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ARTICLE INFO ABSTRACT

Keywords:

Hierarchical core-shell structure
NIR electrochromic

ITO nanocrystal

WO3 nanorod

Over half of the solar energy comes from the infrared region, which makes electrochromic materials that
modulate infrared transmittance essential for the thermal management of smart windows. However, existing
electrochromic materials do not perform well in the near-infrared region, which exhibits slow response time,
weak adhesion to conductive substrates, and poor long-term cycling stability. In the present work, we success-
fully synthesized WO3@ITO nanorod samples with hierarchical core-shell structure by hydrothermal and in-situ
solvothermal methods. ITO-coated WO3 nanorods and some ITO nanocrystals were firmly integrated with WO3
nanorods, resulting in a corn-like hybrid heterogeneous structure. The unique WO3s@ITO hierarchical core-shell
structure improves the electronic properties and the adhesion to substrates, reducing the energy barrier of ion
diffusion and increasing the ion flux. Enhanced electrochromic performance in NIR range with a high optical
modulation of 53.3% in 1600 nm and long-term reversibility (maintaining 91.5% of its original contrast after
1000 cycles) was achieved. In addition, response time (t.=3.5 s, t,=4.6 s) and coloration efficiency (112.5 cm>C
1) have been significantly improved, which is almost twice that of unmodified WO3 nanorods (t,=8.6 s and

CE=56.4 cm>C™), showing a good application prospect in smart windows.

1. Introduction

The melting of glaciers, extreme weather and ecological changes
caused by carbon emissions and global warming seriously threaten the
survival of human beings. About 40% of the world’s primary energy
consumption is used to regulate the temperature and lighting of com-
mercial and residential buildings [1]. Efficient energy consumption
management is the key to addressing energy shortages and reducing
carbon emissions. Smart windows, especially dual-band electrochromic
smart windows capable of dynamically altering indoor light and tem-
perature, have gotten global attention in commercial and civil buildings
[2-5]. Conventional electrochromic windows mainly modulate the
visible light (380 nm-780 nm), which is responsible for brightness and
color perceived by human eyes, while the near-infrared (NIR) light (78
nm-3.5 pm) accounts for more than half of the total solar radiation [6].
The development of the NIR tunable electrochromic devices depends on
the localized surface plasmon resonances (LSPRs) generated by the
collective oscillations of free carriers, which are of great significance.

As the key component of electrochromic devices, electrochromic
materials are typically categorized into organic and inorganic materials.
Organic materials, including metal-organic complexes, conjugated
polymers and small molecules, have good processability and a high
optical modulation by modifying their chemical structures [7]. How-
ever, organic NIR electrochromic materials tend to degrade under pro-
longed electrochemical conditions and solar radiation, which may
render them unsuitable for applications in building windows. In
contrast, inorganic electrochromic materials based on metal oxides
(such as WO3 [8], NiO [9], NbyOs [10], MoOs3 [11], and V505 [12]) can
withstand such harsh conditions, making them promising candidates for
practical NIR electrochromic windows deployable in buildings.

Tungsten oxide (WO3), one of the typical inorganic materials, is the
most promising NIR electrochromic material consisting of the mixed-
valence W ions (W°* and W®*). The NIR modulation capability comes
from ion insertion-induced polarization ion adsorption and localized
surface plasmonic resonance (LSPR) adsorption dominated by capaci-
tive behavior [13]. However, the disadvantages of poor long-term

* Corresponding authors at: Ningbo Innovation Center, Zhejiang University, Ningbo, 315100, China.
E-mail addresses: sainanma@zju.edu.cn (S. Ma), wanglk01@zju.edu.cn (L. Wang).
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