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ABSTRACT: Compared to other synthetic methods, the synthesis
of boron nitride nanotubes (BNNTs) by the boron oxide chemical
vapor deposition (BOCVD) method can balance the purity and
quality of the product nanotubes. However, due to the solid reaction
characteristics of boron monomers, the closed reaction system, and
the synthesis temperature of over 1000 °C, growth studies of BNNT's
have been in a dilemma. To this end, simultaneous thermal analysis
combined with multi-atmosphere annealing experiments at corre-
sponding temperatures is used to study the inorganic solid-state
reaction of the classical BOCVD precursor B/Li,O in real time and
confirmed by experimental results that lithium borate is the actual
active component and catalyst. Further experiments reveal that the
growth process of BNNTs and lithium borate not only consumes less

Recommendations | @ Supporting Information
. ; . . : 8
Li(I)+B(s)—>LiB12193(s)—>
B(s)+Li,O(s) ) 6
Li;BO4(1)>LisB,0s(1)—> 3
_4§
£
(&)
0
LoO
= Lo
200 400 600 800 1000 1200 1400

Temperature (°C)

of the precursor and ammonia but is also flexible in its configuration, showing exceptional efficiency and reactivity. Lastly,
experiments have shown that the structure and activity of borate are equally applicable to alkali metals, alkaline earth metal, and

transition metals.

1. INTRODUCTION

Boron nitride nanotubes (BNNTs), the isoelectronic equivalent
of carbon nanotubes (CNTs), are first synthesized by arc
discharge in 1995," which is only four years after CNTs’ first
report,” but their synthesis and growth mechanisms lagged far
behind those of CNTs.” The reason for this is that the more
reactive gaseous boron sources or boron sources that can be
easily vaporized are flammable, explosive, or highly toxic,* and
although they are more efficient to synthesize, not all research
groups can meet the requirements for their use, so more have
opted for boron monomer as the boron source.””’

The key to using a solid boron source is to solve the problem
of the high melting point of the boron monomer so that it has the
opportunity to combine with the nitrogen source. Researchers
first think of using techniques such as discharge arcs,' high
energy lasers,” or plasma flames” to melt the boron and crack the
nitrogen at extremely high temperatures to obtain the boron
nitride (BN) structure. Meanwhile, the complexity of these
devices makes it easy to add components such as mass
spectrometry, optical emission analysis,'”"" or a high-speed
camera'”"’ to allow the in-site analysis of the reactions and
substances involved during growth and thus to analyze the
growth of BNNTSs in conjunction with the composition and
structure characterization of the nanoparticles in the tip of the
nanotubes. However, while the high reaction temperatures serve
to activate the boron, they also exacerbate the intensity of the
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reaction between the boron and nitrogen sources, resulting in a
product that typically contains no more than 50% nano-
tubes.'”'*

For the purity of the nanotubes, researchers further developed
ball milling and annealing'> and boron oxide chemical vapor
deposition (BOCVD)'® methods. The ball milling and
annealing method increases the activity of the boron through
mechanical forces of milling for over 100 h in ammonia and then
annealing them under a nitrogen atmosphere to form tubular
structures.” The BOCVD method is designed as a precursor
consisting of boron and metal oxides, which are chemically
reacted to form gaseous boron oxides as a boron source for the
growth of BNNTSs.'® The high activity of the gas-phase boron
source allows for a combination of quality and purity of the
product.

However, resolving the growth process of BNNTs has been
challenging. In this case, the synthesis with the ball milling and
annealing method is divided into two steps, namely, comparative
analysis of the structural changes in the composition of the
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Figure 1. Simultaneous thermal analysis result for B/Li,O (a) and XRD patterns of B/Li,O annealing at various temperatures in nitrogen (b),

ammonia (c), and argon (d), respectively.

precursors before and after annealing enables gaining some
information with the growth process of the BOCVD method
taking place entirely inside a confined corundum tube, making it
difficult to resolve the reactions within it. To this end, Ozmen et
al. analyzed the outlet stream using mass spectrometry but found
no component directly related to BNNTs.'” While nanoparticles
wrapped in the BNNTs can generally be analyzed as
catalysts,”*~>* product analysis also identifies hollow-headed
nanotubes,'”** making them difficult to recognize as the catalyst
for BNNT growth. Additionally, reports are showing that the
reaction between boron and metal oxides produces mainly
borates, which are inefficient for BNNT growth,24 while some
reports use boron oxide/metal oxides as the precursors and
borates as intermediates to obtain BNNTs.”®> Therefore, the
academic community is still divided on the growth mechanism
of BNNTs in BOCVD, which hinders the synthesis of high-
purity and high-quality nanotubes and indirectly leads to alag in
the exploration of the properties and applications.

To this end, we chose the simultaneous thermal analysis
technique to simulate the mass change and thermal effects of the
reactions of the classical BOCVD precursor B/Li,O then
annealed it under various atmospheres at the corresponding
temperatures to obtain the composition of the precursor at each
stage of the growth process and combined with literature
research and validation experiments to the knowledge that
lithium borate is the actual active component and catalyst for the
BNNT from B/Li,O. The growth experiments with various
configurations of lithium borate confirmed its considerable
reaction efficiency and reactivity. In addition, further experi-
ments also found that borate-catalyzed growth of BNNTs is not
only applicable to alkali metals but also borates of alkaline earth
and transition metals.

2. EXPERIMENTAL SECTION

2.1. Materials. Amorphous B powder (99%, DSO < 20 um),
Li,B,0, (99.99%), B,O; (98%), and Zn;B,0¢ were purchased from
Shanghai Aladdin Bio-Chem Technology Co., Ltd. Li,O (99.99%),
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MgB,0, (98%), and Na,B,0, (99%) were purchased from Shanghai
Macklin Biochemical Co., Ltd. NiB,O, (99 + %) was purchased from
Heowns Opde Technologies, Ltd., Tianjin. The high-purity gases (Ar,
99.999%; N,, 99.999%; NH,, 99.9999%) were purchased from Linde
Qiangsheng Gas (Nanjing) Co., Ltd.

2.2. Precursor Preparation. The molar ratio of boron to the metal
in the precursor B/Li,O and B,03/Li,O used in this study is 3:1, and
they are prepared by weighing certain masses of amorphous B powder
(or B,0;) and Li,O according to their molar ratio then grinding for at
least 1S min in clean agate until they are fully mixed. Other borate
precursors are utilized as received without any additional treatment. If
not specified, the precursors used are ~300 mg per growth.

2.3. Precursor Annealing. To analyze the reaction process of the
components, the precursors are annealed at different temperatures
under Ar, N,, and NHj, respectively. For annealing experiments in
NH;, the entire system is purged with Ar for 3 min before heating the
system and removing the samples for safety reasons. The annealing
experiments at 770 °C are conducted in a conventional tube furnace
(OTF-1200X-S, Hefei Kejing Material Technology Co., Ltd.), while
the annealing at 1000, 1180, and 1300 °C is finished in a high-
temperature tube furnace (SK-G08163-2-600, Tianjin Zhonghuan
Furnace Corp.) due to the highest temperature limit of the tube
furnaces. This high-temperature tube furnace is also used for the growth
of BNNTs with distinct corundum tubes used for the annealing
experiments to ensure identical growth conditions.

2.4. BNNT Synthesis. The growth of BNNTs was performed in a
dual-zone high-temperature tube furnace with an outer diameter of ~80
mm. In this case, the first temperature zone along the flow direction is
used only for the gas preheating, and a BN ark containing the precursor
and substrate is in the middle of the second zone. Before the furnace is
heated up, the precursor is spread uniformly over the bottom of the BN
ark, which is then covered with a corundum/sapphire substrate and
brought to the center of the second temperature zone of the furnace.
After that, the flow meter is switched to the cleaning mode and the
system is flooded for 3 min to remove the air then the system begins to
heat up. The system is heated in a pure Ar atmosphere. When the
temperature reached 1300 °C, the gas flow is switched to NH; to begin
the growth process, the growth duration is 0.5—2 h depending on the
experimental requirements. After that, the system is cooled down to
room temperature in Ar, and the BNNT-deposited substrates and
precursor residues are collected separately for further analysis.
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2.5. Characterizations. A field emission scanning electron
microscope (SEM, Hitachi SU8100) is used for morphology analysis.
A transmission electron microscope (TEM, FEI G2 F20 S-TWIN
+Aztec X-MAX 80 T) equipped with energy-dispersive X-ray
spectroscopy (EDX) and electron energy loss spectroscopy (EELS) is
employed to collect the microscopic morphology and element
distribution information. Powder X-ray diffraction (XRD, Shimadzu
D8 Advance) is utilized for crystallographic analysis. A Raman
spectrometer equipped with a 532 nm laser (HORIBA Jobin Yvon,
LABRAM HR) is used to collect compositional data. Simultaneous
thermal analysis (NETZSCH 449F3) is employed for thermophysical
analysis. X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-
Alpha) is used to acquire the surface element composition and chemical
state analysis.

3. RESULTS AND DISCUSSION

The thermogravimetry (TG) and differential scanning calorim-
etry (DSC) results of the simultaneous thermal analysis are
presented in Figure la. It can be seen that the precursor weight
sharply increases between 750 and 870 °C, continues to increase
until 1200 °C, and then rapidly raises again until 1300 °C.
Calculations show that a complete conversion of boron in the
precursor to BN results in an 18.87% weight increase, which is
marginally higher than the 17.57% increase observed in the TG
curve. This suggests that the precursor is highly reactive and may
bind to nitrogen with a dissociation energy of up to 945 kJ/mol*
at only 750 °C. The DSC curve indicates two chemical reactions.
The first reaction absorbs 351.9 J/g of heat at 750—760 °C and
coincides with a weight increase, while the second reaction
releases 694.1 J/g of heat at 1150—1180 °C and causes another
weight increase.

To explore specific reactions and confirm BN formation, the
precursor was annealed in nitrogen at four temperatures (770 °C
for the fastest weight increase, 1180 °C for the most intense
exothermicity, 1300 °C for the maximum weight, and 1000 °C as
the transition between). XRD analysis shows that B (PDF no.
031-0207; Figure S1) and Li,O (PDF no. 073-0593; Figure S1)
change into r-BN (PDF no. 045-1171) and lithium borate
(Figure 1b). The structure of lithium borate evolves with the
temperature, which is Li;BO; (PDF no. 018-0718) at 770 °C
then transforms to Li,B,05 (PDF no. 018-0719) between 1000
and 1180 °C and disappears altogether by 1300 °C. To replicate
the BNNTS’ growth environment, the above experiments were
repeated in ammonia. The results show that lithium borate’s
crystal phase is unchanged while that of r-BN becomes h-BN
(PDF no. 034-0421) due to ammonia’s higher activity (Figure
1c). From this, it can be speculated that lithium borate may serve
as an essential mediator between the precursor and nitrogen
source, which is consumed at 1300 °C, leaving only BN in the
residue.

To further exclude interference from the nitrogen source, the
precursor was annealed in argon. The results indicate that
lithium borate is its primary constituent with increasing the
temperature causing crystal phase transition (Li;BO; from 770
to 1000 °C and Li,B,O; from 1180 to 1300 °C; Figure 1d).
Meanwhile, B and Li (PDF no. 089-3940) appear between 770
and 1000 °C whereas LiB;,4; (PDF no. 083-0166) at higher
temperatures of 1180—1300 °C, offering new insights into
precursor evolution.

The above results suggest that B and Li,O undergo a redox
reaction to produce Li;BO; and Li (reaction 1) followed by the
conversion of the crystalline form of Li;BO; to Li,B,Oq
(reaction 2), which releases Li,O at a higher temperature.
Meanwhile, the byproduct of reaction 1, that is, Li, combines
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with excessive B and forms LiB,, ¢; (reaction 3).*° Li;BO; and
Li,B,O; rapidly react with nitrogen or ammonia to form BN
(reactions 4—7), while LiB,, o5 also binds with them to become
BN (reactions 8 and 9). The specific chemical equations for the
above reactions are provided in the Supporting Information.

For the reasonableness of these reactions, the enthalpy change
of reactions 1 and 2 is calculated by FactSage’s web version and
confirmed their thermal effects matching the DSC curve.
Thermal effects of the side reactions are also considered:
Bukovec et al’s findings showed that the peak position in the
DSC curve did not match the reaction temperature of B/Li
(reaction 3) due to the fact that it should occur below 700 °C;*’
the TG curve continues to rise after 750 °C, suggesting that
reactions 4—9 should not be reflected in the DSC curve. The
conversion of Li;BO; to Li,B,O4 causes the Li content to rise
because of the difference in the volatilization rates between B,0,
and Li,O in lithium borate.”® This reaction pathway is
summarized in Figure 2.

Li,0(s)+2BN(s)*+05(9)/H;0(9)

(4-7)\ N2(9)/NHs(9)

Li,O(s)+LisB,Os (1)

N(9)/NH;(g)

LiB12 g3(s)

Figure 2. Schematic diagram of the reaction pathway of B/Li,O.

The above reaction pathway indicates that lithium borate is
the actual active component in the Li—B—O system. To confirm
this, commercial lithium borate-Li,B,O, was used as the
precursor to growing BNNTs and compared with products
from argon-annealed B/Li,O and B/Li,O. SEM images at low
and high magnification show that the collected products are
uniformly distributed on the substrate without agglomerates or
heterogeneities (Figure 3a—f). All three precursors produce
highly pure one-dimensional nanostructures with identical
morphologies whose lengths are beyond the view of these
SEM images. TEM analysis reveals these structures to be hollow
tubes with a wall spacing of ~0.34 nm, which is consistent with
reported BNNTSs (Figure 3g—i).””*" Raman analysis detected
peaks at 1364—1365 cm ™" corresponding to the counter phase
vibrational mode (E,,) within the BN sheet’" (Figure 3j—1),
confirming that these tubes are BNNTSs. In addition, the full
width at half-maximum (FWHM) values of the Raman signals of
the products are 13.3, 13.7, and 19.1 (Li,B,O; < annealed B/
Li,O < B/Li,O; Figure 3j—1), the diameters of their nanotubes
are 7.1-9.3, 9.3—10, and 9.3—14.1 nm in order, and the wall
numbers are 8—11, 10—11, and 11—13 in order, respectively
(Figure 3g—i and Figure S2). The BNNTSs grown from lithium
borate own narrower FWHMSs, smaller tube diameters, and
fewer wall numbers, suggesting that the product of lithium
borate is not only of superior quality and crystallinity compared
to B/Li,O but also the nanotubes obtained have fewer walls and
smaller diameters than existing low-temperature
schemes.'®** 7

https://doi.org/10.1021/acs.chemmater.3c00838
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Figure 3. SEM images, TEM images, and Raman spectra of BNNTSs grown from Li,B,O; (3, d, g, j), Ar annealed B/Li,O (b, e, h, k), and B/Li,O (¢, f, 1,

D).

The residues of Li,B,O- and B/Li,O were further analyzed to
investigate their differences in BNNT growth. Among them,
Li,B,O; residue was found to mainly consist of clusters covered
by sheets (Figure 4a), while B/Li,O residue had twisted fibers
with varying diameters (Figure 4b). The XRD patterns revealed
that both have h-BN as the primary component (Figure 4c,d)
and Li;BO; along with Li,B,Oj in the case of Li,B,O-’s residue
(Figure 4c).

For B/Li, 0, reactions 1—3 exist simultaneously. Reactions 1
and 2 produce lithium borate, volatilize into the system, and
combine with ammonia to form BNNTs (reactions 6 and 7).
Meanwhile, reaction 3 forms LiB,, 93, which remains solid*® and
does not contribute to BNNT growth. The residue morphology
and crystalline phase resemble those of products obtained from
B and Li (Figure S3). These fibers likely result from the reaction
between LiB,, y; and ammonia (reaction 9).

For Li,B,0,, it melts completely at 917 °C according to the
binary phase diagram of Li,O-B,0; *° DSC analysis shows that it
begins melting with a weight loss at around 915 °C due to heat
absorption,”” which is consistent with results from argon
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Figure 4. SEM images and XRD patterns of the residue grown with
Li,B,0; (a, ¢) and B/Li,O (b, d).
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Figure 5. SEM image (a), B 1s (b), and Li 1s (c) XPS fine spectra of the collected deposits on the substrate and SEM image (d) of this substrate after
growth in ammonia. SEM image (e) of pure B,O; after growth. SEM image (f) of separated B,O; and Li,O after growth; the setup is illustrated in
Figure S9. TEM image (g) of a BNNT tip and corresponding EDX mapping image (h) and EELS spectrum (i).

annealing experiments (Figure S4). During growth, Li,B,O,
remains as a liquid and the volatilized gas components react with
ammonia to form BNNTs. Upon cooling, droplets solidify into
clusters and react with residual ammonia, forming BN sheets on
their surfaces (Figure 4a).

During our study on the thermal properties of lithium borate,
we found that it can be expressed as a certain ratio of Li,O and
B,0,,°** such as Li,B,0, in Li,0-2B,0;, Li,B,O; in 2Li,O-
B,0;, and Li;BO; in 1.5Li,0-0.5B,0;. Utilizing this informa-
tion, we formulated a B,O;/Li,O precursor with the same molar
ratio as B/Li,O and found that the results were comparable to
the product of Li,B,O, (Figure SS). Using only a 25 mg
precursor and feeding 25 sccm of ammonia gas in 30 min of
growth can produce BNNTSs that cover the substrate toward the
precursor (Figure S6). BNNTSs can be grown for up to 17 cycles
without adding any precursors but ammonia after pre-
deposition (Figures S7 and S8). Compared to existing reports,
BNNT synthesis using lithium borate requires less precursor,
has a shorter growth time, is sensitive to ammonia, and has long-
lasting effects (Table S1), demonstrating the high activity and
efficiency of lithium borate.

For the growth of BNNTs, it is assumed above that they are
formed by the volatilization of liquid lithium borate in the
system as small nano-sized droplets combined with ammonia.
To further confirm if the BNNTs are grown from lithium borate,
the volatilized components are collected by a substrate above the
precursor. The SEM image shows no distinctive products
(Figure Sa). B 1s XPS spectra reveal two states of boron with
peaksat 192.2 eV for lithium borate and 190.4 eV for BN (Figure
Sb). The Li s spectra show a peak at 55.5 eV corresponding to
lithium borate as in the B 1s spectra at 192.2 eV (Figure 5¢),”"*”
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indicating lithium borate vaporization to the system. The BN
product comes from the BN ark used for annealing as shown in
Figure S4. Further, to determine whether the components on
the substrate are capable of growing BNNTS, the substrate is put
back into the furnace for BNNT growth. The SEM image of this
substrate annealed in ammonia finds one-dimensional nano-
structures similar to Figure 3d—f (Figure Sd), demonstrating
that lithium borate reacts with ammonia to form BNNTSs. As a
comparison, B,0; only produces BN sheets (Figure Se).
Moreover, BNNTSs are grown by separating B,O; and Li,O as
Figure S9 demonstrates the flexibility of the component
configuration when grown with lithium borate (Figure Sf).
Data on conventional catalyst validation were also collected,
which found that O, B, and N elements in the nanoparticle at the
BNNT tip and B and O are aggregated in the center (Figure
Sgh). EELS analysis finds Li in the nanoparticles (Figure
5i).**" Thus, the BNNTs are catalyzed by lithium borate in this
work.

Furthermore, to investigate the potential of other borates,
MgB,0,, NaB,O-, NiB,0,, and Zn;B,0¢ were tested for BNNT
growth. SEM images showed that all four borates produce one-
dimensional nanostructures on the substrate. Of these
structures, those formed with MgB,0, exhibit a higher density
and quantity (Figure S10a), while sheet-like structures
predominated in NaB,O, (Figure S10b). BNNTSs and twisted
fibers of larger diameters are observed in NiB,O, and Zn;B,0¢
samples (Figure S10c,d). Raman spectra confirmed that the
collected materials are BN (Figure S10e—h). This suggests that
borates from alkali metals, alkaline earth metal, and transition
metals can facilitate BNNT with magnesium and lithium being
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particularly active among them based on these experimental
results.

4. CONCLUSIONS

In conclusion, we chose B/Li,O as a representative of the
BOCVD system and analyze their weight change and thermal
effects in the whole growth process by simultaneous thermal
analysis. Accordingly, the heat treatments under N,, NH;, and
Ar were done in conjunction with theoretical analysis to
determine their reaction pathway. It was found and verified that
the product of the reaction between the two, namely, lithium
borate, is the actual active component and catalyst. Follow-up
experiments also revealed that, under the same conditions,
lithium borate synthesized BNNTSs with a diameter of 7.1 nm, a
wall number of 8, and an FWHM of 13.3 cm™), which are much
smaller than those of B/Li,O. Meanwhile, BNNTs grown from
lithium borate can cover the substrate surface toward the
precursor with a growth time of 30 min, a precursor dosage of 25
mg, and an ammonia flow rate of 25 sccm and can cycle the
growth of BNNTSs up to 17 times after pre-deposition of the
precursor. Additionally, MgB,0,, NaB,O,, NiB,O,, and
Zn;B,04 were also verified to be able to be used for the growth
of BNNTSs, thus showing the universality of borate as an active
component.
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