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<ABS-HEAD>Highlights► In this paper, it has been utilized a novel method to prepare a 

new composite material of PANI/NPG graphite composite, using NPG vein graphite variety. 

► It is found that the composite works as an anti-corrosive coating on steel surfaces. Further, 

the prepared composite shows good hydrophobic ability, which is very useful in preventing 

corrosion on metal surfaces. ► The prepared PANI/NPG composite material shows a 

significantly high corrosion resistance compared to alkyd resin/PANI coatings or alkyd resin 

coatings, on steel surfaces. 

<ABS-HEAD>Abstract 

<ABS-P>Solid polymer composite systems are widely being used for potential 
technological applications in secondary energy sources and electrochromic devices. 
In this study, we synthesized and characterized a composite material composed of 
polyaniline (PANI) and natural needle platy (NPG) vein graphite. Fourier transform 
infrared spectroscopy (FTIR), X-ray diffraction (XRD), cyclic voltammetry (CV), 
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), 
micro-Raman analysis, thermogravimetric and differential thermal analysis 
(TGA/DTA), transmission electron microscopy (TEM) were used to study the 
structural and electrochemical properties of the prepared PANI/NPG graphite 
composite. XPS, FTIR, and micro-Raman analysis confirmed the existence of 
relevant functional groups and bonding in the prepared PANI/NPG composite 
material. The composite shows a very low corrosion rate, approximately 29 μm per 
year, and high hydrophobicity on steel surfaces, which helps to prevent the corrosion 
due to O2 penetration towards the metal surface. It indicates that the composite can 
be used as a high potential surface coating material to anticorrosion. The specific 
capacitance of PANI/NPG composite is 833.3 F g-1, which is higher than that of 
PANI. This synergistic electrical performance result proves the prepared PANI/NPG 
graphite composite as a suitable protective coating material for steel surfaces. 
<KWD>Keywords: PANI/NPG composite; anticorrosion; steel surface; hydrophobicity 

 



<H1>1. Introduction 

Intrinsically conducting polymers (ICPs) have become a landmark for new research 
innovations due to their interesting chemical, physical and electrical properties [1]. 
Electrical and electrochemical properties of ICPs have been remarkably enhanced 
through the incorporation of carbonaceous materials such as natural graphite, 
carbon foam, carbon nanotubes etc. [2-4]. Graphite and polyaniline (PANI) have 
shown greater electrical properties in their composite materials for this purpose [5]. 
Furthermore, polymer composites represent radical alternatives to the conventional 
filled polymers or polymer blends due to the synergetic properties. Polymer 
composites are mainly studied for their use as conducting or non-conducting 
polymers, based on the purpose of their application. Polyaniline (PANI) is one of the 
intensively studied electrically conducting polymers that belongs to the semi-flexible 
rod polymer family [6-8]. Alternatively, composite materials containing components of 
phyllosilicate-type minerals and a conducting polymer have been synthesized by 
polymerizing the respective monomer in the presence of colloidal mineral 
suspension[8]. The colour of polyaniline depends on its oxidation states and they can 
be used in sensors and electrochromic devices [9]. Treatment of emeraldine salt 
form of PANI with acids was reported to increase the electrical conductivity by ten 
orders of magnitude [10]. Polyaniline is attractive because it is relatively inexpensive. 
It has three distinct oxidation states with different colours and possesses an 
acid/base doping properties. Some of the attractive fields for current and potential 
applications of polyaniline are in antistatic, charge dissipation or electrostatic 
dispersive (ESD) coatings and blends, electromagnetic interference shielding (EMI) 
and anticorrosive coatings [11-14]. This approach of preparing PANI/graphite 
composite is very important to develop the surface coating industry [15, 16]. 
Specifically, our study explored the use of the natural needle platy (NPG) vein 
graphite as a base dispersant to develop a new PANI/NPG composite material. This 
NPG vein graphite has 99 % purity at their initial stage. Graphite is very attractive 
material due to its moderate electrical and thermal conductivity, self-lubricating ability 
and very high melting temperature above 3600°C [17]. In addition, vein graphite is a 
cheaper naturally occurring mineral with very high crystallinity and natural purity. 
Therefore, graphite has been used as a conductive additive to improve the 
conductivity of polymer materials [5, 18-20]. 
In this paper, we utilized a novel method to prepare a new composite material of 
PANI/NPG graphite composite, using natural NPG vein graphite variety. It is 
expected this new composite to be developed as an anticorrosive and hydrophobic 
protective coating on steel surfaces. This initiation is important in developing natural 
vein graphite based products for surface coating industry. The novelty of this study is 
the preparation of a new composite material as a hydrophobic and anticorrosive 
coating for steel bars, by using the inherent properties of high purity and highly 
crystallinity of natural NPG vein graphite. 
<H1>2. Experimental Design 

<H2>2.1 Materials 

Aniline (99.5%), sodium persulfate (99.9%) and hydrochloric acid (36.5%) were 
purchased from the Sigma-Aldrich. Analytical grade ethanol (99.8%) and magnesium 
chloride (99.0%) were purchased from the VWR. Freshly distilled aniline was used 
for the experiment. Needle platy graphite (NPG) variety of natural vein graphite of Sri 
Lankan origin, was also used. The obtained NPG raw graphite was purified using the 



acid leach method and the purity was upgraded up to 99% before using for this 
study. 
<H2>2.2 Preparation of PANI/graphite composite 

For the preparation of the PANI/NPG graphite composite, 25 ml of H2O and 25 ml of 
1.5 M HCl were added to 2 g of purified NPG graphite contained in a glass beaker 
and stirred using a magnetic stirrer until the mixture became homogeneous. Then 2 
ml of aniline was added to the same mixture and stirred for another 30 minutes. After 
that, 25 ml of 0.4 M (NH4)2S2O8 was added dropwise into the mixture at the rate of 
0.05 mls-1. Finally, the prepared composite material was thoroughly washed with 200 
ml of distilled water and dried in a vacuum oven at 40 °C, for six hours. Under the 
synthesis of PANI/NPG composite, aniline was polymerized by in-situ polymerization 
using a mixture of graphite, persulfate ions and hydrochloric acid solution. The 
anticorrosive coating was prepared by mixing PANI/NPG composite with xylene and 
alkyd resin to coat the mild steel surface [12]. 
<H2>2.3 Characterization 

The prepared composite materials were characterized using X-ray powder diffraction 
(XRD) (Rigaku-Ultima IV X-ray diffractometer) with a step size 0.02° min-1 and Cu 
Kα1 radiation of wavelength λ=0.15405 nm, to study the interlayer expansion and to 
evaluate the oxidation process of graphite. The Debye-Scherer equation was applied 
to the major XRD peaks of graphite and PANI/graphite in order to determine the 
average crystallite size of the composite. The X-ray diffractograms were analyzed 
using the XPowder12 software with the help of the ICDDPDF2 database. The IR 
spectra were obtained using Nicolet-6700, Fourier transform infrared (FTIR) 
spectrophotometer with attenuated total reflectance (ATR). The morphology was 
examined by scanning electron microscopy (SEM) equipped with energy dispersive 
X-ray spectroscopy (EDS) (EEVO/LS 15 ZEISS) and Hitachi S4700 with the 
accelerating voltage of 10 kV. The high-resolution images of periodic structures were 
analyzed and filtered by the fast Fourier transformation (FFT) method. The elemental 
composition of the material surface was studied by PHI 5000 X-ray photoelectron 
spectroscopy (XPS) with Al-Mg anode. Thermogravimetric analysis (TGA) and 
differential thermal analysis (DTA) were conducted using Shimadzu DTG 60H, at a 
heating rate of 10 °C min-1, in an air flow, in the temperature range of 0 - 900°C. 
Cyclic voltammetry (CV) and linear sweep voltammetry (LSV) were performed in a 
three-electrode configuration cell comprising of an Ag/AgCl reference electrode, a 
working electrode, and a platinum gauze counter electrode using an automatic 
polarization system (HSV-110). CVs of the sample, deposited on FTO glass as the 
working electrode, were obtained in the potential domain from -0.2 to + 0.7 V, at a 
scan rate of 10 mV s−1, in a N2-purged 0.1 M HCl (aq) electrolyte solution. LSVs of 
the coated and uncoated steel rods, separately used as the working electrode, were 
carried in an N2 purged 0.1 M KCl electrolyte solution in the potential range from -1.0 
to +1.0 V, at a scan rate of 10 mV s-1. The electrodes were dried in vacuum before 
the measurements. A Micro-Raman spectroscopic analysis was performed with 
Jasco NRS 3100 equipped with the gratings of 1800 lines/mm and CCD-detector at 
10 - 30 s rate, in the first order region (1000 - 1800 cm-1). 
<H2>2.4 Anticorrosive studies on PANI/graphite composite coatings on 

mild steel surfaces 

1.25 g of PANI/NPG composite material was dispersed in a mixture of an alkyd resin 
(2.50 g) and xylene (2.50 g) to prepare the composite coating. Also, individual 



coatings of NPG, PANI, and alkyd resin were prepared by following the same 
procedure for comparison. These coatings were applied on a cleaned mild steel 
surface for the anticorrosive studies. 
<H1>2. Results and Discussion 

 

As described in the experimental section, the PANI appeared as a thick and brown 
color colloidal at the initial stage of polymerization of the PANI [12, 21]. The 
appearance of this color is most likely due to the formation of short chains of 
polymers or oligomers, as this is the primitive nature at the initial stage of 
polymerization[21]. The elongation of the polymerization results in the formation of 
long polymer chains, and, at the final stage, the polyaniline appeared in dark blue-
green color, which is known as the color of emeraldine salt form of PANI. 
The integrity of the lattice structure can be ascertained from the position of the peaks 
in XRD pattern. As shown in Figure 1a, the NPG has sharp distinct peaks at 2θ 
values of 26.54°, 55.34° and 87.66°, (JCPDS no. 23-64) corresponding to the d-
spacing of 3.35, 1.67 and 1.11 A°, respectively[1]. The peak at 2θ = 26.54° 

corresponds to the (002) plane of the graphite [1, 22]. The XRD patterns of the NPG 
and the PANI/NPG composite provide information on the change of the crystal 
structure of graphite due to the formation of thin cover of PANI around NPG graphite 
particles [1]. 
Slight changes, such as the shift of the peak positions and peak broadening, have 
been observed for the (002) plane of graphite [1]. The average crystallite size, 
calculated by Debye-Scherer formula using the major XRD peak of NPG graphite at 
2θ = 26.54°, is to be 44.8 nm. However, the average crystallite size of NPG graphite 
in the PANI/NPG composite is 21.6 nm and it is half less than that of the crystallite 
size of graphite [12]. Therefore, it suggested that the PANI discourage the 
aggregation of the graphite particles during the polymerization process and the 
PANI/NPG composites form preferably finer nano scale particles. These XRD results 
show the ability to synthesize PANI-graphite composite using polyaniline as the 
polymeric matrix. 
The Fourier transform infrared (FTIR) spectrum of NPG (Figure 2a) shows the IR 
absorption peak around 674 cm-1, which represents the bending aromatic C-H bond. 
The peak at 1642 cm-1 reveals the presence of stretching band of aromatic C=C in 
the graphite lattice. According to the hybridization present in the graphite, a doubly 
splitting peak is resulted around 2300 -2400 cm-1, which is related to stretching 
vibrations of sp3 and sp2 hybridization of C-H bonds [23, 24]. 
FTIR spectrum of bare PANI (Figure 2b) shows the existence of broad and strong 
absorption peaks in the range of 3550 - 3200 cm-1, which belong to O-H stretching 
bond of H2O, alcohol or phenol. These bonds are present in PANI and also in 
PANI/NPG composite materials as a result of the synthesis process. A medium weak 
single absorption peak around 3300 cm-1 confirms the presence of N-H stretching 
bond present in the prepared PANI sample. Interestingly, the amine stretching, N-H 
stretching, peak of the PANI/NPG composite (Figure 2c) material is near the band at 
3400 cm-1. Compared to the N-H stretching peak of PANI, the peak observed on the 
PANI/NPG composite has been slightly shifted to a higher wavenumber due to the 
formation of new bonds with the graphite structure. Further, peaks around 1575 and 
1519 cm-1 show the asymmetric or symmetric stretching vibrations of C=C bonds. 
The multiple peaks appeared around 1485 cm-1 are due to benzene structure 
present in both PANI and PANI/NPG composite material. The peaks of C-H bending 
vibration in-plane or out of the plane, C-N stretching of secondary aromatic amine 



are observed in the absorption range of 1138 - 834 cm-1 and 1310 cm-1, respectively. 
The IR spectra of NPG, PANI, and PANI/ NPG composite reveal the existence of the 
combination of both corresponding PANI and NPG phases in the prepared 
composite material [25, 26]. 
The SEM micrographs (Figure 3) illustrate the change in graphite surface during the 
in-situ polymerization of aniline. The micrographs indicate graphite with very smooth 
surfaces and sharp edges, as shown in Figure 3a, and Figure 3b illustrates the 
distinct layered structure of NPG graphite. During the polymerization of aniline to 
PANI, PANI particles form worm-like agglomerated structures, which have very 
smooth surfaces and edges as shown in Figure 3c and d. Compared to the NPG, 
PANI/NPG composite, which is shown in Figure 3e and f, has an uneven surface 
with the graphite edges became blunted. Also, the surface of the graphite is fully 
covered with the PANI. Furthermore, during the polymerization, the graphite particles 
may have supplied some active sites to start a nucleation process of PANI [15, 26-
28]. 
Hence, the graphite particles seems to be covered during the polymerization 
process. Further, an interesting feature of this process was that the layered structure 
of graphite could be preserved in the prepared PANI/NPG composite, as confirmed 
by XRD results. This happened with the help of PANI, to be successfully formed into 
a composite with graphite. The graphite particles have been successfully dispersed 
to form the composite with the PANI matrix, without obstructing the layered structure 
of graphite [29]. This is further confirmed by transmission electron microscopy (TEM) 
observations. 
The TEM images of PANI and PANI/NPG are shown in Figure 4a and b, 
respectively. Figure 4a represents the typical TEM image of PANI nanoparticles, with 
a particles size ranging from 50 to 75 nm, as also reported elsewhere [21, 27].The 
corresponding selected area electron diffraction (SAED) pattern shows blurred and 
diffused rings, which indicate that the PANI has an amorphous structure. 
Interestingly, NPG has preserved its layered structure and the crystallinity during 
polymerization, as demonstrated in Figure 4b. Firstly, lattice fringes, as in periodic 
contrast, can be seen where the spacing was measured to be 0.35 nm contributing 
to the (001) plane of NPG [30]. Secondly, the coexistence of the PANI and NPG can 
be visualized by applying Fast Fourier Transform (FFT) algorithm. For example, FFs 
of the region 1 and 2 show distinct spots with diffuse rings. On the contrary, pure 
PANI appears in the region 3. Hence, it is confirmed that the surface of the NPG has 
been fully covered with the PANI coating while graphite maintaining its crystalline 
nature [16, 31]. 
The thermal properties of the prepared composite and NPG graphite were 
investigated by DTA and TGA. To determine the relative mass percentage of the 
composite material, thermograms were obtained, as shown in Figure 5. The TGA 
plot of graphite (Figure 5a) shows an 80.6 % of weight loss after 750 °C. The drastic 
drop in TGA of graphite corresponds to the combustion of carbon [2]. At the same 
temperature region, the DTA curve of graphite demonstrates a very high 
endothermic reaction with a heat loss of 155 μV at 850 °C [6]. In contrast, PANI 
shows (Figure 5b) rather different behavior in TGA and DTA. In the case of PANI, 
there can be seen two stage of weight losses. The first weight loss of 19.5 % at 
105°C is probably due to evaporation of physisorbed water molecules[2]. The 
second weight loss of 76.1 % up to 636 °C can be attributed to the degradation of 
the unsaturated groups present in the polymer, whereas the PANI is stable up to 636 
°C [2, 6]. 



The DTA curve of pure PANI exhibits an endothermic peak at 107 °C, due to the 
dehydration (loss of water). The last endothermic peak at 396 °C can be ascribed to 
its decomposition [6]. Interestingly, the TGA plot of the PANI/NPG composite 
illustrated in fig. 5c reveals the weight loss of 42 % in the temperature range from 81 
to 545 °C, which is specified to the thermal decomposition of PANI [1, 11]. The TGA 
weight loss of 66 % in the temperature range of 545 to 850 °C is attributed to the 
decomposition of the graphite component [1]. The TGA information is further 
supported by the DTA profile of the composite material. The DTA curve of 
PANI/NPG composite demonstrates two endothermic reaction at 395 and 750 °C, 
which corresponds to the decomposition of PANI and NPG respectively [1, 6, 32]. As 
in Figure 5, the TGA and DTA curves of PANI/NPG composite established the 
presence of both NPG and PANI in the composite, with the mass ratio of 
approximately 3 to 2 in the case of 66 % NPG to 42 % PANI. 
Raman spectroscopy was employed to study the structure, defect levels and 
crystallinity of the NPG and PANI/NPG composite. The micro-Raman spectrum of 
NPG shown in Figure 6a shows G and 2D bands at 1577.9 and 2710.8 cm-1, 
respectively [29, 33]. The Raman shift of G band is due to the first-order scattering of 
the E2g phonon of sp2 carbon present in graphite lattice and the 2D band is 
associated with the particular stacking order of graphite along the c-axis. It was 
reported that 2D peak is observed at twice of the wavelength of the D band (1343.6 
cm-1), and the 2D peak can be observed either presence or absence of the D peak 
[24, 29]. On the spectrum of NPG, shown in Figure 5a, very weak D band with very 
low intensity can be observed. This could explain from the structural point of view 
where the D band intensity is associated with the grain size and distortions at the 
edge of graphite, tabulated in Table 1. Therefore, it can be concluded that the purified 
and surface modified NPG has negligible edge distortions, may be due to the stirring 
process during the purification process [24, 29, 33]. 
The Raman spectrum of PANI exhibits the patterns of emeraldine structure[34]. The 
peaks assigned to functional groups of PANI were found at 1190 cm-1 (C-H bending 
of benzenoid ring), 1490 cm-1 (C-N stretching of benzenoid ring), 1510 cm-1 (C=N 
stretching of quinoid ring), 1580 cm-1 (C=C stretching of quinoid ring) and 1650 cm-1 
(C-C stretching of the benzenoid ring) [27, 33, 34]. The existence of these functional 
groups in PANI was also confirmed by the FTIR transmittance spectrum shown in 
Figure 2b. Interestingly, the spectrum of the PANI/NPG composite (Figure 6c) clearly 
illustrate the combination of both NPG and PANI associated with the composite 
structure. The spectrum reveals the very low level of defects formation at the edge of 
the NPG during the polymerization of PANI, may resulted from the stirring during 
forming this composite material. However, PANI/NPG composite can also be formed 
with this in-situ chemical synthesis process, with a minimum level of distortion to the 
crystallinity of the NPG. The XRD analysis of PANI/NPG reported previously, also 
confirmed the preservation of the crystalline structure of NPG after the 
polymerization process, which is consistent with STM images. 
The XPS measurements of NPG, PANI and PANI/NPG were performed to gather 
information about their composition, the degree of polymerization and the type of 
present oxygen species. The XPS survey spectra and de-convoluted C1s core level 
spectra of NPG, PANI and PANI/NPG are presented in Figure 7 and Figure 8, 
respectively. Survey spectra show C1s, and O1s peaks in all the three samples and 
N1s peak was observed in the spectra of PANI and PANI/NPG composite. The 
presence of strong O1s in NPG is due to physically absorbed oxygen [33]. To 
identify the different oxygen functional groups that formed on the basal or edge plane 



of carbon, high-resolution C1s core level spectra of NPG, PANI and PANI/NPG were 
observed. As expected, in fig. 8a, the high purity NPG graphite displays a prominent 
peak at a binding energy (B.E) of 284.4 eV from the sp2 carbon in graphite [33]. 
Further, at a binding energy (B.E) of 284.6 and 285.3 eV, the characteristic peaks of 
C-C sp3 and hydroxyl (C-OH) were exhibited [7, 33, 34]. 
The de-convoluted C1s core level spectra of PANI (Figure 8b) represent 
characteristic peaks of C-C sp2, C-C sp3, hydroxyl (C-OH), and amine (C-N) in the 
B.E of 284.3, 284.7, 287.1, and 285.8 eV respectively [33, 35]. Furthermore, the 
presence of the same bond presented in PANI/NPG composite is confirmed in the 
freshly prepared composite material. Interestingly, specific oxygen functional groups 
determined by FTIR analysis (Figure 2) of the three samples mentioned above is 
consistent with XPS analysis results. 
Figure 9 shows the CVs of PANI and PANI/NPG composite on bare FTO glass, 

which was used as the electrode substrate, in 0.1 M HCl solution[4, 36]. The CVs of 

PANI shows two oxidation states, P1 at +0.12 V and P2 at +0.40 V, and two reduction 

peaks, P1ʹ at -0.09 V and P2ʹ at +0.33 V, existing due to the formation of three states 

of PANI known as leucomeraldine, emeraldine and pernigraniline. It is expected that, 

P1 is due to the oxidation of pernigraniline to emeraldine salt form, and P2 is further 

oxidation of emeraldine to leucomeraldine. Considering the reduction process, P2ʹ 

corresponds to the reduction of leucomeraldine to emeraldine salt form and P1ʹ is 

due to further reduction of emeraldine into pernigraniline. This redox processes of 

PANI is almost reversible and it reveals (Figure 9a) the formation of emeraldine salt 

form and then converting to the leucoemeraldine salt form [12, 28]. Interestingly, the 

higher current observed at a higher potential than 0.7 V for PANI is due to oxidation 

(or dissolution) of the electrode. In addition, CV of PANI/NPG reveals suppression of 

the reaction (oxidation or dissolution) on the PANI/NPG covered surface. In contrast, 

the leucomeraldine salt has been spontaneously converted back to the emeraldine 

salt form due to the contact of atmospheric oxygen with the coating [12, 13]. The 

redox behavior of PANI and the PANI/NPG composite with high reproducibility 

suggests high stability of the coating membrane. Further, CV with the higher scan 

rate demonstrates the disappearance of the redox peaks, due to the inadequate time 

for the ionic transportation [27, 36]. 

The specific capacity of PANI/NPG was calculated according to the following 

equation: [36] 

    
1

2

/ 2 / 2 1
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C i E dE v E E   

 where C is capacitance (in farad (F)), i(E) is the instantaneous current (in A), ∫ i(E) 
dE is the total charge obtained by integration of positive and negative sweep in CV 



(10 mV s-1) except faradic peaks portion (in A.V). (E2-E1) is the potential window 

width (in V), and 𝑣 is scan rate (in V s-1) [14, 35, 36]. 
It is noted that the specific capacitance, 833.3F g-1 of PANI/NPG composite is higher 
than 484.5 F g-1 of the pure PANI, at the same scan rate[30, 36]. This synergism 
resulted in good electrochemical performance between PANI and NPG [12, 36, 37]. 
The Tafel plot of mild steel electrodes with different coatings is shown in Figure 10. 
The details of the coatings used and electrochemical parameters are tabulated in 
Table 2. According to the Table 2 and the Tafel plot, the corrosion rate is the largest 
for the bare steel rod, on which the annual corrosion rate is 23210 μm per year. 
Taking this as a reference and assigning the percentage as 100%, the corrosion 
rates of all materials were calculated as percentage corrosion rate, RM%, (Table 2). In 
contrast to the bare steel rod, a corrosion rate of 15.85% was observed for the alkyd 
resin. Further, the Tafel plot for the alkyd resin shows a significant change for 
corrosion with an Ecorr of -0.63 V. When NPG/PANI coating is used, the relative 
corrosion rate is further reduced to 0.12%, and it is much lower than that of NPG and 
PANI [12, 16]. This clearly demonstrates the ability of the PANI/NPG composite to 
work as a barrier to avoid the penetration of O2 or H2O towards the steel surface. 
Moreover, the positive corrosion potential of the prepared composite material 
elucidates its high stability, compared to PANI and NPG, individually. This high 
positive potential of PANI and PANI/NPG is due to the formation of the specific 
passive layer between steel surface and the coating material by adsorption of the 
polymer and graphite on the steel surface and/or complexion of Fe and PANI. 
The corrosion potential of PANI (+0.26 V) is lower than that of PANI/NPG (+0.55 V) 
composite while steel has the lowest corrosion potential as -0.72 V in all test-
samples. The improvement of corrosion protection effect on the PANI/NPG coating 
steel rods should be a result of well-dispersion of the NPG graphite in the PANI 
matrix where tortuosity of diffusion pathways for oxygen and water vapor is 
increased [38, 39]. The corrosion and rust formation on steel involves different 
processes in the solution with and without O2 medium as shown in the following 
equation (a) and (b): 
<remove picture pageno 11>with O2; Fe (s) + H2O (l) +1/2 O2 (g) Fe2+ (aq) + 2 OH- 

(aq) (a) 

<remove picture pageno 11>without O2; Fe (s) + 2 H+ (aq) Fe2+ (aq) + H2 (g) or; (b) 

<remove picture pageno 11>Fe (s) + 2 H2O (l) Fe2+ (aq) + H2 (g) + 2OH- (aq) 

The equation indicates that sufficient amount of H2O and O2 are required for the 
formation of rust and dissolution of the steel for causing corrosion. If any of these 
processes are prevented, the corrosion is inhibited and the coating provides effective 
corrosion prevention. The combination of layered structure of the NPG graphite and 
the long chain carbon structure of PANI in the PANI/NPG composite greatly supports 
to increase the tortuosity to prevent the corrosion than the case of applying the NPG 
and PANI separately as the coating. Therefore, our results reveal that increasing the 
tortuosity of the diffusion pathways is able to effectively prevent the H2O and O2 from 
accessing the substrate surface, leading a good anticorrosion property [18, 39]. It is 
noteworthy that the corrosion potential of the PANI and PANI/NPG composite 
coating samples was shifted negative,-0.56 and -0.35 V, under O2 purge condition, 
where O2 partial pressure was increased. It suggests that presence and amount of 
H2O and O2 is important factor for the corrosion. 



Figure 11 shows the contact angle measurements of NPG, PANI, PANI/NPG 

composite and alkyd resin coatings on metal surfaces. Interestingly, the PANI/NPG 

composite coating has the highest contact angle of 117.9° compared to PANI and 

NPG separately, while the bare NPG and PANI itself also have a good 

hydrophobicity. With the formation of the PANI/NPG composite material, 

hydrophobicity or the contact angle on the coating steel surfaces have been 

increased. This can help to develop a good adhesion with the metal surface and 

prevent the corrosion of the metal surface. 

Carbon-based surfaces widely exist for both nanoscale as well as for macroscopic 
materials macroscopic materials. Most of these carbon-based surfaces, such as of 
graphite, contain a graphitic surface composed of aromatic rings, which are 
hexagonal carbon rings rich in π electrons [40]. An aromatic ring is composed of 
relatively non-polar C−C and C−H bonds, which is confirmed by the FTIR analysis 
presented in Figure 2, are not effectively solvated by water. In contrast, the 
electronegativity difference between C and H is rather small, and that 
between C and C is zero. There is thus no charge separation on the benzene ring 
hence no polarity, which would lend itself to solvation by the polar water. Therefore, 
It is well recognized that most of these graphitic surfaces, rich in aromatic rings are 
hydrophobic similar to those of graphite, can result in contact angle such as 106.4° 
with water. 
In other words, considering the structure of PANI, it contains a lot of hydroxyl (-OH), 
amine (-NH), and benzene rings [41, 42]. According to litreture, because of the 
hydrophilic –OH and –NH groups and the hydrophobic benzene rings, the contact 
angle for PANI is decreasing to 93.5° compared to graphite. But still, it’s hydrophobic 
due to the presence of higher amount of hydrophobic groups than the hydrophilic 
groups in PANI structure. 
The contact angle of the composite has become 117.9° which is higher than that of 
both PANI and Graphite. This composite material is composed of both the NPG 
graphite and PANI. In this resultant PANI/NPG composite, the amount of NPG is 
larger than that of PANI presence in the composite. Therefore, a number of 
hydrophobic aromatic rings contributing to the final structure are very large than the 
contribution from hydroxyl (-OH) and amine (-NH) groups from PANI to the final 
structure of this PANI/NPG composite. Therefore, PANI/NPG composite has become 
more hydrophobic than the PANI and NPG itself. 
<H1>4 Conclusion 

PANI/graphite composite material was synthesized by using natural NPG vein 
graphite. It is found that the composite works as an anti-corrosive coating on steel 
surfaces. In addition, the prepared composite shows good hydrophobic ability, which 
is very useful in preventing corrosion on metal surfaces caused by oxygen 
penetration towards the metal surface. Furthermore, the PANI/graphite composite is 
a highly thermal stable material which shows a heat resistance up to 700 °C. These 
results suggest that the PANI/NPG composite is a suitable and promising material 
for high-tech applications, such as surface coating and electrode for batteries. The 
prepared PANI/NPG composite material shows a significantly high corrosion 
resistance compared to alkyd resin/PANI coatings or alkyd resin coatings, on steel 
surfaces. 



Altogether, this study reveals the successful synthesis of PANI/NPG composite with 
polyaniline and naturally occurring NPG vein graphite. It further indicted the 
capability of this PANI/NPG composite as a highly hydrophobic, anticorrosive and 
low cost surface coating material for steel surfaces. 
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<Figure>Figure 1. X-ray diffractogramms of (a) NPG graphite and (b) PANI/NPG 

composite 



 

<Figure>Figure 2. FTIR spectra of (a) NPG, (b) PANI and (c) PANI/NPG composite 

 

<Figure>Figure 3. SEM micrographs of NPG (a, b), PANI (c, d) and PANI/NPG (e, f) 

composite. 

<Figure>Figure 4. Low-magnification bright-field TEM images of (a) PANI, and (b) 

PANI/NPG composite with inset of corresponding diffraction patterns along the [100] 

zone axis 

 

<Figure>Figure 5. TGA/DTA curves of (a) NPG, (b) PANI and (c) PANI/NPG 

composite 

 

<Figure>Figure 6. Micro-Raman spectra of (a) NPG, (b) PANI and (c) PANI/NPG 

composite 

 
<Figure>Figure 7. XPS survey spectra of (a) NPG, (b) PANI and (c) PANI/NPG 

 
<Figure>Figure 8. De-convoluted C1s spectra of (a) NPG, (b) PANI and (c) 

PANI/NPG 

 
<Figure>Figure 9. Cyclic voltammograms of (a) PANI and (b) PANI/NPG graphite 

composite in 0.1 M HCl solution. Scan rate is 10 mV s-1 

 
<Figure>Figure 10. The Tafel plots for (a) bare steel (b) alkyd-resin, (c) NPG, (d) 

PANI and (e) PANI/NPG composite, on steel rods. 

<Figure>Figure 11. Photo images of contact angle measurements of (a) NPG, (b) 

PANI, (c) Alkyd resin and (d) PANI/NPG 

 

<Table>Table 1. Calculation of ID/IG ratio values from micro Raman spectra of NPG, 

PANI and PANI/NPG composite  

Sample ID 

D peak, 

(cm-1) 

G peak, 

(cm-1) 

2D peak, 

(cm-1) 
ID IG ID/IG 

NPG 1343.6 1577.9 2721.8 3.6 14344.6 ~0 

PANI - - - - - - 

PANI/NPG 1166.7 1573.4 2693.8 720.4 3553.0 0.2 

 



 

<Table>Table 2. Corrosion rate calculation for prepared coating on metal rod 
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Electrochemical corrosion studies 

Coating Ecorr/ V J corr/A cm-2 RM/ μm yer-1 RM % 

PANI/NPG +0.55 2.5 x 10-6 29 0.12 

PANI +0.26 3.2 x 10-6 36 0.16 

NPG -0.55 2.0 x 10-4 2320 9.99 

Alkyd Resin -0.63 3.2 x 10-4 3680 15.85 

Bare Steel -0.72 2.0 x 10-3 23210 100 


