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ZrO2 and Al-Zr composite oxide film was prepared by vacuum assisted sol-gel dip coating 

method and anodizing. ZrO2 films annealed above 400oC have tetragonal structure. ZrO2 layers 

inside etch pits were successfully coated from the ZrO2 sol. The double layer structures of 

samples were obtained after being anodized at 100 V to 600 V. From the TEM images, 

it was found that the outer layer was Al2O3, the inner layer was multi-layer of ZrO2, Al-Zr 

composite oxide and Al hydrate. The capacitance of ZrO2 coated foil exhibited about 28.3% 

higher than that of non-coating foil after being anodized at 100 V. The high capacitance 

of ZrO2 coated foils anodized at 100 V can be attributed to the relatively high percentage 

of inner layer in total thickness. The electrical properties, such as withstanding voltage and 

leakage current of coated and non-coated Al foils showed similar values. From the results, 

ZrO2 and Al-Zr composite oxide is promising to be used as the partial dielectric of high 

voltage capacitor to increase the capacitance. 
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I. Introduction

Aluminum electrolytic capacitors are widely used in 

electric and electronic systems. With the rapid 

development of the electric industry and the 

increasing demand for small capacitors with high 

capacitance, extensive studies have been performed 

to increase the capacitance [1,2]. The capacitance, C, 

of capacitors is expressed by

C=
ε0εA

d
 (1)

Where ε0 is the vacuum permittivity, ε the relative 

dielectric constant of the dielectric layers, A the 

effective surface area, and d is the thickness of 

dielectric layers. This equation indicates that the 

capacitance can be increased by increasing the 

relative dielectric constant and effective surface 

area. Anodized aluminum oxide, Al2O3, has been used 

as a dielectric material in aluminum electrolytic 

capacitors and its dielectric constant is approximately 

8∼9. Therefore, the application of high dielectric 

constant (high-k) materials on Al foil is a possible 

way to improve capacitance. However, pure high-k 

materials coated on Al foils by sol-gel method could 

not sustain voltage for the strong local electric field 

[3]. Until now, almost all researches have been 



Fei Chen and Sang-Shik Park

34  Appl. Sci. Conv. Technol. 24(2), 33-40 (2015)

Figure 1. Flow chart for preparation of the Al foil 
samples.

performed on the fabrication of composite oxide films 

by coating high-k materials on plane Al foil and low 

voltage anodizing. It has been found that the specific 

capacitance can be improved by the composite oxide 

films, such as Al2O3-(ZrO2, Nb2O5, SiO2, (Ba0.5Sr0.5) 

TiO3, Bi4TiO12, and TiO2), to a certain degree [4-8]. 

ZrO2 is one of the promising high-ĸ materials, and 

it has high dielectric constant (22∼25) and wide band 

gap (5.1∼7.8 eV) [9,10]. It is expected that 

incorporation of ZrO2 and anodic oxide film may form 

the Al-Zr composite oxide film with high dielectric 

constant and improve the capacitance. Various 

methods such as sol-gel dip coating [8], pore filling 

method [11] and electrophoretic coating [12] have 

been adopted to coat high-k materials on the 

aluminum foil. Sol-gel dip coating method has the 

advantages of low cost, the ability to coat the 

substrate with complicated surface. In order to apply 

the coated Al foils to high voltage capacitor, it is 

necessary to coat uniformly high-k materials inside 

etch pits of Al foil for high voltage. Previous 

researches have indicated that the thickness of the 

anodized oxide film was proportional to the anodizing 

voltage. Meanwhile, the anodizing voltage also has 

effect on the thickness of composite layer [13]. The 

effects of anodizing voltage on the formation of 

Al-Zr composite oxide films inside etch pits of Al 

foils have been rarely experimented. Our previous 

research showed that uniform coating of dielectric 

film inside the etch pits of high voltage Al foils was 

one of the hard works, because the gas pressure 

inside the etch pits would prevent the sol solution 

from getting inside [14]. In this study, ZrO2 films 

were coated inside etch pits of aluminum foils by the 

vacuum assisted sol-gel dip coating method. To find 

the optimal anodizing condition, the ZrO2 coated 

samples were anodized at a range of voltage. The 

effect of ZrO2 coating on capacitance and electrical 

properties were discussed through comparing with 

the non-coating specimens. 

II. Experimental Procedures

1. Sol preparation

The flow chart for preparation of ZrO2 sol and 

coated foils is shown in Fig. 1. The 8 mol% ZrO2 sol 

was prepared by mixing zirconium (IV) butoxide 

(Zr(OC4H9)4, 80 wt% in 1-butanol, Sigma-Aldrich), 

and 2-methoxyethanol (CH3OCH2CH2OH, anhydrous, 

99.8%, Sigma-Aldrich) with acetic acid as a 

complexing agent. The molar ratio of acetic acid 

(CH3COOH, 99.7%, Daejung Chemicals & Metals) to 

zirconium was 6. After stirring for 1 h, nitric acid 

(HNO3, 70%, Sigma-Aldrich) was added as an acid 

catalyst to avoid hydroxide precipitation. And then, a 

clean and transparent precursor sol was obtained. 

Etched Al foils with etch pits of 1∼2 μm in diameter 

and 30∼40 μm in length were used as substrates. 

Before coating, the specimens were immersed in ZrO2 

sol and the vacuum pump was run to exhaust the air 

in the etch tunnel. Afterward, the samples were 

drawn at a rate of 0.5 mm/s, dried at 100oC for 30 
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Figure 2. X-ray diffraction patterns of ZrO2 coated foils
annealed at 400∼550oC: Al (∇), ZrO2 (◆).

min and annealed at 400∼550oC for 10 min. The 

samples were prepared by repeating the dipping and 

annealing 4 times. The two-step anodizing was 

performed to anodize ZrO2 coated foils. The ZrO2 

coated specimens were anodized in a boric acid 

solution (100 g H3BO3/1L H2O) at 85oC with a constant 

current of 50 mA/cm2 until the voltage reached 

setting voltage, and held for 20 min. The first 

anodized specimens were heated at 500oC for 2 min, 

followed by re-anodization for 5 min. and re-heated 

at the same condition. The anodizing voltages are 100 

V, 300 V, 500 V, 600 V. The non-coated Al foils were 

anodized in parallel under the same process for 

comparison. 

2. Characterization of samples

The crystal structure of the ZrO2 films was 

analyzed by the X-ray diffraction (XRD, X’pert Pro, 

PANalytical, USA) method using Cu kα radiation. 

The chemical states of the ZrO2 films were examined 

by X-ray photoelectron spectroscopy (XPS, ULVAC-PHI, 

Quantera SXM). The morphologies and thickness of 

the films were identified by field emission scanning 

electron microscopy (FESEM, Jeol, JSM-6700F) and 

field emission transmission electron microscopy 

(FETEM, FEI, Titan G2 ChemiSTEM Cs Probe). The 

capacitance for each specimen were measured using 

an impedance-gain phase analyzer (Hewlett-Packard, 

4194A) in water (1000 ml) and an ammonium pentaborate 

(NH4B5O8·4H2O, 80 g) mixture. The electric properties, 

such as the withstanding voltage and leakage 

current, were characterized by a source meter 

(Keithley, 2410) in water (1000 ml) and a boric acid 

(H3BO3, 70 g) mixture. The withstanding voltage of 

the Al foils was measured by loading a constant 

current density of 0.2 mA/cm2. The leakage current 

was measured under conditions of a 5 V step and a 

delay time of 1 s. 

III. Results and Discussion

Fig. 2 shows the XRD diffraction patterns of ZrO2 

coated foils annealed around 400∼550oC for 10 min. 

The results perfectly matched with the reported 

X-ray diffraction pattern for ZrO2 phase (JCPDS card 

No. 50-1089). They show that all the film annealed 

above 400oC have tetragonal structure. T. Ivanova 

also reported that the crystallization of tetragonal 

zirconia began at the annealing temperature of 400oC 

[15]. With the annealing temperature increase, the 

diffraction peaks getting stronger. Considering that 

highly pure aluminum would melt down and 

recrystallization occurs around tunnel structure when 

the heating temperature exceeds 580oC [16], the final 

annealing temperature was selected as 500oC in this 

work. 

Fig. 3 shows the XPS spectra of the ZrO2 films 

coated on Al foil. A monochromated Al kα line and 

a constant energy of 280 eV were used in the 

experiments. All binding energies were calibrated at 

a binding energy of C1s (284.5 eV). In the wide scan 

shown in Fig. 3(a), the Zr 3d peak appears at a 

binding energy (BE) of 182 eV and the 3d doublet 

splitting is 2.4 eV, which corresponds to ZrO2. It 

demonstrates that ZrO2 is successfully coated on the 
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Figure 3. XPS spectrum of (a) a wide-surface scan and (b) high-resolution scan obtained from ZrO2 coated Al 
foil annealed at 500oC.

Figure 4. SEM images of ZrO2 coated foils anodized at different voltages; (a) 4 times coated sample, (b) 100 V,
(c) 300 V, (d) 500 V, and (e) 600 V anodized sample.

aluminum foil. The Zr 3d5/2 and Zr 3d3/2 peaks of 

the ZrO2 films were observed at 181.6 and 184.0 eV, 

respectively. Fig. 3(b) shows the high- resolution 

XPS spectra of the Zr3d and O1s peaks. The surface 

compositions of the ZrO2 films showed O/Zr ratios of 

1.69. 

ZrO2 coating layers showed very low breakdown 

voltage due to crack formed during drying and/or 

annealing. Therefore, it is needed to anodize the 

coated foils for application to high voltage 

capacitors. Fig. 4 shows SEM images of ZrO2 coated 

Al foils anodized at different voltage. Fig. 4(a) is 

ZrO2 layer coated inside Al etch pit, and Fig. 4(b)∼

(e) are Al foils anodized at 100 V, 300 V, 500 V, and 

600 V after coating, respectively. To obtain the clear 

cross section images of coated etch pits, the samples 
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Figure 5. The variation of total thickness, Al2O3 layer 
thickness, and percentage of outer layer in 
total thickness with anodizing voltage.

Figure 6. TEM image of sample after 4 times coating 
and anodizing up to 100 V; (a) cross sec-
tional image, (b) high resolution image of 
ZrO2 layer. Inset is FFT image of ZrO2 layer.

were polished and then, corroded with potassium 

hydroxide (KOH, 85%) solution for 2 min. As shown in 

Fig. 4(a), relatively uniform ZrO2 layer was coated 

successfully, and the thickness of coating layer was 

around 120 nm. The tunnels of ZrO2 layer were 

shrunken from initial etch pits wall due to annealing 

at 500oC. The double layer structure and small 

decrease of tunnel inner diameter could be found 

from Fig. 4(b) to (e). The total thickness of double 

layer ranges from 220 nm to 710 nm with anodizing 

voltage. It could be inferred that the outer layer is 

Al2O3 and the inner layer is ZrO2 and porous Al-Zr 

composite oxide materials. The inner layer was 

relatively strong to stand the force of volume 

expansion even under 600 V anodizing. 

The variation of total thickness, outer Al2O3 

thickness, and the percentage of inner layer in total 

thickness with anodizing voltage was shown in Fig. 5. 

It is apparent that the total thickness and outer Al2O3 

layer thickness increase, but the percentage of inner 

layer in total thickness decreased from 55.1% to 

27.2% with the anodizing voltage increase. Previous 

investigations have indicated that the thickness of 

the anodized oxide film was proportional to the 

forming potential and an average film growth rate of 

the crystalline anodized oxide was 0.8∼1.3 nm/V 

[17]. When the Al foil without ZrO2 coating layer was 

anodized at 600 V, the thickness of the anodized 

Al2O3 was about 600 nm. While the thickness of total 

and outer Al2O3 layer was around 710 nm and 520 nm 

for ZrO2 coated foil of Fig. 4(e), respectively. When 

the forming voltage exceeded 100 V, the increase in 

film thickness per increase in voltage was reduced 

gradually due to the change of the crystal structure 

of the anodized aluminum oxide [18]. The inner layer 

after anodizing showed the thickness of 190 nm. This 

is the reason that Al3+ ions reaching the 

electrolyte/oxide interface contribute to hydroxide 

formation such as aluminum hydrate. Therefore, it 

was considered that inner ZrO2 layer could sustain 

voltage after the micro-pores and cracks were filled 

with Al3+ ions. 

Fig. 6 shows the TEM cross section image of the 

ZrO2 coated foil anodized at 100 V. TEM samples were 

prepared by FIB (focused ion beam) thinning 

technique. It clearly indicates that the outer layer is 

Al2O3 around 100 nm in thickness and the inner layer 

is multi-layer of ZrO2, Al-Zr composite oxide and Al 

hydrate around 300 nm in thickness. From the SEM 

and TEM images of samples anodized at 100 V, it was 

found that the thickness of inner layer was different. 

That is maybe because the Al hydrate layer is 

dissolved in KOH solution during preparation of SEM 

samples. The high resolution image of inner ZrO2 
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Figure 7. Capacitance change of the coated and 
non-coated samples as a function of anod-
izing voltage.

Figure 8. Electrical properties of the coated and non-coated samples. (a) and (b) are withstanding voltage and
leakage current of non-coated samples, (c) and (d) are withstanding voltage and leakage current of
coated samples.

layer was shown in Fig. 6(b). Inset is the FFT 

(Fourier transform) image of ZrO2 layer obtained 

from the software of Gatan digtalmicro graph. The 

Fourier transform image of the lattice gives 

information about the structural periodicity in the 

inverse space. The results confirmed that inner layer 

was tetragonal ZrO2. The measured interplanar 

spacing, d, is 0.298 nm, which could be matched with 

d=0.295 nm of tetragonal ZrO2 (011) crystal plane. 

Fig. 7 shows the variation of capacitance of ZrO2 

coated and non-coated foils as a function of 

anodizing voltages. The capacitance of coated and 

non-coated foils exhibited decrease tendency from 

2.76 to 0.44 μF/cm2 and from 2.15 to 0.39 μF/cm2 

as the anodizing voltage increased from 100 V to 600 
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V. The decrease of capacitance is due to that the total 

thickness of dielectrics increase with increasing the 

anodizing voltage. From the curves of both samples, 

it was found that the capacitance of ZrO2 coated foils 

could be increased to 28.3% when being anodized at 

100 V. When being anodized at above 300 V, the ZrO2 

coated foils showed the larger capacitance of 5.4∼

12.8% than those of non-coated foils. The high 

increase of ZrO2 coated foils anodized at 100 V can be 

attributed to the relatively high percentage of inner 

layer in total thickness, but the precise reason for 

this result requires further investigation. The study 

on the effect of coating thickness on dielectric 

properties is currently underway. The dissipation 

factor of ZrO2 coated foils decreases with increasing 

the anodizing voltage. The dissipation factors of 

coated and non-coated foils anodized at 100 to 600 V 

was 0.56 to 0.1 and 0.45 to 0.11 at 1 kHz, 

respectively. When ZrO2 coated foils were anodized, 

the micro pore and crack formed by evaporation of 

organic compound during drying or/and annealing 

was filled by Al3+ ions, so the dense inner layer could 

improve the dielectric properties. 

The electrical properties of non-coated and coated 

foils, such as withstanding voltage and leakage 

current, were shown in Fig. 8. Fig. 8(a) and (b) show 

the electrical properties of non-coated foils, (c) and 

(d) show those of coated foils, respectively. Both 

showed similar withstanding voltage. The 

withstanding voltages of ZrO2 coated foils anodized at 

600 V to 100 V were 640 V, 560 V, 340 V, 120 V, 

respectively. Besides, the charging time of foils 

anodized at high voltage is relative longer than those 

at low voltage. Fig. 8(b) and (d) demonstrated that 

the leakage current increased gradually with 

increasing voltage until an abrupt transition. The 

leakage current of ZrO2 coated foils showed below 

2×10-3 A at anodizing voltage. The leakage current 

of coated foils was relatively higher than that of 

non-coated foils at low voltage level possible due to 

the forming crystallization-induced defects [19]. 

Besides, the voids and pores in ZrO2 coated foils 

anodized at lower voltage may result in the formation 

of imperfection region, and affect the leakage current 

property [20]. 

IV. Conclusions

ZrO2 films were successfully coated inside etch pits 

of Al foils by the sol-gel dip method. ZrO2 films 

annealed at 500oC exhibited a tetragonal structure. 

The thickness of ZrO2 layer was about 120 nm. With 

the anodizing voltage increase, the total thickness 

increase from 220 nm to 710 nm, the percentage of 

inner layer in total thickness decrease from 55.1% to 

27.2%. The anodized ZrO2 coated foils looks like the 

double layer structure, but TEM analysis showed that 

inner layer was composed of ZrO2, Al-Zr composite 

oxide and Al hydrate. The withstanding voltages of 

ZrO2 coated foils were similar to those of non-coated 

foil and higher than anodizing voltages. The 

capacitance of non-coated foils was about 2.15 μF/cm2 

and 0.39 μF/cm2 under anodizing voltage of 100 V 

and 600 V, whereas the capacitance of ZrO2 coated 

foils could reach to 2.76 μF/cm2 and 0.44 μF/cm2. 

The capacitance of ZrO2 coated foils could be increased 

28.3% and 12.8% under anodizing voltage of 100 V and 

600 V, respectively. This indicates that ZrO2 coating 

could enhance the capacitance of Al foils for high 

voltage capacitors.
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