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Boron-nitride nanotubes (BNNTs) are a common one-dimensional (1D) nanostructure that possess
piezoelectric potential due to ion-covalent boron-nitride (BN) bonding. Harnessing the advantages
offered by high-stability BN structures, these materials have been used for various new applications such
as nanogenerators, nanotransistors, and nano-artificial eardrums. In this paper, we used nano-iron oxide
red as a catalyst and boron powder in an aqueous dispersion as the boron source to synthesize high-
purity O-self-doped BNNTs and film. We investigated the electrical properties of O-self-doped BNNTs
and the piezoelectricity of freestanding BNNT film and demonstrated that the electrical properties of
O-self-doped BNNTs improved dramatically compared to those of non-doped BNNTs. We also analyzed
the band gaps and density of states (DOS) of the O-self-doped BNNTs with the Spanish Initiative for
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Accepted 7th August 2018 Electronic Simulation with Thousands of Atoms (SIESTA) code to explain the improvement. In addition,
we revealed the piezoelectric voltage coefficient gs; of O-self-doped BNNTs (0.28 V m N~ network

DOI: 10.1035/c8ra05698f films, which can guide future applications for vibration nanosensors and transducers under extreme

rsc.li/rsc-advances conditions.

Introduction

1D nanostructures can be made of many types of NT materials,
such as carbon NTs (CNTs), BNNTSs, zinc oxide NTs, and tita-
nium dioxide NTs. Wide band gap (5.6 eV) BNNTs have the
same crystalline structure as carbon NTs."” Compared to other
1D nanostructures, BNNTs exhibit high oxidation-thermal
stability and chemical inertness.®* However, limited synthetic
methods have encouraged some researchers to focus on the
composite films inside BNNTs. These studies have revealed
some promising properties, including linear piezoelectric and
nonlinear electroactive strain, thermal, electrical, and
mechanical properties of composite films.*® Furthermore, the
piezoelectric potential distribution under an applied stress has
been attributed to the noncentral symmetry of BNNTs.’
Currently, these unique properties of BNNTs are utilized in
many applications, such as nanotransistors, nanosensors,
nanogenerators and nanopiezoelectricity.'***
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Although BNNTs possess many advantages beneficial for
practical applications, some major obstacles prevent their
piezoelectric application, including high impedance and purity
and yield. Many researchers are searching for elements and
methods that are more efficient for BNNT doping to decrease
resistance, and many studies have focused on theoretical
simulations based on the Kohn-Sham equations. For instance,
some studies investigated Au-doped BNNTSs, V-doped BNNTs
and C-doped BNNTs."”” ™ However, doping with larger atomic
number elements has been challenging because these elements
only adsorb on the NT surface. In addition, the purity and yield
of C-doped BNNTs is limited. Motivated by these issues, O
element doped BNNTs seems to be a better choice. Moreover,
recently reports reveals O doped BN material process an excel-
lent ferromagnetic properties at room temperature, and other
attracting properties.’>'® So that, this properties suggest that O
doped BNNT is likely to a very promising piezoelectric nano-
material for a widely application.

In this paper, a high purity, high yield and stable O-self-
doped BNNTs were synthesized by a nano-ferric oxide-
catalyzed boron annealing method in this article. These
BNNTs were assembled into a freestanding film via vacuum
filtration of a BNNT suspension, which is similar to the
buckypaper of CNTs."”” We investigated the electrical properties
of the O-self-doped BNNTs and their network film using
thermionic-field emission theory. With further research, we
determined that the band gap of the O-self-doped BNNTSs
decreased upon the introduction of a donor level in the BNNTs,
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which agreed with some calculations based on the density
functional theory (DFT)."® In addition, we investigated for the
first time the piezoelectric coefficient of the randomly oriented
pure O-self-doped BNNT network film without any polymer.
Using these factors and the relative dielectric constant, piezo-
electric strain coefficient can be estimated."

Experimental
Synthetic procedures

The O-doped BNNTSs were synthetized using nano-iron oxide red
as a catalyst at high temperature, and a schematic diagram of
BNNT preparation system is shown. First, amorphous boron
powder (ALDRICH, =95% amorphous boron power) and nano-
sized Fe,O; powder (Aladdin, 30 nm 99.5% Fe,0;) with a high
surface area were mixed. Next, 0.2 g of the mixed powder was
placed into vials filled with ammonia water in a glove box under
N, atmosphere to prepare the raw material for the synthesis
process. After ultrasonicating the raw material for 10 min, the
raw ink material was coated on a cleaned stainless-steel
substrate. Finally, the stainless-steel substrate was placed into
a tube furnace at 1150 °C, and the furnace was filled with N, +
15% H, to synthesize BNNTs.

BNNT network film preparation method

The BNNTs were peeled from the stainless-steel substrate and
still contained some impurities and the catalyst. The purity of
NTs in the suspension greatly affected the quality of the BNNT
network film and was key to successful preparation of the film.
To increase the purity of the BNNTs, a wash and oxidation
method with nitric acid at a high temperature was performed.
We then used ultrasonic dispersion to obtain a uniformly
dispersed BNNT suspension solution in ethyl alcohol with
a concentration of 2.5 mg ml~*. The BNNT network film was
fabricated using 20 ml of the suspension with microfiltration
membrane paper. The polytetrafluoroethylene microfiltration
membrane paper (PTFE) had a characteristic 0.22 um pore size
and was attached to a 13 mm Luer syringe filter. As the solvent
evaporated under a low vacuum at room temperature, the local
concentration of BNNTSs near the membrane rapidly increased,
and BNNTs were deposited on the microfiltration paper to form
a paper-like network film as shown in Fig. S2 and S3.t

First principles calculation

Calculations were performed using the SIESTA code, which is
based on DFT.* All the calculations were based on a first
principles pseudopotential method within the GGA, and the
PBE form was adopted as the exchange-correlation func-
tional.***> Norm-conserving pseudopotentials for all the atoms
were generated using the standard conserved Kleinman-
Bylander pseudopotential for the completely nonlocal form. A
cut-off of 400 Ry for grid integration and a double-zeta plus
polarization (DZP) basis set were utilized for these calcula-
tions.”® Monkhorst-Pack k-points were employed as sets of
special points in the Brillouin zone considering only the axial
direction of the NT for a 1D material. The structural
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optimizations were performed using a conjugated gradient (CG)
procedure until the residual forces were smaller than 0.05 eV
A~'. Based on this parameter, we calculated the band gap and
DOS of the O-self-doped BNNTs.

Testing and characterization equipment

The morphologies and chemical compositions of the products
were investigated using SEM (VRGA 3 SBH, TESCAN, Czech
Republic) equipped with an EDX spectroscopy system (NORAN
System 7, Thermo Scientific, USA). XPS (Thermo Fisher Scien-
tific, ESCALAB 250Xi, USA) was used to analyze the bands and
elements in the NTs. A JEOL-2100 transmission electron
microscope (JEOL Ltd., Akishima, and Tokyo, Japan) was used
to investigate the structure of the NTs. I-V curves were
measured using a precision semiconductor parameter analyzer
(Keysight technologies Ltd., B1500a, USA) with a four-tungsten-
probe shielding box. A magnetron sputtering coating machine
(JZCK-400, Liaoning Juzhi Technology Company Ltd., China)
sputtered the electrode on the surface of the BNNTSs. The strain
or stress on the BNNT network film was supplied by an accurate
mass counterweight on the surface of the film using gravity.

Results and discussion

Our studies of O-self-doped BNNTs included two parts: the
novel preparation of freestanding NT film and an investigation
of the electrical properties and piezoelectric characteristic of
outside pressure on the network film. We focused on the effects
of O on the conductive capacity and the piezoelectricity of BNNT
film. Therefore, there were three aspects that must be
addressed. First, the purity and yield of the nano-Fe,O; cata-
lyzed annealing method was described. Next, an analysis of how
BNNT conductivity was affected by O was performed, and
finally, the piezoelectricity of O-self-doped BNNT film was
characterized. In this paper, the nano-Fe,O; catalysed anneal-
ing method was used to efficiently synthesize NTs, and the
detailed experiment process is described in the following

a)

Fig. 1 (a) Schematic diagram of the BNNT preparation system. (b) |
shows a physical map of O-self-doped BNNTs on the substrate, Il
shows a high-purity O-self-doped BNNT suspension. (c) SEM image of
the O-self-doped BNNTSs (10 kV for SEM). (d) TEM images of the O-
self-doped BNNTSs (200 kV for TEM).
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section, the diagrammatic sketch of preparation equipment are
shown in Fig. 1a. White, O-self-doped BNNTs on the substrate
with a macrograph map are shown in Fig. 1b-I, and NTs
dispersed as a liquid in alcohol are shown in Fig. 1b-II. Scan-
ning electron microscopy (SEM) images showed that the NTs
were more than 30 um long, and the diameters ranged from
50 nm to 120 nm as shown in Fig. 1c. TEM images indicate that
the NTs have a bamboo shape with a diameter of approximately
60 nm, as shown in Fig. 1d. These morphological features are
a compelling demonstration of the high purity and yield of NTs
formed with the nano-Fe,O; catalyzed annealing method. Here,
we must note previous methods for preparing O none-doped
BNNTs based on the boron ball-milling-annealing method,
which exhibit a similar bamboo BNNT growth mechanism.*

A schematic diagram of the simplified preparation model in
section view is shown in Fig. 2. The simplified growth mecha-
nism of NTs involves five steps. The first step is to completely
mix boron powders with the Fe,O; nanoparticles. Next, the
boron powders provide B raw materials for NTs and adsorb on
the surface nano-Fe,O; particles before annealing. The third
step requires the following chemical reactions to occur on the
surface of Fe,O3 nanoparticles during annealing:

Fe, 03
Ho(g) + No) +71Bi) = BN )

In these reactions, H, is the activator, Fe,O; is the catalyst,
and BN localizes on the surface of the Fe,O; nanoparticles. The
next step is induced by the surface diffusion motion of BN on
Fe,O; nanoparticles to generate a full-closed BN shell layer on
the surface.” The final step uses capillarity effects to form the
NTs at high temperature.®” During the growth process, we noted
that the size of the catalyst nanoparticle and the annealing
temperature substantially affected BNNT yield.>** In addition,
during the fourth and fifth steps, some O elements were intro-
duced into the BNNT crystal lattice, suggesting that the O
element originates from Fe,O; at the high temperature and
randomly substitutes for B or N atoms during the annealing
process in NTs.”® To analyze the role of O, X-ray photoelectron
spectroscopy (XPS) was used to analyze the elements in the NTs,
as shown in the Fig. 3a; the XPS results showed that O was
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Fig. 2 Schematic diagram of the growth mechanism of the NTs in
a section view.
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Fig. 3 (a) The elementary composition of O-self-doped BNNTs film.
(b) Survey images and a B 1s scan with the XPS-peak-differentiation-
imitating analysis images of the O-self-doped BNNTs film. (c) EDX
results and the elemental ratios of the O-self-doped BNNTSs film, and
the mapping analyse of the single NTs. (d) EDX results and element
ratios of the pure BNNTSs film and the mapping analyse of the film
along the section orientation of substrate (NTs from the ball milling
methods).

present in the BNNTs. The XPS results were coincident. We
fitted the B 1s peak with a scatter peak to determine the
different bonds (the carbon peak at 284 eV comes from the
environment, and rectification of the peak is required), which is
shown in Fig. 3b. Moreover, the energy dispersive X-ray (EDX)
results showed the doping atomic ratio of O in the O-self-doped
NTs reached 7.34% (Fig. 3c) and the none-doped NTs reached
2.93% (Fig. 3d). Fig. 3c shows the EDX mapping analyse of
single NT as a clear proofs to indicate the reality of oxygen
doping. Combine with the results of the mapping analyse of
none-doped BNNT, we suggest that the little O element was
possible from the impurities of substrate. Based on the NIST X-
ray Photoelectron Spectroscopy Database, the B-O and B-N-O
bonds were included in the NTs, suggesting that O substitutes
for B or N atoms randomly.”” Based on the results above, we
confirm that the nano-Fe,O; catalyzed annealing method effi-
ciently synthesizes O-self-doped BNNTs with high purity.

To understand the improved conductivity of NTs after O
doping, we first generated a physical model based on DFT to
explain this effect.”® The (6, 0) and (8, 8) BNNT xyz coordinate
files were built via the Virtual Nanolab as a precursor for
simulation as shown in Fig. S1.t* We used a generalized
gradient approximation (GGA) Perde-Burke-Ernzerhof (PBE)
model with an exchange-correlation energy and a SIESTA code
based on the Linux system to obtain the band gap and DOS of
the O-self-doped (6, 0 and 8, 8) BNNTSs to compare with those of
the non-doped BNNTs. We simulated substrates with O
substituted for N (Oyx-doped) and B (Og-doped) as shown in
Fig. S4.1 After completing the calculations, the band gap of the
doping lattice with oxygen decreased in the (8, 8) armchair and
(6, 0) zigzag BNNTs as shown in Fig. S5.1 A narrower band led to
higher conductivity in the NT, which generated the observed
increased current. All of the DOS and energy band structures
from impurities were observed at the expected donor energy
levels (refer to ESIt for details).
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Next, we studied the electrical characteristics of O-self-doped
BNNTs by high-precision equipment. We obtained a Ni/Au
electrode with lift-off photolithography (Fig. 3-I) after the
magnetron sputtering process in the prevacuum chamber
(Fig. 3-II). As seen in Fig. 3a-III, the blue curve is the current of
the O-self-doped NTs, which reached 4 pA at their highest and
showed a test voltage range from —5 V to +5 V. Our results show
that the electrical properties of the O-self-doped BNNTs
improved substantially compared to the non-doped BNNTs (the
red curves). Pure NTs were synthesized using our previous ball
milling-annealing methods with a long milling time, as shown
in Fig. 3d.”° To decrease the contact barrier, the testing electrode
system required a crystallization process by annealing at 525 °C
in air.**?** Here, it seems that the Stark effect, the electron spin
effect, or other quantum effects might account for the decreased
barrier, but additional studies are required.**** According to the
thermionic-field emission theory, the first order differential I-V
curve is associated with NT resistance: R = dV/dIl.** According to
this first order differential equation, resistance has the value
Rnon-doped = 1.3 x 10° Q and Ro-seitdoped = 0.85 x 10° Q. In
general, conductance is the reciprocal of resistance, indicating
that the electrical conductivity of O-doped BNNTs was much
higher than that of non-doped BNNTs, and the results these
tests are in agreement with the theory.

In view of the vast improvement in electrical properties, we
characterized the piezoelectric properties of O-self-doped BNNT
network film and calculated the piezoelectric voltage coefficient
g31 based on piezoelectric constitutive equations (PCE) and
apposite boundary conditions to explore potential in piezo-
electric sensors.*®®” The thermal annealing condition was
applied on the electrode to create the contact well, which is
similar to a single NT. The network film was from the vacuum
filtration of an ethanol suspension. Fig. 4b shows the I-V curves
of NT network films under different pressures and that the
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Fig. 4 (a) | shows the electrode structure manufactured by the lift-off
process, Il shows the SEM image of the O-self-doped single NT
contacting the electrode, and Il shows the /-V curves of single O-self-
doped (blue) and pure (purple) BNNTs in a voltage range of —5to 5 V.
(b) Piezoelectric properties of the BNNT network film under different
forces and a physical map of the O-self-doped BNNT network film. (c)
Images show the change in current with pressure at —40 V and 40V,
respectively. (d) The conductance vs. the voltage curves at the
different pressures.
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current increases with increasing pressure. Obviously, the
conductance of network film increases with pressure due to the
piezoelectric effect, as shown in Fig. 4d. Fig. 4c shows the curves
for film current I vs. stress S; at 40 Vand —40 V. The red line, K3,
and the blue line, K,, in Fig. 4c are represented by the linear
fitting slope at two different voltages; here, the slope K= AI/T (T
for the stress) is relevant to the piezoelectric coefficient. The
network film was sandwiched between the slide and the cover-
slip to maintain zero strain and electrically insulate the
surroundings. Therefore, this experiment fitted to the third
boundary condition of the piezoelectric equation.

The piezoelectric properties of the BNNTs come from their
non-centrosymmetric hexagonal BN structure, and polarization
resulting in piezoelectric properties can be strain controlled or
stress controlled.*®** It is known that the piezoelectric coeffi-
cient dj; is significantly correlated with piezoelectric effect
performance. In addition, the piezoelectric coefficient indicates
the polarization of a piezoelectric material upon application of
a stress: d3; = D3/Ty, in which D is the electric displacement,
and T is the stress. For the linear electrical behavior of the
material, D; = ¢E3, in which ¢ is permittivity (free-body dielectric
constant), and E is the electric field strength. Here, electric field
E is related to resistivity and current density J, and current
density J is related to current I. Therefore, the piezoelectric
coefficient d3; was calculated using the follow equation:

SBNNTAIRﬁlm Rﬁlm
dyy = BT M ot K 2
3 Rdl BNNT dl [ )

In which AT is the change of current, T; is the load stress
applied on the surface of the NTs film, and d; is the electrode
gap 1.5 mm. In addition, d3; = g31/epnnt, With egnnr approxi-
mately equal to 5.9 times vacuum permittivity. According to eqn
(1) and the I-V curves of the film without stress, the resistance
Raim = 2.5 MQ. Therefore, the piezoelectric coefficient d;; =
31.186 pCN ', and g5; = —0.597 Vm N, The values for the ds,
coefficient are similar to other reports, and the g3, coefficient of
the BNNT film is 2 times higher than the PVDF film (Max g3; =
0.28 V. m N ').* Significantly, these sample methods might
resolve the primary challenge in regard to measuring the
piezoelectric constant.

Conclusions

In this article, high-quality O-doped BNNTs were fabricated
using a nanocatalyst-assisted annealing method. This method
makes the study of BN nano material fast. The O self-doped
BNNT network films were prepared using a microporous
filtration method, and the electrical properties of the O self-
doped single BNNT and the network film were investigated
using an I-V test and calculation. The conductivity of O-doped
BNNTs was much higher than that of non-doped BNNTs, indi-
cating that O markedly improves the electrical properties of
BNNTs. We illustrated that the change in the energy band
structure and DOS of O-self-doped BNNTs may cause increased
electrical properties based on a first principle. The assessment
of the BNNT film also clearly demonstrated its piezoelectric

This journal is © The Royal Society of Chemistry 2018
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characteristics. This higher conductivity of piezoelectric O
doped BN 1D nano material as a widely attraction material
applied in the piezoelectric nano-devices, 1D electric nano-
devices, and nano generator. Moreover, we calculated the
piezoelectric constant d3; and gs; using a sample method.
Herein, the g3, coefficient described the change in the electric
field when stress was changed. The results show that BNNT
network film had a higher piezoelectric voltage coefficient,
indicating its high sensitivity to a supersonic wave compared to
PVDF film. These results can guide the development of nano
transducers, nano medicine and nano wearable devices.
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