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Abstract
The aim of the paper is to carry out a detailed investigation of the effect of graphene oxide-poly(amidoamine) (GO-PAMAM) 
incorporated in silica matrices on the corrosion behaviour of zinc. GO was modified with PAMAM dendrimer in order 
to improve its dispersion in the silica coatings prepared on zinc by dip-coating. Morpho-structural and physico-chemical 
characterization of the graphenes were made by FT-IR and Raman spectroscopy, TEM, and XRD. After incorporation, the 
effect of graphenes on the anti-corrosive performance of silica-coated zinc was investigated by electrochemical impedance 
spectroscopy. The results revealed that GO-PAMAM nanosheets dispersed in silica matrix significantly improved the cor-
rosion resistance of the coatings. The polarization resistance Rp increased from 680 to 2489 kΩ cm2. The performances of 
SiO2-GO-PAMAM coatings were compared with those of SiO2 coatings incorporating GO, reduced graphene oxide (rGO), 
and 3-aminopropyl triethoxysilane (APTES)-modified GO. The influence of silica sol-ageing of the composite coatings  
was also investigated, as the polycondensation plays an important role in its anti-corrosive properties. The morphology of 
the composite coatings was examined by SEM, and their wettability by contact angle measurements. The protection offered 
by the SiO2-GO-PAMAM composite material is the leading. This can be associated with the GO-PAMAM’s high oxidation 
degree, low electrical conductivity, and by the fact that reduces the penetration of the electrolyte into the silica/zinc interface.

Keywords  Sol–gel · Silica coating · PAMAM-modified graphene oxide · Corrosion · Electrochemical impedance 
spectroscopy · Sol-ageing

Introduction

Silica (SiO2) coatings are widely used on metals to mitigate 
corrosion because of their tolerance to high temperatures, 
sunlight, and physical degradation. Advantages such as 
transparency, good chemical resistance, high flexibility, and 
good impact resistance are among the known benefits of the 

latter. The hydrolysable siloxane groups of silane molecules 
form strong covalent bonds with the substrate, generating 
excellent adhesion between the Zn surface and SiO2 coating 
[1]. Despite the fact that silane films are quite hydropho-
bic, they fall short in offering long term protection, because 
of their tendency to form microforms, cracks, but also it is 
known that they possess low cross-linked areas [2, 3]. As 
progress has been made in the field of sol–gel based coat-
ings, incorporation of nanofillers into the coating’s structure 
appeared in order to improve the coating’s protective proper-
ties [4]. An increased performance of their barrier properties 
can be achieved by the hydrofobization of their surface [5]. 
Furthermore, introducing various surfactant templates in the 
precursor sol [5, 6] mesoporous texture can be developed, 
making them suitable for corrosion inhibitor carriers and 
eventually to gain self-healing properties.

Among the filler materials, graphene oxide (GO) should 
represent an adequate candidate. GO is a nanomaterial 
thought to improve the mechanical properties of poly-
meric coatings by lengthening the electrolyte pathway and 

 *	 Liana Maria Muresan 
	 liana.muresan@ubbcluj.ro

1	 Department of Chemical Engineering, Faculty of Chemistry 
and Chemical Engineering, Babes-Bolyai University, 11, 
Arany J. St., Cluj‑Napoca‑Napoca 400028, Romania

2	 Department of Chemistry and Chemical Engineering, 
Hungarian Line, Faculty of Chemistry and Chemical 
Engineering, Babes-Bolyai University, 11 Arany J. St., 
Cluj‑Napoca‑Napoca 400028, Romania

3	 National Institute for Research and Development of Isotopic 
and Molecular Technologies, Donath Street No. 67‑103, 
P.O. BOX 700, Cluj‑Napoca‑Napoca, Romania

http://crossmark.crossref.org/dialog/?doi=10.1007/s10008-022-05358-w&domain=pdf
http://orcid.org/0000-0002-2891-2947


1796	 Journal of Solid State Electrochemistry (2023) 27:1795–1811

1 3

decreasing the porosity of the coatings [7]. This is due to 
their well-defined structure, high surface area, and small par-
ticle size [8]. However, major difficulties may occur with the 
dispersion of the GO nanosheets in polymer matrices. The 
nanoparticle tendency to form agglomerates due to their large 
surface area and surface energy [9] provides obstacles in 
achieving great results. The simplest and most efficient way 
to prevent the agglomeration of the nanoplatelets is through 
chemical functionalization [10]. Various studies have inves-
tigated the chemical functionalization of GO [9, 11], which is 
achievable thanks to the hydroxyl, carboxyl and epoxy groups 
found on its basal plane and edges [7]. Some of the utilized 
modifications were carried out by titanate TiO3

2− coupling 
agent [12], inorganic nano-oxides (ZnO, TiO2) [13, 14], cor-
rosion inhibitors (amino-azobenzene, diamino-azobenzene, 
metronidazole) [9, 15], silane coupling agents (APTES) [1, 
7, 16, 17], and PAMAM dendrimer [10, 18].

The lamellar structure of GO can be penetrated by 
the spherical structure of the PAMAM dendrimer which 
results in a more exfoliated structure. Moreover, PAMAM 
also prevents the agglomeration of GO and improves dis-
persion stability. These amines form covalent bonding 
with the carboxylic and epoxide groups of GO [10].

On other note, it was reported that graphene could have 
a corrosion promoting activity when in contact with the 
metal, because of electron transfer. According to some 
published reports, this can be suppressed by the isolation 
layer effect of APTES [9]. Furthermore, by functionali-
zation, the electrical conductivity of graphene has been 
observed to decrease considerably [11].

It is well known that the preparation of high thickness 
sol–gel based anticorrosive coatings remains a great chal-
lenge, due to the formation of cracks and defects formation 
when thicker inorganic sol–gel layers are deposited on the 
substrate [2].

As mentioned above, various nanofillers and nanopar-
ticles have been used in order to improve the protective 
properties of silane sol–gel coatings, but there are few 
published data regarding the GO nanosheets effect on the 
performance of silane coatings [17]. So far as we know, 
GO-PAMAM nanoparticles were embedded only in epoxy 
coatings, and there is no published literature regarding 
the effect of GO-PAMAM incorporated in silica matrices, 
nor a comparative study of rGO, GO, GO-APTES, GO-
PAMAM and of SiO2 sol-ageing impact, on the composite 
silica coatings’ anti-corrosive properties.

In this context, the aim of the paper is to carry out 
a detailed investigation of the composite silica coatings 
incorporating GO-PAMAM, mainly by electrochemical 
methods and morpho-structural characterizations, and to 
compare the performances of the new silica-based coat-
ings with those containing GO, reduced GO (rGO), and 
GO-APTES, respectively.

Materials and methods

Materials

For the preparation of the silica precursor sol, tetraethyl-
orthosilicate (TEOS, for synthesis, > 99%, Merck), etha-
nol (EtOH, 99,3%, Chemical Company), distilled water, 
and hydrochloric acid (HCl, purum, 37%, Fluka) were 
used. The reduced graphene oxide (rGO) and the graphene 
oxide (GO) were purchased from the National Institute for 
Research and Development of Isotopic Molecular Technolo-
gies, Cluj-Napoca. For the modification of the GO, we used 
3-aminopropyltriethoxysilane (APTES, 98%, Alfa Aesar), 
sodium hydroxide (NaOH, 97%, Lachema), and acetic acid 
glacial (CH3COOH, 99,5% Chemical Company). For the 
modification with poly(amidoamine) 2nd-generation den-
drimer (PAMAM G2.0, 38%, Dendritech), dimethylforma-
mide (DMF, 99,5%, Thermo Scientific) and thionyl chloride 
(SOCl2, 99%, Sigma-Aldrich) were used.

The Zn samples (purchased from Altdepozit, with 99% 
purity, containing reduced amounts of Ti and Cu), with 
dimensions of 7 × 2 cm, polished with emery paper (grade 
1500, 3000, 5000) were pretreated with 2-propanol (2-PrOH, 
99,7%, Chemical Company) and 0.1 M aqueous HCl. The 
limitation of the surface to 2 cm2 was reached by using a 
transparent lacquer. This generated the active surface of the 
sample used in electrochemical measurements.

Synthesis of GO

GO synthesis was realized by a modified Hummer’s method, 
recently published [19].

For more efficient oxidation of natural graphite, a pre-
oxidation step was introduced. The typical pre-oxidation 
procedure consists in adding the graphite (4.6 g) to a warm 
solution (80 °C) of concentrated sulfuric acid (8 mL), potas-
sium persulfate (2.5 g), and phosphorus pentoxide (2.5 g). 
The mixture was next heated to 100 °C and left to slowly 
cool down. Then, 300 mL water was added to dilute the 
mixture. The suspension was filtered, washed until neutral 
pH, and dried at ambient temperature [19].

The oxidation step: to a suspension of pre-oxidized 
graphite powder (3.5 g) and sodium nitrate (1.6 g) in sul-
furic acid (60 mL) cooled in an ice-water bath were slowly 
added 8 g of potassium permanganate. The temperature was 
not allowed to reach 10 °C. The next day, the mixture was 
warmed to 35 °C and kept for 1 h 45 min at this tempera-
ture. The suspension was diluted with 150 mL water, the 
temperature rising to 100 °C [19]. 100 mL of water were 
additionally added after 2 h. The reaction was stopped with 
hydrogen peroxide (30%) until the gas development was no 
longer observed. The mixture was filtered and washed with 
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a diluted HCl solution (250 mL, 1%). The obtained product 
was suspended in bidistilled water and dialysed for 5 days 
[20]. After that, we exfoliated the samples by 1 h sonication. 
The final material was obtained by lyophilization.

Functionalization of GO by APTES

The functionalization of GO was accomplished through 
a hydrolysis-condensation sequence by the organosilane 
APTES. Prior to functionalization, the GO (0.031 g) was 
ultrasonicated for 1  h in 12.5  mL of aqueous solution. 
Another solution was prepared containing: 1.32 mL APTES, 
0.3 mL water, and 29.65 mL ethanol. By mixing the two 
solutions, the next step was to adjust the pH value to 4.5 
by addition of acetic acid under constant stirring for 2 h. 
After that, the pH was adjusted to 11 by the use of sodium 
hydroxide and the mixture was stirred for another hour at 
room temperature. The supernatant was removed by filtering 
the mixture, and the GO-APTES residue was washed with 
deionized water and ethanol (30:20 w/w) [1].

Functionalization of GO by PAMAM Dendrimer

In order to modify the GO with PAMAM G2.0, it was nec-
essary to activate the carboxyl groups found on the surface 
of GO, which leads to nucleophilic substitution. This step 
was realized with thionyl chloride SOCl2 and dimethyl-
formamide (DMF) in a proportion of 0.15 g GO; 37.5 mL 
SOCl2; 0.6 mL DMF, by stirring at 70 °C for 24 h. After 
that, the mixture was filtered to remove excessive SOCl2. 
The remained GO-COCl was then dispersed in 15 mL etha-
nol together with the PAMAM dendrimer. Eventually, the 
excessive amount of ethanol was removed by filtration and 
several water rinsing. The powder was then dried at 60 °C 
to generate GO-PAMAM [10].

Precursor sol synthesis

The silica precursor sols based on acid catalyse (0.1 M 
aqueous HCl solution) were prepared from the controlled 
hydrolysis of TEOS in EtOH. The solution containing 
TEOS:EtOH:H2O:HCl (1:18.6:5.5:1 10−3 M) was stirred for 
1 h at ambient temperature, then kept for 24 h at 18–20 °C 
before usage.

Preparation of silica/GO and silica/modified‑GO 
nanocomposite coatings

Prior to layer deposition, the scratches found at the surface 
of the Zn substrate were removed by polishing with emery 
paper (800, 2000, 5000). The next step was the ultrasonica-
tion of the substrates in 2-propanol solution for 2 min, fol-
lowed by treatment with 0.1 M aqueous HCl solution, and 

finally with 2-propanol solution. Each time the wafer was 
blow-dried.

5 different silica sols were prepared: one containing rGO, 
the second GO, the third GO-APTES, and the fourth GO-
PAMAM (each one had a concentration of 0.86 g/dm3). 
The last one did not contain any nanofillers and served as a 
reference. The silica sol was left for 1 day before usage or 
before adding the nanofillers with the scope that the silica 
network can be formed. The initial samples were immersed 
in the sols the moment the nanofillers were added and the sol 
was then ultrasonicated for 10 min. The other samples were 
coated from the silica sol and also from the silica sols con-
taining rGO/GO/GO-APTES/GO-PAMAM after being kept 
at 18–20 °C for 1 week, 2, 3, 4, 6, and 8 weeks, respectively.

The silica nano-coatings were prepared from the above-
mentioned precursor sols by using a homemade dip-coater 
and the sol–gel method. Immersed in the sols, the Zn wafers 
were withdrawn with a constant speed of 10 cm/min. The 
coated and uncoated Zn samples were cured at 150 °C for 
1 h since it was proved that this is the optimal temperature 
and duration of the curing [21].

Fourier transformed infrared spectroscopy

FT-IR spectra were recorded on a JASCO FT/IR-6800 spec-
trometer in the region 4000–500 cm−1. The preparation of 
the samples consisted of a simple step, just adding a small 
quantity of the solid samples.

Transmission electron microscopy

TEM measurements were realized with a Hitachi H-7650 
transmission electron microscope. The different graphene 
samples were diluted in methanol.

Raman spectroscopy measurements

Raman spectroscopy was performed using an NTEGRA 
Spectra platform, placed on a NEWPORT RS4000 optical 
table with a vibration isolation system and equipped with a 
SOLAR TII confocal Raman spectrometer coupled with an 
Olympus IX71 microscope in two different configurations. 
Detection was achieved with a CCD camera (NT-MDT).

X‑ray crystallography

The X-ray powder diffraction (XRD) patterns were collected 
with a Bruker D8 Advance diffractometer, using CuKα1 
radiation (λ = 1.5406 Å). To filter out the Kα2 radiation and 
to increase the resolution a Ge (111) monochromator in the 
incident beam was used.
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Electrochemical characterization

All measurements were carried out in a three-electrode 
cell, including a working electrode (the coated or bare Zn 
wafer, S = 2 cm2), a reference electrode (Ag/AgCl/KClsat) 
and a counter electrode (platinum wire), in 0.2 g/L Na2SO4 
solution (pH = 5.0) with a computer-controlled potentiostat 
(PARSTAT 2737).

In the first step, the open circuit potentials (OCP) were 
recorded for 1 h. The electrochemical impedance spectros-
copy (EIS) was performed within the frequency range of 
10 kHz to 10 MHz and at 10 mV (peak to zero) amplitude 
of voltage, at OCP (number of points 30). Potentiodynamic 
polarization curves were recorded with a scan rate of 1 mV/
min starting from a potential with − 250 mV lower than OCP.

The electrical circuit was fitted with the ZsimpWin pro-
gramme. The reproducibility of the results was assured by 
the measurements of triplicate samples.

The inhibition efficiency of the systems was approxi-
mated using the following equation:

where |Rp|
0
 is the polarization resistance value of the bare 

Zn sample, and |Rp|s is the polarization resistance of the 
coated samples.

Coating thickness

The coating thickness was measured with an instrument 
BB25 purchased from Trotec, able to read layer thicknesses 
on surfaces by the eddy current method, with ± 1% accuracy. 
Each sample was measured 3 times, and an average value 
was calculated.

Contact angle measurements

Contact angle measurements were performed in the coated 
zinc substrates to get information about the polarity of the 
coatings. The measurements were carried out in a closed 
sample chamber, in saturated atmosphere, with the same 
electrolyte used in the electrochemical measurements, 
namely 0.2  g/L aqueous Na2SO4 solution with 20 µL 
droplets.

The contact angle was calculated with the ImageJ pro-
gramme, with ± 0.1 uncertainty.

Scanning electron microscopy measurements

A Hitachi SU8230 ultra-high-resolution scanning elec-
tron microscope was used in order to study the morpho-
logical and structural properties of the SiO2/GO-PAMAM 

(1)IE(%) = 100 ⋅
|Rp|s − |Rp|

0

|Rp|s

coatings before and after immersion in Na2SO4 electrolyte 
for 2 weeks, with or without sol-ageing, and also to com-
pare the results to those of SiO2 coatings.

Results and discussion

First, the modified GO nanosheets were characterized mor-
pho-structurally and physico-chemically, by several methods.

Fourier transformed infrared spectroscopy

In order to prove the modification of GO, FT-IR spectra 
of GO, rGO, GO-APTES, and GO-PAMAM nanoparticles 
were recorded as illustrated in Fig. 1 and examined.

The in-plane stretching vibration of sp2-hybridized 
C = C found at 1500–1600 cm−1 can be observed in the 
case of the rGO spectra where the peaks are not over-
lapped. The GO increased signals representative for the 
oxidation groups are located at 3162 cm−1 corresponding 
to OH groups; at 1710 cm−1, we can observe the stretch-
ing vibration of C = O specific to carboxyl groups; and 
at 1220 cm−1, the presence of epoxide group (C–O–C), 
whereas at 1050  cm−1 can be noticed the presence of 
alkoxy groups [22].

New bands become visible after interaction of GO with 
APTES; around 1000 cm−1, the signal of Si–O-C, the Si–O-
Si absorption peak shows the reaction between the APTES 
molecules. Nevertheless, the C–OH vibrations of hydroxy 
groups disappear in GO-APTES samples, which corrobo-
rates the fact the ethoxysilane groups of the APTES reacts 
with the OH of the GO releasing ethanol and forming Si–O-
C bonds. It is also possible that the amine of the APTES 
reacts with the epoxy groups found on the surface of GO, 
but from the FT-IR spectra can be observed that the C–O–C 
signal remains visible in the case of GO-APTES. APTES 
molecules may react with each other creating a silica-like 
structure on the surface of the GO [23], with the appearance 
of a peak at around 1000 cm−1.

In the case of PAMAM modified GO, a new band  
emerges at 1650 cm−1, which can be attributed to the N–H 
bending vibrations of the amide groups. Furthermore, the 
characteristic absorption peak for carboxyl groups has van-
ished in the spectrum of GO-PAMAM [10], confirming that 
the reaction takes place between the amino groups of the 
dendrimer and the carboxyl groups of the GO. See the sche-
matic representation of the GO synthesis in Fig. 2.

Transmission electron microscopy

The TEM images (Fig. 3) reveal the characteristic morphology 
of the graphenes and confirm the successful functionalization 
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of GO with APTES and PAMAM. Besides, it can be observed 
that in the case of modified graphenes, especially the GO-
APTES, the thin film of the graphene is torn apart by the 

silane coupling agent forming threads. This means that the 
restacking of the particles was effectively interrupted.

Fig. 1   FT-IR spectra of GO, 
rGO, GO-APTES, and GO-
PAMAM

Fig. 2   Schematic representation of the GO synthesis
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Fig. 3   TEM images of GO (A), 
rGO (B), GO-APTES (C), and 
GO-PAMAM (D)

Fig. 4   Raman spectra of rGO, GO, GO-APTES, and GO-PAMAM nanoparticles
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The wrinkled surface of the GO provides stability and 
avoids collapse back to a graphitic structure. With a simi-
lar morphology, a thin extended film with wrinkles on it  
appears on the rGO [22]. The GO-PAMAM seems to have 
some black spots on the surface, that is attributed to the 
PAMAM molecules [24].

Raman spectroscopy measurements

In order to assess the degree of structural disorder in the 
graphene nanosheet samples, Raman spectra were recorded 
(Fig. 4). Three important bands can be seen in these spec-
tra: the network defect band (D) from 1350  cm−1, the 

characteristic graphitic band (G) located at 1577 cm−1, and 
the 2D band located at 2700 cm−1 [25].

The ID/IG ratio can be related to the in-plane crystallite 
size (La), indicating the defect-free domains in the graphene 
samples (Eq. 2) [26]:

where the laser excitation energy’s equivalent is El (2.33 eV) 
and ID/IG is the ratio between the intensity of G and D bands 
[27]. The ID/IG ratios for rGO, GO, GO-APTES, and GO-
PAMAM were 0.54, 1.1, 0.89, and 1.84 respectively as 

(2)La(nm) =
560

E4

1

(
ID

IG

)−1

Table 1   The values of the 
Raman parameters obtained 
from the corresponding spectra 
of each sample

Sample G (cm−1) D (cm−1) IG (a.u.) ID (a.u.) ID/IG La (nm)

rGO 1579 1348 1070 575 0.54 35.34
GO 1570 1333 2486 2741 1.1 17.23
GO-APTES 1604 1355 3007 2699 0.89 21.16
GO-PAMAM 1598 1349 1050 1933 1.84 10.32

Fig. 5   XRD patterns and structural parameters of rGO, GO, GO-APTES, and GO-PAMAM
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shown in Table 1. The increase in ID/IG ratio in the GO-
PAMAM sample demonstrates the defect in graphene sheet 
caused by the graphene oxide functionalization that might 
induce considerable changes in the physico-chemical, struc-
tural and electrical properties. This result shows that the 
functionalization of GO with PAMAM alters the structure 
of GO through the formation of more sp3 carbon within the 
sp2 carbon network of graphene [28], resulting in higher 
ID/IG in the composites. The value of ID/IG of GO-APTES 
that is close to that of the unmodified GO indicates that 
grafting of amine molecules took place on the oxygen func-
tional groups on the surface without disturbing the defective 
sp3–hybridized sites in the basal planes of GO [29]. La value 
for GO sample is about 17 nm and for rGO sample 35 nm, 
respectively confirming a higher oxidation degree of the GO 
and a much lower electrical conductivity. The La value for 
the GO-APTES sample is about 21 nm. The GO-PAMAM 
sample has a value of 10 nm, possessing the highest oxida-
tion degree and the lowest electrical conductivity.

XRD analysis

Three types of structural information determined from X-ray 
diffractograms were the number of graphene layers (n), the 
interlayer distance (d), and the average crystallite size (D). The 
mean crystallites size (D) was calculated from the full width at 
half maximum (FWHM) of the XRD peak, after instrumental 
broadening correction, using the Debye–Scherrer equation [30]:

where D is the crystallite size, K is a numerical factor com-
monly referred to as the crystallite-shape factor (0.9), λ is 

(3)D =
K�

�cos�

the wavelength of the X-rays, β is the full-width at half-
maximum of the X-ray diffraction peak in radians, and θ is 
the Bragg angle.

The spacing between the graphene layers (d) was calcu-
lated with the Bragg equation [31]:

where n = 1, 2, 3, … is the interference order and is an inte-
ger number, d is the distance between two layers, λ is the 
wavelength of the X-ray beam (0.154 nm), and θ is the dif-
fraction angle.

The number of layers was calculated from the ratio 
n = D/d. The amount (%) of each type of graphene was deter-
mined from XRD, expressed as the ratio of the fitted peak 
area to the total area of the diffractogram. The peaks close 
to 24° were asymmetric and displayed two components that 
were separated by fitting the XRD pattern into two theoreti-
cal Gaussian peaks (Fig. 5). The structural parameters for 

(4)2d ⋅ sinθ = n ⋅ λ

Fig. 6   OCP values and their evolution in time for Zn samples coated 
with different SiO2 layers from a sol aged for 4  weeks. Electrolyte, 
0.2 g/L Na2SO4 (pH 5)

Table 2   OCP values for various Zn samples coated with SiO2 by sol–
gel method

OCP (V vs. Ag/AgCl/KClsat)

Zn − 0.983

Coated samples Without sol-ageing With 4 weeks 
sol-ageing

Zn/SiO2  − 0.948  − 0.958
Zn/SiO2-rGO  − 0.947  − 0.951
Zn/SiO2-GO  − 0.957  − 0.917
Zn/SiO2-GO-APTES  − 0.957  − 0.927
Zn/SiO2-GO-PAMAM  − 0.961  − 0.902

Fig. 7   Potentiodynamic polarization curves for bare and coated Zn, 
recorded in Na2SO4 solution (pH 5). Scan rate, 1  mV/min. Starting 
potential, − 250 mV vs. OCP
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the samples, calculated from XRD data, are presented in the 
inset of Fig. 5.

Figure 5 also shows the XRD patterns of GO-APTES 
and GO-PAMAM nanoparticles. We observed the main 
peaks at 2θ = 10.63°, 21.78°, and 29.37° for GO-APTES 
and at 2θ = 11.74° and 23.46° for GO-PAMAM. The peaks 
at 10.63° (GO-APTES) and 11.74° (GO-PAMAM) can be 
attributed to the unreacted GO. The pointed sharp peaks 
reflect a certain amount of crystallinity of GO-APTES and 
GO-PAMAM nanomaterials. In the GO-APTES sample, a 
small percentage of graphite (4%) appears.

Electrochemical measurements

The OCP values and their evolution in time for bare Zn and 
the different coated samples immersed in Na2SO4 solution 
(pH 5) are presented in Fig. 6. It can be observed that after 
1 h, the OCP values of Zn coated with different silica layers 
were shifted toward more positive potentials as compared 
to bare Zn. In other words, an ennoblement of the surface 
was noticed. However, the magnitude of the positive shift 
of the corrosion potential is different for various coatings. 

After 1 h, the most positive OCP is noticed for the GO-
PAMAM containing coating prepared from a sol aged for 
4 weeks. This can be attributed mainly to a braking of the 
anodic reaction due to a better protection of zinc conferred 
by these coatings.

The values for OCP of the Zn samples prepared by 
sol–gel method without or with 4 weeks sol-ageing are pre-
sented in Table 2.

In order to get a deeper insight into the anti-corrosion 
protection mechanism of zinc, coated with different types 
of layers, EIS measurements were performed.

EIS is based on two hypotheses: linearity of the I vs. E 
curve and stationarity. True behavior of electrode in term 
of corresponding resistances should be deduced only at 
steady-state position (i.e. OCP), where the measurements 
reflect the original characteristics of electrode–electrolyte 
system. The potentiodynamic measurements start far from a 
steady-state and may be a source of error. A linear polariza-
tion record starts at a potential about − 250 mV lower than 
OCP. Moreover, determination of Ecorr from the polarization 
curves is subjected to a number of parameters, i.e., applied 
potential, current acquisition, time of the polarization test, 

Table 3   Electrochemical 
parameters for corrosion of Zn 
and different Zn/SiO2 samples 
immersed in 0.2 g/L Na2SO4 
solution (pH 5)

Sample Ecorr (mV vs. Ag/
AgCl/KClsat)

icorr (µA/cm2) ba (mV/dec) bc (mV/dec)

Zn  − 1002.1 42.20 65.08 57.91
Zn/SiO2  − 869.8 1.14 28.82 -
Zn/SiO2-GO  − 917.3 0.56 18.87 -
Zn/SiO2-rGO  − 927 4.27 52.94 -
Zn/SiO2-GO-APTES  − 897.4 0.17 20.69 -
Zn/SiO2-GO-PAMAM  − 886.2 0.09 24.02 -

A. B.

Fig. 8   Nyquist plots of silica and modified-silica coatings without (A) and after 4 weeks (B) of sol-ageing immersed in 0.2 g/L Na2SO4 solution 
(pH = 5.0); the solid lines are the fitting results; the impedance values were normalized with respect to total surface area (2 cm2)
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IR drop due to the ionic solution resistance, and so on. This 
is why investigation of the system by means of electrochem-
ical impedance spectroscopy is more trustworthy.

Nevertheless, potentiodynamic polarization curves 
(Fig. 7) confirmed the tendency of Ecorr to shift toward more 
positive values and suggest a mixed mechanism of inhibition 
for all SiO2 coatings, as both branches (anodic and cathodic) 
of the semilogarithmic curves were shifted toward lower 
current densities. The kinetic parameters extracted from 
these curves by using Tafel interpretation are presented in 
Table 3. Due to diffusion limitation of the cathodic reaction 
(oxygen reduction), the cathodic Tafel coefficient, bc, could 
not be used for icorr calculation. The most resistant coating 
seemed to be Zn/SiO2-GO-PAMAM, followed closely by 
Zn/SiO2-GO-APTES.

Even if the polarization curves give some useful informa-
tion related to the corrosion kinetics, as already mentioned 
above, impedance measurements are more reliable in what 
the investigation of coated metals’ behaviour is concerned. 
This is the reason for which more attention was ascribed to 
EIS measurements carried out for various Zn/SiO2 systems, 
at OCP, and the results are presented in what follows.

Because the polycondensation step occurring during the 
preparation of coatings by the sol–gel method has relatively 
low kinetics, it was of interest to examine the role of sol-
ageing on the performances of the coatings. The impedance 

spectra of all investigated coatings without and after sol-
ageing are presented in Fig. 8.

Further, impedance data were modelled using the elec-
trical circuits presented in Fig. 9. With the scope of deter-
mining the accuracy of the fitting for all of the previously 
presented cases, the latter was estimated with the relative 
standard error percent calculated for the equivalent circuit 
parameters (mostly below 10%), respectively the chi-squared 
χ2 value (around 10−3).

In case of bare Zn, the electrical equivalent circuit is com-
posed only of the solution resistance, a constant phase ele-
ment simulating the double layer capacitance, and a charge 
transfer resistance in parallel Rs(QdlRct) (Fig. 9a). The elec-
trical circuit in the case of coated samples consists of a resis-
tor Rs, corresponding to the solution resistance, a resistor 
Rcoat and a capacitor Ccoat in parallel, which represents the 
coating resistance and its related capacitance, respectively, 
and lastly, a parallel combination of the charge transfer 
resistance Rct and a constant phase element, simulating to 
the double-layer capacitance at the metal/solution interface 
(Qdl) (Fig. 9b).

The constant phase element (Q, CPE) was used instead 
of capacitance to describe the non-ideal capacitive behav-
iour of the double layer. The origins of CPE behavior are 
numerous and some of them quite complex. The exist-
ence of CPE indicates that some property of the system 

Fig. 9   Electric equivalent cir-
cuits used for fitting the imped-
ance spectra for bare Zn (a) and 
coated Zn samples (b)

(a) (b)

Table 4   Electrochemical parameter values for Zn/SiO2 and SiO2 modified GO coated samples without sol-ageing, immersed in 0.2 g/L Na2SO4 
solution (pH = 5.0) obtained from the fitting of the equivalent electrical circuit from Fig. 9 (n ~ 0.8)

Samples without sol-ageing Rs (kΩ cm2) Ccoat (µF/cm2) Rcoat (kΩ cm2) Qdl (µSsn/cm2) Rct (kΩ cm2) Rp = Rcoat + Rct 
(kΩ cm2)

χ2

Zn 0.42 - - 104.30 2 2.00 8.05 × 10−4

Zn/SiO2 0.58 0.08 2.37 3.89 468 470.37 7.12 × 10−3

Zn/SiO2-GO 0.59 0.10 0.47 3.60 507 507.47 3.38 × 10−3

Zn/SiO2-rGO 0.91 0.09 3.35 6.17 727 730.35 5.52 × 10−3

Zn/SiO2-GO-APTES 0.34 0.23 0.14 6.53 465 465.14 4.84 × 10−3

Zn/SiO2-GO-PAMAM 0.71 0.17 0.47 3.72 449 449.47 7.76 × 10−3
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is not homogeneous, or that there is a distribution of the 
values of some physical properties of the system. Possible 
parameters that are at the origin of CPE in case of corro-
sion of coated zinc are the substrate’s surface roughness, 
an inhomogeneity of reaction rates on the surface, varying 
thickness or composition of the coating, a non-uniform 
current distribution, etc.

Table 4 contains the corresponding parameters obtained 
from the fitting of the equivalent electrical circuits from 
Fig. 9 to the experimental diagrams for the samples without 
sol-ageing, and Table 5, the electrochemical parameter val-
ues of the coated zinc samples prepared after 4 weeks of sol-
ageing. In all cases of doped silica coatings, the results were 
better than in the absence of GO-based dopants (higher Rp).

Another observation is that after the sol is aged for 
4 weeks, an increase in the Rp values occur in the case of 
every coating, the increase being less significant in the case 
of SiO2 and SiO2-rGO coatings. This phenomenon can be 
explained by the evolution of the polycondensation reaction 
that occurs inside the silica sol during 4 weeks.

The most spectacular change is observed in the case of 
SiO2-GO-PAMAM coatings (Fig. 8; Table 5). Rct, which 

decides the barrier properties of the coatings, represents the 
biggest contribution to the polarization resistance (Rp). The 
SiO2-GO-PAMAM coating owns the highest Rp value of 
2488.63 kΩ cm2, followed by the GO-APTES silica com-
posite coating and GO containing silica layers.

This could be explained by the compatibility of the nano-
fillers with the silica matrix, that requires hydroxyl groups, 
which can be found on the surface of the GO sheets. This 
way, the hydroxyl groups could undergo condensation reac-
tion on the neighbouring silane molecules [32]. When modi-
fied with PAMAM, the GO conserves its (-OH) groups on 
the surface, as we could observe from the FT-IR results 
(Fig. 1), leading to a better incorporation of the filler in the 
silica matrix. On the other hand, the higher corrosion pro-
tection properties of the Zn/SiO2-GO-PAMAM composite 
coatings can be also attributed to the dendrimer’s intrinsic 
corrosion inhibiting effect [33].

After calculating the inhibition efficiency (IE%) from  
the Rp values, all the IE% values are above 99.7%, the SiO2 
coatings offering a great protection to the Zn substrate. The 
values are high, because Rp for the bare Zn is negligible 

Table 5   Electrochemical parameter values for Zn/SiO2 and SiO2 graphene-coated samples after 4  weeks of sol-ageing, immersed in 0.2  g/L 
Na2SO4 solution (pH = 5.0) calculated by non-linear regression of the impedance data using the equivalent electrical circuit from Fig. 7 (n ~ 0.8)

Samples after 4-week sol-ageing Rs (kΩ cm2) Ccoat (µF/cm2) Rcoat (kΩ cm2) Qdl (µSsn/cm2) Rct (kΩ cm2) Rp = Rcoat + Rct 
(kΩ cm2)

χ2

Zn/SiO2 0.56 0.09 2.06 3.56 678 680.06 8.46 × 10−3

Zn/SiO2-GO 0.28 0.29 0.18 4.37 1407 1407.18 3.15 × 10−3

Zn/SiO2-rGO 0.17 0.03 0.15 7.87 806 806.15 1.74 × 10−3

Zn/SiO2-GO-APTES 0.53 0.17 0.41 3.97 1527 1527.41 2.61 × 10−3

Zn/SiO2-GO-PAMAM 0.60 0.29 0.63 3.12 2488 2488.63 3.14 × 10−3

Fig. 10   Nyquist (A) and Bode impedance spectra with phase angle 
plots (B) for SiO2-GO-PAMAM coatings prepared with different sol-
ageing duration, immersed in 0.2 g/L Na2SO4 solution (pH = 5.0); the 

solid lines represent the fitting results, and the impedance values were 
normalized with respect to total surface area (2 cm2)
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compared to the Rp of the coatings dipped from the sols 
aged for 4 weeks.

The evolution of Nyquist and Bode impedance diagrams 
recorded in 0.2 g/L Na2SO4 solution (pH = 5.0) as a function 
of the duration of sol-ageing in the coatings’ preparation step 
is depicted in Fig. 10.

The phase angle of around − 70° suggests that the coatings 
have a predominant capacitive behaviour. A phase angle of 0° 
corresponds to an ideal resistor, + 90° corresponds to an ideal 
inductor, and − 90° corresponds to an ideal capacitor. Values 
in between may indicate non-ideal, mixed behaviour, depend-
ing on the system under study. Furthermore, the single time 
constant Bode curves suggest that the electrolyte penetrated 
the coating, but did not reach the zinc/coating interface [34].

The electrochemical parameter values for SiO2-GO- 
PAMAM coated samples differentiated by ageing the sol are 
presented in Table 6.

From Fig. 10 can be observed that, on the second week, 
the coating’s Rp value almost doubled compared to the 

sample coated from the initial precursor sol. After 4 weeks 
the polarization resistance reaches 2488 kΩ cm2 from the 
449 kΩ cm2 start value.

In the Bode plot of modulus of impedance vs. frequency 
(Fig. 10B), the impedance value determined at 0.01 Hz was 
chosen as the parameter representing the corrosion resist-
ance of the coating. It can be observed that with sol-ageing 
the |Z|0.01 Hz parameter for SiO2-GO-PAMAM increases sys-
tematically until week 4.

Continuing the experiments with a sol-ageing period 
greater than 4 weeks, the situation changes dramatically. 
The impedance decreases significantly after 6 weeks and 
the value recorded after 8 weeks (Fig. 11) is much smaller 
even than that of the undoped silica coating.

It can be observed that after reaching a maximum, the 
coating’s anti-corrosive properties decrease, which can be 
explained by the occurrence of a relative brittleness of 
the coating. It is visible, that at 8 weeks sol-ageing, the 
coating begins to peel off from the substrate leading to 
the decline of the coating’s protection performance. The 
protective properties of the films deteriorate when the sol 
gets closer to the gel point. It is assumed that close to this 
point, the sol begins to form aggregates, so the coated 

Table 6   Electrochemical parameter values for SiO2-GO-PAMAM-coated samples differentiated by ageing the sol, calculated by non-linear 
regression of the impedance data using the equivalent electrical circuit from above (n ~ 0.8)

Sol-ageing 
duration

Rs (kΩ cm2) Ccoat (µF/cm2) Rcoat (kΩ cm2) Qdl (µSsn/cm2) Rct (kΩ cm2) Rp = Rcoat + Rct 
(kΩ cm2)

χ2

Initial 0.71 0.17 0.47 3.71 449 449.47 7.76 × 10−3

1 week 0.61 0.14 0.52 4.86 545 545.52 4.57 × 10−3

2 weeks 0.81 0.12 1.26 3.53 820 821.26 7.61 × 10−3

3 weeks 0.55 0.24 0.31 3.72 1457 1457.31 3.29 × 10−3

4 weeks 0.60 0.29 0.63 3.12 2488 2488.63 3.14 × 10−3

Fig. 11   Evolution of Nyquist impedance plots of SiO2-GO-PAMAM 
coatings prepared with 4, 6, and 8 weeks of sol-ageing when immersed 
in 0.2 g/L Na2SO4 solution (pH = 5.0); the fitting results are represented 
with solid lines; the impedance values were normalized with respect to 
total surface area (2 cm2)
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layers are not homogeneous anymore, and prone to crack-
ing [35]. This effect is present in the case of each silica 
sol, but the time when this happens differs.

Concluding, the optimal duration for the sol-ageing is 4 weeks.

Influence of immersion time

The behaviour of the coated samples immersed in a 0.2-
g/L Na2SO4 solution (pH 5) was investigated in a large time 
range. It can be seen from Fig. 12 that at the moment of 
immersion the |Z|0.01 Hz values for all coated systems are 
greater than that for SiO2 samples and by increasing the 
immersion time the |Z|0.01 Hz value significantly decreased, 
indicating the protection of the coating performance decline. 
Thus, the decrease in |Z|0.01 Hz at long immersion time is 
assigned to the electrolyte diffusion into the coating matrix, 
which results in the coating deterioration, the coating delam-
inated area progress, and barrier properties alteration [36]. 
The electrolyte diffusion into the coating/metal interface 
caused the zinc-silica interfacial adhesion bond destruction 
and, consequently, under-film corrosion.

Nevertheless, the most resistant seems to be same 
SiO2-GO-PAMAM-coated zinc samples. It becomes clear 
that PAMAM improves the dispersion of GO in the SiO2 
matrix. Moreover, because of GO-PAMAM nanosheets high 
specific surface area and impermeability against water and 

ions, the pathway of the electrolyte was lengthened. The 
interfacial adhesion improvement is mainly responsible for 
this behaviour. On the surface of GO sheets, the appear-
ance of the polar amino groups from the PAMAM molecules 
leads to interaction with the oxide layer formed on the metal 
surface, which provides strong adhesion bonds and silica/
zinc interfacial bonds strength improvement [37].

The compatibility of the nanosheets with the silica 
matrix requires -OH groups. In the case of GO modified 
with PAMAM, the -OH groups remain on the surface of the 
GO. Moreover, the in-plane crystallite size (La) calculated 
from Raman measurements (Table 1) prove that the GO-
PAMAM nanoparticles have the highest oxidation degree. 
As can be seen from Fig. 5, 61% of GO-PAMAM powder is 
represented by particles of 0.9 nm. These small dimensions 
help their uniform distribution in the coatings, excluding 
agglomerates which can offer a shortcut for the penetration 
of corrosive molecules [32].

Coating thickness and contact angle measurements

As expected, the thickness of silica layers depend on the dura-
tion of sol-ageing process. As we can observe in Fig. 13, in 
case of silica coatings and silica containing rGO, this process 
has an insignificant effect, the thickness value remaining at 
around 17 µm, and 16 µm, respectively. With the incorporation 

Fig. 13   The thickness of the 
silica coatings and of the 
composite coatings containing 
nanofillers, with or without 
sol-ageing

Table 7   Variation of contact angles of electrolyte droplets deposited on silica-based surfaces
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Fig. 14   SEM images of SiO2 coating (A) and Zn/SiO2-GO-PAMAM coating (B) after 2 weeks immersion in 0.2 g/L Na2SO4 (pH 5)

Fig. 15   SEM images of Zn/SiO2-GO-PAMAM coating from initial sol 
(A), and from sol aged during 4 weeks (C), left 2 weeks at ambient 
temperature at air; Zn/SiO2-GO-PAMAM coating from initial sol (B), 

and from sol aged during 4 weeks (D), immersed in 0.2 g/L Na2SO4 
(pH 5) for 2 weeks
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of different GO nanofillers, the coatings prepared from the 
sol without ageing have a thickness of ~ 14–16 µm, but after 
4 weeks of sol-ageing, thanks to the polycondensation reac-
tion that occurs inside the silica sol and the supposed increase 
in density of the sol, the coating thickness increases to even 
22 µm in case of SiO2-GO-PAMAM composite coatings.

The wettability of the composite silica coatings was 
investigated by the sessile drop method. For this purpose, 
electrolyte droplets were formed on the dry layers and their 
characteristics were measured. The images of the corre-
sponding droplets are presented in Table 7.

The SiO2 coating has a hydrophilic nature due to the 
remained untransformed hydroxyl groups at its surface 
after annealing at 150 °C [38]. The density of the aforemen-
tioned groups is reduced through the interaction with the 
functional groups of the GO (hydroxyl, carbonyl, carboxyl, 
epoxy) added to the silica matrix causing the increased con-
tact angle in comparison with undoped silica. The addition 
of APTES and PAMAM modifying agents to GO can change 
the amount of its functional groups, by engaging in bond 
forming, that can react with the silicas’ hydroxyl groups. 
This could be a possible explanation for the wettability 
modification of modified-GO-silica coatings. In the case of 
SiO2-GO-APTES can be assumed a higher density of hydro-
phile groups that is responsible for the lower contact angle in 
comparison with SiO2-GO. The PAMAM dendrimer due to 
the group’s higher size/volume and its steric effect can block 
the access to the hydrophile functional groups making the 
coating less wettable. In the case of the rGO, the amount of 
oxygen containing functional groups is lower, therefore the 
bond formation with the -OH groups of the silica matrix is 
diminished too, so their hydrophilic effect is retained.

Scanning electron microscopy measurements

SEM images were taken of the SiO2 and SiO2/GO-PAMAM 
coatings after immersion in 0.2 g/L Na2SO4 electrolyte (pH 5) 
for 2 weeks. On the surface of SiO2 coatings after immersion 
in the electrolyte, the appearance of corrosion is accentuated in 
comparison with the SiO2 containing GO-PAMAM (Fig. 14).

The difference between the SiO2/GO-PAMAM sample 
coated from the initial sol (Fig. 15A, B) and from the sol aged 
for 4 weeks (Fig. 15C, D) becomes visible after immersion 
in 0.2 g/L Na2SO4 solution (pH 5), the sample coated from 
the initial sol presenting more corrosion points (Fig. 15B).

Conclusions

Considering all the results, several conclusions can be drawn:

•	 In the case of PAMAM dendrimer modified GO nanosheets, 
FT-IR spectra confirm that a reaction takes place between 

the amino groups of the dendrimer and the carboxyl groups 
of the GO, proving GO functionalization.

•	 The in-plane crystallite size (La) calculated from Raman 
measurements proves that the GO-PAMAM nanoparti-
cles have the highest oxidation degree and the lowest 
electrical conductivity.

•	 XRD patterns of GO-APTES and GO-PAMAM show 
pointed sharp peaks, reflecting a certain amount of crys-
tallinity of these nanoparticles. 61% of GO-PAMAM 
powder is represented by particles of D = 0.9 nm (aver-
age crystallite size). These small dimensions help their 
uniform distribution in the coatings.

•	 The OCP values of Zn coated with different silica layers 
were shifted toward more positive potentials as compared 
to bare Zn, suggesting an ennoblement of the surface 
after coating.

•	 The potentiodynamic polarization curves confirmed the ten-
dency of Ecorr to shift toward more positive values and sug-
gest a mixed mechanism of inhibition for all SiO2 coatings, 
as both branches (anodic and cathodic) of the semilogarith-
mic curves were shifted toward lower current densities.

•	 EIS measurements carried out in 0.2 g/L Na2SO4 (pH 5) 
at OCP allowed estimation of the different coatings’ cor-
rosion resistance. The parameters of the corrosion process 
were estimated by fitting the equivalent electrical circuits 
to the experimental diagrams for the samples prepared 
without sol-ageing, and after 4 weeks of sol-ageing. In 
all cases of composite silica coatings, the results were 
better than in the absence of GO-based dopants and after 
4 weeks of sol-ageing (higher Rp), suggesting a favourable 
evolution of the polycondensation reaction. The incorpo-
ration of GO-PAMAM nanosheets into the silica matrix 
remarkably increased its barrier protection performance, 
leading to the most corrosion-resistant and water repellent 
coating among the investigated ones.

•	 The behaviour of the zinc-coated samples immersed in a 
0.2 g/L Na2SO4 solution (pH 5) was investigated in a large 
time range. At the moment of immersion, the |Z|0.01 Hz val-
ues for all coated systems are greater than that for pure 
SiO2 coatings. At the same time, the increase of immersion 
time led to a serious decrease of |Z|0.01 Hz, indicating the 
protection of the coating performance decline. Although, 
the SiO2-GO-PAMAM coating exhibited the most favour-
able evolution.

•	 All investigation methods lead to the conclusion that SiO2 
matrix modification with GO-PAMAM nanosheets signifi-
cantly improved the corrosion resistance of the composite 
coatings, mainly by reducing the penetration of the elec-
trolyte into the silica/zinc interface.
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