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Abstract: Designing minimally invasive, defect-free coatings based on conformal graphene layers to
shield metals from both abiotic and biotic forms of corrosion is a persistent challenge. Single-layer
graphene (SLG) grown on polycrystalline copper (PC-Cu) surfaces often have inherent defects, partic-
ularly at Cu grain boundaries, which weaken their barrier properties and worsen corrosion through
grain-dependent mechanisms. Here, we report that an SLG grown via chemical vapor deposition
(CVD) on Cu (111) single crystal serves as a high-performance coating to lower corrosion by nearly
4-6 times (lower than bare Cu (111)) in abiotic (sulfuric acid) and microbiologically influenced corro-
sion (MIC) environments. For example, the charge transfer resistance for SLG/Cu (111) (3.95 k() cm?)
was 2.5-fold higher than for bare Cu (111) (1.71 kQ cm?). Tafel analysis corroborated a reduced
corrosion current (42 + 3 pA cm~2) for SLG/Cu (111) compared to bare Cu (111) (115 £ 7 pA cm~2).
These findings are consistent with the results based on biofilm measurements. The SLG/Cu (111)
reduced biofilm formation by 3-fold compared to bare Cu (111), increasing corrosion resistance, and
effectively mitigating pitting corrosion. The average depths of the pits (3.4 £ 0.6 um) for SLG/Cu
(111) were notably shallower than those of bare Cu (111) (6.5 & 1.2 um). Surface analysis of the
corrosion products corroborated these findings, with copper sulfide identified as a major component
across both surfaces. The absence of grain boundaries in Cu (111) resulted in high-quality SLG
manifesting higher barrier properties compared to SLG on PC-Cu. Our findings show promise
for using the presented strategy for developing durable graphene coatings against diverse forms

of corrosion.

Keywords: graphene; copper; Cu (111); corrosion; sulfate-reducing bacteria

1. Introduction

The escalating global cost of corrosion, surpassing USD 1 trillion in the US alone,
accounts for a significant 3.1% of its gross domestic product (GDP) [1]. Microbially induced
corrosion (MIC) issues alone contribute to nearly 20% of the total costs for corrosion
mitigation [2,3]. MIC is a ubiquitous phenomenon that is driven by microorganisms,
particularly sulfate-reducing bacteria (SRB), which actively promote and contribute to the
rate of increase in metallic corrosion even under ambient and neutral conditions. SRB’s
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substantial contributions to corrosion have led the US government to spend USD 1 billion
annually to mitigate its impacts [4]. Metals such as copper (Cu) that are widely used in
various industries (e.g., oil and gas industry, water infrastructure) are susceptible to MIC.
Developing protective coatings to resist Cu corrosion in biological environments is essential
to upkeep equipment performance and longevity, especially with its projected annual usage
of 260,000 tons in water and wastewater sectors alone by 2027 [5], and given the prevalence
of SRB in these sectors.

Common coatings for corrosion mitigation are based on zinc and chromium [6-8],
and polymers [8-10] such as polyaniline [11,12], polyurethane [13-15], and zeolite [16,17].
Despite their effectiveness against abiotic corrosion, they exhibit limited efficiency against
biotic corrosion [7]. Advanced materials, including S-Se alloys, especially those based
on two-dimensional (2D) materials [18-21] such as hexagonal boron nitride [22-24] and
graphene [3,5,25-27], offer a potential avenue for developing non-invasive coatings that
protect metals against both abiotic and biotic forms of corrosion. Leveraging a decade
of fundamental studies, the commercial interest in graphene coatings is evident from the
projected graphene coatings market set to reach USD 137 million by 2028 [28]. Despite
graphene’s exceptional barrier properties, including resistance to diffusion [29], high
energy barrier (18.8 eV), small pore size (0.064 nm), high electron density, strong C-C bond
(4.9 eV), intrinsic strength (43 N/m) [30], and impermeability to small molecules such as
helium [29], its scale-up efforts are hindered by the presence of inherent defects [31]. For
instance, the presence of double vacancy defects [32,33] locally changes the work function
of SLG, especially when grown on polycrystalline Cu (PC-Cu), which in turn aggravates
the local corrosion rates [4,34,35]. The presence of grain boundaries [36,37] also lowers
the work function behavior of Gr/PC-Cu surfaces, encouraging their tendency to donate
electrons and reduce corrosion resistance. In addition, when graphene layers undergo
functionalization, they can serve as centers for initiating corrosion [38], further complicating
the scalability efforts despite graphene’s remarkable barrier properties.

Single-crystal Cu displays unique properties due to the absence of a grain boundary,
strong anisotropy due to its lattice structure, and high purity. The quality of graphene,
a crucial factor in its barrier properties, depends on the facet of Cu on which it is de-
posited [39]. The single-crystal Cu (111) substrates that have a small lattice mismatch with
graphene (~3-4%) can be used for the heteroepitaxial growth of graphene crystals with
fewer defects [40,41]. In contrast, PC-Cu (100) exhibits a lattice mismatch of 19.9% with
graphene [42]. Additionally, single-crystal Cu (111) benefits from lower surface energy
compared to other crystalline structures of Cu, facilitating the formation of single-layer
graphene with homogeneous carbon nucleation [43]. The quality of the graphene layer can
be assessed by Raman spectroscopy, where spectra lacking a D-band signify high-quality
graphene with minimal defects [44,45]. Our prior works focused extensively on the barrier
properties of CVD-grown graphene on PC-Cu crystals under diverse abiotic and biotic
environments [4,45,46]. Here, we explore the influence of a Cu (111) crystal structure on the
quality of graphene synthesized via CVD for use as a barrier coating against both abiotic
corrosion and MIC.

2. Material Synthesis and Characterization
2.1. Materials Synthesis

CVD methods were set up to grow SLG coatings on 1 mm thick Cu (111) coupons
developed using a Bridgeman technique at MTI Corporation. The coupons were cleaned
with acetone (10 min), acetic acid (10 min), and isopropyl alcohol (10 min) and dried
with dry nitrogen. Subsequently, the Cu (111) coupons were placed in the CVD chamber,
evacuated to 10 mtorr, and heated to 1000 °C for approximately 30 min in an H; flow rate
of 6 sccm. After annealing the coupons in H, at 1000 °C for an additional 30 min, graphene
growth was initiated by introducing methane gas into the CVD chamber. The growth
process occurred at 1000 °C for 20 min in a CH4:H; atmosphere (30 sccm: 6 sccm) at a total
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pressure of 650 mTorr. The Cu coupons were then removed from the heating zone and
rapidly cooled to room temperature.

2.2. Characterization

The quality of graphene coatings on Cu (111) samples was investigated using a Horiba
XploRA Plus Raman confocal microscope (Horiba Scientific, Edison, NJ, USA). The Raman
spectra for as-grown graphene samples were obtained with 532 nm excitation, a cutoff opti-
cal filter at 50 cm !, a 1200 nm grating, and a 100x magnification objective. Subsequently,
the data were collected and processed using LabSpec6 software (Horiba Scientific, USA).
The graphene coatings were further analyzed with nano-Auger spectroscopy (Physical
Electronics Integrated, Chanhassen, MN, USA) with 10 kV and 10 nA electrons. Given the
relatively large thickness of Cu (111) substrates, the transfer of graphene onto a SiO, /Si
wafer was achieved using an electrochemical delamination technique [47-49] rather than
conventional polymethyl methacrylate (PMMA)-based etching methods [50]. Atomic force
microscopy (AFM) was used to assess the surface topographies (Bruker, Billerica, MA,
USA). Bruker Corporation’s NanoScope Analysis 1.4 (Build R35r2.90423) was employed
for analysis, featuring a scan size of 500 nm, a scan rate of 0.977 Hz, and 512 samples/line.
Tapping mode was chosen for image acquisition using Multimode 8 as a microscope, and
Hauppauge WinTV capture for vision. The resulting image was flattened using the Flatten
tool in the NanoScope application.

Helios 5CX series Dual Beam system scanning electron microscope (SEM) (Thermo
Scientific, Waltham, MA, USA) with a 21 pA probe current, 1.0 kV accelerated voltage, was
used to examine the attachment of bacterial cells onto the surfaces of bare Cu (111) and
SLG/Cu (111). The exposed surfaces of the samples were fixed by submerging them in
2% glutaraldehyde for two hours at 60 °C, followed by consecutive drying with an ethanol
solution and overnight drying in a desiccator for SEM analysis [51]. For elemental analy-
sis of the corrosion product, energy dispersive spectroscopy (EDS) (Oxford Instruments,
Concord, MA, USA) was employed using 10 keV primary electrons at 17 nA target cur-
rent. Corrosion product composition analysis was carried out using an Ultima-Plus X-ray
diffractometer (Rigaku, Tokyo, Japan) with CoKa radiation configuration, a scintillator
counter, and a graphite monochromator. The Jade 7.5 software was used for the analysis of
X-ray diffraction (XRD) peaks.

2.3. SRB Cultivation and Growth

Pure cultures of Oleidesulfovibrio alaskensis G20 (OA-G20) were used for this study.
The lactate-C media for bacterial culture was prepared with the following concentrations
measured in grams per liter (g/L): sodium lactate (6.8 g/L), sodium sulfate (4.5 g/L),
sodium citrate (0.3 g/L), dehydrated calcium chloride (0.06 g/L), ammonium chloride
(1.0 g/L), magnesium sulfate (2.0 g/L), potassium phosphate monobasic (0.5 g/L), yeast
extract (1.0 g/L), ascorbic acid (0.1 g/L), and sodium thioglycolate (0.1 g/L). After purging
the sterile serum bottle with nitrogen gas, it underwent autoclaving and received a bacterial
inoculum. The bottle was then incubated for nearly three days, and the optical density was
measured to confirm bacterial growth prior to introducing the culture into corrosion cells.
All the experiments were conducted in an anaerobic chamber.

2.4. Electrochemical Analysis

The corrosion cell consisted of a working electrode (WE) (bare Cu (111) or SLG/Cu
(111)), a counter electrode (graphite plate), and a reference electrode (Ag/AgCl/1 M KCl)
in a reference bridge tube. Nearly 40 mL of the OA-G20 culture was extracted from the
exponential phase and used to inoculate 360 mL of lactate-C medium in the corrosion cell,
which was maintained in an anaerobic condition. The working electrode samples were
secured on a stainless-steel bracket with electrochemical sample masks, limiting the exposed
surface area to 1 cm?. The cell was maintained under sterile and anaerobic conditions
throughout the MIC tests, which spanned 42 days. The corrosion cells were transferred to a
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Faraday cage for electrochemical tests, including electrochemical impedance spectroscopy
(EIS) and linear polarization resistance (LPR). Measurements were conducted periodically
over the 42-day period. On day 42, destructive tests based on Tafel analysis and cyclic
voltammetry were performed. All electrochemical analyses were carried out only after
ensuring that the system achieved a stable open-circuit potential (Eocp). The potentiostat
employed was a Reference 600 (Gamry Instruments, Warminster, USA). The measured test
data were analyzed using Gamry Echem Analyst software (v 7.06), and Origin software
(Version 2024) was subsequently utilized to plot the obtained data.

The EIS test setup utilized an AC signal of 10 mV, with a frequency range spanning
from 100,000 Hz to 0.01 Hz. The measurements produced EIS spectra, which included
Nyquist and Bode plots. These spectra were fitted into an equivalent electrical circuit (EEC)
to calculate the impedance values. LPR tests were used to calculate the corrosion rates of
the samples in abiotic conditions. This involved polarizing the working electrode from
+10 mV to —10 mV from the Eop value, with a scan rate of 0.125 mV /s and a stability value
of 0.1 mV/s. The LPR test generated a potential vs. current plot, and the slope of this plot
was utilized to calculate the polarization resistance (Rp) value. The Stern—Geary equation
was then applied to determine the corrosion current (icorr) as follows [52]:

BE o BaBe
icorr P 2.303 Z‘corr(,Ba + ,Bc)

where Ba, Bc, and E represent the anodic Tafel constant, cathodic Tafel constant, and applied
potential, respectively. Subsequently, corrosion rates were calculated as icorr values [52].

Corrosion rate (mpy) = 0129@

where

n is the number of exchanged equivalents;
p is the density of the metal (g/cm?);
a is the atomic weight of the metal (g/mol).

Tafel analysis provided Tafel constants, with a scan rate of 1 mV /s and initial /final
applied potentials of —0.25 V and +0.25 V (vs. Eqocp). Cyclic voltammetry (CV) tests were
conducted on both samples on the 42nd day, consisting of four cycles with a scan rate of
25mV/s and a potential range from —1.0 V to +1.0 V (vs. Eqcp).

2.5. Molecular Characterization of the SRB

At the end of the corrosion tests, the spent electrolyte was collected and subjected to
DNA extraction and 165 rRNA sequencing to validate the purity of the SRB. An ideally
higher percentage of the initial bacterial species (OA-G20) was expected to be present in
the media. Molecular characterization of the SRBs was performed and confirmed using
16S rRNA gene amplification and gene sequencing techniques. Planktonic cells were
harvested and centrifuged at 8000 rpm for 15 min. Genomic DNA extraction utilizes a
DNA extraction kit following the manufacturer’s protocol (PureLinkTM Microbiome DNA
Purification Kit, Thermo Fisher Scientific, Waltham, MA, USA). PCR tests were conducted
with 100 ng of genomic DNA template using 8F and 1492R as universal primers. The 165
rRNA conserved region was amplified using 5—AGAGTTTGATCCTGGCTCAG—3' and
5 —GGTTACCTTGTTACGACTT—3' as forward and reverse primers.

A 50 uL reaction mixture contained Platinum™ II Hot-Start Green PCR Master Mix
(2x), 4 uL of genomic DNA of both forward and reverse primers, and 13 pL of Invitrogen
RT-PCR grade water. The PCR thermal cycler MiniAmp Plus (Applied Biosystems, Thermo
Fisher Scientific, Waltham, MA, USA) was programmed as follows: initial denaturation at
95 °C for 5 min, 35 cycles of denaturation at 95 °C for 1 min, annealing at 60 °C for 1 min,
extension at 72 °C for 1 min, and final extension at 72 °C for 10 min. A negative control using
RT-PCR grade water Invitrogen was included as the PCR template. Amplified PCR products
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were separated on a 1.2% agarose gel via electrophoresis for 30 min at 60 V. Visualization
and confirmation of PCR amplicons (~1500 bp) were achieved using a UV transilluminator
and ethidium bromide staining. Positive amplicons were excised and eluted using the
PureLinkTM Quick Gel Extraction Kit. Sanger’s dideoxy gene sequencing was employed for
amplicon sequencing, followed by BLAST analysis on www.ncbi.nlm.nih.gov. Homologous
sequences were identified and compared using an e-value and query coverage parameters
against published 16S rRNA sequences.

3. Result and Discussion

The as-received Cu (111) substrates were subjected to a controlled CVD process within
a specialized apparatus to grow a pristine SLG layer as a coating. The integrity of the Cu
(111) lattice at the end of the CVD process was verified with the XRD analysis (Figure 1a).
The presence of graphene was confirmed using Raman spectroscopy, which revealed
distinct G and 2D peaks, respectively, which confirmed the presence of a Gr on Cu [53].
The as-grown graphene film from the Cu (111) samples was transferred onto a 5i/SiO,
wafer using an electrochemical delamination method (Figure 1b,c) [48]. A relative different
contrast was observed for SLG compared to the wafer, which was evident under an optical
microscopy test (Figure 1d) [52,53]. The Raman spectra of the transferred SLG onto the
Si/SiO, wafer exhibited sharp peaks at 1595 cm~! and 2665 cm™~! [54] (Figure le). The
ratio of calculated intensity values for 2D to G bands was of nearly 4, which confirms
the single-layered nature of the synthesized graphene [55]. Meticulous readings based
on diverse regions from the SLG-coated Si/SiO, wafer consistently revealed the absence
of the D-band, which reveals the high quality of as-grown Gr layers [39]. Nano-Auger
spectra at eight different locations were taken, and the identical C KLL Auger electron
intensity at each of these locations suggests the graphene layer to be uniform on the Cu
(111) (Figure 1f) [56]. The underlying crystalline structure [42] is the key to obtaining
high-quality, ample-domain area coverage of SLG on Cu (111) substrates [39]. The fact that
both Cu (111) and Gr have a hexagonal structure and the lattice mismatch is just 3.8% [42]
between them helps SLG to grow faster with a high diffusion rate, fewer defects, and
enhanced adsorption [39]. Moreover, the uniformity of graphene coatings on Cu (111) was
confirmed with AFM analysis after observing very low surface roughness and very smooth
surfaces (Figure 1g). Also, the contact angle measurements revealed the SLG/Cu (111)
samples to be more hydrophobic than bare Cu (111) (Figure 1h).

To analyze the role of Cu (111) in determining the quality of as-grown graphene films,
we conducted a detailed characterization of bare Cu (111) compared to typical PC-Cu
substrates (see Figure S2). The surface of bare Cu (111) was remarkably smooth and devoid
of grains or grain boundaries, as convincingly illustrated by the SEM image (Figure S2a).
The AFM height image (Figure S2b), three-dimensional representation (Figure S2c), and
roughness profile (Figure S2d) portray the surface as smoother, with an RMS roughness
value (Rq) as low as 8.58 nm. A stark contrast was observed when a similar analysis was
applied to PC-Cu. The surface appeared conspicuously rough with a considerably higher
Rq value of 128 nm (Figure S2e-h). Repeated AFM measurements at various locations on
the PC-Cu sample consistently yielded analogous results. These results explain the reasons
for the high quality of graphene films on Cu (111) (Figure 1), compared to a relatively
defective quality of graphene films grown on PC-Cu substrates [4,46]. Notably, the surface
roughness of Cu (111) remained low even after the growth of SLG, as evidenced by the Rq
values of 10.9 nm and 12.2 nm for SLG/Cu (111) (Figure S3). This finding aligns with the
recent works from the literature that reports the smooth characteristics of monolayered
graphene grown on single copper crystals [57,58]. Hence, the SLG demonstrated minimal
impact on the substrate’s roughness.
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Figure 1. Bare Cu and SLG/Cu (111) synthesis and characterization: (a) XRD analysis confirms the
presence of the (111) crystalline structure, (b) electrochemical delamination technique, (c) transfer
of graphene graphene (region 2) on Si/SiO; (region 1), (d) CLSM image of transferred graphene,
(e) Raman spectroscopy confirming SLG, (f) the nano auger spectra confirming conformity and
defect-free graphene at different regions (1, 2, 3) of the Cu sample, (g) AFM image of SLG/Cu (111)
sample, (h) contact angle measurement of both bare (above) and SLG/Cu (111) (below).

3.1. Corrosion Resistance in an Abiotic Environment

The SLG/Cu (111) displayed a more positive open-circuit potential (Eocp) (32.8 + 2.4 mV
vs. Ag/AgCl/1 M KCl) compared to bare Cu (111) (28.42 & 3.6 mV vs. Ag/AgCl/1 M
KCl) (Figure 2a) under identical abiotic conditions (0.5 M H>SO,). This nobler Eop (more
positive) suggests reduced chemical reactivity, a diminished thermodynamic driving force
for oxidation, and enhanced corrosion resistance of SLG/Cu (111). The absolute impedance
for SLG/Cu (111) (2 kQ cm?) was five times greater than that for bare Cu (111) (0.3 kQ cm?),
based on the y-intercept values in the lower-frequency domains of the Bode plots (Figure 2b).
The phase angle maxima for SLG/Cu (111) (77.65°) was also greater than that of bare Cu
(111) (48.51°) at the low-frequency region. Even in the high-frequency region, the phase
angle values for SLG/Cu (111) (4.02°) were greater than those of bare Cu (111) (—0.7132°),
which further affirms heightened resistance to corrosion [59-63]. The EEC fitting (Figure
54) of the Nyquist plot (Figure 2c) for SLG/Cu (111) showed a 2-fold higher pore resistance
(Rpo) and 1.7-fold higher charge transfer resistance (R.t) compared to bare Cu (111) (Table S1).
The results from Tafel analysis demonstrate the utility of this technique in assessing the
corrosion resistance of as-grown SLG films. The Tafel analysis revealed a nobler corrosion
potential (Ecorr) (7.22 mV) than bare Cu (111) (-21.8 mV) (Table S2). The SLG/Cu (111) also
experienced a lower anodic current in the anodic branch compared with its counterpart
(Figure 2d). Finally, the corrosion rates for SLG/Cu (111) (1.2 + 0.2 mpy) were 19-fold less
than those of bare Cu (111) (23.1 & 5 mpy) (Figure 2e), based on the Tafel analysis. The lower
corrosion rates aligned well with a 3.6-fold lower corrosion current density (icorr) for SLG/Cu
(111) (1.9 pA cm™2) compared to bare Cu (111) (6.9 pA cm™?) (Figure 2f). Overall, these
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as high-performance coatings.
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Figure 2. Electrochemical corrosion test analysis of SLG/Cu (111) sample established corrosion
resistance of graphene coating in 0.5 M H,SOj, solution: demonstrating several key points: (a) the
coated SLG/Cu (111) sample exhibited a higher open-circuit potential, (b) displayed a higher absolute
impedance at low frequency represented by y-intercept for SLG/Cu (111) reflecting higher corrosion
resistance compared to Bare Cu (111) in the Bode plot, (c) depicted distinctive features in the Nyquist
plot, (d) exhibited a characteristic pattern in the Tafel plot, (e) showed a lower Tafel corrosion rate,
and (f) demonstrated a lower corrosion current density compared to the uncoated sample.

3.2. Corrosion Resistance in the Biotic Environment

After demonstrating the corrosion resistance of SLG on single-crystal Cu (111) under
abiotic conditions, we assessed its performance against planktonic (0-h mark) and sessile
forms (day 3 to day 42) of OA-G20 cells. Then, 165 rRNA gene sequencing tests were used
to establish the purity of OA-G20 cells in bare Cu (111) and SLG/Cu (111), which confirmed
97.99% identity (with 99% query coverage) and 98.66% identity (with 100% query coverage),
respectively, with O. alaskensis FC18565 (Acc No: CP000112.1). The Nyquist plots revealed
higher overall resistance of SLG/Cu (111) compared to bare Cu (111) throughout the test
duration (Figure 3a—c). The larger the diameter of the semicircle, the higher the overall
charge transfer resistance (Rct) at the Cu (111) interface (Figure 3a—c). The Rt and Rpo
values for SLG/Cu (111) were 2-fold higher and 3.5-fold greater than those of bare Cu (111)
on day 42, based on the EEC fitting analyses (Figure S3, Table S3). Notably, the goodness
of fit of EEC was more than 10~* confirming a satisfactory fitting. Under planktonic
conditions, the phase angle maxima for SLG/Cu (111) (77.65°) was greater than that of
bare Cu (111) (48.51°). In the high-frequency region, the phase angle only decreased to
3.3°, still exceeding the corresponding value for bare Cu (111) (Figure 3d). On day 21,
the phase angle maxima at the low-frequency region remained elevated for SLG/Cu (111)
compared to bare Cu (111) (Figure 3e). However, on the same day, the phase angles in the
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high-frequency region for both samples were equivalent, measuring 2.8° for bare Cu (111)
and 2.7° for SLG/Cu (111). By the 42nd day, the phase angle maxima remained higher
for the coated sample in the low-frequency region, while the peaks at the high-frequency
region were closely aligned (Figure 3f). The superior phase angle maxima exhibited by the
coated sample in the high-frequency region emphasizes the corrosion resistance conferred
by the graphene coating [59,60]. Moreover, in the low-frequency region (0.01 Hz), the
absolute modulus value for the coated sample was 1.4, 2.2, and 1.5 times higher than the
bare sample on days 0, 21, and 42, respectively (Figure 3d—f), indicating higher resistance to
electron flow from the coated sample [2]. These findings collectively corroborate the barrier
properties of SLG/Cu (111) [63] under MIC conditions.
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Figure 3. Electrochemical corrosion test analysis of SLG/Cu (111) established corrosion resistance of
graphene coating in sulfate-reducing bacterial (Oleidesulfovibrio alaskensis G20) environment: Nyquist
plot exhibiting impedance to corrosion for both bare and SLG-coated Cu (111) samples on (a) day 0,
(b) day 21, and (c) day 42. Bode plots for both samples on (d) day 0, (e) day 21, and (f) day 42 showing
consistently higher absolute impedance at low frequency for SLG/Cu (111) implying higher corrosion
resistance compared to bare Cu (111) throughout the test duration (g) corrosion current density, icorr,
and polarization resistance, Rp, of both, were monitored from day 0 to 42. (h) Tafel plot exhibited
higher corrosion resistance for SLG/Cu (111) sample, and (i) cyclic voltammetry was conducted to

further investigate the electrochemical properties of the samples.
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The Eocp values were diligently recorded for both systems daily throughout the 42-day
test duration (Figure S5). The SLG/Cu (111) consistently exhibited a higher Eycp than the
bare Cu (111) throughout the experimental period, except for a few exceptions. Both the
systems experienced a gradual decline in Eocp values. However, the bare Cu (111) experi-
enced a greater decrease in OCP (—776.9 mV, day 0; —801.7 mV, day 21, and —821.5mYV,
day 37) compared to SLG/Cu (111) (=773.6 mV, day 0; —801.8 mV, day 21; and —817.0 mV,
day 37). The greater corrosion resistance of SLG/Cu (111) was corroborated by the LPR
test data throughout the test duration. The anodic slope constant (3,), 43 mV /decade, and
cathodic slope constant (B¢), 45.8 mV/decade from Tafel fitting, were used to calculate
corrosion current (icorr) and polarization resistance (Rp) for SLG/Cu (111). Similarly, B,
of 142.4 mV/decade and . of 100.7 mV /decade were used for bare Cu (111). Notably,
the peak value of icorr recorded for the bare Cu (111) (130 &+ 10 pA cm 2, day 30) was
nearly 3 times greater than that for the SLG/Cu (111) (42 & 4 pA cm~2, day 42) (Figure 3g).
The icorr for bare Cu (111) experienced a roughly 5-fold increase from day 0 to day 24,
stabilizing in the range from 119 £ 9 pA cm ™2 to 130 & 10 pA cm 2 for the remainder of
the test period. Conversely, the icorr for the SLG/Cu (111) remained within the range from
31+ 3 pA cm 2 to 42 + 4 pA ecm ™2 from day 24 to day 42. The values of R, corroborated
the findings based on icorr values (Figure 3g). A significant decrease in Ry, was observed for
both systems from day 0 to day 24 followed by its stabilization. However, the R}, remained
higher from day 12 to 42 for SLG/Cu (111).

The results from the Tafel analysis further corroborate the performance of the SLG/Cu
(111) against the corrosive effects of OA-G20 cells throughout the 42-days exposure period
(Figure 3h). The corrosion potential (Ecorr) for SLG/Cu (111) was measured to be higher
(—874.2 mV) compared to bare Cu (111) (-911.3 mV), and the i¢orr from Tafel for the bare
Cu (111) (88.10 nA cm™2) was nearly 24 times higher than that for SLG/Cu (111) (3.6 pA
cm~2). This combination of a more positive Eqorr and reduced ico,r for the coated sample
highlights the graphene layer’s ability to inhibit the MIC effects of sulfate-reducing bacteria.
Additional destructive analysis involving CV was undertaken on the 42nd day (Figure 3i).
After the four CV cycles, the bare Cu (111) displayed considerable deterioration, while
the coated SLG/Cu (111) sample exhibited minimal degradation, as also supported by the
Auger profiles (Figure 4f).

SEM images of both surfaces after the 42-day exposure displayed distinct signatures
of MIC attack. The biofilm growth on these single-crystal copper surfaces was lesser
compared to that on PC-Cu substrates (results not shown). This finding can be attributed
to the absence of grain boundaries with conformal, smoother, and uniform graphene layers
(Figure 1), which restricts the adhesion of OA-G20 cells [64]. However, bare Cu (111)
(Figure 4a) encouraged more biofilm formation than SLG/Cu (111) (Figure 4b).

The bare Cu (111) that lacked graphene films displayed thicker, robust, and rigid
biofilm compared to SLG/Cu (111). The biofilm on the SLG/Cu (111) was weakly attached
to the surface and readily detached when treated with glutaraldehyde. Subsequently, the
total biofilm volume measured on bare Cu (111) (5783 4 309 um?) exceeded that on SLG/Cu
(111) (1531 + 309 um?®) (Figure 4c). The biofilm’s extent, the number of attached bacterial
cells, and the volume of corrosion byproducts byproducts confirmed higher corrosion on
bare Cu (111) (Figure 4d) compared to SLG/Cu (111)) (Figure 4e).
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Figure 4. Post-corrosion analysis of exposed samples. SEM images of exposed (a) bare Cu (111) and
(b) SLG/Cu (111) on (c) biofilm volume on day 42 on both samples; visible morphologies of biofilm
and corrosion products of (d) bare Cu and (e) SLG/Cu (111); (f) Nano Auger spectra highlighting
the elemental composition of corrosion products; (g) XRD of bare Cu (111) and (h) SLG/Cu (111);
(i) pitting profile obtained for ten largest pits.

3.3. Mechanism of Corrosion Prevention by Graphene on Single Cu (111) Crystals:

In general, Cu undergoes corrosion through biogenic sulfide and proton mediated
reactions as follows [65]:

2Cu+ HS™ + H" — CusS (s) + Hy AGY = —58.3k]/mol

This excessive flow of biogenic HS™ generated by SRB is compensated by a rapid
supply of electrons from the Cu oxidation to form Cu(HS),s [66]. As reported in our earlier
studies [4,46], single-layered graphene coatings grown on polycrystalline Cu (PC-Cu) are
dominated by a greater number of grain boundaries that promote higher charge injection
tendency resulting in more Cu(HS),;; as follows:

Cu+HS™ — Cu(HS) 4+ ¢

This chemisorbed species accounts for the rapid drop of corrosion potential of the Cu
electrode forming Cu;,S and H»S as follows [67,68]. It can also be noted that higher biofilm
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volume (Figure 4c) increased the locally available HpS throughout the biofilm, further
increasing the corrosion and forming more Cu,S, as confirmed by XRD (Figure 4g,h).

Cu+Cu(HS) + HS  — CupS+ HyS+e

ads

However, SLG/Cu (111) is characterized by conformal, uniform, and smoother
graphene growth (Figure 1). This improved the work function of SLG/Cu (111), resisted
the SRB attachment, and improved the overall corrosion resistance [69]. In the case of bare
Cu (111), the absence of graphene has provided direct access to the Cu surface, leading to
more corrosion than with SLG/Cu (111).

Elemental distribution of the exposed surfaces analyzed with Auger electron spec-
troscopy (AES) supported the above mechanism with the presence of sulfur (S), chloride
(Cl), and oxygen (O) on bare Cu (111) (Figure 4f). SLG/Cu (111) surfaces did not show any
dominant O and S spectra in AES analysis. Subsequent XRD analysis on these exposed
surfaces revealed differences in the composition of resulting corrosion products. The bare
Cu (111) featured chalcocite and copper sulfide as corrosion products (Figure 4g), while
SLG/Cu (111) exhibited copper sulfide (Figure 4h), although with a notably diminished
peak intensity. Elemental mapping using EDS delineated each sample’s elemental composi-
tion of the corrosion products (Figure S6). The bare Cu (111) sample displayed Cu, S, O, and
C, signifying the presence of sulfides. Notably, the S signature was prevalent throughout
the EDS image, underscoring Cu corrosion mechanisms. In contrast, the coated sample
contained a lesser S component than the bare sample, substantiating its lower corrosion
extent, a direct consequence of the protective graphene layer. Both samples exhibited C and
O signatures, potentially attributable to carboxy components, such as the carbon-oxygen
bonds (C-O and C=0) inherent to the extracellular polymeric substances (EPSs) of biofilms
formed on the sample surfaces [22].

Pitting profile analysis after removing the biofilm and corrosion product indicated
higher pitting corrosion in bare Cu (111) compared to SLG/Cu (111) (Figure 4i). The
average pit depth of 10 largest pits on bare Cu (111) was 6.5 + 1.1 um compared to a
shallower pit depth of 3.4 £ 0.5 um on SLG/Cu (111). The presence of SLG demonstrated
its efficacy in safeguarding the Cu surface against severe pitting corrosion by deterring the
attachment of SRB biofilms.

4. Conclusions

Graphene, a single layer of carbon atoms in a hexagonal lattice, can form ultra-thin
protective coatings on metals against abiotic and microbial corrosion, but defects like grain
boundaries increase its vulnerability to chemical corrodents and aggressive bacteria. The
CVD techniques used in this study pave a path for forming high-performance graphene
coatings by growing them as a single layer on single copper (111) crystals. Owing to the
similar hexagonal crystal structure between graphene and Cu (111) and faster diffusion-
induced CVD growth rate, we were able to grow high-quality, defect-free, single-layered
graphene on Cu (111) substrates. The electrochemical performance of SLG/Cu (111)
attests to its quality, showing improved corrosion resistance under both biotic and abiotic
environments. The SLG/Cu (111) showed higher resistance to corrosion in EIS (Nyquist,
Bode), higher corrosion potential, and lower corrosion rate than bare Cu (111). From
equivalent electrical circuit analysis, SLG/Cu (111) showed a 2-fold higher charge transfer
resistance and a 4-fold higher pore resistance than bare Cu (111). The absence of grain
boundaries and smoother graphene offered reduced energy levels for SRBs to attack the Cu
surfaces, hence discouraging the formation of excessive sulfides. As a result, SLG/Cu (111)
was found to have lower biofilm volume. Overall, smoother and high-quality graphene on
SLG/Cu (111) collectively inhibited the corrosion current, resulting in higher protection.
This implies the importance of the quality of the graphene and the crystallinity effect on the
corrosion mechanism. Future investigation can comprise fundamental studies to measure
adsorption energies for the adhesion of relevant biomolecules responsible for the adhesion
of SRB cells on basal planes versus defective regions, including grain boundaries.
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