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Aluminum borate nanowires from the pyrolysis
of polyaminoborane precursorsy
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Polyaminoboranes [N(R)H-BH,], (1: R = H, 2: R = Me) were pyrolyzed on a range of substrates: silicon,

metal foils (stainless steel, nickel, and rhodium), and sapphire wafers, as well as on AlLbOs and AIN

powders. The pyrolysis of 2 on a Si-wafer resulted in porous nanostructures containing hexagonal-boron

nitride (h-BN). In the case of 1 or HzN-BHz as precursor, using rhodium foil as substrate afforded amor-
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Introduction

Over the past decade, the intense interest in amine-boranes as
hydrogen storage materials’ has led to a broad exploration of
other aspects of amine-borane chemistry. This has fostered
new uses for amine-boranes as reducing and hydrogen transfer
agents,” and recently as substrates in the transition-metal
catalyzed synthesis of inorganic boron-containing polymers
that may possess novel materials properties.®

Boron nitride (BN) in its various forms (e.g. nanotubes,
nanowires, atomically thin films) features high thermal
stability, high mechanical strength, resistance to both cor-
rosion and oxidation, as well as useful electrical properties,
such as high resistance and low dielectric constant.” Since the
discovery of graphene in 2004,> hexagonal boron nitride
(h-BN), the BN-based structural equivalent of graphite, has
garnered much attention. Whereas single layers of graphite
(graphene) have zero band gap, h-BN is a wide-band gap semi-
conductor (~6 eV) with promising applications in UV lasing
and as a dielectric.° Hexagonal boron nitride materials are
typically prepared by vapour deposition, condensed-phase
pyrolysis of molecular reagents, or preceramic polymer
routes.®’

Due to their high gravimetric content of boron and nitrogen
(ca. 80% for H3N-BHj3), which is already intimately pre-mixed
in the required 1:1 ratio, amine-boranes are an attractive,
potential single-source precursor to BN materials.”¢ Polybora-
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phous B and N-containing nanostructures, and polydisperse spherical nanoparticles, respectively. Switch-
ing the substrate to sapphire wafers, as well as to ALOs or AIN powders, resulted in formation of
crystalline AlsBOg nanostructures (nanowires, nanotubes, and nanoribbons). For sapphire wafers, the size
of the resulting nanowires was influenced by modifying the surface defect density.

zylenes,””” which have been used as precursors to BN-based
ceramics, and other boron-nitrogen containing polymers,
such as polyaminoboranes,® have similar attributes, along with
the advantage of easy scale up and facile macromolecular pro-
cessing.””* Herein, we report the pyrolysis of poly-
aminoboranes [N(R)H-BH,], (1: R = H, 2: R = Me) on a range of
substrates: silicon, metal foils (stainless steel, nickel, and
rhodium), and sapphire wafers, as well as Al,O; and AIN
powders. The pyrolysis of polyaminoboranes on Si-wafers and
rhodium foil afforded BN-containing nanostructures. However,
sapphire wafers, as well as Al,O; and AIN powders resulted in
the formation of aluminum borate nanomaterials. As dis-
cussed below, the latter material is of interest for a range of
potential applications as a high performance ceramic.

Experimental
General procedures

Reactions were performed under nitrogen or argon using dry
solvents. All chemicals were purchased from Aldrich and used
as received unless otherwise noted. Silicon and sapphire
wafers were purchased from Wafer World, and Roditi Inter-
national, respectively. Ammonia borane was obtained from
Aldrich and purified by sublimation (7 = 40 °C, p = 10> mbar)
prior to use. THF was dried using a Grubb’s solvent purifi-
cation system.® Dehydropolymerization catalyst Ir-H,POCOP
(POCOP = 2,6-bis(di-tertbutylphosphinito)-benzene) was syn-
thesized according to the literature.” Polyaminoboranes (1 and
2) were synthesized according to the iridium-catalyzed method
as previously described in the literature (Scheme 1).%”¢
Polymers were precipitated at —78 °C in n-pentane. Isolated
polyaminoborane 2 was found to have M, = 54000 g mol™,
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Fig. 1 Preparation and growth of nanostructures from BN-containing
precursors on silicon, metal foil or sapphire wafers.

and PDI = 1.32 by GPC. Polymers or H;N-BH; were dropcast
from 2 mg mL™" solutions/dispersions in THF onto the
respective substrates: silicon, metal foil {stainless steel (com-
position Fe:Cr:Ni; 70:19:11 wt%), nickel, and rhodium},
and sapphire wafers. Additional experiments were conducted
with 1:1 by mass mixtures of 1 with Al,O; or AIN powders.
Pyrolysis experiments were carried out in a horizontal carbolite
tube furnace (type 3508), within a 74 mm (outer diameter) by
1250 mm quartz tube, under a nitrogen flow (50 mL min™")
with a heating rate of 10 °C min™" to 1000-1300 °C. The time
required to heat to these temperatures is included in the
pyrolysis time given (Fig. 1).

Equipment

Conventional calibration gel permeation chromatography
(GPC-CC) measurements were carried out at 35 °C at a flow
rate of 1.0 mL min~" in nBu,NBr/THF (0.1 wt% nBu,NBr) on a
Viscotek GPCmax equipped with both a UV-Vis detector operat-
ing at 450 nm and differential refractometer. The column was
calibrated with polystyrene standards. Samples were dissolved
in THF (1.00 mg mL™" unless otherwise stated) and filtered
with Ministart SRP 15 filters (pore size 0.45 pm) prior to analy-
sis. For powder X-ray diffraction measurements, the samples
were placed onto a silicon wafer and data were collected with
Cu-Ka radiation (1 = 1.5418 A) on a Bruker D8 Advance powder
diffractometer fitted with a 2 mm fixed divergence slit. Data
were collected between 10-50 or 10-100 degrees 26 in 6/20
mode with a step width of 0.5°. Thermogravimetric
analysis (TGA) was performed on a TA Instruments Q500
thermogravimetric analyzer from 20 to 1000 °C at a scan rate
of 10 °C min~" under a flow of N,.

The samples for electron microscopy were prepared by drop
casting one drop of suspension of the sample in MeOH onto a
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carbon coated copper grid which was placed on a piece of
filter paper to remove excess solvent. Bright field transmission
electron microscopy (TEM) micrographs were obtained on a
JEOL 1200 Mk2 TEM microscope operating at 120 kV and
equipped with an SIS MegaViewlIlI digital camera. High resolu-
tion images were recorded with a Gatan ORIUS Digital Camera
in a JEOL Hi Resolution TEM 2011. Energy-dispersive X-ray
(EDX) spectra (spot size of 35 nm) were obtained with an
Oxford Instruments ISIS 310 system equipped with a ATW Si
(Li) X-ray detector. Scanning electron microscope (SEM)
measurements were carried out with a JEOL SEM 5600 LV and
a JEOL Field Emission Gun SEM 6330. The samples were
mounted onto a sample stub using double sided carbon tape
and coated with Ag (15-20 nm). Wavelength-Dispersive X-Ray
Spectroscopy (WDS) experiments were carried out with a JEOL
JXA8530F Hyperprobe Electron Probe Microanalyser (EPMA)
with 5 wavelength dispersive spectrometers and a SDD-EDS
(silicon drift detector energy dispersive spectrometer) detector.
Operating conditions: (for polymer pyrolyzed on AIN) 5 kV,
100 nA and 10 pm beam, (for polymer pyrolyzed on Al,0;)
5 kV, 150 nA and 1 pm beam, and (remaining samples) 5 kV,
150 nA, and 10 pm beam.

Results

Thermogravimetric analysis of polyaminoboranes 1 and 2

The TGA thermogram of 1 indicated thermal stability up to
170 °C, during which a mass loss of only 2% was observed.
Past this temperature, sharp decomposition ensued, which
was complete by 210 °C and accounted for a 60% mass loss.
Continued heating to 1000 °C resulted in minimal further
decomposition, giving an ultimate ceramic yield of 34%
(Fig. S1af). In a similar manner, the TGA thermogram of 2
indicated stability to mass loss up to 100 °C, after which an
8% mass loss ensued up to 140 °C, followed by sharp
decomposition by 150 °C, resulting in 80% total mass loss.
Continued heating to 1000 °C gave an ultimate ceramic yield
of 16% (Fig. S1bt). Based on these results, we performed pyrol-
ysis of 1 and 2 on a preparative scale with a variety of sub-
strates under similar conditions (1000 °C under flow of N).

Pyrolysis of polyaminoboranes 1 and 2 on silicon wafers

Initial work focused on the attempted formation of BN-con-
taining nanostructures by pyrolysis of polyaminoboranes 1 and
2 on silicon wafers. These surfaces are relatively unreactive,
thus providing an opportunity to study the high-temperature
chemistry of 1 and 2 independent of substrate effects.
Attempted pyrolysis (2 h, at 1000 °C under flow of N,) of 1 was
unsuccessful, leading to depolymerisation and resulting in
only trace amounts of material on the wafer post-pyrolysis.
Analogous treatment of 2, however, resulted in the formation
of a material that exhibited micron-scale porosity due to the
presence of nanoscale fibres (Fig. $21)."® XRD revealed a high
intensity reflection at 26 = 27.8° and one of lower intensity at
26 = 40.9° (Fig. S31) which could be indexed to the (0 0 2) and

This journal is © The Royal Society of Chemistry 2016
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(1 0 0) lattice planes of h-BN, respectively (ICSD: 168892). The
presence of B and N (in addition to C and O) was suggested by
SEM-EDX (Fig. S4t).

The use of a Si-substrate also appeared to exert an influence
on the ceramic yield. The samples obtained from the pyrolysis
of 2 in a ceramic combustion crucible displayed a ceramic
yield of 8%, while those obtained on a Si-wafer showed a
nearly ten-fold increase to 77%. We postulate that this may be
due to an anchoring effect facilitated by reaction between the
B-H bonds of the polymer and the -OH groups on the surface
of the Si-wafer.

Pyrolysis of polyaminoboranes 1 and 2 on metal foils

We then turned our attention to the pyrolysis of polyamino-
boranes 1 and 2 on metal foils; namely stainless-steel (compo-
sition Fe:Cr:Ni; 70:19:11 wt%) and nickel (99%). The
precedents established for the heterogeneous catalytic dehy-
drocoupling of amine-boranes by both iron, and nickel-based
catalysts make these metal foils intriguing as both substrates
and catalysts for the formation of extended BN nanostructures
from amine-borane based precursors.'’ Moreover, there are
multiple examples of BN nanostructures being grown from
both stainless steel and nickel substrates utilizing alternative
precursors.'> However, in the case of 1 and 2, neither substrate
proved successful. Pyrolysis (2 h, at 1000 °C under flow of N,)
of 1 on stainless-steel foil resulted in the formation of micron-
sized needles that appear to grow from the surface (Fig. S57).
Pyrolysis of 1 on nickel foil, however, afforded platelets that
were polydisperse in size but predominately >1 pm in the
shortest observed dimension (Fig. S6t). In neither case were
B- and N-containing materials detected by EDX (see Fig. S7
and S87). In both instances, the structures were most probably
comprised of metal oxides."?

There is also extensive precedence for heterogeneous cata-
lytic dehydrocoupling of amine-boranes by rhodium-based cat-
alysts.>*>'* This prompted a similar study into the applicability
of Rh foil as both a substrate and catalyst for the formation of
extended BN nanostructures utilizing amine-boranes as pre-
cursors. Pyrolysis (2 h, at 1000 °C under flow of N,) of both 1
and 2 on 0.025 mm Rh foil resulted in the formation of nano-
structures (Fig. 2a and b for 1), which were found to contain
B and N (in addition to C and O) by SEM-EDX (Fig. S9t). No
Bragg reflections were observed by XRD for these samples,
which is consistent with an amorphous structure.

Pyrolysis of H3N-BH3, the precursor to 1, on 0.025 mm Rh
foil resulted in the formation of spherical nanoparticles
(Fig. 2c and d), which were confirmed to contain B and N by
SEM-EDX (Fig. S10t). The particles were polydisperse in size,
with diameters ranging from 40-205 nm (Fig. 2c¢ and d). They
were, however, difficult to remove from the Rh foil, thus ham-
pering a more thorough study by high-resolution TEM
(Fig. 2d). Attempted characterization by XRD and TEM revealed
that they are likely amorphous in structure and more polydis-
perse in size than previously reported examples of spherical
BN-containing nanoparticles."> Conventional methods for
growth of spherical BN-containing nanoparticles rely on more
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Fig. 2 Electron microscopy images of (a, b, SEM images) amorphous B
and N-containing nanostructures grown from pyrolysis (2 h, at 1000 °C
under flow of N,) of polyaminoborane 1 on rhodium foil, and (c, SEM
image, d, TEM image) spherical nanoparticles grown from the pyrolysis
(2 h, at 1000 °C under flow of N,) of HzN-BHz on rhodium foil.

complex aerosol assisted, or chemical vapour deposition (CVD)
methodology utilizing multicomponent precursors.*®

Pyrolysis of polyaminoboranes 1 and 2 on sapphire wafers

As sapphire substrates have previously been utilized for the
growth of polycrystalline h-BN via metal organic chemical
vapour deposition (MO-CVD) of triethylborane and ammonia
at 750-1200 °C,"® we expected sapphire wafers to facilitate the
conversion of polyaminoboranes 1 and 2 to h-BN via pyrolysis.
However, the pyrolysis (2 h, at 1000 °C under flow of N,) of
polyaminoborane 1 on sapphire wafer resulted in the for-
mation of aluminum borate nanowires. The resulting wires
grew in high density, and appeared as rough-surfaced rec-
tangular prisms of various lengths and with widths in the
range of 100-150 nm (Fig. 3).

In a similar experiment employing a mixture of B and B,O;
as the feedstock, these species were comprised predominately
of AlsBOy, but with a small component of Al,B,0,, as deter-
mined by XRD."“ Unfortunately, the similarity of the two alu-
minium borate structures, and the relatively low quality of our
XRD data (Fig. 4) precludes such a distinction from being
made. Having performed the pyrolysis under similar con-
ditions to that with B/B,0;, however, and employing a rela-
tively boron-poor precursor, it would appear most likely that
we too have formed the aluminium-rich phase predominantly,
namely Al;BOo. Thus, the four reflections at 20 = 16.7, 17.0,
26.7 and 33.7° were indexed to the (0 2 1), (1 1 0), (1 3 1) and
(1 3 2) planes of the orthorhombic phase of AlsBOy (ICSD:
039013). It is noteworthy, however, that the intense reflection

Dalton Trans., 2016, 45, 1055-1062 | 1057
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Fig. 3 Electron microscopy images of AlsBOg nanowires grown by
pyrolysis (2 h, at 1000 °C under flow of N;) of polyaminoborane 1 on
sapphire with defects; (a) SEM image, (b) and (c) TEM images of a single
AlsBOg nanowire.

o M Al,BO,
@ Sapphire

Intensity / a.u.

10 20 30 40 50
Position / 2°Theta

Fig. 4 XRD measurement of AlsBOg nanowires grown by pyrolysis (2 h,
at 1000 °C under flow of Nj) of 1 on sapphire with defects.
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Fig. 5 Electron microscopy images of AlsBOg nanowires grown from
the pyrolysis (2 h, at 1000 °C under flow of N,) of a (1:1 by mass)
mixture of Al,Oz powder and polyaminoborane 1. (a), (b) SEM images,
and (c) high resolution TEM image of a single AlsBOg nanowire.

expected at 26 = 20.4°, arising from the (1 1 1) plane was not
observed. We attribute this phenomenon to the orientation of
the nanowires with respect to the substrate, and note that this
was also the case when B/B,0; feedstock was employed. The
presence of Al, B, and O was confirmed by TEM-EDX and WDS
measurements (Fig. S11 and S127). Nucleation and nanowire
growth appears to occur along defects,’”” and thus optimized
conditions included introducing defects on the sapphire wafer
by scratching the surface with a diamond-tip knife prior to
drop-casting the THF dispersion of 1.

Pyrolysis (2 h, at 1000 °C under flow of N,) of a (1:1 by
mass) mixture of Al,0O; powder and polyaminoborane 1 also
resulted in the formation of clusters of aluminum borate nano-
wires (Fig. 5). High resolution TEM revealed nanowires with
diameters as small as 30 nm (Fig. 5c). In this instance, the
XRD diffraction pattern (Fig. S131) was in agreement with the
standard powder diffraction pattern of orthorhombic Al;BOy
(ICSD: 039013), including the observation of the (1 1 1) reflec-
tion that was absent for the measurement performed on sap-
phire. Moreover, the lattice fringes observed in Fig. 5c and
S147 featured a d-spacing of 0.44 nm, and were indexed to the
(1 1 1) plane of AlsBOy (ICSD: 039013). It should be noted,
however, that as the presence of Al,B,0y cannot be definitely
excluded by the XRD pattern of the bulk sample, the alterna-
tive assignment of the d-spacing to the (1 1 1) plane of Al;B,0q
(ICSD: 071113) cannot either. The presence of Al, B, and O was
confirmed by SEM-EDX, and WDS measurements (Fig. S15
and S16%). The ~5 nm coating observed in Fig. 5c is probably
a partially ordered layer of carbon covering the crystalline
aluminum borate core; measurement by TEM-EDX revealed an

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 TEM image of AlsBOg nanoribbons grown from the pyrolysis
(2 h, at 1000 °C under flow of N,) of a (1:1 by mass) mixture of AIN
powder and polyaminoborane 1.

appreciable carbon content (Fig. S171). Additionally, the pres-
ence of a low intensity peak at 26 = 26.5°, as observed in the
XRD diffraction pattern (Fig. S131) may be indexed to the (0 0
2) plane of graphite (ICSD: 53781), further supporting our ten-
tative assertion.

Similarly, pyrolysis (2 h, at 1000 °C under flow of N,) of a
(1:1 by mass) mixture of AIN powder and 1 was attempted.
AIN buffer layers had previously been utilized by Chubarov
et al. for the growth of rhombohedral-BN.'® However in our
case, inclusion of AIN resulted in the formation of clusters of
rectangular aluminum borate nanoribbons featuring widths in
the 100-200 nm range, as observed by TEM (Fig. 6). As with
the reaction on Al,O3, XRD measurements (Fig. S18t) revealed
the presence of what is most likely AlsBOo (ICSD: 039013) on
account of the boron-content in 1 relative to B/B,O; and the
product mixture observed when the latter was used as the feed-
stock.'’® The presence of Al, B, and O was confirmed by
SEM-EDX and WDS measurements (Fig. S19 and S207).

Finally, pyrolysis of polyaminoborane 2 on annealed sap-
phire wafer (2 h, at 1300 °C, under flow of N,, no induced
defects) also resulted in the formation of aluminum borate
nanowires and, in addition, nanotubes (Fig. S217). Unlike pre-
vious trials utilizing 1 on defect-laden sapphire surface, the
use of a smooth sapphire surface resulted in rectangular nano-
wires, which were significantly larger in size (some greater
than 1000 nm in diameter) and appeared, in some cases, to be
hollow (Fig. S211). The XRD diffraction pattern (Fig. S22) was
again consistent with the orthorhombic phase of Al;BOq
(ICSD: 039013). The presence of Al, B, and O was similarly con-
firmed by SEM-EDX analysis (Fig. S237).

Discussion

Bulk aluminum borates are attractive materials owing to their
many useful properties, such as high strength, chemical inert-
ness, high temperature stability, which includes resistance to
oxidation at high temperatures and a low coefficient of

This journal is © The Royal Society of Chemistry 2016
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thermal expansion."” Moreover, one-dimensional nano-
structures, such as nanowires, often have intriguing properties
that differ from those of bulk materials. These include
quantum confinement of electrons by the potential wells of
nanometer-sized structures, which may allow control of electri-
cal, optical, magnetic, and thermoelectric properties of solid-
state functional materials.”® This has led to potential appli-
cations of aluminum borate nanostructures in ceramic compo-
sites, metal matrix composites, tribology, and as building
blocks in optoelectronics.>!

Surprisingly, polyaminoboranes 1 and 2 have proven to be
excellent precursors for the facile fabrication of aluminum
borate nanowires (via 1) and in some cases larger nanotubes
(via 2) on sapphire substrates. The ability to use a stable,
single-source precursor which can be delivered with ease via
drop-casting on a substrate or mixed with a powder of Al,O; or
AIN for the synthesis of aluminium borate nanowires proves
advantageous over more conventional techniques. Aluminum
borate nanowire synthesis typically requires multiple reagents,
catalysts, or more complex chemical vapour deposition (CVD)
methodology with subsequent pyrolysis at temperatures
ranging from 750-1100 °C.** In the instance of sapphire wafer
as substrate, the size of the resulting nanowires was influenced
by modifying the surface defect density. While pyrolysis of
polyaminoboranes on smooth sapphire led to nanowires, and
in some cases, nanotubes, with diameters greater than
1000 nm, introducing surface defects produced nanowires
with diameters in the 100-150 nm range.

Rimmeli and coworkers have recently reported the syn-
thesis of Al;B,Oy and Al;BOy nanowires from the pyrolysis
(700-1100 °C) of a mixture of B and B,O; (3:4 by mass) on
sapphire wafers,"’* a process reminiscent of our procedure.
Samples pyrolyzed on smooth surfaces resulted in slower for-
mation of larger diameter nanowires, whereas samples with
defects (induced by incorporation of Fe;O, nanoparticles)
resulted in the facile formation of smaller diameter nanowires.
The growth mechanism was attributed to diffusion of boron
into the sapphire wafer, a process which occurs more readily at
surface defects, followed by initial surface corrugation, and
ultimately nanowire formation, which occurs as a measure to
alleviate the stress build up from the resulting thermal expan-
sion mismatch as aluminum oxide becomes aluminum
borate.”’* Thus, we propose a similar growth mechanism,
whereby B-N based precursor (polyaminoborane 1 or 2) either
decomposes, leading to diffusion of B into the alumina
surface, or diffuses directly into the alumina surface, where
N is released, and growth of aluminum borate nanowires
begins. This is consistent with defect-laden sapphire
resulting in smaller diameter nanowires, and smooth surface
sapphire resulting in a slower formation of larger diameter
nanowires; this is also consistent with previously reported
observations.'”*

The fabrication of Al,B,0, nanowhiskers on the surface of
aluminum powder with boric acid as boron source has recently
been described by Shi and coworkers.*” It was proposed that
during pyrolysis (600-800 °C), boric acid decomposed to B,0;
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and the Al,O; layer formed on the aluminum powder dissolved
into the liquid B,O; (mp 450 °C), initiating nanostructure
growth. Overall, the formation of Al;BO, nanowhiskers was
described as a solution-liquid-solid (SLS) growth process.
A similar process may operate for the AlsBO, nanowire and
nanoribbon growth processes described herein for mixtures of
polyaminoborane 1 with Al,O; or AIN powders. High tempera-
ture decomposition of 1, in contact with atmospheric O, may
lead to the generation of B,0O;, which can interact with Al,O3,
either already present, or generated from the high temperature
reaction of AIN with atmospheric O,. Alternatively, the growth
process may proceed in a similar manner to that described
for the pyrolysis of polyaminoboranes on sapphire wafer
(vide supra).

Conclusions

In the case of Si-wafer as substrate, the pyrolysis of 2 resulted
in amorphous nanostructures which feature a component of
h-BN. The use of rhodium foil as substrate afforded amor-
phous B and N-containing nanostructures from the pyrolysis
of 1 and 2, and polydisperse, amorphous B and N-containing
spherical nanoparticles from H;N-BH;. Switching the substrate
to sapphire wafers, as well as Al,O; and AIN powders, resulted
in the unexpected production of crystalline aluminum borate
nanowires, most likely Al;BOy. In the instance of sapphire
wafer substrates, the diameters of the resulting nanowires
were dependent on the surface defect density. In the case of
smooth surfaces, larger nanowires were produced, whereas
defect-laden surfaces facilitated the formation of significantly
smaller nanowires. The ability to use polyaminoboranes 1
and 2 as stable precursors to aluminum borate nanowires,
which can be delivered with ease via drop-casting on a sub-
strate, or mixing with a powder of Al,O; or AIN appears to be
potentially advantageous over conventional, more complex
approaches (e.g. CVD). Optimisation and further development
of this process is currently under investigation. We are also
investigating polyaminoboranes that undergo thermally-
induced crosslinking in order to access BN-containing
ceramics in higher yield.
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