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Abstract

Electrochromic processes are mostly characterized by colour change arising from the energy of a chemical reaction
involving electron transfer. Transition metal oxides of tungsten, molybdenum, iridium, and nickel show the mostintense
Electrochromic colour changes and photochemical stability of about 100 cycles compared to organic electrochromes
which are susceptible to photochemical degradation. The prospect of conjugated polymers (comprising of metal oxides
and polymers) has opened a new dimension on improving the Electrochromic performance of the transition metal
oxides. In this work, solution growth methods were employed in preparing a MoO3/PEDOT: PSS composite layer by
adding PEDOT: PSS into Mo0O3 aqueous dispersion resulting in an electrostatic interaction between MoO3 and PEDOT:
PSS for electrochromic application. This composite has shown a long-term stability up to more than 550 cycles which
shows higher potential specific capacitance than WOs/PEDOT: PSS. This approach has significantly improved the
stability issue of MoOs and enhances the potential of MoOs-based materials for electrochromic applications. The semi
crystalline nature of Mo03-300 °C was further proved by FE-SEM observation of the MoO3 nanoparticles. The particle
size shown in the images corresponds with FE-SEM result and polycrystalline structure was observed under high
magnification. The polycrystalline nature of the MoOs3 particles favors their electrochemical stability, while their small
size facilitates their effective interactions with PEDOT: PSS. The electrochemical properties of MoO3, PEDOT: PSS and
composite were further studied by cyclic voltammetry (CV) from -1 V to +1 V. MoOs has a broad oxidation peak at -0.43
V and no obvious reduction peak in this range. PEDOT: PSS has an oxidation peak at -0.02 V and a reduction peak at -
0.55 V. In the composite, the peak at -0.43 V becomes a shoulder and a new pair of redox peaks appear at -0.18 V/-0.09
V.
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1. Introduction

Electrochromism is the phenomenon of the reversible color change of thin films under an applied voltage.
Electrochromism was first reported on inorganic metal oxides. After decades of research, some inorganic
electrochromic materials have been developed and commercialized on a large scale. However, inorganic electrochromic
materials have many disadvantages, such as slow response time, high cost and difficulty in processing. Currently, the
use of conducting polymers in electrochromism has attracted much attention due to their high optical contrast ratio,
fast response speed, low applied potential, and diverse color possibilities [34]. The ability to change colors in thin films
is important for applications such as smart windows, rearview mirrors, and gas sensors. During the color change,
intercalation and deintercalation of ions (H* Li*, Na*) takes place, controlled by the applied voltage between two
transparent conducting oxide (TCO) layers [4]. The reversible color change results from the generation of different
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electronic absorption bands in the visible range when switching between redox states [28]. The electrochromism of
conjugated polymers is the result of redox reactions, which are a p-doping/de-doping process [26]. The electrochromic
materials are either oxidized/reduced with the introduction of ions and charges, so that the optical properties of the
materials change, resulting in a color change [31]. A material colored in the reduced state is a cathodically colored
material, and a material colored in the oxidized state is an anodically colored material. In the oxidized state, the
conjugated polymer is doped with counter anions (p-doping) and has a delocalized electron band. Upon reduction, the
escape of counter anions or the incorporation of cations (un-doping) restores the band structure of the conjugated
polymer. Therefore, the redox reactions of conjugated polymers create and remove the new optical absorption band,
causing color changes. Electrochromic conjugated polymers have advantages like high contrast, fast switching speed,
flexibility, and good process ability [2]. For practical applications, fast response time and low operational voltage are
necessary performance indexes for electrochromic displays [22]. A typical electrochromic device is made up of three
components: electrode, electrochromic material, and electrolyte. Electrochromic materials are coated on the electrodes
and separated by electrolyte in the electrochromic device. Optical contrast, which is the variation in transmittance
between colored and bleached states, is the most important parameter of an electrochromic device. Other parameters
like switching time and long-term stability are also concerned in electrochromic materials [16].

Electrochromic materials are new types of functional materials that can be used for energy-saving and electrochromic
devices (ECDs), which have attracted great attention from researchers. Electrochromic material changes color through
an electrochemical reaction in a persistent but reversible manner. Electrochromic materials are applied to the
electrodes and separated by electrolyte in the electrochromic device. Transitioning between different valence states of
transition metals makes them a promising option for electrochromics as they have high optical contrast and good long-
term stability due to their crystallinity and environmental stability, but longer switching time due to their poor
conductivity [33]. In the last decade, electrochromic devices using electrochemically active conjugated polymers have
been extensively studied [28]. Two types of commonly used electrochromic materials are transition metal oxides and
conjugated polymers. Transition metal oxides such as WOs and MoO3 are well studied for electrochromism [1].
Conjugated polymers such as polyaniline (PANI) and poly(3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT:
PSS) are also electrochromic as they have different oxidation states that show different colors. Compared to transition
metal oxides, electrochromic conjugated polymers have advantages such as faster switching speed, flexibility,
multicolor, and low cost [8]. However, they usually suffer from stability issues due to over-oxidation [19].

PEDOT: PSS is electrochromic as it exhibits reversible electrochemical oxidation and reduction. The color of PEDOT:
PSS can change reversibly from transparent light blue to dark blue. Kawahara et al. reported an electrochromic device
with about 42% contrast constructed by controlling the thickness of PEDOT: PSS [35]. Teherani et al. fabricated PEDOT:
PSS-based electrochromic paper display utilizing the flexibility of PEDOT: PSS [18]. Gomes et al. increased the
conductivity of PEDOT: PSS used in electrochromic applications by adding conductive particles to improve performance
[16]. In general, the optical contrast could be improved by increasing the thickness, but the switching time is affected
since the ion transport is hampered by the cumbersome morphology. Since each type of material has its own strengths
and weaknesses, a composite material is a good option with the potential to show the benefits of both components.
Composites based on conjugated polymers have been extensively studied for electrochromic applications. The main
reason is to take advantage of the conductivity and flexibility of conjugated polymers. For example, the charge transfer
of WOs/poly(4-(2,3-dihydrothieno[3,4-b]- [1,4] dioxin-2-yl-methoxy)-1-butanesulfonic acid) (PEDTS) composite was
due to being improved to the good conductivity of PEDTS [36]. A flexible electrode, Ag grid/PEDOT: PSS, was fabricated
and used in bendable electrochromic applications [9].

Researchers have made great efforts to improve the performance of electrochromic devices, including their staining
efficiency, response time, and cycling stability [27]. The performance of the improved devices could be due to improved
charge injection and better compatibility with the hydrophobic nature of the organic layer. The electrochromic devices
offer a variety of advantages, including no-load memory, low power consumption, wide vision, safety, and adjustable
color depth [34]. Electrochromic devices can exhibit reversible color changes induced by electrical energy and the
resulting redox electrochemical reactions of materials. Due to unique features such as reversible change of optical
properties including color, reflection, and transmittance under the behavior of voltage pulses, the electrochromic
devices have received enormous interest regarding their use in various applications, such as automobile sunroofs and
mirrors, electronic displays, intelligent windows, flexible displays, electrochromic skins, and sensors [29]. Typical ECDs
include the sandwich structure consisting of five functional layers: the electrolyte layer, two transparent conductive
layers, and the cathodic electrochromic (EC) layer and the anodic electrochromic layer [5]. The changes in the optical
states are consequences of a change in the electronic state because of electron transfer between the electrochromic
material and the electrode. ECDs offer many advantages over traditional displays, including low operating voltage,
memory effects, color variation, and visibility in sunlight. In electrochromic devices, the transparent materials are
colored when an electric potential difference is applied to them [27]. Therefore, ECDs are expected to achieve
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applications in information displays or in light-modulating devices such as smart windows, switchable mirrors,
electronic papers, and chemical sensors. Traditional ECDs consist of non-metallic EC material (e.g. poly (ethylene oxide),
polyvinylidene difluoride, WOs3, Ir(OH)s, NiO) [12]. A WOs3 nanoparticle-coated Ag/PEDOT: PSS is reported to exhibit
electrochromism and a specific capacity of 221 F g1 at 1 A g'! [8]. Due to the lower molar mass, MoOs has a higher
specific capacity than WOs.

MoOs is an electrochromic material that has higher apparent contrast and better open circuit memory than the most
used WOs3. However, MoOs is not commonly used as the main component of an electrochromic material due to its low
conductivity in the fully oxidized state and poor long-term stability. So far, electrochromic materials based on MoOs3 only
show a stability of about 100 cycles. It is reported that good conductivity and stability of up to 150 cycles was achieved
by a stacked Mo0O3/Ag/Mo0Os film constructed to form a dielectric-metal-dielectric structure by reducing the thickness
of each layer has been adjusted [15]. However, such layered structures have been fabricated by electron beam
evaporation, which requires expensive equipment. At present, a simple method to fabricate a MoO3-based
electrochromic material with good performance and long-term stability remains a challenge. In this work, an
electrochromic MoO3/PEDOT: PSS composite was prepared by adding PEDOT: PSS into an aqueous MoOs3 dispersion,
resulting in an electrostatic interaction between MoO3s and PEDOT. The composite produced has demonstrated long-
term stability up to more than 550 cycles, demonstrating a higher potential specific capacity than WO3/PEDOT: PSS.
This approach has significantly improved the MoOs stability problem and increases the potential of MoOs-based
materials for electrochromic applications. It is also proven that both electron and ion transport play important roles in
capacitive performance.

1.1. Theoretical background

The schematic of an electrochromic glass is shown in Figure 1. It consists of two transparent glasses with a five-layer
electrochemical cell in between. A solid or polymer electrolyte is used in commercially available electrochromic glasses.
The thickness of the five-layer structure is about 1 (m) in the first version and about 0.75 mm in the second version
[34]. The central part of the electrochemical cell, i.e., an ion conductor (electrolyte), can be made of an organic material
(a sticky polymer) or an inorganic compound (usually an oxide film) lons, protons + or Li*, are small enough to remain
mobile the other surface of the ion conductor is in contact with a layer that plays the role of an ion source.

ELECTROCHROMIC
DEVICE

Figure 1 Generic EC device configuration showing a multilayer structure on a single substrate (monolithic design)
and, alternatively, such a structure interposed between two substrates (polymer laminate design) [30]

When a constant voltage of about 1 V is applied between electrically conductive coatings, ions from an ion source are
injected into the electrochromic layer. Electrons are injected from the electrically conductive coating into the cathode
electrochromic layer. Electrons induce a change in optical absorption and layer color. An additional effect, namely a
color change of the anode layer during the extraction of ions, is achieved in an ideal situation where this layer plays not
only the role of an ion source, but also the role of an electrochromic layer [10].

The optical contrast of an electrochromic material measures the degree of optical change between its redox states. For
electrochromic purposes, a high optical contrast is favored as it signifies a highly discernible color or transmissivity
change. Optical contrast is typically defined as the absolute percent transmittance difference (A%T) between the fully
oxidized and fully reduced states as given in the equation below:

A%T = Tox - Tred (1)
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The switching time measures how fast the electrochromic material switches between the redox states in response to an
applied potential. For colored-to-bleached types of electrochromic materials, there are two distinct processes occurring
in the color change (transition from colored to bleached states and vice versa). The coloration time, corresponds to the
speed of the coloration process whereby the electrochromic material changes from a state with a higher percent
transmittance to a state with a lower percent transmittance [25]. On the other hand, the bleaching time, t» corresponds
to the speed of the bleaching process whereby the electrochromic material changes from a state with a lower percent
transmittance to a state with a higher percent transmittance. Predominantly, the switching time is defined as the time
taken for the electrochrome to switch to 95% of its full switch. Even though a value of 95% is typically chosen as the
human eye cannot detect the remaining 5% of colour change, calculations based on 75 or 90% of the total transmittance
changes are not uncommon [2]. Other approaches to quantify the switching times include measurements of the duration
needed for part or all the necessary charges to be injected.

The optical memory (or idle memory) of an electrochrome measures the length of time that the electrochrome can
retain its last redox state after removal of the applied electrical bias. For any electrochrome, the extent of its optical
memory depends on the length of time the electron can be trapped in the specific redox state. The stability of an
electrochromic or electrochromic device evaluates its ability to maintain electrochromic performance under repeated
redox cycles and doping/un-doping processes. The measurement and evaluation of electrochemical stability and device
durability differ among different research groups, which makes it difficult and difficult to directly evaluate and compare
the performance of electrochromes [32]. A common approach to measuring stability is to record the number of redox
cycles that the electrochrome or device can endure before significant degradation or a specified percentage drop in
optical contrast occurs.

The amount of electrochromic colour formed by the charge consumed is characteristic of the electrochrome. Its value
depends on the wavelength chosen for study. The optimum value is the absorbance formed per unit charge density
measured at Amax of the optical absorption band. The coloration efficiency n is defined as:

Abs = Log (Io/I) =nQ.cccvvvrviiiinnnns (2)

where Abs is the absorbance formed by passing a charge density of Q. A graph of Abs against Q accurately gives n as the
gradient [20].

The proportionality factor, the coloring efficiency, is a quantitative measure of the electrochemically formed color. For
an ECD in transmisSsion mode, it is measured as the change in optical absorbance (Abs).

N=AAbS) / Q oo 3)

The proportionality factor is obviously independent of the optical path length | within the sample. EC measurements
are commonly used to obtain the three performance characteristics of electrochromic materials/devices (ECD). These
are staining efficiency (CE), optical density change (OD), and optical modulation (T). The CE is a parameter used to
assess the power consumption of the electrochromic material. It is defined as the change in optical density per unit
injected/ejected charge and is given by Equation (4) in units of cm2cl. Organic materials generally have higher staining
efficiency than inorganic ones due to higher molar absorbance [26].

logTox — Tred

OR
CE=AOD/AQ oo, (5)

where Tox and Tred refer to the percent transmittance (%T) of the bleached and colored states respectively, q the charge
consumed during the process in Coulombs (C), and the active area (A) of the electrochrome in cm?2.

CE values can be calculated at various levels of percent transmission change such as 90%, 95%, or 98%. For
electrochromic applications, a higher CE value is advantageous as it means that a high optical change can be achieved
with a small amount of charge and hence lower power consumption and higher energy efficiency [3]. While CE is an
intrinsic property of electrochromism, it is wavelength dependent. The change in optical density is defined by the
equation:
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AOD =10g (Tb/Tc)euervermenvennann (6)
where Tb and Tc are the transmittance values of the film in bleached and colored states, respectively.

The optical modulation is the difference between the transmittance values of the device for the specific wavelength both
in bleached and colored states.

(AT=Th=Tc)  oooerreerrerrersrrrsen 7)

The higher CE indicates that ECDs provide large optical modulation with a small amount of inserted or extracted
ions/charges. Because a small amount of charge insertion or extraction rate improves the cyclic stability of the EC film,
which is a crucial parameter to construct a durable, long-life EC device. There are also other parameters related to
electrochromic devices such as: B. Write-erase efficiency, defined as the percentage of color originally formed that can
subsequently be bleached; Open-circuit memory, which can be described as the time it takes to retain color after the
external potential has been removed in the colored state.

2. Material and methods

This section lists all materials used and describes the method used to prepare crystalline MoOs nanoparticles and the
method used in the electrical and physical analysis of the MoO3/PEDOT: PSS composite material. It also describes the
process used to fabricate the MoO3/PEDOT: PSS composite.

ITO-coated glass (< Q/sql, Sigma Aldrich), PEDOT: PSS (1.3 wt% dispersion in water, conductive grade), lithium
perchlorate (LiClO4, ACS reagent, 295.0%), propylene carbonate (PC, anhydrous, 99.7%), and Molybdenum powder
(99%), were purchased from Sigma-Aldrich. Ethanol (99.9%) were purchased from Merck Germany. 30% H202 were
purchased from Sigma-Aldrich. Acetone (technical grade) and isopropyl alcohol (IPA, technical grade) were purchased
from Zhuhai Kaivo Optoelectronic Technology Co. Ltd. China. All chemicals were used as received.

The experiment of this research was based on the depositing transporting layer MoO3 and PEDOT: PSS in formation of
MoOs3/PEDOT: PSS solid electrochromic layer via electrostatic interaction.

2.1. Preparation of Crystalline MoOs Nanoparticles

2g of molybdenum powder was slowly added to 50 mL 30% H202 solution with continuous stirring. 50 mL of ethanol
was added after stirring for 3 h. The solution was stirred for 10 h and then a Pt sheet was placed in the solution for 48h
to remove excess H202 and obtain the clear precursor. The precursor was then dried at 70 °C for 3 h, and then annealed
to 300 °C for 2 h in a tube furnace with ramp of 5 °C/min. The precursor without annealing was dried at 60 °C as a
reference sample for characterization tests.

2.2. Cleaning of ITO Substrate

Indium-doped tin oxide (ITO)-coated glass sheets (< 1/sq?, Sigma Aldrich) were cut 20 x 30 mm and patterned by
Cleaning the surface. Firstly, the active area of ITO sheets was tested. The ITO were cleaned with soap water, and then
ultrasonic bath with de-ionized (DI) water, acetone, ethanol, and IPA consequently, and finally with DI water again for
10 minutes each and then dried with nitrogen gas. Finally, the ITO glass was subjected to oxygen plasma treatment for
5 minutes to remove the remaining organic residues and make the surface hydrophilic.

2.3. Preparation of Composite Thin Films and Single Active-layer Electrochromic Devices

20 mg of annealed MoOs3 nanoparticles were dispersed in 20 mL of DI H20 by ultra-sonication for 4 h until a clear
dispersion was obtained. As-received PEDOT: PSS dispersion was diluted to 2 mg/mL. Then 2 mg/mL of MoO3
dispersion and 2 mg/mL of PEDOT: PSS dispersion were mixed in a volume ratio of 3:1. For comparison, composites
with different ratios (1:1, 3:1, 5:1), pure MoOs and pure PEDOT: PSS were also prepared. The freshly mixed dispersions
were dropped onto pre-cleaned ITO glasses at a heating temperature of 70 °C to obtain electrochromic films. A single
active layer electrochromic device was fabricated with a sandwich configuration of ITO glass//MoO3/PEDOT:
PSS/ /electrolyte//ITO glass. 1 M LiClO4 solution was used as an electrolyte.
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2.4. Characterization

The stability of the devices was examined. Fourier-transform infrared spectroscopy FTIR spectra of the MoOs precursor
before annealing and the MoOs nanoparticles after annealing were recorded on a Frontier FTIR spectrometer (Perkin
Elmer Frontier) in transmission mode in the range 400 to 4000 cm1. X-ray diffraction (XRD) patterns were recorded on
a Bruker D8 Advance XRD. Field-emission scanning electron microscopy (FE-SEM) images of the materials were
obtained on a NOVA NANOSEM 450 with secondary electron (SE) detector and low angle backscattered electron (LABE)
detector. X-ray photoelectron spectroscopy (XPS) was performed using Kratos AXIS Supra. The electrochemical
properties of the samples were measured in a three-electrode electrochemical cell, using the sample, Pt, and Ag as the
working, counter, and reference electrodes, respectively, in 1 M LiClO4 PC solution. Cyclic voltammetry (CV) was tested
from -1 V to +1 V at a scan rate of 20 mV s'1 and electrochemical impedance spectroscopy was performed over the
frequency range from 105 to 10-1 Hz with a signal amplitude of 5 mV using Autolab PGSTAT460 potentiostat. The in situ
Spectro electrochemical properties of the samples, including UV-Vis spectra from 400 to 800 nm at different voltages
and switching curves at a fixed wavelength of 600 nm, were recorded with a UV-Vis-NIR Spectrophotometer, Agilent
Technologies (1AK00048809PFIZIK 2012)

3. Results and discussion

This section discussed the various experimental techniques used in this research. In terms of purpose, most of the
techniques used can be divided into two main categories: techniques for characterizing the materials and techniques
for testing the electrochemical properties. In the first category, the techniques used to characterize the materials include
scanning electron microscopy, transition electron microscopy, X-ray diffraction, Fourier transform infrared
spectroscopy. They provide the material information such as morphology, composition, crystal structure, chemical
structure, particle size, zeta potential as it can be used to study the dispersion in the composite and the interfacial
interactions between the two components of the composite, which are the most important factors for the performance
of the composite. In the second category, to test the electrochemical performances of the composites, some
electrochemical techniques are performed to study the electrochemical and electrochromic properties of the composite,
such as: In situ Spectro electrochemical test, cyclic voltammetry, and electrochemical impedance spectroscopy.

3.1. Structures and Morphologies of the MoO3/PEDOT: PSS Composites

Mo powder was dispersed in H202 to prepare the sol-gel precursor that is part of the electrochromic film fabrication
process. The precursor was annealed to obtain semi-crystalline MoO3 nanoparticles. The MoO3 nanoparticles were then
redispersed in water and mixed with PEDOT: PSS dispersion. The mixed dispersion was later used for dropping casting
onto ITO glasses to make the electrochromic films and devices.

The chemical structure change of the MoOs precursor caused by the annealing process is confirmed by FTIR spectra.
(Figure 2a) Before annealing, the FTIR spectrum shows three characteristic bands corresponding to the stretching of
0=Mo at ~960 cm}, the stretching of the 0-O peroxo structure at ~930 cm, and the stretching of MoO3 at ~560 cm'!
[14]. After annealing, the 0-O band disappears, and a new band appears at ~876 cm-! corresponding to the Mo-0-Mo
stretching mode [6]. FTIR results indicate the formation of MoO3 after annealing. The band at ~1628 cm-! and the broad
band at 3400-3510 cm! are assigned to (H20) and v(OH) respectively [7]. The presence of OH on the surface of MoOs
nanoparticles allows them to disperse in water. The morphology of these particles at different magnification was
observed by FE-SEM as shown in Figure 2c and d. Before annealing, the particles are smaller and have a broader size
distribution. After annealing, MoO3 nanoparticles are formed, which are more spherical in shape and about 10-30 nm
in diameter. The crystal structure caused by the annealing process is studied by XRD. (Figure 2b) Particles originating
from the precursor (before annealing) are amorphous. After annealing the precursor at 300 °C, crystallization occurs in
MoOs3 (the sample is denoted M003-300 °C) and the XRD pattern shows characteristic peaks of orthorhombic MoOs
(ICDD 01-074-7912). By further increasing the annealing temperature to 500 °C, the characteristic peaks of Mo03-500°C
is at the same positions as those of Mo03-300 °C but become sharper with a smaller full width at half maximum (FWHM),
indicating higher crystallinity and larger Crystal domains indicates. However, Mo03-500 °C cannot be redispersed in
water and hence M003-300 °C will be used for later studies. The semi-crystalline nature of M0o03-300 °C is further
evidenced by FE-SEM observation of the MoOs nanoparticles as shown in Figure 2e-f. The particle size shown in the
images corresponds to the FE-SEM result and the polycrystalline structure is observed under high magnification.

The crystal lattices can be observed, and each crystal domain is about 4-10 nm in size. In summary, the prepared MoO3

nanoparticles are highly crystalline with small particle diameters. The polycrystalline nature of the MoO3 particles
favors their electrochemical stability, while their small size facilitates their effective interactions with PEDOT: PSS.
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Figure 2 (a) FTIR spectra of MoOs precursor before annealing and MoOs nanoparticles after annealing. (b) XRD

patterns of MoOs precursor, Mo03-300 °C, M0o03-500 °C, and reference diffraction pattern of ICDD 01-074-7912. (c)
and (d) shows the Morphology of MoOs nanoparticles at different magnifications. (e) and (f) shows Mo03-300 °C after

annealing
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Figure 3 SEM-SEI images of (a) MoOs, (b) PEDOT: PSS and (c) MoO3/PEDOT: PSS; SEM-LABE images of (d) MoOs3, (e)
PEDOT: PSS and (f) MoOs/PEDOT:PSS (g) EDX of MoO3 and (h) EDX of the composite
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The SEM images showing the surface morphology of MoOs, PEDOT: PSS and MoOs/PEDOT: PSS fabricated on ITO glasses
are shown in Figure 3a-c. All three samples form smooth thin films. PEDOT: PSS and MoO3/PEDOT: PSS films have
smoother textures than MoO3 films due to the presence of a few individual isolated MoO3 nanoparticles on top of the
densely packed MoOs nanoparticles, which increases the roughness of the film. Apparently PEDOT: PSS can mitigate this
effect due to its flexibility and conformation. In order to confirm the presence and distribution of MoO3 nanoparticles in
the composite, SEM-LABE is used to study the distribution of the MoOs nanoparticles in the composite, since in this case
EDX is unable to detect the phase morphology (the characteristic X-ray emission of Mo (2.293 keV) has an energy very
similar to that of S (2.307 keV).Under SEM-LABE, the component with the higher average atomic number appears
brighter in the image. Figure 3f shows a clear composite white and black contrast, with white Areas should be MoOs-
rich Regions given pure MoOs and PEDOT: PSS show no contrast in their SEM-LABE images (Figure 3d-e). Figure 3f
implies that MoOs agglomerates with an average size of about 100-200 nm in PEDOT: PSS.

3.2. Interfacial Interactions

To establish the structure-property relationship for this new composite system, the interaction between MoO3 and
PEDOT: PSS in the composite is investigated. The particle size distribution in the suspension is studied to study the
interaction between MoOs and PEDOT: PSS particles. Under dynamic light scattering, the MoO3s suspension has an
average particle size of 165 nm and the PEDOT: PSS suspension has an average particle size of 750 nm. (Figure 4a)

100 :
(a) ——MoO, (b) Mo 3d 3d, Mo
—— PEDOT.PSS R
80 —— composite [\

$ i
o 3d,, I
-] . b
§ 604 & £ | \
g 2 ¢ & [
g 2 g K
E ) g £ 8
J o \
4
20 ,\
0 4 J

T T T T T
10 100 1000 10000 240 238 236 234 232 230
Diameter (nm) Binding energy (eV)

(c)

Intensity (a.u.)

T T T T T T T |
176 174 172 170 168 166 164 162 160
Binding energy (eV)

Figure 4 (a) Particle size distribution of MoOs, PEDOT: PSS and composite tested by dynamic light scattering. XPS
spectra in (b) Mo 3d region of MoO3 and composite and (c) S 2p region of PEDOT: PSS and composite

After mixing the two suspensions by stirring, the new suspension has a bimodal size distribution with two Peaks at a
particle size of 130 nm and 950 nm, respectively. The average size decrease in the first peak and the increase in the
second peak indicate that some MoOs nanoparticles interact with PEDOT: PSS to form larger particles. The driving force
of the interaction is probably electrostatic attractions [16] since MoO3 nanoparticles are negatively charged (zeta
potential: -36.3 mV) and PEDOT in PEDOT: PSS exists in the form of radical cations. To further verify the interfacial
interactions, the chemical environment of Mo and S is investigated using XPS. (Figure 4b-c) For the pure Mo0O3, two
bands at a binding energy of 236.4 eV (Mo 3d3/2) and 233.3 eV (Mo 3d5/2) correspond to the oxidation state of MOv,
indicating that MO is the highest oxidation state [13]. The relatively higher binding energies than the reported values
for crystalline MoOs3 can be attributed to the large amount of surface groups. The MoO3/PEDOT: PSS composite shows
two bands at 236.6 eV and 233.5 eV, which are 0.2 eV higher than pure MoOs. In the S2p scan of PEDOT: PSS, the two
bands at lower binding energy (165.5 eV, 164.2 eV) are assigned to PEDOT and the two bands at higher binding energy
(169.5 eV, 168.3 eV) are assigned to PSS [11]. For the composite, the bands of PEDOT shift to positions 0.2 eV higher
and the bands of PSS to positions 0.4 eV higher. This is likely due to the electrostatic attraction between negatively
charged MoOs and positively charged S, resulting in a strong interaction between MoOs and PEDOT: PSS. It is more
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difficult for the inner electrons to escape, which leads to a higher binding energy in the compound. It is worth noting
that the shiftin PSS is higher than in PEDOT, meaning more MoOs can interact with PSS, which is reasonable considering
the core-shell structure of PEDOT: PSS.

3.3. Electrochemical Properties

The electrochemical properties of MoOs, PEDOT: PSS and composite are further investigated by CV from -1V to +1V.
(Figure 5) MoOs has a broad oxidation peak at -0.43 V and no obvious reduction peak in this range. PEDOT: PSS has an
oxidation peak at -0.02 V and a reduction peak at -0.55 V. In the composition, the peak at -0.43 V becomes a shoulder
and a new pair of redox peaks appear at -0.18 V/ -0.09 V. Based on the literature, more than a few peaks were found in
the CV during the Li* intercalation process of MoOs, which are attributed to the multi-step Li* intercalation in interlayer
and intralayer spaces of MoOs [21]. The appearance of new peaks means that more active sites are involved in the Li*
intercalation process, which corresponds to the larger enclosed area of the composite than that of MoOs. Furthermore,
the presence of peaks from both PEDOT: PSS and MoOs indicates that both components in the composite participate in
the electrochemical process.

0.10
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Figure 5 Cyclic voltammetry of MoOs, PEDOT: PSS and composite from -1 V to +1 V at a scan rate of 20 mV s-1

With the above analysis, the interaction between MoO3s and PEDOT: PSS in the composite is suggested as follows. The
electrostatic attraction between negatively charged surface groups of MoO3 and positively charged S in PEDOT makes
them interact with each other [16]. PEDOT: PSS has a chain structure where PEDOT is the core and PSS is the shell.
Under the attraction, MoO3 is bound to PSS due to its hydrophilicity and the structure that PEDOT is surrounded by PSS
[24]. In the composite, PEDOT: PSS becomes a backbone, and MoOs nanoparticles are separated and attached to the
backbone. Such a morphology can facilitate Li+ and electron transport in the material. Li+ and electron transport is slow
in MoOs, so only limited active sites are involved in the reaction and mainly interlayer sites are occupied. In the
composite, Li+ and electron transport is faster in PEDOT: PSS. The average diffusion length to active sites in MoOs3 is
reduced and replaced by the pathway in PEDOT: PSS, which has better kinetics. More active sites in MoOs are involved
in the reaction, including both interlayer and intralayer centers.

3.4. Electrochromic Performances

The electrochromic performances of the composites and each individual component are compared in (Figure 6). Spectra
of MoOs, PEDOT: PSS, MoOs/PEDOT: PSS at different voltages are shown in Figure 6(i-iii). The samples prepared in this
way are marked with 0 V. All samples are cathodically colored materials. Their colored states are labeled -0.8V and their
bleached states are labeled +0.8V. It is clearly shown that MoOs3, in contrast to PEDOT: PSS, is not able to switch back
completely, although it shows a large contrast in its first staining procedure. This problem is solved when PEDOT: PSS
is added, allowing MoO3/PEDOT: PSS to fully bleach to its original state. This is attributed to the addition of PEDOT: PSS
facilitates Li* and electron transport. The matrix formed by PEDOT: PSS provides pathways to electrons and Li+ for
inbound and outbound transport. In addition, the composite exhibits relatively constant contrast over the visible
wavelength range and its maximum contrast occurs at 600 nm.
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Figure 6 Electrochromic performance of MoOs, PEDOT: PSS and composite: optical spectra of (i) MoOs, (ii) PEDOT:
PSS and (iii) composite at different potentials (-0.8 V and +0.8 V). (vi) Switching curves, (v) Switching curves of
MoO3/PEDOT: PSS composite with different component ratios of MoOs to PEDOT: PSS = 1:1, 3:1, and 5:1. (vi)
coloration efficiencies and (vii) long-term stabilities of MoOs, PEDOT: PSS and composite tested at 600 nm under -0.8
V,30s/+0.8V,30s

This is closer to the wavelength (about 580 nm) most sensitive to the human eye [23] compared to the currently widely
used WOs, where the best power contrast occurs at 720 nm [36]. Therefore, it shows a clearer contrast than WOs. Figure
6(iv) shows the switching curves of MoOs, PEDOT: PSS, MoO3/PEDOT: PSS at the wavelength of 600 nm after a few
stabilization cycles. MoO3/PEDOT: PSS shows the highest optical contrast of 37%, while MoO3 and PEDOT: PSS have
only 7% and 8% optical contrast, respectively. Composite samples with different ratios of MoO3 to PEDOT: PSS (1:1, 3:1,
5:1) were tested and the sample with the 3:1 ratio has the best contrast. (Figure 6v) The bleaching/coloring time of
MoOs, PEDOT: PSS, and composite are 28 s/25 s, 21 s/26 s, and 12 s/17 s, respectively. The faster switching speed of
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composites is further evidence of the improvement in the electron transport. The coloration efficiencies of MoOs,
PEDOT: PSS and composite are 18.6, 72.9 and 24.4 cm2 C-, respectively. (Figure 6vi) The long-term stabilities of all
three samples are compared in Figure 6vii. MoOs has very poor stability and obviously breaks down after 50 cycles.
MoOs3/PEDOT: PSS has a contrast of 14% in the first cycle. However, after about 60 cycles of the activation process, it
gradually reaches its maximum contrast of 37%. After 240 cycles it drops to 30% and starts to stay at that number. After
550 cycles, it still retains 77% of its maximum contrast, showing better long-term stability than most of the reported
Mo0Os3-based electrochromic materials. The good long-term stability of MoO3/PEDOT: PSS has two reasons. One of them
is PEDOT: PSS provides routes for inward and outward Li* transport, thus improving the problem of Li* trapping in
MoOs. The other is PEDOT: PSS holds the MoO3 nanoparticles as a matrix that buffers the induced stress during the Li*
intercalation process.

4., Conclusion

In summary, a novel MoOs/PEDOT: PSS composite is facilely fabricated through electrostatic interactions. The small
particle size of MoOs improves the stability of the MoOs nanoparticles and increases the interface significantly. The
addition of PEDOT: PSS facilitates Li* and electron transport in and out of the MoOs3 active sites, alleviating the problem
of Li* trapping and the resulting more active sites in MoO3s being involved in the Li* intercalation process. The
complementary conductivities of MoO3 and PEDOT: PSS facilitate electron transport in both the oxidized and reduced
states and are better utilized due to the extensive interfacial interactions between the two components. In addition,
PEDOT: PSS acts as a polymer matrix to cushion the induced stress during cycling, benefiting long-term stability. This
study addresses the critical stability issue of MoO3 and offers MoOs-based materials a potential for use in electrochromic
applications.
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