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The wettability of boron nitride nanotube (BNNT) films was modified using a combination of pulsed and continuous wave (CW)
mode plasma. The combined mode effectively modified the wettability of BNNT films and kept the nanostructures intact. The
BNNT films changed from superhydrophobic to superhydrophilic after combined mode treatment at 600 W min. In contrast, the
contact angle controllable decreased linearly in a controllable way with increasing energy input before eventually becoming su-
perhydrophilic after 1000 W min of CW mode treatment. A high concentration of graft functional groups formed, along with
point defects. More point defects formed when using combined modes and higher energy input. Mainly amine functional groups
were grafted by combined mode plasma, while the CW mode plasma led to more formation of amide and imine on the BNNTs.
Research into controllable wettability and selection of grafted functional groups should enable promising applications of BNNTSs

in composites and biology in the future.
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Boron nitride nanotubes (BNNTSs), structurally analogous to
carbon nanotubes (CNTs), have excellent mechanical and
thermal properties which attract more and more research
[1,2]. The group III-V atoms B and N locate alternate in
BNNTs structure instead of C atoms in CNTs as a rolled
hexagonal hBN layer. Different from CNTs, BNNTs are
wide-band gap semiconductors (~5.5 eV) independent of
nanotube chiality, but it possess much better high thermal
and chemical stability which indicate many promising ap-
plications [3-7]. Recently, research into modifying BNNTs
has progressively increased. The main purposes of modifi-
cation are to change their wettability properties or electronic
structure by doping or functionalization. BNNTSs are inher-
ently superhydrophobic because of the high density of their
nanoscale structure [7-9]. However, for many applications
of nanomaterials, hydrophilicity is necessary. For example,
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some simulation works have been done on single BN nano-
tube to show superior water flow properties inside tubes
compared to CNTs. Therefore the BNNTSs are expected to
provide a more efficient water purification device [10], as
well as similar ion-selectivity application on BNNTSs
[11,12]. BNNT films are promising composite polymer ma-
terials with enhanced toughness, designed for working in
harsh environments. Even more, biology applications, such
as drug delivery carried out by nanomaterials and bio-
compatible experiments, mainly ask for wettability change
of BNNTs as well as fucnalizations [13-18]. Wettability
changes do not usually affect other properties or destroy the
structures of intact BNNTs. However, application of elec-
tronic fields may change the wettability from superhydropho-
bic to hydrophilic. This phenomenon, known as electro-
wetting was found in other nano materials, such as single
carbon nanotube for nano capillary control [19,20]. Investiga-
tions of BNNT wettability have mostly been theoretical, and
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barely happened to BNNT films due to hard synthesis of high
density BNNTs as well as the tender structure of nanotubes.

There are two main ways to modify the wettability of
BNNT films: (1) physical structure modification to optimize
the roughness and (2) chemical functionalization without
destroying the structure of the surface. Room temperature
plasma technique is one of the techniques employed for the
surface modified [21]. Other methods like the living
polymerization such as the oxidation of acids [22], nitro
oxide mediated radical polymerization (NMRP) [23] are so
strong and complicated processing. Different from methods
above, plasma works softly and controllable to achieve sur-
face modification while keep nanostructures well [24]. The
other advantage of plasma is that this technique not only sim-
plifies the entire manufacturing process, but also offers the
flexibility of adapting its functional groups to the distinctive
needs of the experiments [25]. Normally, continuous wave
(CW) mode plasma is used to modify surface. However,
small dose is too weak to change wettability, and strong
power input may destroy the surface of BNNT film. To re-
solve the problem, pulsed mode is used to assist CW mode
plasma. Pulsed plasma allows a high degree of control over
the physical and chemical properties of the thin film deposit-
ed by providing control of the gas phase reactions and the
gas-surface interactions [26]. Here, we investigated the use of
continuous wave plus pulsed (CW+P) mode plasma to con-
trol wettability change as well as enhance the quantity of
N-functional groups grafted onto BNNTs. The results are
further compared to CW mode plasma to find out the effi-
ciency of these two modes and aging effect [27].
N-containing gas sources were used to grafted N-containing
functionalities onto the BNNTSs. N-containing plasma was
widely used for surface modification in both biological and
chemical fields [28].

1 Experimental

1.1 Synthesis of BNNT films

High density and purity BNNT films were synthesised by
milling-ink accompany with annealing method on 1 cmx1 cm
stainless steel substrates as shown in Figure 1(a). B powder
(95%-97%, Fluka) was processed into nano-particles by
ball-milling in argon (Ar) gas at 300 kPa for 150 h. The
powder after ball-milling and then dispersed into ethanol
solution with catalyst Fe(NO3);-9H,O (Pronalys, assay not
less than 98%) by ultrasonic process for 30 min. The B ink
was coated on stainless steel and annealing in furnace under
1100°C while keeping flow of nitrogen/hydrogen gas
(No/Hy(15%)) for 2 h [29-31]. The 8 samples for each
treatment conditions were prepared.

1.2 Plasma modification

Plasma modifications were performed in custom built
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Figure 1 BNNT film produced by B milling-ink method. (a) photo of 1
cmx1 cm BNNT film, (b) XPS survey spectrum of the BNNTs, (¢) TEM
image, and (d) superhydrophobic droplets on BNNT film.

inductively coupled radio-frequency (RF) (13.56 MHa)
plasma reactor. The reactor could be carried out continuous
wave as well as pulsed mode [32]. The reaction chamber
was a cylindrical glass tube, and the samples were located
in the middle area of plasma source. The designed antenna
with an auto RF matching network guarantee transfer 100%
of the input RF power into the plasma. According to BN
bond, the 100 W of RF power wes used as effective modest
energy [33]. The pulsed mode used frequency of 1 kHz, and
a duty cycle of 10, defined as D = T,/(Ton + Tofr), where Ty,
(0.1 ms) and T, (0.9 ms) are the plasma on and off times.
The pressure was maintained constant at 5.5 Pa.

Ar gas plasma was used to pretreat BNNT films, for
cleaning and activing the surface. Ar as an inert gas mainly
no bonding were produced with materials. N rich gases
plasma were then carried out to BNNT films. We chose
No/H,(15%) mixture gases and N, gas alone to perform the
modification. The samples were undertaken CW+P com-
bined mode and CW mode at the same energy input, respec-
tively.

1.3 Characterization

The physical structure of BNNTs was investigated by supra
55VP scanning electron microscope (SEM), with coating
thickness of gold 20 nm. High resolution transmission elec-
tron microscopy (HRTEM) JEOL-2010EX was used to
check the nanotubes under high magnification. We also
employed X-ray photoelectron spectroscopy (XPS) to show
comparison results of surface chemical structure. The XPS
spectra were obtained using Thermo Fischer Scientific with
monochromatic X-ray focused to a 400 pm spot size. The
near edge X-ray absorption fine structure (NEXAFS) meas-
urements were performed in ultrahigh vacuum chamber at
the undulator soft X-ray spectroscopy beamline of the Aus-
tralian Synchrotron, Victoria and Australia. The raw
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NEXAFS data were normalized to the photoelectron current
of the photon beam, measured on an Au grid. An optical
contact angle (CA) and surface tension instrument (KSV,
model 110005) were used to measure film wettability with
camera sigmal70x, cam200 and LB 1000-5000 software. To
measure contact angle, the deionized water droplets were
used, and each droplet was (5+0.2) pL.

2 Results and discussion

BNNT films prepared by the milling-ink method appeared
white, which indicates high purity (Figure 1(a)). BNNT
structures were characterized by EDX and TEM in Figure
1(b) and (c). EDX confirmed the expected composition of
BN with C impurity arises from environmental background.
The TEM image showed that the majority of the tubes were
bamboo structures, while a few (arrow in Figure 1(c))
showed cylindrical tubes. The diameters of the BNNTs
were around 150 nm, and their length was almost 30 pum.
Contact angle tests on the BNNT film showed that it had a
superhydrophobic surface with a contact angle of 156.5°, as
shown in Figure 1(d), and reached to 158.1°+3.6° on aver-
age.

Ar gas prtreatment with energy of 100 W min (1 min)
was carried out to activate BNNT surface. From SEM im-
ages, there were no changes of physical structure, and the
contact angle reduced to 152.5°+2.8°. The acceptable de-
crease due to possible polar oxygen functional groups in-
troduced either impurity in Ar plasma process or exposed in
atmospheric after activity [32,34].

Low power plasma by traditional CW mode and com-
bined CW+P mode were performed. Pulsed mode here for
the purpose of reducing total energy input to prevent possi-
ble damage and control the chemical properties by provid-
ing controllable gas phase reactions as well as gas-surface
interactions [26]. N, alone and N,/H,(15%) were used as
gas sources, respectively. The use of mixture was because
hydrogen in the plasma has been found to enhance the se-
lectivity of functional groups to build a stable structure in
CNTs, so it is expectable to graft more useful functional
groups such as amine (NH;) groups in BNNTs by combined
mode with mixture gases plasma [35,36].

The surface of BNNT films was characterized using
SEM and NEXAFS before and after plasma treatments, and
the data are presented in Figure 2. From the SEM, it can be
seen that before plasma treatment, parts of the BNNTs were
semierect but the majority were bent in one orientation.
Figure 2(b) shows that the BNNT film mantained its ap-
pearance after 10 min of CW (10CW) plasma treatment.
The specimen shown in Figure 2(b) had received the great-
est energy input of all samples 1000 W min. In other words,
the nanotubes structures were intact after plasma power up
to 1000 W min by either N, or mixture No/H,(15%). The
only slight difference in the structures is that after treatment
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Figure 2 SEM images of BNNT films (a) before and (b) after 1000 W
min plasma treatment with No/H, gas source; and (c) NEXAFS comparison
of B K-edge spectra of BNNT films after different plasma treatments.

the nanotubes appeared more semierect and disordered in
the high density area. This is reasonable because the ions
produced by plasma energy bombard the interlaced nan-
oweb during plasma treatment, and can make the tips of the
nanotubes disordered.

The NEXAFS results showed that besides B-N bonding,
three further peaks at the n* onset of B K-edge were inves-
tigated in Figure 2(c) at 192.50, 193.22 and 193.93 eV, re-
spectively. These satellite peaks are commonly observed in
various BN materials [37-40]. Electron negative elements
had been introduced around excited B atoms to form point
defects in the represent of B-N,—O, bonds in hexagonal ring
[41,42]. Relative to the control sample, the satellite peaks
were wider after plasma treatment, which mean that the
structure has become less ordered. For CW mode plasma,
the peaks at 193.22 eV (B-N-0,) and 193.93 eV (B-0;)
decreased while there was a slight increase in the peak at
192.5 eV (B-N,-0) as a result of increased N grafting. In
contrast, the CW+P mode results in increased intensity of
all three satellite peaks. In addition, the BNNT film after
CW+P mode N,/H,(15%) gas plasma with most energy in-
put of 600 W min presented strongest satellite peaks, i.e.
with increasing of energy input, more defects happened on
BNNTSs. The low power (100 W) plasma appears to have
minimized the damage to the BNNTSs, while keeping the
energy input under 1000 W min via CW mode with N, gas
plasma results in fewer impurities contaminating the surface
of the BNNTSs films. On the other hand, the combined mode
with an energy input of 600 W min via No/H, mixture gas
plasma produces more point defects.

Contact angle tests were carried out to investigate the
wettability changes. Contact angle measurements in Figures
3 and 4 showed the superhydrophobic BNNT films change
to hydrophilic by N, and N,/H, plasma, respectively. Two
gases got the similar results, and the CW mode plasma de-
creased CA gradually with increased power input. The CA
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Figure 3 Contact angle tests and images of different gas sources plasma.
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Figure 4 Comparison of contact angle chages with energy input by CW
mode (dashed line) and CW+P mode (solid line).

changed from superhydrophobic before treatment with SCW
mode to 70° (with N, plasma) and 65.2°(with N,/H, plasma)
afterwards, and go on decreased to 17.9° and 14.5° by N,
and No/H, after 10CW plasma with 1000 W min, respec-
tively. In contrast, the combined mode plasma directly
changed the wettability of the BNNT films to superhydro-
phobic (less than 10°) after mixture gas plasma treatment
for 5 min CW plus 10 min pulsed (SCW+10P) at a lower
energy input of 600 W min. Figure 4 made a further com-
parison between energy input of two modes plasma. Our
results show a linear decrease in CA with increasing energy
input for the CW mode treatment and superhydrophilic was
obtained at the energy input of 1000 W min. However, with
the addition of pulsed plasma mode, the combined mode
treatment, an even stronger change was achieved at the
same energy input as CW mode. The superhydrophilic of
BNNT films was obtained at lower energy input of
600W.min using combined mode SCW+10P, compared to
77.8° at the same energy input via 6CW mode tratment.
Figure 5 presented the controllable plasma treatments on
one piece of BNNT film by mask plasma treatment.

September (2013) Vol.58 No.27

(a)

Figure 5 Photos of (super)hydrophilic patterns on superhydrophobic
BNNT films created by masked plasma treatments SCW+10P (a) and SCW
(b).

(Super)hydrophilic patterns were achieved on superhydro-
phobic BNNT films created by masked plasma treatments
SCW+10P ( Figure 5 (a)) and SCW (Figure 5 (b)).

The functional groups grafted using both plasma
modes(CW and combined CW+P) were examined using
XPS, as shown in Figure 6. The investigation aims to dis-
cuss the affection of different gases source as well as dif-
ferent modes. Before plasma treatment, B 1s core-level
photoemission spectra of the films showed a typical B-N
peak at binding energies (BEs) of 190.1 eV (Figure 6(a)).
The Cls binding energies of the BNNTs were corrected the
lowest binding energy peak to 284.6 eV (Figure 6(e)). After
CW mode plasma treatments with N, and N,/H,, a shoulder
at 191.3 eV appears in the B 1s spectrum, which corre-
sponds to B bonded in a ternary BN,O, species, in agree-
ment with the NEXAFS results [43]. This is also supported
by the increase in the oxygen: boron ratio from 0.18 before
plasma treatment to 0.22 after I0CW plasma treatment with
Ny/H, and 0.26 after treatment with N, plasma. On the other
hand, the SCW+10P plasma also creates BN,O, species,
with O/B ratio increased to 0.24 by N,/H, plasma treatment.
The C 1s spectra of the films treated with both plasma
modes show peaks consistent with amide (288.1 eV) and
amine (285.8 eV), but also indicate the presence of imine
(nitrile) (286.7 eV) [44,45]. While the N, alone plasma
treated films in figure 6(f) presented more imine grafted.
The C 1s spectra showed that the CW+P mode resulted in
more amine groups grafted onto the BNNTSs, while the CW
mode formed more amide when N»/H, was used and more
imine when N, was used. This difference arises because the
CW mode plasma with continuous and higher energy inputs
supports the dissociation and further reaction of freshly
formed amine to form amide and imine in the presence of O
and C impurities. While the P mode, with its off-time and
lower energy input, can retain more amine [46,47]. Though
the energy input of 10CW (1000 W min) is much higher
than that of SCW+10P (600 W min), the total amount of
functional groups introduced by 10CW is only slightly
higher than that by SCW+10P (Figure 6). The investigation
confirmed that the wettability changes of BNNT films are
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Figure 6 B 1s and C 1s regions of the XPS spectra, respectively. The
plasma conditions of BNNT films ((a), (¢)) before plasma treatment, ((b),
(f)) after 10CW with Ny, ((c), (g)) after SCW+10P with N»/H,, and ((d), (h))
after IOCW with N»/H, plasma treatments. In the C Is, fitting peaks repre-
sent amine (1), imine (2) and amide (3).

mainly caused by surface chemical modification induced by
plasma.

We found that lower energy input SCW+10P treatment
could modify the wettability of BNNT films in a similar
way to 10CW treatment with high energy input. However,
the aging results further proved that the functional groups
introduced by CW+P mode could attached stronger to
BNNT than those by CW mode. The CA of the 5SCW+10P
treated BNNT films increased to 42.8° after 100 h aging in
air, while the CA of the 10CW treated films jumped back to
81.5°. This is because the CW mode plasma treatment cre-
ates a strong cross-linking on BNNTSs and this structure
serves as a base for the further P mode treatment, which
gives rise to better bonding of functional groups during P
mode treatment [48,49].

3 Conclusion

High density of BNNT films was modified by two different
types of plasma treatments to achieve controllable wettabil-
ity: CW+P combined mode and CW mode. CW+P treat-
ment under lower energy input (600 W min) effectively
changed the BNNT films from superhydrophobic to super-
hydrophilic. In contrast, the contact angle after CW mode

September (2013) Vol.58 No.27 3407

plasma treatment decreased in a controllable way with
increasing energy input, and superhydrophilicity was
achieved at 1000 W min. Point defects (BN,O, species)
were investigated by NEXAFS after treatment. The com-
bined mode and the use of hydrogen in the gas mixture re-
sulted in more defects, which are helpful for wettability
change. The grafted group resulting from CW+P plasma
treatment was mostly amine, while CW mode with higher
energy led to preferential formation of amide and imine on
BNNTs after treatment with N,/H, and N, respectively. We
have shown that the combination of continuous plus pulsed
mode plasma effectively changes the wettability of BNNT
films at lower energies. Being able to selectively graft func-
tional groups onto BNNT films by using different modes of
plasma will be beneficial for applications of BNNTSs as bio-
logical materials as well as high strength composites at next
step [50,51].

This work was supported by the National Basic Research Program of Chi-
na (2012CB934104) and the National Natural Science Foundation of Chi-
na (61071037).
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