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Abstract

Electrochromism is defined as change of the optical property under potential applied. Among the organic electrochromic
materials, poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) is considered as one of the most valuable
conductive polymers due to its excellent transmittance in the visible light range, high mechanical flexibility, and easy process-
ing and existing in large quantity as commercial ink. To enhanced the conductivity and the electrochromic properties of the
PEDOT:PSS, we recently developed a new method based on the addition of black carbon (BC) leading to PEDOT:PSS +BC
composites. Herein, highly conductive and transparent composite thin film—based PEDOT:PSS 4+ BC were facilely fabri-
cated using dip-coating deposition. Thin films made from composite inks exhibit good durability, fast switching time, high
transmittance modulations (AT ~ 91% at 550 nm), and high coloration efficiency (CE ~ 45 cm? C™1). Finally, symmetric
composite electrochromic devices combining two electrochromic composite film based PEDOT:PSS +BC, via a lithium-
based electrolyte membrane plastified with PMMA, show good stability, nice reversibility, and simultaneously reversible

color change from dark blue to transparent.
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Introduction

Today, the energy demand for heating, air-conditioning,
ventilation, and light source has been increasing due to
climate change and the development of buildings, vehicles,
and technology devices. They produce more greenhouse
gas emissions and hence induce global warming and cli-
mate change. The energy increment has reached approxi-
mately 40% in the EU, 30% in the USA, and 30-40% in the
world of primary energy [1-3]. This energy can be reduced
using optical devices to prevent and reduce excessive heat-
ing and lighting where necessary. Electrochromic (EC)
devices have received great attention during the past few
decades due to their various applications in displays, auto-
motive rear-view mirrors, gas sensors, and smart windows
[4-9]. Many organic electrochromic materials were used
for different electrochromic applications [10]. Among these
family, conductive polymers such as poly(3,4-ethylenedio
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xythiophene):poly(styrenesulfonate) (PEDOT:PSS) have
attracted tremendous attention thanks to their fast switch-
ing time between colored and bleached state, mechanical
flexibility, environmental stability, easy processing, and
existing as commercial ink [11-13]. Many studies have
proved that the conductivity of the electrochromic film
plays an important role to enhance the durability, stabil-
ity, and switching time between oxidation and reduction
state of the electrochromic materials. Over the past dec-
ade, many approaches have been reported to improve the
conductivity of PEDOT:PSS films, for example, solvent
additive method, polar solvent post-treatment, ionic liquid
treatment, surfactant treatment, and salt solution treatment
[14]. In 2014, Kim et al. found significant electrical con-
ductivity enhancement when directly dripping or immers-
ing PEDOT:PSS films into H,SO,, which resulted in the
highest conductivity value of 4380 S.cm~![15]. Mixing
the advantages of inorganic and organic materials, hybrid
systems offer great potential of exploration. Among those
hybrid composite materials, mixtures of poly(ethylene-3,4-
dioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS)
and WO; [16] or with TiO, [17] are characterized by good
properties.
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Recently, Cai et al. [18] have shown that the sil-
ver grid/PEDOT:PSS hybrid film is with high con-
ductivity and excellent stability. Its functionality for
flexible electrochromic applications is demonstrated
by coating one layer of WO; nanoparticles on the sil-
ver grid/PEDOT:PSS hybrid film. In the same con-
text, the authors employed a silver grid/PEDOT:PSS
as alternatives to ITO for smart devices. Besides its
performance as electrochromic materials, hybrids and
composite films based on PEDOT:PSS can be used as
a current collector which replaces ITO in optoelec-
tronic devices.

In this study, adding black carbon (BC) element to
PEDOT:PSS ink is an effective way to enhance the
electrical conductivity of PEDOT:PSS films. Although
a lot of papers about how to improve the conductiv-
ity of PEDOT:PSS have been published, there are
few reports on its long-term stability, especially
for the case of addition of the black carbon to the
PEDOT:PSS ink. So, in this paper, we focused on the
long-term stability, fast switching time, and good col-
oration efficiency of the novel composite thin films
(PEDOT:PSS + BC) compared to pure PEDOT:PSS
film. We demonstrate the effect of (BC) addition on
the electrochromic properties of PEDOT:PSS thin
films by dip-coating deposition. We proved the elec-
trochromic performance of the new composite films
through prototype device based on the association of
two-composite electrode-based (PEDOT:PSS + BC)
thin films, using electrolyte membrane based on 1 M
LiCl0,/PC plastified with polymethylmethacrylate
(PMMA) as ion conductor.
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Fig. 1 Ink formulation and film preparation. 223 X 85 mm (96 x 96 DPI)
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Experimental
Composite ink preparation and film deposition

The composite electrochromic inks were formulated from
the mixture of the commercial PEDOT:PSS ink Heraeus
(Clevios PH 1000) and commercial black carbon (purchased
from sigma, BC content >99%). The different composite
inks were prepared by mixing PEDOT:PSS and black carbon
and dispersed using ultrasonic and stirred for 30 min at room
temperature (Fig. 1). The proportions between PEDOT:PSS
ink and black carbon were determined using this equation:
weight ratio of (PEDOT:PSS ink)/(BC) = (100 — x)/x, with
x=0%, 1%, and 5%.

After ink formulation, PEDOT:PSS film and composite
film were deposited by dip coating onto ITO glass and then
were dried at 120 °C on a hot plate for 15 min in air (Fig. 1).

Film characterization

The thickness of the PEDOT:PSS and composite
(PEDOT:PSS + BC) thin films prepared by dip coating was
measured by an alpha step surface profiler (Veeco Dektak
150). The surface morphology was recorded on a Cam-
bridge Instruments Stereoscan 120. The crystallinity and
the crystal phases of the composites films were evaluated
by X-ray diffraction (XRD) obtained on a X’Pert Pro PANa-
lytical diffractometer with Cu Ka radiation (A=1.5418 A)
and graphite monochromator. The XRD measurements were
carried out by applying a step scanning method (20 range
from 10 to 80), the scanning rate is 0.0178 s~! and the step
time is 1 s.
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Fig.2 Film thickness without and with black carbon (BC) addition.
138 x 102 mm (96 x 96 DPI)

Electrochromic characterization

The electrochromic properties of the composite films were
evaluated by electrochemical and optical measurements.
Electrochemical activity was evaluated using voltammetry
cyclic (CV) and chronoamperometry cyclic (CA). The com-
posite inks (PEDOT:PSS + BC) were deposited on ITO/glass

(c)

Intensity (a.u.)
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2 theta (deg.)

Fig.3 XRD patterns of the a PEDOT:PSS, b film composite 1%
BC@PEDOT:PSS, and c¢ film composite 5% BC@PEDOT:PSS.
78 %91 mm (96 X 96 DPI)

substrate and cycled in a three-electrode cell configuration
using a BioLogic SP150 potentiostat/galvanostat apparatus.
The working electrode is (PEDOT:PSS + BC) on the ITO/
glass, the counter electrode and reference electrode consisted
of a platinum foil and saturated calomel electrode, respec-
tively. The operating voltage was controlled between—1 V
and+1 V for voltammetry cyclic and chronoamperometry
analysis, in a 1 M lithium perchlorate (LiC104) in propyl-
ene carbonate (PC) which was used as electrolytic solution.
All the electrochemical measurements were performed at
room temperature. The optical transmittance of dip-coating
composite thin films was measured in situ using a Varian
Cary 5000 UV-vis-NIR spectrophotometer between 250 and
1000 nm.

Tum

Fig.4 SEM images of the surface morphology of a PEDOT:PSS
film, b 99% PEDOT:PSS + 1% BC film, and ¢ 95% PEDOT:PSS +5%
BC. 64 x 149 mm (96 x 96 DPI)
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Fabrication of the composite electrochromic device

To test our composite electrode in a real application, an elec-
trochromic device ECD consisting of two-composite thin
films separated by an electrolytic membrane was assembled.
The two-composite thin film—based (PEDOT:PSS + BC)
were deposit by the “dip-coating” deposition from the inks
prepared in the first part. The transparent electrolytic mem-
brane was prepared using the mixture of the electrolyte-
based Li (1 M LiCl0,/PC) in 50% in PMMA. Viscous mix-
ture of 1 M LiCl0,/PC) in 50% in PMMA was deposited
under ambient atmosphere on the electrochromic composite
thin film—based PEDOT:PSS +BC and dried for 15 min at
80 °C. After, the two electrode-based active materials and
electrolyte membrane were assembled, and the electrochro-
mic device was built.
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Fig.5 Comparison of 5th cyclic voltammograms of the differ-
ent films without and with BC (a). Evolution of the electrochemi-
cal capacity of the different films without and after BC addition (b).
117x 174 mm (96 X 96 DPI)
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Results and discussion
Film characterization

The thickness of the dip-coating films without and with
additive of 1 wt% and 5 wt% of black carbon (BC) is shown
in Fig. 2. It is obvious that the film thickness is discrimina-
tory at different compositions. For the only PEDOT:PSS,
the thickness is 410 +9 nm. For the composite film
(PEDOT:PSS + BC), the thickness increases with increas-
ing of the BC, and with 1 wt% and 5 wt%, the thickness is
421 +8 nm and 502 + 11 nm, respectively. This result can
be explained by the variation of the viscosity of the ink after
the addition of black carbon (BC). The crystallinity of the
composite films (PEDOT:PSS + BC) was studied by X-ray
diffraction analysis (Figure X). The PEDOT:PSS (Fig. 3a)
shows an amorphous behavior, whereas for the composite
film with 1 wt% of carbon black (BC), a first peak of (BC)
can be identified with a very weak signal associated with a
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Fig.6 Electrochromic response of the different films. a Chrono-
amperograms cycled in (% PEDOT:PSS + % BC/Li-electrolyte/Pt vs
SCE with voltage steps of (—1 V/20 s) and (1 V/20 s). b Zoom in the
oxidation state. 106 X 164 mm (96 X 96 DPI)
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low content (Fig. 3b). For the 5 wt% (BC) composite film,
the peak intensities increase (Fig. 3¢). According to the lit-
erature [19], the distinct peak located at 24.3° is attributed
to (002) peak in the structure of the (BC).

The morphology of various films was evaluated using
the scanning electron microscopy (SEM). Figure 4
shows SEM images of the different films (PEDOT:PSS,
99%PEDOT:PSS + 1% BC, and 95%PEDOT:PSS + 5%BC)
obtained by dip-coating deposition. There was no big change
in the morphology before and after (BC) addition. Indeed,
the PEDOT:PSS film appears homogenous with smooth sur-
face (Fig. 4a), while a homogenous dispersion of the black
carbon (BC) nanoparticles in the PEDOT:PSS ink is visible
for the two-composite thin films (%PEDOT:PSS + %BC)
(Fig. 4b and c).

Electrochromic properties of the composite thin film

In order to evaluate the impact of the black carbon addition
on the electrochemical activity of the PEDOT:PSS film, vol-
tammetry cyclic and electrochemical capacity were meas-
ured. Figure 5 shows the 5th cycles of the CV curves for the
different films performed at room temperature in 1 M LiClO,
solution in propylene carbonate. It can be seen that the elec-
trochemical response is different between the different con-
ditions. The shape of the curve varies with the addition of
black carbon. The rectangular-like shape of the CV observed
in the presence of the 5 wt% BC is typical of a pseudo-
capacitive behavior. As expected, the capacity increases with
the increase of the black carbon (BC) (Fig. 5b). The capac-
ity of the PEDOT:PSS increases with BC addition showing
values of 22.4, 25.6, and 44.7 mC.cm™2 for PEDOT:PSS,
PEDOT:PSS + 1 wt% BC, and PEDOT:PSS +5 wt% BC
respectively. The increasing in the electrochemical capac-
ity was explained by the enhanced in the film conductivity.

Fig.7 Cyclic voltammo-
grams of the composite films 0.06 - Cyc/e 2 (a)
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Fig.8 (a) In situ transmittance spectra of the film cycled in (95%
PEDOT:PSS + 5% BC)/Li-electrolyte/Pt vs SCE, in reduction at—1 V
and oxidized at 1 V and (b) zoom on the transmittance curve between
1000.1 min and 1001.0 min

The switching kinetic of the displays was investigated by
chronoamperometry measurements. Figure 6 shows the cur-
rent response (j—t) of the various dip-coating film for poten-
tial steps of + 1 V/20 s and — 1 V/20 s. A symmetric behavior
is also observed between colored and bleached state. For
the PEDOT:PSS alone, the switching time is of the order of
2 s. While for the two-composite film, the switching time in
between colored and bleached state is about 0.5 s (Fig. 6b).
The corresponding cyclic voltammperograms and chrono-
amperograms illustrate good electrochemical capacity and

fast kinetics upon redox process for the composite films. In
the following, we focus our attention on the composite film
(95%PEDOT:PSS + 5 wt% BC).

The durability is an important parameter to evaluate
the electrochromic performance of the materials. Figure 7
shows the 2nd and 5000th cycles of the composite film
cycled in the LiC10,/PC. No degradation in capacity was
observed after 5000 cycles, and the repeated cycles are
well superposed which indicates that the composite film
is stable under these conditions.

Upon reduction and oxidation sweeping, the transparent
thin films show one-step electrochromism from transparent
to dark blue (Fig. 7b).

The in situ transmittance upon cycling of the compos-
ite film (PEDOT:PSS +5 wt% BC) is displayed in Fig. 8.
The colored dark blue state (—1 V) and the bleached
transparent state at (+ 1 V) are associated with transmit-
tance values of about Tc =~ 92% and Tb ~ 1% at 550 nm,
respectively, corresponding to a total optical transmittance
modulation of AT =~ 91%.

The coloration efficiency (CE) is an important param-
eter to evaluate the electrochromic performances of the
materials and is defined as the change in optical density
(OD) per unit charge (Q) inserted into or extracted from
the electrochromic films and can be calculated from the
following equation:

Coloration efficiency CE = AOD/Q

Fig.9 CVs of the 0.6
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electrolyte membrane// 04l ===~ Cycle 1000
95%PEDOT:PSS + 5%BC). :
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tion transparent state (in inset). ‘\1-\ ]
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where AOD =log (T /T},), Q is the electrochemical capacity
injected into the electrochromic material per unit area, 7, is
the transmittance in the reduced dark blue state, and 7y is the
transmittance in the oxidized transparent state, a coloration
efficiency 45 cm? C~! is obtained.

To evaluate the electrochromic stability of the composite
film after 5000 cycles, we measured the colorimetric param-
eters in the CIE L*a*b* colorimetric space before and after
5000 cycles. The optical contrast (AE*) between two color
states was calculated using the equation:

AE #= [(L*; — L>x<2)2 + (a%; — a>x<2)2 + (b, — b>|<2)2]1/2

For the first cycle, the L*, a*, and b* parameters meas-
ured at blue reduced state (at—1 V) are 34,—1, and — 31,
respectively, while for the transparent oxidized state
(at+1 V), the L*, a*, and b* parameters are 72, — 2, and — 2,
respectively. The contrast AE* =[(L*, —L*,)* +(a*, —a*,)*
+(b*, —b*,)?]" is of 48.

After the 5000th cycles, the L*, a*, and b* parameters in
the blue reduced state (at— 1 V) are 33, — 1, and — 29, respec-
tively, while for the transparent oxidized state (at+ 1 V), the
L*, a*, and b* parameters are 74, 1, and — 2, respectively.
The contrast AE* =[(L*, —L*,)* + (a*, —a*,)> + (b*, —b*,
2112 is of 49.

The analysis of the L*a*b parameters of
5%BC@95%PEDOT:PSS film at the initial state and after
5000th cycles shows that there is no change in chromatic-
ity parameters after long cycling. This demonstrates that of
5%BC@95%PEDOT:PSS film, they possess great electro-
chromic color memory properties with excellent color stabil-
ity at the oxidized/reduced state.

Electrochromic performance of the composite
device

Finally, an symmetric composite electrochromic device
was fabricated, from the association of two electrode-based
(PEDOT:PSS + BC) thin films, using electrolyte membrane
based on 1 M LiClO,/PC plastified with polymethylmeth-
acrylate (PMMA) as ion conductor.

The durability and stability of the composite electro-
chromic device (PEDOT:PSS + BC//electrolyte mem-
brane// PEDOT:PSS + BC) were evaluated by voltamme-
try cyclic. Figure 9 shows the 1st and 1000th cycles of the
CV curves performed at room temperature. The repetitive
cycling of (PEDOT:PSS + BC//electrolyte membrane//
PEDOT:PSS +BC) at a scan rate of 10 mV/s illustrates a
good stability, cyclability, and well reversibility under these
conditions. The electrochemical response of the device was
accompanied with a nice switch from dark blue to transpar-
ent (inset Fig. 9).

Figure 10a shows the in situ optical transmittance of
composite device (PEDOT:PSS + BC//electrolyte mem-
brane// PEDOT:PSS + BC). In fact, the bleached transpar-
ent state at+ 1 V and the colored dark blue state at—1 V
are associated with transmittance values of about T}, =~ 85%
and T, = 50% at 550 nm, respectively, corresponding to a
high in situ transmittance modulation of AT ~ 35%. The
response time or switching response in between colored and
bleached state is a key characteristic of the performance of
the electrochromic devices. The responses switching times
of the composite electrochromic device were deduced from
monitoring the transmittance at a wavelength of 550 nm
under the application of voltages of 1 V and—1 V for
20 s. Figure 10b shows the switching kinetics of the com-
posite device (PEDOT:PSS + BC//electrolyte membrane//
PEDOT:PSS +BC). Upon oxidation and reduction state,
both response times are 6 s for the bleached state and 9 s for
the colored state. The switching optical response in between
alternating potentials and transmittance modulation (AT) is
a key characteristic of electrochromic device. In this work,
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Fig. 10 Transmittance curves of the (95%PEDOT:PSS+5%BC//
electrolyte membrane// 95%PEDOT:PSS + 5%BC) recorded in situ at
550 nm. 139 x 201 mm (96 X 96 DPI)
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our symmetric device exhibit good cycling stability, high
transmittance modulations (AT ~ 35% at 550 nm), and fast
switching speeds (6 —9 s for coloration and bleaching at
550 nm). Such values nicely compared with values reported
in the literature. Recently, Do et al. [13] succeeded in manu-
facturing a symmetric electrochromic device (ECD) based
on PEDOT:PSS; their ECD is demonstrated by lower switch-
ing time (9 s for colored state and 23 s for bleached state)
and transmittance modulations (AT = 33% at 550 nm). In
the same context, Mecerreyes et al. [20] have shown that the
device based PEDOT:PSS presents a chromatic contrast in
all the visible range with a maximum at 650 nm (AT=0.15)
between 0 and 3 V.

Conclusion

In summary, we successfully demonstrated an efficient way
to improve the electrochromic properties of the PEDOT:PSS
using the addition of the black carbon. The electrochromic
performance of the composite film based PEDOT:PSS +BC
in lithium-based electrolyte illustrates good stability, nice
reversibility, and fast switching times. To conclude, a novel
composite electrochromic device was built combining two
thin film-based PEDOT:PSS + BC via lithium-based elec-
trolyte plastified with PMMA. This device shows good
stability upon cycling and nice electrochromic properties
switching reversibly from dark blue to transparent.
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