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In this paper, we prepared PEDOT:PG&Scomposites on the basis op-p interactions between
PEDOT:PSS and graphene. It was revealed that PEDOT:PSS has been inserted into the graphene she
and graphene sheets were peeled off int® ldyers by SPM analysi Electrochemical impedance
spectroscopyand mic®| ect r ochemi cal spectrum showed the
act as barriers, but also accelerated the corrosion reaction; while the exfoliated graphene fully exertec
its barrier effect andncreased the diffusion path for corroded medium. Meanwhile, the addition of
PEDOT:PSS could promote the formation of passivation layers on the steel surface, and inhibited the
corrosion reaction from further occurring. The two effects complemented #dashto improve the
corrosion resistance of the coating.

Keywords: Graphene; PEDOT:PSS; Corrosion inhibition; Cooperative effect

1. INTRODUCTION

Graphene is a $ghybridized twedimensional layered material [1], which possesses extremely
high specific strength, large specific surface areas, gas barrier and oxidation resistance [2], excellent
antrwear performance®tc [3, 4]. And it has aroused the attention of researchers due to the excellent
physicochemical properties and been widely usealdatrical, optical, biochemical and other fields [5,

6]. The high impermeability of graphene can prevent oxygen, water, and corrosive ions (such as chloride
ions) from contacting with metal substrates, and act as a physical shield [7]. Studies havéhahown
single or multilayered graphene coatings can provide good protection for metals against thermal, wet,
and electrochemical corrosion I®]. Defectfree singlelayer graphene can act as an excellent corrosion
protection barrier due to its imperviopsoperty, yet higkquality sheets could only be synthesized on


http://www.electrochemsci.org/
http://www.electrochemsci.org/
mailto:zhaohaichao@nimte.ac.cn
mailto:zhaohaichao@nimte.ac.cn
mailto:wangliping@nimte.ac.cn
mailto:wangliping@nimte.ac.cn

Int. J. Electrochem. Sciol. 14, 2019 459¢

the particular substrate with the complicated conditions [11, 12]. Moreover, Schriver et al. and Zhou et
al. [13, 14] found that CVEyrown graphene coating only provided effective shemn oxdation
protection, but it took an accelerated effect on the wet corrosion even over the originally unprotected Cu
surface. Graphene was deposited on the copper surface by chemical vapor deposition, which had a larc
number of defects. When it was in aro@ive environment for a long time, oxygen, water and corrosive
ions passed through the defects, contacted with the copper surface and caused the corrosion of the copr
foil. Compared to uncoated sampl es, delgatrenptbthen e 0 s
relatively inert cuprous oxide surface, which could exacerbate corrosion and cause localized severe
corrosion.

Another way is to use graphene as the functional filler in an organic resin. However, graphene
can be easy to agglomerate dras poor dispersibility in resin due to its strong interlayer interaction
force. Up to now, it is possible to improve the dispersibility of graphene by covalent method and non
covalent method. The covalent bond method is to graft molecules onto the siirfgaphene oxide by
chemical reaction. Luo et al. [15] prepared by in situ synthesis and salt formation reaction, which
dispersed stably in water and epoxy resin. Li et al. [16] first synthesized a boronated boron nitride
(BN(OH)x) functionalized ppherylenediaminemodified reduced graphene oxide (rGO) filler
(BN(OH)x-PrGO). The BN(OH)-PrGO/PU composite film has excellent oxygen barrier properties,
ideal dielectric properties and excellent anticorrosive performances. Bahram Ramezanzadeh et al. [17
synhesized polyanilin€CeQ grafted graphene oxide sheets through layer by layerassfimbly
method. The results show that graphene oxide deposited with polyaniline apdaSe@proved barrier
and active corrosion inhibition performances. Zheng et al. pi€pared graphene oxigely(urea
formaldehyde) (GUF) composite by immobilizing a jpaymer of uredormaldehyde resin on a
graphene oxide (GO) sheet througksitu polycondensation. The UF resin on the surface of the GO
sheet converted the hydrophilGO sheet into a hydrophobic GUF composite, which improved the
compatibility of composite with the coating, and prevented the aggregation of GUF during ball milling.
Graphite oxide was covalently modified witkaghinopropyl trimethoxysilane to improve ttispersion
of graphene oxide in epoxy resin. Feng et al. [19] covalently modified graphene oxide-with 3
aminopropyl trimethoxysilane (APTMGO0) to improve the dispersion of GO in epoxy resin. A wide
variety of chemical modification methods have been stijdihese methods not only improved the
hydrophobicity of graphene but also endue it with new properties. However, the methods of chemical
modifications were complicated to synthesize and were not environmentally friendly; more importantly,
they would desby the graphene sheet structure and affect its barrier propertiep- mteraction
improved the dispersibility of graphene, and the operation was simple and environmentally friendly.
This method has attracted moreeal RO succassfulleprepaged e a r
a series of few layer graphene modified waterborne epoxy resin dispersions by using lipophilic
surfactants hydrophilic epoxy oligomer as dispersants. Yang et al. [21] combined 3,4,9,10
perylenebenzoic acid (PTCA)andgnap ne (-G)i mtyeracti on and hydropt
process of small molecule surfactants was complicated and the effect was single. The conductive
pol ymer s -blectdon doaids anel were ideal materials for graphene dispersion. Giiej22}
used poly(2butylaniline) (P2BA) as a dispersant to achieve the stable dispersion of graphene in THF by
noncovaklkentnt'eraction between P2BA and-"griapheeme
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between polypyrrole and graphene, ahe stacked graphene sheets were peeled off to a thickness of
three to five layers without increasing defects. Mowmalent interactions could not only improve good
dispersion of graphene but also form oxide passivation layers on the surface of metals.
Poly(3,4-ethylenedioxythiophene) (PEDOT) is intrinsic conducting polymers (ICP) [24], and
usually combined with poly(styrenesulfonat®)SS)to increase its solubility. PEDOT:PSS is widely
used in the research of organic solar cell materials [24], OLED miatg2b], electrochromic materials
[26] and transparent electrode materials [27]. The substituted thiophene rings leads to larger steric
hindrance, resulting in the rigid polymer chain and fewer conjugate defects; furthermore the conductivity
of PEDOT is mt very high [2830], which can reduce the possibility that the conductive polymer and
graphene are interconnected to form a conductive path.
In this article, we use poly(3dthylenedioxythiopheng)oly(styrenesulfonate) (PEDOT:PSS)
as a norcovalent disprsant to obtain graphene composite coating. Meanwhile PEDOT: PSS accelerates
the formation of a passivation oxide layer at the interface between the metal material and the organic
coating to protect the metal from corrosion.

2. EXPERIMENT SECTION

2.1 Magrials

Poly(3,4ethylenedioxythiopheng)oly(styrenesulfonate) (PEDOT:PSS) was purchased from
SigmaAldrich Co. Ltd. Graphene was purchased from Changzhou Sixth Element Co. Ltd. Epoxy (E44)
and waterborne curing agent were bought from Yunda Chemical €dChina. Anhydrous ethanol was
bought from Sinopharm Chemical Reagent Co. Ltd. All the chemicals were used without further
purification, and deionized water was employed in the total experiment.

2.2 Preparation of PEDOT:PS@aphenehybrid

A certain amount of PEDOT:PSS was dissolved in 5 mL of the mixture of deionized water and
ethanol (V:V=1:1), and ultrasonically dispersed for 1 hour to obtain a deep blue aqueous solution.
Subsequently, a certain amount of graphene was added to the abo@3 PESS solution, and the
mixture was ultrasonicated for 1 hour. The mass ratio of graphene and PEDOT:PSS is 2:1.

2.3 Fabrication of composite coatings

Before coating, Q235 electrodes with an exposed area of tvera sanded with 600 and 1200
mesh sandpeer and rinsed with deionized water. After ultrasonically removing surface grease and other
substances with ethanol and acetone, electrodes were dried under nitrogen and then saved in a vacuu
oven. ThePEDOT:PSSraphenéybrid was firstly evaporated temove most of the solvent and then
centrifuged at 3000 rpm for 5 minutes. The slurry was mixed fully with thealoallated epoxy resin
via mechanical agitation, and then removed residual solvent with a rotary evaporator. With the curing
agent (epoxy: cumg agent=4:1) added, the compound was mixed entirely under the high speed mixer at
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5000 rpm for 2 min and degassed in a vacuum oven for 30 seconds. The slurry was applied to the
electrode surfaces with a wire rod, and the samples were cured at roormatenegier three days. The
samplesnamed agpurecoating, Gecoating and P&oatingwere prepared in the similar way as control
sample. The coating thickness was measured by using a thickness gauge (FY2050) device to be 53 +
mm.

2.4 Materialscharacterization

The physical properties of PEDOT:PSS, G and PEDOT-B3fybrid were characterized by
UV-vis spectroscopy (Lambda 950) and Raman spectroscopy (Renishaw inVia Reflex). The elemental
composition and chemical structure of hybrid materials waralyzed by Xray photoelectron
spectroscopy (AXISJLTRA XPS). Crystal characteristics were analyzed bya¥ diffractometer
( XRD, Bruker D8 Advance) using 40 KV, 30 mA
morphology was presented via scanning pnotieroscopy (SPM, Dimension 3100) and transmission
electron microscopy (TEM, FB0) and field emission scanning electron microscope (SEM, Hitachi
S4800). The dispersion of graphene in the coating was characterized by Raman surface scanning. Th
morphology & the coating fracture surface and the steel surface after corrosion were observed by field
emission scanning electron microscopy (SEM, Quanta 250).

2.5 Electrochemical measurement

The coated carbon steel was immersed in 3.5 wt% NaCl solution and tHesa®e measured
by a ModuLab electrochemical workstation (Solartron). The workstation is equipped with a typical
threeelectrode device including a platinum counter electrode (board area is 2),5acneference
electrode (saturated calomel electrodeEH@nd a working electrode. Impedance measurements were
recorded using an alternating current signal with the amplitude of 10 mV over a frequency range of 100
kHz to 0.01 Hz. The local corrosion state of the coating was evaluated by scanning vibratrogele
technique. A probe with the diameter of 50 &m
at the frequency of 80 Hz and amplitude of 30
and the scanning steps in the X and Y diomns were both 0.1 mm.

2.6 Salt spray test

In line with the ASTM B117 standard, the corrosion resistance of the composite coating was
investigated by salt spray test.

3. RESULTS AND DISCUSSION

3.1 Proof of PEDOT:PSE& Hybrids

Graphene is abbreviated &, and PEDOT:PSG hybrid is abbreviated as PG. Figure 1 showed
the preparation process of PEDOT:PSS hy br i d c o mp asitteasa.ctTihoen ‘bet we
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PEDOT:PSS resulted in the separation of graphene sheets. 10 mL of graphene salaang(@L)

and 10 mL of PG solution ¢&=5 mg/mL, ns:mpepoTt:rs52:1) were shown in Figure 1. As can be seen
from the picture, Graphene appeared to sink to the bottom, but the picture of PG solution showed a
homogeneous solution, which illustrated the dispersibility of graphene was significantly improved.
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Figure 1. Schematic representation of the preparation of PEDOTF® &$§brids
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Figure 2. (a).UV-vis spectra of PEDOT:PSS and PEDOT:RSSb).XRD patterns and (c) Raman
spectra of PEDOT:PSS, graphene and PEDOT-BS®PS fine spectrum of (d) C 1s and (e) S
2p.

The graphene was directly dispersed in ethanol, agglomeration and precipitation were apt to
occur due to the strong interlayer van der Waals interactions. PEDOT:PSS could be used as a dispersa
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to achieve good dispersion of graphene in ethanol. pFhenteractions between PEDOT:PSS and
graphene were analyzed by bWAS , X-ray diffraction, Raman spectroscopy aneay photoelectron
spectroscopy.

Figure 2a showed the UV absorption peaks of PEDOT:PSS and PEDOGG:P$&rids in
solution. The absorption peakPEDOT appeared nearly 264 nm, which correspondpépttransition
of thiophene [31]. Compared with PEDOT:PSS, phe transition of hybrids was blue shifted to 260
nm, which testified the-p interaction between PEDOT and graphene [23].

In Figure 2b, gaphene possessed a crystallization peak at,26\galing the calculated-plane
spacing was 0.340 nm. After inserting PEDOT:PSS, the peak shifts foa8.8he inplane spacing
became 0.343 nm [23]. Graphene presented the D and G peaks at 13&idch%96 cm (Figure 2c),
which were ascribed to carbon atom lattice defects and carbon afonytsjdl in-plane stretching
vibration, respectively [334]. In terms of PEDOT:PSS, the main peaks included symmetfi&lCC
deformation (701 cn¥), oxyethylene ring deformation (577 and 988%nCi Oi C deformation (1093
cmh), Ci C interring tension (1258 ch), single G C tension (1364 cr), C=C symmetric tension (1434
cml), C=C asymmetric tension (1490 ¢mand C=C antisymmetric tension (1567 “Hni35-40].
Compared with PEDOT, the C=C symmetric stretching vibration of hybrid materials moved from 1434
cm! to 1439 cmt, indicating that there was a stromgp interaction between the graphene and
PEDOT:PSS molecules [38]. As shown in Figure 2dh¢ peaks of the fine carbon spectrum presented
CiC/C=C (284.6 eV), C(C=0O)R (285.7 eV) and ©=0O (288.7 eV) [41]. The S 2p spectrum of
PEDOT:PSSG (Figure 2e) showed emission signals at 163.6 eV, 165 eV, 168.5 eV and 169.6 eV, which
were consistent with th82p peak of PEDOT:PSS reported in the literature; the peak at 166 to 171 eV
could be deconvolved into two spin splitting doublets: the peaks at 168.4 and 169.6 eV corresponded tc
the PSSNa" [42-43]. The S2p emission peaks at 163.7 and 165.04 eV beltm@EDOT [4243].

3.2 Morphology analysis

SEM, TEM and SPM were applied to observe the morphology of the composites. As shown in
Figure 3a and 3c, the sheets of pristine graphene were thick and easy to fold and agglomerate. After th
intercalation, the sket became thinner than before in Figure 3b and 3d. The thicknesses of PEDOT:PSS
G measured by SPM were 1.17 nm and 2.267 nm (Figu$) 3e

The uniformity of graphene in organic matrix can be characterized by Raman mapping. Figure 4
shows a conspicuous aease in the distribution density, it was found that the dispersibility of
PEDOT:PSSG in the resin was significantly improved [44]. In Figure 4c, pure epoxy resin possessed
smooth cross section, but the crssstion of graphenbased resin was uneverigére 4d) due to the
agglomeration of graphene in resin. Meanwhile they all had manifest holes owning to the evaporation
of solvent and crack propagation [23]. Figure 4e exhibited the cross section of the PEDGT:PSS
coating. Compared with Figure 4d, thesssection was distinctly smoother and sparse cracks
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Figure 3. SEM images of (a) G and (b) PEDOT:RGSTEM images of (c) G and (d) PEDOT:R&S
(e,f) SPM image of PEDOT:PSGS.
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Figure 4. (a, b) Raman mapping desity ofd@ating and P&oating; thesectional SEM images of (c)
purecoating, (d) Gcoating and (e) P@oating.
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3.3 Electrochemical analysis

The electrode was immersed in a 3.5 wt% NaCl solution for 60 days. The electrochemical
impedance spectroscopy of the coatings was shown in FiglmegBneral, the impedance modulus of
the lowest frequency ¢Z0.01 Hz) in the Bode plot can be used as a-sprantitative indicator of the
barrier properties of the coating [45]. The low frequency impedance of pure epoxy resin was®.73x10
Wen?, and it vas reduced to 7.58x1W cny after soaking for 60 days. For pure epoxy coating (Figure
5ay), the phase angle value at komiddle frequency region (1100 Hz) is closed to 0° in an extended

frequency region with the immersion, indicating the metal basement gradually lost the protection and
suffered from corrosion.
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Figure 5. The electrochemical impedance spectroscopy ofafppurecoating (bi, k) G-coatingand
(c1, @) PGcoating

For the coating with G and PG, the initial low frequency impedances were 4ABxh¥ and
1.05x13° W cn?® respectively, which were higher than that of pure epoxy resin. Over 60 days of
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immersion, the low frequencinpedances of coating with G and PG were 3.62&7 and 1.35x18

Wcn?. The Bodephase plots at 10 days for@®atingsample show the similar tendency with the pure
epoxy coating, but the responsive peak for corrosion reaction appears after the immersion of 10 days an
tends to move to the low frequency. It conveyed a signal that corrosive medium reaches to the interface
between coating and substrate. When the electrodes were immersed for 33 days, the low frequenc
impedance of the @oating (3.4x1®Wcn¥) was lower than that of the puceating(5.4x1¢ Wcnr),
indicating that the graphene coating has been damagedsfeonsvith the electrochemical simulation
circuit), corrosive mediums penetrated into the interior of the coating and the agglomerated graphene
may form a conductive path that accelerated corrosion process. As the soaking time increased, the
surface oxidaon products acted as protective layers and the impedances of the coatings increased
slightly. The impedances of the PEDOT:PSSoatings were maintained at®M cn? until the end of

the immersion and the protective properties of the coating remainkd wel

To further investigate electrochemical behavior, we simulated the electrochemical equivalent
circuit by using ZsimDemo 3.30 software. Figure 6a and 6b were electrochemical analog circuit
diagrams. The electrical equivalent circuit was composed,dRFand Q, which represented coating
resistance, solution resistance and coating capacitance, respectively. And coating resistances are used
evaluate the barrier properties of the coatings [23]. When the coating is damaged, the electrochemica
behavior & the steel interface consists of charge transfer resistangea(i®l electric double layer
capacitance (&) [45, 46]. Charge transfer resistors describe the degree of charge transfer on metal
surfaces and are inversely proportional to the rate of gomoB: value decreases with the immersion
time increased, which indicates that the corrosion reaction under the coating is underway. Corrosive
electrolytes and water gradually reach the metal surfaces through cracks or pores of the coating to diffus
on the steel surface and cause severe metal corrosion. Since the metal/solution interface is not a tru
capacitor, there are interface effect and capacitance deviation, so a better fit can be obtained by using
CPE (constant phase element) instead of thebldolayer capacitor @[47-50]; CPE satisfies the
following formula:

Zepe= [fo (i)™

where § is the scale factor of CPE, w is the angular frequency, and j is the imaginary number, n
represents the index of CPE; if n = 1, the constant phase constant is equal to the coating capacitanc
Coating capacitance meets the formula=€o(Wma)™*, Wmax is the frequency corresponding to the
imaginary part of the maximum impedance (Z").

In Figure 6¢, the coating resistance for pure epoxy coating gradually decreased with the time
increased, indicated the declined protective properties of coating. In ter@saziting, the coating
resistance began to gradually decrease and then remained unchanged or slightly increased during tt
immersion, implying that the surface oxidation products played a certain protective role. After
comparison, it was found that the RGating exhibited the highest resistance, because the addition of
PEDOT played a good dispersion effect and improved the barrier properties of the resin.
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Figure 6. (a-b) Electrical equivalent circuit models. (c) Evolution of Rc with immersion in 3.5 wt%
NacCl solution, (d) Charge transfer resistances when immersed for 20 days.

Figure 6d displayed that charge transfer resistance-fmyaBng was the smallest, imphg the
fastest corrosion rate. It was detected that the addition of graphene could improve the barrier property of
coating, but on the other hand, the agglomerated graphene may form a conductive path to accelerate tt
metal corrosion. After soaking for &qod of time, the pure resin coating was destroyed, and corrosion
products were formed a protective |l ayer on th
completely block the corrosion reaction.

3.4 Study on seliealing properties of comtgs

The local electrochemical behavior of the coating was studied by scanning vibrating electrode
technology. The relationship between voltage drop and local current density satisfies the ohmic formula:
J=DF Kd, K represents the conductivity of 3.5 wiaCl solution DF is the voltage drop, and d is the
amplitude of vibration electrode [23]. For pure epoxy coatings, the highest anode current density
increased from 0.165 to 0.2 cm?; for the Gceoatings, the anode corrosion current density increased
from 0.224 to 0.58%A cm?, and undispersed graphene accelerated the corrosion of the coating. For
PG-coating, the highest anode corrosion current density increased from 0.165 tp® @24 with the
least increase, and compared thkBobir with 24hour chart, we discovered thdtet cathode current
density of the coating increased when the electrode was immersed for 24 hours. PEDOT:PSS could no
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only promote the formation of a passivation layer on the steel surface but also inhibited the anode
reaction [51].

Figure 7. Current eénsity distribution maps for coated steels immersed in 3.5 wt% NaCl solution for 1,
6 and 24 h: (a) pure, (b) G, and (c) PG

3.5 Salt spray test

In order to verify the corrosion resistance, the failure process of the composite coating was
investigated by salt spray test. The sample was exposed to a salt spray box of continuous spray (5 wt%
NaCl solution) and maintained at a temperature of 35@&. 2t could be seen from Figure 8 that the
surface corrosion deteriorated with the exposure time increasddhe surface of pure epoxy coating
and Gcoating layer were severely corroded, and the surface efda@ng layer was not seriously
corroded, indicating that R€oating layer had excellent anticorrosive property [43].



