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ystals as host matrix and
waveguide materials for recyclable luminescent
solar concentrators†
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Seyed Milad Mahpeykar,a Behzad Ahvazib and Xihua Wang*a

The use of luminescent solar concentrators is a cost-effective approach that can efficiently concentrate

direct and diffused sun light without any optical components. In this work, the prospect of cellulose

nanocrystals (CNCs), an ecofriendly biopolymer, as a host matrix and waveguide for luminescent solar

concentrators (LSCs) has been studied. The results show that the CNC material as a host matrix will

absorb more photons, ensuring more photoluminescence from organic dyes compared to acrylic

polymer emulsion, a common host matrix material in LSCs. Due to the light scattering effect within the

CNC material, optical efficiency of the fabricated device decreases once the distance between the point

where light hits the sample and the edge, from where photons get collected by the integrating sphere, is

increased. Thus optimization of CNC film processing is required if the CNC film is used as a waveguide

in LSCs. However the higher optical efficiency of CNC samples compared to acrylic polymer emulsion

samples at shorter distances suggests its superior quality as a host matrix. A recyclability study reveals

that the CNC material can be reused without compromising device quality, unlike acrylic polymer

emulsion samples, which makes it a good candidate as an ecofriendly material for low cost, large scale

manufacturing of luminescent solar concentrators.
Introduction

Harvesting solar energy efficiently via cost-effective approaches
is critical for large-scale adoption of solar energy as an energy
resource in human society. Concentrating solar radiation has
great potential to increase solar energy conversion efficiency
and an inexpensive way was proposed by A. Goetzberger and W.
Greube.1 This concept of enhancing the solar energy concen-
tration has been studied extensively which ultimately gave rise
to a device called the luminescent solar concentrator (LSC). A
LSC typically consists of a waveguide which is coated or doped
with highly uorescent materials. These uorescent materials
can absorb direct or diffused light and re-emit at a longer
wavelength. The emitted light then propagates to the waveguide
edges by total internal reection. Photovoltaic cells can be
installed along the perimeter of the waveguide which can
absorb the uorescence and convert it to electricity (Fig. 1). As
the surface area of the slab is much larger than the area of its
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edges, there will be an increase in photon concentration ratio,
which is the ratio of photon ux escaping from the edge to the
photon ux incident on the top of the surface.2,3 If the slab
design is optimized (high ratio of top surface area over side edge
area), there will be a high concentration of ux coming out of
the edges which might boost the open circuit voltage of the
Fig. 1 Schematic representation of fluorescence material based LSC
where the solar cell installed at the edge can absorb fluorescence to
produce electricity.

This journal is © The Royal Society of Chemistry 2017
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solar cell, similar to concentrated photovoltaics (CPV). There-
fore, the idealized LSC would produce more efficiency
compared to the cell exposed to AM1.5G.3 However, a large
portion of the light is escaped through the large top surface area
and hence more design optimization is required to increase the
performance of the LSC.

Many types of luminescent uorophores have been studied
for LSC application such as organic dyes, inorganic phos-
phors,4–8 quantum dots (QDs)9–15 etc. Recently different designs
for LSC have also been investigated such as variation in device
geometry,16 multiple dyes based LSC,17,18 multiple layers based
LSC,19 use of metal to enhance photoluminescence20 etc. The
main motivation to go towards LSC is to replace those costly
solar cells required in at photovoltaic (PV) panels, with an
inexpensive luminescent collector which would reduce the cost
of solar power. A key advantage this LSC technology has over
other concentration systems is that it can successfully convert
both direct and diffused light into electricity. This will reduce
the cost further as no sun tracking is required and will make it
excellent candidate for building integrated photovoltaics (BIPV)
and for regions with cloudier climates.6

Apart from studies on improving the efficiency of LSCs,
identifying the optimum host material for the overall LSC
system is also important. The material used as matrix material
that would contain the dyes/QDs can have a signicant effect on
the LQY and stability of the dyes/QDs. Host matrix should have
maximum transparency over a broad wavelength range with
minimal scattering. Though acrylic polymer emulsion (APE) is
one of the most commonly used matrix materials, other mate-
rials have also been investigated as host matrix for improved
stability of dyes.21–23 Nature based nanomaterials, which offer
ecological advantages, are also attracting lot of interest for such
application.24,25 Cellulose is a widely-found biopolymer which
has been used as energy resources, building material and
component of clothing for a long time. The nanocrystalline
existence of cellulose provides small building blocks of cellu-
lose in the nanoscale, with the exibility for various lm pro-
cessing and additives to hybrid materials/compounds. Different
techniques and sources are present to produce this nano-
cellulose which are summarized in earlier reviews which focus
on the production, chemistry and application of cellulose
nanocrystals (CNCs).26–31 These CNCs feature a combination of
attractive properties such as biocompatibility, high-Young's
modulus, low thermal expansion coefficient, optical trans-
parency, low-density, non-toxicity, negative diamagnetic
anisotropy and exible surface chemistry.28,32 Mass production
of these CNCs is also possible at low cost using acid hydrolysis
method. CNC has already been approved for unrestricted use in
Canada and was the rst nanomaterials to be included in
Canada's Domestic Substances List (DSL).33

In this paper, we report the suitability of CNCs material as
host matrix for LSC application. The performance of CNC
material is compared with APE material, which is used most
commonly as host matrix in LSC. Moreover, we have also
studied the possibility of recyclability of CNC material which
will help to reduce the material requirement and cost during
large scale implementation of this material for LSC application.
This journal is © The Royal Society of Chemistry 2017
Experiment
Materials

Cellulose nanocrystals (CNCs) were mass produced in the CNC
pilot plant at Alberta Innovates Technology Futures (AITF,
Edmonton, Alberta, Canada). APE was purchased from Golden
Artist Colors Inc.34 Glycerol, methanol and glass samples were
purchased from Fisher Scientic. Rhodamine 6G which was
used as luminescent dye was purchased from Sigma-Aldrich.
Organic dye solution

0.1 g of rhodamine 6G was mixed with 10 mL of methanol
solution in a test tube. To dilute, 1 mL of this solution was taken
from the test tube and mixed with 9 mL of methanol in another
test tube which acted as our reference dye solution.
CNC synthesis

Acid hydrolysis process was used to synthesis CNC. Sulfuric acid
hydrolysis with an acid concentration of 64% at 45 �C was
performed at rst using two Pfaudler 50-gallon (189 liter) acid-
resistant glass-lined reactors with a steam-heated jacket. Later
on, a centrifuge step was performed using a GEA Westfalia SC-
35 Separator. The last stage involved drying of CNC powder in
a SPX-Anhydro Model 400 Spray Dryer Plant at the conditions of
a 220 �C inlet temperature and an 85 �C outlet temperature.
CNC and APE lms deposition

CNC lms with organic dyes were prepared by the following
steps. First, 2 g of CNC powder and 40 mL of deionized (DI)
water were mixed together to form a CNC solution. 0.8 mL
glycerol was later added to this solution to avoid crack forma-
tion in the lms during drying. Three different samples were
fabricated where with the above solution 1 mL, 0.5 mL and 0.25
mL reference dye solutions were added and named as 20� CNC,
5� CNC and 1� CNC, respectively. Aer that the solutions were
stirred at 75 �C for 90 min. Finally, these mixtures were poured
into plastic Petri dishes where we already placed our glass
samples and let the solution to dry for 72 hours. Aer that, glass
samples with CNC lms were taken out of Petri dishes. For
comparison APE samples with similar dye concentrations were
fabricated. This APE, which was purchased from Golden Artist
Colors, Inc,34 was in gel form and soluble in water. 5 mL of APE
and 40mL deionized water were initially mixed together to form
an APE solution. Aer that 1 mL, 0.5 mL and 0.25 mL reference
dye solutions were added with the above solution and named as
20� APE, 5� APE and 1� APE, respectively. Later these solu-
tions were stirred at 75 �C for 90 min. At the end, these mixtures
were poured into plastic Petri dishes with glass samples already
placed inside and dried it for 72 hours at room temperature.
Aer that, glass samples with APE lms were taken out of Petri
dishes. Thicknesses of all the CNC and APE samples were
measured and found to be similar. Average thicknesses of CNC
lm and APE lm deposited on glass were 0.327� 10%mm and
0.307 � 10% mm, respectively. Dye concentrations of 20�, 5�
and 1� samples (both CNC and APE) were found to be 2.09 mM,
RSC Adv., 2017, 7, 32436–32441 | 32437
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Fig. 2 (a) Process flow of the fabrication. (b) Top view of a fabricated
sample.

Fig. 4 Absorption and emission spectrum of CNC samples with
various concentrations of dyes.
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0.52 mM and 0.104 mM, respectively. The process ow of the
fabrication is shown in Fig. 2(a) and a fabricated sample is
shown in Fig. 2(b).
Result and discussion

Photoluminescence (PL) spectra of the samples were measured
at room temperature and at an excitation wavelength of 520 nm
(Sciencetech Inc.) with an integrating sphere and a modular
spectrometer (Ocean optics) and absorption spectra were
measured using Perkin Elmer Lamda 1050 UV-Vis-NIR Spec-
trophotometer. Fig. 3 is showing a schematic of the character-
ization setup which was used to measure the
photoluminescence of the samples.

Fig. 4 and 5 show the absorption and emission spectra of
CNC and APE samples at three different dye concentrations.
These gures show that 20� CNC and 20� APE samples have
Fig. 3 Schematic of the characterization setup for photo-
luminescence measurement.

32438 | RSC Adv., 2017, 7, 32436–32441
the highest light absorption and emission, and 1� CNC and 1�
APE samples have the lowest, which is consistent with their dye
concentrations. It is also visible that CNC samples have higher
light absorption and light emission compared to APE samples
for comparable concentrations. From these two gures, it is also
visible that with increasing dye concentration, there is a relative
drop in peak emission compared to peak absorption for both
CNC and APE samples which is due to the reabsorption losses
when more dyes are present in the matrix. These losses are also
the reason for slight red shi in emission peaks.

In Fig. 6–8, optical efficiencies at different edge distances of
CNC and APE samples have been compared. Here optical effi-
ciency is dened as the ratio of collected photons at the edge to
incident photons on the sample and, edge distance is the
distance between source incident point on the sample and edge
from where emitted photons are being collected. In the exper-
iment, we extracted the photons from only one edge of the
sample and calculation shows that when the incoming beam
Fig. 5 Absorption and emission spectrum of APE samples with various
concentrations of dyes.

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Optical efficiency (%) of 1� CNC and 1� APE samples. Fig. 8 Optical efficiency (%) of 20� CNC and 20� APE samples.
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hits the sample, only one fourth of light gets the chance to
escape through that side of sample's edge (see ESI†). Hence the
optical efficiency values at 0.5 cm were multiplied by 4 and to
maintain consistency, rest of the values were also multiplied by
4 which we deem as the maximum optical efficiency that can be
achieved by extracting photons from four side edges of the
sample.

These gures show that optical efficiencies at 0.5 cm for 1�
APE, 5� APE and 20� APE are 6.0%, 10.0% and 10.7%,
respectively; suggesting a performance drop due to reabsorp-
tion of photons35,36 by the dyes when dye concentration is
increased. CNC samples also show a similar trend with 10.9%,
15.1% and 21.0% optical efficiencies for 1� CNC, 5� CNC and
20� CNC, respectively.

These results also show that optical efficiencies of CNC
samples are higher at shorter edge distances compared to APE
Fig. 7 Optical efficiency (%) of 5� CNC and 5� APE samples.

This journal is © The Royal Society of Chemistry 2017
samples. Transmission and reection data of CNC and APE
materials (see ESI†) show that CNCmaterial may absorb a small
amount (less than 10%) of light while APE material is almost
transparent. However, this small absorption (unity minus
transmission and reection) might come from the scattered
light that is not captured in the measured set-up. We believe
this characteristic of CNC material inuence the overall
absorption of the LSC providing higher absorption and emis-
sion. When the edge distance is increased, CNC samples expe-
rience larger performance drop than APE samples. For 1� CNC,
5� CNC and 20� CNC, drop in optical efficiencies when edge
distance is increased from 0.5 cm to 4 cm are 93.6%, 88.1% and
85.7%, respectively whereas for 1� APE, 5� APE and 20� APE,
these values are 48.3%, 43.0% and 26.2%, respectively. These
results indicate that CNC material as a host matrix has superior
quality than APE material, which results in an increase in
absorption and emission of light. But APE material, as a wave-
guide, supports light propagation better when distance being
travelled is increased compared to CNCmaterial. The reason for
this is that light scattering is prominent in CNC material which
reduces its optical efficiency signicantly when the edge
distance in increased and further optimization during CNC
synthesis is required to improve this.

Next, we studied the recyclability of CNC and APE materials
as host matrix. For this purpose, 5� CNC and 5� APE samples
were taken into consideration. The host materials were stripped
off the glass samples and from the Petri dishes and, were placed
inside beakers. Adequate DI water was added and the solutions
were stirred at 75 �C for 90 min. It was found that solid CNC
material reabsorbed water and formed a diluted solution,
similar to the one formed initially. APE material, on the other
hand, did not absorb any water and remained as a solid once
the experiment is nished. Fig. 9 shows the condition of CNC
and APE materials aer the stirring step, verifying the above
statement. Later the recycled solution was used to fabricate
a sample, named 5� CNC recycled, using the steps mentioned
RSC Adv., 2017, 7, 32436–32441 | 32439
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Fig. 9 Solution of recycled CNC and APE samples.

Fig. 10 Optical efficiency (%) of a 5� CNC sample before and after
recycling process.
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earlier and compared its performance with previous result.
Fig. 10 is showing the optical efficiencies of 5� CNC and 5�
CNC recycled samples. This gure shows that the quality of the
sample does not drop even aer performing the recycling step.
Though this feature of CNC material is exciting, it also opens
the door of other challenges as well. For large scale imple-
mentation of such material and in an environment where rain
and snow are regular encounters, such solubility of CNC in
water can be tackled with special coating layer that would not
deteriorate the performance and at the same time will keep the
LSC unaffected.
Conclusions

In this work, the CNC lm as the host matrix and waveguide for
LSC applications has been studied, and the CNC based LSC has
been compared to that is made of APE. Optical efficiencies of
the CNC samples showed that with increasing distance, the
values dropped between 85% and 94% whereas for APE
samples, drop is between 26% and 48%, depending on dye
concentrations. These decreases in optical efficiencies with
32440 | RSC Adv., 2017, 7, 32436–32441
increasing distance for both APE and CNC samples are mainly
due to reabsorption losses, but CNC samples experience larger
performance drop which is due to the additional scattering of
light taking place in CNC material. Also with increasing
concentration of dyes, the relative peak emission intensities are
found to decrease for both CNC and APE samples which is also
due to the reabsorption losses. At shorter edge distances,
optical efficiencies of CNC samples were higher than APE
samples which suggest that as a host matrix CNC material is
better than APE material but further optimization of CNC
material is required to make it effective as a waveguide. More-
over, APE material is not recyclable but CNC material can be
reused and the fabricated sample with recycled CNC material
showed little or no loss in optical efficiency. Though more
optimization is required during CNC lm processing to reduce
light scattering and increase its optical efficiency with
increasing device area, biocompatibility and recyclability of
CNC material make it a promising candidate for large scale
implementation for LSC application at reduced cost.
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A. J. Chatten, A. Büchtemann, A. Meyer, S. J. McCormack,
R. Koole, D. J. Farrell, R. Bose, E. E. Bende, A. R. Burgers,
T. Budel, J. Quilitz, M. Kennedy, T. Meyer,
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