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Supplementary Tables and Figures 

 

Fig. S1 F 1s peaks of W-doped TiO2 NCs with different doping level 

As shown in Fig. S1, the F 1s XPS peaks of the doped TiO2 NCs are all centered around 

683.8 eV, which are attributed to the F-Ti bonds on the surface of the W-doped TiO2 

NC surface [S1, S2]. As there is no peak among the binding energy region between 688 

and 689 eV, which indicates that the oxygen anion is not replaced by F anion in the 

lattice of TiO2 [S3, S4].  
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Table S1 Chemical compositions of W-doped TiO2 NCs with different W contents 

tested by EDS and XPS 

Sample 

W atom % Ti atom % O atom % 

EDS XPS EDS XPS EDS XPS 

W0 0 0 33.7 35.56 66.3 64.44 

W1 1.09 3.74 29.46 32.60 69.45 63.66 

W2 2.38 4.70 26.71 30.50 70.91 64.80 

W4 4.11 6.13 25.54 27.33 70.35 66.54 

 

Fig. S2 Voltammograms of doped TiO2 NC films with W nominal doing level of 0% 

(W0), 5% (W1), 10% (W2), 20% (W4) and 25% (W5). The scan rate is 20 mV s-1 in 

the 0-1.3 V (vs. Zn2+/Zn) window in 1 M ZnSO4 aqueous electrolyte. 

 

Fig. S3 Plot of IP versus v1/2 for the calculation of the effective diffusion coefficient 

Zn2+ in the electrochromic host 
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Figure S3 shows the relationship between peak current and scan rate of doped TiO2 NC 

film with different W contents. The diffusion coefficients of Zn2+ in films thus can be 

calculated by Randles-Sevcik’s equation [S5]. Accordingly, the diffusion coefficients 

of Zn2+ in W0, W1, W2, W4, and W5 are 9.14×10-14, 6.22×10-14, 5.42×10-14, 8.46×10-

14, and 5.04×10-14 cm2 s-1, respectively. Compared with undoped TiO2 NCs, the 

diffusion coefficient of Zn2+ in W doped TiO2 NCs is higher, which indicates that W 

doping in TiO2 NCs can activate the kinetics of Zn2+ based electrochromic. 

 

Fig. S4 (a) Optical transmittance spectra of doped TiO2 NC films with W nominal doing 

level of 0% (W0), 5% (W1), 10% (W2), 20% (W4), and 25% (W5) at fully colored (dot 

lines) and bleached (solid lines) states. (b) TEM images of the W5 NCs. (c) SEM 

images of W4 (left) and W5 (right) NC film  
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Figure S4a shows that the transmittance modulation rates of W0, W1, W2, W4, and W5 

films at 550 nm are 5%, 41.6%, 54.6%, 77.6%, and 64.6%, respectively. These results 

indicate that a moderate W doping level can significantly improve the Zn2+ active 

electrochromic properties of TiO2 NCs, and the W4 film has the largest electrochromic 

modulation range due to its high Zn2+ electrochemical activity. The optical properties 

of W5 are worse than that of W4, which may be attributed to the decrease of grain width 

and increase of grain length in W5 NCs (Fig. S4b). Such a high aspect ratio makes the 

W5 NCs easier to be secondarily crystallized during the post-heat-treatment, and thus 

resulting in large particle size and non-uniformity size distribution in the W5 film (Fig. 

S4c) [S6-S8]. The presence of large particles may lead to the light scattering 

phenomenon, and thus resulting in a lower bleached transmittance of W5 film. 

 

Fig. S5 Optical transmittance spectra of W4 film at bleached state and colored state 

where the electrolyte was selected as a baseline 

 

Fig. S6 (a) TEM image and size distribution (insert) of W0-0.5h NCs. (b) Optical 

transmittance spectra of W0 and W0-0.5h NC films at fully colored (dot lines) and 

bleached (solid lines) states in 1M ZnSO4 electrolyte 

To reveal the effect of size on the electrochromic properties of NC films, we shorten 

the growth time of TiO2 NCs to 30 minutes, and the as-obtained samples are expressed 

as W0-0.5h. The morphology of W0-0.5h NCs is shown in Fig. S6a. It is found that the 
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sample is pseudospherical, with the diameter distribution of 6 ± 0.7 nm. The 

electrochromic properties of W0-0.5h NC films were measured and as shown in Fig. 

S6b. The transmittance modulation range at 550 nm is 6%, which is similar to that of 

W0 NC film with 5%. This indicates that the size of NCs has limited effect on the Zn2+ 

electrochromic properties in our case. 

 

Fig. S7 Coloration efficiency of a W4 W-doped TiO2 NCs at 550 nm 

 

Fig. S8 Real-time transmittance changes of a W4 W-doped TiO2 NC film at 633 nm in 

the 0-1.3 V window 
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Table S2 Performance comparison of Zn2+-based electrochromic films 

material electrolyte 
response time 

(s) 

optical 

modulation (%) 

Refs. 

Ti-substituted tungsten 

molybdenum oxide nanowire 

bundles 

1 M 

ZnSO4 

τc:14 

(at 632.8 nm) 

76 

(at 632.8 nm) 

69 

(at 550 nm) 

[S9] 

WO3 nanoparticles 
1 M 

ZnSO4 

τb/τc:6.6/6.9 

(at 632.8 nm) 

82 

(at 632.8 nm) 

73 

(at 550 nm) 

[S10] 

Sodium vanadium oxide nanorods 
1 M 

ZnSO4 

τb/τc:25/12.6 

(at 632.8 nm) 
— 

[S11] 

WO3 nanorods 
1 M 

ZnSO4 

τb/τc:3/2 

(at 550 nm) 

81 

(633 nm) 

[S5] 

72 

(550 nm) 

W-doped TiO2 NCs 
1 M 

ZnSO4 

τb/τc:2.2/10.4 

(at 550 nm) 

74.6 

(at 550 nm) 

This 

work 

τb/τc:5.8/7.9 

(at 633 nm) 

77 

(at 633 nm) 

Table S3 Typical electrochromic properties of TiO2 reported in literatures 

material electrolyte 

optical 

modulation 

(%) 

response time 

(s) 

cycle 

stability 

CE 

(cm2 C-1) 

Ref. 

Nb-doped 

TiO2 NCs 
1 M LiClO4 

72 

(at 550 nm) 

τb/τc: 105/10 

(at 550 nm) 
200 cycles — 

[S12] 

Ta-doped 

TiO2 NCs 

0.5 M 

Li-TFSI 

86.3 

(at 550 nm) 

τb/τc: 6.9/66.8 

(at 550 nm) 

1.3% 

decayed 

after 2000 

cycles 

33.2 

[S1] 

TiO2-x NCs 
1 M 

LiClO4 

95.4 

(at 633 nm) 

τb/τc: 9.6/35.1 

(at 633 nm) 

1.1% 

decayed 

after 2000 

cycles 

38.2 

[S2] 

Ta-doped 

TiO2 NCs 

1 M 

LiClO4 

89.1 

(at 550 nm) 

τb/τc:9.5/52.6 

(at 550 nm) 

0.2% 

decayed 

after 2000 

cycles 

29.7 

[S13] 
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WO3/TiO2 

nanotubes 

0.1 M  

HClO4 

82 

(at 600 nm) 

τb/τc: ~1/~1 

(at 600 nm) 
— — 

[S14] 

WO3 

nanoplates/ 

TiO2 NCs 

1 M 

LiClO4 

78* 

(at 600 nm) 

τb/τc:6/6 

(at 600 nm) 
— 128.3 

[S15] 

W-doped 

TiO2 NCs 
1 M ZnSO4 

66 

(at 550 nm) 

τb/τc:2.7/9 

(at 550 nm) 

8.7% 

decayed 

after 1000 

cycles 

37.3 

This work 

* This data is the test value of reflectivity. 

 

Fig. S9 Electrochromic properties of W4 films in 1 M Li2SO4 and ZnSO4 electrolyte. 

(a) Voltammetric cycles at 20 mV s-1 in the 0-1.3V window. (b) Optical transmittance 

spectra of W4 NC films at fully colored (dot lines) and bleached (solid lines) states. (c) 

In-situ optical transmittance of W4 NC film at 550 nm in potential steps of the 0-1.3V 

window in Li2SO4 electrolyte. (d) In-situ optical transmittance of W4 NC film at 550 

nm in potential steps of the 0-1.3V window in ZnSO4 electrolyte. (e) Coloration 
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efficiency of a W4 film at 550 nm in Li2SO4 electrolyte. (f) Coloration efficiency of a 

W4 film at 550 nm in ZnSO4 electrolyte. 

Compared to the electrochromic performance achieved via using the ZnSO4 electrolyte, 

the W4 electrode shows inferior electrochromic performance in the Li2SO4 electrolyte 

(Fig. S9a, b). As shown in Fig. S9a, the optical contrast tested in the Li2SO4 electrolyte 

is 408% lower than that tested in the ZnSO4 electrolyte. Figure S9c-f that the response 

times and coloration efficiency of the W4 film in the electrolyte of Li2SO4 and ZnSO4. 

The switching times of W4 film attained in Li2SO4 electrolyte are better than that tested 

in ZnSO4 electrolyte, which is attributed to the fact that Li-ions are not effectively 

embedded into the lattice of TiO2 in the same voltage window of 0-1.3V. In other words, 

the larger optical contrast will take longer switching times at the same switching speed 

and the W4 films have a larger optical contrast in a ZnSO4 electrolyte. Obviously, the 

coloration efficiency of the W4 attained in Li2SO4 electrolyte is lower than that tested 

in ZnSO4 electrolyte, which further confirms that Zn2+ is more electrochemically active 

to W4 films than Li+. The above results further confirm the significance of developing 

Zn2+-active electrochromic materials. 

 

Fig. S10 Ex-situ high resolution XPS spectrum of W4f in the W-doped TiO2 NC film 

at the initial, colored (0 V) and bleached (1.3 V) states 

It is reported that the peak Ti 3p overlaps with the peak W4f, the Ti 3p peak was thus 

separated when we fitted the XPS spectrum of W [S16]. Figure S10 shows that the 

W4f7/2 peak at initial state can be divided into two peaks, corresponding to W6+ 4f7/2 

and W5+ 4f5/2 at 35.9 and 35.6 eV, respectively [S17]. The calculated area ratio of W5+ 

to W6+ is 1/7, which is consistent with the fact that the TiO2 matrix remains electrically 

neutral after W replaced Ti [S18]. The XPS peak of W shifts to a low angle in the 

colored state, which may be due to the change of the coordination environment of W 
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with Zn and O atoms due to the insertion of Zn2+ ions [S10]. Due to the reduction of 

W6+ to W5+ in the process of Zn2+ ions intercalation, the area ratio of W5+ to W6+ is 

increased to 3/7. At the fully bleached state at 1.3 V, the W4f spectra almost return to 

the initial state after the deintercalation of Zn2+. The reduction ratio of W6+ is much 

lower than that of T4+, which indicates that W mainly plays the activate Zn2+ based 

electrochromic role in the doped TiO2 system. 

 

Fig. S11 Ex-situ XRD of W4 film during the Zn2+ active electrochromic process in the 

initial, colored (0 V) and bleached (1.3 V) states. In order to obtain strong XRD 

diffraction signal of NC film, ITO glass with weak XRD diffraction intensity was 

selected as the substrate for testing. 

 

Fig. S12 The diffusion energy curves of isolated Zn2+ from one stable position to a 

neighboring one in the doped TiO2 with W content of 2.1% 
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Fig. S13 Transmittance changes at 550 and 633 nm under the open-circuit condition 

after the W4 device was biased at 0 V for 30 s 

 

Fig. S14 Voltammograms of the electrochromic device at 20 mV s-1 in the 0-1.3 V 

window at 1st, 100th, up to 1000th cycles 

 

Fig. S15 Real-time transmission spectrum of the device during the cycling process 
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Table S4 Coloration and bleaching time of the device for 1st, 100th, 200th, up to 1000th 

cycle 

Cycles τc (s) τb (s) 

1st 9 2.7 

100th 8.6 4.7 

200th 9.7 4.7 

300th 9.2 4 

400th 10.8 4 

500th 10.4 4.6 

600th 11.4 5.1 

700th 10.8 4.1 

800th 9.3 3.6 

900th 9.7 3.2 

1000th 10.3 3.9 

 

Fig. S16 SEM image of W4 NC film disassembled from device after 1000 cycles 

 

Fig. S17 Raman spectra of the W4 electrochromic device before and after 1000 cycles 
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Table S5 Performance comparison of Zn2+-based electrochromic device 

year material electrolyte 
response time 

(s) 

optical 

modulation (%) 

cycle stability 

(transmittance 

reduction) 

Refs. 

2019 

Ti-substituted 

tungsten 

molybdenum oxide 

nanowire bundles 

1 M ZnSO4 —— 
62 

(at 633 nm) 

31% decayed 

after 100 cycles 

[S9] 

2019 WO3 nanoparticles 
1 M ZnSO4-

AlCl3 

τb/τc:5.7/10.3 

(at 633 nm) 

77 

(at 633 nm) 

43% decayed 

after 200 cycles 

[S10] 

2019 V3O7 nanoparticles 1 M ZnSO4 
τb/τc:10.4/28.6 

(at 633 nm) 

21 

(at 633 nm) 
—— 

[S19] 

2020 WO3-x nanocrystals 1 M ZnSO4 
τb/τc:4.5/3.7 

(at 633 nm) 

76 

(at 633 nm) 
—— 

[S20] 

2020 
sodium vanadium 

oxide nanorods 
1 M ZnSO4 

τb/τc:23.2/34.8 

(at 633 nm) 

21 

(at 633 nm) 

38% decayed 

after 1000 

cycles 

[S11] 

2020 WO3 nanorods 1 M ZnSO4 

τb/τc:7.4/7.2 

(at 550 nm) 

66 

(at 550 nm) 33% decayed 

after 500 cycles 

[S5] 

τb/τc:4.7/12 

(at 633 nm) 

75 

(at 633 nm) 

2021 
W-doped TiO2 

nanocrystals 
1 M ZnSO4 

τb/τc:2.7/9 

(at 550 nm) 

66 

(at 550 nm) 

8.7% decayed 

after 1000 

cycles 

This 

work 
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