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Abstract

Poly(methyl methacrylate) (PMMA)-based composite films doped with lanthanide-doped sol-gel derived imidazolium-
based ionosilicas (IS-Ln) were recently proposed as active layers of luminescent down shifting (LDS) layers, but subsequent
work demonstrated also their potential as electrolytes for electrochromic devices (ECDs) with foreseen application in smart
windows of energy-efficient buildings. Nevertheless, some challenges remained to be addressed in the latter devices, the
most critical one being the poor solubility of PMMA in the ionic liquid used in the formulation of these materials. To avoid
this drawback, in the present work we propose novel lanthanide-containing acrylate/ionosilicas (AC/IS-Ln, Ln = Tb*",
Eu®"). The transparent, homogeneous, and luminescent hybrid materials synthesized are characterized by Fourier transform
infrared spectroscopy, X-ray diffraction, thermogravimetric analysis, atomic force microscopy, contact angle measurements,
ionic conductivity, and photoluminescence spectroscopy. Optimized samples are successfully employed as electrolytes in
luminescent ECD prototypes. The ECD device doped with AC/IS-Eu shows good cycling stability with reproducible
bleaching/coloring over 50 chronoamperometry cycles, high coloration efficiency (CE) values CE;,/CE,, in the visible
(—89/+98 cm* C '), and near-infrared (—126/138 cm”> C ') spectral regions, and outstanding memory effect.
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¢ Novel lanthanide-containing acrylate/ionosilicas (AC/IS-Ln) were synthesized by sol-gel chemistry.
e An optimized AC/IS-Eu hybrid was successfully applied as an electrolyte in an electrochromic device prototype.
e The prototype device demonstrated excellent electro-optical performance (good cycling stability, high coloration

efficiency, and outstanding memory effect).

1 Introduction

The building sector is one of the most energy-consuming
economic sectors. In the European Union (EU), buildings
are responsible for ca. 40% of the primary energy con-
sumption and for about 36% of global greenhouse gas
(GHG) emissions [1]. Half of the energy consumption in
residential and commercial buildings is known to be asso-
ciated with heating, cooling, and lighting, but the use of
energy consumption in each building depends on its orien-
tation, geographical location, climate region, the season of
the year, and the time of the day. To transition to dec-
arbonized energy-efficient buildings, the European Com-
mission (EC) made energy performance a top priority
concern. It developed through the years a series of energy
policies that led to the implementation of three directives:
the 2020 Climate and Energy Package [1], related to the
Energy Efficiency Directive (1) [2], the 2030 Climate and
Energy Framework (2) [3], and the 2050 Long-Term Strat-
egy (3) [4], which targets climate neutrality by 2050 and net-
zero GHG emissions. More recently, the EC proposed the
zero-emission building (ZEB) construction concept [5], thus
aligning the energy performance requirement to the longer-
term climate neutrality goal. All these actions are aligned
with the Paris Agreement [6], the European Green Deal [7],
and the United Nations Sustainable Development Goals for
2030. These are “the blueprint to achieve a better and more
sustainable future for all” [3]. The Sustainable Development
Goals 7—Affordable and Clean Energy, 11—Sustainable
Cities and Communities, and 13—Climate Action, aim at
developing energy-efficient buildings for a thriving, sus-
tainable, climate-neutral, resilient, safe, and healthy society.

To fulfill the energy and sustainability requirements, the
building sector needs to fabricate and install energy-
efficient envelopes (external walls, floors, roofs, ceilings,
windows, and doors). Among the components of the
building envelope, windows contribute a significant 10% of
the total energy consumed. It has long been recognized that
the substitution of conventional (static) windows for smart
(dynamic) windows will potentially impact energy savings.

Thanks to a combination of function and aesthetics,
electrochromic windows (ECWs) are among the most
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attractive window technological solutions for extensive
glass facades [8, 9]. Apart from mitigating energy needs of
the ZEBs of future smart cities, ECWs enable the occupant
to control light and heat transmission, increasing indoor
thermal and visual comfort, while improving outdoor view
[4-8], making blinds and curtains useless. These switchable
windows grant architects with considerable freedom in
terms of shape and color, resulting in buildings with
enhanced aesthetics.

One of the most widely adopted configurations for elec-
trochromic devices (ECDs) is the layered battery-like one, in
which 5 functional layers are assembled in a sandwich-like
structure [10]. Upon application of an external low electric
voltage (usually 1.0-3.0V), such devices can modulate the
transmission of sunlight and solar heat gain. In practice, the
optical transparency is switched reversibly between colored/
bleached states, and the heat is admitted/blocked, respectively,
at the user’s choice. Good examples of commercially suc-
cessful ECWs are the Gentex EC portholes, which allow
passengers of the Boeing 787 Dreamliner to adjust the glare
and improve their comfort level inside the aircraft, and the
Ambilight Inc. ECD sunroofs for electrical vehicles.

Over the last few years, various integrated device solu-
tions have been proposed for solar energy management. An
attractive concept is the combination of ECWs with solar
cells [11] and building integrated photovoltaics (BIPVs)
[12]. PV-powered ECWs are an efficient way to improve
the efficiency of the windows and reduce the consumption
of energy, since the requirement of an external electrical
supply is no longer required [13, 14]. Kou et al. [13] were
the first to report an integrated system combining nickel-
cobalt bimetal oxide ECW and a Cu,ZnSn(S,Se)4 (CZTSSe)
thin-film solar cell. The self-powered EC energy storage
smart window demonstrated excellent optical modulation,
and fast coloration speed. Among different PV technolo-
gies, dye-sensitized solar cells (DSSCs) and perovskite solar
cells (PSCs) have received great attention. DSSCs, first
introduced by Gritzel and O’Regan [15], provide a cost-
effective and efficient alternative to the first generation of
crystalline Si-based solar panels [16]. Recently, notable
advances have been made in DSSCs in terms of design and
power conversion efficiency [17-20]. Gianola et al. [19]
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proposed a new configuration, called homo-tandem-bifacial
(HTB)-DSSC, that can surpass the maximum efficiency
ever obtained for traditional DSSCs, presenting photo-
conversion efficiency (PCE) values of 20-22% and a 37%
increase in the PV performance. In recent years, due to the
excellent PCE values (improvement from 4 to 26%) and
enormous potential as a competitive alternative to conven-
tional solar cell technologies, interest rapidly shifted from
DSSCs to PSCs [21, 22]. Three major categories of PSCs
were explored aiming applications in BIPVs: semi-trans-
parent, colorful, and smart PV windows [21]. Zhang et al.
[23] proposed a PV modular ECW composed of three areas
(PV, ECD, and transparent layer) that can adjust the posi-
tion of each other. Compared to normal windows, this
system was able to save up to 15.79% of energy.

Recently, based on the fact that the efficiency of PV cells
is potentially improved through coupling with luminescent
down-shifting (LDS) layers and luminescent solar con-
centrators (LSCs) [24], the sol-gel method was employed to
synthesize new luminescent films aiming at the fabrication
of LSC-LDS/PV/ECD systems for energy harvesting/con-
version/management. The materials were first tested in
LSCs [25]. The same type of film was then successfully
used first in a combined LSC-LDS/PV configuration
working simultaneously as LDS and LSC layers, and then
in LDS solar spectral conversion [26]. In both cases, the
active films were composed of a poly(methyl methacrylate)
(PMMA) matrix to which Ln-doped ionosilicas (ISs) were
added. The materials were noted as IS-Ln-X, where
Ln=Nd*", Eu**, Tb**, and Yb’*, and X =IS-Ln/PMMA
w/w. The IS comprised a silica matrix covalently bonded to
1-butyl-3-methylimidazolium ([Bmim]™) cations, the
counter ions of which were the [Ln(tta),]” complex anions
(where tta™ is 2-thenoyltrifluoroacetonate). The selection of
PMMA was logical. It is one of the most widely used host
materials for the development of LSCs. This low-cost and
non-toxic thermoplastic has high optical transparency under
solar irradiation, high thermal stability in a wide range of
temperatures (—70 to 100°C), high scratch resistance,
notorious high resistance to UV radiation exposure and
several chemical treatments, exceptional performance in all
weather conditions, higher impact resistance than glass, and
easy handling and processing. Another useful attribute of
PMMA is the fact that it is compatible with liquid electro-
Iytes, such as ionic liquids (ILs) [27].

More recently, the above formulation was adapted to
provide the proof-of-concept that demonstrated that this
active layer can act as the electrolyte in an ECD including
the complementary electrochromic electrodes amorphous
tungsten oxide (a-WOs3) and crystalline nickel oxide
(c-NiO), and the amorphous indium zinc oxide (a-IZO)
external conducting layers, which are transparent over the
visible-to-NIR region [28]. The electrolyte comprised, apart

from PMMA, IS-Nd, and IS-Eu, the 1-butyl-3-
methylimidazolium hexafluorophosphate ([BMIm][PFs])
ionic liquid (IL). The latter compound was added to
increase the ionic conductivity, act as plasticizer, and dis-
solve PMMA. At 555/1650 nm, the red/NIR-emitting
device exhibited fast switching speed (50s) and transmit-
tance (7) values of 79/77% in the as-prepared state. After
200 cycles at 2.5V, Tyjeached!/Tcolored Values of 44/28 and
27/9%, and coloration efficiency (CE) values of CE;,/CE
values —302/+181 and —734/+440cm>C~!, resulted at
555 and 1650 nm, respectively. We found that the presence
of the [Nd(tta),]” and [Eu(tta),]” anions had a dual role,
imparting the NIR and red emitting features, respectively,
and increasing solar radiation durability. In fact, due to the
absorption of the tta~ ligand in the UV region of the solar
spectrum, PMMA yellowing is avoided.

In the present work, to further improve the performance
of the above ECD concept, we decided to remove PMMA
from the formulation and use exclusively sol-gel derived
materials. To promote the homogeneity, 3-(acryloyloxy)
propyltrimethoxysilane), an alkoxysilane analog of PMMA,
was polycondensed with the silica precursor, using N,N’-
dimethylformamide (DMF) and dimethylsulfoxide (DMSO)
as solvents. The resulting transparent, luminescent Tb>",
Eu®"-doped acrylate/ionosilica electrolytes were noted as
AC/IS-Ln. Their structure, morphology, ionic conductivity,
thermal behavior, and optical properties were characterized.
The electrolyte with the highest ionic conductivity (AC/IS-
Eu, 2.39x 107°Scm ™! at 19 °C) was used to assemble an
ECD prototype with a configuration identical to that used
previously, except for the a-IZO layers which were replaced
by crystalline indium molybdenum oxide (c-IMO), which is
also transparent in the visible-to-NIR spectral region
[28, 29]. To the best of our knowledge, this is the first report
of an ECD containing electrolytes composed of AC/IS
doped with lanthanides. The results show that the ECD
exhibits excellent cycling stability and open-circuit memory
with only 7% transmittance loss over 60 days.

2 Experimental
2.1 Materials

Thenoyltrifluoroacetone (Htta, 99%, Sigma-Aldrich), terbiu-
m(III) chloride hexahydrate (TbCl;-6H,0, 99.9%, Alfa Aesar),
europium(Ill) chloride hexahydrate (EuCl;-6H,0, 99.99%,
TCI), N-butylimidazole (BIm, 98%, Sigma-Aldrich),
(3-chloropropyl)trimethoxysilane (CPTMS, 97%, Sigma-
Aldrich), 3-(acryloyloxy)propyltrimethoxysilane (ACPTMS,
94%, Thermo Scientific), anhydrous ethyl acetate (EtOAc,
98.8%, Sigma-Aldrich), ethanol (EtOH, 99.8%, Fluka), N,N’-
dimethylformamide (DMF, 99.5%, HPLC grade, Fluka),
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dimethylsulfoxide (DMSO, Fluka), sodium hydroxide (NaOH,
Merck), and diiodomethane (99%, stab. CH,I,, Thermo Sci-
entific) were used as received. Ultra-pure water at pH =5.4
was used in all experiments.

2.2 Synthesis

2.2.1 Synthesis of sodium tetra(2-
thenoyltrifluoroacetonate) terbate (lll)/europate(lil)
(Na[Ln(tta),] with Ln = Tb**, Eu*")

The lanthanide complex (Na[Ln(tta);] (Ln=Tb*>", Eu’*")
was prepared using the conventional method described
elsewhere [25].

A mass of 0.889 g of Htta was dissolved in SmL of
EtOH and then deprotonated with 0.16 g NaOH at 50-60 °C
for 2 h. To this solution, 1 equivalent of LnCl;-6H,0, dis-
solved in 5 mL of EtOH, was added dropwise (molar ratio
Htta:NaOH:LnCl3-6H,0 = 4:4:1). After keeping the mix-
tures at 50-60°C for 1h, EtOH was evaporated under
reduced pressure in a rotary evaporator and the as-produced
salts were dried for 3 days at 60 °C (Fig. S1).

2.2.2 Synthesis of 1-butyl-3-[3-(trimethoxysilyl)propyl]
imidazolium chloride ([B(TMSP)ImICI)

This compound was synthesized following a previously
reported procedure [25].

BIm was mixed with CPTMS (molar ratio
BIm:CPTMS = 1:1) and stirred at 70 °C for 5 days under
nitrogen atmosphere (Fig. S2). The resulting pale-yellow
viscous product was washed thrice with anhydrous EtOAc
(10 mL). It was then dried under vacuum to remove excess
EtOAc and finally stored under vacuum conditions.

2.2.3 Synthesis of 1-butyl-3-[3-(trimethoxysilyl)propyl]
imidazolium tetra(2- thenoyltrifluoroacetonate)
terbate(lll)/europate(lll) ([B(TMSP)Im][Ln(tta),] with
Ln=Tb*", Eu?"

The lanthanide complex (Na[Ln(tta);] (Ln=Tb>", Eu*")
dissolved in 10 ml of DMFEF/DMSO (1:1 V/V) was reacted
with [B(TMSP)Im]CI (molar ratio Na[Ln(tta),]:[B(TMSP)
Im]Cl = 1:1) (Fig. S3). The resulting mixture was stirred for
24h at room temperature under nitrogen atmosphere.
Sodium chloride (NaCl) was removed from the solution by
precipitation and centrifugation (3 x 30 min, 4000 rpm).

2.2.4 Synthesis of the lanthanide-doped acrylate/ionosilicas
(AC/IS-Ln with Ln =Tb*", Eu**)

A mass of 5g of ACPTMS was dissolved in 10 mL of
DMF/DMSO (volume ratio DMF:DMSO = 1:1). Then,
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0.5 g of [B(TMSP)Im]Cl and 0.5 g DMF/DMSO solution of
[B(TMSP)Im][Ln(tta)s]) (Ln = Tb**, Eu*") were added to
the mixture. The resulting mixture was stirred for 5 min and
water and EtOH were added (molar ratio [B(TMSP]Im]
[Ln(tta),]:EtOH:H,O = 1:4:1.5) to initiate the sol-gel pro-
cess. This mixture was stirred in a sealed flask for ~30 min,
cast into a Teflon mold, covered with parafilm and left in a
fume cupboard for 24 h (Fig. S4). The Teflon mold was
subsequently transferred to an oven at 60°C and the
resulting AC/IS-Ln sample, produced as a glassy monolith
with a yellowish hue, was aged for a period of 4 weeks. For
comparison purposes, a non-doped sample, using only 5 g
of ACPTMS and 0.5 g of [B(TMSP)Im]Cl was also syn-
thetized  (AC/IS). Elemental analysis: AC/IS-Tb
(C54H72F12N201684Si2Tb) Calculated: C, 4114, H, 460, N,
1.78. Found: C, 41.51; H, 5.16; N, 1.43; AC/IS-Eu
(Cs4H7,F5N7016S4Si,Eu) Calculated: C, 41.32; H, 4.62; N,
1.78. Found: C, 41.61; H, 5.88; N, 1.76; AC/S
(C,Hy4gCIN,OgSi,) Calculated: C, 47.16; H, 8.64; N, 5.00.
Found: C, 42.97; H, 6.46; N, 1.05.

2.3 Characterization

Elemental analysis (CHN) was performed with a TruSpec
630-200-200 CNHS Analyzer with an accuracy of 1% for
each element.

Attenuated total reflection Fourier transform infrared
(ATR/FT-IR) spectra were acquired at room temperature
with a Thermo Scientific Nicolet S50 FT-IR spectro-
meter, equipped with an ATR accessory with a diamond
crystal. The instrument was controlled by the Omnic
software package (version 9.2.28) from Thermo Fisher
Scientific, Inc. The spectra were collected in the
4000-400 cm ™! range by averaging 180 scans at a reso-
lution of 4 cm™!.

The X-ray diffraction (XRD) patterns were recorded in
the 26 range spanning from 3° to 60° by using a PANaly-
tical Empyrean diffractometer system with CuKa radiation
(A=1.54A) at room temperature. The spacing between
planes in the atomic lattice (d) was calculated using Bragg’s
law equation (Eq. (1)):

nd =2d sin@ (1)

where n is an integer, 4 is the incident X-ray wavelength,
and 6 is the diffraction angle in degrees.

Thermogravimetric analysis (TGA) measurements were
performed using Netzsch equipment (model STA 449 F3
Jupiter) and Proteus software version 7.1. A small piece of
the sample (mass of ~10 mg) was placed into an alumina
crucible. The thermogram was recorded during heating
from room temperature to 700 °C at 10 °C min~'. The purge
gas used in all experiments was high-purity nitrogen (N,)
supplied at a constant 20 mL min~' flow rate.
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The wettability of the samples was assessed through
static contact angle measurements using the sessile drop
method. Contact angles were measured in a temperature-
controlled chamber at 25+ 1 °C using a Kriiss DSA25S
drop-shape  analyzer controlled by the software
ADVANCE. The volume of the liquid droplets was kept
constant at 5pL. Contact angles were measured using
digital images acquired by a video camera using the Young-
Laplace fitting. The contact angle values were measured at
five different spots. At each spot, ten measurements were
performed. The reported results correspond to the average
value of all the measurements. The error analysis of the data
was implemented by the arithmetic mean of the root mean
square error.

The surface free energy (SFE) and its dispersive and
polar components were determined by the contact angle
technique using water and diiodomethane. To calculate the
SFE of the solid surfaces of AC/IS, AC/IS-Tb, and AC/IS-
Eu contact angle values, we used the Owens, Wendt, Rabel,
and Kaelble (OWRK) method [30, 31]. The OWRK method
implies the use of the following equation (Eq. (2)):

yiv(l+ cosf) = 2(\/7’%V}’gv + \/7EV7§V> (2)

where 71y, the surface tension between the liquid and vapor
(air), is the sum of a dispersive component (¥dy, e.g.
London dispersion forces) and polar component (1, e.g.
hydrogen bonding). Likewise, 73, and %, are the
dispersive and polar components of ygy (or SFE),
respectively. Equation (2) is used to calculate the unknown
values 73y, 5y, and ysy (i.e., SFE). The method relies on
contact angle measurements with at least two test liquids
with known 7¢,, and y{ values. One of these liquids must
be predominantly polar and the second liquid should be
dispersive (typically water and diiodomethane, respec-
tively). It should be noted that the OWRK model implies
the use of a high purity liquid, a smooth and chemically
homogenous solid, and the absence of chemical reactions
between the liquid and the solid. The OWRK model is a
powerful model that has found widespread acceptance both
in research and industry contexts. The relationship between
SFE, y1v, and contact angle may be visualized using the so-
called wetting envelope plots. These are based on the
OWRK equation, but rewritten in terms of polar coordi-
nates. The wetting envelopes of the two electrolytes studied
were built using the Excel spreadsheet provided by
Nanoscience [32].

The atomic force microscopy (AFM) measurements were
performed in a Nano-Observer AFM microscope (CSIn-
truments AFM Microscopes-France) in tapping mode. A
super sharp Si HQ:NSC19/FORTA probe with a frequency
resonance of 60 kHz and a spring constant of 0.3 N m~! was
employed. Flattening and elimination of line noise tools and

a lowpass filter provided by the Gwyddion 2.61 software
were performed to improve the quality of the images.

The ionic conductivity of the samples was calculated by
complex impedance measurements. A sample disk was
placed between two 10 mm diameter ion blocking gold
electrodes (Goodfellow, >99.9%). The electrode/electrolyte/
electrode assembly was secured in a suitable constant
volume support installed in a Buchi TO51 tube oven and the
sample temperature was evaluated by a type K thermo-
couple placed close to the ormolyte disk. Samples were
characterized over a temperature range of between 17 and
99 °C. 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.

Scanning electron microscopy (SEM) analyses were
performed at the Iberian Nanotechnology Laboratory using
a FEI Quanta 650 FEG microscope under high vacuum.
Secondary electrons were detected by an Everhardt
Thornley SED (secondary electron detector). The images
were acquired at 15kV and spot size 3 nm. The samples
were sputtered with gold, using the Leica EM ACE200 and
using the following setup: sputtering current =30 mA and
duration = 60 s.

The photoluminescence spectra were recorded at room
temperature with a modular double-grating excitation
spectrofluorimeter with a TRIAX 320 emission mono-
chromator (Fluorolog-3, Horiba Scientific) coupled to an
R928 Hamamatsu photomultiplier. 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. Emission decay curves were
recorded at room temperature on a Fluorolog TCSPC
spectrofluorometer (Horiba Scientific) coupled to a TBX-04
photomultiplier tube module (950 V) and a 200x 10~ s
time-to-amplitude converter with a delay of 70x 10~ 7s.
The excitation source was a Horiba/Jobin-Yvon pulsed
diode (SpectraLED-355, peak at 355nm, 1x 107’ s pulse
duration). The absolute emission quantum yield (®) values
were measured at room temperature using a C9920-02
Hamamatsu system. The method is accurate within 10%.

2.4 Assembly of the ECD

The ECD prototype was designed with the five-layer config-
uration glass/c-IMO/a-WO;/AC/IS-Eu/c-NiO/c-IMO/glass
(Fig. 1). The active EC layers of the device (a-WO; and
¢-NiO) were deposited on the glass by sputtering and e-beam
evaporation, respectively. The c-IMO thin films were depos-
ited by radio frequency (r.f.) magnetron sputtering at room
temperature, using a ceramic target (99.99%) (Super
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Fig. 1 Glass/c-IMO/a-WO5/AC/
IS-Eu/c-NiO/c-IMO/glass ECD
configuration. Schematic (a)
representation (a). Assembled

ECD as-prepared: under

daylight (b) and UV light

(365 nm) (c)

AC/IS-Eu
a-Wo,
Glass/c-IMO

Glass/c-IMO
c-NiO

Conductor Materials, Inc., USA, In,O5; (98 wt%):Mo (2 wt%))
and soda-lime glass substrates (100 mm® x 100 mm® x 1 mm?)
[29]. The a-WOj3 was produced in a Pfeiffer Vacuum Classic
500 system using 3 diameter ceramic target from Plasmater-
ials, an argon and oxygen atmosphere (oxygen partial pressure
of 0.2Pa) and a deposition pressure of 1.0 Pa, under a r.f.
power of 200 W, achieving a thickness of 300 nm. A poly-
crystalline c-NiO thin film was deposited by e-beam eva-
poration in a homemade system, from NiO commercial pellets
with random dimensions of 3-6 mm (99.99%, Super Con-
ductive Materials), with an initial chamber pressure of
7%x10™* Pa and growth rate of 6nmmin~', reaching a
thickness of 300 nm.

An ECD prototype with 1.8 x 2.5 cm? active area was
assembled under atmospheric conditions. A small volume
of AC/IS-Eu sol was directly cast onto the surface of
a-WO3/c-IMO sputtered coated glass plate. After solvent
evaporation, a c-NiO/c-IMO-sputtered coated glass plate
was placed on the top of it so that the two coatings faced
each other, leaving free space on one side of each glass plate
to ensure the electrical contacts. The assembled plates of the
device, denoted as ECD@AC/IS-Eu, were then pressed
together and left standing prior to the electro-optical ana-
lyses. A replica of this ECD prototype was assembled and
tested for reproducibility purposes.

2.5 Characterization of the ECD

The optical transmittance (7) of ECD@AC/IS-Eu 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 ZRA 11107
potentiostat/galvanostat.

In the setup used for measurements, the a-WOQOs/c-IMO
substrate played the role of working electrode, the AC/IS-
Eu acted as a reservoir of ions, and the ¢-NiO/c-IMO sub-
strate acted as counter and reference electrodes. The
cathodic and anodic charge densities were determined
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through integration of the CA curves during the coloring
and bleaching processes, respectively.

The performance of the ECD@AC/IS-Eu was evaluated
following several technical parameters: switching speed
(time required for the coloring/bleaching process), switch-
ing efficiency (optical contrast measured by the transmit-
tance change AT = Tyjeached — Lcoloreds 1IN %, at a given
wavelength), optical density (optical modulation measured
by AOD = —log (Tcolored! Toleached)), coloration efficiency
(CE = AOD/AQ, where Q is the inserted/desinserted charge
density), cycling stability, and optical memory test.

The Commission Internationale d’Eclajrage (CIE) 1976
L*a*b* color coordinates (where L* is the lightness
(0 =Dblack, 100 = diffuse white), a* is a red-green balance
(+a* =red and —a* = green hues), and b* is a yellow-blue
balance (4+b* = yellow and —b* =blue hues) were obtained
in the bleached and colored states with a Chroma Meter CR-
300 Minolta (Osaka, Japan). The L*, a*, and b* parameters
were calculated from the average values obtained from three
independent measurements in different places of the window.
The standard deviation was below 2%.

3 Results and discussion
3.1 Physical-chemical characterization

The AC/IS-Ln monoliths were prepared as transparent and
luminescent films (Fig. 2).

The ATR/FTIR spectra of ACPTMS, [B(TMSP)Im]CI,
AC/IS, AC/IS-Tb, and AC/IS-Eu in the 4000-400cm '
region are depicted in Fig. 3a.

These spectral data confirmed the successful synthesis
and incorporation of [B(TMSP)Im]Cl and [B(TMSP)Im]
[Ln(tta),] (Ln = Tb>*, Eu®") into the AC/IS hybrid matrix.
The presence of the IL in ACPTMS could be confirmed by
the presence of the absorption band at 1562cm™' (C=C
aromatic) [33] in the spectra of both doped (AC/IS-Ln) and
non-doped (AC/IS) samples (Fig. 3b). It is interesting to
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Fig. 2 Physical appearance of
the non-doped and doped AC/IS
monoliths: under daylight
against a white background (a),
a written background (b), and an

\M/" Ol E—

Absorbance

outside environment (c), and AC/IS
under UV light (365 nm) (d).
The scale bar is 1.0 cm
AC/IS-Tb
AC/IS-Eu
Fig. 3 ATR-FTIR spectra of (a)
ACPTMS, [B(TMSP)Im]CI,
AC/IS, AC/IS-Tb, and AC/IS-
Eu electrolytes films in the (a)
4000—400 cm™! region and (b)
1800-1500cm ™" region. The
lines are just meant to be a
guideline for the eye
o |AC/IS-Eu
3]
c
©
o
]
(7 AC/IS-Tb
£ ___.’-/\-L_A..\J
<
AC/IS
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observe that the strong absorption band at 1724 cm ™! from
the ACPTMS carbonyl (C=0) group (Fig. 3b, blue line)
shifted to lower wavenumbers (ca. 1719 cmfl), upon
incorporation of the AC framework into the IS network
(AC/IS-Tb, green line; AC/IS-Eu, red line and AC/IS,
black line). In the case of the PMMA-based composite
films doped with lanthanide-doped sol-gel derived

1800 1750 1700 1650 1600 1550 1500

Wavenumber (cm™)

ionosilicas [26, 34], the C=0O group band of PMMA
remained unshifted, meaning that these groups persisted
quasi “free”, i.e., devoid of any interactions. In the present
case, since the shift was observed for the non-doped and
doped samples, we are led to the conclusion that the
acrylate C=0 groups are very likely involved in hydrogen
bonding interactions.
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Fig. 4 XRD patterns (a) and
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The XRD patterns of AC/IS (black line), AC/IS-Tb
(green line), and AC/IS-Eu (red line) are shown in Fig. 4a.
All the samples exhibit a prominent, broad, Gaussian-
shaped peak at ca. 21.54° that was previously ascribed to
the coherent diffraction of the siliceous backbone
[26, 35, 36]. The structural unit distance, estimated using
the Bragg’s Law (Eq. (1)), is d; = 0.41 nm. The 2" order of
this peak appears as a broad weak hump around 42.54°,
with a characteristic distance of 0.21 nm [35]. An ill-defined
peak is also seen in the pattern of AC/IS (Fig. 4a, black line)
at ~12.88° (d, =0.68 nm). Additionally, an intense well-
defined and sharp peak is detected around 5.91°
(d3 = 1.50 nm) in the three samples.

Comparison of these findings with those reported by Belon
et al. [37], for organic/inorganic sol-gel materials prepared via
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a single-step from acrylate trialkoxysilane precursors using a
combination of radical and cationic photo processes, is of
interest. While the spacings d; and d, match exactly the pre-
sent values, the d; value found by these authors was 1.39 nm
(approximately the double of d; (0.68 x 2 = 1.36 nm), which
corresponds to the theoretical length of the acrylate chain).
This evidence prompted them to propose the formation of a
local lamellar organization comprising a double layer structure
of organic chains covalently linked by a siloxane backbone.
We note that their materials differ from the present ones in the
fact that the radical photopolymerization afforded poly(-
acrylate) chains, whereas in the AC/IS-based hybrids the
acrylate chains were left unreacted, i.e., the allyl groups
remained free. In addition, in the case of the AC/IS-based
samples, apart from pendant acrylate chains, there is a minor
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Fig. 6 Wetting envelopes for (@) (yv=3045mNm~' and

hy =242mNm ), (b) (y=37.98mNm ' and y},, =590 mNm )

and (¢) (yy =3524 mN m~! and 7Ly =3.67mN m’I[) electrolyte films.

Points representing water, ethylene glycol, ethanol, diiodomethane, and
glycerol are plotted

fraction of pendant butylimidazolium-based moieties the
length of which is about 1.40 nm, assuming an all-frans con-
formation for the butyl chain [38]. If a lamellar bilayer
arrangement of the butylimidazolium-based chains occurred as
reported for IS-Eu [26], a low angle peak would be expected
corresponding to a spacing of 2.80nm or slightly less,
depending on the degree of chain interpenetration. Consider-
ing the low proportion of the latter groups, it is thus not sur-
prising to observe only a reflection at 5.91°.

The thermal behavior of AC/IS, AC/IS-Tb, and AC/IS-
Eu samples was studied by TGA (Fig. 4b). The TGA curves
evidence a minor weight loss of 3% from 23 to 230 °C,
which is ascribed to the release of water molecules [26] and
evaporation of solvents [39]. In the 230-700 °C range, the
TGA analysis revealed the existence of two main decom-
position stages for all the samples with onsets at ~330 and
~460 °C. The first weight loss can be ascribed to the
decomposition of the tta™ ligands. The second one can be
attributed to the degradation of the Si-O-Si skeleton struc-
ture [40, 41]. At the highest temperature examined (700 °C),
44-46% of the AC/IS-based materials remained to be
decomposed. The remaining mass is associated with pure
silica [42]. AC/IS-Tb and AC/IS-Eu exhibit thermal beha-
vior similar to that of AC/IS, showing that the incorporation
of the [Eu(tta)y]” complex anions did not have negative
consequences.

To get insight into the wettability and adhesion behavior
of the AC/IS, AC/IS-Tb, and AC/IS-Eu electrolyte films,
the water/diiodomethane contact angle values were mea-
sured, leading to the following results: 91+ 11/61 +3°,
78 £5/54 £ 1°, and 84 + 5/55 £ 2° (Fig. 5), respectively. The
water contact angle values reveal the hydrophobic behavior
of AC/IS and hydrophilic behavior of AC/IS-Tb and AC/IS-
Eu. From these results, it is evident that the static contact
angles decreased with the incorporation of the [Ln(tta),]™
complex anions, in particular for Tb>".

The SFE and the relative proportion of the polar and
dispersive components were calculated for all the electrolyte
films (Fig. 5c). Values of 0-20mJm 2 indicate highly
hydrophobic character similar to poly(tetrafluoroethylene)
(PTFE), whereas values of 20-40 mJ m~2 indicate hydro-
phobic behavior similar to PMMA [43]. The SFEs deduced
were 30+5mJm~2 for AC/IS, 38 +3mJm > for AC/IS-
Tb, and 35 +3 mJ m~2 for AC/IS-Eu. Thus, we are led to
conclude that all the samples presented a behavior similar to
that of PMMA.

Building wetting envelopes is extremely convenient.
Several valuable conclusions may be retrieved from Fig. 6.
If we consider ethylene glycol (yyv=48mNm ') and
diiodomethane (y .y =50.8 mN m~', cross symbol), we
conclude that, although both these solvents have similar y; v
values, for AC/IS diiodomethane and ethylene glycol will
produce contact angles of 60° (Fig. 6a), whereas contact
angles of nearly 40° and 50° will result for AC/IS-Tb and
AC/IS-Eu, respectively (Fig. 6b, c).

AFM analyses were carried out in order to characterize
the AC/IS-Ln films in terms of their surface topography.
The two-dimensional (2D) and three-dimensional (3D)
AFM images are shown in Fig. 7. AFM images revealed
that all electrolyte films exhibit smooth surfaces, with
average (R,) surface roughness values of 1.28, 1.22, and
5.20 nm for AC/IS, AC/IS-Tb, and AC/IS-Eu, respectively.
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Fig. 7 Topographical AFM
images of AC/IS (a), AC/IS-Tb
(b), and AC/IS-Eu (c¢). 2D
topography images (top panel)
and 3D topography images
(bottom panel)

500

150

Fig. 8 Surface (a—f) and cross-
section (g—i) SEM images of
ACIIS (a, d, g), AC/IS-Tb

(b, e, h), and AC/IS-Eu (¢, f, i)

SEM images of the surface of the AC/IS-based films
(Fig. 8a—f) reveal that, while AC/IS (Fig. 8a, d) and AC/
IS-Tb (Fig. 8b, e) presented a flat surface, AC/IS-Eu
(Fig. 8c, f) exhibited some defects, that can be responsible
for the small increase of the surface roughness observed by
AFM analysis. The cross-section SEM images show that
the incorporation of the IS-Ln into the AC led to the
increase of porous structures (microaggregates) (Fig. 8h,
i). Despite the observed increase of roughness/defects after
the addition of IL-Ln to AC, considering that all the
samples were obtained as transparent films (Fig. 2b), it can
be ascertained that the IS-Ln are well dispersed in the AC
framework and that the prepared samples are homo-
geneous. These results substantiate that the incorporation
of IS-Ln did not lead to a dramatical change in the mor-
phology of AC/IS.
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3.2 lonic conductivity

The temperature dependence of the ionic conductivity of
AC/S, AC/IS-Tb, and AC/IS-Eu is depicted in Fig. 9. This
plot indicates that the ionic conductivity of AC/IS-Eu at 19 °C
(2.39%x107%Sem™!, red line and symbols) is higher than
those of AC/IS-Tb at 23°C (1.07x 10 ®Scm™!, green line
and symbols) and AC/IS at 17°C (9.54x 1078 Scem™!, black
line and symbols). In fact, the AC/IS-Eu is more conducting
than the sample doped with Tb, and the non-doped sample
(AC/IS) over the whole range of temperatures studied. The
highest ionic  conductivity values of AC/IS-Eu
(171x10*Sem™!, red line and symbols), AC/S-Tb
(7.71 x 107 Scmfl, green line and symbols), and AC/IS
(5.09 x 107°S cmfl, black line and symbols) were achieved
near 100 °C. From these results, it is clearly seen that the
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incorporation of the IS-Eu in the AC formulation is advanta-
geous, leading to higher ionic transport.

3.3 Photoluminescence

The room temperature emission spectra of the AC/IS-Tb and
AC/IS-Eu samples excited at the wavelength that maximizes
the emission intensity are shown in Fig. 10a, which are
dominated by the D, - "Fg and Dy — 'Fy4 transitions,
respectively. For the case of AC/IS-Eu, no sign of the undoped
ACI/IS intrinsic emission (Fig. S5 in SI) could be observed,
which readily suggests efficient AC/IS-to-ligand/Ln>* energy
transfer [44]. For AC/IS-Tb, depending on the excitation
wavelength, a band ascribed to the undoped AC/IS may be
visible. In naked eye conditions, the emission of AC/IS-Eu is
much more noticeable than that of the AC/IS-Tb sample,
which is in accordance with the observed absolute emission
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97.3 84.0 71.7 60.2 49.5 39.4 29.9 21.0 12.6

10-3 L
—Q—AC/IS
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Fig. 9 Ionic conductivity of AC/IS (black line and symbols), AC/IS-Tb
(green line and symbols), and AC/IS-Eu (red line and symbols). The
lines are meant to be a guide to the eye

quantum yield values of 0.24 +0.02 and 0.01 £0.01, respec-
tively. The lifetime of the emitting states also reveals typical
values around 0.326 +0.001 ms (°D,) and 0.505 +0.001 ms
(°Dy), resulting from the exponential fittings presented in Figs.
S6 and Fig. S7 in SL

The absorption capacity is evidenced in the excitation
spectra monitored around the more intense transitions for
each case (Fig. 10b). For the AC/IS-Tb, two main compo-
nents peaking at 280 and 320 nm are ascribed to the n—mn*
electronic transition of the organic ligands [45], while a
broad band is present at around 400 nm, which is also
detected in the excitation spectrum of the undoped AC/IS.
The excitation spectra revealed the same components
around 280 and 320 nm and also a band peaking at 375 nm,
ascribed to the organic ligands too [45]. The absorption of
the organic groups in the UV region of the solar spectrum is
beneficial, allowing possible yellowing phenomena of the
AC/IS network to be mitigated.

3.4 Characterization and performance of the
prototype ECD

Using a classical five-layer configuration, an ECD including
the electrolyte with the highest room temperature ionic
conductivity, i.e., AC/AS-Eu (2.39x10°Scm™'), was
assembled (ECD@AC/IS-Eu) (Fig. 1) and its operation
tested. As is noticeable in Fig. 11, the ECD containing Eu’"
reveals emission under standard solar irradiation (AM1.5)
pointing out the potential of the emitting film to be excited
under daylight conditions.

As-prepared ECD@AC/IS-Eu exhibited T values of 72
and 56 at 555 and 1200 nm, respectively (Table 1) and a
light-yellow (L*=280.26, a*=—2.11.17 and b* =11.85)
color hue (Fig. 12 and Table S1). The ECD@AC/IS-Eu
device was then subjected to three series of cycling steps:
(1% series) 6 CV cycling at 50 mV s~ (1.0 V), followed by
CA cycles (0.0V, 200s; —1.0V, 200s; +1.0V, 200s), 6
CV cycling at 50mVs~! (x1.5 V), followed by CA cycles
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Q
~

A
&
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emission and (b) excitation 7 _zg:g'gb _:g;:g‘zb
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(0.0V,200s; —1.5V,200s; +1.5V, 200s), 6 CV cycles at
50mV s~ (x2.0V), followed by CA cycles (0.0 V, 200s;
—2.0V,2005s; +2.0 V,200s) and 6 CV cycles at 50 mV s !
(£2.5V), followed by CA cycles (0.0V, 200s; —2.5V,
200s; +2.5V, 2005); (2“‘]l series) 10 CA cycles (£2.5V,
50s) followed by CA cycles (0.0V, 200s; —2.5V, 200s;
+2.5V, 2005s); (3" series) 50 CA cycles (£2.5V, 505).
At the end of CV cycling performed in the 2™ series of
measurements (6 CV cycles at £2.0 and 6 CV cycles at
+2.5V) (Fig. S8), the ECD@AC/IS-Eu exhibited light blue
and dark blue colors, respectively (Fig. 12b, ¢ and Table
S1), pushing the T values down to ca. 62/47% and 59/38%
at 555/1200 nm, respectively (Table S2 and Fig. 12a).
Figure 12a, b and Table S2 demonstrate that the 7" values
progressively decreased upon application of the above

— AM1.5G
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>
=
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S s81lg
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Fig. 11 Room temperature emission spectrum of AC/IS-Eu ECD
excited under AM1.5 The solar irradiance spectrum is also shown to
render clear the contribution of the intra-4f transitions from the ECD

voltages, and that the corresponding AT and AOD values
increased (at 555/1200 nm: 4.35/5.63%, 6.78/11.16%, and
0.029/0.049, 0.047/0.111 (Table 1), respectively). The
results also showed that the AT and AOD values are always
higher in the NIR region than in the visible region. The
ECD@AC/IS-Eu prototype device is able to reasonably
block visible light and very efficiently block heat, thus
lending itself for application in windows in buildings
located in hot climate regions.

The chronoamperometry technique was used to evaluate
the behavior of the ECD@AC/IS-Eu device over 50
bleaching/coloring CA cycles (2.5 V at every 50 s). Figure
13a, b and Table S3 allow inferring that the device dis-
played excellent cycling stability with reproducible
bleaching/coloring cycles and excellent optical modulation
stability. A high difference between the magnitude of the
cathodic and anodic current densities is observed, indicating
that the coloring kinetics are considerably faster than the
bleaching kinetics. The response times for ECD @ AC/IS-Eu
were 30-35 s for coloring and 1.0 min for bleaching. This
behavior has already been described for ECD prototypes
composed of a different transparent conducting oxide
(TCO) material (a-IZ0O) and the same active electrodes (a-
WO; and ¢-NiO), and is related to the amorphous and
polycrystalline nature of the electrochromic layers, that
facilitate the cathodic process over the anodic one [28].

The CE values in six different regions of the CA cycles
(Fig. 13a) were measured and the results show that
ECD@AC/IS-Eu at 1200 nm yielded higher —CE;, and
CE,, values than at 555 nm (Table 1). The ECD@AC/IS-
Eu self-improvement upon cycling for both the visible
region (at 555 nm CE;, = — 84 and CEq, = +91 cm?C ! in

Table 1 Electro-optical parameters of the ECD@AC/IS-Eu prototype devices

Hybrid Doping agent TCO"  Tagprepared Applied AT® AOD CA CE;, CE, CE; CEy Ref.
host voltage (V) interval®
(%) (%) (em?*C7h
555nm 1200 nm 555nm 1200nm 555nm 1200 nm 555 nm 1200 nm
ACPTMS AC/IS-Eu c-IMO 72 56 +1.5 1.26 4.06 0.008 0.032 This
+2.0 435 563 0.029  0.049 work
+2.5 6.78 11.16 0.047 0.111 I —76 74 —112 109
I —84 80 —119 114
I —-83 92 —118 131
v =79 173 —110 101
A% —-80 76 —120 99
VI —84 91 —122 133
PMMA  PMMA/IS-Nd-19/IS-Eu-  a-IZO® 79 96¢ +2.5 16.00  20.00° 0.200 0.250¢ —303 —381 181 228 [28]
1/[BMIm][PF6]-55
1S IS-Nd-19/1S-Eu-1 75 83¢ +2.0 3.00 2.00¢ 0.030  0.020¢ —201 152 —162 123

*Transparent conductive oxide layer
®Amorphous indium zinc oxide

31 CV cycle

4Value obtained at 1000 nm

°CA interval analyzed, please see Fig. S9 in SI
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Fig. 12 ECD@AC/IS-Eu
prototype device. a Photographs
of the as-prepared and colored
(—2.0V and —2.5V) states.

b Transmission spectra in the
visible-NIR region: bleached
(+1.5V, +2.0V and, +2.5V)
and colored (—1.5V, 2.0V
and, —2.5 V) states. Values
measured during CV cycling.

¢ 1976 CIE L*a*b* color
coordinates. The open circle
corresponds to the as-prepared
value and the blue and green
closed circles correspond to the
values after applying voltages of
—2.0V and —2.5 V, respectively

Fig. 13 Electro-optical
performance of the ECD@AC/
IS-Eu device. a Variation of the
current density as a function of
time over 50 CA cycles at
voltage steps of +2.5V at every
50 . The vertical colored bars
are the time intervals at which
the CE values were calculated.
Figure S9 shows a zoom of these
intervals. b Transmittance at 555
and 1200 nm over 50 CA cycles
(bleached state, open symbols
and colored state, closed
symbols) (Table S2). ¢ Optical-
circuit memory test
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region VI> CE;, = —76 and CE,, = +74 cm?>C lin region
I, Table 1) and the NIR region (at 1200 nm CE;, = —84 and
CEgu =491 cm?*C™! in region VI>CE;,=—122 and
CEyy = +133cm?C ! in region I, Table 1) is particularly
noteworthy. Not surprisingly, this improvement effect is
more marked in the case of the bleaching cycles, as a result
of the progressive current density decay. The higher CE,,
values correspond to energetically more efficient bleaching
processes requiring less current to induce the same color
change.

It is of interest to compare at this stage the best results found
in the present work with those reported in the literature for
analogous ECDs. The CE values are slightly lower than those
of the ECDs incorporating different TCO layers and incor-
porating PMMA-based systems doped with Ln-doped ionosi-
licas (PMMA/IS-Nd-19/1S-Eu-1/[BMIm][PF¢]-55) (Table 1).
We must note, however, that PMMA/IS-Nd-19/IS-Eu-1/
[BMIm][PF6]-55 exhibits much higher room temperature ionic
conductivity  (8.76 x 10*Sem™"  [28]) than AC/AS-Eu
(2.39x 107 S cm ™). In the case of an ECD incorporating also
a-IZ0 as TCOs, but incorporating an electrolyte exclusively
composed of the mixture of IS-Eu and IS-Nd (IS-Nd-19/IS-Eu-
1) (where Nd is neodymium), the AT and AOD values were
higher, but the CE values were slightly lower (Table 1).

Optical memory tests were performed with the
ECD@AC/IS-Eu device. Figure 13c demonstrates its
exceptionally good performance, since a mere loss of the T
value of only 7% occurred after 60 days of being in open
circuit in the colored state.

4 Conclusions

In this work, novel lanthanides-containing acrylate/ionosi-
licas (AC/IS-Ln) were successfully synthesized by sol—gel
chemistry, with the goal of developing luminescent hybrids
for application in environmentally friendly ECDs enabling
the control of the sunlight and solar heat for smart windows
of energy-efficient buildings.

The AC/IS-Ln monoliths were produced as homo-
geneous, transparent and luminescent films, and the struc-
ture, topography, surface free energy, ionic conductivity,
and optical properties of the electrolyte films were char-
acterized. All the electrolyte films revealed smooth surfaces
and hydrophilic behavior.

Photoluminescent studies revealed the typical emission
of Eu- and Tb-doped materials upon excitation in the UV
spectral range. Because AC/IS-Eu presented the highest
ionic conductivity over the whole temperature range
examined, it was used as electrolyte in an ECD prototype.

The ECD@AC/IS-Eu prototype demonstrated fast
switching time, high switching efficiency, high optical
modulation, high coloration efficiency, excellent cycling
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stability, and outstanding open-circuit memory. This device
operation is suitable for windows of buildings located in a
hot climate region. Major advantages of the present ECD
design are, thus, the reasonable attenuation of glare and the
significant reduction of heat consumption due to the
voltage-controlled visible/NIR blocking function. In short,
this ECD offers a bright hot mode and semi-bright
warm mode.

The presence of abundant pendant allyl groups in the
materials formulation offers the possibility for further
functionalization, in particular crosslinking upon controlled
exposure to UV light (ongoing work), as well as the use of
UV-patterning procedures, which allows foreseeing appli-
cations others than the one proposed here.
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