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The fabrication of an electrophoretic display operating in the infrared range (MWIR and LWIR) for
temperature regulation is described. For this purpose, aluminium-doped zinc oxide (AZO) nanoparticles
were the electrophoretic particles of choice. The infrared absorption properties of AZO NPs arise from
their localized surface plasmon resonance which results in specific wavelength absorption, depending
on the size, shape and aluminium doping ratio. These AZO nanoparticles were then formulated to be
incorporated into electrophoretic inks with Isopar L as the solvent. To confer good electrophoretic
mobility to AZO, a charge control agent Span 80 was added. Once formulated, these inks were used in
an electrophoretic cell that displays a dynamic IR emissivity modulation feature. The cell architecture
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consists of an electrophoretic ink confined between an asymmetric interdigitated electrode array and an
infrared-transparent cover. The final devices present emissivity variations up to A¢ 30% in IR-1l (MWIR)
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Introduction

Thermal regulation has attracted interest in energy saving, which
is currently one of the major concerns of society. For military
purposes, materials or devices with the ability to regulate their
thermal radiations are sought for thermal camouflage applica-
tions. In any case, one has to consider that bodies at non-null
temperatures give off light or IR radiation." The emissivity of a
body can be defined as the radiative flux of thermal radiation
emitted by a surface element at a given temperature, related to
the reference value which is the flux emitted by a black body at
this same temperature. In other words, emissivity is a property of
a surface which reflects the ability of a material to emit energy.
Therefore, the thermal radiation of a body depends on its
temperature and emissivity. Thus, there are two main strategies
to achieve thermal radiation modulation: one is to change the
surface temperature of the body at a constant emissivity, and the
other is to tune its surface emissivity at a constant temperature.
In this last case, such materials are defined as variable emissivity
materials and operate by means of an external stimulus.

The use of materials with modulated emissivity in buildings
may save energy dedicated to thermal regulation by limiting the
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excessive use of heaters and air conditioners.>” A niche appli-
cation would be the thermal regulation of spacecrafts.® In orbit,
the spacecraft is subjected to drastic temperature changes,
depending on sun or shadow exposures, leading to potential
damage to onboard components. Currently the thermal regula-
tion systems of spacecraft display high energy consumption
with an associated impact on the onboard mass. Therefore, new
materials or devices based on emissivity control to adjust the
heat flow, into and out of a building or a spacecraft are being
investigated. In a military context, materials or devices with the
ability to regulate their thermal radiations are sought to adjust
their IR signature with that of their environment and so to
reduce the probability to be recognized by means of an IR
camera. Indeed, mid-wave infrared (MWIR from 3 to 5 pm) or
long-wavelength infrared (LWIR, from 8 to 13 pm) cameras can
convert the radiative energy into a pseudo temperature called
apparent temperature. Two strategies are currently studied to
achieve a dynamic thermal camouflage by adjusting the appar-
ent temperatures of the body in relation to its background
environment; either by controlling the surface temperature or
by tuning the surface emissivity of the body. The surface
temperature can be controlled easily using heat sinks, radia-
tors, Peltier modules as described by BAE Systems with the
camouflage system called ADAPTIV.” However, one of the main
drawbacks of this technology is the non-negligible power
consumption and/or requirement of a permanent power supply.
As a result, to outreach such limitations coatings with variable
emissivity have been increasingly studied since the 1990s.
Several review articles have reported materials, metamaterials
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or devices which can dynamically change their emissivity under
stimulation.* *° IR-thermochromic' ™ and IR-electrochromic*™”
materials have been thoroughly investigated. IR-thermochromic
materials such as vanadium dioxide (VO,), maintain the same
emissivity over a temperature range and for a specific temperature,
called the critical temperature (7..). When the ambient temperature
exceeds T, the emissivity of these materials changes. IR-
electrochromic or electro-emissive materials can modulate their
emissivity under the application of a bias voltage. WO3, conductive
polymers, lithium titanate, graphene, etc. are the main represen-
tatives of electrically IR responsive materials. Humidity and
mechanical strain IR responsive materials have also been reported
and applied to devices. However, to the best of our knowledge,
technologies based on electrophoretic inks, currently used in the
visible domain for applications such as e-book readers, have not
been applied to devices with variable emissivity.

Electrophoretic display technology is widely used in the
visible spectrum of light, nowadays. An electrophoretic pixel
is formed by two flat electrodes placed face to face, of which at
least one is transparent (e.g. a transparent conductive oxide:
ITO, most of the time). The embedded electrophoretic ink is
composed of charged pigmented nanoparticles stabilized by a
polymeric shell and dispersed in a solvent or a mixture of
solvents.'® The principle involved in those displays is based on
moving the coloured nanoparticles to show them or not on the
front screen of the device and thus obtain a pattern with colour
contrast. Under the effect of the electrophoretic force, the posi-
tively charged nanoparticles migrate positively from the anode (+)
to the cathode (—) and the negatively charged particles will
conversely migrate in the opposite direction allowing controlling
the display. In an open circuit the particles maintain their
position, which confer to the device bistability and so, a low
energy consumption.™

To shift towards the infrared part of the electromagnetic
spectrum, we considered an electrophoretic ink composed of
metal oxide semiconductor-based nanoparticles. They are
known to show light or IR absorption because they are able
to interfere with incident IR vibration through their localized
surface plasmon resonance (LSPR). Under quasi-static condi-
tions, the incident electrical field of light is perceived as being
uniform by the nanoparticle itself, which is very small in size
when compared to the incident IR wavelength. While under the
effect of the incident oscillating electrical field, the electronic
cloud of free charge carriers on the nanoparticle starts to
oscillate.>>* The fact that the cloud of free electrons (or holes)
is delocalized leads to the formation of a vibrating dipole in the
particle’s surface, finally leading to IR energy absorption. As a
first approximation, the wavelength absorbed and the resulting
vibration depends only on the dielectric permittivity of the
external medium, and the one of the metal or metal oxide
nanoparticle.”>>* Nevertheless, other parameters can shift the
maximum wavelength of absorption, such as the size and the
shape of the particles.>*® The properties and use of metallic
nanoparticles possessing a plasmonic absorption band in the visible
range is well known and widely used for many years, particularly as
biosensors,> > whereas, metallic oxide nanoparticles possessing a
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plasmonic band in the infrared range have only recently been
studied.*® Among the various oxides reported in the literature, zinc
oxides doped with aluminium (AZO) have been thoroughly studied
by Della Gaspera et al**>* They showed that the nanoparticle
plasmonic absorption could encompass the beginning of LWIR
with the maximum absorbance at a wavelength close to 8 um. In
addition, research conducted by Peng’s group in the early 2000s and
based on a solvothermal nanocrystal synthesis route largely
provided access to these materials using safer chemicals and
low reaction temperatures.**>® Even if these nanoparticles
exhibit a constant IR absorption, they do not show any emissivity
modulation without external stimulation and so far, they have
not been used as electrophoretic inks to develop dynamic emis-
sivity devices.

In this work, we have designed the first prototype of an
electrophoretic display with dynamic IR modulation.>” We used
AZO nanoparticles that display IR absorption through their
localized surface plasmon resonance (LSPR). The nanoparticle
dispersions were then used to formulate an electrophoretic ink,
which is the key component of the original prototype of electro-
phoretic display for IR emissivity modulation. Then, the extent
of apparent temperature modulation was characterized as well
as the bistability of the device. The original prototype of the
electrophoretic display is endowed with dynamic IR emissivity
modulation through electrical stimuli. Given the relationship
between the IR emissivity modulation and the apparent tempera-
ture variation in contrast with the background environment, we
tracked its commutation efficiency with IR cameras working in
LWIR and MWIR.

Experimental section

Chemicals

Hexadecene (HDE, 92%, Sigma-Aldrich), zinc stearate (Zn(St),,
Acros Organics), aluminium acetylacetonate (Al(acac)s;, 99%,
TCI Chemicals), 1-dodecanol (98%, Sigma-Aldrich), cyclo-
hexane (99.9%, VWR), ethanol (99.9%, VWR), span 80 (Sigma-
Aldrich), Isopar L (VWR) and oleic acid (90%, Sigma-Aldrich)
were used without further purification.

Instrumentation

X-Ray diffraction spectra were recorded on a XPERT-3 (PANan-
Iytical) with a copper anode (1 = 1.5405980 A). Electrothermal
atomic absorption spectroscopy (ET-AAS) titrations were per-
formed using an atomic absorption spectrometer 200 Series AA
(Agilent Technologies) equipped with a graphite tube atomizer
GTA 120 and zinc and aluminium hollow cathode lamps
(Varian). For scanning transmission electron microscopy
(STEM), the nanoparticles were deposited on carbon coated
copper TEM grids and imaged using a field emission gun
scanning electron microscope (Gemini SEM300, Carl Zeiss,
Germany) with an acceleration voltage of 20 keV under a high
vacuum. Fourier transform infrared (FTIR) spectroscopy of
nanoparticle-based solutions was performed on a Bruker spectro-
meter (Equinox 55) by averaging 16 consecutive scans with a
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resolution of 4 cm ™. The liquid cell was composed of two NaCl
windows separated by a 100 um Teflon gasket. Infrared spectro-
scopy (IR): attenuated total reflection (ATR)-FT-IR spectroscopy
was performed on solid dried nanoparticles using a Tensor 27
(Bruker) FT-IR instrument equipped with an ATR accessory unit.
The electrophoretic mobility and the hydrodynamic size of
nanoparticles were determined by phase analysis light scattering
(PALS) and dynamic light scattering (DLS), respectively, using a
Nano ZS Malvern Instrument working at 4 = 633 nm and back-
scattering angle 6 = 173°. A square-shaped wave electric field from
2.5 to 20 kV m™ " was applied using a dip cell especially designed
by Malvern for measurements in non-aqueous environments.
Optical microscopy imaging was performed on an Olympus
BX60M microscope with an UMPlan FI objective (10x/0.3 BD).
The tension generator used is a WaveStation 2012 10 MHz from
LeCroy coupled with a Voltage Amplifier A400DI from FLC
Electronics and allows the incoming voltage to be multiplied by
20. The band II camera (MWIR) used for thermal imaging is a
Thermovision 550 with a spectral range from 3 pm to 5 um, with
a cutting filter of 3.6 um and a 320 x 256 pixel resolution. It can
measure the apparent temperature of objects between —20 °C
and 250 °C, with an accuracy of +2 °C and a sensitivity of less
than 0.1 °C. The Band III camera (LWIR) is a FLIR AX5 model
with an extended spectral range from 8 pm to 13 pm and a 320 x
256 pixel resolution. It can measure the temperature of objects
between —40 °C and 550 °C with an accuracy of +5 °C and lower
sensitivity at 0.05 °C.

Synthesis of the nanoparticles

Here, a “one-pot” simple and fast synthesis method is used to
prepare the metal oxide nanoparticles, by introducing all the
reagents at the same time in a round-bottom flask. Meaning
632 mg of zinc stearate (Zn(St),), 100 mg of aluminium acetyl-
acetonate (Al(acac)z), 15 mL of hexadecene used as the solvent,
0.95 mL of oleic acid and 4.5 mL of dodecanol. After degassing
and inerting (N,) the reaction system, the mixture is firstly
heated up to 120 °C for 10 to 20 minutes under vigorous
stirring. Then, it is set at 230 °C for 3 hours, while mechanical
stirring is maintained. At the end of the reaction, the flask is
taken out of the sand bath and left to cool until it reaches room
temperature. Ethanol is added to the solution to flocculate
the nanoparticles. Then, they are purified three times by
precipitation-redispersion in a minimum volume of cyclohexane
with a centrifuge (5000 rpm for 20 minutes at 20 °C).

Formulation of the electrophoretic ink

The final electrophoretic ink containing doped zinc oxide nano-
particles is prepared with 10 mg mL ™" purified aluminium doped
zinc oxide (AZO) nanoparticles dispersed with 0.08 mM SPAN 80
as a charge controller agent in Isopar L.

Electrophoretic cell fabrication

The cell fabrication involves etching the electrodes via a photo-
lithography process (Fig. S1, ESIt). Briefly, chrome coated glass
substrates are cut to the chosen dimensions (generally in the
2.54 x 2.54 cm format). Then, a thin layer of photoresist S1805
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is deposited by spin coating on the conductive layer and then
cured at 120 °C. Subsequently, the substrate is exposed to UV
light while using an etching mask placed directly on the
photoresist film. The whole substrate is placed in a chemical
developer to remove the resin exposed under the UV lamp, thus
leaving the corresponding conductive layer unprotected. The
substrate is then rinsed with water and then placed in an acidic
bath to etch the unprotected conductive layer of chromium.
Once etched, the substrate is rinsed with deionized water and
acetone, revealing the etched electrodes on the glass substrate.
Additionally, glue joints are placed on the glass substrate using
a digital dispensing robot around the electrodes to create a vat
and confine the 10 pL of electrophoretic ink as close as possible
to the active areas. This glue joint is then cured under a UV
lamp leading to the formation of cavities at around 85 pum
(£5 pum) depth. Finally, the electrophoretic cell is sealed by
adding a second layer of glue joint on top of the first one with a
polyethylene film (80% IR transmission) laminated under
vacuum. The whole display unit is then cured under UV to
finalize the sealing of the electrophoretic cell.

Theoretical background: model for IR emissivity and
temperature modulation of the electrophoretic device

Each of the three layers constituting the electrophoretic cell
(cover/ink/electrodes) has their own reflectivity R, transmittance
t, emissivity ¢ and temperature 7. A schematic representation of
the model used for the infrared modelling is presented in
Fig. S2 (ESIt). The external environment is modelled with an
IR emissive source which can be either hot or cold. This
radiation is partly reflected on the surface of the object before
being observed by an infrared sensor. The source and the sensor
are typically placed under specular conditions, with respect to
the surface of the object (the same 0 angle). Complementarily, a
more complex model derived from the detailed one in the ESIf
considers the contributions of the cover, the medium (electro-
phoretic ink) and the electrodes to better understand the
contribution effect of each layer on the infrared properties of
the electrophoretic device (Fig. S3, ESIT).>® In order to construct
a theoretical model of such a device, the three layers constitut-
ing the electrophoretic cell, are considered at the same tem-
perature. The cover and the medium are also considered to be
non-reflecting (R. = Ry,, = 0), and the transmission coefficient of
the electrodes is considered null (¢, = 0). Each of the three layers
constituting the object radiates either directly towards the IR
camera, or indirectly, by reflecting IR radiation first on the
electrodes before going towards the IR camera (considering
cover and ink only). So, it leads to the following equation:
Tappobj4 = (1 - tcz'tmz'Re)'Tobj4 + tcz'th'Re'Tsource4y where Tapp obj
is the apparent temperature of the cell, ¢. corresponds to the
IR transmission of the cover, ¢, the IR transmission of the
electrophoretic medium, R. the IR reflectivity of the electrode
and Tsource the temperature of the source. The IR transmission
terms are squared because the radiation passes through the cover
and the medium twice, firstly on the incident path and the second
time on the way back after being reflected on the surface of the
reflective electrode or the substrate. Thus, the emissivity of the
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object can be expressed according to the specific parameters of
each constituent layer of the cell and therefore becomes: &, =
1 — t2tm>Re. The as-built electrophoretic device is able to
switch from an emissive to a reflective state, while the particles
migrate into the ink. To model this migration and this emis-
sivity modulation of the device, the transmission coefficient ¢,
of the medium is defined as a variable. Thus, it can take two
extreme values from femm) when the particles are uniformly
dispersed in the solution to fefm) when the particles are
stacked on the collection electrode. The two corresponding
states of the electrophoretic cell (i.e. object) are the emissive
and reflective one, respectively. This difference in emissivity
between the two states therefore becomes: &eem(obj)

1 - tcz'tem(m]Z-Re, where Eref(obj) = 1 - tcz'tref(m]Z'Re and the
variation in emissivity is Ae¢ = Rete”(fretm)’ — fem(m) ). This
equation shows that electrophoretic cells exhibit optimum
performance when the electrode reflection coefficient (R.) and
the cover transmission coefficient (z.) are maximum (R. = ¢. = 1).
Thus, when the object is in its reflective state, the medium
must be as IR-transparent as possible (tre¢m) = 1). Conversely,
when the object is in its emissive state, the medium must be as
IR-opaque as possible and therefore tepym) = 0.

Results and discussion

Synthesis and characterization of aluminium doped zinc oxide
nanoparticles (AZO NP)

The chosen nanoparticles are the aluminium doped zinc oxide
nanocrystals (AZO) because of their plasmonic absorption in the
wavelength of interest, meaning the LWIR and MWIR regions.
The incorporation of aluminium as a dopant in the zinc oxide
mesh makes it possible to increase the number of free charge
carriers and thus to control the IR absorption bands. Conversely,
the pristine zinc oxide (ZnO) nanoparticles show no absorbance
in the IR. A colloidal dispersion of nanoparticles can be directly
achieved in non-polar solvents through a solvothermal one-pot
synthesis pathway.>

The alcoholysis reactions of zinc stearate and aluminium
acetylacetonate with 1-dodecanol are triggered at 250 °C for 5 h
followed by condensation of the formed alcohol that gives rise
to the nuclei of aluminium doped zinc oxide nanocrystals
(Fig. 1a). The nucleation and growth in hexadecene (HDE) of
the AZO crystals is made possible by the addition of oleic acid

a. Zn(OH), Al(OH),

Zn(OH),

growth
—_—

nucleation
—_— )

@ v
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(OLAC) used as the stabilizing agent. By the end of the synthesis,
the nanoparticles are purified by precipitation in a centrifuge
with the addition of ethanol, and then finally dispersed and
stored for long periods in cyclohexane.

AZO NPs were observed in STEM (Fig. 1b). They exhibit a
nanoflower morphology, conversely to the pristine ZnO nano-
crystals which show a nanodot shape (Fig. S4, ESI{). We can
assume that during the nucleation phase, many nuclei are
formed due to the high reactivity of the alcohol initiator and
the aluminium precursor. The former nuclei tend to aggregate
in order to reduce their surface energy and finally form the
nanoflowers. Peng’s group has already observed such morphology
for indium doped tin oxide nanoparticles.’”*" They have shown
that the synthesis of nanocrystals could lead to nanoflowers or
nanodots depending on the reactivity of the precursors. The petals
are not independent of each other, resulting from crystal aggrega-
tions, but are rather linked together by the crystal lattice.

The mean diameter of the AZO nanoflowers was estimated to
be around 48.4 &+ 12.5 nm. It was confirmed by DLS measure-
ments of AZO dispersed in cyclohexane with a mean diameter of
around 51 nm. A polydispersity index PDI of 0.19 was obtained,
which corroborates the quite large particle dispersity usually
reported for such solvothermal one-pot method.***?

For a deeper insight, the AZO nanostructures were analysed
by XRD spectrometry and compared with the pristine ZnO XRD
spectrum shown in Fig. 2a. ZnO XRD diffractogram (black
curve) fit with the zincite peaks from an EVA database (attrib-
uted peaks), which shows that ZnO nanocrystals do indeed
crystallize in the same form as zincite with a crystal lattice of
the wurtzite mesh type. The wurtzite is a hexagonal lattice type
(unitary lattice) where the zinc atoms are occupying the tetra-
hedral sites formed by the oxygen atoms and complementarily,
the oxygen atoms are placed in the tetrahedral sites formed by
the zinc atoms. Because the XRD diffractogram of AZO is
perfectly overlaid as well, AZO nanoparticles crystallize in the
form of zincite with a wurtzite lattice too. In addition, the
nanoparticles containing aluminium did not show new peaks
when compared to pristine ZnO. Aluminium therefore does not
crystallize independently in the form of aluminium oxide.

The (110) peak was selected to determine the “a” parameter
and the (002) peak to determine the ‘¢’ parameter from Bragg’s
formula (2-dygsin(f) = n-4). From the lattice parameters the
volume of the hexagonal unit cell was then calculated using the
formula giving the volume of a cylinder with a hexagonal base

—

b. wpg®
v l’.
-

48 nm (£13 nm)

&

200nm & '.
-

Fig. 1 (a) Scheme of aluminium doped zinc oxide nanoparticle formation. (b) STEM images of AZO nanocrystals.
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Fig. 2 (a) XRD measurement on AZO (in red) and ZnO (in black) nano-
crystals. ZnO data from the litterature® were used as a reference. (b) FT-IR
spectrum of 8 mg L~* of AZO in HDE (red) and pur HDE (black). Inset: the
IR-ATR spectrum of dried nanoparticles of AZO (red) and ZnO (black).

V = a*c-sin(n/3) (inset table in Fig. 2a). The lattice volume was
measured equal to 47.613 A® for pristine ZnO, consistent with
those reported in the literature.*® The lattice volume contracts
with the Al doping of nanoparticles. Indeed, AZO has a smaller
volume of 47.519 A, We can assume that aluminium atoms are
then incorporated into the crystal structure of zinc oxide
essentially by substituting zinc atoms into the unit cell of
wurtzite. The diameter of the zinc atom is larger than that of
aluminium, this leads to a volume contraction of the unit cell.
As previously observed by Buonsanti et al.,** the reduction of
the lattice parameter did not lead to a shift in diffraction angles
from the wurtzite structure to higher values, which could have
been expected from a decrease in d-spacings between the
atomic planes. XRD also provides information about the crys-
tallite size when evaluating the width at peaks 8 mid-height and
using the Scherrer formula: diameter (nm) = 0.94/f cos 0, where
/.= 0.1540598 for the copper anode of the apparatus and 0 is the
angle at the maximum of the peak. Hence, for ZnO, the size of
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the crystals obtained by XRD is equal to 13.52 &+ 1.89 nm, close
to the mean size of the nanoparticles observed by electron
microscopy 15.9 + 3.4 nm (Fig. S4, ESIt). However, for AZO
nanoparticles, large differences appear in the size of the
crystals obtained by XRD reaching about 16.82 £+ 1.04 nm
and the mean size of the nanoflowers of around 48 nm estimated
by STEM. This can be explained by the fact that the crystal size
obtained using Scherrer’s formula corresponds to the size of the
“petals” of the nanoflowers (17.4 £ 3.9 nm by STEM) and not the
size of the nanoflowers themselves. The aluminium doping level
was obtained by electrothermal atomic absorption spectroscopy
using external standard calibration curves for both atoms (Fig.
S5, ESIt) and reached 2.3 at% in aluminium when compared to
the zinc atom amount. This doping level is far below the
aluminium ratio initially added at the beginning of the reaction
(25 at%) but remain within the doping ranges reported in the
literature for similar reactions (3.5 at% of Al).*>

The doping with aluminium metal of zinc oxide nano-
particles confers them a localized surface plasmon resonance
in the IR range wavelengths of interest. The dried AZO nano-
particles absorb in the wide IR range while the pristine ZnO
exhibited almost no IR absorption as shown in the IR-ATR
spectrum (inset in Fig. 2b). Once dispersed in HDE at 8 mg mL ™",
AZO absorption overlays with that of the solvent and provides a
reduced transmittance below 0.4 with a downwardly shifted
baseline in the FT-IR spectrum (Fig. 2b). We took advantage of
this particular IR property for the design of an electrophoretic
display with IR emissivity modulation.

IR absorbing electrophoretic ink

An electrophoretic ink consists of a colloidal suspension of
particles in a non-polar solvent exhibiting a wide electrochemical
window. The ink formulation generally consists of halogenated
or hydrocarbon-based solvents to which charge control agents
and nanoparticles are added. The charge control agent is a
dispersing agent, generally a surfactant, added to the ink med-
ium and whose role is to improve the colloidal stability and the
electrophoretic mobility of the particles by enhancing their sur-
face charge density and boosting the dielectric properties of the
low polar solvent.'®** Interparticle forces in nonpolar colloids
show long-range electrostatic interactions that are tuneable by
surface adsorption of neutral, anionic or cationic charge control
agents. Typically, the screening lengths in oil are much larger and
the charge densities are much lower.*>*® The electrophoretic ink
was prepared by dispersing up to 10 mg mL " of purified AZO
nanoparticles in Isopar L with Span 80 as a charge control agent.
SPAN 80 is a commonly used charge control agent for electro-
phoretic ink.””° Given that the free charge carriers on the
surface of AZO, responsible for their LSPR, are holes, they make
them de facto positively charged. The solvent Isopar L, a mixture
of Cy; to Cy5 saturated hydrocarbon chains, was selected due to it
is relatively low toxicity and its reduced number of absorption
bands in our IR range of interest (Fig. 5a: y¢_y sps from 3 to 3.5 pm
in MWIR and yc—c and yc—c-g at 6.9 and 7.3 um, respectively,
before LWIR). In the proposed electrophoretic set up, the solvent
aims to be strictly a dispersion medium for the nanoparticles
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which are active in the infrared. It is therefore necessary for the
solvent to be as transparent as possible in the infrared ranges to
optimize the final performance of the device. In addition, Isopar
L has a fairly good permittivity of 2.18 for an aliphatic solvent,
which promotes good dissociation of charges on the surface of
the particles. It also has a low viscosity of 1.55 mm® s~ " at 40 °C
(uppe = 2.62 mm?® s~ ' at 40 °C) allowing better nanoparticle
mobility under electric fields. The optimum Span 80 concen-
tration was determined to be equal to 0.08 mM, which gave a (
potential of 110 mV for an optimal particle’s electrophoretic
migration (Fig. S7, ESIT). The average particle diameter was
increased to around 110 nm (PDI = 0.25), possibly resulting from
their solvation or partial flocculation.>

Adaptative IR emissive electrophoretic pixel

After carrying out the formulation of IR sensitive electrophoretic
inks, the mixture was placed in a home-made electrophoretic
cell fabricated under clean room conditions. The architecture of
the electrophoretic cell is composed of a covering film, a
substrate serving as a support for the electrodes and the
formulated IR-absorbing electrophoretic ink (Fig. 3a). This ink
is therefore confined between the top cover and the substrate by
a glue joint as mentioned earlier. The properties of each of the
components must be very specific to obtain the best possible

IR transparent cover

View Article Online
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performance in infrared modulation. First, to take advantage of
the IR-absorption ability of the particles suspended in the
electrophoretic ink to confer the emissive feature to the cell,
the cover and the solvent must be as transparent as possible for
the IR wavelengths. The working principle of the cell is based on
controlling the displacement of the IR-absorbing particles
which are embedded in the ink. Thus, the cell can alternate
between emissive and reflective states by either placing the
particles on the optical path of the IR-reflective background or
out of this path. In the cell, the reflective background consists of
asymmetrical interdigitated chromium electrodes (Fig. S1, ESIT).
One of the electrode digits is wider and used to reflect IR
radiation. This first electrode is called the “reflective electrode”.
The second thinner interdigitated electrode is used to densely
gather the particles on it, namely, the ‘“collection electrode”. To
lead to apparent temperature variations via changes in emissivity,
this asymmetry seen in Fig. 3b is essential. Optical contrast of the
apparent temperature recorded by a thermal camera is generated
by masking or uncovering the reflective electrode. The three
possible cases are presented in Fig. 3c, one reflective and two
emissive states (1&2). In the reflective state, the particles are
clustered on the surface of the thinner collection electrode to
clear the large surface of the reflective electrode and reveal their
reflective behavior. The emissive state 1 corresponds to a state

IR absorbing nanoparticles
IR transparent solvant /BL . [J I [

Gathering electrode

IR refle:tlve electrode

required for optical contraste of
the device

Reflective state

Emissive state 2

Reflective state

Emissive state 1 Emissive state 2

Fig. 3 (a) Composition of the electrophoretic cell. (b) Photographs of the in-plan interdigital electrodes with 45% active reflective surface and 110 um
gap between electrodes. (c) Different states allowing to obtain reflective and emissive states with an electrophoretic cell. (Migration of the NPs, related to
their zeta potential, and applied potential at the electrodes are arbitrarily selected in the scheme for illustration purposes only.) (d) Schema of the different
states of the cell and the corresponding snapshot of the nanoparticles under electrophoretic migration (200 V at 50 mHz) observed by optical
microscopy (Video S1 in the ESI¥).
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where the particles are homogeneously dispersed in the ink
throughout the cell. This therefore masks a large-area of reflective
and collection electrodes. The resulting infrared properties of the
device will thus approach those of the particles. The emissive state
2 corresponds to a similar state where the particles are stacked on
the surface of the reflective electrode. Much like the emissive state
1, the device will have the IR properties of the particles.?”

Complementarily, the optical microscopy observations of
the operating electrophoretic cell (£200 V at 50 mHz) highlight
the three distinct states for the electrophoretic cell (Fig. 3d).
The frequency for the electrophoretic cell commutation was set
arbitrarily at F = 50 mHz, a low value compared to the time
required for the nanoparticles to migrate from one electrode to
the other. In the picture on the left, the particles appear
clustered on the collection electrode digits, thus uncovering
the bigger digits of the reflective electrode and switching the
device into the reflective state. This state is obtained when the
potential applied to the collection electrode is negative, con-
firming that the particles are positively charged in the presence
of Span 80 in Isopar L according to {-potential measurements.
While reversing the potential at the electrodes, the emissive
state 1 is revealed (middle). The nanoparticles are fully dis-
persed in the ink while masking the large reflective electrode
and the collection electrode areas. Finally, keeping this polar-
ization after some time leads to the emissive state 2 (right)
where the nanoparticles are well distributed at the surface of the
reflective electrode (brownish colour over the electrode bigger
digits). Indeed, the large reflective electrode is covered by
absorbing particles, thus setting the system in emissive state
2. During the reversal of potential, agglomerates of particles
detach from the collection electrode and break very quickly to
allow the particles to spread over the surface of the reflective
electrode as shown in Video S1 in the ESL¥

The resulting effect on the apparent temperature of the
electrophoretic migration of AZO nanoparticles from the reflec-
tive state to emissive state 2 was monitored using a FLIR infrared
camera (Fig. 4a and Video S2 in the ESIt). To appropriately

(?Iack body
at 65°C
a) S N/

0 0  Specular reflection

Electrophoretic cell measurement
‘ Reflective
state
Emissive
/ state

Potential : +/-200 V
Frequency : 50 mHz

Fig. 4

ATemperature (°C)
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measure the emissivity leading to an apparent temperature
measurement, the real temperature of the object and the source
temperature must be known (see theoretical model in Section
2.6). Thus, the set-up for apparent temperature measurement is
composed of the source, i.e. a black body at 65 °C, which is a
regulated heat source presenting an emissivity close to 1, an
adjustable sample holder and an infrared camera. All this set-up
laid in a thermally insulated enclosure for the entire measure-
ment duration.>® The black body and the infrared camera are
placed under specular conditions in order to be able to control
the apparent temperature reflected at the surface of the sample
and thus to determine emissivity variations. While the blackbody
is set at 65 °C, the electrophoretic cell remains at room tempera-
ture without further temperature modulation. Due to the IR-
absorption properties of the nanoparticles and their ability to
move from or to the collection electrode, the entire cell will
display a higher apparent temperature in the reflective state
where the black body is almost entirely reflected to the IR-
camera, rather than in the emissive state, where IR-absorbent
particles are hiding the reflective electrode.

The temperature measured with the IR camera was integrated
on the surface of the electrophoretic pixel. The mean temperature
differences observed in between the two states (see the picture in
the inset Fig. 4a) were registered during the electric field applica-
tion (Fig. 4b). The observed contrast value of 0.6 °C between 31 °C
and 31.6 °C on average corresponds to a variation in emissivity of
Ag =1.25% between gf(ohj) = 0.754 and eem(obj) = 0.742. Moreover,
as shown in the graph, the emissive and reflective states seem
repeatedly stable during successive permutations. Thus, the
infrared electrophoretic cells seem to present perfectly reversible
states. The proof of concept to produce an electrophoretic display
dedicated to IR emissivity modulation and temperature control
was demonstrated.

Optimization and bistability of the electrophoretic pixel

In order to fabricate an electrophoretic pixel with a large
dynamic range of emissivity modulation, two parameters were

1
Reflecti

0 20 a0 60 80 100 120 140

Emissi Time (s)
%j missive

(@) Schema of the set up used to carry out IR camera observations and effect of dynamic emissivity modulation of the electrophoretic cell (in the

reflective and emissive state) on the specular reflection of the heat flow of a black body at 65 °C, potential 200 V and F = 50 mHz (Video S2 in ESI¥). (b)

Observed temperature modulation of the cell.
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changed. As previously stated, the emissive state of the device
arises from the absorption of the AZO nanoparticles in IR
wavelengths through their localized surface plasmon resonance.
Then, a simple increase in nanoparticle concentration should
result in a more IR-absorbing ink. Fig. 5a compares the trans-
mission spectra of pure Isopar L, the solvent of the ink, an ink
formulated with 10 mg mL™~" and another with 40 mg mL ™"
AZO. Accordingly, the most concentrated ink has the highest IR
absorption. This IR-transmission spectrum therefore shows
great potential of more concentrated inks, leading to better
contrast in IR-emissivity and thus in apparent temperature
control. Similarly, the reflective state has been improved by
changing reflective components, i.e. the “reflective electrode”.
The former asymmetrical interdigitated electrodes were pre-
pared by etching a 110 pm gap between 200 pm large reflective
electrode digits and 20 pum large collection electrode digits.
Thus, the reflective electrode corresponded to 45% of the cell
surface. A new layout for the interdigitated electrodes has been
prepared with 200 pm large strips for the reflective electrode,
20 pm large strips for the collection electrode and a 50 pm gap
in between them which lead to 63% of the active reflective
surface.

The optimized electrophoretic cell, characterized by appar-
ent temperature measurement while being permuted over time
in Fig. 6a with a frequency for the commutation set arbitrarily
at F = 25 mHz, showing great improvement when compared
with the first generation of cells. Indeed, the permutations
applied here allowed to reach an apparent temperature contrast
of more than 4 °C in LWIR. It corresponds to an emissivity
variation of more than Ae 8% between érfobj) = 0.71 and
€em(obj) = 0.79. In addition, the potential differences used to

®® " Bandil
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Fig. 5 (a) IR spectrum of Isopar L (blue), NP AZO at 10 mg mL™? (green)
and 40 mg mL~Yin Isopar L. (b) Optimized interdigit electrodes with 63%
reflective surface and 50 um gap between electrodes.
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make the particles migrate from one electrode to another are
lower than those used in the first generation of cells. The
applied field is reduced from 400 Vpp for 110 pm spacing
(3.6 V. um ™) to nearly 60 Vpp for 50 um spacing (1.2 V um %) in
the last cell architecture presented. This cell presents very
interesting characteristics concerning the stability of the states
over time. Indeed, over the eight permutations displayed in the
graph shown in Fig. 6a, the resulting apparent temperature
value for emissive state 2 and the reflective state remained
stable at around 31 °C and 35.5 °C, respectively. It can be
noticed that there are some irregularities in the waveform curve
of the apparent temperature commutation. It comes from
random irregularity in the migration of the nanoparticles that
partly depends on the history of the electrophetic cell and is
the result of some localized but reversible agglomerations of
the nanoparticles on the surface of the reflective electrode. The
electrical potential modulation needs further improvement to
avoid them.

When the cell is in an emissive state, i.e. all the particles are
pressed against the reflective electrode and the potential change
begins, a slight increase in emissivity is observed (formation of a
shoulder just after the plateau, red asterisk in Fig. 6a). During the
state transition, the nanoparticles are dispersed throughout the
cell, masking the collection electrode in addition to the reflective
one. This slight difference represents about 0.4 °C, meaning a bit
less than 10% of the total contrast generated. The latter corre-
sponds to the ratio (8%) between the surface occupied by the
collection electrode and the total surface of the cell. The afore-
mentioned transitional state generated corresponds here to emis-
sive state 1 with the particles distributed uniformly in the cell.

a) 5
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i 'n N ‘
o~ S M / /“/\

s i | ) ) e
>e071 E | | [ [ [ 4
R e e \ / \\

2, - \ | \ \

2 }‘ \ | \ ) \ / ‘\ Emissive state 2
R G e S B S (ot
T, 4=31C & | | / \,\:7/( %
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4 +60 L 60V /
35 Open circut

Reflective state

5 +60 W

Emissive state 1
> |

Apparent temperature modulation (°C)
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Time (s)
Fig. 6 (a) Performance of optimized electrophoretic cell (potential £30 V
and F = 25 mHz). (b) Evaluation of the bistability of the electrophoretic cell
(potential +60 V/0 V at F = 25 mHz + open circuit). Apparent temperature
observed with an FLIR camera in LWIR. The blackbody is set at 65 °C.
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In Fig. 6b the study considering the bistability of the
electrophoretic cell by apparent temperature measurement is
presented. So, this emissive state 1 presents better perfor-
mances in IR absorption than the emissive state 2 with the
nanoparticles gathered at the surface of the reflective electrode.
Another advantage of keeping particles in suspension in the
cell is that they are no longer stacked against the reflective
electrode, which might limit the formation of aggregates as well
as irreversible adsorption of particles on the electrode surface.
It would then benefit in improving ink stability over time.

In Fig. 6b, a typical permutation is displayed with an apparent
temperature difference of 4 °C. During the second permutation,
the electric field is cut off (red square, open circuit) while the
particles are stacked on the collection electrode, thus leaving the
device in a reflective state. During this “field off’ phase,
the oscillations observed are due to the temperature control of
the black body kept around 65 °C. This off field was maintained
for more than 150 seconds, time during which the cell maintains
a relatively stable apparent temperature. Thereafter, the electrical
field is reapplied, allowing the cell to return into the emissive
state 1. The latter corresponds to the default state of the cell with
particles dispersed in the ink and obtained by applying 0 V mean
potential. As displayed, the reflective state remained stable over
time. The bistability of the device is therefore verified over at least
150 seconds for the reflective state and over much longer dura-
tions for the emissive state 1. Power supply is required only
during the electrophoretic cell commutation, making it a low
energy consumption device.

In order to characterize the performance of the electrophore-
tic cells also in the MWIR region, the infrared camera of the
setup was exchanged with a MWIR (band II) camera with signal
acquisition from 3 pm to 5 um wavelengths. The apparent
temperature during the first permutation increased from 32 °C
to 46 °C. This difference in apparent temperature of 14 °C
corresponds to a variation in emissivity of A¢ = 30% between
Eref(obj) = 0.47 and em(obj) = 0.77. During the following cycles of
commutation, the apparent temperature variations displayed
by the device stabilized at around 10 °C between 32 °C and
42 °C, which corresponds to an emissivity variation of Ae = 21%
between eérefobj) = 0.56 and éem(obj) = 0.77. This slight initial
decrease in contrast performance might be attributed to slight
nanoparticle aggregation on the reflective electrode over time.

Conclusion

The synthesis of aluminium-doped zinc oxide (AZO) nano-
particles was studied to develop a reproducible and easy-to-
implement process resulting in nanoparticles sufficiently
doped to obtain the desired LSPR absorption properties, i.e.
in the MWIR and LWIR wavelengths. The so-called “one-pot”
solvothermal method was chosen. Briefly the zinc and alumi-
nium precursors, alcohol initiator and stabilizing agent were
dissolved and heated-up in a low polarity hydrocarbon solvent.
The obtained AZO nanoparticles were doped with 2.3 at% of Al
They are nanoflowers with about 50 nm average diameter

This journal is © The Royal Society of Chemistry 2023
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exhibiting 17 nm crystal petals and structured in a wurtzite-
type mesh, typical of zincite. These IR absorbing AZO nano-
particles were then wisely used as the IR sensitive component of
electrophoretic inks which are also composed of a charge
control agent (Span 80) dispersed in Isopar L. Finally, this ink
was placed in the home-made electrophoretic cell designed to
display IR emissivity modulation and to achieve temperature
control. The architecture of the electrophoretic cell is composed
of a covering layer, a substrate serving as a support for the in
plane interdigitated electrodes and the formulated infrared
absorbing electrophoretic ink. Optical and IR contrast are
achieved by masking or uncovering the reflective electrode with
AZO nanoparticles by means of an electrophoretic migration,
perfectly controlled by applying a potential difference at the
electrodes. The apparent temperature variations on the cell
were observed through an IR-camera by variation in emissivity
detection. The first generation of electrophoretic cells made it
possible to obtain a proof of concept, exhibiting performances
in variation of emissivity, which were certainly modest, but
sufficient to be observed with a commercial IR-camera, at
around A¢ = 1.25% in IR-III/LWIR. The display optimizations
achieved with AZO nanoparticle concentration and surface of
the reflective electrode increase have significantly improved its
performances, thus showing an emissivity modulation reaching
more than Ag = 30% between éref(obj) = 0.47 and éem(obj) = 0.77 in
IR-II/MWIR and up to Ae = 8% between éefonj) = 0.71 and
€em(obj) = 0.79 in IR-III/LWIR. The electrophoretic display pre-
sented here stands as a good candidate for light weight and low
energy consuming radiator fabrication, allowing us to consider
further useful applications such as spacecraft efficient thermal
control and much more.
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