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Abstract 

Nowadays due to water shortage, the use of air humidity as the sustainable solution has been 

considered by cities located in coastal zones; especially in warm and humid climate. However, 

the use of air humidity also has its own problems such as corrosion of metal parts in photovoltaic 

cells that used for energy supplying and they are often made of Aluminum alloy. Therefore 

different methods such as coating have been considered by the user of photovoltaic cells in 

corrosive conditions in order to reduce corrosion. So in this study, SiO2- ZrO2 ceramic 

nanocomposite coatings were put on AA2024-T4 Aluminum alloy by Sol-Gel method and dip-

coating technique. The films with different compositions have been prepared and morphology 

and functional groups of samples have been specified by Scanning Electron Microscopy (SEM) 

and Fourier Transform Infrared Spectroscopy (FTIR). The corrosion behavior of the coatings 

was evaluated by polarization and electrochemical impedance spectroscopy (EIS) measurement 

in 3.5 % NaCl. The results base on polarization and EIS showed that SiO2-ZrO2 ceramic 

nanocomposite coatings improved corrosion resistance properties of Aluminum alloy and film 

with 0.25ml Zirconium alkoxide shows the best corrosion resistance. 
 

Keywords: Sol-Gel, Nanocomposite, Corrosion, Aluminum Alloy, Photovoltaic Cell 

 

Introduction 

 

In the recent decades, the notable increase in population, excessive use of water and climate 

changes have been caused water scarcity, extensive reduction in capacity of raw water resources 

and the occurrence of new pollutants; led to the reduction in quality of raw water (Jabran et al. 

2017; Noman et al. 2017 and Saud et al. 2016). 

    Therefore in recent years and in response to growing demand for drinking water and 

according to necessity of sustainable development especially in developing countries with arid 

and semi-arid climate, use of non-conventional water resources is considered (Shen et al. 2005; 

Zhang et al. 2003; Davtalab et al. 2013 and Wang et al. 2017). In relation to achievement this 

goal, different water resources such as municipal wastewater, artificial rain and snow have been 
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used globally. However, in some regions and on the basis of local conditions and limitations, 

other non-conventional resources also have been used; one of them is air humidity.  

     Air humidity is the most common of non-conventional water resources which according to 

statistically researches its amount is estimated 14000 km3, in contrast 1200 km3 for freshwater 

(Hamed, 2000 and Gandhidasan et al. 2010). This source can be harvest in many parts of the 

earth specific coastal zones. The coastal zones especially with warm and humid climate do not 

receive enough precipitation at any period during the year, are the main area for harvesting 

water from air humidity. Because of two important reasons; first reason is the lack of raw 

conventional water resources, aridity and scarcity of water due to small amount of precipitation 

in these areas and second reason is surrounding these areas by the fog often due to whole of the 

year and huge amount of humidity in the air; harvesting water from air humidity is the important 

and sustainable local non-conventional water resource in coastal zones (Davtalab et al. 2013 

and Girja, 2006). In this regard different country such as Kingdom of Saudi Arabia, Peru and 

Chile and also international research centers, have started especial programs and projects for 

harvesting water from air humidity (Davtalab et al. 2013 and Girja, 2006). 

     Harvesting water from air humidity is on the basis of dense thermodynamic processes and 

being air humidity in the stage of saturation and density are the specific characteristics that have 

the important role for water harvesting; in fact for water harvesting, with relative air humidity 

above 68-90%, the conditions are appropriate, and fog will be formed in humidity above 98% 

(Esfandyarnejad et al. 2009). For harvesting water from air humidity, based on condensation 

technology, several systems with different capacities and structures are designed and used; but 

all of them need a power supply section for supplying energy continuously and compatible with 

sustainable development's goals. Hence photovoltaic cells that convert solar energy to 

electricity, normally used for supplying energy for harvesting water from air humidity; 

especially in areas with more sunny days. However, the use of photovoltaic cells, according to 

the materials of their components and environmental conditions, is associated with own 

problems. Photovoltaic cells are made of different metallic and non-metallic parts; more 

metallic parts of the photovoltaic cells are made of aluminum alloy, which these parts are 

vulnerable to the corrosive conditions in the environment. One of the most corrosive conditions 

that effect on the metal parts of solar cells appears in coastal zones with warm and humid 

climate; the cause of existing natural phenomenon, the sea salt spray that it consists of organic 

and inorganic salts such as Sodium Chloride (NaCl) as the corrosive natural agent. 

    According to the above, we must use new technology for reduction corrosion on the metallic 

parts in photovoltaic cell's structures. In regard to this matter, various methods have been 

identified to reduce corrosion; nanocomposites because of their especial characteristics such as 

high resistance to wear and corrosion, hot oxidation resistance, dispersion hardening and self-

lubrication are one of the most effective methods (Kimura and Masumoto, 1984; Ma et al. 2007; 

Zou et al. 2009; Yu et al. 2008 and Wang et al. 2010). Hence, in this research, an attempt is 

made to promote corrosion resistance of AA-2024-T4 Aluminum alloy with the use of 

SiO2/ZrO2 nanocomposite coating by sol-gel method (it is widely used for the preparation of 

coating on metal substrates) and assessment the structure of coating material, its 

electrochemical behavior and properties against the corrosive condition. 

 

Materials and methods 

 

Materials 

 

AA2024-T4 Aluminum alloy samples used in this research were of industrial grade purchased 

from Tehran central Aluminum market. All chemicals and reagents for the sols used in this 
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research were of analytical grade purchased from Sigma-Aldrich Company; also doubly 

distilled deionized water was used throughout for preparing all solutions. 

 

Sol and coating preparation 

 

Tetraethoxysilane (TEOS) and Zirconium (IV) Isopropoxide were used as inorganic metal 

alkoxide precursors; also Ethanol (96%) was used as the solvent. In the synthesis of the 

solutions, TEOS and Ethanol (EtOH) were mixed for 2 hours at room temperature before 

addition of Zirconium (IV) Isopropoxide. Then Zirconium (IV) Isopropoxide diluted with 

Ethanol and the mixture ultrasonically agitated for 1 hour at room temperature. To control the 

rate of hybridization, simultaneous ethyl Acetoacetat (EAcAc) was added next; then the mixture 

ultrasonically agitated for 1 hour at room temperature. The concentrated HNO3 solution was 

used to control pH, till pH became 2. The prepared sol was agitated for 1 hour at room 

temperature and then it was dried at 90 ◦C for 1 hour. Finally, to study the effect of Zirconium 

(IV) Isopropoxide on microstructure and corrosion behavior, 0.15, 0.20, 0.25 and 0.30 ml of 

Zirconium (IV) Isopropoxide, was added to the sol of TEOS and Ethanol (EtOH). 

 

Surface preparation and coating 

 

AA2024-T4 Aluminum alloy samples were mechanically polished using 180 to 1000 grit 

papers sequentially. Then the samples were rinsed in Acetone and Ethanol for 15 and 10 

minutes respectively by an ultrasonic cleaner in order to degrease and clean the surfaces. Then 

cleaned samples were coated by the dip-coating method; the withdrawal speed was 4 cm/min. 

 

Electrochemical tests 

 

Corrosion behavior of coatings was measured by using electrochemical EIS techniques in 3.5% 

NaCl solution with a Potentiostat/Galvanostat GSTAT 302N instrument. Samples were 

immersed in the testing solution for 2 hours before each test. Scan rate 100 mV/s was used for 

potentiodynamic tests. EIS tests were carried out at the frequency range of 10-2-102 Hz. Each 

test repeated for three times to confirm the repeatability of the results of the experiment.  

 

Characterization technique 

 
Scanning electron microscopy 

Scanning electron microscopy (SEM) measurements were used on the surface of coated 

substrates to characterize the surface morphology by an EM3200 Chinese instrument. 

Secondary and backscattered electron images were collected at 2500 and 15000 magnification 

at 26 kV. 

 
FTIR measurements 

FTIR is a useful method for identifying chemical bonds and functional groups of substances. 

FTIR measurements were carried out in the range from 600 to 4000 cm−1. This analysis provides 

a different wavelength for each substance. All spectra were obtained at an incident angle of 45◦ 

normal to the surface of the specimen, with a spectral resolution of 4 cm−1. For each 

measurement, 64 scans were collected. 

 

Results and discussion 

 

FTIR results 
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Figure 1 shows the FTIR spectra of Silica-Zirconia nanocomposite coating with 0.25ml Zr 

alkoxide. The result bonds are include the hydroxide group bending between 2600-3700 cm−1, 

the C-C band at 1636 cm−1, the C-O band at 1067 cm−1 and the Zr-O and Si-O metallic bands 

at under 1000 cm−1 peaks (Zhong et al. 2009; Malekmohammadi et al. 2011 and Ruhi et al. 

2008). 

 

 
 Figure 1. FTIR spectra Si/Zr nanocomposite coating that heat treated at 450 ◦C 

 

 

Electrochemical results 

 
Potentiodynamic polarization 

The potentiodynamic curves of uncoated and Silica-Zirconia nanocomposite coatings in 3.5% 

NaCl solution are shown in figure 2. Effect of Silica-Zirconia nanocomposite coatings is 

conspicuous in potentiodynamic curves of coated samples which shift to the left side and to 

more noble potentials by increasing the Silica-Zirconia concentration till 0.25ml Zr alkoxide. 

These curves illustrate the benefits of Silica-Zirconia nanocomposite coating to make the 

surface more corrosion resistant.  

Corrosion current density (icorr), corrosion rate (CR), corrosion potential (Ecorr) of the 

uncoated and Silica-Zirconia nanocomposite coating were tabulated in table 1. Corrosion 

inhibition properties of Silica-Zirconia nanocomposite coating might be the main reason for the 

increase of corrosion resistance of the AA2024-T4 Aluminum alloy. 

 
Electrochemical impedance spectroscopy 

In this study for quantitative investigation of the effect of Silica-Zirconia nanocomposite 

coatings on electrochemical properties of the surface of AA2024-T4 Aluminum alloy, EIS was 

used. Nyquist curves of uncoated and Silica-Zirconia nanocomposite coatings were presented 

in figure 3. 
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Figure 2. Potentiodynamic polarization curves of bare, coating and nanocomposite coating with 0.15, 

0.20, 0.25, 0.3 Zr. 
 

 
Table 1. Electrochemical parameters of uncoated and Silica-Zirconia nanocomposite coatings 

Si-0.30Zr Si-0.25Zr Si-0.20Zr Si-0.15Zr Bare Electrochemical parameters 

336.31 14.63 121.64 179.49 829.43 icorr    (nA cm-2) 

-624.35 -647.79 -643.83 -650.98 -752.34 Ecorr (mV) 

28.87 10.06 48.45 26.60 6.43 βα  (mV/decade) 

25.10 9.79 62.03 38.34 16.77 βᴄ  (mV/decade) 

 

 

 
Figure 3. Nyquist plots of bare sample, Si coating and Si/Zr nanocomposite coating with different 

amounts of Zr. 
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It can be found from these curves that in high frequency region (10-2-102 Hz), a layer is formed 

on the surface of AA2024-T4 Aluminum alloy. High frequency region in impedance 

spectroscopy describes the behavior of the coating and the aforementioned results indicate that 

the coating has been formed on the surface of AA2024-T4 Aluminum alloy. EIS measurements 

that are presented in table 2, confirmed the conclusions drawn out of the SEM micrographs in 

figure 4 and figure 5 about the formation of Silica-Zirconia nanocomposite coatings areas on 

the surface of the AA2024-T4 Aluminum alloy. 

 
Table 2. Important parameters of EIS measurement 

Rct (Ω) RL (Ω) L n Q RS (Ω)  

548.7 8329 47350 0.79 2.358E-5 13.39 BARE 

18630 3599 5960 0.79 1.554E-5 18.67 Si-0.15Zr 

7997 6929 39140 0.88 1.447E-5 9.052 Si-0.20Zr 

64110 25530 75870 0.75 2.736E-5 18.57 Si-0.25Zr 

31930 3907 47350 0.91 7.042E-6 6.419 Si-0.30Zr 

 

As it can be seen in this table due to corrosive-inhibitive properties of Silica-Zirconia, the 

electrical resistance of Silica-Zirconia sol-gel film is higher than the uncoated sample and 

consequently, their corrosion resistance is greater. Furthermore, it can be confirmed that there 

is a critical Silica-Zirconia concentration for beneficial effects of Silica-Zirconia on corrosion 

resistance over which increasing the Silica-Zirconia concentration decreased resistant of the 

sol-gel film. The addition of Silica-Zirconia more than the optimal concentration can be 

attributed to the high coefficient of expansion of Silica-Zirconia oxide which strengthens the 

probability of cracking concomitant with Silica-Zirconia content increase. It can be deduced 

from EIS studies which represented in table 2, that n parameter which is an indicator of surface 

roughness decreased. An increase in a number of cracks and defects in the sol-gel film is the 

main responsible for this negative effect. It can be related to the creation of Silica-Zirconia 

islands which cause increasing of surface roughness. Also, it can be found that increasing the 

amount of Silica-Zirconia from 0.25 ml will lead to an increase of the roughness value. This 

can be related to increasing of Silica-Zirconia islands by increasing the amount of Silica-

Zirconia which was observed also in SEM and EIS studies. From table 2 it can be found that 

capacitance of Silica-Zirconia nanocomposite coatings is higher than uncoated samples. 

 

 
Figure 4. Nanocomposite ceramic coating with heat treatment at 450 ° C, at 2500 times 

magnifications 
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Figure 5. Nanocomposite ceramic coating with heat treatment at 450°C, at 15000 times magnifications 
 

To measure the electrochemical properties of the uncoated and Silica-Zirconia nanocomposite 

coatings, equivalent circuits were selected which best describes the corrosion behavior of the 

films. The equivalent circuit for Silica-Zirconia nanocomposite film is selected as in figure 6. 

This model parameters are as follows: Rs the solution resistance, Rct the resistance of the sol-

gel film, L: inductance, RL the inductance resistance, Q the constant phase element of the sol-

gel coating (Salarvand et al. 2017). 

   
Figure 6. Simulated equivalent circuit 

 

Conclusion 

 

The potentiodynamic polarization and EIS studies results indicated that the Zirconium 

nanoparticles significantly increased the corrosion performance of the coating. The advantages 

of incorporating these additives were evident from potentiodynamic and impedance 

measurements after an immersion time of 2 hours. Excellent corrosion resistance was obtained 

from Silica-Zirconia ceramic nanocomposite coatings on AA2024-T4 Aluminum alloy with 

0.25ml Zr alkoxide; this amount of Zr caused smooth and crack free films. These corrosion 

resistance properties related to the nanostructure and phase of Silica-Zirconia ceramic 

nanocomposite oxide that all nanocomposite coatings showed better corrosion resistance in 

comparison with bare AA2024-T4 aluminum alloy. Finally and according to results of this 

research, use of Silica-Zirconia ceramic nanocomposite for preventing of photovoltaic cell's 

Aluminum parts corrosion in coastal zones with warm and humid climate is suggested. 
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