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Synthesis of polyaniline-modified graphene oxide for obtaining a high 
performance epoxy nanocomposite film with excellent UV blocking/ 
anti-oxidant/ anti-corrosion capabilities 
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A B S T R A C T   

This paper focuses on the synthesis and modification of graphene oxide nanosheets with polyaniline. The main 
aim is to take the advantages of both graphene oxide and polyaniline in enhancing the long-term performance 
(including weathering and corrosion) of exterior nanocomposites. For this purpose, the synthesized graphene 
oxide was treated via an in-situ polymerization process. The modified hybrid nanosheets were characterized by 
Fourier transform infrared spectroscopy (FTIR), Field Emission Scanning Electron Microscopy (FE-SEM), X-ray 
diffraction analysis (XRD), Ultraviolet–visible spectrophotometry (UV–Vis) and Raman spectroscopy. It was 
approved that the emeraldine base form of polyaniline has been successfully polymerized on the graphene oxide 
nanosheets in two forms of non-covalent bonding through π-π interactions between quinoid ring of PANI and 
basal plane of graphene oxide, and covalent bonding through reaction with epoxide group. The modified 
nanosheets were introduced into a typical epoxy matrix and then subjected to accelerated weathering and 
corrosion cycles. The results revealed that a considerable improvement in both weathering (42% reduction in 
ΔE) and corrosion resistance was achieved which was mainly attributed to the considerable enhancement in UV 
shielding, radical scavenging as well as better dispersion of graphene oxide modified with polyaniline.   

1. Introduction 

Organic coatings are applied on the surface to enhance its appear
ance and to protect the substrate over which they have been applied. 
Exterior coatings are usually formulated in such a way to withstand the 
harsh condition of outdoor exposure. Weathering and corrosive factors 
(i.e. water, sunlight, temperature, etc) are the main destructive envi
ronmental influences which not only damage the coating itself, but also 
cause the coating to malfunction during service life [1,2]. Therefore, it is 
a high requirement for exterior coatings to be strengthened against 
weathering and corrosion degradations. Although weathering degrada
tion and corrosion can be logically connected, the mechanisms involved 
in weathering degradation are different from those of involved in 
corrosion. These mechanistic differences have led to two independent 
research areas and weathering and corrosion has been rarely inter
connected. The consequence of such independency has resulted in this 
fact that the strategies implemented against weathering degradation 
(like addition of organic UV absorbers or inorganic UV-blockers) have 
not been necessarily in favor of corrosion protection [3–5]. In a similar 

way, enhancement the corrosion resistance of the coatings (by addition 
of various corrosion inhibitors or plate-like fillers and etc.) has not led to 
a considerable improvement in their long-term weathering performance 
[6,7]. In the recent decade, development of graphene-based materials 
(thanks to their special structure and properties) has opened a promising 
window to improve the weathering and corrosion performance of 
coatings simultaneously [8–10]. 

Graphene and their derivatives are one-atom thick sheets of carbon 
with honeycomb-like sp2 (and sp3) configuration. Such unique structure 
has vastly developed the growing application of graphene-based mate
rials in different fields of science and technology [11–15]. Among these 
various properties, we focus on special characters and properties that 
can be related to or exploited for weathering and corrosion resistance. 
The graphene oxide is the oxidized form of graphene. It is dispersed in 
different media like water much more easily than graphene and can be 
functionalized for different purposes thanks to its various functional 
sites available on its surface. Graphene oxide has a band gap of 4.66 ev 
which can absorb in the high energy part of electromagnetic spectrum 
(UV radiations mainly in the UV-C and UV-B parts) [16,17]. 
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Functionalization or reduction of graphene oxide can reduce the band 
gap energy to 2 ev depending on the nature and the extent of functio
nalization/reduction. Such reduced band gap causes a red-shift in ab
sorption range, leading to increased absorption in favorable UV-B and 
UV-A part. Such wide absorption in the harmful part of sunlight 
(UV-A and UV-B) has attracted the researchers’ attentions to the UV 
shieling properties of graphene-based materials for outdoor applications 
[18–20]. Another interesting character of graphene-based materials 
which is highly desired for weathering resistance is their radical scav
enging capabilities. Thanking to their electronic structure which con
tains plenty of delocalized electrons and different functional groups on 
their surface, graphene and its derivatives can act as electron donor/
acceptor, interacting with various free radical spices generated during 
photo-degradation [21–23]. It has been demonstrated that such elec
tronic interactions lead to free radical deactivation. 

The platelet-like nature is another structural merit of graphene-based 
materials which can be employed for improving the weathering and 
corrosion resistance of organic coatings. The high aspect ratio of plate- 
like graphene and its derivatives enables them to act as physical bar
rier against water/humidity and corrosive species [24–27]. These 
nanosheets increase the penetration length and time of water/humidity, 
oxygen and corrosive species, postponing the hydrolytic degradation or 
corrosion to much longer times of service life. 

Recently, we have exploited these favorable properties to simulta
neously enhance the weathering and corrosion resistance of exterior 
coatings [8,28,29]. We have immobilized organic absorbers and inor
ganic UV-blockers on graphene oxide nanosheets and achieved consid
erable improvement in UV shielding and barrier properties [29]. 
Similarly, in this work, we aim to functionalize graphene oxide with 
polyaniline via in-situ polymerization process. Composite of graphene 
oxide and polyaniline has found various applications and its applications 
are still broadening up [30–35]. We intend to employ this composite 
structure for improving the weathering and barrier properties of exterior 
coatings, as its UV shielding properties have been already proved for 
other applications like fabrics [18–20]. Polyaniline is the most-widely 
used conducting polymer which has low cost, facile synthesis and high 
environmental stability. Polyaniline has several desired characters 
which can be interesting for weathering and corrosion resistance when 
coupled with graphene oxide nanosheets. Polyaniline exhibits consid
erable absorption at different regions of electromagnetic spectrum, 
especially at UV-A range corresponded to the π→π* transition. Addi
tionally, in situ polymerization of polyaniline in presence of graphene 
oxide may result in partial reduction of graphene oxide which can cause 
a favorable red-shift in the UV–Vis absorption spectrum of graphene 
oxide, as explained before. On the other hands, covering the polar gra
phene oxide with a layer of polyaniline may provide a more stable 
dispersion in organic media like polymeric coatings. 

Thus, the main target of this work is to combine the advantages of 
graphene-based materials and polyaniline to achieve a hybrid composite 
to be further incorporated into an epoxy coating and test its capabilities 
in simultaneous enhancing weathering and anti-corrosion performance 
of epoxy coatings. 

It should be pointed out that epoxy resin is usually employed as a 
primer layer in multi-layer coatings and logically, its weathering resis
tance is not considered at all. But, in some situations the weathering 
performance of primer layer (epoxy) is so influential on the performance 
of the whole multi-layer coating system. More details are given in Refs. 
[36,37]. 

2. Experimental 

2.1. Materials 

Steel sheets with thickness of 2 mm, Length and width of 10 cm and 
7 cm were supplied from Foolad Mobarakeh Co. Before use, SiC papers 
with 400, 600 and 800 grits were applied to remove the natural oxide 

film. Then by acetone, the organic contaminations were carefully 
removed. Ammonium persulfate, sodium nitrate, hydrogen peroxide 
and potassium permanganate were purchased from Merck Co. Acids 
including HCl (37%) and H2SO4 (98%) were prepared from Aldrich Co. 
Aniline and expandable graphite powder were procured from Merck Co., 
and Kropfmuehl Graphite Co., respectively. Epoxy resin, GZ7 7071X75, 
and polyamide hardener, CRAYAMID 115, were supplied from Saman 
and Arkema Co., respectively. 

2.2. GO and GO-PANI synthesis methods 

Via a modified Hummer’s method, discussed in details in our recent 
works [24,25], the expandable graphite was converted into stable gra
phene oxide nanosheets (Since after, coded as GO). Conductive poly
aniline chains were electrostatically grafted on the GO sheets through a 
common in-situ oxidative polymerization utilizing ammonium peroxide 
sulfate as redox initiator [30,38]. For this aim, first, 15 mL HCl solution 
(1 M) containing aniline (3.2 mM) and ammonium peroxide sulfate 
(0.8 mM) was prepared and added to 15 mL deionized water solution 
containing stable dispersion of graphene oxide (25 g/L). The reaction 
mixture was stirred for 24 h at room temperature (25 � 3 �C), reaching a 
dark green mixture which visually confirmed the polyaniline (PANI) 
deposition on the GO sheets. At the end, the product was filtered and 
washed for three times with deionized water. The final product was 
coded as GO-PANI, hereafter. 

2.3. Characterization of GO and GO-PANI 

FT-IR analysis was applied to characterize the chemistry of GO and 
GO-PANI by the aid of a PerkinElmer FT-IR instrument. FT-IR spectra 
were obtained in the range of 4000–400 cm� 1 wavenumber via a KBr 
pellet method. The GO and GO-PANI crystalline structures were studied 
by Philips X-ray spectrometer in 5–70� (2θ) range using Cu Kα radiation 
source (λ ¼ 1.5406 Å). Absorption spectra of aqueous dispersions of GO 
and GO-PANI were provided by Cecil CE 2021 UV-VIS spectrophotom
eter. The FE-SEM (Tescan Mira3 LMU) analysis were conducted to study 
the GO and GO-PANI samples morphology. PANI bonding on the GO 
sheets was examined by Takram P50C0R10 model (with excitation 
wavelength of 514 nm) Raman spectroscopy. GO and GO-PANI samples 
thermal stability was analyzed by STA 1500 by Rheometric Scientific 
model TGA instrument in nitrogen atmosphere in the range of 25–600 �C 
with heating rate of 5 �C/min. 

2.4. Epoxy/GO and Epoxy/GO-PANI composites preparation 

The synthesized nanosheets (GO and GO-PANI) were introduced in a 
typical solvent-based epoxy resin. The main resin with the commercial 
name of Araldite GZ7 7071X75 (based on bisphenol A-as 75% solution 
in xylene, Epoxy equivalent: 600–670 g, viscosity at 25 �C: 
8000–13000 m Pa s) was obtained from a domestic supplier (Saba Shimi 
Aria Co., Iran). The Aqueous GO and GO-PANI were filtered and then, 
through a solvent exchange process, the particles were dispersed in 
xylene (the solvent of epoxy resin). The coatings were formulated for 
0.1 wt% of nanosheets (GO and GO-PANI) in total formulation. It was 
then cured with a polyamide-based hardener (CRAYAMID 115, Amine 
value: 205–220 mg KOH/g, viscosity at 40 �C: around 50000 CPs). The 
weight ratio of epoxy resin to hardener was 1.3 to 1. Coating samples 
containing GO and GO-PANI were prepared and coded as Epoxy/GO and 
Epoxy/GO-PANI, respectively. A blank coating without any graphene 
oxide was also prepared (coded as Neat Epoxy) and utilized for com
parison purpose. All coating samples were applied on steel sheets. The 
dry film thickness for all coating formulations was adjusted to be 
120 μm. The coating curing was performed at ambient temperature for 
24 h followed by a thermal curing at 70–80 �C for 4 h. 
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2.5. Weathering and corrosion testing of coatings 

The prepared coatings were subjected to weathering condition to 
study the influence of outdoor conditions on various coating properties. 
For this purpose, a Fluorescent UV-Condensation Type chamber (Model 
QUV/Basic, Q-Panel Co.) was utilized and set to work according to the 
ASTM G154. In this standard test method, cyclic exposure to UVA ra
diation (340 nm, energy of 0.89 W/m2) at 60 �C for 8 h and condensation 
condition (100 RH %) at 50 �C for 4 h is applied. The coatings were 
placed in QUV chamber and removed after pre-determined durations (0, 
100, 200 and 300 h) for further characterization. 

The weathered samples were characterized with various techniques 
including colorimetry, contact angle measurements, surface topology 
and dynamic mechanical thermal analysis. Color of different coatings 
after various exposure times was measured by a Macbeth CE-741 GL 
model spectrophotometer. As known, color is multicomponent and has 
three attributes; L (lightness), a* (redness–greenness) and b* (yellow
ness–blueness). Variations in all three components during weathering 
and total color difference (ΔE) are usually considered to evaluate the 
color changes during weathering exposure. ΔE is calculated through the 
following equation according to CIE 1976 formula [39]: 

ΔE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Δa*2
þ ΔL*2

þ Δb*2
q

(1)  

where Delta (Δ) expresses the corresponding difference before and after 
weathering exposure. 

Contact angle measurement was performed to study changes in the 
surface hydrophilicity of the coatings. The contact angle measuring 
system used was a Data physics OCA15 plus instrument. Distilled water 
was employed as probe liquid and average of five measurements was 
calculated and reported. Surface topology of different coatings was also 
observed by an atomic force microscope (AFM) instrument (DME 
scanner DS 95–50). 

The structural and thermo-mechanical properties of different coat
ings after curing and weathering processes were studied by dynamic 
mechanical thermal analysis (DMTA). It was performed by means of a 
Teritec 2000 instrument. Each DMTA experiment was carried out at 1 Hz 
and the temperature was scanned from 30 to 160 �C with a heating rate 
of 10 �C/min. 

Utilizing Ag/AgCl (Sat.), graphite wire and coated steel sample 
respectively as reference, auxiliary and working electrodes in an elec
trochemical cell, the anti-corrosion properties of the coated samples 
were compared before and after QUV exposure by Ivium Compactstat 

Fig. 1. FT-IR spectra of (a) Neat GO and (b) GO-PANI samples.  
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EIS. This analysis was conducted on 1 cm2 of the coated samples 
immersed in 3.5 wt% chloride solution in a 10 mHz-10 kHz frequency 
range under open circuit potential (OCP), where 10 mV peak to zero 
amplitude sinusoidal voltage was employed. Accelerated corrosion test 
was done according to ASTM B117 through exposing the scratched 
samples to salt spray condition (5% NaCl fog, pH: 7, temperature: 35 �C). 

3. Results and discussion 

3.1. GO-PANI characterization 

According to FT-IR spectrum of GO (Fig. 1), the main peaks located 
at 1643 cm� 1 and 1751 cm� 1 are corresponded to the C¼C and C¼O 
bands stretching vibrations, respectively [30,40,41]. The O–H defor
mation in COOH group can be seen at 3450 cm� 1. The absorption band 
associated with C–O stretching in epoxide group (C–O–C) appeared at 
1118 cm� 1. The PANI deposition on the GO sheets can be perceived from 
the observation of absorption peaks at 1494 cm� 1 and 1642 cm� 1 which 
are associated with the C¼C bands stretching vibration of the quinonoid 
and benzenoid units. In addition, appearance of C–N band stretching at 
1304 cm� 1 can approve covalent bonding of polyaniline on graphene 
oxide nanosheets through reaction with epoxide ring existed on the 
basal plane of GO [42]. 

UV–Visible spectra corresponded to the absorption of aqueous 
extract of GO and GO-PANI are depicted in Fig. 2a. UV–Visible ab
sorption spectrum of neat GO exhibits two peaks; a strong and sharp 
absorption peak at 219 nm and a less intensive peak around 307 nm, 
which are related to the electron orbital transition of π–π* (aromatic 
C¼C bonds) and n-π* transition related to carbonyl (C¼O) groups [43]. 
According to Fig. 2, the peak corresponded to the transition of π–π* is 
almost disappeared, indicating the thick PANI layer deposition over the 
GO sheets, weakening the benzene rings absorption. The peaks observed 
in the wavelength range of 300–500 nm are the polaronic transition 
(polaron–π*), corresponded to the PANI molecules bonded with GO 
sheets [44]. 

XRD patterns of GO and GO-PANI are provided in Fig. 2b. Only one 
intensive peak centered at 2Ө ¼ 10.25 (002) can be seen in the 
diffraction pattern of neat GO. PANI bonding with GO sheets shifted the 
major (002) peak related to GO to 2Ө ¼ 6.12�, confirming the PANI role 

in GO interlayer space increment. The sharp and broad diffraction peak 
(011) located at 2Ө ¼ 16.29� in the XRD pattern of GO-PANI is related to 
the PANI chains grafted on the GO sheets [45,46]. 

SEM images presented in Fig. 2 declared that the multilayered GO 
sheets are in aggregated form and have wrinkled structure but the PANI 
deposition on the GO sheets significantly changed the morphology. The 
layered structure of GO is not visible anymore after PANI deposition, 
indicating the PANI film role in particles agglomeration prevention. 

Raman spectroscopy results for two samples of GO and GO-PANI are 
presented in Fig. 3 Two characteristic D- and G-Bands, which are 
respectively associated with the density of defects within GO sheets and 
the sp2 bonded carbon bonds of the graphitic sheets, are centered at 
1350 and 1586 cm� 1 wavenumbers. The PANI deposition on the GO 
sheets can be evidenced from the observation of absorption bands 
centered at 1165 cm� 1 (C–H bending of the quinoid benzenoid ring), 
1323 cm� 1 (C–C stretching vibration of quinoid rings), 1461 cm� 1 (C–N 
stretching band of quinoid rings) and 1560 cm� 1 (C–C stretching vi
bration of benzenoid). The red shift associated with the D-band from 
1350 cm� 1 to 1333 cm� 1 for GO-PANI compared with GO evidences the 
π-π interactions between the quinoid ring of PANI and graphene oxide 
sheets [47,48]. Results show that after PANI deposition on the GO sheets 
the 2D band intensity decreased, revealing that there is more than one 
layer of graphene sheets and the success of GO reduction by PANI. 

TGA/DTG analysis was carried out to study the influence of PANI 
chains grafting (covalent/non-covalent) on GO thermal stability (Fig. 4). 
DTG plot of GO depicts four major mass loss steps in the temperature 
zones of (I) 100–120 �C, (II) 120–180 �C, (III) 180–320 �C and (IV) 
420–600 �C, which are respectively assigned to the removal of water 
molecules physically adsorbed on the GO surface (Zone I), decomposi
tion of less thermal stable oxygen-functional groups (like O–H) (Zone II), 
decomposition of more stable oxygen-functional groups (like epoxide 
and carboxylic groups) (Zone III)and pyrolysis of GO carbon skeleton 
(Zone IV) [49,50]. The remained weight at 600 �C for GO is about 
13.4%. On the other hand, there is no obvious significant weight loss 
step up to 340 �C in the TGA/DTG plots related to GO sheets modified by 
PANI. This result evidences that PANI chains grafting onto GO sheets 
could promote the GO sheets thermal stability through interactions with 
oxygenated-functional groups. Above 340 �C with increasing the tem
perature a significant decreasing trend for weight can be seen, noting the 

Fig. 2. (a) UV–Visible spectra and XRD patterns and SEM images of (b) Neat GO and (c) GO-PANI samples.  
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PANI chains decomposition [51,52]. The remained weight at 600 �C for 
PANI modified GO is about 17.5%. TGA results clearly evidenced that 
PANI chains adsorption onto GO could promote its thermal stability. 

In order to assess the antioxidant capability of synthesized GO and 
GO-PANI nanosheets, the DPPH assay was conducted on the samples. 

The inhibition performance of GO and GO/PANI samples are plotted in 
Fig. 5, as diagrams of the inhibition versus concentration. 

The results clearly demonstrate that GO and GO-PANI nanosheets 
present different level of inhibition. While the GO exhibits a low level of 
inhibition even at high concentrations, GO-PANI composite efficiently 

Fig. 3. Raman spectra of (a) Neat GO and (b) GO-PANI samples.  

Fig. 4. TGA and DTG plots of GO and GO-PANI nanosheets.  
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scavenges the DPPH radicals at much lower concentrations compared to 
GO. Such different behavior in radical scavenging is quantified in term 
of IC50. The IC50 values for the synthesized GO and GO/PANI are 1.04 
and 0.034 mg, respectively. According to the IC50 definition, the lower 
IC50 indicates the higher inhibition and radical scavenging capability. 
Thus, a great reduction in IC50 value after modification of GO by pol
yaniline can be an efficient treatment to considerably improve the 
radical scavenging characteristic of graphene oxide. The enhanced 
radical scavenging properties of GO-PANI can be a promising for pro
moting the long-term properties of the polymeric systems in which they 
are incorporated. 

3.2. Weathering performance of filled coatings 

So far, the deposition of PANI over graphene oxide was approved 
with various techniques. As stated earlier, the synthesized GO and GO- 
PANI were incorporated into epoxy and then exposed to cyclic weath
ering and corrosion tests. The weathering and corrosion performance of 
the filled coatings after various time of exposure was evaluated by 

different techniques. 

3.2.1. Visual properties 
The coating appearance especially its color is the first visual attribute 

which is affected during weathering. Thus, the color changes of different 
coatings (neat, GO- and GO-PANI-filled epoxy) was studied by the extent 
of variations in their color attributes (L*, a*, b*) during weathering 
exposure. Our results revealed that among different color attributes, the 
most variations occurred in b* and L*. Therefore, the color changes after 
weathering are presented in terms of Δb*, ΔL* and ΔE (the total color 
change) in Fig. 6. 

As known, the major color component which is generally considered 
in weathering performance is variations in blueness-yellowness (Δb) of 
sample. As can be seen in Fig. 6, Δb for Neat Epoxy demonstrates the 
highest changes. Positive Δb after weathering means an increase in 
absorption of violet/blue wavelengths, turning the sample yellow. This 
color change is mainly attributed to the formation/growth of chromo
phoric species on the polymeric chains as a results of photo-degradation 
[53,54]. Addition of graphene oxide into coating has resulted in a 
considerable drop in Δb. A much further drop in Δb is observed when 
GO-PANI is incorporated into the epoxy coating. The lowest changes in 
Δb for GO-PANI/Epoxy implies to the lowest accumulation amount of 
photo-degradation products during weathering. 

The similar trend of variations is seen for ΔL. The decrease in 
lightness is mainly due to the decrease in smoothness of the coating 
surface which deviates the incident light, leading to lower amount of 
perceived lightness. 

ΔE as the total color change which is the sum of variations in all color 
components (L*, a*, b*) is seen in Fig. 6. According to this Figure, Neat 
Epoxy sample demonstrates the highest ΔE after 300 h weathering 
exposure. The higher ΔE means the higher level of color variations 
during exposure, representing the lower weathering stability. By addi
tion of graphene oxide into epoxy, ΔE decreases which reveals a higher 
level of weathering stability in presence of graphene oxide nano
platelets. For the GO-PANI/Epoxy sample, the least changes in ΔE is 
observed. 

The lowest variations in main color parameters (Δb, ΔL and ΔE) for 

Fig. 5. The inhibition (%) versus concentration for GO-PANI nanosheets.  

Fig. 6. The variations in ΔL, Δb, and total color change (ΔE) for different samples after weathering exposure. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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GO-PANI/Epoxy sample after weathering can clearly reflect the highest 
level of weathering protection in presence of graphene oxide modified 
with polyaniline. 

3.2.2. Surface properties 
The surface character of the coatings was studied by the aid of 

contact angle measurements before and after weathering exposure. 
Fig. 7 shows the variations in water contact angle for different coatings 
during weathering. 

Fig. 7. Changes of water contact angle against exposure time and its reduction percentage for different coatings.  

Fig. 8. 3D AFM images of Neat Epoxy (a1.a2)GO/Epoxy (b1,b2) and GO-PANI/Epoxy(c1,c2) samples(subscripts 1 and 2 respectively refer to before and after 
300 h weathering). 
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The results in Fig. 7 demonstrate that before being exposed to 
weathering condition, the highest water contact angle belongs to the 
Neat Epoxy sample. It can also be seen that modification of coating with 
neat GO and GO-PANI lead to a slight decrease in water contact angle. 
Such results reveal that both GO and GO-PANI fillers have a slight in
fluence on increasing the hydrophilicity of the surface. The polar nature 
of graphene oxide which accommodates several polar groups like hy
droxyl, carboxylic acid, epoxides on its surface seems to be the plausible 
reason of such increased hydrophilicity for GO/Epoxy specimen. Addi
tionally, it is observed that further hydrophilic character of GO-PANI/ 
epoxy compared to GO/epoxy may be assigned to the polar nature of 
polyaniline which contributes in surface free energy and contact angle. 

Fig. 7 obviously demonstrates that as weathering proceeds, water 
contact angle gradually decreases, denoting an increase in surface hy
drophilicity during weathering. It is well-known that increased hydro
philicity during weathering is an indicative of weathering stability [55]. 
As the weathering time elapses, the degradation products (which are 
usually polar species) accumulate on the coating surface, leading to 
increased hydrophilicity. Therefore, the amount of water contact angle 
reduction can be an indicator for weathering stability. Fig. 7 also pre
sents the value of water contact angle reduction (in percentage) for 
different coatings after being exposed to weathering for 300 h. 

It can be seen from Fig. 6 that the contact angle reduction (%) for 
Neat epoxy, GO/epoxy and GO-PANI/Epoxy specimens are respectively 

Table 1 
Roughness values before and after weathering time (0, 300 h).  

AFM  

Sa (nm) Sz (nm) Sq (nm) 

Before After difference Before After difference Before After difference 

Neat Epoxy 1.52 13.25 11.73 29.56 120.03 90.47 2.42 18.91 16.49 
GO/Epoxy 3.03 4.72 1.69 54.91 90.98 36.07 4.53 7.50 2.97 
GO-PANI/Epoxy 1.35 4.05 2.7 29.47 69.48 40.01 2.04 6.98 4.94  

Fig. 9. Storage modulus and Tan delta diagrams for different coatings before and after 300 h weathering exposure time.  
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17, 16 and 9%. This indicates that both GO/epoxy and GO-PANI/Epoxy 
samples have protected their surface during weathering more efficiently 
than Neat epoxy. Such maintenance is much more efficient in case of 
GO-PANI/epoxy. These results clearly point out that modification of 
graphene oxide with polyaniline has a considerable effect on the surface 
protection of the coating. Such modification seems to be influential on 
protecting the surface against chemical and topological changes. This 
protection has led to less formation/growth of polar products of 
weathering degradation (chemically) and probable the more intact 
surface of epoxy coating (topologically). The surface morphology of 
various epoxy coatings was studied before and after weathering by 
Atomic force microscopy (AFM) technique. Fig. 8 depicts the AFM mi
crographs of different coatings before and after weathering exposure for 
300 h. 

The AFM micrographs (Fig. 8) can be quantified by various terms. 
The roughness parameters including Sa (average roughness), Sq (root 
mean square roughness) and Sz (10-point height average of valleys/ 
summits difference) are reported in Table 1. As observed in Fig. 8 and 
Table 1, before weathering, the Neat Epoxy specimen has a relatively 
smooth surface. It is also demonstrated that the surface roughness 
considerably increases after addition of graphene oxide. The increment 
in surface roughness can be logically due to the addition of high aspect 
ratio graphene oxide nanoplatelets into coating. Surprisingly, it is 
observed that, before exposure, GO-PANI/Epoxy sample has a smooth 
surface, as smooth as neat epoxy. It seems that presence of polyaniline 
layer over graphene oxide has increased the compatibility of graphene 
oxide with epoxy matrix. Such improved compatibility can increase the 
uniformity and homogeneity of the composite, forming a smoother 
surface. After weathering, the surface roughness of all specimens in
creases which is because of surface degradation in weathering cycles. In 
weathering degradation, polymeric chains are gradually broken to water 
soluble products and lower molecular weight chains which can be 
released from the coating, leaving unevenness on the surface [56–59]. 
Considering AFM micrographs and roughness parameters after weath
ering shows that while Neat Epoxy experiences the highest rate of 
changes in roughness parameters, both GO/Epoxy and GO-PANI/Epoxy 
specimens endure slight changes which is again an indication of their 
high level of protection against humidity and UV exposure. The 
smoothest surface after 300 h accelerated weathering belongs to the 

Table 2 
Crosslink density, Tg, and peak width of different coatings deduced from DMTA 
diagrams.   

Crosslink density (mol/ 
m3) 

Tg(�C) Peak width(�C) 

Before After Before After Before After 

Neat Epoxy 2061.74 1450.41 74.1 77.4 20 21 
GO/Epoxy 1164.07 1242.69 75.5 76.4 14 20 
GO-PANI/Epoxy 1015.75 1063.69 70.5 78.9 12 14  

Fig. 10. Bode diagrams of Neat epoxy samples exposed to 3.5 wt% NaCl solution for 30 days, (a) before QUV aging and (b) after 300 h QUV aging; (c) the plots of Z10 
mHz and breakpoint frequency versus the time of immersion. 

S. Amrollahi et al.                                                                                                                                                                                                                              



Composites Part B 173 (2019) 106804

10

GO-PANI/Epoxy coatings thanks to its even surface before exposure and 
its high level of weathering stability during weathering cycles. These 
results are confirming the results obtained from 
gonio-spectrophotometry and contact angle measurements. 

3.2.3. Thermo-mechanical properties (DMTA) 
So far, the improved weathering stability of epoxy coating in pres

ence of graphene oxide and especially PANI-modified graphene oxide 
has been demonstrated by various techniques. The overall network 
structure of various coatings and their variations during weathering 
should be considered. For such purpose, physical/mechanical properties 
of coatings were investigated by DMTA technique. In Fig. 9, the Tan δ 
and storage modulus versus temperature before and after weathering are 
plotted for different samples. The parameters of glass transition tem
perature (Tg), cross-linking density (ϑe) and peak width are calculated 
from Fig. 9 and presented in Table 2. The following equation has been 
used to calculate the cross-linking density. 

ϑe ¼
E’

3RT 

In this equation, E0 and T are respectively the storage modulus and 
corresponded temperature at beginning of plateau rubbery region, and R 
is universal Gas constant. 

As shown in Table 2, the highest cross-linking density before 
weathering was observed for Neat Epoxy sample. The lower crosslinking 
density in other samples may be attributed to the hindrance effects of GO 
and GO-PANI on the curing reactions of epoxy. Such plate-like nano
fillers which are vastly dispersed within polymeric chains can directly 

obstruct the curing reactions between epoxy and hardener [60–62]. On 
the other hands, these nanofillers indirectly affect the curing process via 
their influence on viscosity. The high surface area of these nano
structures considerably increases their physical interaction with epoxy 
chains, leading to a significant increase in viscosity. Increased viscosity 
and consequent reduced mobility of the chains results in a less efficient 
curing process and therefore, reduced crosslinking density and more 
unreacted functional groups remained in the coating. 

The variations in cross-linking density after weathering reveal that 
Neat epoxy and filled epoxies behave differently during weathering. 
While the Neat Epoxy experiences a drop in cross-linking density, the 
filled epoxies (GO/Epoxy and GO-PANI/Epoxy) encounter with a slight 
increase in cross-linking density. Such different behavior can be 
explained by their initial specific structure (before weathering) and the 
competition of weathering degradation and post curing reactions at 
initial stage of weathering. 

The less cross-linked network of GO/Epoxy and GO-PANI/Epoxy 
compared to the Neat Epoxy reflects their immature network. Such 
immaturity before weathering exposure can be a latent potential for 
post-curing reactions during weathering. According to the slight in
crease in cross-linking density values after weathering for GO/Epoxy 
and GO-PANI/Epoxy samples, it can be proposed that the remained 
unreacted groups on polymeric structures can partially react and form 
new crosslinking during weathering (post-curing). The occurrence of 
post curing reactions (which promote the cross-linking density) and its 
competition with weathering degradation (which reduces the cross- 
linking density) have been investigated in various thermosetting sys
tems [56,58,61]. For high cross-linked network of Neat epoxy which is 

Fig. 11. Bode diagrams of Epoxy/GO samples exposed to 3.5 wt% NaCl solution for 30 days, (a) before QUV aging and (b) after 300 h QUV aging; (c) the plots of Z10 
mHz and breakpoint frequency versus the time of immersion. 
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considered as a mature network, the chance of post curing reactions is 
significantly reduced. According to the previous results, this coating 
experiences the highest level of weathering degradation. Therefore, the 
low chance of post curing reactions together with the high level of 
weathering degradation in Neat epoxy makes it susceptible for domi
nancy of weathering degradation, leading to a reduction in crosslinking 
density. On the other hands, for the immature network of filled epoxies, 
the chance of post curing is higher and simultaneously they tolerate 
much less degradation thank to the high level of protection in presence 
of pristine and modified graphene oxide. In these networks, the post 
curing reactions become dominant and results in an increase in 
cross-linking density after 300 h weathering exposure. 

Table 2 also reveals the glass transition temperature (Tg) and peak 
width of various coatings during weathering. In general, it is observed 
that for all coatings, both parameters increases during weathering which 
can be assigned to the well-known phenomena (hardening effect and 
decreased homogeneity) during weathering [63]. Interestingly, the 
much lower peak width for GO-PANI/Epoxy compared to other samples 
can again reflect the high homogeneity and compatibility between 
GO-PANI and epoxy system. 

Finally, it should be clarified that lower crosslinking density of filled 
epoxies should not be considered as a main concern. It is because of this 
fact that epoxy systems are usually known as high cross-linked networks. 
The high level of crosslinking in some applications is regarded as a 

drawback since it causes too much fragility in the network. Therefore, 
adjusting the crosslinking density can be desired provided that the main 
functions of the coating not be negatively affected. Surprisingly, in case 
of epoxy coating studied here, the short- and long-term properties 
(already investigated by different techniques) and also corrosion per
formance (which will be studied in the next section) revealed that such 
scarified crosslinking density in GO/Epoxy and GO-PANI systems not 
only has not negatively affected their main functions, but also has 
resulted in a superior performance in weathering and corrosion perfor
mance of the coatings. 

3.3. Corrosion studies 

3.3.1. EIS test results 
The preventative effect of GO and polyaniline on the epoxy coating 

photo-degradation through absorbing and/or scattering the UV light 
during weathering time on its corrosion preventative ability was studied 
by EIS and salt spray test. Bode plots are provided for the weathered and 
un-weathered neat epoxy, epoxy/GO and epoxy/GO-PANI samples after 
2, 14 and 30 days immersion in chloride solution (Figs. 10–12). 

To analyze the EIS test results the values of low frequency impedance 
(|Z| at 10 mHz) and breakpoint frequency (fb) were extracted from Bode 
diagrams and are presented in a plot as a function of immersion time. All 
plots reveal a descending trend as function of immersion time progress 

Fig. 12. Bode diagrams of Epoxy/GO-PANI samples exposed to 3.5 wt% NaCl solution for 30 days, (a) before QUV aging and (b) after 300 h QUV aging;; (c) the plots 
of Z10 mHz and breakpoint frequency versus the time of immersion. 
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for all samples. Bode diagrams of the un-weathered GO-PANI loaded 
sample shows capacitive response in the wide frequency range, |Z|at 10 

mHz >1010 Ω cm2 and the high frequency phase angle (Ө10 kHz) of almost 
� 90�. It is clear from the results that at all immersion time the GO-PANI 
loaded sample shows much greater |Z|at 10 mHz, revealing that the PANI 
deposition on the GO sheets promoted its power in the coating corrosion 
preventative capability. The excellently improved barrier performance 
of the epoxy against water and ions diffusion may be explained by two 
major mechanisms. First, the PANI deposition over the GO sheets pro
vides a hydrophobic surface impermeable to water. There are some 
unwilled defects in the structure of GO that may be generated during 
oxidation of graphite. These defects are large enough to weaken the 
barrier properties of GO [64]. PANI film deposited on the GO sheets fills 
the defect sites and promotes their barrier properties. Second, the PANI 
layer deposition on the GO sheets help us to gain higher degree of 
nanosheets exfoliation in polymer matrix due to the role of PANI in 
nanosheets interlayer distance and stability in polymer matrix. Upon 
exposure and the corrosive electrolyte diffusion into the epoxy matrix, 
the coating degradation happens, leading to loss of barrier action. It 
seems that in the presence of GO-PANI the coating barrier properties and 
therefore resistance against degradation in corrosive electrolyte can be 
significantly improved. PANI also plays another important role in the 
coating anti-corrosion properties promotion. According to literature 
PANI can increase the local pH beneath the coating on the anodic sites of 
metal substrate, providing the condition for conversion of Fe2þ to Fe3þ

and formation of passive Fe2O3 layer on the metal surface [65]. The 

effect of QUV aging on the protection performance of the epoxy coatings 
with and without nanoparticles was studied by EIS (Figs. 10–12). Fig. 10 
shows significant decrease in |Z|at 10 mHz and increase in fb for the neat 
epoxy sample aged in the QUV condition. This means that the barrier 
properties of the neat epoxy sample significantly decreases in UV con
dition. This is attributed to the significant decrease in the cross-linking 
density of the epoxy coating resulted by photo-degradation. The 
lowest decrease in |Z|at 10 mHz and increase in fb after weathering were 
observed for the Epoxy/GO-PANI sample, reflecting the lowest barrier 
properties decline. The role of GO-PANI in restriction of water diffusion 
into coating matrix and its high UV shielding capability are the main 
causes of lower coating protective performance decline. The excellent 
antioxidant natures of the GO-PANI composite are responsible for the 
coating degradation prevention and lower barrier properties decline. On 
the other hand, the neat GO could not provide promising protection 
behaviors against UV irradiation and water permeation. This means that 
deposition of PANI on GO could provide a multifunctional composite 
with excellent barrier and UV blocking behaviors. The effective role of 
GO-PANI nanosheets in the water/humidity, oxygen and corrosive 
species penetration length and time is the reason for postponing the 
hydrolytic degradation and promoting the corrosion resistance of the 
coating after QUV exposure. 

3.3.2. Salt spray test results 
The anti-corrosion properties of the Neat epoxy and GO-PANI loaded 

coatings subjected to QUV aging condition for 300 h were also examined 

Fig. 13. Salt spray test results for the previously weathered samples (for 300 h QUV aging) after 250 and 500 h salt spray exposure.  
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by salt spray test. In agreement with EIS test results the poor anti- 
corrosion properties of the Neat epoxy sample is also obvious from 
salt spray test results. Fig. 13 declares significant coating displacement 
from the substrate around scratch and blistering on the intact parts of 
the neat epoxy sample. This is a sign for the huge electrolyte diffusion 
into coating/metal interface, corrosion reactions progress and adhesion 
bonds damage. This observation clarifies that neat epoxy sample was 
severely aged in the QUV test condition, leading to the barrier function 
loss and interfacial adhesion bonds weakening. In fact, the coating 
compactness and cross-linking density can be drastically affected as a 
result of photo-degradation, leading to defects creation and barrier ac
tivity decline. On the other hand, the corrosion products progress on the 
GO-PANI loaded sample is limited only to the scratch part. There is 
almost no corrosion spot and delaminated part on the intact part of the 
coating, meaning that the high barrier performance of the coating has 
not been changed even after 300 h exposure to QUV test condition. This 
observation further shows the impact of GO-PANI particles on UV and 
humidity shielding effect, protecting the coating from severe aging in 
QUV test. These observations again reveal that inclusion of GO-PANI 
sheets into the epoxy matrix could provide high resistance against UV 
aging and promote the coating protection function through limiting the 
degradation extent. 

4. Conclusion 

A layer of polyaniline was polymerized over graphene oxide by an in- 
situ process. The Successful deposition of a polyaniline over modified 
nanosheets (GO-PANI) was approved with FTIR, XRD, Raman, UV–Vi
sible and FE-SEM analyses. The DPPH assay results revealed that a 
considerable improvement (more than five times) in radical scavenging 
capabilities of graphene oxide was achieved in presence of polyaniline. 
The GO and GO-PANI were then employed to increase the weathering 
and corrosion properties of epoxy coatings. The weathered and corroded 
epoxy coatings were evaluated by different approaches. The results 
clearly depicted a high level of protection against weathering and 
corrosion has been achieved in presence of GO-PANI. It was finally 
concluded that such improvement can be accounted for by different 
modes of action of GO-PANI during weathering and corrosion cycles. 
Beside the positive impact of polyaniline on dispersion of graphene 
oxide within epoxy matrix, the cooperation of graphene oxide and 
polyaniline in enhancing UV shielding, radical scavenging and barrier 
properties was the main mechanism involved in simultaneous promo
tion of weathering and corrosion performance. 
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