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Abstract 150-250  
The technological potential of poly(methyl methacrylate) (PMMA)-based composite films doped 

with lanthanide-doped sol-gel derived ionosilicas (IS-Ln) previously proposed for luminescent 

down-shifting (LDS) and luminescent solar concentrators (LSC) layers connected to photovoltaic 

(PV) cells is extended here to electrochromic devices (ECDs), targeting the fabrication of single 

energy harvesting/conversion/management LSC-LDS/PV/ECD systems. These integrated devices 

have foreseen application in the windows of future zero-energy buildings of smart cities. The proof-

of-concept is given with the report of the electro-optical performance of an ECD comprising an 

optimized electrolyte film composed of PMMA, IS-Nd and IS-Eu, and the 1-butyl-3-

methylimidazolium hexafluorophosphate ionic liquid. This amorphous electrolyte is stable below 

160 ºC, exhibits high ionic conductivity (2.13 × 10−4 and 8.76 × 10−4 S cm−1 at room temperature 

and 44 ºC, respectively), and emits in the visible (red color) and near-infrared (NIR) spectral 

regions. The device demonstrated fast switching speed (50 s) and high transparency in the visible-

to-NIR spectral regions (transmittance (T) = 79/96/89/77% at 555/1000/1500/1650 nm in the as-

prepared state, respectively). Upon application of ± 2.5 V for 200 cycles, at the same wavelengths 

the Tbleached/Tcolored values were 44/28, 46/26, 39/20 and 27/9 %, respectively, and the coloration 

efficiency (CE) values CEin/CEout values were −302/+181, −381/+228, −446/+267 and −734/+440 

cm2 C-1, respectively. 
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Highlights 

 Red-emitting ECDs enabling dynamic control of sunlight and offering uninterrupted heat 

emission were fabricated. 

 The ECD electrolyte composition was based on the formulation used previously for films acting 

both as LDS and LSC layers. 

 The electrolyte included PMMA, Nd3+/Eu3+-doped ionosilicas, and 1-butyl-3-methylimidazolium 

hexafluorophosphate. 

 The electrolyte is amorphous, exhibits good ionic conductivity, and emits in the visible (red color) 

and NIR regions. 

 The ECD performance proves its applicability in an integrated LSC-LDS/PV/ECD system. 
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1 Introduction 

The increasing energy needs of modern societies and 

fossil fuels growing consumption, which are directly 

responsible for greenhouse gas (GHG) emissions 

and its deleterious consequences (global warming 

and climate changes), are critical issues that must be 

tackled urgently. If not, the situation will worsen, as 

it is estimated that by 2050 more than 6 billion 

people will live in urban areas. In Europe, a highly 

urbanized continent, the densification of population 

in cities will seriously threaten livability. The smart 

city concept emerged as a response to the challenges 

for urban development, promising to offer citizens 

better lives, while meeting climate and energy goals, 

reducing environmental impact, and acting as an 

economic growth key driver. 

Smart cities require smart, sustainable and energy-

efficient buildings. In the European Union (EU) 

buildings (residential or not) are the largest energy 

consumer and one of the largest CO2 emitters, being 

responsible for 40% of energy consumption and 

36% of GHG emissions [1]. Half of the energy 

consumption in a building corresponds to the power 

spent on heating, ventilation, air-conditioning, and 

artificial lighting. The recognition that the building 

sector is a key pillar of the energy solution [2] led to 

the so-called Nearly Zero Energy Building (NZEB) 

concept, which envisages converting buildings into 

renewable energy sources where all the energy used 

throughout the year must equal the renewable energy 

created on-site or by renewable energy sources. The 

large-scale deployment of NZEBs is fostered to 

ensure the sustainability of the European society and 

economy for the building sector [3].  

Buildings energy performance is a top priority issue 

for energy policies in the EU. Three European 

directives stimulate the transition to decarbonized 

buildings: (1) The 2020 Climate and Energy 

Package [1] (associated with the Renewable Energy 

Directive [4]), the Energy Efficiency Plan [5], and 

the Energy Efficiency Directive [6]), which targets a 

20% cut in GHG emissions (from 1990 levels), 20% 

of energy from renewables, and 20% improvement 

in energy efficiency; (2) The 2030 Climate and 

Energy Framework [7], which targets 40% cuts in 

GHG emissions (from 1990 levels), 32% share for 

renewable energy, and 32.5% improvement in 

energy efficiency; (3) The 2050 Long-Term Strategy 

[8], which targets climate-neutrality by 2050 and 

net-zero GHG emissions. These objectives are in 

line with the European Green Deal [9] and the Paris 

Agreement on climate change. 

At a worldwide scale, the United Nations (UN) 

Sustainable Development Goals 7 – Affordable and 

Clean Energy, 11 – Sustainable Cities and 

Communities, and 13 – Climate Action [10] aim to 

make cities inclusive, safe, resilient and sustainable, 

to ensure universal access to affordable, adequate, 

safe and sustainable housing and modern energy for 

all, and thus provide better well-being, safety, less 

climate changes and its impacts, and more economic 

progress. In July 2020 the UN Secretary-General 

asked world leaders to choose the “clean energy 

path” and boost the use of renewables in the post-

pandemic economic recovery plans [11]. To achieve 

these goals new energy materials and new energy-

efficient technologies are mandatory. 

In buildings, the envelope (external walls, floors, 

roofs, ceilings, windows, and doors) is responsible 

for more than 30% of the consumed energy. 

Windows are of particular interest since they impact 

dramatically on the mitigation of the building energy 

consumption. Transitioning from static to dynamic 

(smart) windows is extremely beneficial [12], 

reducing the building’s energy needs by about 40 % 

[13]. Dynamic windows allow adjusting the sunlight 

(visible radiation) and solar heat (near-infrared 

(NIR) radiation) inflow in real time, at the 

occupant’s choice, independently of the 

geographical location, climate region, season of the 

year, or room’s orientation, increasing the building 

energy performance by minimizing heating and 

cooling needs indoors, providing more visual and 

thermal comfort, and improving outdoors view. 

Since ca. 44 and 49% of the solar energy lies in the 

visible and NIR regions, respectively, (Fig. 1) the 

incorporation of visible and NIR blocking/admission 

functions in smart windows has become mandatory 

to ensure high energy efficiency [14-22].  

Among the available smart window technologies, 

electrochromic windows (ECWs) offer huge 

potential for the solar spectrum management and 
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therefore for the fabrication of architectural large-

area glazing of NZEBs [2, 23-25]. ECWs are 

multilayer sandwich-type battery-like devices in 

which the application of a small voltage (< 3 V) 

triggers a reversible change in the color of one (or 

two) EC layer(s). Sunlight modulation over a broad 

spectral range, controllable transmission, absorption, 

and/or reflectance, open circuit memory, and non-

obstruction of outside view during operation, are 

some of the major benefits of ECWs [26, 27].  

Recently some of us introduced EC devices (ECDs) 

enabling control of the visible and NIR spectral 

regions of the solar spectrum [19, 21, 28]. The 

rational of the new ECD design was to combine 

visible-to-NIR transparent conducting oxide (TCO) 

external layers with a suitable electrolyte. A 

sustainable three-mode modulation ECD with 

unprecedented figures of merit was produced using 

amorphous zinc-doped indium oxide (a-IZO) [29]) 

TCO layers and a sol-gel derived electrolyte 

(DUPIL60) based on a di-ureasil host hybrid matrix 

doped with the N-butylimidazolium 

trifluoromethanesulfonate ([BIm][TfO]) proton ionic 

liquid (PIL) [28]. The device, comprising 

cathodically coloring amorphous tungsten oxide (a-

WO3) and anodically coloring crystalline nickel 

oxide (c-NiO), featured colossal coloration 

efficiency (CE), excellent cycling stability, and 

remarkable memory effect [28].  

In the present work the above ECD concept has been 

taken to the next level. ECDs enabling dynamic 

control of light, offering uninterrupted red color and 

heat emission, have been developed. Motivated by 

the fact that ECWs can operate alone or paired with 

other technological solutions, such as solar cells [30] 

and building integrated photovoltaics (BIPVs) [31], 

the composition of the present ECD electrolytes 

relied on the formulation we recently proposed for 

luminescent solar concentrator (LSC) [32-34] and 

luminescent down-shifting (LDS) [32] layers. We 

recall that LSC and LDS layers increase PV cell’s 

UV response by down-shifting short wavelength 

solar radiation to longer wavelengths where the 

absorption of the solar cell is higher [34-40]. The 

energy of the converted photons is resonant with the 

absorption curves of PV devices (Fig. 1).  

The developed LSC and LDS layers [32, 33] 

included a poly(methyl methacrylate) (PMMA)-

based system doped with lanthanide (Ln)-doped 

ionosilicas (ISs) (noted as IS-Ln-X, where X = IS-

Ln/PMMA w/w) prepared by the sol-gel method. In 

these luminescent materials the IS compound 

comprised a silica matrix covalently bonded to 1-

butyl-3-propyl-imidazolium cations via the propyl 

chain. The positive charge of this pendant organic 

group was counterbalanced by the complex ion 

[Ln(tta)4]−, where tta- is 2-thenoyltrifluoroacetonate 

and Ln = Nd3+, Eu3+, Tb3+, and Yb3+. With respect to 

the neutral complex, the presence of an additional 

tta- ligand adds two extra carbonyl oxygen atoms to 

the first coordination sphere of the Ln3+ ion, 

reducing quenching effects, enhancing the quantum 

efficiency values, and increasing the photo-, 

mechanical, and thermal stability. PMMA, a 

material typically employed in LSC and LDS layers, 

was chosen as host polymer matrix on account of its 

attractive properties: high optical transparency under 

solar irradiation, high thermal stability (−70-100 

°C), low cost, non-toxicity, high scratch resistance, 

superb high resistance to UV radiation exposure and 

several chemical treatments, exceptional 

performance in all-weather conditions, higher 

impact resistance than glass, easy handling and 

processing, and great compatibility with liquid 

electrolytes, such as ILs [41].  

Despite the well-known photobleaching typical of 

some organic ligands, the incorporation of beta-

diketonate complexes into PMMA or di-ureasils 

hosts is known to increase their photostability [42-

45]. Furthermore, studies on their stability at strict 

accelerated aging tests were done under controlled 

temperature and relative humidity, resulting in 

negligible variations in the values of emission 

quantum yield. The emission color stability was also 

investigated when these compounds were submitted 

to long continuous solar irradiation (AM1.5G, 1000 

Wm−2), where the red emission persisted unaffected 

[45]. It is worth mentioning that the red emission of 

such Eu3+ complexes is only perceptible under UV 

irradiation (300–400 nm) corresponding to a small 

portion (∼6%) of the AM1.5G solar spectrum, 

resulting in a transparent device under daylight 

illumination with minor absorption in the visible 

spectral range(>380 nm)[45-47]. 

The PMMA/IS-Ln-20 materials exhibited large 

Stokes-shifts and negligible self-absorption, 

enabling efficient solar harvesting and conversion 

(with absorption overlapping the AM1.5G spectrum 

and complementing that of PV cells), and emission 

in the red-NIR spectral range which is the region  
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Fig. 1. Normalized external quantum efficiency (EQE) for single-junction PV cells with confirmed terrestrial 

efficiencies measured under the global AM1.5 spectrum (1000 W·m−2) at a cell temperature of 25 °C, according to 

[48]. The shadowed area represents the AM1.5G solar spectral irradiance spectrum [34].  

where crystalline silicon (c-Si) PV cells demonstrate 

maximum absorption, (cf. Fig. 1, red line). The large 

molar extinction coefficient and brightness values 

for the materials resembled those of orange/red 

emitting organic dyes. Attractive LSCs with optical 

conversion efficiency values of ~0.27 and ~0.34% 

were produced with PMMA/IS-Eu-20 and 

PMMA/IS-Tb-20, respectively [32]. These materials 

were subsequently tested in a combined 

configuration where they worked simultaneously as 

LDS layers and LSCs, by using edge-mounted c-Si 

PV cells to take advantage of the guided radiation in 

the LDS layers to increase the electrical output of 

the system [33]. The significant increase observed in 

the PV cell absolute external quantum efficiency 

(32% between 300-360 nm) relatively to the bare 

PV cell with an optimized PMMA/IS-Eu-20 coating 

unequivocally demonstrated the applicability of the 

novel approach. 

Here the structure, morphology, thermal properties, 

ionic conductivity, and optical features of the family 

of new electrolytes PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-X’ with a weight ratio IS-Nd:IS-Eu 

= 19:1 (where [BMIm][PF6] is 1-butyl-3-

methylimidazolium hexafluorophosphate ionic 

liquid (IL), and X’ = [BMIm][PF6]/PMMA w/w)) 

were characterized. We note that the incorporation 

of the mixture of IS-Nd-19 and IS-Eu-1 ionosilicas 

into PMMA aimed at ensuring emission in the 

visible-to-NIR spectral region. The addition of an IL 

to the electrolyte formulation was encouraged by the 

unique benefits offered by this sort of compounds, in 

particular high ionic conductivity, wide 

electrochemical stability window, low volatility, 

extended liquid phase temperature range, high 

thermal stability, non-flammability, and the 

possibility of structure design by changing the cation 

and/or anion pair, allowing the tailor of the ILs for a 

specific application [49]. Besides, most ILs are 

highly transparent and have been used to substitute 

lithium salts in the electrolyte since they can 

perform mutually as mobile ions and plasticizers 

[50]. In the present case the addition of 

[BMIm][PF6] was dictated primarily by its 

hydrophobic nature and thus its ability to dissolve 

PMMA [51]. The electro-optical performance of the 

glass/a-IZO/a-WO3/(PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-55)/c-NiO/a-IZO/glass device, 

abbreviated as ECD@PISIL (where P is polymer, IS 

is ionosilica and IL is ionic liquid) (Fig. 2a) was 

investigated. For comparison purposes, the analogue 

ECD, noted as ECD@IS, in which the electrolyte 

was exclusively composed of the mixture of IS-Eu 

and IS-Nd, was also studied. 

 

2 Experimental  

2.1 Materials 

N-Butylimidazole (BIm, 98%, Sigma-Aldrich), (3-

chloropropyl)trimethoxysilane (CPTMS, 97%, 

Sigma-Aldrich), neodymium(III) chloride  
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Fig. 2. Archetypal ECD@PISIL featuring the logo of UN Sustainability Goal 11. (a) Schematic representation, where 

IC is ion conductor; (b) Chemical structures of the components of the optimized IC, i.e., PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-55. (c) As-prepared appearance. Colored state at −2.5 V: (d) against a white background; (e) against an 

outside environment background; (f) under UV radiation (365 nm).  

hexahydrate (NdCl3.6H2O, 99.9%, Sigma-Aldrich), 

europium(III) chloride hexahydrate (EuCl3.6H2O, 

99.99%, Sigma-Aldrich), 2-thenoyltrifluoroacetone 

(tta, 99%, Sigma-Aldrich), methyl methacrylate 

(MM, Sigma-Aldrich), ethanol (EtOH, 99.8%, 

Fisher Chemical), tetrahydrofuran (THF, Sigma-

Aldrich), sodium hydroxide (NaOH, Merck), 1-

butyl-3-methylimidazolium hexafluorophosphate 

([BMIm][PF6], 98+%, Alfa Aesar), and anhydrous 

ethyl acetate (EtOAc, 99.8%, Sigma-Aldrich) were 

used as received. Ultrapure water was used in all 

experiments. 

 

2.2 Synthesis of the electrolytes 

Synthesis of the IS-Nd-19/IS-Eu-1 mixture. The 

mixture of ionosilicas, prepared according to the 

procedure reported elsewhere [32], is briefly 

described as follows.  

1-Butyl-3-[3-(trimethoxysilyl)propyl]imidazolium 

chloride ([B(TMSP)Im]Cl) was first prepared by 

mixing BIm with CPTMS (molar ratio BIm:CPTMS 

= 1:1). The resulting solution was stirred at 70 °C 

for 5 days under nitrogen atmosphere. The product 

was washed with anhydrous EtOAc, dried under 

vacuum, and stored under vacuum conditions. 

The synthesis of the Na[Ln(tta)4] compounds with 

Ln = Nd, Eu involved the dissolution of tta in EtOH, 

and deprotonation with NaOH (molar ratio 

tta:NaOH = 4:4) at 50–60 °C for 2 h. An ethanolic 

solution of LnCl3·6H2O was subsequently added 

dropwise (molar ratio tta:NaOH:LnCl3·6H2O = 

4:4:1) and the mixture was kept at 50–60 °C for 1 h. 

EtOH was then removed, and the as-produced 

compounds were dried for 3 days at 50 °C. 

The preparation of the 1-butyl-3-[3-

(trimethoxysilyl)propyl]imidazolium tetra(2-

thenoyltrifluoroacetonate) neodymate/europate(III) 

(III) [B(TMSP)Im][Ln(tta)4] compounds and of the 

corresponding ionosilicas (IS-Nd-19 and IS-Eu-1) 

implied mixing Na[Ln(tta)4] with [B(TMSP)Im]Cl 

in THF under nitrogen atmosphere (molar ratio 

Na[Ln(tta)4]:[B(TMSP)Im]Cl = 1:1). The resulting 

sodium chloride (NaCl) was removed by 

precipitation and centrifugation. The mixture of IS-

Nd and IS-Eu ionosilicas (19:1 wt. ratio) was 

obtained from hydrolysis and condensation of 

[B(TMSP)Im][Nd(tta)4] and 

[B(TMSP)Im][Eu(tta)4], respectively (molar ratio 

[B(TMSP]Im][Ln(tta)4]:EtOH:H2O=1:4:1.5). 
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Synthesis of the PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-X’ electrolytes. A mass of 1 g of 

MM was first mixed with 0.006 g of benzoyl 

peroxide in 6 vials. The mixture was heated at 80-90 

°C for 25 min. A THF solution of the ionosilica 

mixture was then added to each vial (20% wt. of IS-

Nd-19 plus IS-Eu-1 with respect to MM). The 

mixture was then doped with [BMIm][PF6] (X’ = 25, 

35, 45, 55, 65, and 75 % wt., where X’ = 

m[BMIm][PF6]/mMM) and subsequently transferred 

to an oven at 50 °C until complete polymerization. 

Elemental analysis of PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-55. Calculated: Eu, 0.066; Nd, 

1.190. Found: Eu, 0.085; Nd, 1.700. The 

disagreement between the calculated and found 

values is attributed to MM loss through evaporation 

(boiling point = 101 ºC) during the synthesis 

process. We note that the calculated and found 

Eu:Nd ratio coincided (0.05), as sought. 

 

2.3 Characterization of the electrolytes 

Differential Scanning Calorimetry (DSC) 

measurements were performed with a DSC 204 

Netzsch equipment. A mass of 7-10 mg was placed 

in a 40 µL aluminum pan and stored in a desiccator 

over P2O5 for 1 week at room temperature under 

vacuum. After the drying treatment, the can was 

hermetically sealed and the thermogram was 

recorded. Each electrolyte sample was heated from 

20-30 to 300 ºC at 10 ºC min−1. The purge gas was 

high purity nitrogen supplied at a constant 25 mL 

min−1 flow rate. 

X-ray diffraction (XRD) patterns were recorded in 

the 2θ range spanning from 3 to 50 ° by using a 

PANalytical Empyrean diffractometer system under 

exposure of CuKα radiation (1.54 Å) at room 

temperature. The spacing between planes in the 

atomic lattice (d) was calculated using Bragg's Law. 

The ionic conductivity of the ormolytes was 

determined by complex impedance measurements. 

An ormolyte disk was placed between two 10 mm 

diameter ion blocking gold electrodes (Goodfellow, 

>99.9 %). The electrode/ormolyte/electrode 

assembly was secured in a suitable constant-volume 

support, which was installed in a Buchi TO 51 tube 

oven. A calibrated type K thermocouple, placed 

close to the ormolyte disk, was used to measure the 

sample temperature with a precision of about 

±0.2 ºC and samples were characterized over a 

temperature range of 20-170 ºC. Bulk conductivities 

of the samples were obtained during heating cycles 

using the complex plane impedance technique 

(Autolab PGSTAT-12 (Eco Chemie)) over a 

frequency range of 65 kHz to 0.5 Hz. The electrolyte 

behavior was found to be almost ideal and bulk 

conductivities were extracted in the conventional 

manner from impedance data by using an equivalent 

circuit composed of Rb in parallel with Cg, where 

Rb is the electrical resistance of the electrolyte and 

Cg is its geometric capacity. The circuit element 

corresponding to the blocking electrode interface 

was simulated by a series Cdl element, where Cdl in 

the double layer capacity. 

The Attenuated Total Reflection/Fourier Transform 

Infrared (ATR/FT-IR) spectra of PMMA, IS-Nd, IS-

Eu and PMMA/IS-Nd-19/IS-Eu-1/[BMIm][PF6]-X’ 

materials were acquired at room temperature in a 

Bruker Tensor 27 spectrometer equipped with a 

Specac Golden Gate (Diamond) ATR and the Opus 

6.5 software. The spectra were collected in the 4000-

350 cm−1 range by averaging 256 with at a resolution 

of 4 cm−1. 

The luminescence in the near-infrared (NIR) and in 

the ultraviolet/visible (UV/VIS) spectral ranges were 

recorded at room temperature with a modular double 

grating excitation spectrofluorimeter with a TRIAX 

320 emission monochromator (Fluorolog-3, Horiba) 

coupled to H9170-75 and to R928 Hamamatsu 

photomultipliers, respectively, using the front face 

mode. The excitation source was a 450 W Xe arc 

lamp. The emission spectra were corrected for 

detection and optical spectral response of the 

spectrofluorimeter and the excitation spectra were 

corrected for the spectral distribution of the lamp 

intensity using a photodiode reference detector.  

 

2.4 Assembly of the ECDs 

The configuration adopted for the ECDs included 

visible and NIR-transparent a-IZO TCO layers, 

cathodic a-WO3 as EC1 layer, anodic c-NiO as EC2 

layer, and the IC layer sandwiched between them 

(Fig. 2(a)). Upon application of a small voltage, 

reduction and ion intercalation in a-WO3, whereas 

oxidation and ion deintercalation in c-NiO occurred. 

As a result both electrodes became colored (on 

state). Bleaching was induced by reversing the 

voltage (off state). 
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The a-WO3 and c-NiO layers were deposited by 

sputtering and e-beam evaporation, respectively, 

onto a a-IZO-coated glass previously deposited by 

sputtering. The a-WO3 layer was produced in an 

argon and oxygen atmosphere (oxygen partial 

pressure of 0.2 Pa) using a deposition pressure of 1.0 

Pa, under an r.f. power of 200 W in a Pfeiffer 

Vacuum Classic 500 system using 3 diameter 

ceramic target from Plasmaterials, yielding a 

thickness of 300 nm. A polycrystalline c-NiO film 

with a 300 nm thickness was obtained from NiO 

commercial random pellets pieces 3–6 mm (99.99%, 

Super Conductive Materials), and deposited by e-

beam evaporation in a homemade system, with an 

initial chamber pressure of 7 × 10−4 Pa and growth 

rate of 6 nm min−1. The a-IZO thin films (resistivity 

of 7.97 × 10−4 Ω cm, mobility of 52.1 cm2 V−1 s−1, 

and carrier concentration of 1.50 × 1020 cm−3) were 

deposited by sputtering, in a homemade system, 

from In2O3/ZnO 89.3/10.7 wt%, 99.99%, 3 in. 

diameter × 6 mm thick (Super Conductive 

Materials). The sputtering process was carried out at 

a constant 0.13 Pa value (argon and oxygen) and 

room temperature. The substrate and target were 

apart by 10 cm and the r.f. power was 100 W. AFM 

images of the a-IZO, a-WO3, and c-NiO layers were 

recorded in an AFM CSI Nano-Observer equipment 

(Scientec) in tapping mode using a super sharp Si 

HQ:NSC19/FORTA probe with a frequency 

resonance of 60 kHz and a spring constant of 0.3 

Nm−1. 

In this work, two ECDs were tested: ECD@PISIL, 

in which the IC used was the PMMA/IS-Nd-19/IS-

Eu-1/[BMIm][PF6]-55 monolith, and ECD@IS, in 

which the IC used was the IS-Nd-19/IS-Eu-1 

mixture. The prototype ECD@PISIL, with 2.5 × 2 

cm2 active area, was assembled under atmospheric 

conditions. A piece of the PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-55 film with the dimensions of the 

ECDs and with a thickness of 0.9±0.1 mm was cut 

out of the monolith and sandwiched between a-

WO3/a-IZO-coated and c-NiO/a-IZO-coated glass 

plates, so that the two active EC coatings (i.e., a-

WO3 and c-NiO) faced each other. Free space was 

left on one side of the glass plates to ensure the 

electrical contacts. The assembled system was then 

pressed together (Fig. 2c-2f) prior to the electro-

optical analyses. The ECD@IS prototype, with 2.6 x 

1.8 cm2 active area, was assembled using a similar 

procedure. The IS-Eu and IS-Nd mixture had to be 

first heated at 50 ºC, prior to being cast onto the 

surface of the a-WO3/a-IZO -coated glass with the 

help of a micropipette.  

 

2.5 Characterization of the ECDs 

The optical transmittance (T) of the ECDs was 

measured in the 400–1650 nm range using a DH 

Mini, UV-Vis-NIR Lightsource Ocean Optics and a 

halogen lamp.  

Cyclic voltammetry (CV) and chronoamperometry 

(CA) tests were carried out using a Gamry 

potentiostat/galvanostat ZRA 11107. In the setup 

used for measurements the a-WO3/a-IZO substrate 

played the role of working electrode, the electrolyte 

acted as a reservoir of ions for insertion and the c-

NiO/a-IZO substrate acted as counter and reference 

electrodes. The cathodic and anodic charge densities 

were determined through integration of the CA 

curves during the coloring and bleaching processes. 

respectively. 

The Commission Internationale d’Éclairage (CIE) 

1976 L*a*b* color space ECD coordinates (L* is 

the lightness (0 = black, 100 = diffuse white), a* is a 

red–green balance (+a* = red and −a* = green hues), 

and b* is a yellow–blue balance (+b* = yellow and 

−b* = blue) were obtained with a Chroma Meter 

CR-300 Minolta (Osaka, Japan). The L*, a*and b* 

parameters were calculated from the average values 

obtained from 3 independent measurements in 

different places of the window, with a standard 

deviation below 2%. 

 

3 Results and Discussion 

3.1 Structural, thermal and optical 

characterization of the electrolytes 

The ATR/FT-IR spectra of PMMA, IS-Eu, IS-Nd, 

[BMIm][PF6], and PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-X’ samples in the 2000-400 cm−1 

region are reproduced in Fig. 3a. The prominent 

band produced by PMMA at 1724 cm−1 (Fig. 3a, 

black line) is attributed to the stretching vibration of 

the C=O group, whereas those as 818 and 553 cm−1 

(Fig. 3a, orange line) are associated with the 

stretching and bending vibration modes of the PF6
− 

anion [52], respectively. Analysis of these spectra in 

the 1760-1680 cm-1 interval reveals that in the case 

of the PMMA/IS-Nd-19/IS-Eu-1/[BMIm][PF6]-X’  
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Fig. 3. ATR/FT-IR spectra of PMMA, [BMIm][PF6], IS-Eu, and IS-Nd, and of the PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-X’ electrolytes in the (a) 2000-400 cm−1 and (b) 1760-1680 cm−1.  

 

electrolytes (Fig. 3b, colored lines) the 1724 cm−1 

band characteristic of PMMA (Fig. 3b, black line) 

remained essentially unshifted within the spectral 

resolution of the measurements (cf. Experimental 

section). As to the band profile, it changed slightly 

upon [BMIm][PF6] addition, demonstrating some 

band redistribution. These findings suggest that, 

although the chemical environment around the C=O 

groups of PMMA may have undergone minor 

changes after introduction of the IL, globally no 

substantial bonding between PMMA and 

[BMIm][PF6] occurred. The same conclusion was 

reached earlier for PMMA and IS-Ln [33]. 

Furthermore, inspection of the pair of IL 

characteristic bands at 818 and 553 cm-1 enabled us 

to confirm that in PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-X’ electrolytes the Ln3+ ions do not 

interact with the PF6
− anions. Significant 

superposition of the spectra in critical spectral 

regions did not allow us drawing any conclusions 

regarding the interaction between the Ln3+ and the 

[BMIm]+ cations. However, steric hindrance 

considerations relying on the bulkiness of the tta− 

and [BMIm]+ species strongly suggest that 

Ln3+/[BMIm]+ bonding is extremely unlikely. 

The DSC curves of the PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-X’ electrolytes do not exhibit any 

melting endotherm, confirming the amorphous 

nature of the materials. The pair of exothermic peaks 

centered at 161-166 ºC (dominant) and 167-173 ºC 

(shoulder) are associated with thermal 

decomposition (onset temperature around 155 °C) 

(Fig. 4) The marked intensity decrease of these two 

thermal events at increasing [BMIm][PF6] content 

suggests that the IL exerts a beneficial stabilizing 

effect on the electrolytes. The latter aspect is 

particular noteworthy in the sample with X’=75%, 

for which the peaks practically vanish (Fig.4, violet 

line). In these DSC thermograms it was not possible 

to detect the glass transition temperature (Tg) 

depression over the whole range of temperatures 

considered. Scott et al. [53] demonstrated the 

increasing plasticizing effect exerted by 

[BMIm][PF6] on the PMMA matrix. An almost 

linear decrease of Tg with the increase of 

[BMIm][PF6] concentration between 0-50 wt% was 

reported (approximately 40 °C at 50 wt% from an 

initial Tg value around 120 °C). Moreover, Zhao et 

al. [54] prepared PMMA/MWCNT nanocomposites 

(where MWCNT stands for multiwalled carbon 

nanotubes) doped with [BMIm][PF6] and found that 

this IL was able to reduce drastically the Tg value of 

the PMMA matrix, thus acting as an efficient 

plasticizer, and increasing concomitantly the 

electrical conductivity of the nanocomposites 

prepared [55].  
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Fig. 4. DSC curves of the PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-X’ electrolytes. 

As expected, the ionic conductivity of the doped 

samples was found to be much higher than that of 

pure PMMA (ca. 8.57 × 10−13 S·cm−1 at room 

temperature [56]) and lower than that of 

[BMIm][PF6] (Fig. 5, orange line and symbols [57]), 

reaching its maximum for X’ = 55 (Fig. 5, blue line 

and symbols). The temperature dependence of the 

ionic conductivity of the IL and of the PMMA/IS- 

Nd-19/IS-Eu-1/[BMIm][PF6]-X’ electrolytes is 

essentially non-linear, a characteristic trend of 

amorphous systems that may be described by the 

Vogel–Tamman–Fulcher (VTF) equation. In the 

case of IS-Eu an abrupt change around 40-70 °C is 

detected, which leads to a conductivity increase of 

about two orders of magnitude (Fig. 5, black line 

and symbols). This dramatic slope change must be 

associated with the thermal event observed in the 

DSC curve of IS-Eu in the same temperature interval 

[33]. The latter event was tentatively attributed to 

two effects: the order-disorder transition caused by 

the pendant organic groups placed in the 

interlamellar space of IS-Eu, and the reversible 

thermotropic gauche/trans transition of the butyl 

group in the imidazolium ring of [BMIm][PF6] [33]. 

At last, we note that the ionic conductivity of the 

PMMA/IS-Nd-19/IS-Eu-1/[BMIm][PF6]-X’ 

electrolytes is governed by the [BMIm][PF6] 

concentration, but the effect is less marked in the 

most concentrated samples. The sample with X’= 55 

 
 

Fig. 5. Temperature dependence of the ionic conductivity 

of IS-Eu, [BMIm][PF6] [57] and PMMA/IS-Nd-19/IS-

Eu-1/[BMIm][PF6]-X’ electrolytes.  

was selected for the ECD tests, because it combines 

high ionic conductivity at lower doping 

concentration (2.13 × 10−4  and 8.76 × 10−4 S·cm−1 at 

room temperature and 44 ºC, respectively). 

The photoluminescence features of PMMA/IS-Nd-

19/IS-Eu-1/[BMIm][PF6]-55 were examined. This 

material presents the dual contribution arising from 

the Eu3+ (5D07F0-4) and Nd3+ (4F3/2
4I11/2,13/2) 

intra-4f transitions covering the visible-to-NIR 

spectral range (Fig. 6a). No PMMA intrinsic 

emission [33] could be observed regardless of the 

selected excitation wavelength (330-385 nm), 

indicating efficient PMMA-to-ligand/Ln3+ energy 

transfer [58].  

The excitation spectra of PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-55 displayed in Fig. 6b were 

monitored selectively for each Ln3+ center. The 

spectrum monitored at the Eu3+ emission (5D07F2 

transition) shows two main components peaking at 

330 and 385 nm. The low intensity of the intra-4f6 

lines indicates that the Eu3+ excited states in PMMA 

are populated via ligand-sensitization. The 330 and 

385 nm components resemble those already 

observed for isolated Eu(tta)3(H2O)2 [59] and for 

organic-inorganic hybrids incorporating 

Eu(tta)3(H2O)2 and Eu(tta)3(phen) (where phen is 

1,10-phenantroline), being ascribed to the *  
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Fig. 6. Emission spectra excited at 360 nm (a) and excitation spectra monitored at 612 nm (red line) and 1056 nm (black 

line) (b) for PMMA/IS-Nd-19/IS-Eu-1/[BMIm][PF6]-55. The shadowed area represents the AM1.5G photon flux (right 

y axis).) 

  

electronic transition of the organic ligands [51]. In 

the case of the spectrum monitored at the Nd3+ 

emission (4F3/24I11/2 transition), the ligands band is 

also present (despite changes in the relative 

intensity) overlapping the characteristic transitions 

of Nd3+. We note that the material is transparent, 

absorbing mainly the UV component of the sunlight, 

as illustrated in Fig. 6b. The ECD@PISIL exhibits 

red emission when exposed to UV light (365 nm) 

(Fig. 2f).  

The knowledge of solar radiation durability of solar 

exposed materials is known to be fundamental in the 

case of LDS layers, LSCs, and ECDs whose 

formulation usually includes polymers, a family of 

materials particularly vulnerable to exposure to solar 

radiation. In the case of PMMA, the polymer used in 

the present work, photodegradation is predominantly 

caused by UV radiation with wavelengths shorter 

than 320 nm [60]. The process is initiated with 

radicalization of the ester side group leading to β-

scission of the polymer backbone and decomposition 

of the radical end. Creep, dimensional instability, 

and yellowing are the most common manifestations 

of photodegradation. Additives, such as UV 

absorbers, hindered amine light stabilizers, and 

radical scavengers, are usually included in 

polymer formulations to supress the latter effect 

[61]. The absorption features of PMMA/IS-Nd-

19/IS-Eu-1/[BMIm][PF6]-55 described above 

substantiate that the incorporation of the [Nd(tta)4]– 

and [Eu(tta)4]– anions into PMMA has a further 

benefit. As the tta- ligand absorbs in the UV region 

of the solar spectrum, PMMA yellowing is avoided. 

3.2 Electro-optical performance of the ECDs 

As-prepared ECD@PISIL (Fig. 2c) exhibited T 

values of ca. 79, 96, 89 and 77 % at 555, 1000, 1500 

and 1650 nm, respectively (Table 1 and Fig. 7a), 

red line) and a light greenish hue (L* = 59.66, a* = 

−4.62 and b* = 2.46) (Fig. 8a), white circle). The 

absorption peaks observed from 500 to 800 nm in 

the visible-NIR spectra reproduced in Fig. 7a are 

associated with the energy levels of Nd3+ ion. 

The ECD@PISIL was subject to three series of 

cycling procedures. The 1st cycling series comprised 

the application of: (1) 10 CV cycles (±1.0 V, 50 

mV/s) followed by a CA cycle (0.0 V, 200 s; − 1.0 

V, 200 s; +1.0 V, 200 s), (2) 10 CV cycles (±1.5 V, 

50 mV/s) followed by a CA cycle (0.0 V, 200 s; − 

1.5 V, 200 s; +1.5 V, 200 s), (3) 10 CV cycles (±2.0 

V, 50 mV/s) followed by a CA cycle (0.0 V, 200 s; − 

2.0 V, 200 s; 2.0 V, 200 s), (4) 10 CV cycles (±2.5 

V, 50 mV/s). The T values were then recorded for 

+2.5/−2.5 V, being 44/34 %, 46/32 %, 39/26 % and 

27/13 % at 555, 1000, 1500 and 1650 nm, 

respectively (Fig. 7a, light blue/dark blue lines, and 

Table 1). Figs. 2d and 2e show the colored 

ECD@PISIL against a white background, and as a 

window frame, respectively. The 2nd cycling series 

included 1 CA cycle (0.0 V, 200 s; − 2.5 V, 200 s; 

2.5V, 200 s), 2 CA cycles (±3.0 V, 200 s), 12 CA 

cycles (±2.5 V, 50 s) and 4 CA (±2.5 V, 30 s). At 

last, cycling series 3 involved 200 CA cycles (±2.5 

V, 50 s). As a result, a decline in the T values to 28, 

26, 20 and 9 % at 555, 1000, 1500 and 1650 nm,  
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Table 1. Electro-optical parameters of ECD@ PISIL and ECD@IS. T values are given in %. ΔT is the optical contrast (ΔT = 

Tbleached−Tcolored at a given wavelength).  

 
λ 

[nm] 

Tas-prepared Tbleached
a)

 Tcolored
a)

 ΔTa) ΔODa) Tbleached
b)

 Tcolored
b)

 ΔTb) ΔODb) CEin
b)

 CEout
b)

 

0.0 V 2.5 V −2.5 V   2.5 V  −2.5 V    (cm2 C−1) 

ECD@PISIL 

555 79 44 34 10 0.11 44 28 16 0.20 −302 181 

1000 96 46 32 14 0.16 46 26 20 0.25 −381 228 

1500 89 39 26 13 0.18 39 20 19 0.29 −446 267 

1650 77 27 13 14 0.32 27 9 18 0.48 −734 440 

ECD@IS 

 0.0 V 2.0 V −2.0V   2.0 V −2.0 V   

555 75 69 67 2 0.01 44 41 3 0.03 -201 152 

1000 83 68 67 1 0.01 36 34 2 0.02 -162 123 

1500 80 63 62 2 0.01 32 31 1 0.01 -90 68 

1650 76 61 59 2 0.01 29 28 1 0.01 -100 75 
a) After 1st series of cycling. See text for details. 
b) After 3rd series of cycling (200 CA cycles/50 CA cycles) 

 

 

 

Fig. 7. Visible-NIR spectra of the ECDs: (a) ECD@PISIL in the as-prepared state (red line), bleached state (light blue 

line), and colored states (dark blue and green lines). (b) ECD@IS in the as-prepared state (red line), bleached states 

(light blue and light green lines) and colored states (dark blue and dark green lines). 

 

Fig. 8. CIE 1976 L*a*b* color diagram of the ECDs. (a) ECD@PISIL: as-deposited state (white circle), and colored 

state at −2.5 V after 200 CA cycles (black circle). (b) ECD@IS: as-deposited state (white circle), colored state at −2.0 V 

after 50 CA cycles (black circle).  
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respectively, occurred (Fig. 7a, green line, and 

Table 1).  

The study of the ECD@PISIL over 200 

bleaching/coloring CA cycles (±2.5 V at every 50 s) 

(Fig. 9a) demonstrated the excellent cycling stability 

of the device. As expected, after this CA treatment 

the T values for the colored state decreased 

considerably with respect to those measured in the 

first cycles (Table 1). Accordingly, the optical 

density (ΔOD) (where ΔOD = −log (Tcolored/Tbleached)) 

values were markedly enhanced (Table 1). The 

CEin/CEout values (where CE, coloration efficiency, 

measures the change in optical density acquired by 

injection of charge per unit area, i.e., CE = 

ΔOD/ΔQ, Q being the inserted/desinserted charge 

density) calculated at the 200th cycle at 555, 1000, 

1500 and 1650 nm were −302/+181, −381/+228, 

−446/+267, and −734/+440 cm2 C−1 for 

coloration/bleaching, respectively. These CE values 

are considerably lower than those obtained with the 

analogue a-IZO-based ECD containing the sol-gel 

derived DUPIL60 electrolyte (−12538/+2901 cm2 C−1 

at 555 nm) [19], but are significantly higher than 

those reported for an indium tin oxide (ITO)-based 

analogue ECD incorporating the sol-gel derived 

poly(ε-caprolactone) (PCL(530))/siloxane di-

urethanesil hybrid doped with potassium triflate and 

the Eu(btfac)3phen complex (where btfac- is 4,4,4-

trifluoro-1-phenyl-2,4-butanedionate), for which a 

CEin value of −126 cm2 C−1 in the visible spectral 

region was calculated [62]. The most striking aspect 

of Fig. 9 is the huge difference between the cathodic 

and anodic current densities. This result is 

corroborated by the fact that the T values of the 

bleached state (Fig. 7a), light blue line) did not 

coincide with that of the as-prepared state (Fig. 7a, 

red line). The same situation, although less marked, 

was detected in the DUPIL60-based ECD including 

the same TCO material (a-IZO) and the same active 

electrodes (a-WO3 and c-NiO) [19]. This effect was 

associated with the structure/morphology of the a-

IZO, a-WO3 and c-NiO layers. The first two 

materials are amorphous and displayed low average 

roughness values, whereas c-NiO is polycrystalline 

and exhibited a less homogenous surface 

topography. As a consequence, the cathodic process 

was facilitated over the anodic process, and thus less 

charge was needed to trigger the optical effect 

(coloration). In the case of ECD@PISIL, it 

appears that the bulky character of the complex 

anion of the electrolyte further slowed down the 

disinsertion process. 

 

 

Fig. 9. Variation of the current density of the devices: (a) 

ECD@PISIL after 200 cycles at voltage steps of ±2.5 V at 

every 50 s. (b) ECD@IS after 50 cycles at voltage steps 

of ±2.0 V at every 100 s.  

For comparison purposes, the ECD@IS was also 

tested. The as-prepared device, lacking both PMMA 

and [BMIm][PF6], exhibited T values of 75, 83, 80 

and 76% at 555, 1000, 1500 and 1650 nm, 

respectively (Table 1, and Fig. 7b, red line), and a 

light blueish hue (L* = 59.79, a* = −1.68 and b* = 

−3.79) (Fig. 8b, white circle). The ECD@IS was 

first subject to 10 CA cycles (±2.0 V, 100 s). As a 

consequence, the T values recorded for the bleached 

(Fig. 7b, light blue) and colored (Fig. 7b, dark blue) 

states decreased. When the ECD@IS was 

subsequently submitted to 50 CA cycles (±2.0 V, 

100 s) (Fig. 7b), the T values of the 

bleached/colored states dropped to 44/41%, 36/34%, 

32/31% and 29/28% at 555, 1000, 1500 and 1650 

nm, respectively (Table 1, and Fig. 7b, light 

green/dark green lines), and a dark blue color (L* = 
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36.99, a* = 0.34 and b* = −2.40) (Figs. 8b, black 

circle) resulted. Fig. 9b illustrates again the dramatic 

difference in terms of current density required for 

charge and discharge. The calculated ΔOD values 

are rather small (Table 1). The CEin/CEout values 

calculated at the 50th cycle at 555, 1000, 1500 and 

1650 nm were −201/+152, −162/+123, −90/+68, and 

−100/+75 cm2 C−1 for coloration/bleaching, 

respectively (Table 1), thus markedly lower than 

those observed for ECD@PISIL. The poorer electro-

optical performance of ECD@IS demonstrates the 

beneficial effect resulting from the use of an 

electrolyte sample with higher conductivity (Fig. 4). 

 
Conclusions 

A red-emitting glass/a-IZO/a-WO3/(PMMA/IS-Nd-

19/IS-Eu-1/[BMIm][PF6]-55)/c-NiO/a-IZO/glass 

ECD device, noted as ECD@PISIL, enabling 

simultaneous control of the transmission of the 

visible and NIR solar radiation hitting the device, 

was produced. The encouraging performance of the 

device represents the proof-of-concept that confirms 

that the luminescent film PMMA/IS-Nd-19/IS-Eu-

1/[BMIm][PF6]-55, which was used previously (with 

a formulation lacking the IL) in a combined 

configuration where it worked simultaneously as 

LSC and LDS layers [33], can also act as electrolyte 

of an ECD. Further studies devoted to the 

improvement of this ECD are clearly justified 

aiming the development of integrated 

harvesting/conversion/management LSC-

LDS/PV/ECD systems. Given the impressive 

figures of merit of the ECD including DUPIL60, an 

electrolyte composed of the di-ureasil d-U(2000) 

and [BIm][TfO] PIL [19], changing [BMIm][PF6] by 

a PIL in which PMMA is soluble will be the natural 

first choice to try. The synthesis via sol-gel 

chemistry of other host matrices through the co-

condensation of appropriate precursors, such as 3-

(trimethoxysilyl)propyl methacrylate (TMSPMA) 

and/or di-urea cross-linked propyltriethoxysilane (d-

UPTES(2000) [19]) with [B(TMSP)Im][Ln(tta)4] 

[32] appears also very attractive. This approach 

could be obviously extended to other 

organic/inorganic hybrids able to impart 

simultaneously transparency and flexibility.  
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