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Abstract 

 

Characteristic of CeO2 Film Deposited 

by Nano Particle Deposition System 

and Its Electrochromic Application 

 
Se-Heon Kim 

Department of Mechanical and Aerospace Engineering 

The Graduate School 

Seoul National University 

 
We attempted to fabricate CeO2 counter electrode by using a low 

vacuum and room temperature dry powder deposition method for 

electrochromic window (ECW) application. We deposited a CeO2 film 

on fluorine-doped tin oxide (FTO) coated glass and investigated its 

use as the counter electrode. The structure of the as-deposited CeO2 

film was characterized by X-ray diffraction, and the film’s surface 

morphology and thickness was investigated by Scanning Electron 

Microscopy (SEM) and Atomic Force Microscopy (AFM). ECW 

which the CeO2 film was applied to as a counter electrode showed 

enhanced reversibility of 85% at a wavelength of 800 nm although 

transmittance modulation was decreased. 

 

Keyword: Electrochromic window, Nano particle deposition system, 

ion storage layer, Cerium oxide, Counter electrode 
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Chapter 1. Introduction 
 

 

1.1. Electrochromism 
 

Electrochromism is the physical phenomenon that material 

reversibly changes its color due to electrochemical redox reaction. 

S.K deb firstly observed that tungsten oxide (WO3) has 

electrochromic property, and applied it to display application in the 

late 1960’s [1]. From the research, electrochromism of WO3 have 

been further studied [2-5]. Besides tungsten oxide, other transition 

metal oxides [6-10] and polymers [11, 12] have been investigated 

as electrochromic materials. 

Although extensive researches on electrochromism have been 

done so far, the detailed mechanism is still poorly understood  

except for WO3 which has been studied intensively [13]. Several 

models are proposed as EC model of WO3 such as color centers [14], 

small polarons [15], intervalence charge transfer (IVCT) [16], and 

Drude theory [17]. Among them, IVCT model is a simplified though 

closely related model for this physical phenomenon [13]. 

According to the model, electrons and ions are inserted and 

localized on tungsten oxides by a potential difference in 

electrochromic cell.  

 

M+ + e- + WO3 (transparent) ↔ MxWO3 (blue) 

 

Those inserted ions and electrons change some of the W6+ sites to 

W5+, and result in the band gap structure change as shown in Fig. 1.1. 

Due to the change, electrons exist in the conduction band of W5+, and 

tend to move to other near W6+. By absorbing additional energy from 

photon, charge transfer from W5+ to W6+ occurs. This charge transfer 

between the two different site are written as 

 

Wi
5+ + Wj

6+ + photon → Wi
6+ + Wj

5+ 
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1.2 Electrochromic applications 
 

By using electrochromism, we can control optical properties such 

as transparency, reflectance, and absorbance. Devices which 

electrochromism is applied to are called EC device. Electrochromic 

window (ECW) and Electrochromic display (ECD) are the most 

popular EC devices. 

Compared with other display technology such as a liquid-crystal 

display (LCD) and an organic light-emitting diode (OLED), ECD is 

cheap and low-power-consuming. Moreover, the structure of EC 

device is so simple that it can be easily applied to flexible display. 

There have been many researches done on ECD, and especially the 

Siemens showed a flexible ECD (Fig. 1.2). 

ECWs is a type of smart window with varying levels of 

transparency and solar heat gain. When using ECWs to building, 

people can get comfort indoor condition and reduce the energy 

consumption used for the air-conditioning. Besides building window, 

the Boeing company used this smart window to its airplane, 787 

Dreamliner, and the Ferrari to its new brand car as sunroof (Fig. 1.3). 

ECWs consist of three parts: the working electrode, electrolyte, 

and the counter electrode, as shown in Fig. 1.4. The working 

electrode is a transparent electrode covered by an electrochromic 

film. The working electrode normally plays the role of the color 

changing part of the ECW. The electrolyte provides an ionic path. 

Ions are a crucial part of the electrochemical reaction and are 

transported between the electrodes. The counter electrode, which 

has the same basic structure as the working electrode, is covered by 

an ion storage material instead of an electrochromic material; this 

electrode stores ions or allows ions to diffuse to the working 

electrode film, based on the direction and magnitude of the applied 

voltage. Therefore, the counter electrode should have good ion 

charge capacity and cycle reversibility. 

Research into ECWs has been carried out using a variety of thin 

film fabrication methods, including sputtering [18], thermal 

evaporation deposition [19], sol-gel [20], and electrodeposition [21] 
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and other deposition methods [22]. In particular, nanoparticle 

deposition system (NPDS) has strong potential as a low-cost 

fabrication technique to cover large areas of ECWs [22, 23] (Fig. 

1.5). 

  

Figure 1.2. ECD developed by the Siemens 

Figure 1.3. Commercial ECWs; (a) Boeing 787 Dreamliner window and (b) 

the Ferrari sunroof 
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Figure 1.4. Structure of ECWs 

Figure 1.5. Comparison of deposition conditions between NPDS and 

other deposition methods [22] 
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1.3. Nano Particle Deposition System (NPDS) 

 

NPDS is a dry powder spray deposition system that makes a thin 

film on a target surface by spraying dry particles in aerosol form. 

This system was developed by Chun and Prof. Ahn in 2008 [24]. 

There are similar dry powder deposition systems such as the cold 

spray [25] and aerosol deposition systems [26]. Compared with 

these systems, NPDS operates under relatively low vacuum 

conditions, with a low carrier gas pressure at room temperature. This 

leads to a reduction in energy consumption. 

Fig. 1.6 shows a schematic diagram of NPDS. In this system, the 

powders are transported by a chain from the powder container to the 

aerosol generator. The supplied powders mix with compressed air to 

form an aerosol. The aerosol then flows into the vacuum chamber and 

accelerates up to Mach 1 as it passes through a nozzle. The powders 

in the aerosol collide with the target substrate and form a thin film. 

This system can be used to deposit both metal and ceramic powders; 

the deposited films can be used in thermoelectric [27] and solar cell 

devices [28]. 
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Figure 1.6. Schematic diagram of NPDS 
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1.4. Goal of research 

 

Although NPDS showed its potential as low cost and 

environmental friendly fabrication method of ECWs at the previous 

research [23], it had the limitation that it focused only on fabrication 

of working electrode. Therefore, it was still in need to Investigate 

fabrication of a counter electrode by NPDS. 

NiO [9, 29], VO4 [30], IrO2 [10], TiO2 [31], and their composites 

[32, 33] have been suggested as counter electrode materials for WO3 

working electrode. These materials have good ion capacity and 

reversibility for Li ions, but the critical issue is their toxicity. To 

deposit material by NPDS, the material must be nontoxic.  

Cerium dioxide (CeO2) has good electrochemical reversibility 

properties, particularly in the case of lithium insertion. Hence, it has 

been investigated as a potential ion storage material for use in ECWs. 

Moreover, it is a cheap, nontoxic material. For these reasons, CeO2 

is a promising candidate for low-cost, environmentally friendly 

fabrication of ECWs by NPDS. 

In this research, we aimed to deposit CeO2 film onto a transparent 

electrode using NPDS. We characterized the resulting film and its 

performance as a counter electrode to a tungsten trioxide (WO3) 

working electrode fabricated by the same deposition method.
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Chapter 2. As-deposited CeO2 film 

 

 

2.1. Film deposition 
 

CeO2 powder (99.9% trace metals basis, < 5 μm, Sigma Aldrich) 

was used to deposit (Fig. 2.1). Fluorine-doped tin oxide (FTO) 

coated glass (25 mm X 20 mm X 2.2 mm, Fine Chemical Industry) 

was used as transparent conductive electrode, which has a sheet 

resistance of 10 Ω/☐. By using the slit type nozzle, whose exit was 

10 mm X 0.4 mm, CeO2 powder was deposited onto FTO glass for 10 

mm X 10 mm area. The deposition condition of NPDS was listed in 

table 2.1. 

As shown in Fig. 2.2, CeO2 powders were deposited well on the 

glass, and the film was more transparent than the bare FTO glass. 

 

 

 

Table 2.1. CeO2 powder deposition conditions 

Parameter Value 

Stand-off distancea (mm) 3 

Pressure of compressed air (kPa) 300 

Chamber pressure (kPa) 10 

Chamber temperature (K) 298 

Powder feed rate (mm3/min) 9 

Stage speed (μm/s) 10, 50, 100 

Carrier gas Compressed air 
a Stand-off distance: distance between nozzle exit and substrate. 
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10 mm 

10 mm 

Figure 2.2. Photo of an as-deposited 

CeO2 film on FTO glass 

Figure 2.1. CeO2 powders; (a) optical image and SEM images (b) (x 10,000) 

and (c) (x 50,000) 
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2.2. Deposition characteristic 

 

To check whether the crystal structure of CeO2 changed during 

the deposition process, an X-ray study of the as-deposited CeO2 

film was performed for diffraction angles 2θ varying from 20° to 80° 

using a Bruker D8 advance X-ray powder diffractometer. 

Fig. 2.3 shows XRD results of the CeO2 powder and as-deposited 

CeO2 film respectively. The position of CeO2 powder peaks were at 

(1 1 1), (2 0 0), (2 2 0), and (3 1 1). The position of the CeO2 film 

was same as the powder. This result indicated that CeO2 powder was 

successfully deposited on FTO glass without crystal structure 

change. 

After XRD measurement, the thickness and surface morphology 

was measured by SEM. Also, morphological feature and surface 

property of the film were quantitatively measured by AFM 

measurement using by a NANOstationII. 

Fig. 2.4 shows AFM image of the film surface. it indicated that 

the film has the average roughness (Sa) of 23.5 nm, the root mean 

squared roughness (Sq) of 29.8 nm, and the maximum height 

difference (Sy) of 295 nm. 

Fig. 2.5 shows SEM images of the surface and cross-section of 

the film, respectively. In the surface image (Fig. 2.5 (a)), the powder 

which is smaller than the original CeO2 powder, attached and formed 

a thin film. The original powders fractured upon impact with the 

substrate; the fractured powders then attached to the surface of the 

substrate. This result is consistent with previous research [23]. The 

thickness of the CeO2 film was 345 nm (Fig. 2.5 (b)). 
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Figure 2.3. XRD results of the original CeO2 powder and the as-

deposited film on FTO glass 

Figure 2.4. AFM images of the CeO2 film; (a) 2D and (b) 3D images 
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Figure 2.5. SEM images of the as-deposited CeO2 film; (a) 

surface and (b) cross section 
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2.3. Electrochemical characteristic 
 

By applying a potential difference in different forms such as ramp 

and linear to two different electrodes emerged in electrolyte, we can 

get information about the electrode’s electrochemical characteristic. 

Cyclic Voltammetry (CV) is an electrochemical measurements and 

the cycles of ramp signal is used in this measurement. 

To check electrochemical property of the as-deposited film, CV 

was performed. Experimental setup is as follows. A VersaSTAT3 

potentiosat was used to measure the current when cyclic ramped 

potential was applied to the electrode. A conventional three-

electrode cell was used. The CeO2 film on FTO glass, a platinum foil, 

a Ag/AgCl were used as the working electrode, the counter electrode, 

and the reference electrode respectively. The electrolyte was a 1 M 

LiClO4 + propylene carbonate (PC). The parameters of CV were 

listed in table 2.2. 

Fig. 2.6 shows CV pattern of CeO2 films. The well-defined 

oxidation peak was observed at -0.9 V for all samples, but the 

amount of charges during the test was different. The area in each 

closed graph represents the amount of charges participating the 

electrochemical reaction. As a scan speed decrease, the amount of 

charge increased. The film deposited under 10 μm/s scan speed 

showed the highest performance and thus this film was used as 

counter electrode in the following experiments. 
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Table 2.2. Cyclic Voltammetry (CV) parameters 

Parameter Value 

Scan rate 50 mV/s 

Voltage range -3 ~ +3 V 

Number of cycles 10 

Figure 2.6. CV curves of CeO2 films deposited under different 

scan speeds 
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Chapter 3. CeO2 counter electrode 

 

 

3.1. Fabrication of ECW 
 

To determine the effects of the CeO2 film as a counter electrode 

in an ECW, electrochromic cells were fabricated. These cells 

consisted of (1) a working electrode made via WO3 film deposition 

on FTO glass, (2) 1 M LiClO4 dissolved in propylene carbonate (PC) 

solvent as the electrolyte, and (3) a CeO2 film deposited on FTO glass 

as the counter electrode. The working electrode was fabricated 

according to [23]. Surlyn meltonix 1170 was used as adhesive in the 

fabrication process. The configuration of each ECW is given below: 

 

1) FTO/WO3/1M LiClO4 + PC/CeO2/FTO 

2) FTO/WO3/1M LiClO4 + PC/FTO 

 

The fabrication procedure of ECWs was as follows (Fig. 3.1). 

Initially, we bonded a surlyn film (100 μm thick) on the working 

electrode by heating them on a hotplate machine. After, a counter 

electrode was put on the attached surlyn film and bonded together. 

Electrolyte was injected through the hole on the counter electrode 

and finally sealed. The fabricated ECW was shown in Fig. 3.2.
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Figure 3.2. The fabricated ECW; (a) schematic diagram and (b) 

photo 

Figure 3.1. ECWs fabrication procedure 
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3.2. Electrochemical characteristic of ECW 
 

Chronoamperometry and CV were performed to check 

electrochemical characteristic of the ECWs. Fig. 3.3 shows 

chronoamperometry result. The charge density changes of the ECW 

with and without a counter electrode was measured under -2.5 V for 

300 s and then + 2.5 V for 300 s. The amount of charge density was 

bigger at ECW without CE (-5 mC/cm2) than ECW with CE (-3.7 

mC/cm2). But, both the ion extraction and insertion process were 

faster at the ECW with a counter electrode. Also, the process was 

reversible (0 → -3.7 → 0 mC/cm2). 

Fig. 3.4 shows the cyclic voltammetry results. Oxidation peak 

was shifted from 2.23 V to 1.64 V. It indicated that lithium ions were 

extracted easier from the WO3 layer at the ECW with a counter 

electrode than ECW without it; but, the latter ECW had bigger area in 

the closed CV curve than the former ECW. This result means that 

more charges attend the insertion process, and is persistent with the 

chronoamperometry result. 
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Figure 3.3. Charge density change verses time of ECWs under a 

fixed voltage 

Figure 3.4. CV curves of ECWs 
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3.3. Electrochromic characteristic of ECW 
 

By measuring a transmittance change during the operation, 

electrochromic property was investigated. Transmittance was 

measured over the wavelength range from 200 nm to 800 nm for each 

ECW at three different operating states: bleaching, coloring, and re-

bleaching state (Fig. 3.5). The bleaching state is the state before 

applying a first potential difference. The second state, coloring state, 

is the state after the potential difference 3 V was applied for 60 s; 

color changed from transparent to blue at this state. At last, ECW 

comes back to re-bleaching state by applying the potential -1.7 V 

for 60 s. We set the operating levels of potential difference based on 

the cyclic voltammetric responses of ECWs at Fig. 3.4. 

The result for ECWs was shown in Fig. 3.6. At the ECW without 

a counter electrode, the transmittance changes were 30% from 

bleaching to coloring, and 18.6% from coloring to re-bleaching 

respectively. At the ECW with a counter electrode, the transmittance 

changes were 20% from bleaching to coloring, and 17% from coloring 

to re-bleaching respectively. The ECW without a counter electrode 

exhibited larger transmittance modulation than the ECW with a 

counter electrode. 

However, the ECW with a counter electrode was better in terms 

of reversibility. After being re-bleached, the transmittance of the 

ECW without a counter electrode did not completely return to its 

bleached level. In the case of the ECW with a counter electrode, the 

transmittance of the ECW in the re-bleaching state was similar to 

the transmittance in the bleaching state. This result shows that the 

ECW with a counter electrode had better reversibility (table. 3.1).  
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(a) 

(b) 

Figure 3.5. State change of ECWs during transmittance measurement. 

Figure 3.6. Transmittance change of ECWs: (a) the 

ECW without a counter electrode and (b) the ECW 

with a counter electrode 

Bleaching state Coloring state Re-bleaching state 

+3 V for 60 s - 1.7 V for 60 s 
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Table 3.1. Summary of electrochemical and electrochromic properties of 

ECWs 

a

 ㅿ T1 the difference between the bleaching and coloring state 
b

 ㅿT2 the difference between the re-bleaching state and coloring state 

  

Sample 
Anodic 

peak (V) 

Transmittance 

change (ㅿT, %) 

at 800 nm 

Electrochromic 

reversibility (ㅿT2
a/ㅿ

T1
b) 

ECW without a 

CeO2 counter 

electrode 

+2.23 30% 62% 

ECW with a 

CeO2 counter 

electrode 

+1.64 20% 85% 
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Chapter 4. Conclusion 
 

In summary, we attempted to deposit a CeO2 film on FTO glass 

as a counter electrode layer for ECW by using NPDS. Under low 

vacuum and room temperature condition, CeO2 film was successfully 

deposited on FTO glass. XRD data showed that an as-deposited CeO2 

film has a cubic structure and its crystal structure did not change 

compared with the original powders. From the electrochemical and 

electrochromic result, we confirm that a CeO2 film worked as a 

counter electrode for ECW. The electrode shifted anodic peak from 

+2.23 V to +1.64 V, and enhanced reversibility of the ECW from 62% 

to 85%. However, transmittance change of the ECW was 20% at 800 

nm and it was smaller than the ECW without a counter electrode 

(table x). It might caused the decrease of transmittance modulation 

that CeO2 film worked as a resistance and prevented electrons from 

moving to electrical conductive layer. Our future works will focus on 

the enhancement of both reversibility and transmittance modulation 

by using composite of other counter electrode material and CeO2. 
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Abstract in Korean 

 

본 연구에서는 저진공, 상온 조건에서 건식 분말 적층 공정을 이용

하여 전기변색 스마트 윈도우에 사용되는 이산화세륨 상대전극을 제작하

였다. 이산화세륨 분말을 해당 공정을 이용하여 불소산화주석이 코팅된 

전도성 유리 위에 적층하였고, 해당 박막이 적층된 전도성 유리가 전기

변색 스마트 윈도우의 상대전극으로서 작동하는지를 확인하였다. 엑스선 

회절 분석법을 이용하여 이산화세륨 박막의 결정 구조를 분석하였고, 주

사 전자 현미경과 원자간력 현미경을 통해 박막의 표면 및 두께를 측정

하였다. 해당 박막을 적용하여 전기변색 스마트 윈도우 소자를 제작하였

고, 상대전극이 적용되지 않은 소자에 비하여 투과도 변화의 가역성이 

800 나노미터 파장영역에서 85%로 향상되었음을 확인하였다.  

 

주요어 : 전기변색 스마트 윈도우, 나노 입자 적층 장비, 이온 저장층, 

이산화세륨, 상대전극 

학  번 : 2015-20717 
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