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ABSTRACT: We report the use of films of poly(3-hexylthiophene-2,5-diyl), P3HT, nanoparticles
(NPs) prepared with the reprecipitation method employing water as solvent in the absence of
surfactants for solid-state electrochromic devices (ECDs) and prove that these displays present
enhanced properties when compared to similar ECDs with thin-films deposited from chloroform.
Films of differently sized nanoparticles (100 to 400 nm) were prepared and spray-coated on flexible
PET-ITO substrates and tested for electrochromic properties. Using films of nanoparticles with
100nm of diameter, electrochromic devices with switching times (ts) of 4 seconds were achieved
while electrochromic devices using P3HT thin-film presented switching speeds of 13 seconds for
reduction (bleached to colored state). Additionally, the devices were subjected to 1000 cycles using
-1.5V/1.5V and the displays using P3HT 100nm NPs presented higher transmittances
(_ when compared with devices with P3HT thin-film due to a more efficient oxidation
step. Our data show that the availability of colloidal nanoparticles made of conjugated polymers
deposited from water is an environmentally sustainable strategy leading to electrochromic devices
with improved properties.
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INTRODUCTION

Since the pioneering work of Deb in 1967,! the use of different redox states to control color became
crucial for the development of intelligent windows for energy and light management of buildings or
transportation (e.g., rearview mirrors).>™* Metal oxides (e.g., WO3) and organic molecules such as
methyl viologens are at the core of the commercial use of this technology. In the meantime,
semiconductor polymers were discovered in 1979,%° which prompted a wave of research about their
optical properties. Heeger and co-workers discussed this, with special attention given to
polythiophenes due to their relatively low toxicity and relatively simple synthesis. However, only in
1994, a first electrochromic effect was reported for PEDOT,” which is still today the most used
polymer in electrochromic devices. This was followed by a strong synthetic effort to tune
polythiophene optical properties and solubility.!*"!> Yet, while metal oxides could be deposited in a
variety of ways including nanopatterning'® to ensure faster kinetics and efficiencies for utilization in
smart windows, only the mixture of PEDOT and PSS is a true commercial alternative to inorganic
materials.'® This is because PEDOT/PSS is water dispersible and their thin-films have a high
electrical conductivity.

Currently, there is great interest in flexible electrochromic devices and their numerous applications
spanning innovative fields such as adaptive camouflage, wearable and deformable electronics, to the
more futuristic information signage and electronic skin.'”'8 In parallel, expectations are increasing
for green approaches to film formation in solid-state devices that would not require expensive
optimization of deposition techniques, search for non-toxic solvents or additives addition. Very
recently, application of nanostructures of semiconductor polymers in electrochromic devices started
to emerge and various methods of fabricating conducting polymer nanopatterned electrodes were
described.!®?! Nanostructures are expected to favor, for example, charge transport by virtue of the
increase in contact area between the electrodes and the electrolyte and consequently to affect
important parameters such as color contrast or response time.?>?* In this framework, electrochromism
based on semiconducting conjugated polymers plays a very important role. Most commercial
applications of electrochromism are indeed focused on n-conjugated organic polythiophene polymers
such as the widely studied poly-3,4-alkyldioxythiophenes®*!? displaying electrochemical stability,
electrical conductivity and chemical versatility towards the extension of color palette through
structural modifications. Other polythiophenes have also been explored, such as poly-3-
hexylthiophene-2,5-diyl, P3HT - one of the most studied conjugated polymers as a case polymer for
the study of optoelectric properties on, e.g., electrochromic devices and optically switchable

transistors.?>?%27 P3HT is soluble in organic solvents such as chloroform but not in water, the most



environmentally friendly of all solvents. However, the polymer can be prepared in the form of
nanoparticles as a stable aqueous suspension and deposited as thin film from an aqueous-phase.?!?
Here we show that P3HT prepared as stable aqueous suspensions of nanoparticles through the
surfactant-free reprecipitation method?® behaves as an ink that can be easily deposited on flexible
PET-ITO electrodes via spray-casting. We prove that Nps with size of 100 nm present enhanced
properties when compared to similar ECDs with larger NPs and thin-films deposited from

chloroform.

EXPERIMENTAL SECTION

Synthesis of polymers. Poly(3-hexylthiophene-2,5-diyl), P3HT, was synthesized by oxidative
polymerization of 3-hexyl-thiophene with ferric chloride as already reported.’® As a test of the
possibility to expand the results obtained for P3HT to other polythiophenes, a novel polymer - poly(4-
(3',4-bis((2-ethylhexyl)oxy)-5'-methyl-[2,2'-bithiophen]-5-yl)-7-methylbenzo[c]thiophene, = POR-
was also synthesized. The molecular structure, the detailed synthesis, the electrochromic properties,
the preparation of the corresponding NPs and initial data concerning ECDs made using a 200 nm NPs
film are reported in supporting information.

Synthesis of nanoparticles.

Synthesis of P3HT nanoparticles. Colloidal solutions of P3HT nanoparticles (P3HT NPs) have
already been described.?'?® To avoid the presence of any surfactant, we prepared P3HT NPs by the
reprecipitation method,?” using a small portion of P3HT dissolved in pure THF which was added
dropwise to miliQ water under vigorous stirring (see Scheme S1). The size of the final nanoparticles
was selected by differential centrifugation.?’ Dynamic Light Scattering (DLS) was performed in order
to characterize the size of the nanoparticles (see SI).

The P3HT polymer, as well as the corresponding nanoparticles, were deposited on the PET-ITO
electrodes by the spray-casting method. The PET-ITO substrates were placed over a heating plate at
60 °C (P3HT polymer dissolved in CHCl3) or 90°C (P3HT nanoparticles dispersed in miliQ water).
The P3HT formulations were then spray-casted on the electrodes and dried in the heating plate for 1
minute between each layer. The P3HT printed solutions had a Smg/ml concentration, in chloroform,
while the nanoparticles dispersion concentration varied depending on the nanoparticle size (1mg/7ml
to Smg/7ml, in miliQ water). Grazing Incidence X-ray Diffraction measurements (GIXRD) were
performed on P3HT NPs deposited on silicon wafer. The 2D-GIXRD images were recorded at the
XRD1 beamline at the Elettra synchrotron facility at Trieste (Italy) using a monochromatic beam with

a wavelength of 1 A. The incident angle of the X-ray beam, ai, was chosen 0.15°, in order to probe



the crystal structure of the whole sample. The scattering patterns were recorded using a 2D camera
(Pilatus detector) placed normal to the incident beam direction.

The produced electrochromic devices (ECD) were assembled using the following structure: PET-ITO
/ Polymer or NPs / Electrolyte / Polymer or NPs / ITO-PET. The assembly of these electrochromic
devices was performed by producing the two substrates of PET-ITO with the material deposited and
then closing them together face-to-face using a double-taped adhesive in order to avoid short-circuits
between the two PET-ITO substrates. The electrolyte was deposited by hand filling the “pool” using
the amount calculated accordingly to the volume needed to fill the final ECD. The electrolyte used
was a Li* based UV curable electrolyte denominated Ynv.EL ® property of Ynvisible® with the patent
n°® 20140361211. The absorption spectra of the ECD’s (at different potentials) were run in a Cary
5000 UV-Vis-NIR spectrophotometer coupled to an Autolab PGSTAT 100N potentiostat. The range
of potentials used varied from -1.5V for reduction and 1.5V for oxidation. Switching time
measurement involves a pre-treatment of 15 cycles with 5 seconds at each potential, followed by 3
cycles with 60 seconds for oxidation and reduction while the charge consumed by the ECD’s was
calculated from the current (in Amperes) developed during the switching time of the experiment. The
charge consumed is used to calculate the coloration efficiency (CE) accordingly to the change of color
(in absorbance) using the CE equation.’ The cycling experiments of the devices were made in a
cycling box. Attached to this cycling box is a function generator to apply the desired potential, -1.5V
/ 1.5V in a squared function. The L*a*b* coordinates are generated by MatLab functions created by
the company Ydreams® from conversion of RGB coordinates using a ColorChecker®, as reference.
Synthesis of POR nanoparticles. In this polymer, however, nanoprecipitation in water does not give
rise to stable colloidal dispersions. We then decided to test ethanol, which has a lower polarity, and
this approach was successful. Ethanol is still a green solvent, much safer than chloroform or toluene.
In terms of optical features, this polymer has a much lower bandgap when compared with and as an

emission in the NIR region (Table S2).

RESULTS AND DISCUSSION

NPs optical properties, morphology and devices. Table 1 shows the optical properties of
P3HT nanoparticles in water dispersions. For comparison, Table 1 also presents the absorption and
emission properties of P3HT in a chloroform solution. While P3HT in chloroform shows a broad
unstructured absorption band, assigned to a m,n* transition peaking at about 430 nm, the P3HT
nanoparticles in water show structured absorption spectra (Figure 1A) that shift to the red with
increasing NPs size. Furthermore, the increase of the NPs size induces a change in the vibronic

progression resulting in an enhancement of the low energy shoulder, which is indicative of increased
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intermolecular interactions between P3HT chains.’! Fluorescence spectra of the nanoparticles
resemble those previously reported for P3HT thin-film (Figure 1 A);*? however, they are not
dependent on NPs size suggesting similar emitting regions in the nanostructures regardless of their
sizes. According to Spano et. al., the modifications observed both in absorption and emission spectra
support the formation of aggregates with H-type arrangement, i.e. face to face orientation of the P3HT
chains.>> Notably, the absorption and emission spectra of the pre-aggregate structure remain
preserved when processed into thin films (Figure 1B), thus allowing the fabrication of active layers

with defined/reproducible optoelectronic properties independently of the processing steps.

Table 1 — Optical properties of P3HT nanoparticles in water dispersions.

}\.Absmax }\.emmax StOkeS Eg

(am) (am) Shift (eV) V) ¢r (%)
P3HT in
CHCL 430 577 0.73 233 21.8
100 499 722 0.77 1.92 0.45
200 516 721 0.68 1.88 0.57
400 541 721 0.57 1.80 _@

@ High scattering dispersion.
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Figure 1. (A) Absorption and emission spectra of P3HT in chloroform solution (black) and of 100nm (red),
200 nm (orange) and 400 nm (light orange) P3HT NPs as water dispersions. (B) /n situ absorption and
emission spectra of P3HT as film in assembled ECD, where the film was prepared from P3HT chloroform
solution (black); 100nm (red), 200 nm (orange) and 400 nm (light orange) P3HT NPs as water dispersions.
Emission spectra obtained with excitation wavelength at 550 nm for all devices. Dashed lines represent

linear extrapolation to obtain the polymer bandgap.



The presence of crystalline domains in the NPs is confirmed by Grazing-Incidence Wide-Angle X-
ray Scattering (GIWAXS) measurements of different sized P3HT NPs spray-coated on silicon
support.
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Figure 2. 2D-GIXRD images of different-sized P3HT NPs spray-coated on silicon support (a-c) and radially
integrated intensity of the corresponding GIWAXS images (d).

The GIWAXS technique, indeed, allows the characterization of thin films structure determining
the presence or absence of crystalline structures and probing the orientation of crystalline domains.
2D-GIWAXS images, collected for NPs of 100, 200, and 400 nm size, are reported in Figure 2 a-c.
They show several rings indicating the presence of crystalline domains randomly oriented, regardless
of the NPs size. The radially integrated intensity curves, extracted from the corresponding images,
point out the characteristic (100) and (010) reflections coming from the lamellar and n-r stacking
(Figure 2d). Noteworthy, the presence of the (010) reflection confirms the presence of H-type
aggregates, in agreement with optical measurements.

The dimension of the crystalline domains (L) has been evaluated from the (100) peak width, using
the Scherrer-formula** and taking into account the beam footprint.?> L slightly increases from 12 nm
to 14.6 nm when NPs size increases from 100 nm to 400 nm. Moreover, a broad peak is also detectable
in the range of 1.2-1.7 A-!, indicating the presence of amorphous regions too. Figure S3 compares the
specular XRD scans collected for thin film of P3HT spray-coated on silicon and a film obtained from
spray-coating P3HT NPs of 100 nm size. It highlights that the P3HT film is more crystalline than the
P3HT NPs film.



We assembled several electrochromic devices using different P3HT nanoparticles batches. A
comparison was always made with films that were cast by spray-drying from P3HT solutions in
chloroform (hereafter called “thin films) and films cast by spray-drying from P3HT nanoparticles
suspensions in water (hereafter called “NPs films”). We estimate the film’s thickness by measuring
the absorption spectra and calculating it from the Abs value at 550 nm using the reported value of the
extinction coefficient.’® The performance was evaluated through spectroelectrochemistry
measurements and CIE L*a*b color coordinates.???*37-3% From the user point-of-view, the difference
from using chloroform or water-based inks is enormous in terms of health safety. Special care is
necessary for the depositions from organic solvents in order to ensure not breathing toxic vapors in
the process, while water dispersions completely avoid organic solvent vapors, making also this
process much more comfortable. This is an important requirement for future applications, especially
for do-it-yourself electrochromic kits designed for users without any pre-determined skills, while

using eco-friendly materials with low environmental impact.

NPs suspended
in water

PET-ITO
HOT PLATE

Figure 3. Electrochromic device with spray-coated 100 nm P3HT nanoparticles at different redox states.
Inner square Reduced (Left) and Oxidized (Right). See video in Supporting Information.

Optical spectroscopy of the films cast from P3HT NPs water dispersion in the ECD shows the
same features as in the dispersion itself (Figure 1B). There are slight shifts in the absorption maxima,
but with a magnitude close to experimental error (Table 2). The largest difference, as expected, is
between P3HT in CHCIs solution and the thin-films obtained from that solution. The absorption
spectra acquire vibrational structure and become similar to the NPs films with a bandgap of about
1.92 eV (as comparison, 1.89 eV was obtained for regioregular P3HT films*?). Fluorescence spectra
are similar in all films, with almost no shifts observed, and matching those obtained for the
nanoparticles dispersed in solution. Emitting states seem to be the same regardless if we have

nanoparticles or films inside the ECDs. The matching of the optical properties of the nanoparticles is



also a strong indication that their shape remains after deposition and assembly of the ECD. In Table
2, we also report the oxidation onset potentials and HOMO—-LUMO energy levels (see also Figure
S4). In solution, the Enomo for P3HT was previously measured (-5.41 eV#°) so the films clearly show

an increase in the HOMO energy level and only a slight increase in the LUMO level.

Table 2 — Optical and redox properties of P3HT materials spray-cast in PET/ITO substrates.

Sample Aabs™™  Aem™?* S'tokes Eg E™¢,  Enomo Evrumo
(nm) (mm)  Shift(eV) (V) V)@ (eV) (eV)

Thin-film® 510 731 0.74 1.92 053 -493 -3.02
100nm NPs ® 511 731 0.73 191 050 -490 -3.00
200nm NPs ® 514 731 0.72 1.90 050 -490 -299
400nm NPs ® 551 727 0.54 1.86 0.52 -492 -3.06

@ Deposition of P3HT from CHCl3 solutions.
®  Deposition of P3HT NPs from water dispersions.

©  vs. Ag/AgCl, thin-films measured in acetonitrile solutions. The P3HT redox potentials of the thin-
film matches with previous observations.*!#?

The P3HT electrochromic devices show color transitions between red and light blue (see pictures
in Figure 3). All devices made from P3HT NPs or P3HT solutions in chloroform are capable of
reversible electrochromic transitions by applying -1.5/1.5 V, with general properties resembling those
previously reported for P3HT when deposited via other methods (such as electropolymerization).

Here, however, the deposition is via a facile and safe method which in the future may be validated

for, e.g., inkjet printing.

60% 60% =
A B ]
55% 4 55% 1#
(0).¢ |
50% 50% |
3 ’ 2 58 ° 1? o
S 45% S 8 45% 5
-‘g’ | ] 0 g E q lo ﬁ
g 40% u 3 % 40% - \.ﬂ ]l 3
= 9 2 Z = 0 1 2 Z
35% — 35% 1
RED
0, 0,
30% 4 30% 4
0, 0,
25% 100 200 300 400 500 25% 100 200 300 400 500
time (s) time (s)

Figure 4 — (A) Transmittance (black) and current (red) data obtained from the characterization of the

device using P3HT as thin-film. (B) Transmittance (black) and current (red) data obtained from the

characterization of the device using P3HT 100 nm nanoparticles.



We performed absorption and electric current measurements for all assembled devices. Figure 4
shows an experimental example, where the shadowed region is the selected data for further analysis
(calculations of switching times and coloration efficiency).

Spectroelectrochemistry reveals that upon oxidation bands in the Near Infra-Red appear (NIR,
Figure 5) which we assign to charge-transfer transitions with polaronic character (Polaronic CT
bands).® This is synchronized with the decrease of intensity of the rt,n* transition in the visible region
for voltages above 0 V. The insertion of positive holes leads to polaronic states that evolve with the
positive doping. Bands circa 750 nm appear and gradually become predominant with some blue shift
for higher voltages. We observe these features in all devices, regardless of the nanoparticles size or

if P3HT was spray-cast from chloroform solutions.
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Figure 5 - (A) Spectroelectrochemistry measurement performed on the device using P3HT as thin-film
spray-coated from chloroform. (B) Spectroelectrochemistry measurement performed on the device using P3HT
P3HT 100nm nanoparticles. Both experiments were performed using 1.5, 1, 0.5, 0, -0.5, -1 and -1.5V with 1

min stabilization of the device at each potential before spectral acquisition.

Switching cycles show sharp electrochromic transitions for all devices as recorded by changes in
the absorption spectra. We calculated figures of merit from all experimental data to evaluate ECD
performance (Figure 6 and Table 3),* such as:

1) Qrea is the total charge consumed in coloration (or reduction),

1) Qox is the total charge consumed in bleaching (or oxidation),

1i1) CE is the coloration efficiency,

1v) tog 1s time required to reach a 90% change of transmittance (0.9ATmax) for both oxidation

(t90°¥) and reduction (tegR®d).#*



These values were obtained for a specific wavelength. In this case, the chosen wavelength is 510nm

where optical contrast is stronger for P3HT. The too is calculated using the method recently described

by Hassab et al** In this method, the transmittance of the device versus time is fitted with an

exponential relaxation, in such a way that it will be equal to 2.3t (where 7 is the relaxation time of

the exponential function). CE is calculated at too

Red

Table 3 are averages of the 3 cycles (see Figure 4) and the errors are one standard deviation.

as AAbs/Q at that specific time. All values on

Table 3 — Transmittance (Tred, Tox), optical contrast (AT/Tox), charge consumption (Qred, Qox), switching

time (too"*?, t9o®*) and coloration efficiency (CE) values calculated for the Thin-film and 100nm NPs devices

as prepared and after 1000 cycles using -1.5V and 1.5V (1cycle=10s).

ECD TRea Tox AT/Tox QRred Qox tooRd too™™ CE
(%) (%) (%) (mC) (mC) O] (s) (C'.em®)
As prepared
Thin-film 36.3+0.1 46.6£0.2 21.7¢1.3 -0.76£0.02 0.87+0.03 13.4+0.9 11.4+3.1 12443
100nm NPs 38.7+0.1 57.8+0.1 32.4+0.5 -0.81£0.02 1.18+0.01 4.4+0.6 6.0+0.2 180+2
After 1000 cycles
Thin film 332404 493+1.2 30.9+1.9 -0.82+0.03 0.94+0.03 9.2+1.0 9.7t1.4 162+3
100nm NPs 33.6t1.5 67.3+2.0 46.6+x1.1 -1.35+0.04 1.41+0.03 3.8+0.4 4.240.3 161£3
100% ettt 100% rrmrrrre ettt
A as prepared B after 1000 cycles
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Figure 6 - (A) Comparison, in transmittance of the devices using P3HT thin-film and P3HT 100nm NPs,
as prepared. (B) Comparison, in transmittance of the devices using P3HT thin-film and P3HT 100nm NPs,
after 1000 cycles. (C) Changes in transmittance of P3HT thin-film and P3HT 100nm NPs devices during the
cycling measurement and (D) Optical contrast evolution of the P3HT thin-film and P3HT 100nm NPs devices
during the 1000cycles performed. In all measurements, 1.5V was used for Oxidation and -1.5V was used for

reduction (1cycle=10s).

For the freshly prepared devices, CE values are elearly higher for the device prepared with P3HT
100nm NPs. P3HT thin-films cast from chloroform solution show a normal value for P3HT (about
12443 ¢cm?C-") but the P3HT films from water-dispersions of 100 nm NPs it is much higher (180+2
cm?C"). As a comparison, the best reported value is 293.5 cm?C™! using glass/ITO as substrate in a
liquid state electrochemical cell.?® In this case, it is a completely sealed solid-state device without any
annealing using PET/ITO as substrate (which has poor optical properties compared with glass/ITO).

Switching times and optical contrast are even more striking, a reduction switching of 4.4+0.6 s is
reached. In the thin-film this value is much higher (13.4£0.9 s), indicating hindered kinetics for the
thin-films. A full oxidation state is not reached in the thin-films, where the 7,n* band is still intense
at-1.5 V (see Figures 4 and 5). Therefore, the use of nanoparticles facilitates a full oxidation of P3HT
reducing the intensity of the m,m* band. This is crucial to obtain a higher color contrast and better
switching times.

We performed a durability test by measuring absorption changes upon 10 s oxidation/reduction cycles
(1.5/-1.5V) for 1000 cycles where 1cycle = 10seconds. At that stage, the performance of the devices
was measured again. Durability depends on several factors, such as the substrate used, the electrolyte
and deposition method. A direct comparison with literature is not easy because of the number of
variables that are in play, but for P3HT electrochromism values of about 1000 cycles are reported.?

In the present case no degradation was observed after 1000 cycles for both samples (Figure 5A), in
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fact, an increase of AAbs appears. This points out to an electrochemical annealing of the films, where
conformational changes give rise to better performances.

After 1000 cycles, the figures of merit were again calculated. The conclusions are the same, since the
device with 100 nm NPs has a much better performance in terms of optical contrast (reaching almost
50%) and 4s switching times (Table 3). The thin-film also performs better, but still does not reach

these values. CE at this stage is, interestingly, the same within experimental error.

AE*

400 nm

cycle number

Figure 7 — Durability measurements performed in ECDs using P3HT thin-film, and different sized
nanoparticles (100nm, 200nm and 400nm). The results are presented in L*a*b* coordinates calculated using

a ColorChecker® as reference.

Additionally, we tested the durability of different sized P3HT nanoparticles in electrochromic
devices, 100nm, 200nm and 400nm in order to compare with P3HT spray-coated from chloroform
solutions. In Figure 7 are presented the cycling measurements (in L*a*b* coordinates), showing a
trend in which larger sized P3HT nanoparticles present lower durability. 400nm P3HT nanoparticles
have a strong decay, when the ECD stopped working around 3000cycles, 200nm nanoparticles
present cyclability very similar to the thin-film ECDs prepared while the 100nm NPs device presented
longer durability with very poor electrochromic activity only around 15000cycles. This result is very
promising in terms of durability when P3HT is transformed in lower sized nanoparticles. Thus, we
present durabilities over 10000cycles that, for optoelectronic applications is very interesting,
comparing with previous durability tests made with the same polymer.?

Finally, it is worth noting that for POR the improved performance due to the use of nanoparticles film
is also demonstrated, in particular by the increase in coloration efficiency (Table S3 and Figure S5).

On the whole our data show that the availability of colloidal nanoparticles made of conjugated
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polymers deposited from water (or ethanol) is an environmentally sustainable strategy leading to

electrochromic devices with improved properties.

CONCLUSIONS.
Using standard procedures currently employed in industrial applications we developed ECD
prototypes from water dispersions of a classic polythiophene (P3HT), an approach that may be
extended to different polythiophenes. Our approach offers very important advantages:
we avoid toxic organic solvents, such as chloroform during the electrochromic film deposition,
ensuring the health safety of the user and reducing the environmental impact. This is particularly
important for Do-It-Yourselfkits*, in which anyone will be able to fabricate an electrochromic device
at home
.ii) we observe enhanced performances with NPs ECDs. This enhancement confers faster switching
times and shows a clear trend on higher durability. This is an extra and welcomed feature, which is
crucial for industrial applications.

PEDOT formulations with PSS as water suspensions developed by Bayer in the later 1990°s
enabled their application in commercial products in the field of printed-electrochromics.'® We think
our approach will trigger a new progress in the industry by allowing a strong dissemination among

designers and artists*6->°

with the appearance of new-colors otherwise difficult to reach with metal
oxides. Metal oxides are still the best option for smart windows and outdoors, but polymers allow a
wider range of deposition techniques and color palette. Very beautiful colors were created in the last
20 years by researchers such as Reynold’s group,'%'231-53 but processability and stability was always
an issue towards their commercialization. We hope this new approach will finally give a boost for
electrochromic applications, definitely putting it in the roadmap of the internet-of-things that will

develop in the incoming years.
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