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Abstract: The electrochromic (EC) performance of smart windows is highly dependent on the rate
of ions insertion/extraction. A direct way to increase the ion exchange in EC device is to modify
the structure of the EC electrodes. Structural changes also affect the electrical conduction between
the transparent electrodes and the EC layers, leading to efficient smart windows. In more detail,
modifying the structure of the EC electrodes results in an increase in the surface-to-volume ratio,
which is combined with the increase in charge transfer reaction between the insertion and extraction
of ions. The current review summarizes the enhancement in the EC performance due to the fabrication
of nano/microstructures or hybrid structures on the surface of the EC electrodes to increase their
surface area. Moreover, metal oxide thin films have poor electrical conduction, which leads to a
high charge transport barrier. Accordingly, improving the electrical conductivity of the EC layer is
considered another effective strategy to enhance the ion transport between the transparent conductor
layer and the EC electrode. This behavior could be applied by combining the transition metal oxide
with metallic nanoparticles or suitable organic/inorganic transparent conducting materials.

Keywords: surface-to-volume ratio; electrochromic electrodes; nano/micro-nanostructures; hybrid
nanocomposites; coloration efficiency

1. Introduction

Smart windows are optoelectronic devices that control the transmission of solar ra-
diation into buildings [1,2]. They are based on electrochromic (EC) materials, which turn
from colored to transparent (bleached) states by changing the polarity of the biasing [3].
Using this application, we can control the amount of natural light passing into the building.
In addition, it is used to block undesirable radiation such as ultraviolet (UV) or infrared
(IR). Furthermore, it provides a better view for the buildings without losing privacy. The
complementary smart windows are typically composed of two transparent conductors (TC),
two EC materials and a polymer electrolyte [4,5]. Efficient smart windows require layers
with a high optical modulation, chemical stability and high optical memory. The optical
modulation is mainly dependent on the properties of the EC layer. They are classified
electrically into two types: anodic and cathodic EC electrodes [6]. There is a wide range
of materials that can be used as electrochromic layers. Among them, nickel oxide (NiO)
and tungsten oxide (WOj3) thin films are the most widely used as anodic and cathodic EC
electrodes, respectively.

Various physical and chemical fabrication methods have been studied to fabricate elec-
trochromic thin films with different qualities and controlled parameters. For instance, NiO
were prepared by electrodeposition [7], Prussian blue (PB) by spray pyrolysis technique [8],
WOj3 by pulsed spray pyrolysis technique [9], NiO by sputtering [10] and Molybdenum
trioxide (MoOs) by sol-gel method [11]. The EC performance of compact metal oxides
can be improved through different strategies. For instance, research efforts were made by
modifying the morphology of the surface of the used transition metal oxide. This improve-
ment is attributed to the increase of the ion injection into the active layer, in addition to
shortening the time between the insertion and extraction of ions.
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The fabrication of porous structures on the surface of the EC electrodes [12] or perform-
ing hybrid nanostructures [13,14] are some examples of this idea. Furthermore, compact
metal oxide thin films have a poor electrical conduction, which leads to a high charge
transport barrier [15] and, consequently, a low EC performance. Therefore, the EC per-
formance of the EC electrodes can be improved by different strategies: for instance, by
doping the metal oxide with metallic nanoparticles, e.g., lithium [16], zinc [17], copper [18],
cobalt [19] and silver [20], or by increasing the surface of the active area through per-
forming micro/nanostructured surface of the EC electrodes [21-24] or combining with
conducting polymers such as poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS) [25] and copolymers such as PEDOT:PSS and PANI:PSS [26], 2,5-dithienyl-N-
substituted-pyrrole (SNS) conjugated with 3,4-Ethylenedioxythiophene (EDOT) [27]. This
combination leads to a better electrical transport between the EC electrode and the TC
surface.

Due to the large advances in the performance of smart windows offered by such
designs, it is important to summarize them in a review that provides a guide for re-
searchers on this topic. One way to increase the performance of the electrochromic de-
vices is to increase the surface to volume ratio of the electrochromic electrodes using
nano/microfeatures [28-30]. The structural modification of the surfaces can be periodic,
regular or random and may combine two types of materials: organic and inorganic. The hy-
bridization of organic and inorganic materials in their nanostructure form gives a complex
structure that collects the advantages of the three terms. Where the organic materials in
general are easy to process and have low cost. The inorganic materials have high durability
and stability, while nanofeatures increase the surface-to-volume ratio.

We collected both recent methods and structures applied to develop the EC perfor-
mance of the anodic and cathodic electrodes of smart windows. We based our review on
these topics considering the recent reports and high-performance results. The first part
of the review summarizes some categories of nanostructured EC electrodes (random or
periodic surface structures) and how they remarkably enhanced the EC performance of
the electrodes. The next part presents the outstanding EC performance by combining
nano/microstructures on the surface of the EC electrodes. This behavior is attributed to the
increase in the surface-to-volume ratio. Finally, the hybridization of organic/inorganic ma-
terials creates new composite with custom EC properties. The combination of the organic
and the inorganic material helps to mitigate the poor electrical conduction of the transition
metal oxides, which leads to a high charge transport barrier. This arrangement collects
the various structures, materials, and methods applied in this line to give a short compact
capsule about advanced EC devices. Table 1 presents a comparison between the previously
published review articles in the same field and the present work.

Table 1. Comparison between the previously published review articles and the current work.

Title of the Review Article

The Scope of the Article Reference

Nanostructured electrochromic smart
windows: traditional materials and [31]
NIR-selective plasmonic nanocrystals

Overview of current state-of-the-art conventional
electrochromic materials

Nanostructured materials for electrochromic

energy storage systems

Description of new active materials, distinct assembly
techniques and transparent conductive electrodes used for [32]
developing a more efficient smart windows

A Brief Overview of Electrochromic The paper discusses the causes of internal and external size
Materials and Related Devices: A effects in the process of modifying WO3 electrochromic films [33]
Nanostructured Materials Perspective using nanomaterials
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Table 1. Cont.

Title of the Review Article The Scope of the Article Reference

Summarizes the classifications of electrochromic materials,

including inorganic materials (e.g., transition metal oxides,

Prussian blue, and polyoxometalates), organic materials (e.g., [6]
polymers, covalent organic frameworks, and viologens),

inorganic-organic hybrids, and plasmonic materials.

Nanostructured inorganic electrochromic
materials for light applications

Electrochromic electrodes with enhanced Summarize direct ways to increase the ion exchange in EC
performance: Review of morphology and ion  device due to modifying surface morphology and composition = Current review
transport mechanism modifications of the EC electrodes.

2. Strategies to Modify the Morphology of the Electrochromic Electrodes
2.1. Nanostructured Periodic Arrays

Surface texture is a method that is widely used to manage light propagation in opto-
electronic devices. In smart windows, a solid electrolyte is usually casted between the two
EC layers. Texturing the surface of the EC layer increases the adhesion between the solid
electrolyte and the EC layer and increases the surface-to-volume ratio between them. This
behavior leads to an enhancement in the coloration efficiency by increasing the amount
and rate of ion injection and extraction in the device. Furthermore, this design reduces the
diffusion path for the ions in a complete cycle through the device. Regular geometry that is
repeated over long spatial range is called periodic nanostructure arrays. These designs are
widely used in electrochromic applications to enhance the performance of the electrodes.
Various geometrical shapes reveal a high coloration efficiency (CE). Core-shell structure
reveals a CE of 104.6 cm?/C, which decreased by only 11.8% after 1000 cycles [34]. Recently,
hybrid core-shell-type nanostructures were used to fabricate electrochromic devices with
optical modulation of 45% [35]. The obtained CE is more than 145 cm?/C, which is retained
after 1500 cycles without significant degradation. The combination of core-shell structure
with nanowire applied to flexible transparent electrodes enhances the electrochemical
stability and the electrochromic performance of the device [36]. A high optical modulation
of 72% at 550 nm was achieved. Both electrical conductivity (AR/R ~ 8.3% and 14%)
and electrochromic performance (90% and 92%) maintained after 20,000 bending cycles.
Moreover, the CE reaches a value of 79.49 cm?/C. Many other nanostructured designs
were applied to enhance both CE and durability by maintaining their initial performance
after hundreds and thousands of cycles. Some recent examples are based on quantum
dots [37], nanofibers [38], hierarchical nanostructures [39], nanorods [40], nanowires [41]
and nano-flower shape structure [42]. Most of these structures can be fabricated using
chemical-based techniques, which means low cost and scalable fabrication availability.

The combination between self-assembled colloidal method with electrodeposition
is used to fabricated well-ordered nanoholes or nanopore NiO films [12]. Y.F. Yuan et al.
studied the comparison between the electrochromic performance of compact NiO thin films
and ordered porous NiO films [12]. The structure was prepared by electrodeposition using
a self-assembled colloidal crystal template. The electrochromic properties were investigated
in an aqueous solution of KOH (0.1 M). Figure 1a portrays the morphology of the ordered
porous NiO thin film. Figure 1b shows the comparison between the optical transmittance
in the colored and bleached states in the 200 to 900 nm wavelength range for the compact
and the ordered porous NiO thin layers. From the reported experimental data, the optical
modulation (AOD(A)) at 550 nm for the ordered porous NiO thin layer is 76% while it
is only 51% for the compact one. Furthermore, Figure 1c shows the cyclic voltammetry
behavior for the two structures of NiO thin films. Accordingly, the cathodic and anodic
peak currents for the modified porous structure are higher than those of the compact
NiO thin film. As a result, an improvement in the switching speed, optical modulation,
and coloration efficiency (1) is obtained for the porous electrode, where 11 increased from
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27 ecm? C~! for compact NiO thin films to 41 cm? C~! for ordered porous NiO thin layer at

550 nm.
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Figure 1. (a) Top-view FESEM image showing the morphology of the fabricated ordered porous
NiO thin films. (b) Transmission of compact NiO thin film and ordered porous NiO thin film in the
colored and bleached states. (c) Cyclic voltammetry for compact and ordered porous NiO thin films.
Reprinted with permission (5378210053742); Copyright Year 2022, Elsevier Publisher [12].

2.2. Nanostructured Porous Surfaces

Another design of electrochromic electrodes is the random porous surfaces. In this
case, the pores do not take the form of regular geometrical shapes; instead, they take
homogeneous or nonhomogeneous spongy shapes. A high optical contrast of 61.4% at
633 nm wavelength was obtained for rare earth Samarium (Sm) doped WO3 porous thin
layer [43]. The nest-like porous Sm-doped WOj3 retained 91.7% of primitive optical contrast
after 6000 cycles. The metal doped nanoporous structures allow the multifunctionality
of the electrochromic electrodes. As an electrochromic thin film, Cu doped NiO film
with assembled nanosheet structure reveals a large optical modulation (77.1% at 550 nm),
short color switching time (10.6/14.3 s) and high coloration efficiency (66.3 cm?/C) [44].
As a charge storage electrode, it has a high area specific capacitance of 94.7 mF/cm? at
0.2 mA/cm?. A higher area specific capacitance was obtained when nanowire structure
was combined with porous film structure [45]. A great enhancement for the CE is obtained
for 3D reticular-like porous structure, which increases from 258 cm?/C for the compact
thin film structure to 534 cm?2/C for the porous structure [46].

The EC performance of TiO; thin films is poor when compared with NiO and WOs.
However, the modified designs of TiO, show a comparable performance. For example,
nanostructured TiO, thin films were prepared as efficient electrochromic electrodes by
doctor blade method [47]. Figure 2a shows the morphology of the fabricated porous TiO,
thin film, while Figure 2b shows the transmission of the TiO, at 550 nm for different
coloration times starting from the as deposited (curve-1) then increase the coloration time
till the complete colored state (curve-6) with transmission of (T.) 10%, then back again to
complete bleaching (curve-7). The symmetrical cyclic voltammetry shown in Figure 2c
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proves the stability of insertion/extraction of Li* from the electrolyte. This structure results
in a coloration efficiency of 33.7 cm? C~! and fast response of 2 s.
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Figure 2. (a) Top-view FESEM image of nanostructured TiO; thin film. (b) Transmittance spectra at
different states, 1- as prepared nanostructured TiO, /FTO thin film; 2, 3, 4 and 5 are the transmittances
in the colored states at coloration times of 0.5, 1, 1.5, 2, 6 s and 7 is the transmittance spectra at the
bleached state. (c) Cyclic voltammetry of nanostructured TiO, thin film. Reprinted with permission
(501755656); Copyright Year 2022, Elsevier Publisher [47]. Additionally, porous NiO thin films with
comparable AOD(A ) were reported using different techniques. For instance, AOD(A ) was 81% using
chemical bath deposition technique [48] and 80% using controlled electrodeposition technique [49].
However, compact NiO thin films usually reveal lower optical modulation. For example, pulsed laser
deposition was applied to obtain crystalline NiO thin films with AOD(A ) of 48% [50], 38% for sol-gel
processed NiO thin film [51] and 40% for sputtered one [52].

2.3. Nano/Micro Composite Surfaces

Composites involve materials with more than one phase; when processed as thin
films they reveal various and tunable physical and chemical properties not likely found in
monolithic thin films [53,54]. For this, composite materials with nano and micro features
were extensively applied to enhance the performance of EC devices [28,55-57]. The idea
is the same, increasing the surface-to-volume ratio, besides the tunable physical prop-
erties offered by the composite materials. For instance, Gozde Yurdabak Karaca et al.
reported a remarkable enhancement in the EC performance of WOj3 thin films when com-
bined with Au, poly (3, 4-ethylenedioxythiophene) (PEDOT:PSS) and Pt microtubes [14].
The resulting composite is an EC thin film with the structure WO3/Au/PEDOT:PSS/Pt.
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Figure 3 portrays the top-view and the cross-sectional views of the fabricated microtubes
of Au/PEDOT:PSS/Pt composites on WO3 thin films. Furthermore, Figure 3d,e show
the spectral transmittance response for the colored and bleached states of the pure WO3
thin film and WO3/Au/PEDOT:PSS /Pt composite electrodes, respectively. Accordingly,
the response time was shortened and the optical modulation remarkably increased for
the case of WO3;/Au/PEDOT:PSS/Pt electrode. This enhancement is attributed to sev-
eral reasons. First, PEDOT:PSS is a cathodic electrochromic material, so the coloration
in the colored state improved, as shown in the transmittance data in Figure 3e. Further-
more, Au and Pt materials lead to enhancing the electrical conduction between the EC
electrode and the TC surface. Finally, the interlinking between the microtubes and the
porous structure makes the ions diffusion easier and increase the surface area for charge-
transfer reactions. Accordingly, the overall electrochromic performance of the modified
WOs3/Au/PEDOT:PSS/Pt structure was enhanced. The coloration and bleaching response
time (tc and t,) of WO3/Au/PEDOT:PSS/Pt electrode are tc - 25.86 s and t,- 15.93 s,
compared with tc = 19.25 s and t,, - 13.83 s for the pure WOj3 electrode. Moreover, AOD(A )
of the WO3/Au/PEDOT:PSS/Pt composite improved from 21.9% to 26% at £2 V.
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Figure 3. Typical FESEM images and spectral transmittance of WO3 and WO3;/Au/PEDOT:PSS/Pt
EC thin films. (a) Magnified image showing the dimensions of Au/PEDOT:PSS/Pt microtube.
(b) Top-view image showing the distribution of the microtubes on the surface of WO; thin film.
(c) Cross-sectional view of the WO; thin film. (d) Transmittance response between coloring
and bleaching of WOj thin film. (e) Transmittance response between coloring and bleaching of
WO3/Au/PEDOT:PSS/Pt EC thin films. Reprinted with permission (5378140815476); Copyright Year
2022, Elsevier Publisher [14].

Moreover, Mudaliar Mahesh Margoni et al. fabricated an EC electrode of nano/
microstructures of V,0Os in the form of nanorods accumulated with microspheres by hy-
drothermal method [58]. The samples show a high transmittance (maximum average is
77%) and low resistivity (minimum is 7.9 x 10~* Q.cm). These enhanced optical and
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electrical properties reveal maximum cathodic peak current as 1.8 mA /cm? and a maxi-
mum anodic peak current as 2.8 mA/ cm?. Furthermore, the ion diffusion coefficient was
also enhanced, which makes the structure suitable for electrochromic applications. From
another perspective, Md Rakibuddin et.al synthesized micro-nanostructure sized tungsten
trioxide (WQO3) by thermal annealing of tungsten powder under ambient conditions [59].
The fabricated samples show a high crystallinity. Furthermore, they can tune the size of
the WOj particles from microscale to nanoscale using the annealing temperature. The
powder is then spin coated on FTO glass to obtain the EC electrode. The performance
of the EC device based on the fabricated layers was compared with a device based on
commercial WOj3. The coloration efficiency enhanced from 30.45cm? C~! for the device
with the commercial layer to 32.3cm? C~! for the device with the fabricated WOj3 layer. An
optimized electrochromic device based on this micro-nano WOj3 layer may result in a better
coloration efficiency.

2.4. Hybrid Organic-Inorganic Nanocomposite EC Surfaces with Nanofeature

Organic materials are widely applied in optoelectronics, as they are, in general,
solution-processed and low cost [60,61]. Despite the enhancement in the CE of organic
materials, low durability due to its degradation is a general feature [62]. The idea of hy-
bridization between organic and inorganic electrochromic layers with nanofeatures takes
advantage of the three of them [63-66]. This allows the production of high-performance,
low cost and long-cyclic stability EC devices [67,68]. Haizeng Li et al. recently stud-
ied the electrochromic properties of organic-inorganic nanocomposite film [25]. The
film is composed of inorganic material (porous layers of tungsten molybdenum oxide
nanorods W71 Mog2903) permeated with an interconnected conductive organic layer
of PEDOT:PSS. In the reported study, the EC properties of the conjugated polymer of
Wo.71M00 2903, PEDOT:PSS were compared with the Wy 71Mo( 2903 and PEDOT:PSS alone.
The purpose of the combination between the organic and the inorganic material is to mit-
igate the poor electrical conduction of the transition metal oxides, which leads to a high
charge transport barrier. Figure 4a shows the typical morphology of the fabricated porous
Wo.71Mo0p 2903 electrode, while Figure 4b portrays the morphology of the nanocomposite
after the growth of the PEDOT:PSS layer. Filling in the pores of porous Wy 71Mop 2903
electrode with PEDOT:PSS leads to increasing the pathway for charge transportation. This
behavior is expected to decrease the charge transport barrier and enhance the electrochromic
performance. Figure 4c shows the optical behavior of the hybrid organic-inorganic EC
electrode in the colored and bleached states at =1 V in 1 M LiClOy4-propyline carbon-
ate solution. The optical contrast of the mixed composite is 65.1% at 632.8 nm, which
is higher than both W 71Mo0( 2903 (54.5%) and PEDOT:PSS electrode (51.4%). Further-
more, Figure 4d summarizes the switching response between coloring and bleaching of
Wo.71Mo0 2903 electrode, PEDOT:PSS electrode and hybrid Wy 71Mog 2903, PEDOT:PSS for
the hybrid Wy 71Mog 2003, PEDOT:PSS electrode, which is given as t. =179, t, =10.5s
compared with t. = 22.1 s and t, = 13.9 s for W 71Mo0( 2903 electrode. This response
is attributed to the high electrical conduction of PEDOT:PSS layer, which promotes the
charge transfer efficiency by providing more active areas in W 71Mog 2903 to interact with
Li* in the electrolyte, while, PEDOT:PSS electrode gives the fastest response (t. = 6.5 s,
tp = 3 s) as a result of its high electrical conduction. Accordingly, the coloration efficiency
of the hybrid Wy 71Mo 2003, PEDOT:PSS electrode is 52.8 cm? C~ !, twice more than that
of Wo.71Mo00.200; electrode (21.7 cm? C™1).
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Figure 4. (a) Typical top-view FESEM image of porous Wy 71Mo0g 2903 electrode. (b) Typical top-
view image of Wg 71 Mo 2903, PEDOT:PSS electrode showing the composition of the nanocomposite.
(c) Optical transmittance of Wy 71Mog 2903, PEDOT:PSS electrode in the colored and bleached states
at £1 Vin 1 M LiClO4-propyline carbonate solution. (d) Switching between colored and bleached
states for the three electrodes at 632.8 nm [25].

Hybrid nanostructures of PEDOT:PSS and graphene oxide (GO) layer are another
example of hybrid nanocomposites leading to enhancing the electrochromic performance
of smart windows. Yingdi Shi et al. studied the effect of combining GO nanosheet with
PEDOT:PSS EC thin film through the electro-polymerization method [30]. Figure 5a shows
the morphology of the pristine PEDOT:PSS layer and Figure 5b shows the morphology
after the growth of the GO nanosheet. The FESEM image of PEDOT:PSS layer shows the
formation of a rough surface with a high surface area, which favors deeper ion injection into
the active layer. Figure 5c,d show the optical behavior for pristine PEDOT:PSS and hybrid
PEDOT:PSS/GO nanostructures from 300 nm to 800 nm wavelength range, respectively.
Accordingly, the optical contrast between coloring and bleaching increased from 23.4% to
34.4% after the hybridization with GO nanosheet at 480 nm, in addition to shortening the
coloring and bleaching time from 1800 ms to 300 ms and 1500 ms to 400 ms, respectively.
Moreover, the coloration efficiency improved from 53.5 cm? C~! to 64.9 cm? C~! due to the
hybridization with the GO layer. This enhancement in the EC performance of the hybrid
PEDOT:PSS/GO nanostructured electrode is attributed to the increase in the surface-to-
volume ratio of PEDOT:PSS layer. In addition, the growth of GO nanosheet functionalized
the surface of the PEDOT:PSS layer and contributed as a buffer layer.
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Transmittance(%)
Transmittance(%)
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Figure 5. (a) Typical FESEM image of pristine PEDOT:PSS, layer. (b) Typical FESEM image of hybrid
PEDOT:PSS/GO nanostructures. (c) Spectral transmittance of PEDOT:PSS layer in the colored and
bleached states at & 1 V. (d) Spectral transmittance of hybrid PEDOT:PSS/GO layer in the colored
and bleached states at 1 V [30].

According to the results presented in the current review, we predict better EC perfor-
mance of smart windows because of improving ion insertions and extractions through the
fabrication of nanostructured EC electrodes or hybrid nanostructures on its surface. So far,
we are thinking of combining the increase in the surface-to-volume ratio by texturing the
surface of the EC electrodes and improving the electrical conduction of the transparent elec-
trodes. The first increases the total ion transfer through the device and the second enhances
the rate of this transfer, which in turn leads to high optical contrast and fast switching
time. The next focus of research may be on applying hybrid organic/inorganic materials in
their nano or microforms to the different layers of the device. These combinations involve
wide options and selections in both materials and designs that need to be explored through
future research.

3. Conclusions

The results provided in the current review summarize some of the remarkable en-
hancements in the performance of the electrochromic devices due to modifying the surface
of the working and counter EC electrodes of smart windows. The reported modification
methods are concluded in three points:

1. Texturing the EC electrode surface, the implementation of nano/microstructures or
hybrid nanostructures on the surface of the EC electrode led to the increase in the
surface-to-volume ratio.

2. The incorporation with metallic nanoparticles (e.g., Au or Pt) leads to improving
the electrical conduction between the electrochromic electrode and the transparent
conductor surface.

3. The combination with organic transparent conductors (e.g., PEDOT:PSS or PANI:PSS)
results in improving the electrical conduction in addition to decreasing the time
between insertion and extraction of ions.

Generally, the enhancement in the electrochromic properties of the electrochromic
electrodes by the mentioned methods can contribute remarkably to the production of
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efficient smart window applications. For instance, Y.F. Yuan et al. studied the comparison
between the electrochromic performance of compact NiO thin films and ordered porous
NiO films, where the efficiency increased from 27 cm? C~! for dense NiO thin films to
41 ecm? C ! for ordered porous NiO thin films at 550 nm. Moreover, the fabrication of
nanostructured TiO, thin films results in a coloration efficiency of 33.7 cm? C™! and a
fast response of 2 s. From another perspective, Gozde Yurdabak Karaca et al. reported
on the remarkable enhancement in the electrochromic performance of WOj3 thin films
due to the combination with Au, poly (3, 4-ethylenedioxythiophene) (PEDOT:PSS) and
Pt microtubes, where coloration efficiency enhanced from 30.45cm? C~! for the device
with the WOj thin film to 32.3cm? C~! for the modified one. In addition, Yingdi Shi et al.
reported an enhancement in the coloration efficiency from 53.5 cm? C ! to 64.9 cm? C !
due to combining PEDOT:PSS thin film with graphene oxide nanosheet. According to
the results presented in the current review, we predict better EC performance of smart
windows because of improving ion insertions and extractions through the fabrication of
nanostructured EC electrodes or hybrid nanostructures on their surface.
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