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Prospects for reversible electrodeposited electrochromic devices
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The application of reversible electrodeposition electrochromic technology
in the field of smart windows shows great potential for effective manage-
ment of sunlight and heat by controlling the color and transparency
changes of materials through electric fields. However, despite the signifi-
cant progress in optical modulation amplitude, energy efficiency, and easy
preparation of large area devices, the technology still faces some chal-
lenges, such as susceptibility to side reactions, absence of an intermediate
state, and inability to modulate visible to infrared light independently. In this
paper, we look forward to the future development of reversible electrodepo-
sition electrochromic smart windows, and propose that by rationally select-
ing solvents and endowing the devices with bistable and intermediate
states, it is expected to improve its practicability further, and thereby
promoting the wide application of electrochromic smart windows in
sustainable development.

INTRODUCTION

In the context of the global response to climate warming, dynamic
windows based on electrochromic, capable of regulating light transmittance
according to the ambient temperature, are necessary, which helps reduce the
indoor demand for lighting, heating, cooling and further achieves energy-
saving effects and reduces CO, emissions. Electrochromism is a
phenomenon in which a material experiences a reversible change in its opti-
cal properties after gaining or losing electrons. Electrochromic materials such
as inorganic oxides, organic small molecules, and conductive polymers are
used in various fields, including energy-saving, display technology, and mili-
tary applications, due to their diversity in color." Nevertheless, they offer no
appreciable benefits in terms of price, durability, or optical modulation when
used in dynamic windows. Reversible electrodeposition, a method of control-
ling the deposition or dissolution of metal ions utilizing an external electric
field, thereby realizing a reversible adjustment of the optical properties of a
material, including metal, metal oxide, and non-metallic monomers elec-
trodeposition, has also been used in large-area electrochromic devices since
2021, with the main application area being dynamic windows.” This perspec-
tive focuses on the deposition of widely used metal ions, rather than
nonmetals.

Specifically, electrochromic devices based on reversible electrodeposition
generally contain acid and metal ions in the electrolyte. Taking metal deposi-
tion as an example, when the applied voltage reaches the deposition poten-
tial of the metal ions, the metal ions migrate to the cathode, where they
receive electrons and are reduced to metal, resulting in the coloring of the
device. After withdrawing the voltage, the acid in the electrolyte will dissolve
the deposits, and applying a lower reverse voltage can further expedite the
movement of metal ions, thereby accelerating the dissolution process and
ultimately restoring the device to a colorless state. Electrodeposition has long
been used in electrochromism, such as for preparing electrochromic polymer
films or covalent organic framework films. However, these methods have
traditionally focused only on the preparation of color-changing materials. In
contrast, reversible electrodeposition, due to its reversible property, allows for
continuous deposition and subsequent dissolution, thereby enabling the color-
fading process in electrochromism. Moreover, reversible electrodeposition
induces color changes exclusively via the processes of ion deposition and
stripping, without necessitating ion embedding and stripping. This distinct
mechanism confers superior cyclic stability compared to other methods.
Metals have a high extinction coefficient, which significantly diminishes the
transmittance of the device to approach zero upon deposition, yielding an all-

black state. Nevertheless, reversible electrodeposition electrochromic devices
still face problems such as electrolyte leakage and the absence of an inter-
mediate state.

CURRENT STATE OF ELECTRODEPOSITION FOR ELECTROCHROMISM

In contrast to commercially available electrochromic devices, the most
significant advantages of electrochromic devices based on reversible elec-
trodeposition are low cost and simplified fabrication process, while still
enabling the preparation of all-black devices with larger areas. The current
price of commercial electrochromic glass exceeds 5000 yuan per square
meter, and commonly employed color-changing materials include WO5; and
electrochromic polymers. Although WO; is relatively inexpensive, its integra-
tion into devices typically requires sputtering, an additional process that
contributes to overall fabrication complexity. Electrochromic polymers are
synthesized in complicated steps. While metal salts are cheap and easy to
obtain, dissolve them in water and then inject into two bonded substrates for
encapsulation to obtain electrochromic devices based on reversible elec-
trodeposition.

Researchers prefer to use Cu® as deposition ions because of its low depo-
sition potential, reversibility, and affordability. One of metal ions like Pb*, Ag®,
and Bi** is added to the electrolyte as a second electrodeposition of metal ion,
co-deposit with Cu®, forming an electrodeposition pair, to improve perfor-
mance, which results in higher contrast and faster response.” However,
because of the toxicity of Pb*, the high cost of Ag®, and the high acidity
needed to dissolve Bi, researchers have been progressively investigating
novel metal ion deposition. Despite the deposition potential of Zn being - 0.76
V, the researchers found that Zn can be deposited prior to hydrogen precipi-
tation when employing the Cu-Zn deposition pair.* Metal oxide deposition
involves the deposition of Mn?" to produce MnO,. Although the dissolution
mechanism of MnO, is still unclear, scientists have found that the compound
has several uses except for modulating visible light. These include the
creation of electrochromic devices that do not require traditional electrodes,
and the ability to modulate ultraviolet (UV) light.

CHALLENGES AND PERSPECTIVE OF REVERSIBLE ELECTRODEPOSITED

SMART WINDOWS

While reversibly electrodeposited electrochromic devices offer many
significant advantages, their performance as dynamic windows need
improvement for large-scale applications (Figure 1).

Water, characterized by its excellent polar solvent properties, is widely
employed as the electrolyte solvent in reversible electrodeposition elec-
trochromic devices. However, water has a narrow electrochemical stability
window (ESW) and is also prone to irreversible side reactions with metal ions
and precipitation of hydrogen gas. Designing or modifying the aqueous elec-
trolyte to modulate the interfacial electrochemical reaction process can
broaden its ESW. The implementation of ultrahigh concentration electrolytes,
commonly referred to as water-in-salt electrolytes (WiSE), has demonstrated
significant potential in expanding the electrochemical stability window of
aqueous systems, such as the addition of high-concentration LiTFSI or LINOs,
can broaden ESW of the electrolyte to 2.5 — 4.5 V.” Furthermore, the mixing of
Lewis acid and Lewis base added to water can form an aqueous eutectic
solution, which can reduce the water molecule activity and broaden the ESW.
Except for water, researchers have experimented with co-solvents like DMSO
and acetonitrile, which can replace water in some devices.® This approach not
only avoids hydrogen precipitation but also lowers the melting point of DMSO,
making it suitable for universal application. When choosing other solvents,
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Figure 1. Application of electrochromic smart windows based on reversible electrodeposition in buildings and the direction of development.

high-polarity solvents are preferable. The dissolution process of metal salts
depends on the interaction between the solvent and the ions, non-polar
solvents lack polar groups, which can't form a stable solvation structure with
the metal ions, so the solubility of metal salts in non-polar solvents is gener-
ally diminished. The solubility of various metal salts in different polar solvents
exhibits significant variation. DMSO and DMF have better solubility for most
of the metal halides and nitrates, acetonitrile has a higher solubility for
perchlorate, but poorer solubility for halides, and sulfate has a lower solubility
in the three solvents. For ionic liquids, the solubility mainly depends on the
strength of the anion or cation of the inorganic salt to bind to the ionic liquid.
Studies show that some ionic liquids have higher solubility for Lithium
bis(trifluoromethanesulphonyl)imide  (LiITFSI), ammonium  thiocyanate
(INH,J[SCN]), sodium thiocyanate (Na[SCN]), ammonium chloride (NH,CI) and
other inorganic salts; some hydrophilic ionic liquids have better solubility for
cobalt chloride (CoCl,), nickel chloride (NiCl,), copper chloride (CuCl,).” When
choosing ionic liquids as solvents, the anions with higher polarity should be
used as much as possible. For example, the introduction of hydroxyl groups
in the cation structure to enhance the hydrogen bonding between the anions;
the choice of hexafluorophosphate (PF;) and bis(trifluoromethanesulfonyl)
imide (TFSI™) is likely to yield ionic liquids with elevated polarity. Further, to
address the issue of electrolyte leakage, substituting a liquid electrolyte with a
gel electrolyte represents an effective solution.

Second, metal ions continuously migrate toward the electrode to deposit
after the deposition potential is reached. This indicates that the time of apply-
ing the voltage has a greater effect on the amount of deposition than the
voltage. Consequently, the device can only be in either a bleached state or a
fully colored state, with no stable intermediate states available. Researchers
combined Prussian blue (PB) with Cu-Zn electrodeposition to realize three
different states: a bleached state where no materials were colored, a state
where only PB was colored, and a state where both PB, Cu and Zn were
deposited.” But this device requires voltage to maintain the bleached state,
which leads to higher energy consumption. Selection of electrochromic
materials that have a low color change voltage and whose degree of
coloration is controlled by the voltage, such as conductive polymers like thio-

phene derivatives, can achieve a stable intermediate state by coloring before
the deposition of metal ions. When the voltage is further increased, the metal
ions begin to be deposited, and a fully colored state is achieved. This device
enables users to adjust the window's transmittance according to their
requirements.

When an external electric field causes an electrochromic device to change
color, if it can hold onto that color state without an external voltage until the
subsequent voltage application, this property is known as bistability and
helps to promote “zero-energy-consuming” buildings. For devices colored by
reversible deposition of metals, the incorporation of ionic liquids into the elec-
trolyte to form an electrical double layer (EDL) represents an effective strat-
eqgy to confer bistability upon the device.” Under the effect of an electric field,
metal ions are reduced and deposited at the cathode, and the negative
charges also move to the cathode. To maintain the electroneutrality, the
cations in the ionic liquid gather in the cathode to form an adsorption layer,
and the anions are located in the diffusion layer of the EDL, which can't be
contacted with the deposited metal, delaying the dissolution time of the metal
and realizing the stable coloring state. Apart from this, the incorporation of a
cationic gel layer in the device structure, which slows down the diffusion of
anions into the deposited metal layer, may also achieve a steady state effect.
However, the viscosity of the ionic liquid and the thickness of the cationic gel
layer will inevitably increase the diffusion resistance for metal ions, thereby
prolonging the switching time.

Lastly, apart from visible light, the infrared spectrum contains 47% of the
solar energy. It is necessary to improve the current electrodeposition based
smart windows since they do not completely control the infrared (IR) spec-
trum."” The traditionally used ITO or FTO glasses absorb infrared light and
can not be used to modulate the infrared light, so it is necessary to use a
substrate material that meets the requirements, such as polyethylene (PE),
poly(methyl methacrylate) (PMMA). Then, combining reversible electrodepo-
sition with IR transmittance-adjustable materials, such as VO, enables
substantial, independent adjustment of IR and visible light transmittance, and
achieves four states: bright, dark, warm, and cool. This makes them more
intelligent and better at meeting user needs.
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CONCLUSIONS

This perspective focuses on the current status and future directions of
reversible electrodeposition in electrochromic smart windows. The materials
needed for this device are cheap and the device is simple to prepare, and the
device can achieve an almost all-black coloring state. Similarly, the windows
still need some improvements before they can hopefully be used on a large
scale, making the home intelligent and futuristic. For instance, addresses the
primary issue of no intermediate state and the challenge of difficult liquid
electrolyte encapsulation through functionalized electrolyte preparation, and
designs device structure, while providing bistability, infrared light modulation,
and other crucial smart window characteristics.
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