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ABSTRACT: This study reports a fundamental electrochemical
study to understand the corrosion behavior of 1D bulk, free-
standing 1D boron nanotube (BNNT) buckypaper and compare it
with a sintered 2D hBN nanoplatelet (BNNP) pellet. Tafel analysis
indicates that 1D BNNT has superior corrosion resistance with a
lower corrosion rate of 0.0026 mils per year (mpy). 2D BNNP,
although having similar chemistry to 1D BNNT, resulted in an
increased (40 times) corrosion rate of 0.107 mpy. The higher
surface area and aspect ratio of BNNT drastically influenced the
corrosion kinetics. The scientific outcomes will enable the better
design of novel hBN-based corrosion-resistant materials.

1. INTRODUCTION
Hexagonal boron nitride (hBN) is an electrically insulating
isomorph of graphite, where the boron and nitrogen atoms
form the A and B sub-lattices. Like graphite, hBN possesses
high thermal conductivity,1,2 mechanical strength, ultra-high
impermeable properties,3 and oxidation resistance.4 The
position of B and N atoms results in a reduced electro-
delocalization in their bond energies, resulting in a wide
bandgap of 5.96 eV, making hBN electrically insulating.5 Due
to their highly electrically insulating nature, hBN does not
promote galvanic corrosion of the underlying materials. Hence,
recent research has focused on applying hBN as a protective
barrier material against the corrosion of metals and oxidation
under extreme conditions.6−10

Initial studies report corrosion-inhibiting properties of hBN
when BN particles are directly coated on metal substrates or as
additives with polymers.11−18 However, a few studies
concluded that thick nanolaminate BN particles increase the
corrosion rate of composite materials.11 Liu et al. confirmed
that the ultrathin-grown BN’s effectiveness on Ni acted as an
effective oxidation-resistant coating in an aggressive atmos-
phere up to 1100 °C.18 Unlike the thick BN particles, the
ultrathin BN coating offered a more interface between BN and
Ni, reducing the electrochemical reaction rate. This study
brought a new approach to corrosion mechanisms regarding
the surface morphology and surface area of the barrier material.
Subsequently, 2D boron nitride nanosheets (BNNS) have
been explored for anticorrosion applications.19−21 Compared
to traditional micron-sized irregular BN particles, 2D BNNS’s
large lateral dimension offers greater interfacing with the host
material, increasing the corrosion resistance in such systems. Yi

et al.,22 in their study on size-selected BNNS coating on a
polymer, concluded that larger BNNS (∼21.4 μm2) greatly
enhanced the corrosion resistance of the polymer. Hexagonal
BN’s proactive anticorrosive property is directly correlated
with its surface morphology and area.11−22

Bulk, free-standing 1D boron nanotubes (BNNTs)
fabricated as 100% BNNT and oriented randomly in-plane
are commercially available as BNNT buckypaper (BP).23−26

They are analogous to carbon nanotubes but offer multifunc-
tional advantages, including piezoelectricity, electrical insu-
lation, high-temperature stability, and neutron absorption.27,28

Compared to 2D hBN nanoplatelet (BNNP), 1D BNNT is
arranged randomly into a porous 3D structure and offers a
substantially greater surface area. Previous research stud-
ies11−22 concluded that hBN with a high surface area offers
increased corrosion resistance due to higher interfacing with
the underlying material. Yet, BNNTs are not recognized as
corrosion-inhibiting additives. This is due to a lack of
fundamental knowledge of the electrochemical behavior of
free-standing hBN polymorphs. Thus, the present study
focuses on if BNNTs display improved corrosion resistance.
A fundamental electrochemical study is reported to understand
the corrosion behavior of free-standing BNNT-BP and
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compare it with 2D hBN via the DC potentiodynamic
corrosion test. The study reveals how the surface morphology
and surface area of hBN polymorphs influence the electro-
chemical reaction in corrosion inhibition. A quantitative
analysis of Tafel parameters is carried out to establish the
effect of polymorphism on the electrochemical stability of hBN
in a mild simulated seawater environment.

2. RESULTS AND DISCUSSION
The corrosion behavior of 1D BNNT-BP and 2D BNNP was
studied in a 0.1 normal sodium chloride (3.5 wt % NaCl or
simulated seawater) solution environment at room temper-
ature and pressure. The samples were conditioned in the
electrolyte for 60 min to reach a stable open-circuit potential
(OCP). Figure 1a shows the OCP of BNNT-BP and BNNP.

The OCP, the corrosion potential (Ecorr), indicates the
electromotive force or voltage conducted by the materials’
active surface. BNNT-BP has an active surface area of 1340
cm2 and an Ecorr of 55.46 mV, while BNNP, with a lower active
surface area of 0.75 cm2, recorded a higher Ecorr of 101.7 mV.
Although BNNT-BP and BNNP test samples have 3D
structures, their basic microstructure is 1D and 2D,
respectively, as shown in Figure 1b,c. The nanotubes
composing BNNT-BP have a higher aspect ratio, with the
length of the nanotubes varying between 1 and 100 μm with an
average diameter of 5 nm, as shown in Figure 1b. Hence, the
resultant BNNT-BP has a high surface area and offers more
resistance to the flow of charges, unlike low surface area
BNNP. It is also observed from Figure 1a inset that BNNT-BP
reaches a stable OCP of ∼55 mV in ∼1 min, whereas 2D
BNNP starts at an OCP of 60 mV and gradually stabilizes after

20 min at about 101.7 mV. The variation in the OCP
stabilization time can be attributed to the porosity present and
the particle morphology in both the test materials, which affect
the electrolyte absorption. A stable OCP is achieved when the
interaction between the test sample and the environment is at
equilibrium. BNNT-BP is highly porous due to their randomly
oriented nanotube structure, and BNNP consolidated by SPS
had 10% porosity,29 as shown in Figure 1b,c, respectively. The
hollow tubes of the BNNT-BP aggravate the electrolyte
absorption by the capillary effect, thus quickly equilibrating
with the environment. On the other hand, BNNP is only 10%
porous, with randomly shaped pores exposing the nano-
laminate layers to the electrolyte (refer to the inset in Figure
1c). The absorption of electrolytes into nanolaminate BNNP is
slow compared to the capillary effect induced by BNNT, thus
increasing the time for OCP stabilization in 2D BNNP.
After the samples recorded a stable OCP, a potentiodynamic

test was carried out to analyze the effect of hBN polymorphs
on corrosion kinetics. Figure 2a shows a comparative Tafel plot
of BNNT-BP and BNNP. Tafel analysis was performed as
shown in Figure 2b,c to extract the Tafel data for BNNT-BP
and BNNP. From Figure 2a, it can be observed that the Icorr
values of BNNT-BP and BNNP are 4.13 ± 0.1 μA and 0.114 ±
0.044 μA, respectively. BNNT-BP exhibits high anodic and
cathodic currents than BNNP. The current density of BNNT-
BP and BNNP is 0.0031 and 0.152 μA/cm2. Due to the high
surface area, BNNT-BP exhibits low current density. The Ecorr
values of BNNT-BP and BNNP are 45.9 ± 0.1 mV and 84.43
± 19.35 mV, respectively. The lower Ecorr, along with the lower
current density of BNNT-BP, indicates excellent antioxidation
behavior of BNNT-BP compared to BNNP. These subtle
electrochemical variations between BNNT-BP and BNNP
translate to better corrosion properties. The corrosion rate of
BNNT-BP (0.0026 mpy) is ∼40 times lower than that of
BNNP (0.107 mpy). Although the material has similar
chemistry, the morphology of BN dramatically influences the
active surface area of the materials. For uniform corrosion, the
corrosion rate (CR) is dictated by the following relation

=
I K

A
CR

EWcorr

(1)

where K = 3272 mm/A·cm·year, EW is the equivalent weight
of hBN (8.27 g/equiv), ρ is the density of hBN (2.1 g/cm3),
and A is the active surface area. From eq 1, it can be inferred
that CR is indirectly proportional to the surface area of the
material and directly proportional to the Icorr of the material.
Hence, the high surface area BNNT-BP (∼1340 cm2) lowers
the corrosion kinetics compared to the low surface area BNNP
(∼0.75 cm2).
Figure 3 is the schematic explaining how high surface area

BNNTs drastically reduce the CR compared to low surface
area BNNPs. Corroding metals form metal ions and release a
free electron in a metal corrosion process. These free electrons
reduce the oxygen in the environment to oxygen ions (O2−).
The metal ions can react with O2− to form respective oxides.
However, if there is a layer of an insulating material such as
hBN, an inherently electrically insulating material traps the free
electrons at the interface between the metal and the protective
layer, thus preventing an oxidation reaction.30 High surface
area BNNT can trap more electrons and prevent oxidation and
reduction reactions with the environment more effectively than
low surface area BNNP as represented by Figure 3. Also, in the
case of BNNT, the electromotive force or the ability to

Figure 1. OCPs of 1D BNNT-BP and 2D BNNP. Inset showing the
OCP voltage for 1D BNNT-BP up to 120 s. SEM images of (b) as-
received 1D BNNT-BP. Inset showing the magnified BNNT
morphology within the highlighted white rectangle. The nodules are
residual boron nanoparticles formed during the BNNT synthesis and
(c) as-synthesized dense 2D BNNP pellet surface. Inset showing the
porosities on the dense 2D BNNP pellet and the 2D structure of
BNNP.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c06477
ACS Omega 2023, 8, 3184−3189

3185

https://pubs.acs.org/doi/10.1021/acsomega.2c06477?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06477?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06477?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06477?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c06477?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


conduct charges is comparatively lower than that of BNNP, as
found by OCP analysis (refer to Figure 1a). Both materials
offer low CR, but BNNT provides more corrosion protection
than BNNP due to more charge-hindering surfaces.

Figure 4a,b shows the XRD diffractogram for BNNT-BP
before and after the corrosion. The similarity in the XRD
diffraction emphasizes the absence of oxidation or reduction
reaction in BNNT-BP. However, for 2D BNNP, the intensity

Figure 2. Tafel plots of 1D BNNT-BP and 2D BNNP were obtained from the potentiodynamic test. (a) Comparative Tafel plots, (b) experimental
and fitted data plots of 1D BNNT-BP, and (c) experimental and fitted data plots of 2D BNNP.

Figure 3. Schematic showing charge-transfer effects in (a) BNNT and (b) BNNP.
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of the (002) and (004) planes reduces, while that of the (100)
plane increases after corrosion. Although there was no
noticeable weight change in 2D BNNP after corrosion, the
variation in the peak intensities can give a clue of inter-planar
material reduction, suggesting active corrosion in 2D BNNP.
Secondary peaks of B2O2 and B4C can be seen in a 2D BNNP
before and after corrosion diffractogram. Oxygen and carbon
impurities are often present in the BN crystal structure.31

SEM imaging was performed to observe and analyze the
formation of pits or oxide layers on the samples after corrosion.
Figure 4c,d shows the micrographs of BNNT-BP and BNNP,
respectively, after the potentiodynamic corrosion tests. After
corrosion, no noticeable pits or unusual morphology were
detected on the BNNT-BP and BNNP samples (refer to Figure
1b,c for SEM images before the corrosion test). Both samples
exhibit excellent corrosion-resisting properties. Still, BNNT-BP
has precedence over BNNP due to its high surface area,
offering more electrically resistive channels than BNNP. As CR
is a function of Icorr and surface area, a highly resistive material
with a high surface area like 1D BNNT-BP can protect metals
and polymers against corrosion.

3. CONCLUSIONS
A fundamental electrochemical study is conducted to under-
stand and analyze the corrosion behavior of 1D BNNT-BP and
2D BNNP via the DC potentiodynamic corrosion test. BNNT-
BP has a higher active surface area, offering more electrically
resistive channels than BNNP. The high surface area of
BNNT-BP drastically influenced the corrosion kinetics of the
hBN system, which resulted in ∼40 times lower CR than
BNNP. The study conducted establishes a fundamental
understanding of how the polymorphs of hBN, that is, 1D
BNNT-BP and 2D BNNP, influence the corrosion kinetics to
inhibit the corrosion reaction.

4. EXPERIMENTAL SECTION
1D BNNT-BP was purchased from TEKNA, Quebec, Canada.
Commercial BNNT-BP is highly porous, with a surface area of
>100 m2/g and a thickness of 75 μm. The length of the
nanotubes varied between 1 and 100 μm and had an average
diameter of 5 nm. The 2D boron nitride nanoplatelet (BNNP)
powder was purchased from pH Matter LLC, OH, USA. The
2D BNNP powder had a surface area of >50 m2/g. For the

Figure 4. X-ray diffraction patterns for (a) 1D-BNNT BP and (b) sintered 2D-BNNP pellets before and after corrosion. Post-corrosion SEM
images of (c) 1D-BNNT BP and (d) sintered 2D-BNNP.
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corrosion test, the 2D BNNP powder was consolidated into 20
mm-wide and 2 mm-thick cylindrical pellets by Spark Plasma
Sintering. The processing parameters are reported elsewhere.29

The test samples were cut into a ∼6.5 × 3.5 mm2 rectangular
specimen. Porous BNNT-BP had a thickness of 75 μm and
offered an active surface area of ∼1340 cm2. The dense 2D
BNNP pellet had a thickness of 2 mm and offered an active
surface area of ∼0.75 cm2.
A three-electrode configuration, immersion type, and DC

potentiodynamic (ASTM G5) corrosion test was performed in
a 0.1 normal sodium chloride (3.5 wt % NaCl or simulated
seawater) solution (Aqua Solutions, TX, USA) in a Eurocell
corrosion cell (Gamry Instruments, PA, USA). Saturated
calomel electrode in potassium chloride (KCl) solution was
used as a reference electrode, and a carbon rod was used as a
counter electrode. Gamry Potentiostat Interface 1000 and
Gamry Framework were used to run the DC potentiodynamic
tests. The BNNT-BP sample is fragile owing to a low thickness
of approximately 75 μm. Hence, the usual sample securing
system, typically by screw, can damage the sample and result in
a non-uniform surface contact with the sample holder.
Colloidal silver paste (PELCO, Product no. 16032, Ted
Pella, INC, USA) was used to stick the BNNT-BP sample onto
the Eurocell sample holder and ensure maximum surface
contact. The silver paste was air-dried before the electro-
chemical testing. The dense 2D BNNP pellet sample was
secured to the Eurocell sample holder by the in-built screw
system. No additional sample preparation was performed on
the 2D BNNP test sample. For BNNT-BP, a voltage sweep was
performed from −0.25 to 0.15 V at a scan rate of 1 mV/s. For
2D BNNP, a voltage sweep from −0.25 to 0.3 V at a scan rate
of 1 mV/s was employed. Since BNNT-BP and 2D BNNP
exhibited different OCPs, the test potential difference had to
be set differently to minimize the extensive cathodic reaction.
Tafel analysis was performed using the Gamry Echem Analyst.
At least three samples of each hBN polymorph were tested,
and their average results were reported. An X-ray diffrac-
tometer (Siemen D500) was employed to analyze the phases
before and after corrosion. The morphology of the samples,
before and after corrosion, was analyzed using the JEOL JSM-
6330F field emission scanning electron microscope.
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