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ABSTRACT 
 
Monodispersed silica nanoparticles (SNPs) were synthesized by cost effective aqueous-ethanolic 
route. The particle size was controlled by optimizing the synthetic conditions. The synthesized 
different size SNPs were used to study the corrosion protection efficiency on aluminium (Al) in 
alkaline medium by weight loss, Potentiodynamic polarization and surface morphology examination 
methods. It was found that SNPs with smaller particle sizes showed better protection efficiency 
compared to those of larger particles. The results were explained in terms of effective surface 
coverage by smaller sized SNPs. 
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1. INTRODUCTION 
 
Corrosion study has been an extremely 
significant issue since age old uses of metal 
objects [1]. The study of metal corrosion is not 
only of great academic interest but also related to 
tremendous economic importance. Aluminium 
(Al), the third most abundant metal on earth, is 
an important material for many applications 
including aviation, automobiles and household 
appliances. A good electrical, thermal 
conductivity, low density and high ductility 
properties of Al find various applications such as 
interconnects, electrodes in electronic devices 
and integrated circuits [2]. Aluminium gradually 
forms a natural, inert, and protective oxide layer 
under the atmospheric conditions which exhibits 
resistance to general corrosion. However, it is 
influenced to localized pitting corrosion, due to 
inter metallic inclusion which leads to exfoliation 
corrosion [3].  
 
Al-air batteries are low cost, high power and 
energy densities comprises of Al anode and 
NaOH solution as electrolyte [4]. However, these 
batteries are not commercially used due to 
corrosion problem in alkaline medium. In alkaline 
medium, Al undergoes corrosion by forming a 
non conducting oxide film and gives off hydrogen 
gas which leads to sharp reduction of the anodic 
efficiency. Both these factors significantly reduce 
the efficiency of battery reactions [5]. Due to 
these corrosion problems, development of Al-air 
batteries facing challenges. Thus, Al corrosion 
inhibition has been extensively studied by 
various researchers using acidic and alkaline 
medium [6-8].  
 
Hexa-valent chromium compounds have been 
found as the most effective corrosion protective 
materials for Al [6]. However, the use of 
chromates and other chromium-containing 
compounds are banned worldwide because of its 
toxic and carcinogenic effect [7]. Moreover, it is 
reported that inorganic inhibitors like phosphates, 
borates, tungstates, molybdates and arsenates 
have also found effective in the forming anti-
corrosive coatings onto Al surface [8]. But the 
toxic effect of these inorganic inhibitors is a major 
disadvantage, which has come under severe 
criticism. These call for further research on 
development of an environmentally friendly, 
effective, economical and non-hazardous 
corrosion inhibitor.  
 
Silica (SiO2) is an environment friendly, low cost 
and nontoxic compound which shows excellent 

corrosion inhibition properties on metal due to 
the interaction between metal and dense -O-Si-
O-Si-O- network [9-15]. However, the 
applications of macro silica particles onto metals 
create micro cracks on the metal surfaces. As a 
result, the penetration of aggressive species 
toward the metallic surface occurs. This issue 
may overcome with the application of 
nanoparticles as corrosion inhibitor on to metal 
surfaces [16-19]. 
 
Silica nanoparticles (SNPs) have been 
synthesized applying several techniques such as 
sol-gel process [20-22], microemulsion [23-25], 
oxidation of tetra ethoxy silane (TEOS) in the 
bench-scale diffusion flame reactor [26], an 
interdigital micromixer and a batch reactor [27]. 
Recently mesoporous silica nanoparticles for 
encapsulation for water insoluble drugs were 
obtained using supercritical carbon dioxide [28]. 
 
The current study is focused on synthesis of 
different sizes  SNPs by chemical method from 
tetra-ethoxy silane (TEOS) and ethanol 
(C2H5OH) in the presence of 25% ammonia 
solution as catalyst at 303 K [29].  Particle sizes 
are controlled using different concentrations of 
TEOS keeping other parameters unchanged. 
The study is further extended by comparing the 
effect of various particle sized  SNPs on Al 
corrosion in 0.1 M NaOH solution using weight 
loss, potentiodynamic polarization studies and 
surface characterization techniques. 
 
2. MATERIALS AND METHODS 
 
2.1 Reagents Used 
 
Tetraethoxy Silane (TEOS) (Himedia, India, 
98.0%), ethanol, ammonium solution (Merck, 
India, 25%), and NaOH (Merck, AR grade) were 
used without any further purification. 
 
2.2 Synthesis of SNPs 
 
The SNPs were synthesized by hydrolysis of 
TEOS by ammonia solution in ethanol medium. 
The concentrations of TEOS were varied for 
obtaining three different sizes of SNPs. SNPs 
were synthesized by the following procedure at 
303 K. 
 
First, 25 µl TEOS, 5 ml distilled water and 9 ml 
ethanol were mixed with constant stirring for 20 
min. The solution was taken in a test tube and 
subjected to sonication for 30 min, followed by 
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drop wise addition of 5 ml ammonia solution. 
Sonication was further continued for 60 min to 
get a white turbid suspension. The turbid 
suspension was centrifuged at 12,000 rpm for 30 
min to collect SNPs. The sample was marked as 
no. 1. For another two samples, marked as no.2 
and no. 3, we used 0.2 ml and 0.5 ml TEOS 
solutions for the preparation.  
  
2.3 Characterization of SNPs 
 
SNPs were characterized by UV-Visible 
spectroscopy (PerkinElmer UV/VIS spectrometer 
Lambda 35), Fourier Transform Infrared 
Spectroscopy (FTIR, 8400S PC, Shimadzu, 
Japan), Powder X-Ray Diffraction (XRD, Ultima 
IV, Rigaku, Japan, CuKα, λ= 1.5406Å), Surface 
Area Electron diffraction (SAED, JEM 2100, 
JEOL), Transmission Electron Microscopy (TEM, 
JEM 2100, JEOL, Japan) and Energy Dispersive 
Spectroscopy (EDX, JEM 2100, JEOL). 
 
The UV-VIS spectra analysis was performed by 
dispersing sample 1, 2 and 3 in 0.1 M NaOH 
solution for the entire studies. Particle sizes of 
SNPs were measured by TEM images. Three 
different sizes of SNPs samples were suspended 
in acetone medium for 60 min. Carbon coated 
copper grids were used to transfer a droplet of 
each suspended sample. The samples were 
allowed to dry for 24 hours and TEM images 
were taken at a number of random positions on 
the grid. EDX studies were carried out using 
carbon coated copper grid for assuring the 
presence of elements in prepared samples.  
 
Weight loss of Al surface was determined at 303 
K in the absence and presence of SNPs in 0.1 M 
NaOH solution. The Al foils ( 130 mg) having 
dimension 1 cm × 1 cm × 0.1 cm were 
suspended in 50 ml beakers containing 20 ml of 
each solution. The foils were retrieved at 5 h 
interval, progressively for 25 h. The foils were 
further washed by immersion in double distilled 
water and acetone. At the end of the test the foils 
were carefully washed in double distilled water 
and acetone to quench further corrosion. The 
foils were dried and weighed. The experiments 
were carried out in triplicate and the mean values 
were reported. The corrosion rate (Crate) of Al 
was calculated using the relation: 
                                                                 

Crate = ∆m / St           ................................ (1) 
 
Where, Crate is the corrosion rate of Al (mg cm−2 
h−1); ∆m is the corrosion weight loss of Al (mg); S 
is the surface area of Al foils (cm2); and t is the 

time of exposure in hour, respectively. The 
percentage corrosion inhibition efficiency (IEW %) 
was calculated using the following equations: 
 

IEW % = 100 × [1-(Crate / C
0
rate)]   ............. (2) 

 
Where, Cº rate and Crate are the corrosion rates of 
Al in 0.1 M NaOH in the absence and presence 
of three SNPs samples, respectively.      
 
Potentiodynamic polarization studies were 
carried out for measuring the corrosion potential 
(Ecorr), corrosion current (Icorr), Tafel cathodic 
slopes (βc), Tafel anodic slope (βa) of Al in 0.1 M 
NaOH solution in the absence and presence of 
three samples of SNPs using potentiostat-
galvanostat (Versastat II, PAR) at 303 K. The 
corrosion protection efficiency was computed 
from those data. The measurements were 
performed by exposing a high purity Al rod 
(Johnson, Matthey, UK, 99.9%) of area 3.5 cm2 
as working electrode, the platinum metal was 
used as counter electrode and saturated Calomel 
electrode (SCE) as reference electrode. The 
exposed surface of Al was polished with silicon 
carbide abrasive paper, washed with distilled 
acetone and dried in warm air. Prior to each 
experiment the working electrode was kept on 
open circuit conditions in the electrolyte for 30 
minutes to attain equilibrium. The polarization 
measurements were carried out over a potential 
from -0.25 V to +0.25 V vs. SCE with respect to 
the open circuit potential at a sweep rate 0.5 
mVs-1. The linear Tafel segments of anodic and 
cathodic curves were extrapolated to obtain the 
Icorr values. The percentage corrosion protection 
efficiency (IET %) was calculated by using the 
following equation, 
 

IET %    = [1 - (Icorr / I
0

corr)] × 100        …… (3) 
 
Where, I0corr and Icorr were the corrosion current 
densities of Al in 0.1 M NaOH in the absence and 
presence of SNPs samples respectively. 
 
The surface morphology of Al in the absence and 
presence of sample 1 and 3 in 0.1 M NaOH 
solution were analyzed by FE-SEM instrument 
(ZEISS, SUPRA 55 VP). 
     
3. RESULTS AND DISCUSSION 
 
The UV-Visible spectra of three samples of SNPs 
in 0.1 M NaOH solution in the range of 400-700 
nm are presented in Fig. 1. The patterns of all 
spectra were found to be similar and the 
absorption maximums were obtained at 539, 541 



 
 
 
 

Ghosh et al.; BJAST, 5(2): 198-209, 2015; Article no.BJAST.2015.019 
 
 

 
201 

 

and 543 nm for samples 1, 2 and 3, respectively. 
A slight variation in wavelength is observed 
which may be attributed to different size of SNPs. 
With increasing size of SNPs, the absorption 
maxima show red shifted. Depending on band 
gap energy, the different absorption intensities 
typically characterize the interaction between 
particles and predict the variation in sizes of the 
particles [29]. Therefore, it is indicated from the 
UV-Vis studies that the particles size gradually 
increases from samples 1 to 3. 
 

 
Fig. 1. UV-VIS spectra of sample 1, 2 and 3 in 

0.1 M NaOH solution 
 
The FTIR spectra of three SNPs samples are 
shown in Fig. 2 (A)-(C). The broad and strong 
absorption bands at 3200–3400 cm-1 are the 
signatures of water and silanol O–H groups 
[30,31]. SNPs can absorb water molecules from 
atmospheric air as reported recently [32]. The 
bands at around 1180-1200 cm-1 are due to the 
C-H rocking mode of SiOCH2CH3 [30–33]. 
Finally, the peaks around 1100–1049 cm-1 are 
due to asymmetric stretching of Si-O (Si–O–Si) 
[30–34], while 800-810 cm-1 bands may be 
considered for the bending vibration of Si-O [34]. 
Hence, the FTIR analysis confirmed the 
formation of SNPs and hygroscopic nature of the 
samples. 
 
The powder XRD patterns shown in Fig. 3 of 
SNPs material comprise of two peaks; one broad 
peak around 23° may be due to the formation of 
silica glass like nanoparticles and other relatively 
narrow peak at 49º which may be due to the 
crystalline phase related to Tridymite form of 
SiO2 (quartz) with a coherent crystalline domain 
size of about 4.257 Å [35,36]. 

 
 
Fig. 2. (A)-(C). FTIR spectrum of Sample 1, 2 

and 3 
 

 
 

Fig. 3. Powder XRD pattern of SNPs 
 
The SAED images of three samples of SNPs 
showed bright rings as illustrated in Fig. 4. This 
may be occurred due to the glass nanoparticles 
form of the material. 
 
Further, the TEM investigations confirmed the 
formation of uniform monodispersed, different 
sizes of SNPs as presented in Fig. 5 (A)-(C).  All 
particles exhibited spherical shape and smooth 
surface. The TEM images revealed a well-built 
porous structure. In all the particles, the pores 
were unwrapped, not well-organized and 
oriented from the centre to the outer surface. The 
average particle sizes in sample 1, 2 and 3 were 
found to be 144.7 nm, 238.34 nm and 291.1 nm, 
respectively. The different sizes of particles may 
be explained in terms of kinetic effect of 
hydrolysis rate of TEOS [29]. 
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 Sample 1 Sample 2 Sample 3 

 
Fig. 4. SAED images of sample 1, 2 and 3 

 

 
 

Fig. 5. (A). TEM images of sample 1 
 

 
 

Fig. 5. (B). TEM images of sample 2 
 

 
                             

Fig. 5. (C). TEM images of sample 3 
 
The EDX spectra of sample 1 and 2 are 
presented in Fig. 6. The spectra confirmed the 
presence of silicon and oxygen in all samples. 
The average ratio of percentage atomic number 

for Si and O was found to be 1:2. The spectra 
also showed the peaks of C and Cu as the 
experiments were carried out with carbon coated 
copper grid during sample preparation.  
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Sample 1 

 

 
Sample 2 

 
Fig. 6. EDX spectra of sample 1 and 2 

 
The weight losses of Al foils with respect to time 
in the absence (Fig. 7 A) and presence Fig. 7 B, 
C, D of SNPs samples in 0.1 M NaOH solution 
are illustrated in Fig. 7. The corrosion parameters 
are summarized in Table 1. It could be obvious 

from Table 1 that IEW % increases with lowering 
the particle size of SNPs. The cause of the 
preferable protection by SNPs may be due to the 
fact that the surface coverage of Al increases by 
the adsorption of inhibitor molecules [19]. It may 
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be assumed that small sized SNPs may block 
the active site of Al effectively compared to large 
particles. However, it is clear from the Table 1 
that the inhibition efficiencies are slightly 
elevated. This may be due to the agglomeration 
effect of nanoparticles for long time intervals [37]. 
 
The potentiodynamic polarization curves are 
shown in Fig. 8 and the corrosion kinetic 
parameters derived from these curves are 
represented in Table 2. 
 
The close scrutiny of Fig. 8 and Table 2 revealed 
that Icorr increased noticeably with increase in 
particle sizes of SNPs from sample 1 to 3; 
however, the Ecorr values were shifted towards 
more negative direction. With the addition of 
SNPs to 0.1 M NaOH, drastic changes were 
observed in both the anodic and cathodic parts of 
the curve. This indicates that the addition of 
SNPs to alkaline solution suppressed the anodic 
dissolution of metal as well as cathodic oxygen 
reduction reaction [38]. The nano particles 
reduced the rate of cathodic oxygen reduction 
reactions by blocking oxygen diffusion process. 
Ultimately, the overall reactions were monitored 
by the slow cathodic rate determining step. In 
alkaline solutions silicates form protective layers 
that slow down the cathodic reaction rate by 
limiting the diffusion of oxygen to the metal 
surface causing enhancement of the alkalinity at 
cathodic sites [39,40]. Therefore, it can be 
concluded that SNPs in alkaline solution does act 
as cathodic inhibitor with respect to control 
solution. The obtained IET % values are in 
agreement with the values of weight loss 
measurements.  
 
The FE-SEM images of Al immersed in 0.1 M 
NaOH solution in the absence and presence of 
sample 1 and 3 are recorded to see the surface 
morphology of the metal after interactions with 
SNPs and are presented in Figs. 9 (A)-(C). It is 
seen from Fig. 9 (A) that the metal surface is 
strongly scratched in the absence of SNPs and 
the surface is highly porous. However, in the 
presence of smaller sized SNPs in Fig. 9 (B), the 
specimen surface is observed less porous and 
scratched in more regular way. Fig. 9 (B) is 
credited to the formation of an improved 
defensive layer by SNPs compared to Fig. 9 (C). 
The presence of SNPs onto Al surfaces are 
further proved by EDX analysis as shown in Figs. 
10 (A-B). Hence, the FE-SEM and EDX studies 
indicate the changes of surface morphology with 
the rate of corrosion of Al. 

 
 

Fig. 7. Weight losses of Al in absence and 
presence of three SNPs samples in 0.1 M 

NaOH solution 
 

Table 1. IEW % obtained from weight loss 
measurements of Al in 0.1 M NaOH without 

and with three SNPs sample 
 
Name of  
the sample 

Concentration 
of NaOH (M) 

Crate 
(mg cm

-2 
h

-1
) 

IEW 

% 

Blank 0.1 1.76 - 
Sample 3 0.1 1.39 21 
Sample 2 0.1 1.26 28 
Sample 1 0.1 1.13 37 

 

 
 

Fig. 8. Polarization curves for Al in 0.1 M 
NaOH in the absence and presence of three 

SNPs samples 
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Table 2. Polarization parameters for Al in 0.1 M NaOH in the absence and presence of three 
SNPs samples 

 
Name of the 
Sample 

Conc. of NaOH (M) Icorr 

(µA/cm
2
) 

-Ecorr 

(mV) 
βa  

(mV/decade) 
βc 
(mV/decade) 

IET % 

Blank 0.1 1764 1742 336 340 - 
Sample 3 0.1 1108 1820 360 290 37 
Sample 2 0.1 927 1837 349 234 48 
Sample 1 0.1 776 1849 345 230 56 

 

 
 

Fig. 9. (A). SEM image of Al metal in 0.1 M NaOH solution 
 

 
 

Fig. 9. (B). SEM images of Al metal in 0.1 M NaOH solution of sample 1 
 

 
                      

Fig. 9. (C). SEM images of Al metal in 0.1 M NaOH solution of sample 3 
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Sample 1 

 

 
Sample 3 

 
Fig. 10. (A) and (B): EDX of Al in 0.1 M NaOH solution of Sample 1 and 3 

 
 
 
 
 
 
 
 
 
 
 
 

Chemical compositions present 
in sample 1 in Fig. 10 (A). 
 
Elem...  Weight%        Atomic%                                 
C        12.45             23.81                          
O     2.89       4.16                           
Al             83.42   71.02  
Si   1.24     1.01 
 

Chemical compositions present 
in sample 3 in Fig. 10 (B). 
 
Elem...    Weight%  Atomic%  
C                6.81             13.85 
O           2.96    4.52 
Al       88.43  80.06 
Si     1.80   1.56 
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The plausible mechanistic pathway for formation 
of SNPs is shown below. 
 

 
R= - C2H5 

 
The weight loss, electrochemical experiment, FE-
SEM and EDX studies suggest that Al corrosions 
are retarded in the presence of SNPs in alkaline 
medium and it is observed that with lowering of 
particle sizes, the corrosion protection 
efficiencies of SNPs onto Al metal surface are 
found to increase. 
  
Generally, Al corrosion in alkaline medium 
occurs through two reactions:  
 

(1) Anodic reaction; which leads to metal 
dissolution. 

 
Al → Al3+ + 3e-           .......................... (4) 
 

(2) In alkaline solution, the cathodic reaction is 
typically oxygen reduction. 

 
O2+ 2H2O+ 4e- → 4OH-   ..................... (5) 

 
It seems that blocking effect of SNPs, which 
decrease the sizes of the holes during coating 
and smaller nanoparticles are compatible to the 
cavities exhibiting greater protection efficacy. 
Secondly, when smaller size nanoparticles are 
doped in the film, the cathodic reaction i.e. 
reduction of oxygen (eqn. 5) is suppressed [19] 
may be due to decrease of roughness factor. 
Again, SNPs react with NaOH to form sodium 
silicate (Na2SiO3) and this will form aluminium 
silicate complex with Al+3 ions. This complex 
probably prevents diffusion of oxygen and 
retards cathodic reaction. 
 

 
Complex of Al with Na2SiO3 

 

4. CONCLUSION 
 
The present study demonstrated that 
monodispersed, spherical shaped, highly ordered 
and mesoporous silica nanoparticles (SNPs) can 
be synthesized by applying an easier aqueous-
ethanolic synthetic approach. The particle size 
was controlled by altering the concentration of 
tetra-ethoxy silane (TEOS) keeping others 
parameter unaltered. The potentiodynamic 
polarization studies revealed that the corrosion 
protection efficiency of SNPs was increased with 
decreasing particle size. The corrosion protection 
efficiency was enhanced by 19% when the 
average particle size was varied from 291 nm to 
144 nm. Moreover, the verification of corrosion 
inhibition of SNPs onto Al metal in the aforesaid 
alkaline solution was evident by weight loss 
studies. The FE-SEM images showed that Al 
surfaces were less affected in presences of small 
sized particles. 
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