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Self-seeded hydrothermal process could eliminate the grain 

boundaries existing in the nanocrystalline base layer, 

speeding up electron transport to the fluorine-doped tin oxide 

(FTO) glass and promoting electron transfer efficiency. This  

report highlights the hierarchical nest-like WO3·0.33H2O film 10 

grown directly on bare FTO glass without a seed layer 

prepared in advance. The film exhibits highly improved 

electrochromic performances. 

Introduction 

Electrochromic (EC) materials are capable of reversibly and 15 

persistently changing their optical properties under an external 

voltage, and are considered to be one of the most promising 

candidates for energy-saving smart (ESS) windows. In recent 

years, tungsten oxide (WO3) has attracted immense attention for 

its distinctive properties, such as water splitting,1,2 gas sensing,3,4 20 

photocatalytic degradation5 and electrochromism.6 As a 

traditional EC material, WO3 exhibits fairly good optical 

modulation and high cyclic stability. Therefore, a lot of 

researches have been done to synthesize WO3 films for 

electrochromic device. 25 

A great deal of efforts have been taken on preparing high-

performance WO3 films, especially nanoscale porous tungsten 

oxide films. Traditionally, WO3 film was fabricated on a 

transparent conductive substrate to form a working electrode via 

a number of methods, such as sol–gel reaction method,7 
30 

sputtering8 and anodic growth method.9 However, we should 

recognize that each of these methods mentioned above has one or 

more characteristic drawbacks, including high-energy 

consumption, leading to inconvenience of large area fabrication 

and poor EC stability. The hydrothermal approach is a facile, 35 

dominant tool for the synthesis of crystalline oxides, which is 

promising for the fabrication of WO3 films because of its 

advantages, which include control over the size, low reaction 

temperatures and cost-effectiveness. 10-12  

In recent years, research on two dimensional (2D) nanosheets has 40 

intensified significantly after the discovery of graphene.13-18 2D 

materials are considered one of the most promising electrode 

materials owing to their lamellar permeable spaces, large surface 

area, and high electrical conductivity.19,20 As is well known, 

electrochromic performance mainly depends on the ionic 45 

diffusion in an electrochromic material. Thus, 2D WO3 (hydrate), 

with high surface ratio and permeable channels, could 

significantly enhance EC performance.21 2D WO3 (hydrate) can 

be obtained by various techniques including high-temperature 

anodization,22 as well as by hydrothermal,23,24 acid etching,25 50 

laser ablation,26 and exfoliation.21,27 Our group has made 

comprehensive studies about crystal-seed-assisted hydrothermal 

technique in preparing WO3 nanoflake films.28 However, the high 

reaction temperature and long cycle of crystal-seed-assisted 

hydrothermal process hinder researches and applications of the 55 

hydrothermal technique. Besides, the current crystal-seed-assisted 

hydrothermal process typically needs a fairly complicated process 

for preparing the seed layer.28-30 And the seed layer would highly 

increase energy consumption not only in preparation, but includes 

applications of electrode. Moreover, the seed layer with poor 60 

qualities could lead a worse WO3 electrode. Herein, we optimize 

the typical hydrothermal technique in this paper and prepare a 

uniform nest-like nanosheets WO3 (hydrate) film directly on bare 

fluorine-doped tin oxide (FTO) glass without a seed layer 

prepared in advance. Compared with the electrode prepared by 65 

crystal-seed-assisted hydrothermal technique, the as-prepared 

electrode could essentially improve the energy efficiency and 

shows a markedly shortened response time. 

Results and discussion 

Structure and morphology analysis 70 

 
Fig. 1 (a) XRD pattern of as-obtained WO3·0.33H2O electrode. FE-SEM 
images of as-obtained WO3·0.33H2O electrode without SL prepared in 
advance: (b) low magnification, (c) higher magnification and (d) partial 

enlarged views. 75 
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In a typical procedure, a bare FTO glass and a peroxopolytungstic 

acid precursor were hydrothermally treated at 120 oC for 2 h. Fig. 

1a shows the X-ray powder diffraction (XRD) patterns of the bare 

FTO glass and the as-obtained films grown with and without a 

300 nm-thick WO3 seed layer deposited on an FTO-coated glass 5 

substrate via a typical spin-coating method.28 The XRD pattern of 

the FTO glass can be clearly indexed to tin oxide (JCPDS Card 

No. 70-4176) and the as-obtained films have the same crystalline 

structure since all diffraction peaks appear at the same position. 

The Raman spectra indicate that the as-prepared films are WO3 10 

hydrates (see Fig. S1 in ESI), and all peaks of the hydrothermally 

grown films can be well indexed to the orthorhombic phase of 

WO3·0.33H2O (JCPDS Card No. 54-1012). The sharp peaks 

indicate the good crystalline quality of the as-fabricated films. 

However, the relative peak intensity for crystalline plane of (002) 15 

of the film grown without SL prepared in advance is different 

from the one with SL, indicating different preferred growing 

direction due to the directing effect of SL. The orthorhombic 

WO3·0.33H2O contains two types of corner-sharing WO6 

octahedron. One type is constructed by a central tungsten atom 20 

that is surrounded by six oxygen atoms, while in the second type, 

two of the oxygen atoms are replaced by a shorter terminal W=O 

bond and a longer W–(OH)2 bond, respectively.31 The relatively 

weaker interaction between adjacent layers may restrict the 

stacking to prevent the bulk formation.23 Finally, the 2D 25 

WO3·0.33H2O nanosheets are formed. 

The morphologies of as-obtained electrode without SL prepared 

in advance are shown in Fig. 1(b,c,d), which exhibit a large area 

and uniform hierarchical nanostructured thin film composed of 

nest-like nanosheets and nanoribbons. As shown in Fig. 1(d), the 30 

nanonests are formed of 2D nanonests and nanoribbons, which is 

different from the hydrothermally grown films with SL (see Fig. 

S2 in ESI). The nanoribbons could highly increase the specific 

surface area and lead a beneficial effect on the kinetics of lithium 

insertion into tungsten oxide. The lateral size of the 3D nanonests 35 

is larger than 500 nm (Fig. 1(c)), so that the contact area between 

the film and electrolyte can be largely increased. These 

hierarchical 2D nanosheets and nanoribbons with high surface 

ratio and permeable channels could maximize the utilization ratio 

of WO3·0.33H2O and reduce diffusion paths of the ions 40 

significantly, ions in the electrolyte can diffuse more easily and 

efficiently. Therefore, the as-obtained electrode could markedly 

shorten the response time of the electrochromic device (ECD), 

which is a crucial parameter for practical devices.  

Proposed formation mechanism 45 

To further understand the growth mechanism of the as-obtained 

WO3·0.33H2O electrode, we examined the crosssectional views 

of the electrode prepared without SL. From the crosssectional 

views of the film, it is found that the nanoribbon bundles grow 

vertically on the substrate at the bottom of the film (Fig. 2(a,b,c)), 50 

and the microstructures of nanoribbons are changed into 2D 

nanosheets at the top of the film. So, based on the above analyses, 

we provide a possible growth mechanism for the formation of the 

WO3·0.33H2O film prepared without SL. The formation 

mechanism of the as-obtained SL free WO3·0.33H2O is thought 55 

to be a multistep growth process. It follows a self-seed – 

nanoribbon bundles – nanonests growth mechanism, which is 

illustrated in Fig. 2(d). Firstly, H2WO4 was dissolved via the 

addition of H2O2 to form peroxopolytungstic acid (PTA).29 Then, 

WO3·0.33H2O crystal nuclei was obtained when the reaction 60 

temperature exceeded the decomposition temperature of PTA.23,32  

Meanwhile, ethylene glycol (EG) adsorbed on the WO3·0.33H2O 

crystal nuclei via hydrogen bonds or physical adsorption,33 and 

EG acted as a bridge between the FTO glass and WO3·0.33H2O 

crystal nuclei. As a consequence, a self-seeded seed dots layer 65 

(SDL) was formed on the surface of FTO glass. Subsequently, the 

nanoribbons were preferred orientation grown on the self-seeded 

SDL from the precursor and finally gathered together over time. 

The third stage was the formation of the nest-like nanosheets, the 

structures were built from nanoribbon bundles as the second 70 

order structure in a self-assembled manner. So, we define this 

facile hydrothermal technique as a novel self-seeded 

hydrothermal technique based on the analyses mentioned above. 

 
Fig. 2 Crosssectional views of WO3·0.33H2O electrode prepared without 75 

SL: (a) Low magnification, (b) higher magnification and (c) partial 
enlarged view. (d) A schematic illustration of the formation process for 

the as-obtained WO3·0.33H2O electrode prepared without SL. 

The components of the solvent also play an important role in 

growing the various morphologies of the WO3·0.33H2O films. To 80 

further understand the effect on WO3·0.33H2O morphologies 

with different solvent components of the self-seeded growth 

technique, we examined the morphologies of self-seeded grown 

tungsten oxide film with less amount of ethylene glycol (Fig. 3). 

The FE-SEM images of WO3·0.33H2O nanoribbon films shown 85 

in Fig. 3 are self-seeded grown using an H2WO4 (0.1 M, 10.5 mL) 

solution, with HCl (3 M, 3.5 mL) and de-ionized water (14 mL) 

added to ethylene glycol (28 mL). Thus, It can be concluded from 

the comparative experiments that the nanoribbons of self-seeded 

grown tungsten oxide film will transform into nest-like 90 

nanosheets as the amount of ethylene glycol in the mixed solvent 

increased. 

 
Fig. 3 FE-SEM images of self-seeded grown WO3·0.33H2O electrode 
with less amount of ethylene glycol: (a) Low magnification, (b) higher 95 

magnification. 

Electrochromic and electrochemical properties 

Besides the simpleness and convenience exhibited in the facile 

self-seeded hydrothermal technique, the as-obtained electrode 
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also exhibits reasonably good electrochromic performance. The 

EC phenomena of the self-seeded grown electrode were measured 

at room temperature using the CHI-760D electrochemical 

workstation via a three-electrode configuration in 1 M lithium 

perchlorate (LiClO4) – propylene carbonate (PC) electrolyte 5 

solution, employing the as-obtained electrode as working 

electrode and a Pt wire (0.5 mm diameter) as the counter 

electrode, together with an Ag/AgCl (3 M KCl) reference 

electrode. The UV-vis transmittance spectra and EC phenomena 

are shown in Fig. 4. The photographs shown in Fig. 4(b) reveal 10 

that the logo placed below the film can be seen clearly, indicating 

that the film is transparent enough. It can be seen that the color 

deepened with the voltage changed from − 0.5 V to − 1.0 V. The 

UV-vis transmittance spectra of the self-seeded grown film in the 

colored and bleached states were measured at − 0.5 V, − 1.0 V 15 

and + 1.0 V, respectively, for 60 s (Fig. 4(a)). The transmittance 

of the self-seeded grown film at 632.8 nm is measured to be ~ 

68% when bleached. Besides the high transmittance of the 

bleached state, the self-seeded grown film has a fairly high 

modulation range when colored at a very low voltage. The 20 

modulation ranges of the self-seeded grown film at 632.8 nm 

after applying voltages of − 0.5 and − 1.0 V are calculated to be 

40.8 and 57.6 %, respectively. The modulation range calculated 

at − 0.5 V of the self-seeded grown film is 27 % higher than that 

of the crystal-seed-assisted film (see Fig. S3 in ESI) and 25 

approximately equal to the result in previous report when colored 

at − 2 V for 60 s.28 

 
Fig. 4 (a) UV-vis transmittance spectra of the self-seeded grown 

WO3·0.33H2O film measured at  ̶ 0.5 V,  ̶ 1.0 V and +1.0 V, respectively. 30 

(b) Digital photographs of the self-seeded grown WO3·0.33H2O film. 

To investigate the cause of the fairly good EC phenomenon, 

cyclic voltammetry curves were recorded for the self-seeded 

grown electrode and crystal-seed-assisted grown electrode at 

room temperature via the above three-electrode configuration; 35 

these are shown in Fig. 5(a). It can be seen that the anodic peak of 

self-seeded grown film is 53 % higher than that of the crystal-

seed-assisted grown film, and the cathodic peak has raised by 44 

percent. This good electrochemical performance can be attributed 

to the novel SL free self-seeded hydrothermal process, which can 40 

eliminate the grain boundaries existing in the nanocrystalline base 

layer, speeding up electron transport to the conductive substrate 

and promoting electron transfer efficiency.34 The schematic 

illustration of the electron transport process is shown in Fig. 5(b). 

Besides, 2D structures of the electrode make ions in the 45 

electrolyte can diffuse more easily and efficiently, so that there 

will be more Li+ ions insert into the WO3·0.33H2O film at a low 

voltage. 

 
Fig. 5 (a) Cyclic voltammetry curves of the self-seeded grown 50 

WO3·0.33H2O film and crystal-seed-assisted WO3·0.33H2O film, 
measured in 1.0 M lithium perchlorate-PC solution between −1.0 and 1.0 

V at a sweep rate of 100 mV/s. (b) Schematic illustration of electron 
transport process. 

The switching time characteristics of the self-seeded grown 55 

WO3·0.33H2O film are shown in Fig. 6(a). The coloration and 

bleaching times are defined as the time required for 90 % change 

in the entire transmittance modulation. The coloration time tc and 

bleaching time tb are found to be 26 s and 5.5 s respectively, 

which are faster than those previous reports.32,35 Compared with 60 

the crystal-seed-assisted grown film, the coloration time of the 

self-seeded grown film is shrunk by 28 % (see Fig. S4(a) in ESI). 

The fast switching speed of the self-seeded grown film is the 

result of the hierarchical 2D structures and grain boundary 

elimination of the nanocrystalline base layer, which make it 65 

easier for the Li+ ion intercalation processe to complete. 

 
Fig. 6 (a) Switching time characteristics between the colored and 

bleached states for self-seeded grown WO3·0.33H2O film measured at 
632.8 nm, ± 3.0 V bias.. (b) Peak current evolution of self-seeded grown 70 

WO3·0.33H2O film during the step chronoamperometric cycles. 

Electrochemical stability is another essential parameter for EC 

materials. The electrochemical stability of the self-seeded grown 

film was characterized by chronoamperometry using square 

potentials (between  ̶ 1.0 and 1.0 V). The peak current density of 75 

each cycle is recorded in Fig. 6(b). Compared with the crystal-

seed-assisted grown film, the self-seeded grown film has no 
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significant difference in cycle stability, indicating that 

hydrothermal without SL prepared in advance do no harm to the 

electrochemical stability of WO3·0.33H2O electrodes (see Fig. 

S4(b) in ESI). 

Coloration efficiency (CE), which is defined as the change in 5 

optical density (ΔOD) per unit of charge (ΔQ) intercalated into 

the EC layers, is a crucial characteristic parameter for comparing 

the EC performance of the materials.36 The CE of self-seeded 

grown electrode is calculated to be 126.34 cm2C-1 (see Fig. S5 in 

ESI), which is higher than that of the crystal-seed-assisted grown 10 

film and some earlier reports.12,29 The high coloration efficiency 

of the as-synthesized WO3·0.33H2O film is mainly correlated 

with its 2D nanosheets structure and nest-like morphology. 

Besides, the novel SL free self-seeded hydrothermal process can 

also improve the CE of the electrode for the improved electron 15 

transfer efficiency. 

Conclusions 

In summary, nest-like WO3·0.33H2O films are assembled directly 

on a FTO glass substrate via a novel and facile self-seeded 

hydrothermal method. Compared with the crystal-seed-assisted 20 

grown film, the self-seeded film shows significantly improved 

EC performance caused by its unique self-seeded hydrothermal 

technique, which can eliminate the grain boundaries existing in 

the nanocrystalline base layer, speeding up electron transport to 

the FTO glass and promoting electron transfer efficiency. Besides, 25 

hierarchical nanoribbons were appeared under this self-seeded 

hydrothermal process, which provide larger active surface area 

and therefore led to the self-seeded films with improved 

electrochromic performance. Moreover, 2D structures can also 

significantly enhance EC performance. Such WO3·0.33H2O films 30 

with improved EC behaviors, which could essentially improve 

energy efficiency, possess promising implications for potential 

applications in energy-saving smart windows and displays. 

Experimental Section  

Preparation of Precursor and Hydrothermal Treatment 35 

All solvents and chemicals were of analytical grade and were 

used without further purification. The self-seeded growth of nest-

like WO3·0.33H2O film was synthesized on a FTO glass using a 

hydrothermal technique. The precursor solution for hydrothermal 

use was prepared by dissolving H2WO4 (5 g) in 30 wt% H2O2 (60 40 

mL), while heating at 95 oC with stirring. The resulting clear 

solution was diluted using de-ionized water to 200 mL, giving a 

concentration of 0.1 M. The nest-like films were grown using an 

H2WO4 (0.1 M, 10.5 mL) solution, with HCl (3 M, 3.5 mL) and 

de-ionized water (10.5 mL) added to ethylene glycol (31.5 mL). 45 

The mixture was transferred into a 70 mL Teflon-lined stainless-

steel autoclave, holding a vertically oriented FTO glass; the 

autoclave was then sealed and maintained at 120 oC for 2 h. We 

have chosen the temperature of 120 oC for the hydrothermal 

reaction because it is low but higher than the normal boiling point 50 

of the 60 % (by volume) ethylene glycol solution (~ 110oC, see 

Fig. S6 in ESI), ensuring enhanced dilution capability through 

intensified molecular motion.37 The FTO glass was finally rinsed 

with absolute alcohol and de-ionized water, and dried in 

atmosphere. For comparison, a WO3 film was prepared on a seed 55 

layer coated FTO glass via the same hydrothermal process 

(crystal-seed-assisted hydrothermal method). 

Preparation of seed layer 

Preparation of seed solution 
The seed solution was made by adding a 3 M HCl solution to a 60 

0.2 M Na2WO4·2H2O aqueous solution until no more precipitate 

was formed. Afterwards, cold water was used to wash the 

precipitate with centrifugation of 8000 rpm for 10 min again and 

again. Finally, the washed precipitate was dissolved with 30 wt% 

H2O2 drop by drop. 65 

Preparation of seed layer 
The seed layer coated FTO glass was prepared via a spin-coating 

method, as described in our previous work.28,29 WO3 seed layer 

was deposited on an FTO coated glass substrate (cleaned using 

acetone, ethanol, and deionized water, sequentially) by spin-70 

coating a seed solution, followed by annealing at 400 oC for 1 h.  

Characterization 

The morphology of the electrode was observed via a S-4800 

field-emission scanning electron microscope (Hitachi, Tokyo, 

Japan) operated at 5 kV. Electrodes were investigated using an 75 

powder X-ray diffraction technique (XRD, D/max 2550 V, 

Rigaku, Tokyo,Japan) with Cu Ka(λ= 1.5406A°) radiation at 40 

kV and 300 mA. Raman spectra were recorded on a Renishaw in 

plus laser Raman spectrometer with λexc=432 nm. The 

transmittance spectra and the coloration/bleaching time of the 80 

electrodes were measured by Lambda 950 (Perkin Elmer, 

Waltham, MA, USA). Electrochemical measurements were 

carried out on the CHI760D (Shanghai Chenhua Instruments, 

China) electrochemical workstation. 
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