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Abstract

:

The integration of photovoltaic (PV) elements in urban environments is gaining visibility due to the current interest in developing energetically self-sustainable buildings. Luminescent solar concentrators (LSCs) may be seen as a solution to convert urban elements, such as façades and windows, into energy-generation units for zero-energy buildings. Moreover, LSCs are able to reduce the mismatch between the AM1.5G spectrum and the PV cells absorption. In this work, we report optically active coatings for LSCs based on lanthanide ions (Ln3+ = Eu3+, Tb3+)-doped surface functionalized ionosilicas (ISs) embedded in poly(methyl methacrylate) (PMMA). These new visible-emitting films exhibit large Stokes-shift, enabling the production of transparent coatings with negligible self-absorption and large molar extinction coefficient and brightness values (~2 × 105 and ~104 M−1∙cm−1, respectively) analogous to that of orange/red-emitting organic dyes. LSCs showed great potential for efficient and environmentally resistant devices, with optical conversion efficiency values of ~0.27% and ~0.34%, respectively.
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1. Introduction


The mismatch between AM1.5G spectrum and photovoltaic (PV) cells absorption is one of the critical factors limiting PV performance. To overcome it, several approaches have been proposed. Among them, we highlight luminescent solar concentrators (LSCs) [1,2,3,4], a complementary technology to PV cells for use in urban environments [5].



LSCs are devices comprising a transparent matrix in which optically active centers are embedded in. These optically active centers absorb the incident radiation and re-emit it at a specific wavelength. Because of the refractive index contrast between the LSC surface and the air, the emitted radiation is guided in the LSC by total internal reflection to PV cells located at its edges [6,7].



LSCs can be applied over large areas and incorporated into construction elements [8] because LSCs operate similarly under direct and indirect sunlight [9], which is not the case of PV panels that work optimally under direct irradiation. Furthermore, in the built environment, sunlight is diffuse and non-uniform, as it is scattered and reflected by buildings, trees, and clouds reducing the performance of PV cells [10]. The spectral distribution of diffuse solar radiation has more low wavelength components (particularly in the UV spectral region) than the direct one, which can be better harvested by LSCs [7,9].



The implementation of LSC panels in a noise barrier configuration such as outdoors alongside a roadway in the Netherlands is an illustrative example of the real-world applicability of these devices [8,11,12]. The LSC operation configuration enables PV devices to be embedded in building façades or windows, allowing them to be transformed into energy-harvesting units, contributing to the development of zero-energy buildings [2]. Furthermore, LSCs will also impact wearable fabrics and mobile energy [13]. In fact, previous studies report the possibility of charging low-voltage devices, such as mobile phones, sensors, and Wi-Fi routers by using LSCs as windows [14].



LSCs appeared in the late 1970s with the goal of overcoming the mismatch between the full solar spectrum on Earth and the semiconductor material used in PV cell manufacture [1]. The first LSCs reported were planar devices [6,15,16] containing optical active centers with absorption complementary to that of the semiconductor material of the PV cells, and emission tuned in the PV cell absorption spectral range.



The performance of LSCs may be determined by the balance between the optical features of the emitting layer (quantified by the optical conversion efficiency, ηopt) and the device geometry (quantified by the geometrical gain G = As/Ae, As and Ae being the surface collection and edge areas of the LSC, respectively). In terms of material selection towards ηopt optimization, several challenges are still open. Quantum dots (QDs) display tunable absorption and emission spectra with large Stokes-shift and have been widely used in LSCs [17,18,19,20,21], despite concerns about toxicity [22,23]. Ln3+-based complexes display attractive properties for LSCs due to tunable absorption range controlled by an adequate choice of the ligands, and high-emission quantum yield covering the visible/NIR spectral region depending on the selected Ln3+ ion. Moreover, compared with organic dyes, the large ligands-induced Stokes-shift is advantageous to prevent self-absorption losses. However, Ln3+-based complexes also show low thermo/photo-stability and poor mechanical properties, which constitute a barrier to its application [24].



This undesirable feature of Ln3+-based complexes can be overcome by introducing ionic liquids (ILs), which are molten salt with melting temperature below 100 °C and several exciting properties, such as high thermal stability, extremely low volatility, high ionic conductivity, wide liquid range and designable solvents [25,26]. Anchorage of the organic ionic group to a silica surface through a covalent bond allows the production of ionosilicas (ISs), an attractive subclass of organosilicas that combine the properties of silica materials and ILs [27]. The resulting organic-inorganic hybrid materials are endowed with improved physical-chemical properties of synergies arising from both components (silica and IL) [28]. A prime advantage of ISs is that their properties may be easily tuned through a fine control of the chemical structure of the IL, i.e., a judicious choice of the IL cation and anion. ISs applications has been highlighted in the fields of separation, catalysis, molecular recognition [27] and have been also proposed as good candidates for organic light emitting diodes and LSCs [28,29].



To enable an easy process and control the morphology of the optically active centers, poly methyl methacrylate (PMMA) was chosen due to attractive features such as low cost, environmentally friendly nature, high optical transparency [29], high resistance to UV radiation exposure and several chemical treatments, exceptional performance in all-weather conditions and extensive use in construction as a lightweight window material and optical fiber [30]. Moreover, PMMA is an easy material to work with in the laboratory, not presenting any noteworthy risk concerns, which allows high doping concentrations before concentration quenching occurs [31] and transforms them into high-optical-quality transparent matrices with no degradation in their photoluminescence efficiency [30]. Even if PMMA exhibits relatively poor mechanical resistance [31], that can be overcome by the ISs silica nature. The combination of ISs and PMMA can result in transparent, flexible, and luminescent materials, presenting fascinating prospects in luminescent photovoltaic applications.



The field of PV devices is in constant development and special focus has been given to c-Si PV cells (the most used technology in the photovoltaic field), and to perovskite-based technologies, which represent a novel promising approach due to the unprecedented efficiency increase within a short period of time (<10 years) [32]. Nevertheless, both types of PV cells present low efficiency values in the UV spectral range and, in the case of the perovskites-based cells, stability issues upon exposure to air, moisture and UV radiation are a serious drawback [33,34]. Taking into account the aforementioned limitations, coupling these PV cells to LSCs could, thus, be an attractive strategy.



In this work, LSCs based on Ln3+ (Eu3+ and Tb3+)-doped surface functionalized ISs (Figure 1) embedded in PMMA matrices were prepared. Here, sol-gel-derived ISs comprising a pendant imidazolium-terminated alkyl chain and a luminescent Ln3+-based anionic complex as counter-ion were synthesized. The new materials exhibit large Stokes-shift enabling the production of transparent materials with negligible self-absorption allowing efficient solar radiation harvesting and conversion.




2. Materials and Methods


N-butylimidazole (BIm, 98%, Sigma-Aldrich), (3-chloropropyl)trimethoxysilane (CPTMS, 97%, Sigma-Aldrich), terbium(III) chloride hexahydrate (TbCl3·6H2O, 99.9%,Acros Organics), europium(III) chloride hexahydrate (EuCl3·6H2O, 99.99%, Sigma-Aldrich), 2-thenoyltrifluoroacetone (TTA) (99%, Sigma-Aldrich), methyl methacrylate (MM) (99%, Acros), benzoyl peroxide (97%, Alfa Aesar), anhydrous ethyl acetate (EtOAc, 98.8%, Sigma-Aldrich), ethanol (EtOH) (99.8%, Fisher Chemical) tetrahydrofuran (THF, Sigma-Aldrich), sodium hydroxide (NaOH, Merck), and dichloromethane (DCM, HPLC grade, Fisher Chemical and ≥99.9%, Honeywell Riedel-de Haën) were used as received. High purity distilled water was used in all experiments. The detailed preparation of 1-butyl-3-[3-(trimethoxysilyl)propyl]imidazolium chloride ([B(TMSP)Im]Cl), 1-butyl-3-[3-(trimethoxysilyl)propyl]imidazolium tetra(2-thenoyltrifluoroacetonate)terbate/europate (III) [B(TMSP)Im][Ln(TTA)4] compounds and of the corresponding ionosilicas (IS-Ln) is detailed in Supplementary Information [35]. To enable films processing, the IS-Ln were incorporated into PMMA solutions with a concentration of X = 20% wt. (X = mIS-Ln/mPMMA). These samples will be hereafter designated as PMMA-Ln (Ln = Tb, Eu for Tb3+ and Eu3+-based materials, respectively). These PMMA-Ln materials were deposited on the glass substrates (7.5 × 2.0 × 0.1 cm3) by drop-casting using 0.66 mL of the solution. Then, the films were left to dry in an atmosphere rich in DCM (to ensure a slow drying of the material and, thus, yield a transparent film) at room temperature for 5 h. The thickness values of the active layers of the LSCs produced, measured by spectroscopic ellipsometry in three distinct regions of the surface, were 10.70 ± 0.05 and 5.10 ± 0.09 μm for PMMA-Tb and PMMA-Eu, respectively (Table S1 in Supplementary Information).



The materials optical characterization was performed through room temperature photoluminescence recorded with a Fluorolog-3, Horiba Scientific equipment. The absolute emission quantum yield values (q) were measured at room temperature using Quantaurus-QY Plus C13534, Hamamatsu system, with an accuracy within 10%. UV/visible absorption spectra were recorded using a Lambda 950, Perkin-Elmer spectrometer. The molar extinction coefficient was calculated through using the Beer Lambert law (A = εcl, where A is the absorbance, ε is the molar extinction coefficient in M−1∙cm−1, c is the concentration of the absorbing species in M and l is the optical path in cm) [36], and the molar brightness (B(λ) = ε(λ)q(λ), in M−1∙cm−1) were calculated for the highest absorption wavelength. The spectroscopic ellipsometry measurements were made using an AutoSE ellipsometer (Horiba Scientific) in the wavelength range of 450 to 850 nm. Three measurements were performed in each sample. The used structural model is described in detail in the Supplementary Information. Further details about the optical characterization equipment and techniques can be found in the Supplementary Information. To quantify ηopt from experimental data, the following definition was considered [37]:


ηopt=PoutPin=ISCLV0LISCV0AeAsηsolarηPV,



(1)




where ISCL and V0L are the short-circuit current and the open-circuit voltage of the PV device when coupled to the LSC (Isc and V0 are the corresponding values of the PV device exposed directly to the solar radiation), ηsolar is the efficiency of the PV device relatively to the total solar spectrum and ηPV is the efficiency of the PV device at the LSC emission spectral range.



The experimental ηopt values were determined by illuminating the top surface of the LSCs with simulated AM1.5G illumination (Model 10500, Abet Technologies). The optical power at the LSC output was estimated using a c-Si PV cell (KXOB22-01X8F, IXYS, presenting a maximum external quantum efficiency (EQE) around 80%, Figure S1 in Supplementary Information) with a mask matching Ae dimensions. The Isc and V0 values were measured using a source meter device (2400 SourceMeter source measure unit (SMU) Instruments, Keithley). A reflective tape (Figure S2 in Supplementary Information) was used on the free edges and in the rear side of the LSCs. The mismatch between the AM1.5G solar spectrum and that of the solar simulator was taken into consideration [38].



The power conversion efficiency (PCE) was calculated through:


PCE=PoutelPin=ISCLV0LFFAS∫λ1λ2IAM1.5G(λ)dλ,



(2)




where Poutel and FF = 0.75 are the PV device output electrical power and fill factor, respectively.




3. Results


3.1. Optical Characterization


Figure 2a shows the room temperature emission spectra of the PMMA-Ln samples excited at the wavelength that maximizes the emission intensity. The emission spectra of PMMA-Tb and PMMA-Eu are dominated by the 5D4→7F6-3 and 5D0→7F0-4 transitions, respectively. In terms of energy, relative intensity, full-width-at-half-maximum, and number of Stark components, these spectra resemble those observed for the IS-Ln compounds (Figure S3 in Supplementary Information) pointing out that the IS-Ln compounds preserve their local structure after the PMMA incorporation. Independently of the selected excitation wavelength (270–380 nm), no sign of the PMMA intrinsic emission [39] could be observed, which readily suggests efficient PMMA-to-ligand/Ln3+ energy transfer [40].



The excitation spectra were monitored around the more intense transitions, namely 5D4→7F5 (PMMA-Tb) and 5D0→7F2 (PMMA-Eu), Figure 3b. In the range of interest (300 to 800 nm), the spectra show two main components peaking at 320 and 360/380 nm ascribed to the π−π* electronic transition of the TTA ligands [41,42]. Apart from changes in the relative intensity, the UV-visible absorption spectra reveal the same components detected in the excitation spectra, Figure 2c. From the analysis of the emission and excitation spectra, large ligands-induced Stokes-shift of ~10000 cm−1 for PMMA-Tb and PMMA-Eu is found, as desirable for LSCs applications.



The emission decay curves were monitored under UV excitation (380 nm) revealing a single exponential behavior (Figure S4 in Supplementary Information). From the best data fit, the lifetime values were estimated (Table 1).



The emission properties of the PMMA-Ln films were further quantified through the measurement of the absolute emission quantum yield (q, Table 1) as a function of the excitation wavelength (270–385 nm for PMMA-Ln). The q values although lower than those previously reported for PMMA doped with Eu(tta)3(phen), with q = 0.73±0.06 [43], and [Eu(hfac)3(DPEPO)] (hfac=hexafluoroacetylacetonate and DPEPO=bis(2-(diphenylphosphino)phenyl)ether oxide, with values of q = 0.85±0.09 [44], are of the same order of that of a material consisting of PMMA and the 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)-imide ionic liquid with Eu(tta)3(phen), which presented q = 0.46 [45].



Featuring PV related applications, it is pertinent to quantify the light harvesting ability of the LSCs [37]. In particular, the overlap integral between the materials absorbance and the solar radiation available for PV harvesting is of interest. The overlap integral is given by Equation (3) [46]:


O=∫λ1λ2ΦAM1.5G(λ)×(1−10−A(λ))dλ



(3)




where λ1 (300 nm) and λ2 (800 nm) are the limits of the region of spectral overlap between the absorption spectrum of each sample and the AM1.5G spectrum, ΦAM1.5G is the AM1.5G photon flux and A is the absorbance of the PMMA-Ln samples. The overlap regions between the absorption spectra and the AM1.5G photon flux can be observed in Figure 2c, whose calculated O values (Table 1) indicate that both coatings have the ability to absorb ~2% of the solar photon flux [3] on the surface of the Earth (4.3 × 1021 photons⋅s−1·m−2). To complement the quantification of the light harvesting ability, the molar extinction coefficient (ε) was estimated, Table 1. The values found for all the films are quite large for Ln3+-based complexes, whose values are of the order of 104 M−1⋅cm−1 in the UV spectral region [47,48,49,50,51,52].



Molar brightness, B, is a measure of the light emission efficiency and light harvesting ability, allowing the comparison of the contribution of both parameters across distinct samples. In the present case, as similar ε values are found for all the films, the larger B value is governed by the larger quantum yield of PMMA-Eu. We note that in this case, B is of the order of 104 M−1⋅cm−1 which is similar to those reported for orange/red-emitting organic dyes that are known for their light harvesting ability [53,54]. Taking into account the optical properties, namely the largest integral overlap and brightness values, PMMA-Eu is the coating with higher potential for LSC applications, as detailed below.




3.2. LSCs


The PMMA-based films incorporating Ln3+-based ISs were used to fabricate LSCs. A layer of each material was deposited on the top surface of a glass substrate (Figure 3). The light emitted at the surface of the PMMA-Tb and PMMA-Eu-based LSCs are guided and concentrated towards the substrate edges (Figure 3 and Figure S5 in Supplementary Information). As presented in Figure 3, light emission and guidance to the edges occurs both under AM1.5G and UV radiation. The performance of the LSCs was quantified by the estimation of ηopt through Equation (1), yielding values of ηopt~0.27% and ~0.34% for the LSCs based on PMMA-Tb and PMMA-Eu, respectively (Table S2 in Supplementary Information). We note that in some works, the authors used a distinct expression to calculate ηopt, considering only the ratio between ISC and ISCL, yielding to overestimated results [19,20,21]. Nevertheless, to enable a comparison with the literature, we calculate ηopt using such expression, yielding ηopt values of 0.29% and 0.68% for PMMA-Tb and PMMA-Eu, respectively. In addition, the effective contribution of the LSCs on the generation of electric current was evaluated by calculating the PCE values, through Equation (2), yielding values of 7.8 × 10−4% and 1.9 × 10−3% for PMMA-Tb and PMMA-Eu LSCs, respectively.




3.3. Modelling


A Monte Carlo ray-tracing model was used to simulate the performance of the LSCs, in which the photon propagation follows geometrical optical laws [55]. The details of the simulation are described elsewhere [14] and in the Supplementary Information. The input data for Monte Carlo ray-tracing simulation are the solar spectrum AM1.5G (280–1600 nm), the absorption, and emission spectra, the absolute emission quantum yield and dispersion curve of the PMMA-Ln samples (Figure S6 and Figure S7 in Supplementary Information).



The performance of the LSCs was simulated placing the PV cell on one of the edges of the LSC that is composed of a glass substrate with an active layer deposited on top of it. For simulation purposes, the ηopt is defined by the energy emitted (per unit of time) from the edge of the LSC divided by the solar energy falling on the LSC (per unit of time), as stated in Equation (1). The simulations were performed for the LSCs with dimensions of 7.50 × 2.00 × 10−3 cm3 as function of the optically active layer properties. The ηopt values were predicted considering all the photons reaching the edge (ηopt, %) and considering only the fraction of converted photons (η’opt, %), Table S3 in Supplementary Information. The ηopt and η’opt values corroborate the experimental values taking into account the direct radiation that reaches the PV device through the LSC. Nevertheless, the simulated value (0.23% for PMMA-Eu) is close to the experimental one, confirming that this model fits well our experimental conditions.



The real applicability of the proposed LSCs requires the estimative of their performance, at larger collection surface (7.50 × 10−4 < As < 1.05 m2), Figure S8 in Supplementary Information. As the collection surface increases, ηopt remains approximately constant (0.23±0.01%). The output electrical power of the PV device (Poutel) is related to As through:


Poutel=ηSiηoptAsIAM1.5



(4)




where ηSi = 4% is the Si PV cell efficiency and IAM1.5G = 1000 Wm−2. To attain Poutel comparable to the one delivered by an USB port (Table S4 in Supporting Information) an LSC with As up to 2.8 × 10−1 m2 is required, Figure S8 in Supplementary Information.





4. Discussion


Following previous work of the group on Ln3+-based LSCs [4,38,56,57], LSCs made of PMMA doped with Ln3+ (Eu3+, Tb3+)-based ISs processed by the sol-gel method were here studied. These optically active centers display absorption in the UV component of the solar irradiance on Earth (absorption at 300–400 nm, which allows the fabrication of fully transparent LSCs) and with the emission spectra centered in the visible spectral regions, resonant with c-Si PV devices absorption.



The LSCs showed promising results, towards the use of these novel materials as transparent PV windows for urban integration of light harvesting devices, for future zero-energy buildings. Moreover, the use of PMMA doped with Ln3+-based ISs as optically active centers in LSCs demonstrates the potential of ISs in the direction for highly efficient and environment-resistant devices, with the additional advantage of presenting lower toxicity than the case of QDs technology. Nevertheless, the presented devices need further improvements in order to increase ηopt and PCE values, namely excitation deviation towards the blue and quantum yield increase. Future work should also be focused on the synthesis of efficient NIR-emitting optically active centers, with emission around 1100 nm, matching c-Si bandgap.
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The following are available online at http://www.mdpi.com/1996-1073/12/3/451/s1, Figure S1. EQE curve of the c-Si PV cell used in this work, Figure S2. Reflectance curve of the reflective tape used in the LSCs, Figure S3. Room temperature emission spectra PMMA-Eu and IS-Eu excited at 385 and 390 nm, respectively, Figure S4. Room temperature emission decay curves for (a) PMMA-Tb and (b) PMMA-Eu excited at 380 nm and monitored at 544 and 612 nm, respectively. The solid lines represent the best fit to the data (r2 > 0.93) using a single exponential function. The respective residual plots are shown on the right-hand side, Figure S5. Emission of the LSCs collected at the edges of the LSCs based on (a) PMMA-Tb and (b) PMMA-Eu. The emission spectra at the edges of the LSCs spectra were acquired using a spectrometer OceanOptics Maya 2000 Pro coupled with an optical fiber under AM1.5G radiation, Figure S6. Ellipsometric parameters Is (open circles) and Ic (open triangles) measured for (a) PMMA, (b) PMMA-Tb and (c) PMMA-Eu. The solid lines represent the data best fit, Figure S7. Dispersion curves measured for PMMA, PMMA-Tb, and PMMA-Eu, Figure S8. Monte Carlo ray-tracing optical conversion efficiency as function of the LSC surface area and predicted output electrical power. A constant thickness of 10−3 m (typical value for a glass window) was considered in all the simulations. The symbols refer to the As value needed to attain Poutel comparable to the one delivered by an USB port and needed to charge the low-voltage devices indicated, Materials synthesis and processing details, Modelling details, Table S1. Thickness of the active layer of the LSCs deposited on glass, Table S2. Quantification of parameters expressed in Equation (1) of the manuscript for ηopt calculation, Table S3. Simulated optical conversion efficiency values considering all the photons reaching the edge (ηopt, %) and only the converted photons (η’opt, %) for the LSCs based on PMMA-Ln, Table S4. Typical values for the electrical power interval available at a USB port and required to charge small electronic devices, Table S5. Ellipsometric parameters from the Cauchy absorbent model, Equation (S1) in the Supplementary Information.
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Figure 1. Schematic structure of the non-hydrolyzed lanthanide (Ln = Tb/Eu)-based ISs: 1-butyl-3-[3-(trimethoxysilyl)propyl]imidazolium tetra(2-thenoyltrifluoroacetonate)terbate/europate (III) [B(TMSP)Im][Ln(TTA)4]. 
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Figure 2. (a) Emission spectra excited at 360 nm for PMMA-Tb (green line with diamonds) and 380 nm for PMMA-Eu (red solid line). The asterisk marks the region of the superposition between the Eu3+ 5D0→7F0-1 and the Tb3+ 5D4→7F4 transitions. The cross marks the region of the superposition between the Eu3+ 5D0→7F2 and the Tb3+ 5D4→7F3 transitions. The orange line is the normalized c-Si PV devices absorption curve; (b) Excitation spectra for PMMA-Tb monitored at 545 nm and PMMA-Eu monitored at 612 nm. (c) Absorption spectra for PMMA-Tb, PMMA-Eu, and AM1.5G photon flux (the color code for (b) and (c) is the same as in (a)). 
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Figure 3. Photographs of the LSCs based on (a,c) PMMA-Eu and (b,d) PMMA-Tb under AM1.5G (top) and UV radiation at 365 nm (bottom). 
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Table 1. 5D4 (PMMA-Tb) and 5D0 (PMMA-Eu) lifetime values (τ, ×10−3 s), integral overlap (O, ×1019 photons⋅s−1⋅m−2), absolute emission quantum yield (q), molar extinction coefficient (ε, ×105 M−1⋅cm−1) and brightness (B, M−1⋅cm−1) of PMMA-Ln.
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	Film
	τ
	O
	ε
	q
	B





	PMMA-Tb
	0.060 ± 0.001
	9.0
	2.2
	0.016 ± 0.002
	3.5 × 103



	PMMA-Eu
	0.553 ± 0.006
	8.7
	1.1
	0.305 ± 0.030
	3.8 × 104
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