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ABSTRACT: Corrosion by sulfur compounds is a long-standing
challenge in many engineering applications. Specifically, designing
a coating that protects metals from both abiotic and biotic forms of
sulfur corrosion remains an elusive goal. Here we report that
atomically thin layers (~4) of hexagonal boron nitride (hBN) act as
a protective coating to inhibit corrosion of the underlying copper
(Cu) surfaces (~6—7-fold lower corrosion than bare Cu) in abiotic
(sulfuric acid and sodium sulfide) and biotic (sulfate-reducing
bacteria medium) environments. The corrosion resistance of hBN
is attributed to its outstanding barrier properties to the corrosive
species in diverse environments of sulfur compounds. Increasing
the number of atomic layers did not necessarily improve the
corrosion protection mechanisms. Instead, multilayers of hBN were found to upregulate the adhesion genes in Desulfovibrio
alaskensis G20 cells, promote cell adhesion and biofilm growth, and lower the protection against biogenic sulfide attack when
compared to the few layers of hBN. Our findings confirm hBN as the thinnest coating to resist diverse forms of sulfur
corrosion.
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biotic corrosion by sulfur compounds compromises a Because of the weak coupling to the environment and
Arange of metal structures in military applications, the chemical inertness, two-dimensional (2D) hexagonal boron

marine sector, the oil industry, utilities, and trans- nitride (hBN) thin coatings show an outstanding ability to
portation. For example, airborne sulfur dioxide negatively withstand harsh chemicals,”'* microbes,'* and heat."® Recent
impacts the safety and readiness of military equipment (e.g., an advances in growth techniques of large-area hBN coatings are
F-14 aircraft crash due to corrosion of its landing gear), expected to enable their use in commercial applications. The
requiring the U.S. to spend $20 billion annually to deal with pore size of 2D hBN layers (60 picometer, pm)'® is also
corrosion issues.' Biotic corrosion, commonly termed as extremely small compared to the effective ionic radii of
microbiologically influenced corrosion (MIC), turns harmless elemental sulfur (170 pm), sulfide (HS™) (207 pm),'” and
sulfates into aggressive sulfides to degrade copper components hydronium (H;0%) (99 pm).'® Also, the electrically insulating

of pipelines,1 transformers,” printed circuit boards,®> and
mechanical equipment,” all under ambient conditions. Sulfur
corrosion is typically controlled by introducing a protective
coating layer of polymers such as VOC alkyd, silicone alkyd,
polyurethane, latex, epoxy, and polyamides.” However, their
porous structure renders them susceptible to hydrolysis,
degradation, and biogenic sulfide attack. The substantial
thickness of polymer coatings may also disrupt the
functionality of the underlying metals. Furthermore, biotic
corrosion reflects a living machine with the ability to
dynamically adjust its physiological environments (e.g., pH,
redox potential) and dislodge the passivation layers or attack
the C—H bonds in polymer coatings.

characteristics of hBN alleviate the galvanic corrosion issues
associated with the graphene coatings.'” Additionally, hBN
atomic layers offer exceptional transparency and do not
perturb the optical properties of the underlying metals. The
optical reflectivity of Cu at 550 nm changes slightly in the
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Figure 1. Structural characterization of hBN layers. (a) Atomic force microscope (AFM) images of few-layer hexagonal boron nitride (FL-
hBN) and multilayer hexagonal boron nitride (ML-hBN), (b) corresponding height profile for FL-hBN and ML-hBN, (c) TEM images of the
synthesized hBN edge revealing that FL-hBN consists of four layers (4L) and the ML-hBN consists of nine layers (9 L). (d) Raman spectra

of FL-hBN and ML-hBN.

presence of atomic hBN layers, decreasing from 60.2% for bare
Cu to 60.0, 59.4, and 58.4% for 1, 4, and 9 layers of hBN,
respectively (Figure S1).

Here, we explore the effectiveness of highly crystalline
atomic layers of hBN coatings synthesized via chemical vapor
deposition (CVD) for protecting copper against a range of
aggressive abiotic and biotic sulfur environments. Although a
single-layered hBN can adequately protect underlying metals in
both abiotic'® and biotic'® environments, it is much easier to
enable a rational design and synthesis of multilayered hBN
coatings without compromising the mechanical strength and
passivation characteristics.”’ We synthesized here a few-layered
(FL-hBN) and multilayered hBN (ML-hBN) to understand
the effect of number of layers on corrosion protection
performance. First, we characterized the CVD-grown coatings
via microscopy and spectroscopy techniques. Then, we used
electrochemical methods to quantify the corrosion rates and
elucidate the mechanism behind the corrosion behavior. We
demonstrate that both FL-hBN and ML-hBN coatings offer an
excellent ability to control sulfur corrosion in abiotic
(aggressive sulfuric acid and sulfides) and biotic environments.
Interestingly, FL-hBN provides better resistance to the
biogenic sulfide attack in the presence of D. alaskensis cells, a
genetically tractable strain of sulfate-reducing bacteria when
compared to that of ML-hBN. Although the higher number of
layers in hBN coatings are expected to enhance the barrier
properties, our investigations revealed the unusual behavior of
ML-hBN coatings; they cause higher biogenic sulfide attack
because of their greater ability to upregulate key genes
encoding for cell attachment and biofilm growth. We also
studied effects of defects and grain boundaries on the
performance of hBN coatings.

RESULTS AND DISCUSSION

Synthesis and Characterization of hBN Coatings. We
synthesized FL-hBN (<4 layers) and ML-hBN (4—9 layers) on
Cu substrates using CVD techniques described earlier.”’ In
typical experiments, nitrogen carrier gas was used to deliver
liquid borazine precursor (1—3 sccm) through a bubbler to the
CVD chamber (at 750 °C for 30 min) along with 2000 sccm of
hydrogen. The coatings were postannealed at 1000 °C for 1 h
in the presence of hydrogen and nitrogen gas. We transferred
the coatings from Cu foil onto SiO,/Si substrate using a
poly(methyl methacrylate) (PMMA)-assisted method for
characterization purposes.

We analyzed the hBN films using atomic force microscopy
(AFM) to understand the surface morphology. The ML-hBN
and FL-hBN films displayed similar color contrast with SiO,/Si
substrate (Figure 1a). The average thicknesses of FL-hBN and
ML-hBN coatings on SiO,/Si substrate, as determined from
the AFM height profile images, were found to be around 1.5
and 2.9 nm, respectively (Figure 1b). The TEM images
confirmed the number of layers in FL-hBN and ML-hBN to be
~4 and ~9 atomic layers, respectively (Figure 1lc). The
structure of the films was analyzed by Raman spectroscopy.
The Raman spectra for FL-hBN and ML-hBN exhibited a G
band corresponding to E,, vibration mode at 1368 and 1365
cm ™, respectively (Figure 1d).”> More details on thin coatings
have been provided in Figure S2. Since polycrystalline Cu was
used in this study, a multigrain polycrystalline arrangement of
hBN atoms over Cu was obtained during the CVD process
(Figure S3). On the basis of the analyses of the AFM
topography images along with the force—distance spectroscopy
(Figure S3a, b), the FL-hBN grains were in the range of 1—2
um, whereas ML-hBN grains were in the range of 2—8 um
(Figure S3c, d). The hBN layers included triangle-shaped
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crystalline grains, as confirmed by both AFM and TEM dark-
field image analysis (Figure S3e, f).

Corrosion Resistance in Abiotic Sulfur Medium. A
promising application of the synthesized hBN is its use as an
oxidation-resistant coating for copper surfaces in abiotic
environments. We exposed the hBN layers synthesized on
the underlying Cu surface to sulfuric acid (0.5 M H,SO,) to
study the corrosion resistance properties.”” As expected, the
bare Cu (Figure 2a) suffered from acid attack and developed a
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Figure 2. hBN thin coatings against abiotic sulfur corrosion. (a)
Optical images of bare Cu, FL-hBN-Cu, and ML-hBN-Cu. (b)
Optical images of bare Cu, FL-hBN-Cu, and ML-hBN-Cu exposed
to sulfuric acid. (c) Optical images of bare Cu, FL-hBN-Cu, and
ML-hBN-Cu exposed to sodium sulfide. Electrochemical analysis
of bare Cu, FL-hBN-Cu, and ML-hBN-Cu exposed to 0.5 M
H,S0,: (d) Tafel plots and (e) Bode plots. Electrochemical study
of bare Cu, FL-hBN-Cu, and ML-hBN-Cu exposed to 0.1 M Na,S:
(f) Tafel plots and (g) Bode plots.

distinct signature of corrosion deposits (Cu sulfates seen as a
dark black shade) (Figure 2b). Both FL-hBN-Cu and ML-
hBN-Cu retained pristine surfaces (Figure 2b) even after 24 h
of prolonged exposure, with just slightly blemished spots on
FL-hBN-Cu. Potentiodynamic polarization (PDP) and electro-
chemical impedance spectroscopy (EIS) analysis confirmed the

outstanding barrier properties of the hBN layers in corrosive
sulfuric acid medium. The corrosion rates of FL-hBN-Cu
(35.25 mpy) and ML-hBN-Cu (33.72 mpy) were ~14-fold
lower compared to bare Cu (484 mpy) (Figure 2d and Table
S1). The corrosion protection efficiency of both FL-hBN-Cu
and ML-hBN-Cu was around 93%. Both protective samples
exhibited significantly low anodic current densities compared
to bare Cu during the anodic and cathodic potential sweeps
(Figure 2d).

Both FL-hBN-Cu and ML-hBN-Cu impeded corrosion by
nearly 2 orders of magnitude compared to bare Cu, as seen in
the Bode plots of Figure 2e (shown as the y-axis intercept at a
frequency of 0.01 Hz). Specifically, the corrosion resistance
(Reor) of ML-hBN-Cu (1.19 KQ cm?) and FL-hBN-Cu (0.542
KQ cm?) was ~13-fold and 6-fold higher compared to bare Cu
(0.0891 KQ cm?), respectively (Table S2). The electrical
equivalent circuit (EEC) fitting procedures were used to fit the
Bode plot data and determine the R, values (Figure S4).

Similar to the performance in acidic conditions, both FL-
hBN-Cu and ML-hBN-Cu exposed to polysulfide species
displayed an exceptional corrosion protection efficiency of 94%
(Table S3). Polysulfide compounds are widely implicated in
sulfur corrosion issues in petroleum industries. Although the
bare Cu exposed to 0.5 M Na,S developed a signature of
corrosion deposits (seen as multicolored strips of blue, silver,
and claret red), the FL- hBN-Cu and ML-hBN-Cu surfaces
remained intact with no signs of debilitation (Figure 2c). The
corrosion rates of FL-hBN-Cu (0.21 mpy) and ML-hBN-Cu
(0.29 mpy) were 17-fold and 12-fold lower compared to bare
Cu (3.53 mpy), respectively, as determined from the PDP tests
(Figure 2f). The EIS data analysis further corroborated the
corrosion resistance of hBN coatings (Figure 2g). The R_,, for
FL-hBN-Cu (274 K cm?®) and ML-hBN-Cu (75.9 KQ cm?)
was 8- and 2-fold higher than that of bare Cu (32.8 KQ cm?),
respectively (as seen in the EEC data analysis in Figure S4 and
Table S4).

Corrosion Resistance against Biotic Sulfur Medium.
We assessed biogenic sulfide attack on Cu by planktonic D.
alaskensis cells as well as their biofilm counterparts (i.e., sessile
cells). Our results reveal that atomic layers of hBN form a
formidable barrier between atop D. alaskensis cells and
underlying Cu surfaces. After 48 h of the exposure to
planktonic cells, the FL-hBN-Cu retained its original Cu
shine, whereas bare Cu suffered a distinct biogenic sulfide
attack (seen as black discolorations) (Figure 3a). The intensity
of corrosion products on bare Cu was significantly higher than
the protective layer cases (Figure 3b). To visualize the attack
on the actual Cu surface, we scraped off the biofilm debris and
then performed optical image analysis of the Cu surfaces. As
shown, the Cu surfaces modified with the atomic hBN layers
retained their physical integrity (Figure 3c), whereas the bare
Cu inherited the signature of microbiologically influenced
corrosion (MIC).

Both FL-hBN and ML-hBN effectively shielded the Cu
surfaces from MIC effects of atop D. alaskensis cells (48 h of
exposure) and their sessile counterparts (650 h of exposure)
(Figure 3d). A larger diameter loop in the Nyquist plot for
both cases compared to bare Cu confirm the ability of hBN
layers to control MIC (Figure 3e). The R, for FL-hBN-Cu
(123.6 KQ cm?) and ML-hBN-Cu (1454 KQ cm?) was
significantly higher compared to bare Cu (79.6 KQ cm?), as
determined using the EEC fitting analysis (Table SS). The
MIC rates of FL-hBN-Cu (0.04 mpy) and ML-hBN-Cu (0.05
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Figure 3. hBN thin coatings against biotic sulfur corrosion (biogenic sulfide attack). (a) Optical images after 48 h of exposure of planktonic
cells. (b) Higher magnification SEM images after 48 h of exposure of planktonic cells. (c) SEM images show extensive pitting on bare Cu
compared to FL-hBN-Cu and ML-hBN-Cu. (d) Corrosion rates for 27 days of the exposure period in sessile condition. Nyquist plots on (e)
day 0 (planktonic, t < 2 h) (f) day 14 and (g) day 27 using a sinusoidal AC potential of 10 mV in the frequency range of 0.01 to 1 X 10° Hz.

mpy) were an order of magnitude lower than bare Cu (0.1
mpy), as determined from the LPR tests. LPR tests and EIS
analysis confirm that both FL-hBN and ML-hBN layers
suppress the MIC by 2.5- to 6-fold throughout the exposure
period (examples shown for days 7, 12, and 27, Figure 3d).
Mechanisms of Corrosion Resistance. Our final goal is
to elucidate the mechanism of corrosion resistance behavior of
the hBN coatings. It is well-known that the cathodic reduction
of oxygen (eq 3) influences the degree of Cu corrosion (eq 2).
Noting that the hBN-Cu surfaces exposed to sulfuric acid
offered higher charge transfer resistance (Figure 2e) and lower
corrosion rates (Figure 2d), we attribute the protection
mechanism to the outstanding ability of hBN atomic layers
to restrict oxygen and protons (eq 1) from reaching the Cu/
electrolyte interface (eq 2). The AA’ stacking in the hBN
layers aligns to improve the electron cloud density that
disfavors the permeation of oxygen and charged protons.”* The
pore size of atomic layers in the coatings are also small enough

to restrict permeation of HS™ species, restricting the formation
of chalcocite compounds (Cu,S) (eq 2)*° and the overall Cu
corrosion.

0, + 4H" + 4e” — 2H,0 (1)

2Cu + HS™ + OH — Cu,S + H,0 + 2¢” @)

After establishing the corrosion resistance of atomic hBN
layers on Cu under a range of sulfur corrosion conditions, we
assessed the degree of performance improvement due to the
higher number of hBN atomic layers in ML-hBN. We report
that abiotic sulfur corrosion protection of ML-hBN-Cu is only
slightly better than FL-hBN-Cu. Although the R, value for
ML-hBN-Cu (1.19 KQ cm?®) was 2-fold higher compared to
FL-hBN-Cu (0.542 KQ cm?), their corrosion rate and
protection efficiency were quite the same. We observed similar
protection efficiencies (~94%) in the polysulfide environments
for both the FL-hBN and ML-hBN coatings (Table S2).
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Although counterintuitive, we report superior performance
of FL- hBN compared to ML-hBN on Cu exposed to biofilms
for a prolonged period. The MIC rate of FL-hBN-Cu (0.52
mpy) was 2-fold lower than that of ML-hBN-Cu (1.08 mpy).
The MIC rates for FL-hBN-Cu increased slightly until day 12
and stabilized at 0.31 mpy on day 27, whereas, the MIC rates
of ML-hBN-Cu increased from 0.04 mpy (day 0) to 1.08 mpy
(day 7) and reached nearly 1.57 mpy on day 27. The EIS
results also corroborated better performance of the FL-hBN-
Cu. The FL-hBN-Cu displayed a larger diameter Nyquist loop
compared to ML-hBN-Cu, both on day 14 (Figure 3f) and
Day 27 (Figure 3g). The R or charge transfer resistance values
for FL-hBN-Cu on days 14 and 27 were 15 and 9% higher than
that of ML-hBN-Cu, respectively (Tables S6 and S7), as
determined from the EEC fitting analysis of the Nyquist data
(Figure S4a). After 27 days of the exposure period, the
protection efficiency of FL-hBN-Cu remained at 93%, whereas
that of ML-hBN reduced to 35%. Although the thicker hBN
coatings offer more tortuous pathways and restrict corrosive
metabolites from reaching the underlying Cu surfaces, the ML-
hBN-Cu surprisingly suffered from a higher degree biogenic
sulfide attack.

To understand the protection mechanisms from various
sulfur corrosive species, we performed a computational study
based on density functional theory (DFT). Figure 4 shows the

a b

d (A

Figure 4. Work function of bare Cu and hBN-coated Cu surfaces
showing the barrier properties of hBN against oxidation. (a)
Atomistic model for FL-hBN on Cu (111) used in DFT
calculations. Brown, blue, and pink spheres mark Cu, N, and B
atoms, respectively. (b) Calculated work function (W) of Cu (111)
surface with adsorbed few-layer (1—6 layers) hBN as a function of
hBN-Cu distance (d). Dashed blue line shows the work function of
bare Cu (111).

atomic configuration and calculated work function (WF) of Cu
(111) surface with adsorbed hBN (1—6 layers). A geometry of
a 4-layer hBN on Cu with hBN distance fixed at d = 3.5 A is
shown in Figure 4a. The Cu (111) surface was represented by
6 layers of Cu atoms, whereas the hBN layers were arranged in
the eclipsed (AA’) stacking.”® We studied the formation of the
electric double layer on the Cu surface after depositing hBN
atomic layers. Negative (positive) charges acquired by Cu
(hBN) will facilitate the donation of electrons by Cu, shifting
the balance in eq 4 toward the formation of chalcocite
compounds (Cu,S), enhancing Cu corrosion. The charging of
the double layer will influence the WF of hBN-Cu. The
obtained WF dependence on the hBN-Cu distance is shown in
Figure 4b. The WF of Cu is not affected by hBN at large Cu-
hBN distances d > 4.5 A. This is not surprising given the
absence of any long-range charge transfer between the two

materials. The Fermi level of Cu is at —5.1 eV and falls into the
bandgap of hBN, for which the values of —6.1 eV for valence
band maximum (VBM) and —1.4 eV for conduction band
minimum (CBM) were obtained, precluding any flow of free
charges. A high ionization potential of hBN hinders the
donation of electrons by this material. The formation of a
double electric layer at small Cu-hBN distances (d < 4.5 A) is
due to chemical interactions of Cu and hBN as well as Pauli
repulsion between occupied hBN and Cu orbitals, pushing the
electronic cloud into the metal. Electrons are transferred to Cu,
lowering its surface WF and making Cu more electropositive.
There is no significant dependence in the distance behavior on
the number of hBN layers, indicating that most likely only the
outer hBN layer interacts with the metal surface, whereas other
layers remain inert, providing mechanical protection against
oxidizing species. Although the WF of hBN-Cu(111) is
lowered significantly at small hBN-Cu distances, potentially
enhancing Cu corrosion, the lowering is most likely
inconsequential, as oxidizing species will not be able to access
the space between the two materials at d < 4.5 A. At distances
d > 4.5 A, all hBN layers become inert and will serve as an
effective physical barrier against oxidation.

Next, we explored the corrosion protection mechanism for
corrosion resistance of hBN in biotic environments. The
atomic hBN layers neither restricted the cell attachment
(Figure SS) nor the biofilm growth (28 days old rod-shaped
biofilm) (Figure Sa). To examine the degree of cell adhesion,
we stained D. alaskensis cells on bare Cu, FL-hBN-Cu, and
ML-hBN-Cu with a green fluorescent SYTO-9 nucleic acid
dye. Compared to FL-hBN-Cu, ML-hBN-Cu experienced
higher biofilm growth. The cell attachment on ML-hBN-Cu
(33% coverage) was 1.6-fold higher compared to bare Cu
(21% coverage) after 24 h of exposure. Upon prolonged
exposure for 27 days, the bare Cu surface developed 61%
coverage (0—15 pum thick biofilm) and FL-hBN-Cu showed
91% coverage (0—15 ym thick biofilm). In contrast, ML-hBN-
Cu displayed a bimodal mix: 53% coverage (5—35 um thick
biofilm) and 38% coverage (0—1S ym thickness) (Figure Sb).
The higher degree of cell adhesion yielded thicker biofilms on
ML-hBN-Cu surfaces. These results suggest that the FL-hBN-
Cu surfaces were characterized by a lower degree of biogenic
sulfide products (e.g., HS™ and chalcocite).””

The differences in the number of layers yielded differences
in atomic-scale properties of the coated Cu surfaces,
influencing the adhering state of D. alaskensis cells, biofilm
phenotypes, and the degree of biogenic sulfide attack. Both
protective coatings exhibited topographical differences at a
nanoscale, as determined by the analysis of the AFM contact
mode images (Figure Sc). The roughness of ML-hBN-Cu
(4006 + 1101 pm) was ~S-fold higher than FL-hBN-Cu (849
+ 170 pm) (Figure S6). Generally, the rougher the surface, the
higher the cell adhesion.”**’

Wettability of Cu surfaces is another nanoscale surface
property that can be influenced by the number of hBN layers.
The pristine form of ML-hBN-Cu displayed a higher value of
static water contact angle (WCA) (93.5°) compared to FL-
hBN-Cu (86.2°) and bare Cu (82.3°) (Figure 5Sd). The ML-
hBN coatings enhanced the hydrophobicity of underlying Cu
surfaces, which is known to encourage biofilm growth and
associated biogenic sulfide attack. On a related note,
hydrophobic surfaces are desirable in abiotic sulfur corrosion
applications, as they are known to protect Cu from aggressive
chemical species.”
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Figure S. Fluorescent, 3D laser scanning, atomic force microscopy, contact angle measurement, and relative gene expression showing lower
cell adhesion on FL-hBN-Cu compared to bare Cu and ML-hBN-Cu. (a) Fluorescence microscope image of total cells obtained after 48 h
exposure by staining the surfaces with SYTO 9 green-fluorescent nucleic acid showing lowered adhesion of D. alaskensis population adhered
to the surface of FL-hBN-Cu compared to bare Cu and ML-hBN-Cu. (b) 3D biofilm thickness profile for bare Cu, FL-hBN-Cu, and ML-
hBN-Cu after 27 days of exposure in sessile conditions. (c) AFM surface topography and normal cantilever deflection signal for ML-hBN-Cu
and FL-hBN-Cu. (d) Contact angles for bare Cu, FL-hBN-Cu, and ML-hBN-Cu. (e) Relative gene expression (in folds) of tadC gene among
biofilm of D. alaskensis grown on bare-Cu, FL-hBN-Cu, and ML-hBN-Cu. Data represent the mean of triplicates. (Asterisk represents a

significant difference **P < 0.01; *P < 0.05).

We establish that the differences in nanoscale surface
properties caused by the differences in the number of layers
control the gene expression and genetic responses of “surface-
adhering” D. alaskensis cells. Our results based on the reverse
transcriptase-polymerase chain reaction (RT-PCR) tests
revealed a differential gene expression profile of the tadC
(Flp pilus assembly protein) gene of the D. alaskensis biofilm
on bare Cu, FL-hBN-Cu, and ML-hBN-Cu surfaces (Figure
Se), based on the cycle threshold values. We report that ML-
hBN-Cu triggered an up-regulation of the tadC by 2.5 + 0.7-
fold (P < 0.01) and FL-hBN-Cu by 1.6 + 0.3-fold (P < 0.05)
compared to bare Cu. This Pilus assembly protein promotes
cell-to-cell interaction, heterogeneities in biofilm,>' and
corresponding biogenic sulfide attack by D. alaskensis cells.”
The extracellular polymeric substrate (EPS) promotes
irreversible cell attachment, metal-binding capacity, and
corresponding electron transfer processes that drive the MIC
process.”>** These results explain why the ML-hBN-Cu
surfaces encouraged thicker biofilms and enhanced biogenic
sulfide attack compared to FL-hBN-Cu.

Effect of Defects on the Corrosion Protection of
Atomic hBN Layers. We have studied the effects of the grain

boundaries (GBs) and point defects on the corrosion
protection performance of atomic hBN layers. To understand
the effect of GBs, we transferred the CVD-grown hBN crystals
from FL-hBN-Cu onto Si-SiO, using the PMMA transfer
method. Then, a specific region of FL-hBN/Si-SiO, sample
was exposed to 1 M H,SO,, a typical corrodent found in MIC
environment, for 2 h. We analyzed the topographic surfaces of
pristine and corrosive regions of hBN using Kelvin probe force
microscopy. We chose FL-hBN for the analysis as they were
characterized by smaller grains (Figure S3) and can be
expected to yield a greater number of GBs. Our study revealed
that GBs undermine the overall performance of atomic hBN
layers in corrosive environments (Figure 6a—d and Figure S7).
Upon exposure to the H,SO,, the surface potential map of the
FL-hBN underwent a significant change. The WF of the GB
(~4.49 eV) was lower than that of the grain (~4.55 eV). The
lower the WF the more active the electrons and more their
participation in the electrochemical processes influencing
corrosion. Upon exposure to the H,SO, corrodent, the GBs
displayed a greater shift in WF (4.49 to 4.72 eV; IAWFI=0.23
eV) compared to the grain or basal plane (4.55 to 4.44 eV;
IAWFI=0.11 eV) (Figure S7d). The higher the AWF, the
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Figure 6. Effect of defects on the corrosion protection of atomic hBN layers. Morphology and surface potential map of (a) pristine FL-hBN/
Si-Si0, show the topography of a grain region surrounded by GB. (b) FL-hBN/Si-SiO, exposed to 1 M H,SO, show the hBN layers impacted
by SO, salts and its distinct surface potential compared to surrounding hBN. Measured work function (WF) line profile along the GB for
the (c) exposed and (d) pristine region as dash marked in panels a and b. The WF profile reveals the transformation of the WF associated
with a drop in carrier concentration at exposed GB compared to the unaffected region. (e) Local WF calculations near point defects in
double vacancy of hBN by DFT. (f) WF along dashed horizontal line and (g) WF along dashed vertical line in (e) at a distance of 3 A from
the hBN plane (h) Local WF calculations with sulfide radicals (HS) near a double vacancy in hBN. (i) WF along a dashed horizontal line and
(j) work function along a dashed vertical line in (h) at a distance of 5.5 A from the hBN plane. Adsorption geometries and energies of
sulfides on the basal plane of hBN for (k) H,S on pristine hBN, (1) H,S near a double vacancy in hBN, (m) HS on pristine hBN, (n) HS near

a double vacancy in hBN.

greater the change in the electron concentration and higher the
modulation in Fermi energy level.®® Thus, the GBs favor
interactions between the hBN crystals and corrosive entities,
undermining the overall corrosion protection.

Point defects in atomic hBN layers can locally change their
WE, which in turn could impact the corrosion resistance. We
have studied the influence of a double vacancy in a SL-hBN as
a model for the point defect by density functional theory
(DFT) simulations (Figure 6e—j). The electrostatic potential
distribution was calculated near the hBN double vacancy with
and without the adsorbed sulfide radical (HSe). The height of
the local peak of the electrostatic potential distribution near
the hBN double vacancy was found to be ~200 meV at 3 A

above the plane. In the presence of sulfide species, the peak
height increased to ~400 meV. These results indicate that the
vacancy dipole changes the local WF and influences the
corrosion resistance of atomic hBN layers.

We hypothesize that the defects including vacancies and
grain boundaries in 2D materials are more reactive compared
with their pristine counterparts. To understand the reactivity of
the HSe radicals with hBN basal planes with and without
vacancy, we have utilized the DFT simulations (Figure 6k—n).
Our DFT calculations revealed an increased adsorption energy
of sulfur compounds (MIC products) at the defective sites.
The adsorption energy of H,S on pristine hBN (~0.18 eV)
was smaller compared to that near a double vacancy (~0.26
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eV). Also, the adsorption energy of the HSe radical on
defective hBN was more prominent compared to pristine hBN.
The energy in pristine hBN was ~0.36 eV, whereas the radical
interacts strongly with the double vacancy, evident from higher
adsorption energy of ~4.53 eV. Although individual adsorption
energies and reactivities may vary depending on the nature of
the adsorbates and defects, this general trend of increasing
adsorption energy near defects is robust and should apply to
other forms of sulfides and other types of defects. These results
agree well with the prior reports that the line and point defects
such as grain boundaries, edges, vacancies, and substitutional
atomgécan increase hBN reactivity and degrade its perform-
ance.

Integrity of Atomic hBN Layers Exposed to Corrosive
Environments. We have carried out a post-mortem analysis
of the transferred hBN layers exposed to abiotic and biotic
corrosion, using Raman spectroscopy in a range of 1250—1450
cm™' Raman shift and AFM imaging (Figure S8). The Raman
spectra revealed that the hBN layers remained intact at the end
of both the biotic and abiotic corrosion tests. The retained
integrity of the exposed hBN layers was corroborated by the
AFM imaging, where the topographic profile of both the grain
and GB was found to remain unaltered after the exposure
(Figure S8b). However, the exposed hBN layers experienced
the phonon softening due to the convolution of strain and
doping by metabolites (biotic corrosion) and sulfur salts
(abiotic corrosion), as evident from the systematic red shift of
hBN E,, peak (Figure S8a).

CONCLUSIONS

In summary, we demonstrate that atomic hBN layers lower
copper corrosion by a minimum of 12-fold under a range of
abiotic and biotic sulfur environments. Increasing the number
of atomic layers did not necessarily improve the performance
of hBN coatings against abiotic sulfur corrosion. However, the
differences in the number of atomic layers of hBN influenced
nanoscale surface properties, which influenced the over-
expression of adhesion genes responsible for cell attachment,
biofilm growth, and biogenic sulfide attack. The nanoscale
defects including grain boundaries and point defects influenced
the corrosion protection performance of atomic hBN layers
under both the environments. Overall, few atomic layers of
hBN show promise for restricting the diffusion of a range of
aggressive sulfur species, which represents the rate-limiting
step for sulfur corrosion.

METHODS

Characterization of CVD-Grown hBN Coating. The quality of
CVD-grown hBN coatings was assessed using optical microscopy,
Raman spectroscopy, transmission electron microscopy (TEM), TEM
dark-field imaging, and atomic force microscopy (AFM). The hBN
films were transferred on to a SiO,/Si wafer for all of the above
analyses except for TEM, which used a lacey carbon-coated grid. A
Carl Zeiss Axio vision optical microscope with the following
specification was used to obtain the image: Zeiss Axio Cam MRC §
camera operated in a bright field mode, an objective lens of 10XHD-
DIC with a numerical aperture of 0.25 mm and coverslip thickness of
0.17 mm. Axiovision SE64 software was used to process the optical
images.

We used the PMMA-transfer method to prepare the samples for
the TEM dark-field imaging. FL-hBN-Cu or ML-hBN-Cu was spin
coated with PMMA, heat treated and immersed in copper etchant
(Transene, CE-100). The hBN films were then transferred onto a
SiO,/Si wafer or carbon-coated Cu grid. The wafer and grid were

rinsed thrice with acetone and distilled water to remove the PMMA
impurities.

The number of layers of hBN was determined using Raman
spectroscopy. Raman spectra were collected using ffTA Foram X3
module (Foster + Freeman Ltd., Evesham, UK) at 532 nm laser
excitation with 20x optical lens. A high-resolution TEM (JEM-2100
LaB6) was used to obtain lattice fringes for film edges and selected
area (electron) diffraction (SAED) patterns. The thickness of hBN
films was measured using the Bruker Multimode-8 AFM system. The
scans were carried out in noncontact mode with a ScanAsyst-Air-HR
probes having a 2 nm nominal radius. For post-mortem analysis of
hBN films exposed to corrosive environments, Raman spectroscopy
(spectral resolution 0.8 cm™") has been carried out using a 532 nm
laser line (type: solid-state, model RL53250) using a 100X optical
lens by Renishaw inVia. The laser power-up of ~10% (around 1.6
mW) was used for the exposure duration of 10 s using grating 2400
mm/l. The EZg Raman peaks obtained were fitted using the Pseudo
Voigt function to measure the peak positions. The Kelvin probe force
microscopy (KPFM) characterization was carried out using an AFM-
Bruker Dimension Icon (details are provided in the Supporting
Information).

To determine the crystallographic orientation of Cu substrates used
for growing hBN films, we performed electron-backscatter diffraction
(EBSD) measurements using JEOL 7000F Analytical SEM with HDL
Technology EBSD at a probe current of S nA, an accelerating voltage
of 20 kV, and an angle of incidence of 70°. The data for the inversed
pole figure was analyzed using Mambo software. We measured the
static contact angle to establish the wettability of various substrates
using an automated Ramé—Hart 500 digital goniometer equipped
with CCD camera (Ramé-hart instrument Co., NJ, USA) at room
temperature (~70 °F). A 1 uL droplet of deionized water was placed
on a flat horizontal substrate (bare Cu, FL-hBN-Cu and ML-hBN-
Cu) using a needle to create a sessile drop, and the angle between the
baseline of the drop and the tangent at the drop boundary was
measured by a CCD camera connected to the manufacturer’s contact
angle software (DROPimage Advanced program). The readings for
every angle measurement were taken ten times and three drops were
measured for every sample.

Friction force microscopy was carried out on the FL-hBN and ML-
hBN samples using the Asylum MFP 3D AFM. The root-mean-square
surface roughness for both the nanoscale coatings was performed over
a 500 X 500 nm area and at a relative humidity of 10%.

SRB Inoculation and Cultivation. D. alaskensis cells was initially
grown in lactate-C medium' with the following components (g/L):
sodium lactate, 6.8; sodium sulfate, 4.5; sodium citrate, 0.3;
dehydrated calcium chloride, 0.06; ammonium chloride, 1.0;
magnesium sulfate, 2.0; potassium phosphate monobasic, 0.5; yeast
extract, 1.0; ascorbic acid, 0.1; sodium thioglycollate, 0.1. Prior to
inoculation, the culture medium was sterilized at 121 °C for 30 min
and deoxygenated with filter-sterilized N, gas for 30 min at 15 psi. D.
alaskensis cultures were then grown in 150 mL serum bottles
containing 100 mL of lactate-C medium. The bottles were sealed with
butyl rubber stoppers and the initial headspace composition was
maintained at 95% N, (v/v) and 5% H, (v/v). D. alaskensis cultures
were incubated at 30 °C and 125 rpm on an orbital platform shaker
for 48 h.

Biogenic Sulfide Corrosion Experiments. Ten milliliters of D.
alaskensis culture (1 X 10° cells/mL) from the exponential phase was
used to inoculate 400 mL of lactate C medium in the corrosion cell
under anaerobic conditions. A Reference 600 Gamry potentiostat
(Warminster, PA, USA) was used for all the electrochemical corrosion
tests discussed in this study. The corrosion cell consisted of a working
electrode (WE) (Bare Cu, FL-hBN-Cu or ML-hBN-Cu), counter
electrode (graphite plate), and a reference electrode (Ag/AgCl) in a
reference bridge tube. The bare Cu, FL-hBN-Cu, or FL-hBN-Cu
sample was laterally mounted on a stainless-steel bracket using an
electroplating tape (® = 11.3 mm). The exposed surface area of the
WE was limited to 1 cm? Standard microbiology practices and sterile
techniques were used to maintain the axenic cell population during
the experiments. The corrosion cell having the lactate C medium was
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initially purged with sterile nitrogen gas at 1S psi for 30 min to
develop anaerobic conditions. Then D. alaskensis culture inoculum
(10% v/v) with an initial cell number concentration of 1 X 10° cells/
mL was transferred into the corrosion cell. An SRB test kit was used
to measure the concentration of planktonic cells in the corrosion cell.
The MIC experiments with biofilm were carried out on Day 14 and
Day 27.

Electrochemical Analysis. All electrochemical tests were
performed after the system reached stable open circuit potential
(OCP). The electrochemical data were analyzed using Gamry Echem
analyst software and later exported into the Origin software for
plotting. Nondestructive linear polarization resistance (LPR) tests
were run in triplicates to calculate corrosion rates by polarizing the
working electrode at +10 mV from its OCP and using a scan rate of
0.125 mV/s and stability value of 0.1 mV/s. The polarization
resistance (R,) was determined from the slope of the potential vs
current curve and used to calculate corrosion current (I,,) using the
Stern—Geary eq (eq 3). Corrosion rates (mils per year (mpy)) were
determined by substituting R, and I, values in eq 4.

B 1 B

icorr = X =
B+pB) 23R, R, (3)

where f, and f. are the anodic and cathodic Tafel constants,
respectively; R, is the polarization resistance; and B is the Stern—
Geary coeflicient. The Tafel constants were obtained from Tafel
analysis that was carried out with a scan rate of 1 mV/s in the
potential range of +250 mV (vs OCP). The polarization plots for bare
Cu and FL-hBN-Cu did not display anticipated Tafel behavior in the
potential range of 70—100 mV (Figure 3a). We therefore determined
the corrosion rates using a linear region from 30 to 40 mV using eq 4.

Ki.(EW)
pA (4)

where the constant K = 1.288 X 10° milli-inches is used to obtain
corrosion rates in mpy. EW, p, and A are the equivalent weight (31.7
g), density (8.94 g/cm®), and area (1 cm?) of the Cu specimen,
respectively. The protection efficiency was calculated by substituting
the values of current density obtained from Tafel analysis in eq S.

corrosion rate (mpy) =

ié)orr - icorr) 100
0

iCO[T (5)

where 2. and i, are the corrosion current density in the absence
and presence of hBN coatings.

The electrochemical impedance spectroscopy (EIS) tests were
carried out at open circuit potential conditions and in the frequency
range of 1 X 10° to 0.01 Hz using an AC signal of amplitude +10 mV.
The corrosion protection efliciency was calculated based on eq 6

corrosion protection efficiency, PE(%) =

(R R

corr,coated corr,bare)

R

100

corrosion protection efficiency =
corr,coated
(6)
Corrosion Sample Surface Preparation and Analysis. Biofilm
and corrosion products formed on the three working electrodes (bare
Cu, FL-hBN-Cu and ML-hBN-Cu) were examined using a field-
emission scanning electron microscope (FESEM) and confocal laser
scanning microscope (CLSM). Before microscopy analysis, the
samples were fixed by immersing in 2% glutaraldehyde for 2 h at
48 °C, sequentially dehydrating with ethanol solution (25%, 50%,
75%, and 100%) for S min each, followed by an overnight drying in a
desiccator. FESEM (Zeiss Supra40 variable pressure) was used to
analyze the surface morphology of biofilm and corrosion products.
The SEM images were obtained using secondary electron imaging
operated at an accelerated voltage of 3 kV. Biofilm thickness was
measured using 3D mode confocal laser scanning microscopy
(CLSM) (model solution-treated C2 Plus, Nikon, Tokyo, Japan).
RNA Extraction, cDNA Synthesis, and Real-Time PCR
Analysis. Biofilm samples of D. alaskensis on the bare Cu, SL-hBN-

Cu, and ML-hBN-Cu were slightly washed with phosphate-buffered
saline. Cells were then gently scraped using nuclease-free sterile
spatula and then transferred immediately to prechilled centrifuge
tubes. RNA was extracted using a TRIzol Max Bacterial RNA
Isolation Kit (Ambion, Life Technologies) using the manufacturer’s
protocol and quantified using nanodrop (NanodropTM 1000
spectrophotometer, Thermo Scientific). Following this, 2 ug of
dsDNase-treated total RNA was used for cDNA synthesis using a
Maxima H Minus First Strand cDNA Synthesis Kit (Thermo
Scientific), using the manufacturer’s protocol. These cDNA samples
were then used as a template for real-time PCR analysis to detect the
relative abundance levels of the tadC (Flp pilus assembly protein)
gene among the biofilm of D. alaskensis grown on different materials.
For this, gene specific primers (tadCF, CATGCTGCTGGGACTGA-
CAT; tadCR, ATGATACCCATGCATCCGGC; 16S rRNAF,
AAACGACTGCTAATGCCGGA; 16S rRNAR,
GCCTTGGTGAGCCATTACCT) were designed and the 16S
rRNA gene was used as a housekeeping gene for normalization. For
real-time PCR analysis, a reaction was performed that includes S uL of
2X PowerUp SYBR Green Master Mix (Thermofisher Scientific), 0.5
uL each of forward and reverse primers (0.4 uM), 2 uL of cDNA
template, and 2 yL of nuclease-free water, for a total of 10 xL. Real-
time PCR was performed using a QuantStudio 3 Real-Time PCR
System (Applied Biosystems) and the relative expression of tadC gene
was calculated from their cycle threshold values. The experiment was
performed in triplicate for each biological test sample. Nonspecific
amplifications were checked using dissociation curves and a no-
template control was also maintained as a negative control without
the RNA template.
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