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ABSTRACT: Chronoamperometry technique was used to prepare polypyrrole onto low alloy steel surface from aqueous solutions.

The morphology and composition of the as-obtained deposit was characterized by scanning electron microscopy, X-ray diffraction,

and Fourier-transform infrared techniques. The dendritic polymer could be realized at the high potential and favorable mass trans-

fer conditions. Contact angle tests proved that the polypyrrole with rough surfaces had small contact angles. After the modification

with the 1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane, the values of contact angles of polypyrrole reached up to ca. 130�. The

consequent infusion of perfluorinated lubricant into the hydrophobic matrix led to a composite material. Potentiodynamic polar-

ization tests in 3.5 wt % NaCl solution revealed that low alloy steel covered with this composite material raised the corrosion

potential more than 1000 mV and decreased the corrosion current density ca. 3 orders, suggesting that the perfluorinated lubri-

cant/ polypyrrole composite material behaved as a good candidate for corrosion inhibition. VC 2013 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 40184.
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INTRODUCTION

Nowadays, conducting polymers of micro- or nano-scale have

been intensively investigated because of their interesting and

unexpected properties.1–4 As a conventional and typical con-

ducting polymer, polypyrrole (PPy) is particularly attractive

because of its highly environmental stability and easy prepara-

tion in aqueous solution.5 In metal corrosion and protection

field, PPy can be deposited onto the metal surface and behave

as a barrier to block the invasion of H2O, Cl2, and oxygen

from the external environment, so that much attention has

been paid to develop PPy as a corrosion inhibition coating on

numerous metal surfaces.5–8 Annibaldi reported that adherent

and homogeneous PPy coating was electrodeposited on copper

from a salicylate solution.9 The polymer coating remained stable

after the immersion in 0.6M NaCl aqueous solution for more

than 2 weeks. Saidman and coworker found that the PPy had

good properties of adhesion and corrosion protection so that it

could efficiently decrease the pitting corrosion of 316L stainless

steel.7 T€uken et al. investigated PPy films modified by graphite,

which exhibited a good coating performance to stainless steel by

hindering the attack from corrosive environment.10 In previous

research of our group, it was found that the addition of phos-

photungstic acid to PPy could increase its corrosion protection

efficiency for the low alloy steel in seawater.11 Although many

progresses have been made in previous studies, some intrinsic

problems, e.g., the corrosion inhibition efficiency and sustain-

ability, are still nagging its future development and practical

application.

Currently, the phenomenon of superhydrophobicity and the

preparation of synthetic superhydrophobic surfaces have been

intensively investigated because of their potentially industrial

and biomedical applications.12–14 According to Cassie–Baxter

theory,15,16 the surface morphology, roughness, and chemical

composition act as the main roles to determine the surface

wettability. Applying the superhydrophobic layer as corrosion

inhibition barrier has been proven as a new strategy for metal

protection. In previous studies, researchers have demonstrated

that superhydrophobicity can confer corrosion inhibition capa-

bilities to metals such as steel, Zn, Al, Cu, and others .17–25 For

the short time immersion during the corrosion capability evalu-

ation, the superhydrophobicity layer can temporarily behave as

good cushion to protect the underneath metal from corrosion.
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However, the superhydrophobic matrix is far away from opti-

mal. For instance, using the superhydrophobicity as the corro-

sion inhibition barrier, the surface still cannot hinder the attack

from the corrosive environment for long time, and the ions and

water will penetrate through the failed superhydrophobic layer

to reach the underlying metal substrate. The corrosion will con-

sequently occur.24 It is urgent to develop more sophisticated

and novel material to combat the corrosion exerted from the

external environment.

Recently, inspired by Nepenthes plant in nature, Aizenberg and

coworkers have reported a new style of compositing material

with the slippery liquid-infused porous surface (SLIPS). The

compositing of this material is as follows: firstly, a micro/nano-

scale rough surface is fabricated; after that, the as-formed rough

surface is modified by the fluoride agent, so that a strongly

hydrophobic surface having high affinity to oil will be achieved.

Lubricant fluid is externally injected onto the porous surface.

The existing micro/nanopores will exert strong capillary force to

the infused fluid, and a liquid film is firmly anchored onto the

surface. SLIPS shows extremely excellent self-healing, anti-icing,

and antifrosting performances.26,27 What surprises the experts

working on material protection fields most is the extraordinary

antifouling properties from SLIPS, as the fouling from bio-

organisms is another source causing severe deterioration to

metal materials. SLIPS behaves much better antifouling feature

(ca. 35 times the reduction of attached biofilm) than the best

case scenario, state-of-the-art PEGylated surface, so that SLIPS

can be regarded as having exceptional anti-biofouling perform-

ance.28 Metals immersed underwater endure both fouling and

corrosion to shorten the longevity. If SLIPS can also perform

enhanced corrosion inhibition property to metals, this new cate-

gory of material can be regarded to have both anticorrosion

and antifouling properties.

Herein, we apply SLIPS as the surface coating to protect low

alloy steel from the corrosion. During the PPy matrix electrode-

position process, different morphologies are obtained when

applying different potentials. Motivated by the relatively high

deposition potential, the dendritic polymer can be accom-

plished, and the formation of this morphology is highly deter-

mined by the electrode geometry. With the infusion of the

lubricant, the SLIPS composite material is achieved. It is antici-

pated that the SLIPS can potentially act as a new promising

candidate for corrosion inhibition.

EXPERIMENTAL

PPy/LS Samples Preparation

The substrate for PPy electrodeposition was Ni–Cr low alloy

steel, which was cut into 1 cm31 cm samples and sealed in

epoxy resin as working electrodes. The sample surfaces were

polished using SiC abrasive paper (1500 grit). After the grind-

ing, they were degreased with acetone and washed with deion-

ized water, respectively. The as-prepared steel was used as the

substrate for PPy to grow.

All electrochemical experiments were carried through on an

ACM electrochemical platform (Gill AC). Electrochemical

growth of PPy were performed in a typical three-electrode cell,

in which the low alloy steel, platinum–niobium wire and satu-

rated calomel electrode (SCE) were used as working, counter,

and reference electrode, respectively. If there is no specific indi-

cation, all the potentials in this manuscript are reported taking

SCE as the reference. Pyrrole (C. P. Sinopharm) aqueous solu-

tion with the concentration of 0.2M was prepared using 0.1M

sodium dodecyl sulfate (A. R. Sinopharm) as the supporting

electrolyte. After growing at different potentials (1.0, 1.4, 1.8,

and 2.2 V) for 900 s in the mixed solution, PPy was deposited

on low steel surface (denoted as PPy/LS). The as-obtained PPy/

LS samples were rinsed with water to remove the remaining

solution and then dried under a stream of nitrogen for further

characterization. Surface morphology analysis of the deposited

films was performed on an environment scanning electron

microscope (ESEM, Philips XL 30). The phase composition of

the deposit was studied by X-ray diffraction (XRD, Bruker D8

Advance). The structure of PPy film was further characterized

by Fourier-transform infrared spectrophotometer (FT-IR, Nico-

let 8700). Before this characterization, the PPy film was peeled

off from PPy/LS and dissolved in acetone for 1 h. The solution

was dropped onto the surface of KBr pellet for the

characterization.

Formation of Perfluorinated Lubricant/PPy/LS

The formation of PFL/PPy/LS was realized by following the

route reported in previous study.27 Firstly, 1H, 1H, 2H, 2H-

perfluorooctyl trichlorosilane (Aldrich) was dipped onto the as-

prepared PPy films, which were stored in a desiccator for 24 h

to form a hydrophobic surface (named as M-PPy/LS). After

that, the M-PPy/LS was infused with a perfluorinated lubricant,

perfluoroalkylether (Nascent FX 6200, Du Pont), to form per-

fluorinated lubricant/PPy/LS (denoted as PFL/PPy/LS). The

wettability properties of the as-prepared materials such as PPy

and M-PPy/LS were measured with a contact angle meter

(CAM-101, KSV Instruments). The water droplet used for the

measurement was adopted ca. 3 mL.

The corrosion performance of different materials was tested in a

3.5 wt % NaCl aqueous solution, and the samples included LS,

Figure 1. I–t plots during electrochemical deposition of PPy onto low

alloy steel at different potentials.
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PPy/LS, and PFL/PPy/LS. The potentiodynamic tests were car-

ried out with a 1 mV/s scanning rate in the range of 6 0.500 V

offset of the open circuit potential. Electrochemical impedance

spectroscopy was achieved by a Model 283 potentiostat/galvano-

stat (EG&G Princeton Applied Research). The corrosion mor-

phology of the different materials immersed in NaCl solution

was checked with a Hirox 8700 optical microscopy.

RESULTS AND DISCUSSION

Electrochemical Synthesis of PPy at Different Potentials

In previous reports, the conventional potential for the electro-

chemical deposition of PPy was 0.75–1.0 V in various aqueous

Figure 2. SEM images of microstructure of PPy films obtained at different deposition potentials. The electrolysis time was 900 s for each sample

preparation.

Figure 3. The photo (a) and ESEM (b, c) images of dendritic PPy mor-

phology on a 304 stainless steel foil. The electrodeposition was realized at

2.2 V for 900 s. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. X-ray diffraction of the samples formed at different deposition

potentials. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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solutions.5,27,29 Qiu et al. investigated that overpotential could

induce rough structures, e. g., dendritic structure,30–32 and the

rough structure could show versatile functions because of the

large roughness and surface area. It is believed that the high

motivation during the metallic material growth process will ena-

ble the fractal and dendritic morphology growth. For the con-

ducting polymer, i.e., the synthetic metal, the electrodeposition

process is similar to that of the metal, except that the polymer

monomer has much larger size than single metal atom. The

aggregation of the monomer to a deposit is often realized by

the electrochemical oxidation route. However, for the metal

electrodeposition, the electrochemical reduction is often applied

to the “welding” of the metal atoms. In this report, the pyrrole

monomer is chosen as the candidate to illustrate the electro-

chemical motivation to impact the resulting polymer morphol-

ogy. Several high electrochemical deposition potentials, e.g., 1.0,

1.4, 1.8, and 2.2 V, have been used to enforce PPy to grow. The

I–t plots obtained during the electrochemical synthesis at differ-

ent applied potentials are shown in Figure 1. It is observed that

the current of all plots show the increasing tendency during the

electrolysis process, which is similar to the scenario when

electrodepositing metal/alloy from the salt solutions.30,31 Gener-

ally, the fractals or dendrites can be formed on the electrode

surface when the motivation is large. The new coming mono-

mers will be oxidized and attached to the tips of the fractals to

realize the elongation, and the refreshed fractals will conse-

quently act as the electrode in the sequential deposition process.

The working electrode is actually an “alive” one instead of an

electrode with fixed area. As the process going on the electrode

area will be getting larger, and the fractal tips will be growing

longer. In turn, they can penetrate the primary double layer to

reach new fresh feed stock to achieve more monomers to supply

the further growth. The larger electrode area and larger concen-

tration will result in the larger current as recognized from Fig-

ure 1. Moreover, it is observed that the higher applied potential

has the larger polymerization motivation, which in turn enfor-

ces the higher current value. The potential works as the key

parameter to determine the electrochemical behavior during the

electrodeposition process.

Figure 2 show the SEM images of the PPy films prepared at dif-

ferent potentials. Obviously, for the potentials of 1.0, 1.4, and

1.8 V, the films are mainly composed by the granules, and there

is no significant difference among them. The PPy polymer is

observed as small spherical grains and the average size reaches

tens of microns. However, when the potential is afforded as 2.2

V, the morphology has dramatic change. Instead of the typical

round granule, the ramified hierarchical fractal can be formed

on an embedded steel substrate. Using a foil electrode, the den-

dritic structure can be formed in the edge area of the electrode

at the same electrodeposition potential (Figure 3). As the edge

of the foil has an opening geometry larger than the embedded

electrode, there is the larger mass transport in the edge than the

inner part, which enforces the formation of the dendritic struc-

ture. Based on this truth, it is proved that the conducting poly-

mer having dendritic morphology can also be achieved by the

electrodeposition process, and the dendritic structure is a ubiq-

uitous phenomenon accompanying with the electrodeposition

process, no matter the deposition substance is the metal, alloy,

or the synthetic metals, i.e., conducting polymers. The forma-

tion of the dendritic polymer can also be determined by the

parameters, such as potential, mass transfer, and so forth.

Nevertheless, compared with metals and alloys, the conducting

Figure 5. FT-IR spectra of the PPy film obtained at 1.8 V with 900 s elec-

trodeposition time. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Table I. Peaks and the Corresponding Vibration Groups of the PPy Film Formed at 1.8 V Potential in FTIR Spectra

Peaks/cm21 3436, 3357 2962, 2922, 2852, 802 1713, 1643, 1411 1261, 1094, 1026

Functional group Stretching
vibration ANAH

ACAH Vibration Stretching vibration
C@C

Stretching vibration
CAN

Scheme 1. Modification of PPy with 1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane in ambient environment.
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Figure 6. (a) Contact angles images of LS. (b–e) the contact angle of PPy/LS, in which the PPy film was electrodeposited at 1.0, 1.4, 1.8, and 2.2 V,

respectively. After the modification by 1H, 1H, 2H, 2H-perfluorooctyl trichlorosilane, the corresponding contact angle scenario was shown as M-b, M-c,

M-d, and M-e.
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polymer dendrite has its own intrinsic property. As it is non-

crystalline structure, there is no favorable direction during the

growth process, so that the external appearance seems irregular.

The X-ray diffraction has confirmed the noncrystalline phase of

PPy. As shown in Figure 4, the broad bumps detected at ca. 24�

indicate the low crystallinity of PPy matching the report from

Chougule et al.,33 which is caused by the strong interaction

within the polymer matrix. Ouyang et al. reported that the phe-

nomenon was mainly because of the scattering from PPy chains

at the interplanar spacing.34,35 However, the spike peaks cannot

be observed in the pattern, which indicates that there is no

long-range order existing in the polymer. Figure 5 shows the

FT-IR absorption spectrum of PPy films obtained at the deposi-

tion potential of 1.80 V. N–H stretching vibration band of PPy

ring appear at 3357–3436 cm21 while the characteristic peaks at

1713, 1643, and 1411 cm21 correspond to the C5C stretching.

Other peaks related to different vibrations are outlined in Table

I. With the characterization by XRD and IR, it is confirmed

that the electrodeposition realizes the PPy formation on the

electrode surface.

Because the as-obtained PPy typically behaves the rough topogra-

phy, there are many gaps around the granular PPy with the scale

of micrometer, which can steadily induce large capillary force to

occur. The aqueous phase will be easy to penetrate into the gaps

so that the dissolved corrosive species such as chloride can reach

the underlying metal surface, and the corrosion will not be

avoided. The surface hydrophobilization is a facile route for the

surface to get rid of this inferiority. Hydrophobic agent 1H, 1H,

2H, 2H-perfluorooctyl trichlorosilane was used to modified the

structure of PPy films in order to induce hydrophobic and oil-

loving surfaces that could admit the infused perfluorinated lubri-

cant, which is expected to act as an effective corrosion inhibition

barrier. The reaction between PPy and 1H, 1H, 2H, 2H-

perfluorooctyl trichlorosilane is shown as Scheme 1. The Si–Cl

will react with N–H in PPy to form N–Si bonding in the con-

ductive polymer. After that, the hydrophobic segment will be

anchored on the polymer surface. The wettability properties of

initial and as-modified PPy films are shown as Figure 6, and the

respective contact angles are listed in Table II. The contact angle

of the bare steel is 83.95�, which is a typical hydrophilic surface.

After the PPy deposition, the contact angles of a drop of water

on PPy films are around 30�. In previous study, the static contact

angle of the relatively flat PPy surface is ca. 69.1o,36 which can be

assumed as the intrinsic Young contact angle. According to Wen-

zel equation cos hW 5 r cos hY, the surface roughness is calculated

as 2.43, indicating the unsmooth surfaces of PPy films formed at

relatively high potentials.37 After the modification by the fluori-

nating agent, contact angle values of surfaces for PPy films

increase to 120–130�, suggesting remarkable surface property

change. The values are a little lower than 150�, which is the criti-

cal value of superhydrophobicity. The surface modification real-

izes the wettability transformation from hydrophilicity to

hydrophobicity, as the organic fluorine tails show the oleophilic

property. In addition, the surface is intrinsically porous, so that

the surface can accommodate the infused lubricant. The porous

structure is regarded as the capillary channel net with the diame-

ter of micro/nanoscale. The capillary force induced will firmly

clinch the infused fluid, and the out layer of the fluid can also be

anchored to the inner layer to avoid the free flowing, as the van

der Waals force of the large molecules is large. With the infusion

of the lubricant, the composite material composed by the station-

ary PPy and lubricant is formed.

Corrosion Inhibition Evaluation

In the composite material, the matrix PPy film will inherently

work as the corrosion inhibitor for the underneath metal. The

lubricant in the gaps of the matrix is immiscible with water, so

that the corrosion species dissolved in the water cannot pene-

trate this organic barrier to reach the metal surface. With the

both effects from PPy and lubricant, it is expected that the

composite material can effectively release the corrosion exerted

by the external environment. The Tafel plots of LS, PPy/LS and

PFL/PPy/LS samples exposed in a 3.5 wt % NaCl solution are

presented in Figure 7. Compared to LS having the corrosion

potential at ca. 2950 mV, it is illustrated that the corrosion

potentials of all PPy/LS samples have large positive shift to

reach ca. 2400 mV, which suggests that the coating of PPy can

significantly change the property. After the infusion of the lubri-

cant, the as-achieved PFL/PPy/LS performs more positive shift

of the corrosion potential, which locates at the range of 50–190

mV, depending on the electrodeposition potential. Corrosion

currents Icorr and linear polarization resistance are also listed to

evaluate properties and characteristics for corrosion inhibition

as shown in Table III. Obviously, the values of Icorr for PPy/LS

are almost one order of magnitude lower than that of LS.

Attached on the steel, PPy can act as a physical barrier to

reduce the diffusion rate of ions and water to the underneath

metal. In addition, as a conjugated conducting polymer, exis-

tence of unsaturated bonds, –NH polar groups in the PPy func-

tions as anodic inhibitor, which resulted in enhancing the

corrosion resistance of the steel.38

From the Tafel plots and the parameters values listed in Table

III, it is illustrated that PFL/PPy/LS shows good corrosion inhi-

bition property to the underlying LS. The protection efficiency

of SLIPS to LS can be larger than 99%. Compared with bare

Table II. Contact Angles of PPy/LS and the Films Tethered with 1H, 1H,

2H, 2H-Perfluorooctyl Trichlorosilane

Samples
Electrodeposition
Potential (V)

Contact
Angles
(�)

LS - 83.95

PPy/LS 1.0 22.60

1.4 34.08

1.8 21.89

2.2 30.74

M-PPy/LS 1.0 130.03

1.4 120.44

1.8 128.84

2.2 127.64
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LS, the corrosion potential has shifted positively more than

1000 mV. Icorr has decreased from 4.99 to 3.5 3 1023 mA/cm2.

Moreover, by giving comparison to PFL/PPy/LS and PPy/LS,

the positive shift of corrosion potential reaches ca. 500 mV, and

Icorr decreases to ca. two orders of magnitude smaller than that

of PPy/LS. It can be concluded that PPy/LS has a great

improvement of corrosion inhibition performance after the

modification by fluorinating agent and covered with perfluori-

nated lubricant. For the long-term corrosion protection from

PFL/PPy, open circuit potential (Eoc) and optical microscopy

were used to monitor the corrosion state from the corrosive

medium. As shown in Figure 8, Eoc–t plots reveal that PPy/LS

and LS behave similar value during the whole immersion pro-

cess, i.e., Eoc locates at ca. 2700 mV. As it is hard to achieve a

compact conductive polymer on LS surface, there is the direct

contact between the underneath LS and solution. However,

Figure 7. (a) Potentiodynamic polarization plot of LS; (b–e) potentiodynamic polarization behavior comparison between PPy/LS and relative PFL/PPy/

LS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.4018440184 (7 of 9)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


Eoc of PFL/PPy/LS behaves differently compared to bare LS and

PPy/LS, and its value is near to 0 mV in the long run. Since

PPy is not ideally compact, PFL lubricant will flow into the cav-

ities or pores inside of the coating, so that the direct contact

between the underneath LS and solution will be isolated. The

corrosion protection property from PFL/PPy is substantially

enhanced, as shown in Figure 9. Distinguishable corrosion

occurs on bare LS after immersion for 20 h. For PPy/LS, after

immersion for 140 h, the yellowish product appears on the sur-

face, indicating the corrosion of LS. In short immersion time,

PPy can inhibit the corrosion of the underneath metal; however,

for the long run, the protection efficiency is limited. Compared

with PPy/LS and LS, PFL/PPy exhibits the higher corrosion pro-

tection for LS. After immersion for 300 h, the surface still

remains stable, indicating LS is efficiently protected by the coat-

ing. As schematically shown in Figure 10, oxygen and Cl2 dis-

solved in the aqueous phase cannot invade into the metal

surface, because the lubricant works as the barrier to block the

Table III. Icorr, Protection Efficiency and Linear Polarization Resistance of LS, PPy/LS and PFL/PPy/LS Samples

Samples
Potentional for
getting PPy (V) Icorr (mA/cm2)

Protection
efficiency (%)

Polarization
resistance (X�cm2)

LS 4.99 8.90

PPy/LS 1.0 0.33 93.3868 78.06

1.4 0.34 93.1864 77.00

1.8 0.15 96.994 170.37

2.2 0.11 97.7956 235.52

PFL/PPy/LS 1.0 0.0035 99.9299 7558.5

1.4 0.0059 99.8818 4385.1

1.8 0.0037 99.9259 7008.8

2.2 0.0051 99.8978 5074.9

PE 5 (Icorr, bare 2 Icorr, coated)/Icorr, bare 3 100%, where Icorr, bare and Icorr, coated are the corrosion current density for uncoated and coated LS, respectively

Figure 8. Open circuit potential change during the immersion of the elec-

trode LS, PPy/LS, and PFL/PPy/LS. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

Figure 9. The corrosion status of the different electrodes including LS, PPy/LS, and PFL/PPy/LS in 3.5% NaCl solution. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]
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diffusion of the species. As the category of materials can behave

as an amazing antifouling coating to prevent the biofouling to

occur on the surface, this material can be a potential candidate

to work as the antifouling and anticorrosion coating for the

metal serving in the marine environment. Much attention is still

needed for the fundamental research to understand this coating

system, e.g., the diffusion rate of the corrosive species. Further

research will be processed in our lab.

CONCLUSIONS

The electrodeposition of PPy onto low alloy steels is successfully

carried out using the potentiostatic method in aqueous solu-

tions. The high potential motivates the fractal morphology for-

mation. When the electrode adopts foil geometry, the dendritic

morphology will be formed near the edge. However, for a sealed

electrode, the fractals instead of the dendritic structure cannot

be realized as the mass transfer is not favorable for this mor-

phology formation. The as-modified rough PPy enables the

infusion of the lubricant to form a composite material including

heterogeneous phases. The composite material behaves good

corrosion inhibition for the underlying steel.
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