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Abstract

Boron nitride nanotubes (BNNTSs) offer compelling promise in 21% century materials, due to
their high-tensile strength, thermal conductivity, chemical stability, and insulating properties.
Current synthetic methods result in the formation of many non-nanotube byproduct structures
with similar BN connectivity, which makes their removal difficult. As a result, there is
considerable focus on developing purification methods that produce neat BNNTs. Here, we

present a new purification process that removes impurities to produce BNNTs with high purity.



Employing the intercalating nature of phosphoric acid and taking advantage of the wet thermal
etching of boron nitride, our strategy combines phosphoric and hydrochloric acids with samples
containing a mixture of BN materials (such as BNNT and BN nanocages) inside a constant
volume reaction setup in a furnace. The reaction removes impurities such as nanocages,
hexagonal boron nitride (hBN), and less ordered BN material. Overall, this method can result in
mass yields up to 29% purified material, a result that is highly dependent on the concentration of
impurities in the starting material. This result is confirmed using scanning electron microscopy
(SEM). Analysis using x-ray photoelectron spectroscopy (XPS), x-ray diffraction (XRD), and
infrared spectroscopy (IR) demonstrate that there are not significant chemical changes to the

BNNTs after the reaction, which produces BNNTS that are highly enriched and purified.

Introduction

Boron nitride nanotubes (BNNTSs) are a unique material, analogous to carbon nanotubes (CNTs),
with similarly interesting physical properties such as tensile strength, Young’s modulus, and
thermal conductivity.'= In contrast to CNTs, BNNTs are insulators with a band gap around 5.7
eV and are much more thermally stable up to ca. 900 °C.> These properties are desirable for
applications in different areas including biomedical imaging,® hydrogen storage,” and low-

weight, high-strength materials,® among others.

BNNTs were first synthesized in 1995° and have since been produced in a variety of different
ways. Yet, scalable syntheses of pure BNNTSs are yet to be developed, and most syntheses yield
BNNTs with a variety of impurities. Given each synthesis method produces its own impurities,
there are still outstanding challenges in the purification of BNNTs.!>*-!2 BNNTs are particularly

chemically inert, and high temperatures or pressures (or both) are required to synthesize this



material in large quantities. These methods, consequently, result in a significant amount of non-
nanotube material in the form of amorphous boron, hexagonal boron nitride (hBN), boron nitride
cages, and other less ordered BN material. As a result, there is a considerable thrust to develop
purification methods that result in neat BNNTs. Current methods have used processes including
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chemical etching,!>!* functionalization, or physical separation techniques'®?° to eliminate

the unwanted BN material from BNNTs.

There are several methods that can effectively remove amorphous boron, given that it can be
easily converted into oxides that are soluble in water.'* On the other hand, cages, hBN, and other
BN materials are chemically similar to BNNTSs, which therefore limits their selective
removal.?!?> Wet-thermal etching has demonstrated that the removal of some of the unwanted
species is possible. While the bond connectivity in hBN is similar to that of BNNTs, its
morphology is different, which makes available a greater proportion of edges, vacancies, local
defects, and reactive species that are exposed and thus are more reactive in a high-temperature
steam environment.'* As a result, this method has become popular to remove some unwanted
material. The challenge with this method is that it requires a highly specialized setup and
temperatures that exceed 500 °C. In addition, while this method selectively removes non-BNNT
impurities, it also removes tubes resulting in low yields (<5% for the purest material).'* Due to
the chemical similarities between species, there is not an agreed-upon method for the evaluation
(quantitation) of the different BN species in a sample. As such, we refer to yields as a mass
percentage of the remaining purified BN material, which is highly variable due to fluctuations in
the composition of the starting material from batch to batch (e.g. ratio of cages vs BNNTSs). This
value nonetheless allows us to compare our results to others in the field that have used a similar

definition.



In this study, we add a new chemical method to the toolbox of purification techniques for
BNNTs that were synthesized using the high-temperature-pressure method (HTP). The raw
material used in this research is >95% BN material (with elemental boron already being
removed) by XPS (Table S1), which includes BNNTSs, cages, h-BN, and amorphous boron
nitride. Given that the impurities are BN material, we introduce an alternative purification
method using a phosphoric/hydrochloric acid solution. It has been shown that phosphoric acid
can intercalate hBN,? and also react with boron oxides to form BPO4. Given the particular
chemical connectivity in BNNTs and BN cages (alternating B and N atoms), having a seamless
sphere becomes challenging, resulting in unconnected atoms and defects in cages; notice that
cylindrical structures such as BNNTSs can seamlessly connect without restrictions. The paradigm
here is that the higher concentration of defects, as a consequence of the restrictive connectivity
that is present in amorphous and cage-like structures, provides labile sites for species such as

phosphoric acid, allowing for selective etching.

Experimental Section

Constant-Volume Reaction Setup

Experiments were carried out in several stainless-steel PTFE-lined constant-volume reactor
vessels with an interior space ranging from 20 to 100 mL. PTFE-lined reaction vessels are
necessary, as stainless steel can react with acids to form more dangerous products such as
chromic acid. A general experimental procedure started with 30 mg of BNNTs (labeled SP10R
from BNNT LLC) dispersed in 10 mL dimethylformamide (DMF) and stirred for 30 minutes,
followed by 2 minutes of sonication. This was done to separate tube bundles and individualize

nanotubes as much as possible.?* The resultant dispersion was then filtered (Sartorius PTFE



filter, 0.2 um) and rinsed with 50 mL water to remove excess solvent. The filtrate was then
redispersed in 10 mL phosphoric acid aqueous (or hydrochloric) solution and stirred again for 30
minutes followed by 2 minutes sonication. The dispersion was then placed inside the constant
volume reactor and heated at various temperatures and times. Care was taken to ensure that the
vessels were sealed tightly in order to remove the risk of rapid decompression. Furthermore, all
vessels were rated to at least 3 MPa at 180 °C and all experimental conditions were calculated or
measured to be lower than these parameters, with a general measurement around 0.5 MPa (0.4-
0.6 MPa range). After heating was finished, the dispersion was placed in a 15 mL centrifuge tube
and centrifuged at 4696 G for 30 minutes in a Sorvall ST16 centrifuge. It is important to allow
the rotor to brake slowly in order to ensure the centrifuged material does not move. The
supernatant was removed, and ca. 10 mL boiling water was added, mixed, and centrifuged again
for 30 minutes. This process was repeated 3 times, and the pH checked to ensure neutral pH.
This step is necessary to remove all excess reactant acid as well as produced boron phosphate
and other oxides. The resultant material was dispersed in ca. 3 mL hot water, sonicated for 2
minutes, then frozen with liquid nitrogen and lyophilized overnight. Depending on the reaction
conditions, the sedimented material consisted of enriched boron nitride nanotubes, crystalline
(insoluble) boron phosphate, or some mixture of the two. It should be noted that it is possible
that some purified material (likely smaller tubes) exists in the supernatant, though the
centrifugation method resulted in the highest mass yields due to lower loss potentials when

compared to vacuum filtration.

Experiments were performed by varying the phosphoric acid concentration, time, and
temperature and were all conducted with a target of 3 mg/mL dispersions of BNNTs.

Nonetheless, we have been able to do this process at 5x scale (150 mg) with similar results, to



show the procedure can be scaled up. Furthermore, experiments were performed using various
acids, organic solvents, and pH, as detailed in the Supporting Information (Figures S1-3).
Purification assessment was primarily based on qualitative morphology from imaging and mass

yield in weight percent, as well as diffraction and spectroscopic techniques as described below.

Scanning Electron Microscopy

Dry samples of BNNTSs are challenging to image, particularly if done without sputtering. In order
to achieve true homogeneity of the sample and to ensure high-quality micrographs were attained,
each sample was dispersed in methanol at 1 mg/mL concentration and sonicated for 2 minutes to
ensure dispersion. Using either the bare aluminum SEM stub or a silicon wafer cut into 1 cm?
pieces and carbon taped to an aluminum SEM stub, 50 pL of the dispersion were dynamically
spin coated at 1000 rpm, and spun for 1 minute, followed by drying at 110 °C for at least 1 hour
under vacuum. Imaging was done using a Helios NanoLab 600 with a field-emission gun. In
order to maintain a pristine sample, no coating was added, even though BNNTs are non-
conductive. To limit specimen charging and avoid additional artifacts, a low electron beam
acceleration voltage of 1.0 kV and current between 6.3 and 50 pA was used. For high-resolution
images (Figure S1) a minimal current of 0.78 pA was used to ensure minimum charging.
Micrographs were taken at a low working distance of 2.0 to 3.0 mm using a through-lens

secondary electron detector.

Transmission Electron Microscopy

Samples were prepared similarly to SEM samples at a concentration of 1 mg/mL in methanol.
This was then diluted to 0.1 mg/mL in methanol. The resultant suspension was sonicated for 2

minutes, and a single drop was placed on a lacey-carbon grid (Ted Pella, Pelco) and allowed to



evaporate. The grids were then dried under vacuum overnight at 110 °C. Imaging was done at

200 kV using a Jeol 2100F TEM.

X-Ray Diffraction

X-Ray diffraction (XRD) patterns were obtained using a SmartLab II by Rigaku. Experiments
were conducted using ca. 5 mg samples that were dried for at least 1 hour at 110 °C under
vacuum to ensure residual water was removed. Each sample was ground into a powder and
placed on a zero-background sample holder. The diffractions were captured from 15 to 80
degrees with a step size was 0.05 degrees and the dwell time was 1 min/deg, using Cu-Ka

(wavelength A=1.54059 A) as the X-ray source.

Infrared Spectroscopy

After lyophilization, the solid sample was dried for at least 1 hour at 110 °C under vacuum to
remove traces of water. The samples were then placed onto an attenuated total reflectance (ATR)
crystal and analyzed using Fourier transform infrared spectroscopy (FTIR) with a Nicolet FTIR
iS50-FTIR. Samples were analyzed from 500-4000 ¢cm™! with a step size of 4 cm™ and averaged
over 32 scans. The spectra were then normalized to the BN longitudinal vibration mode at 1351

cml.

X-Ray Photoelectron Spectroscopy
X-ray photoelectron spectroscopy (XPS) was conducted using a Phi-Quantera
spectrophotometer. Samples were dried in a vacuum oven after lyophilization to ensure no

excess water was present. Each sample was placed onto an aluminum strip and had a thickness of

at least 0.5 mm to avoid substrate detection. An aluminum source with 45.3 W power and 200



um spot size was used for each sample. An initial survey scan of the samples was conducted
using a pass energy of 140 eV from binding energies 1100-0 eV, with a collection time of 80 ms
and a step size of 0.5 eV. High-resolution scans used a pass energy of 26 eV with 200 ms
collection time and step size of 0.1 eV. Deconvolution was performed using PHI Multipak
(9.9.0.19). All spectra were shifted to match the C 1s peak at 284.8 eV for an accurate
comparison of the samples. Due to the B 1s and P 2s overlap, the P 2p peak was used to
determine the overall composition of phosphorus leftover due the use of phosphoric acid. All
comparisons were done using literature values? or referenced using the Handbook of XPS,?¢ or

NIST tables.

Results and Discussion

Reaction Process

Inspired by the reported intercalation of phosphoric acid on hBN by the Mallouk group?® and the
known synthesis of boron phosphate from boric and phosphoric acids, we used phosphoric acid
to remove BN impurities created during the BNNT synthesis. SEM analysis of the as-received
material shows the morphology and abundance of BN cages in the sample (Figure 1a), the most
common by-product in the synthesis of SP1I0R BNNTs (BNNT LLC). Unlike the analogous
fullerenes, cages have many more morphologies and tend to be on the order of >150 nm, which
makes them prominent in the micrographs, though it is assumed that smaller cages are present.
One of the major challenges in the purification of BNNTSs is that bundles trap impurities that will
not be available for reaction or removal. The rationale is that given phosphoric acid’s known

intercalation within h-BN, it will be able to impregnate the material completely and then react



with defective boron sites to form amorphous boron phosphate, sparing pristine BNNTSs.

Amorphous boron phosphate is soluble in water and easily removed from the mixture.

The as-received material (BNNT LLC SP10R) was treated by the manufacturer to remove
elemental boron. XPS analysis of the material confirms that the as-received material is >95%
BN, (Figure S2 and Table S1), which again includes BNNTs, cages, h-BN, and amorphous boron
nitride. Previous studies indicate that BN materials can react with water to produce boric acid
and ammonia (eq 1).'* This process is slow at low temperatures (<200 °C), however the
equilibrium could be shifted if boric acid is removed, for example by its reaction with phosphoric
acid to form boron phosphate (eq 2).273? Alternatively, the higher availability boron oxide defect
sites could lead to the direct reaction of BN nanomaterials with phosphoric acid (eq 3). The
mechanism for formation of boron phosphate is elusive, but previous studies have proposed that
O-B-0 and O-P-O groups of boric and phosphoric acids can react to form the BPOs network.>!
While the formation of BPOu4 is unclear in our synthesis, we propose that defect sites are largely
populated with boron oxides which can interact with phosphoric acid to form extended BPO4
networks (eq 2). Alternatively, exposed BN (as etching occurs) could react directly with
phosphoric acid (eq 3) to form BPO4. At lower concentrations of phosphoric acid, the BPO4

remains amorphous, and thus, soluble in the reaction solution.

Scheme 1. Reactions that occur in the constant volume reactors with boron nitride and

phosphoric acid.*

BNgs) + 3H20(g) 2 B(OH)3(ag) + NHsgg) (eq 1)

B(OH)3(aq) + H3POu(aq) - BPOu4) + 3H20() (eq 2)



BN(s) + H3PO4(aq) 9 BPO4(S or aq) + NH3(g) (eq 3)

*Species labeled as aqueous may be gaseous depending on the temperatures and pressures reached.
Boron phosphate is insoluble in water when crystalline and soluble in water when amorphous. At
low concentrations of H3PO4, BPO4 remains amorphous.?’

In our first experiments, SPI0OR BNNTSs were reacted with 85% phosphoric acid in a pressure
autoclave at 150 °C for 24 hrs. Interestingly, when the material was analyzed after the reaction,
we found tetrahedral crystals (Figure 1b), consistent with the crystal structure of boron
phosphate. A close analysis of these images showed tubular structures on the surface of the
crystals, which indicates that some BNNTSs survived the reaction. It is also important to mention
that no BN cages were found, and thus it can be concluded that cages reacted faster with
phosphoric acid than BNNTSs. Additional experiments were performed to demonstrate that
several sources of boron would produce boron phosphate by using a constant volume reactor and
the conditions previously described. Therefore, hBN and boric acid were tested and do indeed
create boron phosphate particles, as shown in the Supporting Information (Figure S3).
Interestingly, boric acid produces particles much smaller than BNNTSs, while hBN produces
particles that are much larger and show significant intergrowth. It is likely that the lamellar
nature of hBN promotes crystal intergrowth. Based on these results we decided to explore the
chemical space (time, temperature, and concentration of phosphoric acid) to find conditions that
would lead to the preferential etching of BN cages, leaving BNNTSs intact, without the formation
of crystalline boron phosphate. The removal of cage impurities was studied from 100-300 °C
with varying concentrations of phosphoric acid from 5-85% (w/w), see section below and

supporting information Figures S3 and S5.
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Figure 1. SEM micrographs of BNNT phosphoric acid isochoric experiments. Scale bars are for

each row, while each column is increasing magnification. (a, d, g) Starting material. Arrows
indicate impurities. (b, e, h) Tetrahedral boron phosphate nanoparticles from 85% (w/w)

phosphoric acid. (c, f, 1) Purified material at 25% (w/w) phosphoric acid.

Reaction optimization

Phosphoric acid-mediated tetrahedral boron phosphate nanoparticles were shown to be created
whenever a significant amount and concentration of phosphoric acid was used, though many
temperatures were found to favor the formation of these particles. Specifically, when the
constant volume reaction was performed as low as 100 °C with 85% phosphoric acid solution,

these particles still formed readily (Figure S3e). At concentrations 50% (w/w) of phosphoric acid
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and 150 °C, fewer boron phosphate particles appeared, but they were still present (Figure S4f). In
addition, when the 85% phosphoric acid solution was used in a simple reflux setup (thus not
being isochoric, and at a temperature of about 154 °C), the reaction still created boron phosphate
particles (Figure S3f). Interestingly, the particles were polydisperse when not in an isochoric
setup. This could be related to the production of nucleation centers (bubbles) during reflux.
Initially, we thought about chemically removing the BPO4 crystals and leaving the purified

tubes, however we found that these BPO4 crystals were stable under a variety of conditions, and
therefore we opted to tune the reaction to reduce the amount of BPO4 crystals present in the

sample at the end of the reaction.

Purification of tubes starts to occur around 50% (w/w) phosphoric acid (Figure S4f). Non-tube
materials start to preferentially etch as low as 5% (w/w) phosphoric acid (Figure S4b), though
the imbalance of etching tubes to impurities is not as apparent at lower concentrations. There is a
narrow balance that is required to remove impurities from tubes at <50% (w/w) phosphoric acid.
On the one hand, 50% will remove impurities, but also etches almost everything so that there is
very little BNNT material left. On the other hand, at 5% (w/w) concentration of phosphoric acid,
the amount is not enough to etch the material at an appropriate rate. At 25% (w/w), however, a
proper balance is reached, where most of the impurities are removed, and around 7% mass yield
is typically found (mass yields vary from 29% to less than 1% depending on the amount of
impurities in the starting material). Of course, the yield is based on the concentration of

impurities, which at this time is extremely difficult to quantify from sample to sample.

It is possible the reason the 25% (w/w) phosphoric acid concentration work best is related to the
formation of amorphous boron phosphate instead of crystalline boron phosphate. It is proposed

that at concentrations higher than 50% (w/w) the B-O-P connectivity readily forms and
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propagates, which promotes extended crystalline structures. Whether this arises from larger
aggregates forming in solution or if there is some ‘scaffolding’ on the BN structures during
etching is unclear. Regardless, there is some nucleation process that is necessary to form
extended B-O-P networks in a tetrahedral geometry. At concentrations below 50% (w/w)
phosphoric acid, particles do not form as readily and around 25% (w/w) the formation of BPO4
crystalline particles is precluded. It is possible that by limiting the interaction of phosphoric acid
and boric acid moieties at defects, (due to a lower concentration of phosphoric acid) only a small
amount of boron phosphate is produced at a time and released from the BN material. These

lower-ordered boron phosphate molecules aren’t large enough to nucleate and promote

crystallization. This mechanism is still under investigation.
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Figure 2. SEM micrographs of time series with HCl*H3PO4 BNNT purification in constant
volume at 150 °C. (a) 2 hours, (b) 6 hours, (¢) 12 hours, (d) 18 hours, (¢) 24 hours, (f) 30 hours

(g) 36 hours.

The removal of cages from the starting material (Figure 1a, d, g) is remarkable when compared
with the purified material (Figure 1c, f, 1). The purified material looks tubular with individual
tubes or large tube bundles, and a very low concentration of cages (Figure Ic, f, 1). In the rare
occurrence of cages, there are darkened areas in the centers, which implies that they are etched
on that surface. High-resolution, low-current experiments were performed on these samples to
confirm that this is not an artifact of charging due to the abundance of electrons in the non-
conductive sample (Figure S1). This further supports the asymmetric nature of the etching of

non-tube material vs tubes.

TEM was also performed in order to further study cages' preferential etching (Figure 3). While
TEM ordinarily would be a good tool to use for characterization of the material, SEM provides a
better field of view. As the cages in the starting material are clearly visible in the SEM images,
we chose to focus on SEM as a tool for determining bulk enrichment of tubes and tubelike
material. TEM images, however, do show that cages are crystalline in the starting material and
become etched as the process of purification progresses (Figure 3b,c). Furthermore, tubes were
able to be found aggregated with cages in the starting material, but cages were always isolated in
the purified material. This suggests that the association of tubes and cages is much stronger when

the cages are not damaged.
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Figure 3. TEM of BNNT samples focused on cage-like structures. (a) Starting material. Tubes
are attached to cage-like material, with smaller cages adsorbing to the material. (b) H3PO4
BNNT purification in constant volume at 150 °C. Damaged cage is traced in blue. (c)

HCIl*H3PO4 BNNT purification in constant volume at 150 °C. Damaged cage is traced in blue.

Another significant change in morphology of the overall material in the SEM micrographs
shown is a terracing effect that happens with the purified material. The base material tends to lay
flat on the surface after spin coating. This is likely due to the uniformity of the van der Waals
interactions between tubes and cages. Conversely, in the purified material the absence of cages
results in long-range ordered domains. These domains can ‘stack’ better, resulting in the order

seen in both the terracing and directionality of the domains.

pH studies were done to elucidate the effects of pH (Figure S5) on the overall purity of the final
material. Reactions with phosphoric acid were performed with different pH values from <I to 8.
At pH<1 (which is below pKai of phosphoric acid at 2.12), we found the highest purity. Thus,
for a repeatable purification of BNNTSs, constant volume reactions at 150 °C for at least 18 hours
(or longer with better purity, but lower mass yield) with 0.71 M hydrochloric acid and 4.3 M

(25% w/w with water) phosphoric acid, provides the optimal conditions for purification (Figure
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2). The edges of tubes and hBN, as well as defects in cages, likely have boric acid moieties,
which at low pH can get protonated and hydrolyze creating defects and allowing the coordination
of phosphoric acid and formation of boron phosphate. The more defects get produced, the faster
the reaction. This is further supported by experiments conducted using organic solvents instead
of water. Experiments performed in solvents with a limited amount or no protons, such as
methanol, THF and DMF (Figure S6) look similar to experiments at high pH. Alternatively,
other acids (HNOs, HCI, acetic acid, and oxalic acid) do not seem to preferentially etch non-tube
vs tube material (Figure S7). It is not clear whether this is a kinetics or thermodynamics issue,
though this was not explored further. Finally, a time series was conducted with phosphoric acid
(Figure 2) in order to demonstrate the extent to which purity can be obtained at low pH. By 12
hours (Figure 2c), the asymmetric destruction of cages can start to be seen. At 24 hours (Figure

2e), very few cages are left, while at 36 hours (Figure 2g), the highest purity was obtained.

Bulk Characterization

A variety of experiments were performed to characterize the reaction of BNNTSs with phosphoric
acid. For example, X-Ray diffraction (XRD) was conducted to identify the species formed.
Boron phosphate has a characteristic XRD pattern, which is dictated by its crystalline structure.
The sample treated with 85% phosphoric acid (Figure 4, purple trace), shows an XRD pattern
typical of boron phosphate. On the other hand, BNNTs and other BN nanomaterials do not have
a periodic 3-dimensional organization, which results in broad and weak peaks around 26° (Figure
4, red and black traces), with the exception of hBN, which has a sharp peak at 26.75° (Figure 4,
blue trace), due to layer stacking. The spacing corresponding to this would be between 3.3 and 4
A, which is the typical layer distance for stacked BN. Interestingly, the peak in this area for the

purified material (Figure 4, green trace) shows a mix of sharp and broad peaks, which is
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consistent with previous observations in pure, few-wall carbon nanotubes.?? Also, no diffraction

due to boron phosphate was observed in the purified material. It is very likely that the broad
peaks observed for the black and red traces are due to the high content of cages, which have a

more heterogeneous interlayer distance and the lack of long-range order. The elimination of

interstitial material (cages) can lead to a better orientation of tubes and sharpening of that peak.

85% H3PO,

25% H3PO4in TM HCI

h-BN

1

o
vJL Prepared Material
-\

Intensity

Starting Material

e —

15 20 25 30 35 40 45 50 &5 60 65 70 75 80

20 (degrees)

Figure 4. Normalized XRD patterns for BN starting and processed material. Purple trace: 85%
phosphoric acid — correspondent to the XRD diffractogram of BPO4.26 Green trace: purified
material; peak at 26=26.8. Blue trace: h-BN; peak at 26=26.75. Red trace: starting material

dispersed in DMF, followed by lyophilization; 26=25.9. Black trace: starting material; 26=25.9

To further confirm that boron phosphate was removed from the purified material, additional

characterization techniques were employed. FTIR was used to verify the identity of the different
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functional groups in the materials. The FTIR spectra of the as-received BNNTs, 85% phosphoric
acid, and 25% phosphoric acid reactions were obtained and presented in Figure 5. The FTIR
samples were normalized to the in-plane BN vibrational mode in order to better compare each
sample. The peaks at 1351 cm™! for both the 25% phosphoric acid-purified, and as-received
material overlapped very strongly, with a slight broadening of the purified material peak.
Interestingly, the ratio between the 1351 cm! (in-plane vibrational mode) and the ca. 795 cm™!
(out-of-plane vibrational mode) does seem to change with purification. This was a common trait
among the purified samples, though it is unclear what caused the difference in the ratio.'*
Additionally, the feature around 3250 cm™! in both the 25% purified and as-received material is
due to the oxides of boron present at defect sites.3*° While this peak can sometimes be
attributed to water adsorption, this is not likely, as all samples were subjected to heating under
vacuum prior to analysis in order to remove any water. The concentration of defects decreases in
the purified material, which is what is expected from Scheme 1, as part of the removal of defect-
rich cages. Furthermore, this peak is not present in the 85% phosphoric acid reaction as virtually
all the material is converted to BPO4. Moreover, in the 85% phosphoric acid reaction, the
vibrational modes for boron phosphate at ca. 1050 and 910 cm™' can be seen.?® These correspond
to the B-O pseudo lattice translation (910 cm™') and the P-O vibrational mode (1050 cm!). BPO4
assumes an a-cristobalite structure, consisting of alternating boron and phosphorus atoms inside
a lattice of oxygen.?®3? It is remarkable from Figure 5 that in the 25% phosphoric acid-purified
material, there is no peak at 1050 cm™ or 910 cm™! associated with boron phosphate. Therefore,
any boron phosphate that is created in the reaction is removed during the washing steps. This is

due to the water solubility of amorphous boron phosphate.3°
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Figure 5. Normalized FTIR spectra for BN starting and processed material.
Another spectroscopic technique used to evaluate the composition of the material is XPS, which
provides information about the atomic composition, connectivity, and potential defects in the
samples. High-resolution scans portray a boron-to-nitrogen ratio of 0.92:1 for the starting
material (Table S1). Similar ratios are obtained for the purified material at 0.97:1 (Table S1).
However, the ratio of boron to nitrogen for the 85% phosphoric acid reaction was 34.8:1. This is
due to the majority of the nitrogen being converted into ammonia (or soluble nitrogen oxides)
during the hydrothermal reaction. These amounts are tabulated in Supporting Information, Table
S1. It should be noted that the overlap of the P 2s peak with the B 1s peak has been taken into

consideration in each of these calculations.

Deconvolution of XPS data can offer insights into the particular environments present in each
sample. Specifically, a peak around 190.5 eV is attributed to the hexagonal bond connectivity of

BN that is present in tubes and cages, while a peak around 192.5 eV is attributed to boron-
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oxygen bonds in hBN, likely due to defects or edge sites.>” A detailed analysis of the high-
resolution spectra shows that the B 1s peaks for the as-received and the 25% phosphoric acid
purified material both appear at 190.8 eV (Figure 6, middle right), which corresponds to sp?
boron bound to nitrogen as in hBN. Interestingly, the purified material has a sharper peak with a
lower full-width half maximum, indicating fewer unique binding environments, which implies
more homogeneity. Both spectra show peaks around 192.5 eV (Figure 6, middle and bottom
right), which correspond to the various boron oxide species, most likely present at the tips of the
tubes or defects in the boron nitride material. To determine the content of boron-oxygen species,
the peaks around 192.5 eV were analyzed, and a percentage of that contribution was determined.
These were then compared to the overall oxygen percentage in the sample to verify that the
oxygen is accounted for properly. For instance, in the purified material, the B 1s spectrum shows
14% contribution from boron oxide. This 14% is then taken as a fraction of the total atomic
percentage of boron (40.2%) and corresponds to 5.6% of the total atomic percentage. The total
atomic percentage of oxygen in the purified material is 4.4%, which is consistent with the B-O

percentage.

When comparing the starting and purified material with the 85% phosphoric acid treated
material, some key differences arise in the B 1s spectrum. Notably, the signal needs to be
deconvoluted into three peaks. For the 191.8 eV maximum (Figure 6, top right), this energy
corresponds to the P 2s in BPOa. There could also be some overlap with the BN signal, but its

contribution would be small based on the nitrogen composition (0.8%).

This is confirmed by the SEM image in Figure 1(b, e, h), which indicates very little BN material
remaining. Moreover, two distinct peaks appear higher and lower in binding energies at 193.6

and 189.5 eV, respectively (Figure 6, top right). While the 193.6 eV peak can be compared to
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the boron oxide peaks in the purified and starting materials, in the 85% phosphoric acid material,

this peak is shifted 1 eV to higher energies. Namely, this peak correlates well with the B-O

binding energy specific to boron phosphate.?® This area also corresponds to the B2O3 binding

energy, or other boron oxide species not described above.?®
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Figure 6. High-resolution XPS scans for starting material, 85% phosphoric acid processed

material and 25% H3PO4 in 1 M HCI processed material.

Alternatively, the peak at 189.5 eV had no analog in the purified or starting material. This is a

less studied section of boron binding with nitrogen and has been found to correspond to
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potentially B-H or B-C.37 Yet, this does not seem likely, given the amount of oxygen present in
the 85% phosphoric acid treated material. Instead, this peak is likely attributable to lower boron
oxide species that have been associated with the formation of boron suboxide or B6O. These
species are generally formed at high temperature by mixing liquid boron oxide with boron,
though some surface materials have been formed more easily.?®3° Furthermore, various boron
oxides where the boron is higher in concentration than oxygen has been shown to be present in
the 188.1 eV area.’®*? Conversely, this area may also correspond to the formation of B-P bonds,

though this is less likely, as phosphorus was bound to oxygen in the acid.*?

The N 1s peaks at 398.3 and 398.4 eV, for the starting and purified material respectively, agree
well with one another and correspond to the B-N binding energies,?® while also agreeing with the
85% phosphoric acid processed material as well (Figure 6, left). However, the latter had less than
1% Nitrogen composition, which implies the complete conversion of nitrogen to gaseous
ammonia or to oxidized products that were removed during the washing step. Additionally, for
the 85% phosphoric acid treated material, there was a tail present at around 396 eV, which
corresponds to nitrogen bound to boron oxide.** This is likely caused by oxygen being imparted
as a result of phosphoric acid coordination/etching and removed from the greater BN structure.
Both the purified and starting material also had peaks around 400 eV that are consistent with

amine groups, likely at the edges and defects of the BN material.

Finally, the high oxygen amount in the 85% phosphoric acid treated material can be explained by
the production of BPO4, and some boron oxide species. The as-received material and the
purified material are very similar in the O 1s spectra, with the starting material having slightly

lower percentage of oxygen present; 2.9 and 4.4%, respectively for the as-received and purified
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materials. Alternatively, for the 85% phosphoric acid treated material, there was 47.1% oxygen

in the sample. This is consistent with the formation of boron phosphate.

Conclusion

Phosphoric acid has been shown to react with boron nitride nanomaterials to form boron
phosphate. We have tuned this reaction to remove unwanted BN nanocages from BNNTs that
were produced using the HTP method (SP10R). The highest purity material was obtained under
these conditions: 3 mg/mL using 25% (4.3 M) phosphoric acid 0.73 M HCl at 150 °C for 24 hrs,
with mass yields ranging from 29% to <1% depending on the amount of impurities in the starting
material. We propose that the reaction of boron species with phosphoric acid produces
amorphous boron phosphate that is washed away in the post-processing steps. Amorphous vs
crystalline boron phosphate is produced by decreasing the concentration of phosphoric acid to
25%. BN nanocages get preferentially affected, given their higher reactivity due to a higher
concentration of defects. The preferential etching of BN nanocages results in a material that is
highly enriched in BNNTSs. That said, while this process does preferentially remove non-tube
material, the specific ratio of cages to tubes in the starting material does influence the purity and
yield of the final product. The higher that ratio, the lower the yield of the final product, as the
process removes cages more readily than tubes. Because the concentration of cages in BNNTS is
batch-dependent, the material is highly variable, resulting in contaminations that are not
homogenous from batch to batch. Therefore, batches with a higher proportion of cages in the
starting material might require tuning of the reaction conditions for the complete removal of the
cages. With that in mind, due to the small-scale nature of our method and the relatively low cost

of materials, this purification process is highly accessible. The method provided here also
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demonstrates a significant advance in the purification of BNNTs due to its simplicity,

accessibility, and high purity.
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