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A multi-mode driven high-performance color-changing window

for building environmental protection
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Abstract: In this study, an innovative smart window color-changing is assembled by cathode (Mo"WO3) and
anode (Ti0O2). The color change performance of the window is improved by Mo doping (reversibility increased
from 79.1% to 93.6%), and the color change effect of the window can be automatically adjusted by external
illumination by TiOz on the anode. The microstructure and electrochromic behavior were characterized of the

cathode. The microstructure was characterized of the anode. At the same time, the feasibility of discoloration

of the device under light control is verified.

1 Introduction

The widespread global energy crisis and environmental
deterioration, it is crucial to advance energy-efficient and
carbon-neutral buildings [, With the continuous
acceleration of urbanization, it also increases the energy
needed to adjust the temperature of modern buildings 31,
Electrochromic (EC) smart windows can modulate
sunlight irradiation entering a building by a low external
voltage, which provides a feasible idea for reducing the
energy consumption of the building ¢!, Currently, the EC
device mainly preparing a WO; film onto FTO or ITO
coated glass, achieving optical modulation through the
reversible redox reactions of WO3 [, However, the dense
microstructure of WO? thin films impedes the exchange of
Li ions, significantly reducing the electrochromic
performance ®l. Meanwhile, the EC device needs electric
drive to complete color change, which seriously limits its
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Fig. 1. Schematic diagram of multi-mode driving smart window

Fig. 1 shows the idea of this work. In the presence of
an external electric field, a reversible redox reaction
occurred in the thin film of the cathode: W%'(bleached) is
oxidized to W>*(colored), Li ions are also embedded into
the film surface from the electrolyte. When the
photoanode is illuminated, the photosensitive dye at the
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anode excites the electrons, electrons are transported to the
cathode film through external lines, so that it can complete
the same redox reaction as that under electric control. The
intensity of illumination is positively correlated with the
number of electrons produced by photoanode. Therefore,
the coloring and bleaching of the smart window can be
realized under the electric control or the light control.

2 Results and discussion

In this work, Mo"WOs3 films were prepared by using
Na:WOs and Na;MoOys, adjusting the PH value of the
mixed solution with HCI and H>C,04, and carrying out
hydrothermal reaction in a constant temperature box at
170 °C for 1.1 h.
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Fig. 2. XRD diffraction of the cathode

In order to explore the elemental composition of
cathode film. The XRD diffraction of the sample is shown
in Fig. 2. The characteristic peak of WO3 can be observed
in XRD (JCPDS no. 75-2187) [ However, the
characteristic peak of Mo was not observed in XRD. This
may be because the content of Mo is too low, and Mo
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atoms may be doped in the lattice of WO3, which leads to
the inability of XRD instruments to detect the existence of
Mo elements [,

In order to prove the existence of Mo in the sample, the
EDS diagram is shown in Fig. 3. The characteristic peaks
of O, Na and W were observed in WO3 samples, on the
other hand, the characteristic peaks of O, Na, W and Mo
were observed in Mo"WOj3 samples. Therefore, according
to Fig 1. and Fig 2, it can be concluded that the WO3 and
Mo”WOs3 sample was successfully prepared.
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Fig. 3. EDS diagram of the cathode

To explore the morphological change after doping,
Fig. 4 shows the SEM of WOs3 (Fig 4. (a)) and Mo"WO;
(Fig 4. (b)) film. It can be seen that the surface of WO3
sample presents a dense spherical micro-morphology. Due
to the doping of Mo, the surface of Mo"WO3 sample
changed from dense structure to long granular and porous
structure. Due to the porous surface of the doped structure,
the ability of Li ions to be embedded/extracted in the color
change reactlon may be 1mproved

Fig. 4. SEM of WOs3 and Mo"WO; film

In order to determine the EC performance. The cyclic
voltammetry was shown in Fig. 5. Fig. 5 shows that the

closed curve area of Mo"WOj; sample is larger than that of
WO; sample. At the same time, the oxidation peak value
of Mo sample is also higher than that of WO; sample. This
strongly proves that the porous micro-morphology
promotes the mobility of ions and electrons and improves
the performance of EC.
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Fig. 5. Cyclic voltammetry of the cathode

In order to further explore the performance of doped
EC. Fig. 6 shows the chronocoulometry curves of two
samples. The reversibility of the sample can be obtained
by positive/negative bias for 50 seconds, as shown in eq.

Q,; (Extracted charge)
Q, (Injected charge)

Reversibility = (1)

Where Qq; is the charge extracted after direct voltage
is applied. Qi, Qui is the insertion charge after negative
voltage is applied. The reversibility of WO3; and Mo"WO;
samples obtained by eq. 1 are 79.1% and 93.6%,
respectively. It is proved that the doping of Mo improves

the electrochromic speed of the sample.
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Fig. 6. Chronocoulometry of the cathode

In order to verify that Mo doping improves the transfer
of electrons and the diffusion rate of Li ions. Fig. 7 shows
the Nyquist curves. The curve consists of two parts, one of
which is a semi-circular curve. The smaller the radius of
the semicircle curve, the smaller the charge transfer
resistance of the sample. The second part is a similar-line.
The greater the slope of the diagonal line, the greater the
diffusion rate of ions in the electrolyte. Therefore, Nyquist
curves proves that the Mo”*WO3 sample has smaller charge
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transfer resistance and larger ion diffusion rate. It is also absorption ability to visible light, which further enhances
proved that Mo doping improves the electrochromic the conversion ability of TiO; to light.
properties of the samples.
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Fig. 7. Nyquist curves of the cathode Fig. 9. EDS diagram of the anode

From Fig. 5, Fig. 6 and Fig. 7. It can be concluded that
the doping of Mo provides porous structures on the surface
of the film, which also enhances the ion exchange
properties. Meanwhile, the coloration of WOj3 is realized
by reversible chemical reaction. Therefore, the doping of
Mo will improve the EC properties of the films.

To realize the light-driven mode, TiO, anode was
prepared by hydrothermal method with CisH3s04Ti and
HCI as raw materials. The TiO, film was soaked in C;HsO

with N719 for 48 hours.
¢ TiO,

¢ FTO Fig. 10. SEM diagram of the anode
o N . M In order to prove the photoelectric conversion ability
s of the anode, the sample was irradiated by xenon lamp for
iy 20 seconds, and the photocurrent was generated in
§ different states of radiation and darkness. The transient
E 1 . photocurrent curve of the sample is shown in Fig. 11. From
. ' fig. 11, it can be found that under the illumination (20 to
. ¢ 40s), the generated photocurrent jumps from 0 to about 0.4
P mA/cm?, and then falls back to about 0.1 mA/cm? to be

. . . . . stable.
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Fig. 8. EDS diagram of the anode
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In order to explore the elemental composition of
cathode film. The XRD diffraction of the sample is shown
in Fig. 8. The characteristic peak of TiO, can be observed
in XRD (JCPDS no. 73-1232) [12],

The EDS of the sample is shown in Fig. 9. The
characteristic peaks of Ti, O, Sn and Ti were observed in
samples. Therefore, according to Fig 7. and Fig 8, it can . .
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be concluded that the TiO. sample was successfully 0 20 40
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To explore the morphological of anode. Fig. 10 shows
the SEM of TiO, film. It can be seen that the surface of Fig. 11. Transient photocurrent curve

TiO, sample presents an inverted nanowire structure. This
structure provides a lot of space for the attachment of
photosensitive dyes. Photosensitive dyes have greater

In order to verify the correctness of the assumption in
this work. A device was fabricated by using TiO, and
Mo"WO:s film as cathode and anode respectively, placing
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PTFE gasket in the middle and filling electrolyte of
LiClO4 and C;6H3¢BrN.

Fig. 12 shows the color-changing effect of the
assembled multi-drive high-performance color-changing
window under illumination and apply electric field. The
feasibility of electric drive and optical drive is proved.
This proves that the smart window can adjust the
transmittance of the device by the amount of charge,
regardless of the electrical control. Under the light control,
the intensity of light can be controlled to control the
device. This device also verified that photogenerated
electrons can provide power for electrochromic redox
reaction.
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Fig. 12. Color-changing performance test of the device

3 Conclusion

In this paper, a multi-drive color-changing device
composed of Mo"WO; and TiO, thin films was
successfully fabricated. At the same time, it was proved
that Mo doping changed the morphology of dense WOs.
The porous structure improves the transmission rate of
electrons and the diffusion efficiency of ions. The
electrochromic properties of the thin films were improved.
On the other hand, nanowire TiO, was successfully
prepared, which can improve the adhesion of
photosensitive dyes and may improve the photoelectric
conversion efficiency of electrodes. The anode and
cathode are combined together, and electrolyte is filled in
the middle to form a new intelligent window, which
verifies the color-changing function of the device under
light control and electric control. This work provides a
new idea for environmental protection and energy saving
of modern buildings.
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