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Abstract 
 
In this work, graphene oxide (GO) coating was deposited on glass and aluminum substrates via dip coating. The 
structural appearance of the coating layer deposited on glass and aluminum substrates was demonstrated using 
scanning electron microscopy and atomic force microscopy (AFM). Images of the coated substrates were analyzed 
using ImageJ software. Results show that the probability of distribution can be determined from a histogram of 
heights measured by AFM. The surface roughness rate of the coated glass and aluminum substrates were 
compared. In addition, the image software can be successfully used to evaluate starch granule size and shape. The 
thicknesses of the deposited film were about 0.09 and 0.07 µm for GO coating on aluminum and glass substrates, 
respectively. The weight loss of the substrates coated with different concentrations of sodium chloride solution 
under the influence of different times was examined. Results showed that the corrosion rates using the weight loss 
method for aluminum samples were less than the corrosion rates of coatings on glass substrates. 
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1. Introduction  
 

The field of surface engineering was developed out of the realization that most engineering components could 
deteriorate or fail catastrophically in service due to surface-related phenomena like wear, corrosion, or fatigue [1]. 
Typically, coatings are applied to enhance the surface quality of a substrate in terms of wettability, adhesion, and 
resistance to corrosion. The need to obtain new materials and technologies to increase coating efficiency due to 
the growing environmental concerns and economic benefits has motivated the coating industry. The quality of the 
coating, the features of the substrate, the properties of the coating/substrate interface, and the corrosiveness of the 
surrounding environment are aspects that influence the coating’s efficiency against all potential harmful sources 
[2]. 

Metals and metal alloys are now essential components of modern life, being used in everything from 
manufacturing to medical devices, electrical and home goods, transportation, food packaging, housing, and 
building [3,4]. Aluminum metal and alloys are appealing owing to their high strength-to-weight ratios and their 
distinctive light weight, high stiffness, and favorable physical characteristics. However, in harsh settings, Al 
decays and erodes through an electrochemical process that causes wear and energy loss. Numerous methods, 
including the application of corrosion inhibitors, have been used to protect metals from corrosion because of the 
enormous economic losses caused by corrosion. Chromium-based coatings have been utilized historically owing 
to their superior ability to resist corrosion [5,6]. However, their use has recently been discontinued because of 
growing concerns regarding the environment and safety [6]. In this context, the scientific community has recently 
become interested in alternative anticorrosion coatings such as those based on silicate minerals [7]. Li et al. [8] 
demonstrated that adding graphene oxide (GO) may improve the power conversion efficiency of planar 
heterojunction PVs by suppressing leakage current and reducing recombination through effective hole transport 
and electron blocking [9]. Although the oxygen groups make GO hydrophilic, they cause low conductivity, 
suggesting that removing the oxygen groups entirely or in part is necessary to improve the conductivity. In daily 
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life, glass surfaces are used in many different contexts. Glass is the most popular optical material used for lenses, 
windshields, solar panels, architectural windows, eye-catching interior and exterior walls, and glass ceilings. In 
terms of energy-efficient and ecologically friendly building thermal comfort solutions, GO appears as a reasonably 
priced passive heating and cooling option. With distinct epoxy and hydroxyl groups on the surface, GO has 
exceptional chemical, optical, and electrical characteristics, enabling it to function as a standalone solar absorber 
material. Additionally, GO is a more scalable substitute for graphene in large-scale applications [10]. 

Bai et al. [11] conducted a study on graphene coating and found that even though graphene provides a strong 
physical barrier that possesses high conductivity; it accelerates the creation of an electrochemical reaction that 
forms a conductive channel, causing corrosion of the steel surface  coating with the zinc (Zn)  and epoxy using 
electroplated (EP). Cui et al. [12] proved that the coating’s minor fractures, which quicken local electrochemical 
corrosion, expose the metal corrosion area and diminish the metal’s toughness and strength. This impact has 
limited its application for graphene as a protective coating for metals. Graphite oxidation produces GO, which 
possesses a hydrophilic lamellar structure with two dimensions [13]. With its abundance of hydroxyl and epoxy 
functional groups, including carboxyl and ketone, GO is suitable for organic and inorganic functionalization 
materials via cross-linking with chemicals [14]. 

The benefit of dip coating is that it is a low-cost method of solution deposition that is mostly employed to 
create high-quality thin films and uniformly coat vast regions [15-18]. Therefore,  the present study aimed to 
broaden the understanding and characterization of GO dip coating on two distinct types of substrates: glass and 
aluminum. ImageJ was utilized to illustrate particle sizing, including the area, perimeter, and shape of particles, 
for further characterization. The coating’s morphology, thickness, and surface roughness were examined. Immersion 
corrosion techniques were used, and the corrosion rate (mm/y) was calculated for coating glass and aluminum 
substrates. This investigation revealed that GO is one of the most effective materials for preventing metal corrosion.  
 
2. Materials and methods 
 
2.1 Preparation of coating  
 

Glass and aluminum substrates were used in this work. The glass substrates (10 mm × 10 mm) were cleaned 
in isopropanol at 50 °C for 20 minutes, acetone at 50 °C for 20 minutes, and then pure water to obtain a surface 
free of impurities. Aluminum sheets with a 0.5 mm thickness were first cut into squares (10 mm × 10 mm) and 
then ground using SiC sandpaper. The aluminum samples were cleaned and stripped of natural oxide by immersing 
them in a 0.5 M sodium chloride (NaCl) solution for 40 seconds at 50 °C, followed by another 40 seconds in a 
30%  nitric acid (HNO3) solution. After being cleaned with distilled water, all of the samples were allowed to air 
dry. 
Dip-coating experiments were conducted using a programmable dip coater (Jinlin Ker, China). The substrates 
were submerged in a 5 mg/mL GO solution for 30 seconds after moving at a speed of 10 mm/min. Afterwards, 
the substrates were allowed to dry for a whole night in a storage box before going through the characterization 
process. The GO coatings were examined using scanning electron microscopy (SEM) to determine their 
morphology and atomic force microscopy (AFM). ImageJ was used to analyze the micrographs to determine the 
area; perimeter; and shape coefficients, specifically circularity. 
 
2.2 Measurement of the film’s thickness 
 

The weight method was employed to determine the thickness of the thin films that were produced. Considering 
that this approach requires a sensitive electronic balance with four digits only, it can measure the mass of the 
material that has precipitated on the substrate by dividing the difference between the substrate’s mass before (W1) 
and after thin film deposition (W2). Equation (1) [19] can be used to determine the film’s thickness as follows: 
 

                                                     M(g) = W2-W1                                                                                     (1) 
 

2.3 Measurement of corrosion rate 
 

In the weight loss investigations, the coating specimens were submerged in 1%, 2%, and 3% NaCl solutions 
at various intervals (24, 48, 72, 96, and 120 hours). Following their removal from the immersion environment, the 
surfaces of the specimens were cleaned to remove the oxide layer, dried, washed with acetone, and then weighed. 
The weights of the samples were compared before and after they were exposed to the corrosive media to evaluate 
the different coatings’ levels of corrosion protection. Each weight loss measurement was performed three times 
to check the repeatability of the data. Equation (2) [20] was used as follows to calculate the corrosion penetration 
rate (CPR): 
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  CPR = 
KW

ADT
                                                                                           (2) 

 
where CPR is the corrosion penetration rate (mm/y), D is density (gr/cm3), T is time (hours), W is weight loss, K 
is constant K = 87.6 mm/yr, and A is surface area (cm2).  
 
3. Results and discussion 
 

Figures 1 and 2 show the shape and microstructure of the coating produced from the SEM images. The micrographs 
show that the graphene coating appears as nanosheets distributed uniformly over the surface. However, GNs are 
available in a range of sizes because of the polydispersity of graphene.  

 

             
 

Figure 1 SEM magnification images of GO film on glass substrate at (A) 5 µm and (B) 500 nm. 
 

The morphology of the GO coating on aluminum (Figure 2) was made up of multiple highly wrinkled, thick 
layers that resemble a structure. The observed flakes were thinner and smaller than the GO coating on glass (Figure 1). 
Meanwhile, the GO coating on aluminum (Figure 2) was made up of an aggregated flat nanosheet structure (Figure 1) 
with a somewhat expanded appearance. Figures 1B and 2B clearly show the unique morphology of GO, which is 
a blocky structure at low magnification and a wrinkled structure at high magnification (Figures 1A and 2A) 
[21,22]. At low magnification, several free-standing sheets that resembled the shape of GO are shown in Figures 
1B and 2B. The GO flakes created regions of brightness that were darker than the background of the bare substrate. 

 

   
 
Figure 2 SEM magnification images of GO film on aluminum substrate at (A) 5 µm and (B) 500 nm. 

(A) 

(A) (B) 

(B) 
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The coating on an aluminum substrate was flatter than on a glass substrate, as shown by the SEM images in 
Figures 1 and 2, causing the layer deposited on the aluminum substrate to thicken.  

The thickness values of coatings on glass and aluminum substrates were 0.07 and 0.09 µm, respectively, which 
were calculated using Equation (1), indicating that the film thickness increased with increasing roughness and 
hydrophobic characteristics for substrates. The results are consistent with the AFM results, which showed that the 
aluminum substrate was rougher than the glass substrate [23]. 

Regarding coating GO on glass and aluminum substrates, the findings of ImageJ processing of the photos 
(Table 1) indicate that coating GO on glass was the largest and coating GO on aluminum substrate was the 
smallest. The shape factors represented by circularity measures were 0.111 and 0.458 for coating GO on aluminum 
and glass substrates, respectively. 
 
Table 1 Measurement parameters for coating substrates. 

Substrate Average size (µm) %Area Perim. (µm) Circ. 
Glass  38.425 25.391 45.612 0.111 
Aluminum 5.839 3.166 14.096 0.458 

 
The 2D and 3D AFM images in Figures 3 and 4 provide information about the roughness of the surface of the 

coating substrates. Figure 4 and Table 2 exhibit the values of root mean square (RMS) and average roughness 
(Ra). The values of RMS and Ra for coating the glass substrate were 599.2 and 464.5 nm, respectively, and those 
for coating the aluminum substrate were 755.8 and 594.6 nm, respectively. The observed increase in RMS 
roughness for coating aluminum substrates over glass substrates was due to the fact that the coating layer on the 
aluminum substrate is thicker than on the glass substrate. 

The roughness coating of the aluminum substrate was higher than that of coating the glass substrate, as shown 
in the SEM image, and this finding was confirmed by the subsequent AFM examination. GO particles accumulated 
on the aluminum substrate; therefore, the coating layer was very rough, and the coating particles were oriented 
for coating aluminum. In addition, when the coating density increased, the molecules became more closely linked 
and more uniform, leading to increased coating coverage, and consequently, the thickness of the coating layer 
increased, as is the case when coating aluminum. 

 
 

     
 

Figure 3 Atomic force microscopy of composite adsorbent material; (A) two-dimensional and (B) three-dimensional 
distribution. 
 

The increase in RMS roughness for coating aluminum substrates over glass substrates is due to the fact that 
the coating layer on the aluminum substrate is thicker than on the glass substrate. 

The results from Figures 3 and 4 and Table 2 show that the average roughness coating of GO on glass was the 
lowest, and that of GO on aluminum was the lowest, indicating that the GO on aluminum had the most obvious 
wrinkle. Another clear conclusion is that the surface roughness of the glass was smoother, and therefore, the 
deposited layer was smoother than that of the aluminum substrate. These results were confirmed by SEM 
examinations. 

 

(A) 
(B) 
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Figure 4 Atomic force microscopy of composite adsorbent material: (A) two-dimensional and (B) three-dimensional 
distributions. 
 

 
 

 
 

 
 

Figure 5 Histogram of surface height coating of (A) glass substrate and (B) aluminum substrate. 
 

Table 2 AFM of surface roughness GO on glass and aluminum substrates. 

Substrate Ra (nm) Root mean square (rms) 
Glass  464.5 599.2 
Aluminum 594.6 755.8 

  

(B) 

(A) 

(B) 

(A) 
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The substrates were weighed after being immersed in 1%, 2%, and 3% NaCl solutions for 24, 48, 72, 96, and 
120 hours. As shown in Figures 6–8, the concentration of chloride ions affected the coating layer’s corrosion rates. 
The results of the immersion method show that the coating of GO on glass substrates displayed the largest 
corrosion rate decrease when compared with the coated aluminum substrate, which showed the least in the 
substrate. In addition, the greater the contact time between the samples and the corrosion solution, the greater the 
corrosion rate of the substrate of the samples. These results are consistent with [24]. In addition, increasing the 
concentrations of chloride ions can cause an increase in the corrosion rates on the coating layers on substrates. 
When the concentration of Cl− increased, the coatings showed an increase in corrosion rate. In this work, the 
corrosion rate in solutions with greater concentrations was significantly more impacted by changes in Cl− 
concentration than in solutions with lower concentrations. If the corrosive intermediate (Cl) was present in higher 
amounts in the NaCl solution, it could expeditiously permeate the outer layer and arrive at the surface of the 
specimen. As a result, the rate of corrosion increased. These results were in agreement with those of [25,26]. 
 

 
 
Figure 6 Varying corrosion rate (mm/y) against immersion time for aluminum and glass substrates in 1% NaCl solution. 

 

 
 

Figure 7 Varying corrosion rate (mm/y) against immersion time for aluminum and glass substrates with 2% NaCl solution. 
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Figure 8  Varying corrosion rate (mm/y) against immersion time for aluminum and glass substrates with 3% NaCl solution. 
  
4. Conclusion 
 

The coating of GO was experimentally investigated using dip coating on two different substrates made of 
aluminum and glass. AFM and SEM were employed to evaluate the quality of coatings created from GO flakes. 
The results of measuring the thickness and roughness of the coatings deposited on the aluminum surface were 
higher than those on the glass substrate. An image analysis tool was used to compare the GO coatings on these 
samples. The results demonstrated that more coating was deposited on the aluminum surface, and the shape factor 
was higher for aluminum than for glass substrate. The weight loss of coating an aluminum substrate in a solution 
for different periods of time (24, 48, 72, 96, and 120 hours) and sodium chloride concentrations was less than that 
of coating an glass substrate. 
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