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Polypyrrole coatings were successfully electrodeposited on low-carbon steel substrates 
from aqueous oxalate solutions. The surface composition and topography of the poly- 
pyrrole coatings formed under different conditions were investigated by X-ray photo- 
electron spectroscopy (XPS) and atomic force microscopy (AFM). The results show 
that the surface composition of the electrodeposited polypyrrole coatings basically re- 
flects their bulk composition. Deposition of polypyrrole coatings on steel substrates 
also increased the surface roughness of the steel substrates. 

Keywords: Polypyrrole: Steel; Surface composition; Surface topography 

1. INTRODUCTION 

Polymer coatings are currently the most widely used method for 
prevention of metallic corrosion, however, traditional coating tech- 
niques often require the use of the toxic chemicals such as chromate 
and volatile organic compounds [ 1, 21. Due to environmental concern, 
industries are now looking for effective and environmentally-favorable 
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coating processes. In recent years, the electrodeposition of polypyrrole 
coatings on iron or steel substrates has been investigated for the 
purpose of corrosion protection [ 3  - 111. The electrodeposited poly- 
pyrrole coatings are usually very thin coatings on steel substrates 
(several microns). For efficient corrosion protection, application of 
top coatings is generally necessary. The adhesion between the elec- 
trodeposited coating and top coating is a very important factor 
in determining the overall performance of the coating system. The 
adhesion between two substances is influenced significantly by the 
chemical and morphological nature of their surfaces. In this paper, 
the surface composition and topography of the electrodeposited 
polypyrrole coatings were investigated by X-ray photoelectron spec- 
troscopy (XPS) and atomic force microscopy (AFM). The purpose 
of these investigations is to provide important information for the 
application of strongly adherent top coatings. 

2. EXPERIMENTAL 

2.1. Electrochemical Synthesis 

Pyrrole and tetrachloroethylene were Aldrich products while sodium 
bicarbonate was purchased from Fisher Scientific. The aqueous 
solutions were all made from deionized water obtained from a 
Labconco Water Pro PS System. QD low carbon steel panels 
were provided by Q-panel Company, Ohio. The received panels al- 
ready had a good surface finish (roughness less than 0.2pm) and 
were used without further polishing, but they were degreased with 
tetrachloroethylene for about an hour prior to the electrochemical 
reactions. 

Electrochemical reactions were performed in a one-compartment 
polypropylene cell. The steel working electrode was fixed in the center 
of the cell by a polypropylene frame so that both sides of the sheet 
could be coated. The counter electrodes comprised two titanium alloy 
plates. A saturated calomel electrode (SCE) was used as the reference 
electrode. A constant current method was the technique used in this 
research work. The constant current source was supplied by an EG&G 
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Princeton Applied Research Potentiostat/Galvanostat Model 273A. 
The initial pyrrole concentration was kept constant at 0.25 M. The 
electrolyte used was a mixture of oxalic acid and NaHC03. NaHC03 
was used to adjust the pH of the solutions. The concentration of 
the electrolyte was kept constant at O.1M. After each reaction, the 
obtained sample was rinsed with deionized water and acetone and 
dried in vacuum oven at 65°C to constant weight. 

2.2. X-ray Photoelectron Spectroscopy (XPS) 

A Perkin- Elmer Model 5300 XPS spectrometer with Mg K n  X-rays, 
operating at 300 W and 15 kV DC, was used to obtain XPS spectra. 
An Apollo computer system with Perkin - Elmer software was used for 
data acquisition and processing. XPS spectra were recorded at take- 
off angles of 45". The take-off angle was defined as the angle between 
the sample surface and the direction of propagation of the exiting 
photoelectrons. Surface elemental stoichiometries were obtained from 
peak area ratios corrected with the appropriate experimentally- 
determined elemental sensitivity factors. The carbon 1 s (CIS), oxygen 
Is (Ols), and nitrogen 1s (Nls) spectra were fitted to Gaussian 
component peaks of equal full-width at half-maximum (FWHM). The 
position and intensity of the component peaks were optimized to give 
the best fit to the experimental spectrum. The binding energies are 
quoted relative to hydrocarbon CIS at 285.0 eV. 

2.3. Atomic Force Microscopy (AFM) 

A Burleigh Metris 2000 Atomic Force Microscope was used to get the 
image of the electrodeposited coatings. The as-prepared sample was 
fixed on the sample holder by double-sided tape. The microscope was 
run in the constant force mode. Silicon nitride tips, integrated on a 
100 pm silicon nitride cantilever (spring constant 0.098 N/m), were 
used. The force between the tip and the sample was about 0.5nN. 
For the construction of each image, an area of 25pm x 25pm was 
scanned. The images were acquired at various magnifications as indi- 
cated in the respective figures. 
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3. RESULTS AND DISCUSSION 

3.1. Surface Composition 

X-ray photoelectron spectroscopy (XPS) was used to study the surface 
composition of the electrodeposited coatings. XPS is one of the most 
powerful surface-sensitive techniques with a sampling depth less than 
lOOA. In addition to its surface sensitivity, XPS is also uniquely 
capable of providing chemical information such as oxidation state and 
chemical bonding, as well as elemental compositions [12]. For XPS, 
the sampling depth is, in fact, limited by inelastic scattering events 
which are characterized by the inelastic mean free path, A, of the 
photoelectrons. Since approximately 95% of the signal intensity is 
derived from a distance 3X within the solid, the sampling depth, d, as a 
function of the angle 0 of electron exit relative to the sample surface 
(take-off angle), is usually taken to be [13] 

d = 3XsinB ( 1 )  

Assuming that the inelastic mean free path, A, of the CIS photoelec- 
trons in organic compounds is 27A [12], the sampling depth is 
estimated to be about 57A at a 45" take-off angle. 

As shown in Figure 1, the formation process of polypyrrole coatings 
was different between acidic and basic solutions [lo, 111. In basic 
solutions, the passivation of steel was established immediately after 
the current was supplied. In acidic solutions, however, the formation 
process of polypyrrole coatings was characterized by two distinct 
stages. After the passivation of steel was established at the end of 
the first stage, the reaction potentials were raised to the electropoly- 
merization potentials of pyrrole and black polypyrrole coatings were 
deposited on the steel substrates during the second stage. Our previous 
results have shown that the passivation of the steel substrate was due 
to the deposition of an iron(I1) oxalate dihydrate coating, which was 
composed of a monolayer of closely-packed, small crystals [ l  11. The 
electrochemical reactions can be expressed by following two equations: 
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FIGURE 1 
pH solutions at the applied current density of 0.56 mA/cm2. 

Potential-time curves for the formation of polypyrrole coatings in different 

The deposition process of the iron(I1) oxalate dihydrate on the steel 
substrate involves two steps: nucleation and growth. The effect of 
solution pH on the deposition process is not yet well understood. 
Perhaps solution pH has a great effect on the nucleation rate of the 
iron(I1) oxalate. For this system, nucleation will occur on the steel 
substrate when the solubility of FeC204.  2H20 is reached. 

Although the solubility of the FeC204.2H20 is very small in 
pure aqueous solution, solution pH might influence the solubility of 
FeC204.  2H20. It has been reported that iron(I1) oxalate can convert 
into soluble complexes, M2[Fe(C204)2], in the presence of excess alkali 
metal oxalate [l l] .  Perhaps the solubility of the FeC204.2H20 is 
smallest in the medium of pH=2.4,  resulting in a higher nuclea- 
tion rate. The solubility of FeC204.2H20 might be very high in 
the medium of pH = 6.0, thus, it would take a very long time for 
nucleation to occur on the substrate surface. 
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Studying the surface composition of the bare steel substrate and the 
iron(I1) oxalate coatings should help to understand the surface change 
during the reactions. The surface composition of the polished steel 
substrate (polished by abrasive paper followed by acetone cleaning) 
was analyzed by XPS. The obtained relative atomic concentrations of 
the elements present on the steel surface are listed in Table I. It can be 
seen that there is a large amount of adsorbed organic contaminants on 
the steel surface. XPS also shows the presence of Si on the steel sur- 
face which probably came from the abrasive paper used during the 
polishing process. 

Three iron(I1) oxalate dihydrate coatings formed in the solutions 
with pH = 1.4, 2.4 and 4.1 were also analyzed by XPS. The surface 
atomic concentrations of these coatings are also listed in Table 1. It 
can be seen that the surface composition of these three coatings is very 
similar. Considering only Fe, C and 0 elements in the iron(I1) oxalate 
dihydrate, the theoretical relative atomic concentrations are calculated 
as the following: Fe: 11.11%, C: 22.22%, and 0: 66.66%. It is very 
clear that the surface composition of the iron(I1) oxalate coatings is 
different from their bulk composition. The surface content of oxygen 
is much lower than its corresponding bulk content while the surface 
content of carbon is much higher than its bulk content. This implies 
that the iron(I1) oxalate coatings also adsorb a large amount of 
hydrocarbon contaminants on their surfaces. It can be seen from 
Table I that a very small amount of nitrogen is detected on the surface 
of iron(I1) oxalate coatings, which might come from the adsorbed 
pyrrole. 

A passive film was also prepared in the solution of pH=8.4,  to 
which no pyrrole monomer was added. The electrochemical reaction 

TABLE I XPS atomic concentrations of the polished steel and passive film and 
coatings 

Atomic concentration (YO) 

Sample CI s 0 1 s Fe2p N l s  si2p 
~ ~ ~ ~ 

Polished Steel 71.2 23.2 1.6 4.0 

FeC204 2H20,  pH = 2.4 47.0 46.3 6.1 0.6 
FeC204 2H20, pH = 4.1 51.8 42.3 5.4 0.5 
Iron Oxide, pH = 8.4 58.0 34.1 4.8 3.1 

FeC204. 2H20,  pH = 1.4 47.9 45.8 6.2 0.1 

Polypyrrole, pH = 1.4 77.8 12.0 10.2 
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was stopped immediately when the reaction potential reached 1 .O V. 
The obtained sample was then rinsed thoroughly with deionized water 
and acetone and dried in a vacuum oven. The measured XPS atomic 
concentrations are also listed in Table I .  A small amount of nitrogen is 
detected on the sample surface. The source of this element is not very 
clear, maybe it  resulted from the handling process. Compared with the 
bare steel, the carbon content was decreased while the oxygen content 
was increased. 

For the three iron(I1) oxalate coatings, the C l s  and 01s  spectra were 
further deconvoluted into component peaks. I t  is found that the 
component peaks for each element are very similar among these three 
coatings. As an example, only the curve-fitted CIS and 01s  spectra for 
the iron(I1) oxalate coating formed at pH = 1.4 are shown in Figure 2. 
Deconvolution of the CIS signal leads to three main components, 
at 285.0, 286.8, and 289.0 eV with relative intensities 56 : 9 : 35. The 
three components can be attributed to C-C, C-N/C-0, 
and O = C - 0  groups, respectively [14, 151. The C-C and 
C -N/C -0 groups come from the organic contaminants while 
the O = C - 0  groups should come from the iron(I1) oxalate. The 0 1 s  
signal can be decomposed into three components, at 531.0, 532.4 
and 533.7eV, with relative intensities close to 9 :  74: 16. The three 
components correspond to OH,  0 =C-0 and H 2 0 ,  respectively 
[16- 171. According to the structure of FeC204.  2H20.  the two oxygen 
atoms of the O = C - 0  groups are basically equivalent. OH might 
come from organic contaminants, while O =  C-0  and H 2 0  should 
mainly come from the iron(I1) oxalate coatings. 

The curve-fitted Cls  and 01s spectra for the passive film formed 
in basic solution are shown in Figure 3. The CIS spectrum is 
deconvoluted into four component peaks, at 285.0, 286.2, 287.4 and 
288.5 eV, with relative intensities close to 84 : 4 : 3 : 9. The four 
component peaks can be assigned to C -C, C-O/C -N, C = 0 
and O =  C-0 groups [14, 151. I t  can be seen that carbon on the film 
surface is dominated by the hydrocarbon contaminants. Curve-fitting 
of the 0 1 s  spectrum revealed three component peaks, located at 530. I ,  
53 1.8 and 533.3 eV, with relative intensities close to 39 : 49 : 12. The 
three component peaks can be assigned to 02- (iron oxides), C = O  
(from acetone) or Q=C-0 (from oxalate), and O=C-Q groups 
(from oxalate) [18, 191. Based on the above results, it can be concluded 
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FIGURE 2 Curve-fitted CIS and 0 1 s  spectra for the iron(l1) oxalate formed at 
pH = 1.4. 

that the surface of the passive film formed in basic solution mainly 
consists of iron oxide (Fe203, Fe304. . .) and some adsorbed organic 
contaminants. The above results are not unusual. According to a 
Pourbaix diagram, the application of an anodic potential to an iron 
sheet immersed in basic solution will result in the formation of a 
passive iron oxide film [l, 3, 41. 

Figure 4 shows the XPS survey spectrum of the polypyrrole coating 
formed at pH = 1.4 and an applied current density of 0.56 mA/cm2 for 
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FIGURE 3 Curve-fitted C l s  and 0 1 s  spectra for the passive film formed in basic 
solut~on. 

30min. For this sample, no iron is detected, indicating that the steel 
substrate was completely covered by the polypyrrole coating, which 
had been demonstrated previously by the SEM results [ I  11. As shown 
in Table I, XPS analysis of the polypyrrole coating shows the presence 
of C (77.81 YO), N (10.22%) and 0 ( 1  1.98%). Only considering C ,  N, 
and 0 in the bulk polypyrrole, the relative atomic concentrations can 
be calculated from the results of elemental analysis, which shows 68% 
C, 17% N and 15% 0. It  can be seen that the surface elemental 
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composition of polypyrrole is very similar to its bulk composition. 
Of course, a small amount of hydrocarbon contaminants must be 
adsorbed on the surface. 

Figure 5 shows the curve-fitted Cls,  Nls  and 0 1 s  spectra for the 
polypyrrole coating. The CIS spectrum shows four component 
peaks, a t  285.0, 286.6, 287.8 and 289.0eV, with relative intensities 
73 : 14: 8 : 5. The peaks at 285.0 and 286.6 eV can be attributed to 
C-C and C-N/C=N groups, respectively. Most C-C and 
C-N/C=N should come from the pyrrole units. The peak near 
287.8 eV results from C = 0 groups which might come from residual 
organic contaminants (acetone) and surface overoxidation of poly- 
pyrrole. The surface overoxidation of polypyrrole has also been 
reported by other authors [20]. The component around 289.0eV can 
be attributed to O=C-0 groups [14, 151, which should come from 
the hydrogen oxalate counterions. 

The Nls  signal is composed of three components,centered at 398.4, 
400.2 and 402.2eV, with relative intensities close to 14: 73 : 12. The 
lower and higher binding energy shoulders have similar intensities. 
This feature of the N1 s spectrum for electrochemically-prepared 
polypyrrole was also observed by other authors [20 - 251. The main 
central peak corresponds to neutral pyrrole nitrogen. The high bind- 
ing energy shoulder can be assigned to nitrogen atoms present in the 
vicinity of the charged site on the polymer. Accordingly, positive 

538 536 534 532 530 528 
BINDING ENERGY, eV 

FIGURE 5 Curve-fitted CIS, N l s  and 0 1 s  spectra for the polypyrrole coating. 
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FIGURE 5 (Continued). 

charge delocalization over several atoms can result in increased charge 
on the nitrogen atom, which has been postulated to range from 
one-sixth to a single charge. There are some discrepancies in the 
assignment of the lower binding energy shoulder in the literature, but 
most authors believe that the lower binding energy shoulder might be 
due to deprotonation of a certain fraction of the pyrrole nitrogen, 
followed by rearrangement of the pyrrole bonds to satisfy the three 
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nitrogen valencies, resulting in an electron-rich surrounding of the 
nitrogen [21 -241. 

The 0 1 s  signal is quite broad and can be decomposed into two 
components at 531.7 and 533.4eV, with relative intensities close to 
63:37. The peak around 531.7eV probably comes from C = O  and 
- O =  C-0 groups while the peak around 533.4eV can be attributed 
to O=C-Q groups [IS,  19, 211. The O=C-0 groups mentioned 
above should mainly come from the hydrogen oxalate counterions. 
The C = O  groups might come from residual organic contaminants 
(acetone) and overoxidation of polypyrrole. 

As discussed above, XPS analysis shows that there are some 
functional groups on the polypyrrole coating’s surface, such as car- 
boxyl and N -H groups. These functional groups can significantly 
promote the adhesion through the formation of hydrogen bonding 
and even chemical bonding. Interfacial chemical bonding can increase 
the adhesive bond strength by, (i) preventing molecular slippage at a 
sharp interface during fracture, and (ii) increasing the fracture energy 
by increasing the interfacial attraction. 

3.2. Surface Topography 

Surface topography of the electrodeposited polypyrrole coatings was 
investigated by atomic force microscopy (AFM). AFM is one of the 
most sensitive tools for investigating surface topography and it is well 
suited to study the surface topography of organic surfaces [26]. 

For AFM investigation, all samples were prepared by using the 
same electropolymerization charge per unit area. According to weight 
measurement, the thickness of the polypyrrole coatings formed un- 
der different conditions is around 2.5 pm. Figure 6 shows the AFM 
image of the unpolished bare steel surface while Figure 7 shows 
the AFM image of the polypyrrole coating formed at pH = 2.4 and 
1.13 mA/cm2. It can be seen clearly that the original steel surface 
is relatively featureless and smooth. The deposition of the polypyr- 
role coating on the steel substrate led to the formation of micro- 
spheroidal features. The results of AFM are consistent with those 
of SEM, which had revealed a very uniform surface of the electro- 
deposited polypyrrole coatings [S, lo]. The AFM scans at several 
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FIGURE 6 AFM image of the unpolished bare steel surface. (See Color Plate I )  

FlGURE 7 AFM image of the polypyrrole coating formed at pH =2.4 and 
i = I .  I3  mA/cm’. (See Color Plate 11). 

different spots of the same sample also showed very similar surface 
topography. 

The studies on surface topography can also lead to some 
information about the surface roughness of the electrodeposited 
coatings. The mean roughness of the surface, R,, is defined by 
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TABLE 11 Mean roughness of the electrodeposited polypyrrole coatings 

Bare steel 
PPy, pH = 1.4, i = 1.13 mA/cm2 
PPy, pH = 2.4, i = I .  13 mA/cm2 
PPy, pH = 4. I ,  i = 1 .I3 mA/cm’ 
PPy, pH = 2.4, i = I .  13 mA/cm’ 
PPv, pH = 2.4, i =  3.38 mA/crn2 

0.12 
0.37 
0.34 
0.31 
0.34 
0.45 

following equation: 

R,, = l / N ( C I Z ;  - 

where Z, is the height of a point on the surface and Zavg is the average 
height of all the points on the surface. The determined R, values for 
the bare steel and the electrodeposited polypyrrole coatings are listed 
in Table 11. 

Because AFM is capable of measuring the height of a point on the 
surface to the accuracy of 0.01 pm, i t  is possible to compare the surface 
roughness for the samples formed at different conditions. It can be 
seen that the steel surface was made rougher after the deposition of 
polypyrrole coatings. For example, the surface roughness values 
increased from 0. I2 pm for the bare steel substrate to 0.37 pm for the 
polypyrrole coating formed at pH = 1.4 and 1.13 mA/cm2. For the 
same applied current density, a slight decrease in roughness with pH 
was found for the polypyrrole coatings formed at  pH below 4.1. It is 
also very clear that the surface roughness of the polypyrrole coatings 
also increased with increasing applied current density for solutions 
with the same pH. Mechanical interlocking is regarded as one of 
the most important mechanisms for strong bonding. The increased 
roughness of the surface of the polypyrrole coatings can provide 
numerous interlocking sites, which will also significantly improve 
the adhesion between the electrocoated steel substrates and the top 
coatings. 

4. CONCLUSIONS 

The results of XPS show that the electrodeposited polypyrrole 
coatings completely covered the steel substrates. The surface 
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230 W. SU AND J. 0. IROH 

composition of the polypyrrole coatings basically reflects their bulk 
composition. Deposition of polypyrrole coatings on steel substrates 
also led to increases in the surface roughness of the steel substrates. 
The surface roughness of the electrodeposited polypyrrole coatings 
was influenced by the electrochemical processing parameters. The 
surface chemistry and surface topography of the electrodeposited 
polypyrrole coatings are all favorable for the application of strongly 
adherent top coatings. It would be very interesting to evaluate further 
the overall performance of the electrodeposited polypyrrole/topcoat- 
ing systems. 
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