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Size-selected boron nitride nanosheets (BNNSs) were
explored to enhance the polymer’s oxygen-atom corrosion
resistance. BNNSs with three kinds of average lateral size
were prepared by a size selection route. All these BNNSs
could enhance the polymer’s oxygen-atom corrosion
resistance, but we found much greater enhancement by using
larger BNNSs, i.e. adding ~1.0 wt% large BNNSs (~21.4 pmz)
can achieve 87% decrease in the polymer’ mass loss. BNNSs’
barrier and bonding effects are responsible for the enhanced
resistance. These results throw light on resisting oxygen-atom
corrosion by BNNSs with controllable size.

Two-dimensional boron nitride nanosheets (BNNSs) have been
widely investigated in both fundamental and application
aspects. BNNSs show better performance than the bulk
counterpart in such fields as transistors, solid lubricant, thermal
conductors, etc.!? Apart from these metrics, BNNSs have some
special physical and chemical properties. For example, like
graphene which shows impermeability to standard gas,* BNNS
possesses excellent barrier properties.™ ® BNNS also has
excellent thermal stability and remarkable inertness to
oxidizing gas and liquid solutions.” Furthermore, BNNS is
hydrophobic by nature and it can passivate surfaces effectively
from water.® These exceptional properties make BNNS
uniquely suitable as an anticorrosion material. The investigation
of oxidation resistance of BNNS is important for its application.

Initially, BN coatings were directly grown on substrates and
improved the high-temperature oxidation resistance of the
substrate material.” ' Most recently, Husain et al. incorporated
BN particles into polymers to form composite coatings, which
showed improved resistance to electrochemical corrosion.'" Liu
et al. reported the use of ultrathin grown BN as high-
performance oxidation-resistant coatings for nickel up to 1,100
°C in oxidizing atmospheres.'? Li et al. reveal that monolayer
BN nanosheets can sustain up to 850 °C based on the BNNS
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prepared by micromechanical cleavage.'® Yi et al. reported the
application of BNNSs in resisting oxygen-atom corrosion.'*!®
To extend these works, the study and application of BNNSs in
corrosion fields are highly recommended to go further.

Herein, we focus on the oxygen-atom corrosion resistance
of polymer by adding BNNSs with controllable size. In oxygen
atom, two unpaired electrons gives °p oxygen two reactive
sites. The highly oxidative oxygen atom can result in heavy and
quick corrosion of polymer surface. Even in the dry or vacuum
environment, for example in the low earth orbit (LEO), a very
small amount of oxygen atom can easily corrode the polymer
heavily. One potential application of this topic is enhancing the
oxygen-atom corrosion resistance of the spacecraft polymeric
parts in LEO where oxygen atom exists; because corrosion
induced by space environment has huge danger.

Fig. 1 (a) Photographs of PVA/BNNSs composite dispersions obtained by a
centrifugation based size selection route. (b) Photographs of PVA/BNNSs
composite films with different loading of large BNNSs.

Polyvinylalcohol (PVA) was chosen as a model polymer to
form composites with BNNSs. In order to prepare composites,
we firstly prepared PVA/BNNSs dispersions by sonication and
centrifugation (see ESIf for detail). With PVA as stabilizer,
BNNSs can be stabilized in water to form homogeneous
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colloid, as shown in Fig. la. We adopted controlled
centrifugation to select BNNSs with different lateral size.'”"’
The concentration was estimated from the BNNSs content,
which was roughly measured by the TGA (thermal gravimetric
analysis) curves of the dried PVA/BNNSs composites (see
ESIY). Firstly, a centrifugation speed of 3000rpm (revolutions
per minute), corresponding to a centrifugal acceleration of
2304g was used to obtain ~0.22 mg/mL BNNSs dispersions
which should contain small BNNSs. Then we collected the
sediment and diluted it by PVA solution. The diluted
dispersions were further bath sonicated and centrifuged at a low
rotation speed of 1500rpm (x576g). The resultant dispersions
contain medium BNNSs, with a concentration of ~0.94 mg/mL.
Repeating this route at S00rpm (x64g) can achieve ~2.8 mg/mL
dispersions which should contain large BNNSs.

A typical atomic force microscopy (AFM) image of the
small BNNSs is shown in Fig. 2. The bright spots in the AFM
image are the residual PV A after water evaporation. Because of
the residual PVA, it is very difficult to obtain high-quality
AFM images and AFM tips are often damaged. More AFM
images of these three kinds of BNNSs are shown in Fig. 3. It
can be seen that all the large, medium, and small BNNSs have a
thickness less than 3.0 nm. This thickness size confirms the
high degree of exfoliation and thus the BNNSs’ high quality.
These several atomic-layered flakes also ensure the large aspect
ratio which has been deemed as an important parameter in
reinforcing composites. Through statistical analysis of AFM
images, the lateral size of the BNNSs is quantitatively
estimated. The small BNNSs before size selection have an
average area (<A>) of ~1.0 pm”. The medium and large BNNSs
achieved by size selection are of much larger area, with <A>

Journal Name

~4.1 pm? and <A> ~21.4 um? respectively. This statistical
analysis confirms the effectiveness of selecting BNNSs lateral
size by controlled centrifugation.
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Fig. 2 A typical AFM image of small BNNSs and the height profile.

Free standing composite films were prepared by solution
casting of these PVA/BNNSs composite dispersions (see ESIf
for details). The enhancement in thermal stability also indicates
strong interactions between the BNNS fillers and PVA matrix
(Fig. S1 in ESIf). Oxygen-atom exposure was carried out in a
ground-based atom oxygen effect simulation facility (see ESIf
for details).'”' The samples are cut into 10 mmx10 mm, as
shown the photographs in Fig. 1b.

Shown in Fig. 4 are the scanning electron microscopy (SEM)
images of the oxygen-atom corroded surface of pure PVA and
composite films. Apparently, the surface morphology after
oxygen-atom exposure is greatly distinct. The pure PVA film
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Fig. 3 Typical AFM images, height profiles, and BNNSs’ area distribution of (a) large BNNSs after centrifugation of 500rpm, (b) medium BNNSs after centrifugation of

(c) small BNNSs after centrifugation of 3000rpm. The bright spots in AFM images are the residual PVA after water evaporation.
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surface is severely corroded and roughened, exhibiting “carpet-
like” structures with deep caves (Fig. 4a). As shown in Fig. 4b-
d, the surface morphology is totally different among the
composite films filled with BNNSs of different size. In the
composite film with small BNNSs (Fig. 4b), “carpet-like”
structures also appear, but the caves are slightly relieved. In the
inset of Fig. 4b, lots of tiny BNNSs can be seen. In the case of
large BNNSs, “carpet-like” structures are negligible at a large-
BNNSs loading of ~0.5 wt%, as shown in Fig. 4c. The size of
the exposed BNNSs seems consistent with the average area
estimated by AFM in Fig. 3. Most interestingly, when the
loading reaches ~1.0 wt%, the exposed surface is readily
covered with BNNSs. It can be anticipated that if the corroded
surface is well covered by BNNSs, the corrosion resistance will
be high. In contrast, if the surface is dominated by “carpet-like”
morphologies, a low corrosion resistance will be achieved.

Fig. 4 Surface SEM images of (a) pure PVA film, (b) ~0.7 wt% small-BNNSs/PVA
film, (c) ~0.5 wt% and (d) ~1.0 wt% large-BNNSs/PVA film after exposed oxygen
atom.
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X-Ray photoelectron spectrometer (XPS) was used to
analyse the composition of the corroded surface, as shown in
Fig. 5. Form the Bls and N1s spectra in Fig. 5a, it can be seen
that no oxidation is induced during the BNNSs preparation. As
shown in Fig. 5b, in the surface of pure PVA, the content of
oxygen remarkably increases after the oxygen-atom exposure.
This indicates the reaction of oxygen atom with PVA. For
PVA/BNNSs film, the exposed surface has the component of B
and N, as shown in Fig. 5c. This implies that PVA is corroded
away while BNNSs remain, in accordance with the SEM results
in Fig. 4. As shown in Fig. 5d, Nls spectrum keeps a single
peak, while Bls spectrum becomes asymmetric with a fitted
peak associated with B-O bond. This indicates that BNNSs
have reacted with oxygen atom, and it is B rather than N that
reacts with oxygen atom.

The mass loss has also been the critical parameter for
quantitatively valuing the oxygen-atom corrosion resistance of
a material. We have plotted the mass loss as a function of the
fillers’ loading, as shown in Fig. 6. In the oxygen-atom
corrosion case, because the corrosion products are often
volatilizable gas, the mass increase by oxygen atom can be
neglectful. Obviously, after filling BNNSs, the mass loss of
PVA decreases. At the same loading, larger BNNSs’ size leads
to more notable enhancement in oxygen-atom resistance. As
shown in Fig. 6, an addition of ~0.2 wt% large BNNSs, ~0.22
wt% medium BNNSs, and ~0.28 wt% small BNNSs can
achieve ~49, ~42, and 27% decreases in mass loss, respectively.
Only ~1.0 wt% large BNNSs could result in a mass loss
reduction of ~87%. For the case of large BNNSs, a saturation
appears at high loading content of BNNSs. For comparison, we
have also added pristine BN powder to reinforce PVA, but to
find that 1.5 wt% BN powder could only result in ~42%
decrease in mass loss, even lower than that in the case of ~0.2
wt% large-BNNSs loading. Therefore, the reduction in mass
loss indicates that BNNSs fillers can improve the oxygen-atom
corrosion resistance of polymer. These results are very
attractive when compared to that by adding traditional fillers.
For example, ~5 wt% nano SiO, can only lead to a reduction of
~42% in mass loss.”> An extremely high loading of
plerospheres (~50 wt%) can only lead to a reduction of ~68% in
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Fig. 5 (a) XPS results of pristine BN powder and BNNSs/PVA powder. XPS survey of the surfaces of (b) pure PVA and (c) ~0.5 wt% large-BNNSs/PVA film before and
after oxygen-atom exposure. (d) N1s and B1s spectra in (c) after oxygen-atom exposure.
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mass loss>>. When compared to the work on graphene and
graphene oxide in which 1 wt% large graphene can only
achieve 42% decrease in composites’ mass loss,'"” BNNSs also
show much better performance in resisting oxygen-atom
corrosion. In this aspect, it has significant advantages that
BNNSs fillers with these low loadings can match the
performance of large quantities of traditional fillers in

improving oxygen-atom corrosion resistance.
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Fig. 6 Mass loss of PVA/BNNSs films with different loading of large BNNSs,
medium BNNSs, small BNNSs, and pristine BN powder after exposed into oxygen
atom.
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Fig. 7 Schematic of the mechanism that BNNSs can enhance oxygen-atom
corrosion resistance of PVA composites. (a) Large BNNSs allow less penetrative
channels. (b) Small BNNSs allow more penetrative channels. (c) Two possible
routes for the mechanism.

We suggest that two effects contribute to the anticorrosion
mechanism of BNNSs in resisting oxygen-atom corrosion, as
shown in Fig. 7. The first is barrier effect. Because BN layers
are revealed to have barrier effects for oxygen-atom penetration
and protect polymer underneath from corrosion. However,
BNNSs with different size have different performance. Larger
BNNSs allow much less
penetrative channels than smaller ones, resulting in much better

have much fewer edges and

barrier effect, as illustrated in Fig. 7a and b. The second is
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bonding effect. Recent experimental study has shown that
oxygen atom induced oxidation of monolayer BN occurs
through a gradual substitution of N by O in the h-BN lattice,**
and an efficient oxygen-healing mechanism exists in BN
Though B is oxidized by O, N is
removed. Hence, the oxygen atom induced increase in the mass
of BN can also be neglectful. It can be anticipated that these
flaked BNNSs with large surface area are inclined to react with
This can resist subsequent
corrosion and alleviate PVA matrix corrosion by consuming

structure with N vacancies.”

atom oxygen to form bonds.

abundant oxygen atom. The bonding mechanism can be
verified by the B-O peak in Fig. 5d.

In conclusion, the potential of BNNSs as fillers to enhance
the oxygen-atom corrosion of polymeric composites has been
explored. By sonication and centrifugation-based size selection,
we prepared BNNSs/PVA hybrid dispersions with BNNSs of
three different averaged area, large: ~21.4 um? medium: ~3.1
umz, and small: ~1.0 umz. Results from SEM, XPS, and mass
loss prove that all these BNNSs fillers can enhance oxygen-
atom corrosion resistance. Large BNNSs perform much better
than the smaller ones. Adding only ~1.0 wt% large BNNSs can
achieve 87% decrease in composites’ mass loss. BNNSs’
bonding and barrier effects could be responsible for the
enhanced resistance. Large-surface-area BNNSs can react with
oxygen atom to form bonds, thus consuming abundant oxygen
atom. Larger BNNSs have much better barrier effects and thus
much higher resistance. We hope that these preliminary results
could establish BNNSs as the novel fillers for resisting oxygen-
atom corrosion.
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