentrator (LSC).

. Experimental technique

.1. Preparation of LSC models

Before preparing the nanohybrid films the moisture adsorbed
n the surface of hydrophilic nanosilica (SiO2 Aldrich, S5130 pow-
er, 7 nm)  was removed by placing the nanosilica powder in an
lectric oven at 100 ± 5 ◦C and weighting each hour until two
onsecutive weights are the same. After that PMMA  (Aldrich,
W 350 k), hydrophilic nanosilica and red coumarin dyestuff

MACROLEX Fluorescent Red G, Bayer) were mixed separately
n chloroform (CHCl3). Transparent PMMA  substrates were pre-
ared by pouring PMMA/CHCl3 solution in a rectangular glass
old; applying the same procedure fluorescent PMMA  substrates
ere prepared by doping PMMA/CHCl3 solution with 200 ppm

oumarin dyestuff. After that the substrates were cut in dimensions
 cm × 1 cm × 0.3 cm and then coated with PMMA/SiO2 nanohy-
rids. Two groups of LSC models were prepared; the first group
onsists of fluorescent PMMA  substrates coated by transparent
MMA/SiO2 nanohybrid with nanosilica concentrations ranging
rom 0.05 to 1 wt%. The second group consists of transparent
MMA  substrates coated by fluorescent PMMA/SiO2 nanohybrid
ith nanosilica concentrations ranging from 0.05 to 1 wt% and all
oped with 200 ppm coumarin dyestuff. All the hybrid solutions
ere sonicated for 6 h before pouring on the as prepared sub-

trates and spin coated in a centrifuge at 2000 rpm for 1 min  to
btain uniform film coverage [15]; then they are left to dry in

n electric oven at 40 ◦C for 6 h. The film thicknesses were mea-
ured using a profilometer (Talystep, Taylor Hobson, UK) on a
cratch made immediately after deposition of five independent

Fig. 2. The proposed thin film LSC models.
Fig. 3. TEM photograph of PMMA/CHCl3/1 wt% SiO2 nanohybrid solution before
sonication.

measurements on each sample [16], and found to be in the range
of 50 ± 10 �m.

2.2. Measurements

TEM was performed by transmission electron microscope (JEOL
JEM-1400, Japan). SEM characterization was  performed by scan-
ning electron microscope (JEOL, JSM-5400, Japan). FT-IR spectra
were recorded by FT-IR spectrophotometer (Genesis Series, USA)
in the wavenumber range (4000–400 cm−1). The differential scan-
ning calorimetry (DSC) was carried out from room temperature
to 150 ◦C in nitrogen atmosphere with a heating rate 20 ◦C/min
using equipment type (Setaram 131, France) for all the as pre-
pared fluorescent PMMA/SiO2 nanohybrids. The absorption spectra
of the hybrid films were recorded in the wavelength range
(200–900 nm)  by a UV–VIS spectrophotometer (UNICAM, Helios
Co., Germany). The photoresponse of the optimized nanohybrid
films toward simulated sunlight was  performed using a Xenon-arc
lamp with the aid of the photodegradation accelerator (SUNTEST
XLS+, Germany). The films were irradiated by 1200 kJ m−2 h−1 con-
tinuously for 24 h to eliminate the dark reactions which might
occur under normal day–night cycles. This period is equiva-
lent to the global solar irradiance for about one year exposure
to natural sunlight and the apparatus was  regulated to match
the climatic conditions of Riyadh city, the capital of Saudi Ara-
bia.

3. Results and discussion

3.1. TEM and SEM characterization of PMMA/SiO2 nanohybrid
solution

Fig. 3 shows TEM photograph of PMMA/CHCl3/1 wt%  SiO2
nanohybrid polymer solution before sonication. It is clear that all
SiO2 nanoparticles have a spherical shape of about 25 nm and fused
to each other with a large tendency to form aggregates in the poly-
mer  solution. This was  confirmed by SEM micrograph showed in
Fig. 4a, it is clear that SiO2 nanoparticles are aggregated into non-
uniform shapes with average diameter size ranging from 140 to

250 nm.  After sonication of the nanohybrid polymer solution for
6 h, it is observed that the size of these aggregates is reduced to
about fifth of its value as determined from Fig. 4b. This convinced
that the sonication process is important to reduce the probability
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[2]. The second FT-IR range showed significant changes in the
strong band corresponding to symmetric stretching mode of car-
bonyl group C O of PMMA  appeared at 1728 cm−1 [22]. After
adding SiO2 nanoparticles, it is clearly observed that the band width
ig. 4. SEM photograph of PMMA/CHCl3/1 wt% SiO2 nanohybrid solution (a) before

onication and (b) after sonication for 6 h.

f the formation of SiO2 aggregates caused by hydrogen bond-
ng between silanol groups (Si OH) and hydroxyl groups ( OH)
hat exist on nanosilica surfaces during the manufacturing process
17].

.2. DSC measurements of PMMA/SiO2 nanohybrid coatings

DSC is an efficient tool used to monitor important parameters
hen working with polymers, it is widely used to characterize

he thermophysical properties which is directly related to the
omogeneity and stability of polymer nanohybrids. The effect
f nanosilica concentration on the glass transition temperature
g of PMMA/SiO2 nanohybrid films is clarified by DSC thermo-
rams shown in Fig. 5, it is clear that the entire thermograms
xhibit one glass transition, reflecting the homogeneity of the pre-
ared nanohybrid films [18]. It is also observed that, the value
f Tg is shifted to higher temperatures from 110 ◦C for PMMA
o 130 ◦C for PMMA/1 wt% SiO2 nanohybrid film. This study con-
rms the enhancement of the thermal stability for PMMA/SiO2

anohybrid films by increasing nanosilica concentration and sug-
ests their outdoor resistance toward hot climates in Saudi
rabia.
Fig. 5. The effect of nanosilica concentration on the glass transition temperature Tg

of PMMA/SiO2 nanohybrids.

3.3. FT-IR characterization of PMMA/SiO2 nanohybrid coatings

The effect of nanosilica concentration on the interactions
between the vibrational energy states of fluorescent PMMA/SiO2
nanohybrids films was investigated by FT-IR spectroscopic
technique. Fig. 6 shows the FT-IR transmission spectra of
PMMA/SiO2 nanohybrid films in the selected wavenumber ranges
(3700–3600 cm−1) and (1800–1600 cm−1). In the first range, it
is noted that the weak shoulder appeared around (3650 cm−1)
in PMMA  became well separated to a slightly asymmetric sharp
peak shifted toward lower frequencies due to the emergence of
fundamental stretching vibration of Si OH groups by increasing
nanosilica concentration [19,20]. The appearance of three bands in
the range (3660–3600 cm−1) indicates that the OH groups have
three different environments [21], which is a clear evidence of their
interaction with three different molecules: PMMA  through car-
bonyl group (C O); coumarin molecule; and other ( OH) groups
Fig. 6. Expanded FT-IR spectra in the ranges (3700–3600 cm−1) and
(1800–1600 cm−1) for fluorescent PMMA/SiO2 nanohybrids at different nanosilica
concentrations.
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where at and ao are the absorbance values before and after irradia-
tion for a period “t”. C1 and C2 are the fitting constants and R is the
photodegradation rate constant of the dye molecules. This trend
suggests two degradation mechanisms; the first concerns the dye

Table 1
The direct and indirect HOMO–LUMO interband transition energies for all the pre-
pared LSCs models.

Nano SiO2 (wt%) Model (1) LSCs Model (2) LSCs

Egd (eV) Egi (eV) Egd (eV)

0 4.20 3.46 3.59
0.05 4.30 3. 41 3.53
0.1 4.26 3.61 3.54
0.2 4.12 3.45 3.58
0.3 4.22 3.42 3.55
0.4 4.18 3.34 3.55
0.5 4.28 3.58 3.55
0.6 4.25 3.59 3.55
ig. 7. Interband transitions for model (1) LSC sample at 0.7 wt%  nanosilica concen-
ration (a) direct and (b) indirect transition.

FWHM) of C O group is reduced from 50 to 40 cm−1 accompa-
ied with the disappearance of shoulder appeared at 1680 cm−1 in
MMA. These changes reflect the strong interaction of C O with
urface hydroxyl group of hydrophilic nanosilica thus supports the
nhanced chemical stability of thin-film LSCs based on PMMA/SiO2
anohybrid films.

.4. HOMO–LUMO interband transitions in LSC models

Interband transitions of the prepared LSC models were ana-
yzed in order to identify the electronic transitions from the highest
ccupied molecular orbital(s) (HOMO) of the valence band to the
owest unoccupied molecular orbital(s) of the conduction band
LUMO) which are directly related to the matrix stability [23,24].
he absorption coefficient “˛” of photon energy “E” is related to
he type of the band transition and the band gap can be calcu-
ated by plotting a graph between (˛E)1/m versus “E” looking for
he value of “m” depending on the nature of transition [24–26].
he allowed direct and indirect interband transitions are given
y the values of “m” as 1/2 and 2, respectively, using equa-
ions:

˛E)2 = A(E − Egd)1/2 (1)

E = B

[
(E − Egi + Ep)2

exp(Ep/kT) − 1
+ (E − Egi − Ep)2

1 − exp(−Ep/kT)

]
(2)

here A and B are constants, k is Boltzmann constant, T is the
bsolute temperature, Ep is the phonon energy, Egd and Egi are
he energies of direct and indirect interband transitions respec-
ively. According to Eqs. (1) and (2), there will be a single straight
ine for direct transitions and two linear portions for indirect
ransitions. Eqs. (1) and (2) were applied for all the LSC mod-
ls and the relation between (˛E)2 against “E” is plotted in
ig. 7a which is a representative diagram for all the LSC mod-
ls. It noticed that all the samples have the same behavior in
heir direct allowed transitions for the two LSC models, the val-
es of direct interband transition, Egd, were estimated from the

ntercept on the energy axis of the linear fit of and listed in
able 1.

On the other hand for model (1) samples, Fig. 7b shows that
lotting (˛E)1/2 against “E” resolved into two distinct straight-line
ortions, the straight line was obtained at lower photon energies,
uts the energy axis at Egi − Ep. The other line represents the
ependence in the high energy range corresponding to a phonon-
mission process and cuts the energy axis at Egi + Ep, from the
nergy intercept of the two straight line portions, the values of the
ndirect HOMO–LUMO transition Egi could be estimated and listed

n Table 1. It is noted that the values of Egd for model (1) samples
re noticeably larger than those for model (2) samples this means
hat doping the dye in PMMA  matrix introduced localized energy
evels that form a continuum which act as trapping states and
Fig. 8. The photodegradation curves of the LSC models having 1 wt%  nanosilica
concentration, after indoor exposure to artificial sunlight from Xenon arc lamp for
24 h.

consequently increase Egd. In contrast to the steadiness observed
in the Egd values for model (2) samples, it is noted that model (1)
exhibits some peculiar changes in the values of Egd, in addition
to the appearance of indirect interband transition Egi which can
be attributed to the existence of different types of exciton like
states [27]. This indicates the advantage of model (2) in reducing
the probability of the dye interaction with matrix defects and
consequently the stability of the photophysical processes through
the HOMO–LUMO interband transitions [28].

3.5. Indoor photostability test

The long-term photostability of organic dyes is one of the most
critical problems in LSC applications, the accelerated photore-
sponse of the investigated LSC models toward UV–vis radiation was
investigated with the aid of artificial sunlight calibrated to match
the typical solar spectrum on the Earth’s atmosphere at AM1.5. The
photodegradation “at/ao”, which is the hourly percentage change
of the optical density after light irradiation is plotted against the
exposure time as shown in Fig. 8. It is clear that the photodegrada-
tion of the dye molecules obeys 1st order exponential decay based
on the following relation [10],

at

ao
= C1 exp(−Rt) + C2 (3)
0.7 4.19 3.45 3.55
0.8 4.29 3.46 3.56
0.9 4.28 3.21 3.55
1  4.33 3.36 3.54
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Table  2
Effect of nanosilica concentration on the degradation parameters “R” and C2 of model
(1) and model (2) LSCs.

Nano SiO2 (wt%) Model (1) LSCs Model (2) LSCs

R (10−5 s−1) C2 (%) R (10−5 s−1) C2 (%)

0 17.2 85.3 42.8 80.4
0.05 11.3 86.4 40.4 81.0
0.1 9.2 87.6 37.6 82.4
0.2 8.7 88.7 31.1 83.2
0.3 8.2 89.3 27.2 84.3
0.4 7.3 90.4 23.1 85.6
0.5 6.2 91.7 20.6 86.4
0.6 5.8 93.6 17.5 87.3
0.7 5.1 95.4 11.6 88.7
0.8 4.9 96.8 9.4 89.3
0.9 4.1 97.4 6.9 90.8
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optical properties of polycarbonate films, Curr. Appl. Phys. 6 (2006) 91–96.

[29] Y.H. Zhang, J.H. Xin, W.A. Daoud, X.Y. Hao, UV-blocking properties of
1  2.5 99.0 3.9 92.0

olecules which may  exist outside the free volume core between
olymeric chains, and take a short time to photo-decompose at a
ate constant “R”. The second mechanism concerns the caged dye
olecules inside PMMA–SiO2 core and initiated after 2 h of irradi-

tion, this period is approximately equal to 1 month of exposure
o natural sunlight under normal atmospheric conditions. The val-
es of “R” and C2 were determined by least square fitting of Eq.
3) as depicted in Fig. 8, and listed in Table 2. It is clearly observed
hat, the value “R” is decreased by increasing nanosilica concentra-
ion for the two models. In addition, the absorbance of the residual
mount of dye represented by C2 indicates that the dye absorbance
s enhanced by increasing nanosilica concentration for the two pro-
osed LSC models, respectively. This means that model (2) LSC
xhibits long outdoor lifetime compared to that of model (1). It is
roposed that, transparent PMMA–SiO2 nanohybrid coating can be
onsidered as an effective solution for blocking harmful UV radia-
ion [29] for the dye molecules doped in model (1) LSCs. On the
pposite; for the case of model (2) LSCs, the dye molecules are
irectly subjected directly to UV radiation which plays a dominant
ole on the dye degradation by causing a perturbation in the number
f � electrons in the dye molecules [30].

. Conclusions

This paper represented a study on modification of the design
f thin film LSCs in order to develop effective characteristics for
nvironmentally stable thin film LSCs. This has been done by cov-
ring the dye doped PMMA  plate by a transparent PMMA/SiO2
anohybrid coating. FT-IR spectra showed the enhancement of
he molecular bonding between PMMA  and SiO2 nanoparticles
y increasing nanosilica concentration, this reflects chemical
tability of the prepared films. Moreover, DSC measurements
evealed the increase of Tg values by increasing nanosilica con-
entration promoting long-term thermal stability of nanohybrid
lm. The study of interband transitions revealed the existence
f only direct band transition in model (2) LSCs due to the
imitation of the dye interaction with matrix defects. The accel-
rated photodegradation test for the modified LSC design (model
) suggested the enhancement of the photostability of the dye
olecules compared to the behavior observed for the ordinary

esign (model 2). In view of the results presented above, it is
oncluded that PMMA/SiO2 nanohybrid film can act as a protec-
ive coating which can prevent the thermal and photodegradation
f luminophores in thin film LSCs. The results of this study rec-

mmended model (1) LSCs as an ubiquitous part of the built
nvironment specially in the hot regions that have a high value
f UV index.
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