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ABSTRACT An environmentally benign approach to surface modification was developed to impart copper surface with enhanced
resistance to corrosion, bacterial adhesion and biocorrosion. Oxidative graft polymerization of 2,2"-bithiophene from the copper surface
with self-assembled 2,2"-bithiophene monolayer, and subsequent reduction of silver ions to silver nanoparticles (Ag NPs) on the surface,
give rise to a homogeneous bithiophene polymer (PBT) film with densely coupled Ag NPs on the copper surface (Cu-g-PBT-Ag NP
surface). The immobilized Ag NPs were found to significantly inhibit bacterial adhesion and enhance the antibacterial properties of
the PBT modified copper surface. The corrosion inhibition performance of the functionalized copper substrates was evaluated by
Tafel polarization curves and electrochemical impedance spectroscopy. Arising from the chemical affinity of thiols for the noble and
coinage metals, the copper surface functionalized with both PBT brushes and Ag NPs also exhibits long-term stability, and is thus
potentially useful for combating the combined problems of corrosion and biocorrosion in harsh marine and aquatic environments.
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INTRODUCTION
opper and its alloys are widely used in marine

environments because of their low corrosion rates,
good antifouling properties, mechanical workability,
and good electrical and thermal conductivities (1 —6). How-
ever, the presence of sulfate-reducing bacteria (SRB) in an
anaerobic marine environment can significantly accelerate
the biocorrosion of copper and its alloys (7—9). Although
copper and its alloys exhibit good resistance to biofouling
because of the toxicity of cupric ions, the toxicity of copper
is greatly reduced by the precipitation of copper sulfide. The
latter is formed when copper comes into contact with H,S
produced by SRB in anaerobic seawater (9—12). Copper can
deteriorate further because of the formation of SRB biofilms,
which promote copper sulfide precipitation and lead to an
intergranular corrosion (9). There are fewer studies on the
microbiologically influenced corrosion (MIC) of copper in-
volving SRB, in comparison to the number of studies on the
MIC of carbon steel and stainless steel (13—16).
Conducting polymers have been widely explored for
corrosion protection (17—19). Among the conducting poly-
mers, polythiophene and its derivatives have been of great
interest because of their high electrical conductivity, envi-
ronmental stability, and interesting redox properties associ-
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ated with the heteroatom (20—22). Bithiophene is an excel-
lent precursor for the preparation of a good-quality, adherent,
nonporous, and homogeneous polythiophene film on metal
surface for corrosion protection (23, 24). Electrochemical
polymerization is a common method for the synthesis of
high-quality polybithiophene (PBT) film on metal surfaces
(23—25). Bithiophene has a lower oxidation potential than
thiophene for chemical and electrochemical polymeriza-
tions, and can give rise to structurally more ordered poly-
thiophene (20, 22). Although chemical polymerization can
improve the quality and yield of the polymer, the quality of
electrochemically prepared PBT film is dependent on the
electrode material, current density, reaction temperature,
nature of solvent, and electrolyte, presence of water, and
monomer concentration (26, 27).

Surface-initiated polymerization provides a convenient
means for preparing covalently bound and well-defined
polymer films and brushes on various substrates (28—30).
In comparison with physically coated polymer films, the
covalently grafted chains on a surface have improved long-
term environmental stability (29, 30). Because of the ab-
sence of chemically reactive functional groups on most
substrate surfaces, an activation process is usually necessary
to generate surface reactive sites for the grafting process.
Polythiophene can be covalently bonded to the thiophene-
functionalized substrates via surface-initiated electrochemi-
cal polymerization (31, 32). Alternatively, introduction of
self-assembled monolayers (SAMs) is a common method for
tailoring the metal surfaces for surface-initiated polymeri-
zation (28—30, 33). In particular, the chemical affinity of
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thiols for the surfaces of noble and coinage metals, such as
gold, silver and copper, makes it possible to generate well-
defined thio-based organic coatings on metal substrates
(34, 35). In this work, homogeneous PBT films are prepared
via surface oxidative graft polymerization (36) from copper
substrates modified by SAMs of bithiophene. Subsequent
reduction of silver ions and immobilization of silver nano-
particles (Ag NPs, which are toxic to a wide range of
microorganisms 37, 38) on the PBT brushes, through the
chemical affinity of sulfur for silver, impart the desirable
antibacterial function on copper substrates for combating
SRB-induced biocorrosion in anaerobic seawater.

EXPERIMENTAL SECTION

Materials. The CDA 110 copper coupons (Copper Develop-
ment Association of US standards, nominal composition, Cu
>99.9%) were purchased from Metal Samples Co. (Munford,
Alabama, USA). 2,2’-Bithophene (97 %), copper perchlorate
(98 %), and silver nitrate (99 %) were obtained from Sigma-
Aldrich Chemical Co. (St. Louis, MO. USA). Other chemicals and
solvent (reagent grade) were used as received. Yeast extract and
agar were purchased from Oxoid Ltd. (Hampshire, UK). The
sulfate-reducing bacterium of Desulfovibrio desulfuricans (D.
desulfuricans) was obtained from American Type Culture Col-
lection (ATCC, No. 27774). Phosphate buffer solutions (PBS) and
sodium borohydride solution were prepared afresh before use.

Oxidative Graft Polymerization of 2,2’-Bithiophene (BT)
from Copper Surface with Self-Assembly Monolayer (SAM)
of 2,2’-Bithiophene. Copper coupon of 7.5 mm x 7.5 mm in
size was first polished with alumina powders (about 0.3 um in
particle size) and treated with 1.0 M HNOj5 to produce a metallic
copper surface nearly free of carbon and oxygen. The copper
coupon was further cleaned with copious amounts of deionized
water, acetone, and ethanol prior to chemical modification. The
copper coupon was subsequently immersed in a 0.1 mM
ethanol solution of BT for 7 days at 50 °C under a nitrogen
atmosphere to form the SAM of BT on the copper surface (Cu—S
surface). The surface was rinsed with ethanol and dried in a
steam of purified nitrogen. The SAM-modified copper coupon
was introduced into a round-bottom flask containing an aceto-
nitrile solution (5 mL) of 0.20 g (1.2 mmol) of BT. Then, a 5 mL
acetonitrile solution of Cu(ClO4) - 6H,O (1.2 g, 3.2 mmol) was
added into the round-bottom flask under a nitrogen atmosphere
at room temperature. After 6 h of reaction, the coupon was
removed from the reaction mixture and washed with copious
amounts of acetonitrile, acetone, and ethanol, in that order, and
then dried under reduced pressure. The Cu surface with grafted
poly(2,2"-bithiophene) (PBT) is referred to as the Cu-g-PBT
surface.

Immobilize of Silver Nanoparticles (Ag NPs) on the Cu-g-
PBT Surface. Silver ions were loaded onto the Cu-g-PBT coupon
by dipping the latter in a 0.5 mM aqueous solution of AgNOs at
25 °Cinthe dark for 1 h. After drying under reduced pressure,
the silver ions on the Cu-g-PBT coupon were reduced by
treatment with the freshly prepared 1 mM aqueous solution of
NaBH, to form the Ag NP-immobilized Cu-g-PBT surface (re-
ferred to as the Cu-g-PBT-Ag NP surface). The Cu-g-PBT-Ag NP
coupon was subsequently washed with copious amounts of
water and ethanol, and dried under reduced pressure.

Bacteria Cultivation and Inoculation. D. desulfuricans bac-
terium was cultured in the simulated seawater-based modified
Baar’s (SSMB) medium. Each liter of the SSMB medium con-
tained 23.476 g of NaCl, 3.917 g of Na,SO4, 0.192 g of NaHCOs,
0.664 g of KCI, 0.096 g of KBr, 10.61 g of MgCl, - 6H,0, 1.469
g of CaCl, - 6H,0O, 0.026 g of H5BOs, 0.04 g of SrCl, - 6H,0,
0.41 g of MgSOy - 7H,0, 0.1 g of NH4CI, 0.1 g of CaSO,, 0.05 g
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of K;HPOy, 0.1 g of (NH4),Fe(SO4),, 0.5 g of trisodium citrate,
3.5 g of sodium lactate, and 1.0 g of yeast extract. The pH of
medium was adjusted to 7.5 + 0.1, using a 5 M NaOH solution,
and then sterilized by autoclaving at 121 °C for 20 min at 15
psi.

For the preparation of inoculation medium, a 1 mL aliquot
of the 3 day old D. desulfuricans culture was introduced into 500
mL of the SSMB medium in a Scotch Duran bottle (1.0 L). The
medium was incubated at 30 °C in an anaerobic workstation
(Don Whitley, Model MASC MG 500, Maharashtra, India) with
a maintained atmosphere containing 5% H, 5% CO, and 90 %
N,. The most probable number (MPN) method was used to
determine the numbers of bacterial cells. The pristine and
surface-functionalized coupons were first sterilized in 70 %
ethanol solution for 8 h before being introduced into the D.
desulfuricans inoculated SSMB medium to assay their antibacte-
rial and anticorrosion properties. The planktonic viable cell
density of D. desulfuricans in the bulk medium remained in the
range of 1 x 10°to 1 x 108 MPN mL™!, with the biogenic sulfide
ion concentration maintained in the range of 30 and 40 mg L™!
(about 0.94—1.25 mM), throughout the exposure period in the
present study.

Surface Characterization. X-ray photoelectron spectroscopy
(XPS) measurements were carried out on a Kratos AXIS HSi
spectrometer equipped with a monochromatized Al Ko X-ray
source (1468.6 eV photons). Field emission scanning electron
microscopy (FESEM) image was obtained on a JEOL JSM-6700
scanning electron microscope. The ability of the surface-func-
tionalized coupons to inhibit bacterial adhesion was revealed
by scanning electron microscopy (SEM) images. The topography
of the PBT-modified copper surface and the thickness of the PBT
coating were studied by atomic force microscopy (AFM), using
a Nanoscope Illa AFM from Digital Instrument Inc.

Electrochemical Study. A conventional three-electrode glass
corrosion cell with a capacity of 500 mL was used for electro-
chemical measurements to obtain the Tafel polarization curves
and the electrochemical impedance spectra of the bare and the
surface-modified Cu coupons. An Ag/AgCI electrode was used
as the reference electrode, and a platinum rod was used as the
counter electrode. After the prescribed 5, 14, and 30 days of
exposure in the D. desulfuricans-inoculated SSMB medium, the
corroded test coupons were removed from the medium and
mounted immediately on a poly(vinylidene fluoride) holder,
leaving an exposed circular area of 0.785 cm?. The coupon was
then fixed at the bottom of the corrosion cell to serve as the
working electrode. All electrochemical studies were performed
on an Eco Chemie Autolab PG STAT30 Potentiostat/Galvanostat
unit (Metrohm B.V., The Netherlands). The Tafel polarization
curves were recorded at a scan rate of 2 mV/s. Electrochemical
impedance spectroscopy (EIS) measurements were performed
in the frequency range of 100 000—0.005 Hz.

RESULTS AND DISCUSSION
Surface Functionalization of Copper Substrates.
Procedures for the preparation of copper substrates with

surface-grafted polybithiophene (PBT) brushes (Cu-g-PBT)
and immobilized silver nanoparticles (Ag NPs) are shown in
Scheme 1. The process involves: (i) self-assembly of 2,2’
bithiophene (BT) monolayers on the Cu surface to serve as
initiation sites for surface graft polymerization, (ii) chemical
oxidative graft polymerization of BT by copper perchlorate
from the self-assembled monolayers (SAMs) of BT on the Cu
substrate, and (iii) immobilization of Ag NPs on the Cu-g-
PBT surface to render the surface antibacterial and biocor-
rosion resistance.

Figure 1a and its inset show the respective field-emission
scanning electron microscopy (FESEM) and atomic force
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Scheme 1. Schematic Diagram Illustrating the Process of Oxidative Graft Polymerization of 2,2’-Bithiophene
(BT) from Premodified Copper Surface by Self-Assembled Monolayers (SAMs) of BT, and Subsequent
Immobilization of Silver Nanoparticles (Ag NPs)
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microscopy (AFM) images of the Cu-g-PBT surface. A dense
and uniform PBT coating has been successfully deposited
via chemical oxidative graft polymerization of BT from the
SAM of BT on the Cu substrate. The thickness of the PBT film
is about 67 nm, as determined from the edge profile of the
AFM image (Figure 1b). Figure 1¢ shows the FESEM image
of the Ag NP-immobilized Cu-g-PBT (Cu-g-PBT-Ag NPs) sur-
face. Almost the entire Cu-g-PBT surface is covered by nearly
monodispersed Ag NPs, arising from the high chemical
affinity of sulfur for silver. The average diameter of the Ag
NPs is about 15 nm. The small particle size provides a
substantially enhanced effective surface area for interaction
with bacteria, thus strengthening the antibacterial reactivity
of the surface (37).
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The compositions of functionalized Cu surfaces were
characterized by X-ray photoelectron spectroscopy (XPS).
Panels a and b in Figure 2 show the XPS wide scan and S 2p
core-level spectra of the BT SAM-modified Cu surface (Cu—S
surface). The photoelectron lines at the binding energies
(BEs) of about 76, 168, 230, 285, 530, 548, 568, and 940
eV in the wide scan spectrum are attributable to Cu 3p, S
2p, S 2s, C 1s, O 1s, Cu LyMysMus, Cu LsMysMys, and Cu 2p
species, respectively (39). The S 2ps, and S 2p,» spin—orbit
split doublet with BEs at about 162 and 163.2 eV is attribut-
able to the bound sulfur species of bithiophene (40) on the
Cu surface, indicating the presence of chemical interaction
between the sulfur atom in thiophene and the Cu surface.
In the absence of complex formation, the S 2ps, component
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FIGURE 1. (a) FESEM image of the Cu-g-PBT surface, (b) AFM vertical
section analysis of the PBT film thickness, and (c) FESEM image of
Cu-g-PBT-Ag NP surface. The inset of a is the AFM image of the Cu-
g-PBT surface.

of unbound thiophene has a BE of around 163.7 eV (41, 42).
Thus, a bithiophene monolayer has been successfully chemi-
sorbed onto the copper surface to provide the anchoring
sites for the subsequent chemical oxidative graft polymeri-
zation of bithiophene.

Panels ¢ and d in Figure 2 show the wide scan and S 2p
core-level spectra of the Cu-g-PBT surface prepared by
oxidative graft polymerization of BT from the Cu—S surface
in the presence of Cu(ClOy), - 6H,0 in acetonitrile. In com-
parison with those in the wide scan spectrum of the Cu—S
surface (Figure 2a), the intensities of the S 2p, S 2s and C1s
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FIGURE 2. (a, b) Wide scan and S 2p core-level spectra of the Cu—S
surface, (c, d) C 1s and S 2p core-level spectra of the Cu-g-PBT
surface, and (e, f) wide scan and Ag 3d core-level spectra of the Cu-
g-PBT-Ag NP surface.

signals of the Cu-g-PBT surface has increased significantly,
while the Cu signals has disappeared almost completely after
oxidative graft polymerization of BT. The C1s peak compo-
nents (the inset of Figure 2d) with BEs at about 284.6, 286.2,
287.6, and 290 eV are attributable to the oe and 8 carbon of
thiophene units, positively polarized carbon atoms (C°*), and
m— m* shake up satellite structure, respectively (41). The S
2p core-level spectrum (Figure 2d) of the Cu-g-PBT surface
consists of two major spin—orbit split doublets, S 2ps;, and
S 2pis, with the BEs for the respective S 2ps, components
lying at about 163.6 and 164.6 eV (39, 42). The former is
attributable to the neutral thiophene units. The latter high-
BE component (dash curves), which is shifted by about 1.0
eV from the neutral sulfur species, is associated with the
partially charged sulfur species (42). Furthermore, the [C]:[S]
ratio for the surface is about 4.2:1, in fairly good agreement
with the theoretical ratio of 4:1 for PBT, indicating that a
homogeneous PBT film has been successfully grafted on the
Cu—S surface.

Panels e and f in Figure 2 show the XPS wide scan and
Ag 3d core-level spectra of the Cu-g-PBT surface after loading
of AgNOs in an aqueous solution and reduction by NaBH,4
(Cu-g-PBT-Ag NP surface) The appearance of Ag 4d, Ag 4s,
Ag 3d, Ag 3p, and Ag 3s signals with BEs at 4.5, 98, 370,
585, and 719 eV (37), respectively, in the wide scan spec-
trum indicates the successful immobilization of Ag NPs on
the Cu-g-PBT surface. The Ag 3ds, and Ag 3ds,, spin—orbit
split doublet with BEs at about 368 and 374 eV is attributable
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FIGURE 3. SEM images of the (a, b) bare Cu, (c, d) Cu-g-PBT, and (e, f) Cu-g-PBT-Ag NP surfaces after incubation in the D. desulfuricans

inoculated SSMB medium for 5 and 30 days, respectively.

to the Ag(0) species (40, 44). The XPS results thus suggest
that the Ag ions from AgNOs solution have been reduced to
the metallic state on the Cu-g-PBT surface in the presence
of NaBHy. For this Cu-g-PBT-Ag NP surface, the XPS-derived
[Ag]/[S] atom ratio is 0.74, significantly higher than the [Ag]/
[N] ratio of 0.18 for Ag NP-immobilized polyethyleneimine
(PED) film (43), using the same sorption and reduction
method. The phenomenon can probably be attributed to the
higher chemical affinity of sulfur (than nitrogen) for silver.
The XPS results are thus consistent with the FESEM results
on the presence of a dense layer of Ag NPs on the Cu-g-PBT-
Ag NP surface.

Antibacterial Properties of the Surface-Func-
tionalized Copper Coupons. Figures 3(a)-(f) show the
respective SEM images of the bare Cu, Cu-g-PBT, and Cu-g-
PBT-Ag NP coupons after exposure to the D. desulfuricans
inoculated SSMB medium for 5 and 30 days. Only a few
bacteria are observed on the bare Cu surface after 5 days of
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incubation, as shown in Figure 3a. The reduced adhesion of
bacteria is due to the toxicity of copper ions. After incubation
for 30 days, dense deposits of bacteria are observed on the
entire bare Cu coupon (Figure 3b). The D. desulfuricans
bacterium belongs to a family of sulfate-reducing bacteria
(SRB). It produces H,S which can react with copper to form
copper sulfide and gradually reduces the toxicity of bare Cu
coupons with the increase in exposure time (10, 11). Thus,
a loose surface film, consisting of the extracellular matrix
of biofilms, water, bacteria, and corrosion products (CuCl,
Cu,O, CuS, and Cu,S), was formed on the bare Cu surface
upon increasing the exposure time (9, 11, 44). Because of
the formation of cuprous sulfide (9), the surface film also
became porous, fragile, and poorly protective, leading to
accelerated and localized corrosion of the Cu coupon.
Almost no cell attachment is discernible on the Cu-g-PBT
coupon surface after 5 days of incubation (Figure 3c).
Hydrophobic polymer film surfaces have been reported to
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reduce the adhesion of D. desulfuricans cells (45). Thus, the
hydrophobic nature of the polybithiophene (46) film may
play a role in reducing the adhesion of D. desulfuricans cells
on Cu-g-PBT coupons during the initial period. However, with
the exposure time extended to 30 days, the formation of
extracellular polymeric substances or biofilms on the Cu-g-
PBT coupon surface becomes discernible (Figure 3d), indi-
cating that the grafted PBT layer cannot completely inhibit
the adhesion and proliferation of D. desulfuricans. On the
other hand, only a few D. desulfuricans cells can be found
on the Cu-g-PBT-Ag NP coupon surface after 30 days of
incubation, attributable to the strong toxicity of Ag NPs to a
wide range of micro-organisms. Although the effects of Ag
NPs on microorganisms have not been clearly revealed, the
antimicrobial mechanism of Ag NPs is thought to be related
to the formation of free radicals, which subsequently induce
damages to the bacterial membranes (47). Thus, the anti-
bacterial property of the Ag NPs on the Cu-g-PBT-Ag NP
coupon is consistent with SEM images of the fouling-free
surfaces in panels e and f in Figure 3.

Antibiocorrosion Behavior of the Surface-Func-
tionalized Coupons. Tafel polarization curves and elec-
trochemical impedance spectroscopy (EIS) measurements
are widely used to evaluate antibiocorrosion efficiency of
polymer coatings on metal surfaces (48, 49). The corrosion
rate can be determined from the Tafel polarization curves
by extrapolating the linear portion of the currents (anodic
and cathodic) versus potential plots to obtain the corrosion
current, icorr, at the intersection. The Tafel polarization curves
(Figure 4) were analyzed quantitatively with the GPES
software to obtain the values of the corrosion rates, whereas
the EIS results (Figure 5) were fitted with appropriate
equivalent electrical circuits (EECs) using the program EQUIV-
CRT by Boukamp (50). Four types of EECs were proposed
to model the respective impedance spectra of the bare Cu
and surface-functionalized coupons (Figure 6). Among the
circuit elements in these EECs, the resistance of surface film,
Ry, refers to the resistance of porous surface films (inclusive
of the passive oxide films, corrosion products, and biofilms),
and the pore resistances, Rs.m and Ry, represent the extent
of ionic conduction through the SAM and polymer film,
respectively, in an electrolytic environment. The parameters,
obtained from the Tafel polarization and EIS curves, are
summarized in Tables 1 and 2, respectively.

As shown in Table 1, the corrosion rate of the bare Cu
coupon in the D. desulfuricans inoculated SSMB medium is
only slightly higher than that of the corresponding bare Cu
coupon in the sterile SSMB medium after 5 days of incuba-
tion. This result is consistent with the formation of toxic
copper ions, which are lethal to many biological species, on
the bare Cu surface in the D. desulfuricans inoculated SSMB
medium to inhibit biocorrosion. However, after 30 days of
exposure, the corrosion rate of the bare Cu coupon in the
D. desulfuricans inoculated SSMB medium is more than twice
that of the corresponding bare Cu coupon in the sterile SSMB
medium, indicating increased corrosion attack of the Cu
coupon in the presence of D. desulfuricans. This increased
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FIGURE 4. Tafel polarization curves of the bare Cu, Cu—S, Cu-g-PBT,
and Cu-g-PBT-Ag NP coupons after exposure in the D. desulfuricans
inoculated SSMB medium, and of the bare Cu in the sterile sweater
medium, for (a) 5, (b) 14, and (c) 30 days.

corrosion attack suggests that the toxic copper ions have
been consumed by reaction with H,S, produced by SRB, to
form insoluble copper sulfide to accelerate the anodic reac-
tion and lower the corrosion potential. In addition, it has
been reported that a small concentration of H,S is sufficient
to substantially accelerate the cathodic reaction in the cor-
rosion process of copper alloys in SRB-inoculated seawater
(9). In the case of Cu—S coupon, the corrosion rate is much
lower than that of the corresponding bare Cu coupon in the
D. desulfuricans inoculated SSMB medium, indicative of
bithiophene SAM as an active protection layer for copper
corrosion. As for the Cu-g-PBT and Cu-g-PBT-Ag NP coupons,
the magnitudes of corrosion rate are reduced significantly
from that of the corresponding bare Cu coupon after 30 days
of exposure in the D. desulfuricans inoculated SSMB medium,
indicating that the PBT-Ag NP hybrid coating in particular
possesses the desired capability to inhibit biocorrosion by
D. desulfuricans.

As shown in Table 2, the values of charge transfer
resistance (R.) and the resistance of surface film (Ry) for the
bare Cu coupon in the D. desulfuricans inoculated SSMB
medium deceases significantly with exposure time. The
phenomenon indicates the formation of porous corrosion
product layers (CuS, Cu,S and biofilm), instead of the passive
copper oxide (Cu,O) layer, on the copper surface with the
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FIGURE 5. Impedance spectra of the (a) bare Cu, (c) Cu—S, (d) Cu-
g-PBT, and (e) Cu-g-PBT-Ag NP coupons in the D. desulfuricans
inoculated SSMB medium, and of the (b) bare Cu in the sterile
sweater medium, for 5, 14, and 30 days.

exposure time to accelerate the anodic corrosion of bare Cu.
For the Cu—S coupons, the pore resistance of the SAMs
(Rsam), and thus its protective ability, also decreases gradually
with the increase in exposure time. It has been reported that
aggressive ions can penetrate SAMs even when they are
defect-free (51). Moreover, the aggressive CI~ and biogenic
S*7 in the D. desulfuricans inoculated SSMB medium are
readily adsorbed on the copper surface during incubation,
resulting in the desorption of thiols from the copper surface
(52), and leading to accelerated anodic reaction of the Cu—S
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FIGURE 6. Equivalent circuits used for fitting the impedance spectra
of (a) the bare Cu after various exposure periods in the sterile SSMB
medium and the (b) Cu—S, (c) Cu-g-PBT, and (d) Cu-g-PBT-Ag NP
coupons after various exposure periods in the D. desulfuricans-
inoculated SSMB medium.

coupon. In comparison, the pore resistances (Ryo) of the
corresponding Cu-g-PBT and Cu-g-PBT-Ag NP coupons re-
main high throughout the entire exposure period, attribut-
able to the low permeability and good barrier property of
the polymer coating. As can be seen from the SEM and AFM
images, the PBT film formed on the copper surface is free
of microcracks and nonporous, rendering it highly resistant
to permeation of seawater and aggressive ions. Furthermore,
the hydrophobicity of the PBT film surface may also play an
important role in reducing the water uptake and enhancing
the barrier resistance of PBT film. The PBT coating has also
been reported to provide anodic protection for copper in
3.5% NaCl solution (53). In addition to their antibacterial
ability, Ag NPs have been reported to exhibit protective
property on copper, attributable to the large resistance of
the Ag NP layer in preventing the permeation of the elec-
trons or ions (54). In this work, the value of Ry, for the Cu-
g-PBT-Ag NP coupon is about 9.5 kR larger than that of the
corresponding of Cu-g-PBT coupon after 30 days of incuba-
tion, indicating the enhancement of corrosion resistance
after immobilization of Ag NPs. Although a slight decease
in Ry, for the Cu-g-PBT-Ag NP coupon was observed after
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Table 1. Analysis of Tafel Plots of the Bare and the
Surface-Functionalized Copper Coupons after
Various Exposure Periods in the Sterile and D.
desulfuricans-Inoculated SSMB Media

corrosion
exposure current i,y corrosion rate”
time (days) sample Ecor“(V) (u Alcm?) (mm year™")
5 bare Cu —0.192 196.5 0.739
bare Cu (Sterile) —0.178 180.3 0.678
Cu—S —0.145 19.4 0.073
Cu-g-PBT —0.114 10.9 0.041
Cu-g- PBT-Ag NPs  —0.110 5.9 0.022
14 bare Cu —0.250 543.2 2.043
bare Cu (Sterile) —0.194 258.2 0.971
Cu—S —0.173 53.7 0.202
Cu-g-PBT —0.139 19.1 0.072
Cu-g- PBT-Ag NPs  —0.113 9.0 0.034
30 bare Cu —0.299 1099.0 4.135
bare Cu (sterile) —0.214 311.4 1.171
Cu—S —0.207 131.6 0.495
Cu-g-PBT —-0.177 54.5 0.205
Cu-g- PBT-Ag NPs  —0.149 13.8 0.052

“ Ecorr refers to the potential where the current reaches zero under
polarization. b Corrosion rate (CR) is determined from CR = i.o KEW/
(dA), where K is a constant that defines the units of corrosion rate,
EW is the equivalent weight in grams/equivalent, d is the density of
sample in grams/cm?, and A is the sample area in cm?.

Table 2. Parameters for Fitting the EIS Spectra of
the Bare and the Surface-Functionalized Copper
Coupons after Various Exposure Periods in the
Sterile and D. desulfuricans-Inoculated SSMB media

time Rg Ry R Rsam Rpo
params\samples (days) () kQ) (kQ) (kQ) (x 10*Q)
bare Cu” 5 21.61 1.56 0.54
bare Cu (sterile)? 1431 228 1.52
Cu—s* 21.06 3.55
Cu—g—PBTd 27.95 3.52 1.31
Cu-g-PBT-Ag NPs* 20.75 3.73 2.03
bare Cu” 14 2343 0.50 0.32
bare Cu (sterile)” 22.18 1.71  1.05
Cu—S° 20.14 2.02
Cu-g-PBT¢ 22.69 327 1.03
Cu-g-PBT-Ag NPs® 2574  3.61 1.99
Bare Cu” 30 19.13 0.35 0.17
Bare Cu (Sterile)” 17.74 1.54 1.07
Cu—s* 13.54 1.25
Cu-g-PBT¢ 16.25  2.86 0.92
Cu-g-PBT-Ag NPs* 24.54 3.45 1.87

“EIS data of the bare Cu in the D. desulfuricans-inoculated SSMB
medium are fitted with equivalent circuit (a) of Figure 6. P EIS data of
the bare Cu in the sterile medium are fitted with equivalent circuit (a)
of Figure 6. °EIS data of the SAM modified coupon in the D.
desulfuricans inoculated SSMB medium are fitted with equivalent
circuit (b) of Figure 6. 4EIS data of the surface-functionalized
coupons in the D. desulfuricans inoculated SSMB medium are fitted
with equivalent circuit (c) of Figure 6. ¢EIS data of the surface-
functionalized coupons in the D. desulfuricans inoculated SSMB
medium are fitted with equivalent circuit (d) of Figure 6.

30 days of incubation, probably because of the stripping of
some of the Ag NP aggregates, the Ry, of the Cu-g-PBT-Ag
NP coupon remains high, at around 18.7 k€. On the other
hand, the R values of the two surface-functionalized copper
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coupons remain significantly larger than that of the bare Cu
coupons throughout the exposure periods in the D. desulfu-
ricans-inoculated SSMB medium, indicative of the decrease
in corrosion rate of the Cu coupons under the protection of
grafted PBT or PBT/Ag NP hybrid layer.

Stability of the Cu-g-PBT-Ag NP Copper Sut-
faces. The stability and durability of the polymer coatings
are important criteria for their application in corrosion
protection. In this work, SAMs of 2,2”-bithiophene were
chemisorbed onto copper surfaces to serve as initiation sites
for the oxidative graft polymerization of 2,2’-bithiophene.
The robustness of the SAMs is attributable to the strong
affinity of copper for the sulfur atoms of bithiophene units.
To obtain a high-quality monolayer, the immersion time was
extended to 7 days, which could reduce the conformational
defects and pinholes in the monolayer (35). More densely
packed SAMs, which can provide a better barrier against the
penetration of aqueous ions, are formed at elevated tem-
peratures (55). The SEM images of Cu-g-PBT surfaces before
and after 30 days of immersion in the D. desulfuricans-
inoculated SSMB medium, and upon removal of the biofilms
and corrosion products, are shown in panels a and b in
Figure 7, respectively. Except for some surface strains arising
from the adhesion of bacteria, the surface graft layer remains
intact after 30 days of exposure. In addition, comparison of
the XPS wide scan spectra of the corresponding surfaces in
panels a and c in Figure 8 shows that the relative intensities
of C Is and S 2p signals of the Cu-g-PBT surface (upon
removal of the biofilm and corrosion products) remain
almost unchanged after 30 days of incubation, suggesting
the stability and reliability of the covalently grafted PBT film
on the Cu surface. The reduction in the relative intensities
of CI 2p and O 1s signals in the wide scan spectrum and the
changes in the C 1s spectral line shape (Figure 8b,d) indicate
that the perchlorate doping level in the PBT film has been
reduced (40) after 30 days of immersion in the D. desulfu-
ricans-inoculated SSMB medium.

Comparison of the respective SEM images of Cu-g-PBT-
Ag NP surface before and after 30 days of incubation (Figure
7c,d) shows that the Ag NP dispersions, including their
aggregates, on the Cu-g-PBT-Ag NP surface remain practi-
cally intact after 30 days of incubation. The entire Cu-g-PBT-
Ag NP surface is still covered by Ag NPs, attributable to the
strong affinity of the thiol-rich Cu-g-PBT surface for Ag NPs.
In addition, the XPS-derived [Ag]/[S] molar ratio of the Cu-
g-PBT-Ag NP surface has changed by less than 5% after 30
days of incubation. Thus, the well-structured Cu-g-PBT-Ag NP
hybrid surface exhibits good stability and durability for
application in the harsh biocorrosive medium over an
extended period of at least 30 days.

CONCLUSIONS
Oxidative graft polymerization of 2,2’-bithiophene from

the copper surface, premodified by self-assembled mono-
layer of 2,2"-bithiophene, gives rise to the Cu-g-PBT surface,
which can be further functionalized by immobilization of Ag
NPs. The adhesion of sulfate-reducing bacteria (SRB) on the
Cu-g-PBT-Ag NP surface in a simulated seawater medium
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FIGURE 7. SEM images of the (a, b) Cu-g-PBT and (c, d) Cu-g-PBT-Ag NP surfaces before and after incubation in the D. desulfuricans-inoculated
SSMB medium for 30 days (the corrosion products had been removed from the surface).

(a) Wide Scan (b)C1s

0 200 400 600 800 1000 282 284 286 288 290 292
(¢) Wide Scan @cCis
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Binding Energy (eV)

FIGURE 8. Wide scan and C 1s core-level spectra of the Cu-g-PBT
surface (a, b) before and (c, d) after incubation in the D. desulfuri-
cans inoculated SSMB medium for 30 days (the corrosion products
had been removed from the surface).

was significantly inhibited over an extended period. In
addition, the Tafel polarization curves and electrochemical
impedance spectroscopy results showed that corrosion
resistance of the PBT film and antibacterial property of the
immobilized Ag NPs could be effectively combined and
imparted on copper surfaces to inhibit SRB-induced biocor-
rosion. The approach to well-structured and durable PBT-
Ag NP hybrid surface, via surface-initiated oxidative graft
polymerization and strong affinity of thiols for noble and
coinage metals, thus provides a versatile and environmen-
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tally benign means for tailoring the physiochemical proper-
ties of the copper surface for inhibiting corrosion, biofilm
formation, and biocorrosion.
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