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ABSTRACT

The development of an in-situ non-thermal plasma technology improved the oxidation and
energy release of boron nanoparticles. We reduced the native oxide layer on the surface of
boron nanoparticles (70 nm) by treatment in a non-thermal hydrogen plasma, followed by the
formation of a passivation barrier by argon plasma-enhanced chemical vapor deposition
(PECVD) using perfluorodecalin (CioFig). Both processes occur near room temperature, thus
avoiding aggregation and sintering of the nanoparticles. HR-TEM, HAADF-STEM-EDS, and
XPS demonstrated a significant reduction in surface oxide concentration due to hydrogen
plasma treatment and the formation of a 2.5 nm thick passivation coating on the surface due to
PECVD treatment. These results correlated with the thermal analysis results, which
demonstrated a 19% increase in energy release and an increase in metallic boron content after
120 min of hydrogen plasma treatment and 15 min of PECVD of perfluorodecalin. The PECVD
coating provided excellent passivation against air and humidity for 60 days. We conclude in-
situ non-thermal plasma reduction and passivation lead to the amelioration of energy release
characteristics and storage life of boron nanoparticles, benefits conducive for nanoenergetic
applications.

KEYWORDS: boron, hydrogen plasma, native oxide, energy release, nanoenergetic
materials, PECVD
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1. INTRODUCTION

Metal nanoparticles have great potential as additives to liquid and solid fuels and even
as fuels themselves since they oxidize readily, release large amounts of heat while producing
no greenhouse gas emissions [1-6]. Compared to liquid fuels, the volumetric energy content of
metals is much higher. It has been estimated a vehicle that utilizes aluminum as a fuel would
cover three times the distance without refueling compared to a vehicle running on gasoline [5].
Current research focuses on their use as a secondary fuel in volume-limited propulsion to
improve the energy efficiency of existing engines without adversely impacting other fuel
properties such as freezing point, flash point, and viscosity [3,4,7-10]. Nanometer-sized
particles are especially advantageous. They exhibit high reactivity, lower melting points,
enhanced heat and mass transfer properties, lower sintering temperatures and faster heat release
as compared to micron and larger-sized particles, and better overall combustion characteristics
[3,4-6]. Thus, it is possible to improve the performance of conventional liquid fuels by the
addition of rather small amounts of energetic nanomaterials. Maintaining the low volume
fraction of solids is important to utilize the fuel without the need to modify the engine [1,2].
On the other hand, new challenges arise when the particle size is too small. The main limitation
is due to the presence of the native oxide layer. While this layer provides passivation during
storage, for nanometer-size particles it represents a significant fraction of the particle mass.
Additionally, nanoparticles are prone to aggregation, leading to unstable dispersions that cause
precipitation, deposition on pipe walls, and pump erosion during fuel transportation [3,11-13].

Aluminum, boron, copper, iron, and magnesium are among the most extensively
studied energetic materials [3-8]. Boron is of particular interest because of its exceptionally
high gravimetric (58 kJ/g) and volumetric (140 kJ/mL) energy densities [10,14], which are
much greater than hydrocarbon fuels (~25-40 kJ/g) [1,5], explosives (~10-15 kJ/g), and other

high energy density metals like magnesium (25 kJ/g) and aluminum (31 kJ/g) [1,3]. Boron has



applications in various fields including medicine (mineral for building strong bones) [15-16],
military (aircraft, missiles, and other specialized weapons) [2,3,10], protective coatings [17],
and semiconductors [18]. Several studies demonstrated the liquid-phase and vapor-phase
synthesis of boron nanoparticles (BNPs) [14], but they were unable to circumvent the formation
of a native oxide layer [19-27]. The main impediment in the application of boron nanoparticles
is the reduced energy output and lagged combustion reaction kinetics due to the formation of
a native oxide shell that acts as a barrier to further oxidation of the core [10, 14, 28-30]. Strong
reducing agents such as hydrogen and carbon may be used to reduce oxide, but the reaction is
thermodynamically infeasible even at very high temperatures [31-32]. Hydrogen plasma,
through either thermal or non-thermal routes, can be used to reduce the thickness of the native
oxide layer [31]. Non-thermal plasma offers inherent thermodynamic and kinetic advantages
for the reduction of metal oxide due to the formation of highly reactive atomic and ionic species
at low temperatures [31-32]. Non-thermal hydrogen plasma has been shown to successfully
remove the native oxide layer from germanium, copper, silicon, and ruthenium surfaces [33-
36]. Hydrogen plasma can reduce almost every metal oxide at low temperatures because of
the highly negative Gibbs energy change [31]. The driving force for reduction is the formation
of highly reactive hydrogen atoms, ions, and vibrationally excited hydrogen molecules that
react with the oxide layer at the plasma-boron oxide interface leading to the reduction reaction
forming elemental boron and water vapor with a highly negative Gibbs energy at 298 K for
atomic hydrogen [31]. The low temperature of non-thermal hydrogen plasma enables native
oxide removal without the sintering of nanoparticles.

In the absence of the oxide layer, the boron surface re-oxidizes rapidly upon contact
with air and moisture [10]. Passivation by surface functionalization or encapsulation is
necessary to prevent re-oxidation [11-13]. BNPs have been functionalized using alkoxy

groups, halogens, silanes, organic acid, and polymers [14,26,28]. A simple synthesis route of



functionalized BNPs at room temperature was suggested by Pickering et al. [28]. Boron
tribromide was reduced to form a sticky, pale yellow compound rich in boron followed by a
reaction with excess octanol to produce octyloxy-capped BNPs. Gas-phase pyrolysis of
decaborane followed by surface functionalization with halides (Br and F) was studied by
Bellott et al. [26]. Passivation of BNPs against oxidation is possible at the cost of reduced
energy release as suggested by their thermal analysis results. The energy release decreased by
18% and 2% after forming F and Br capping respectively. This decrease is the result of the
chemical bonding of the boron surface with halogens, which reduces the percentage of metallic
boron available for the oxidation reaction. Shin et al. synthesized BNPs in the range of ~30-70
nm by gas-phase nucleation of BCl3 by rapid expansion through a nozzle within a thermal
plasma [30]. As-made particles were metallic boron with a hydride layer on the surface, but
under storage in ambient air, oxidation occurred and the thickness of the oxide layer stabilized
within two days. A different approach was used by Devener et al. [14] to produce air-stable
boron with low oxide content. High energy ball milling was used to reduce the size of
commercial micron-sized boron particles down to ~50 nm in the presence of oleic acid. Size
reduction exposes boron on the particle surface and even though the oxide itself'is not removed,
fine particles are highly enriched in metallic boron. It was shown that capping with oleic acid
was successful in producing air-stable BNPs with no measurable oxygen at the detection limit
of XPS. Recently, Chintersingh et al. [37] reported a method to remove the hydrated surface
oxide from the surface of boron particles by washing them in acetonitrile with and without
hydrocarbon fluids. They observed that the resulting boron powder displayed shorter ignition
delays as compared to starting commercial boron powder. Combustion characteristics of the
boron powder remained unaffected after this modification process. Valluri et al. [38] studied
double displacement, salt metathesis reaction between boron and bismuth fluoride to passivate

the surface of boron. The experimental results suggested that ignition temperature for the



oxidation of the material was reduced after the employment of the bismuth fluoride coating.
Additionally, single-particle combustion experiments showed an accelerated burn rate from the
coated sample as compared to boron. This work demonstrates that the surface functionalization
of boron using fluoride-based coatings is an efficient way to optimize its combustion
characteristics.

To fully utilize the energy density of BNPs one must address two problems: eliminate
the native oxide at the particle surface while protecting the particle from further oxidation under
normal storage conditions. Additionally, the passivating agent should not interfere with
combustion and should be effective in amounts sufficiently small, such that the volumetric
energy density of the particles is not affected. Ideally, the removal of the oxide layer and
passivation of the surface should be done in an integrated process that avoids exposure to air,
is capable of utilizing commercially available powders, and minimizes the use of chemical
reagents. We are presenting a low-pressure plasma process here that accomplishes these goals.
Plasma-enhanced chemical vapor deposition (PECVD) is a versatile technique for the
fabrication of surface films since it can utilize chemical precursors in any physical form. It is
a dry and readily scalable process that does not require post-processing separations [39-43].
The advantage of PECVD lies in its ability to tailor the coating chemistry to control interfacial
properties by merely changing the precursor. The deposition of the precursor from the gas
phase enables nanometer-level control of the coating through adjustment of the residence time
of precursor vapors in the plasma reactor [44-48]. Argon gas is used as a carrier of precursor
vapors to the plasma reactor and serves as a plasma generator gas because of its inert nature.
The films obtained by PECVD are pinhole-free and the thickness of the deposited film can be
controlled via deposition conditions. As a result of the cross-linked architectures, PECVD
coatings are chemically, mechanically, and thermally stable [39-40,45-48]. PECVD was

shown to prevent the oxidation of freshly synthesized aluminum nanoparticles by Matsoukas



et al. [40]. They observed coatings from precursors such as toluene, isopropanol, and
perfluorodecalin (PFD) provided excellent protection against oxidation by air and humidity by
imparting hydrophobic properties to the surface of the NPs [45]. The films made from PFD
have a water contact angle of 125°, and the coatings formed were observed to provide a
hydrophobic barrier against humidity to increase shelf life under normal storage conditions.
Here, we report a unique in-situ method in which a non-thermal hydrogen plasma is used to
reduce the native oxide layer from the surface of BNPs, and PECVD is used to form a
passivation barrier that protects metallic BNPs against oxidation by air and humidity. This
method is a dry process that exposes particles to a minimum number of reagents and does not

require post-processing operations.

2. MATERIALS AND METHODS

The setup of the non-thermal plasma process is shown in Figure 1. It consists of six
main components: a vacuum supply with a liquid nitrogen trap, a 13.56 MHz radiofrequency
(RF) generator equipped with a matching box, a tubular glass reactor, a magnetic stirrer, a
hydrogen transport system, and an argon-assisted precursor delivery system. A glass flask
serves as a bubbler for delivery of the organic vapor, with an inlet connected to an argon supply
through a flow controller and an outlet connected to a tubular reactor through a valve. Argon
is used as a carrier gas to transport organic precursor vapor into the reactor. The temperature
of the glass flask containing the organic precursor was maintained at 50°C by immersing it into
a hot water bath. The RF power used for hydrogen plasma and the PECVD treatments were
40 W and 30 W, respectively. The RF power was chosen so that pressure remains at ~0.1 Torr,
which is below the critical value (~0.2 Torr) for hydrogen and argon plasma generation (as
observed experimentally). The critical value refers to the highest pressure in the designed

system at which non-thermal plasma can be generated inside the reactor. Above this value,



temperature control becomes difficult, which shifts the process towards thermal plasma. Before
connecting the reactor to the vacuum system, 0.5 grams of BNPs (Nanoshel, Purity: 99.5%,
Average Particle Size: 70 nm) were transferred to the reactor using a disposable spatula. To
promote uniform exposure of particles to the plasma and to minimize aggregation, a magnetic
micro stir bar was placed inside the reactor, and the magnetic stir plate located outside the
reactor was set to 100 rpm, which stirred the particles through spinning the stir bar. The tubular
reactor was connected to a vacuum pump. A liquid nitrogen trap was used to condense all
organic vapors escaping the reactor before entering the pump and contributed to maintaining a
low plasma pressure. Check valves between the vacuum pump and reactor were used to control
and regulate a high vacuum in the reactor to avoid attrition of the BNPs. Two external
electrodes separated 1 inch from each other were used to generate the non-thermal plasma. The
plasma formed when the source impedance matched the load impedance through a matching
network [45].

BNPs were treated with hydrogen plasma for 60, 85, and 120 minutes (min) at a
pressure of ~0.1 Torr. After treatment with the hydrogen plasma, the hydrogen gas valve was
turned off, and the argon valve was opened after placement of the glass bubbler containing
perfluorodecalin (PFD, Acros Organics, Purity: 90%) in a water bath at 50°C. After generation
of the argon plasma, PFD saturated in argon passed through the reactor for the application of a
PECVD coating on BNPs for 15 min. Hydrogen plasma treatments were performed for
different periods, while PECVD treatment was kept constant with a treatment time of 15 min.
This procedure was followed to observe the effect of the hydrogen plasma treatment time on
the reduction of the native oxide. After the PECVD process, particles were collected from the
reactor and stored under ambient conditions for further characterization. Thermal analyses of
the BNPs were done over time to detect any loss in energy release due to oxidation during

storage.
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Figure 1. Schematic of the non-thermal plasma setup.

For analysis by transmission electron microscopy (TEM) and scanning TEM (STEM),
the particles were dispersed in hexane and sonicated for 10 min with a Branson ultrasonicator
(Model: CPX3800H). A few drops of the dispersion were deposited on a TEM lacey carbon
copper grid (Electron Microscopy Sciences). Both the TEM and STEM-EDS (Energy
Dispersive Spectroscopy) analysis were performed on a Talos F200X at 200 kV with a XFEG
source, and an integrated SuperX EDS. It is also equipped with high-angular annular dark-
field imaging (HAADF). STEM-EDS provides both qualitative and quantitative information
about the elemental composition in the sample. The thicknesses of the organic coating and the
surface oxide were estimated by high-resolution TEM (HRTEM) imaging. Scanning electron
microscopy (SEM) images were collected on a Zeiss Sigma Variable Pressure (VP) field
emission SEM. The BNPs were placed on copper tape for SEM imaging.

X-ray photoelectron spectroscopy (XPS) was employed to obtain the chemical
composition and elemental state of the near-surface region of the particles. XPS experiments
were performed using a Physical Electronics VersaProbe II instrument equipped with a
monochromatic Al ka x-ray source (hv = 1486.7 eV) and a concentric hemispherical analyzer.

Charge neutralization was performed using Ar ions and low energy electrons (<5 eV). A take-



off angle of 45° to the sample surface plane was used for all measurements. Quantification
was done using instrumental relative sensitivity factors (RSFs) that account for the x-ray cross-
section and inelastic mean free path of the electrons [49].

Thermogravimetric analysis and differential scanning calorimetry (TGA/DSC) were
performed on a TA Instruments Model Q600 SDT, which provides simultaneous measurement
of heat flow and weight change on the same sample from ~20°C to 1400°C. TGA measures the
weight gain due to the oxidation of boron, and DSC yields the heat released during the
oxidation of active boron. Oxidation tests were conducted in dry air (100 mL/min) for all
samples studied. Samples were placed in alumina sample cups (90 uL, TA Instruments). A

heating rate of 30°C/min was used up to a maximum temperature of 1400°C.

3. RESULTS

In non-thermal plasma experiments, we varied hydrogen plasma treatment times (0, 60,
85, and 120 min) and the PECVD time was kept constant at 15 min. Characterization
experiments, such as TEM, STEM-EDS, and XPS were performed on the samples to analyze
the surface oxide composition, both qualitatively and quantitatively. Thermal analysis
experiments (TGA and DSC) were also performed on these samples to measure and compare

the quantity of metal oxidized and the energy release.

High-resolution Transmission Electron Microscopy (HR-TEM) was performed on the
samples to verify the presence of the oxide layer, the PECVD coating, and the reduction in
native oxide. High-resolution imaging of BNPs by TEM provided visual evidence of the degree
of the oxide removal by hydrogen plasma. Elemental boron and its oxide are distinguished by
observation of the lattice spacings of elemental boron and the amorphous nature of the oxide.
The PECVD coating at the outer edges of individual particles is characterized by its amorphous

nature and lighter contrast as compared to the oxide because of the lower electron density of



the organic coating. In Figure 2, we compare the images of the samples with and without
hydrogen plasma treatment keeping a constant 15 min PECVD treatment. Figure 2(a) shows
BNPs after 15 min of PECVD treatment but without any hydrogen plasma treatment. These
particles carry their native oxide layer which has a thickness of ~6 nm. A thin (~2.5 nm)
PECVD coating is observed on top of the oxide surface. Figure 2(b) shows the TEM image of
a sample treated in hydrogen plasma for 120 min (the longest hydrogen treatment in this study)
followed by 15 min of PECVD treatment. A ~2.5 nm PECVD coating is present but no oxide

layer is visible.

20 nm

Figure 2. HR-TEM images of BNPs before and after hydrogen plasma treatment (The red line
indicates the amorphous oxide layer and the yellow indicates the PECVD coating). (a) No
hydrogen plasma treatment and PECVD treatment for 15 min, (b) hydrogen plasma treatment
for 120 min and PECVD treatment for 15 min. The scale bar is 20 nm.

The distribution of elements present in the BNPs was studied using Scanning
Transmission Electron Microscopy with Energy Dispersive Spectroscopy (STEM-EDS)
performed in High Angular Annular Dark Field (HAADF) imaging. The probe depth of EDS
is on the order of hundreds of nanometers, much larger than the size of the BNPs (70 nm), thus

it provides compositional information over the entire particle. Elemental analysis was

quantified in terms of the oxygen-to-boron (O/B) atomic ratio (Figure S3). Figure 3(a) shows
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the HAADF-STEM image and 3(b), (c), and (d) exhibit the combined map of boron and
oxygen, boron distribution and oxygen distribution, respectively as characterized by EDS.
These maps represent the BNPs sample treated for 15 min in PECVD with no hydrogen
treatment. The native oxide (red) is seen to surround the boron particles (blue) in the field of

view and the O/B atomic ratio in this area is 0.096.

0/B =0.096

Figure 3. STEM-EDS images of BNPs in HAADF mode before hydrogen plasma treatment.
(a) STEM image showing boron particles; (b) EDS image showing the relative distribution of
boron (blue) and oxygen (red) on a particle (O/B = 0.096); (c¢) EDS image showing individual
micrograph of boron on a particle; and (d) EDS image showing individual micrograph of
oxygen on a particle.

Figure 4(a) shows the HAADF-STEM images and Figures 4(b), (c), and (d) are the
combined map of boron and oxygen, boron distribution and oxygen distribution, respectively.
These maps represent the BNPs sample treated for 120 min of hydrogen treatment followed by
15 min of PECVD. There is a significant reduction of the oxygen signal and the corresponding
O/B ratio decreases to 0.0068, a reduction of more than 90% due to hydrogen plasma treatment.

On the other hand, the fluorine signal remains constant as both samples receive identical

treatment under PECVD as shown in Figure S3.
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The quantitative EDS results are summarized in Figure 5, which summarizes the atomic
ratio of oxygen to boron as a function of the treatment time under hydrogen plasma. The rate
of removal here follows a linear trend with a decrease in the O/B ratio at a rate of ~7.5 x 10
min™'. These experiments were repeated three times and an error of = 10% was observed in the

measurement of the O/B atomic ratio.

0O/B = 0.0068

. 4

HAADF

MAG: 57.0kx HV: 200KV

Figure 4. STEM-EDS images of BNPs in HAADF mode after 120 min hydrogen plasma
treatment. (a) STEM image showing boron particles; (b) EDS image showing the relative
distribution of boron (blue) and oxygen (red) on a particle (O/B = 0.0068); (c) EDS image
showing individual micrograph of boron on a particle; and (d) EDS image showing individual
micrograph of oxygen on a particle. Oxygen distribution seems to be significantly reduced due
to the hydrogen plasma treatment of boron particles.

SEM and TEM micrographs for as-received and plasma-treated BNPs are shown in
Figures 6 and 7, respectively. The SEM images of the untreated particles (Figure 6a) show
extensive agglomeration. TEM micrographs in Figure 7 indicate that aggregates are formed by
primary particles whose size ranges from 20 nm to 100 nm, in qualitative agreement with the
nominal size of 70 nm reported by the manufacturer. Dynamic light scattering (DLS)

measurements of BNPs suspended in ethanol give a mean hydrodynamic diameter of ~220 nm,

in agreement with cluster sizes seen in TEM (Figure 7b). Plasma treatment does not cause any
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visible change to the structure of the particles as seen in Figures 7c, 7d and 6b. Samples remain

agglomerated and the size obtained by DLS remains the same.
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Figure 5. STEM-EDS results of O/B ratio with exposure time to the hydrogen plasma. Blue
represents the boron core, pink is the oxide layer, and the green represents the PECVD coating.
Bars at each point represent an error of + 10% in measuring the O/B atomic ratio after repeating
the experiments three times.
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Figure 6. SEM mirographs of BNPs: (a) asceved, and (b) afte 120 min in hyrgen plasma
followed by 15 min of PECVD.
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Figure 7. TEM micrographs of NPs: (a) nd (b) as received, (c) ad (d) after plasma treatment
(120 min in hydrogen plasma followed by 15 min of PECVD).

To probe the presence of elements and chemical bonds at the particle surface, we used
X-ray photoelectron spectroscopy (XPS). XPS has a probe depth of 10-15 nm, which extends
beyond the deposited PECVD film and oxide layer and into the metallic boron phase. Figure
8(a) shows the XPS survey scans of 15 min PECVD coated and 120 min hydrogen plasma-
treated followed by 15 min PECVD coated BNPs. The survey scans confirm the presence of
boron, carbon, oxygen and fluorine in both samples. Carbon and fluorine are due to the
perfluoro-based PECVD coating on the surface while boron and oxygen are present due to
metallic boron and its native oxide. Figure 8(b) shows the high-resolution C 1s spectra, which
confirms the presence of C-C, C-F, CF2, and CF3 groups because of the 15 min PECVD
treatment on the surface of BNPs. High-resolution B 1s XPS spectra are shown in Figures 8(c)
and 8(d). Two oxidation states of boron were observed; the peak at 187.2 eV is assigned to
elemental boron (B%), and the peak at a binding energy of 193 eV corresponds to oxidized
boron (B*"). Figure 8(c) shows 15 min PECVD coated BNPs in which the near-surface
concentration of oxidized boron (B*") is 12.4 + 0.5%. After a 120 min of hydrogen plasma

treatment while keeping a PECVD time of 15 min constant, oxidized boron (B*") from the
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near-surface region reduced to 4.9 + 0.5%, as shown in Figure 8(d). This is accompanied by a
corresponding increase of elemental boron by ~7% (relative to the boron present in the
untreated sample), which is due to the reduction of the oxide under hydrogen plasma treatment.
The XPS determined trend of the reduction of the surface oxide with hydrogen plasma

treatment time is presented in Figure S6 (Supporting Information).
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Figure 8. (a) XPS survey scans of 15 min PECVD coated and 120 min hydrogen plasma-
treated followed by a PECVD application for 15 min, (b) High-resolution C 1s spectra due to
PECVD application of 15 min, (¢) High-resolution B 1s spectra for PECVD application for a
15 min (B*" = 12.4%), (d) High-resolution B 1s spectra for a hydrogen plasma treatment for
120 min followed by PECVD application for 15 min (B> = 4.9%)).

The weight gain on oxidation in the air of untreated and treated BNPs was measured by
thermal gravimetric analysis (TGA). Four samples were analyzed three times each in a span of
60 days to check the storage life and to ensure the reproducibility of the results: (a) untreated
BNPs, (b) 15 min PECVD treated BNPs, (¢) 85 min hydrogen plasma and 15 min PECVD
treated BNPs and (d) 120 min hydrogen plasma and 15 min PECVD treated BNPs. A heating

rate of 30°C/min was used with a volumetric flow rate of air of 100 mL/min.

Thermogravimetric profiles of the untreated BNPs and plasma-treated samples are shown in

15



Figure 9. The inset in Figure 9 shows in magnification the weight loss occurring in the
temperature range of 20-500°C. The low-temperature weight loss represents the decomposition
of volatile impurities and hydrated B203 [37]. Volatile impurities can be ~0.5% as specified by
the manufacturer.
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Figure 9. TGA results for untreated BNPs (dotted red) with a weight gain of 131.4%, hydrogen
plasma (85 min) and PECVD (15 min) treated BNPs (green), and hydrogen plasma (120 min)
and PECVD (15 min) treated BNPs (blue) with weight gain of 138.7% and 142.6%,
respectively. HP is used for hydrogen plasma in the graph annotations. Weight gain % due to
the oxidation of boron is given in the brackets.

In parallel with TGA, we performed differential scanning calorimetry (DSC) to
measure the amount of heat released during oxidation. The DSC results are shown in Figure
10. The energy release (in kJ/g) of the BNPs is obtained by integration of the exothermic peaks
as a function of time. For all samples, we observe a single exothermic peak between 580°C to
750°C with a maximum of ~650°C. This temperature range agrees with the sharp increase in

weight in Figure 9. No other significant exotherm is observed, at least up to 1400 °C, which is

the highest temperature of this study.
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Figure 10. DSC results demonstrate a 19% increase in energy release (in kJ/g) after 120 min
of hydrogen plasma treatment: Untreated BNPs (dotted red) with an energy release of 24.7
kJ/g, hydrogen plasma (85 min) and PECVD (15 min) treated BNPs (green), and hydrogen
plasma (120 min) and PECVD (15 min) treated BNPs (blue) with energy release of 27.9 kJ/g
and 29.4 kJ/g, respectively. HP is used for hydrogen plasma in the graph annotations. Energy
release (in kJ/g) is given in parentheses, which is calculated by integrating the curves with
respect to time.

Table 1: Comparison of weight gain and energy release (in kJ/g) measured from thermal
analysis after different time treatments and percent increase in energy release with respect to
the reference sample (Untreated BNPs)

Treatment Weight Energy % Increase in
(Time is shown in Gain (%) Release energy release
brackets in min) (kJ/g) with with respect
error of £ 1% to the
reference
(untreated
BNP)
Untreated Sample 131.4 24.7 -
Hydrogen Plasma (0) 131.4 25.6 +4
PECVD (15)
Hydrogen Plasma (60) 135.3 27 +9.3
PECVD (15)
Hydrogen Plasma (85) 138.7 27.9 +13
PECVD (15)
Hydrogen Plasma (120) 142.6 29.4 +19
PECVD (15)
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Table 1 summarizes the results from the thermal analysis (TGA-DSC). The as-received
BNPs show the lowest gravimetric heat release as well as the lowest weight gain. Both the
amount of heat released and the weight gain increase with increasing treatment time in

hydrogen plasma.

4. DISCUSSION
4.1 Reduction of Native Oxide using Hydrogen Plasma
Treatment under hydrogen plasma is successful in removing the native oxide layer from
the surface of BNPs. Hydrogen plasma produces reactive hydrogen species including atomic
(H) and ionic hydrogen (H") to reduce boron oxide as shown in reactions (1) and (2)
respectively [31].
B20s (s) + 6H (g) = 2B (s) + 3H20 (g) (1)
B203(s) +6H  (g) +6 e > 2B (s) +3H20(g) (2)
The feasibility of a reaction is established by a negative Gibbs energy change (AG).

The thermodynamic calculations were performed with HSC, an industrial thermodynamic

software package (https://www.hsc-chemistry.com/). The data shows the negative Gibbs
energy (favorable reaction) when using H and H', especially at low temperatures as shown in
Figure 11. It is observed from the graph that molecular hydrogen (Hz2) cannot reduce B203 even
at high temperatures. AG values are positive at temperatures ranging from 0-1000°C, which
implies that the reaction of B203 with Hz gas is not feasible at even high temperatures.
Reduction of B203 at a plasma site by atomic and ionic hydrogen is possible due to the
feasibility of reactions (1) and (2) at all the temperatures ranging from 0-1000°C, as indicated
by the negative AG shown in Figure 11. The non-thermal plasma system used in our study

works at room temperature (~25°C), causing the reduction of B2O3 from the surface of BNPs.
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The complete thermodynamic analysis of the above mentioned reactions are shown in
the Supporting Information (Table S1, S2, and S3). In addition to the thermodynamic feasibility
of non-thermal hydrogen plasma, stable boron oxide is reduced because of the lower activation
energy of the reactions (1) and (2) in comparison with the corresponding molecular reactions
as studied by Sabat et al. [31] and others [32, 34-35]. The rate of the reaction is proportional
to the exposed oxide surface, which is essentially constant during the reaction. Accordingly,
the amount of oxide removed is a linear function of time (HRTEM images in Figure 2 and
Figure S1) with a rate of 0.05 nm/min. This linear dependence is supported by both EDS

(Figure 5) and XPS (Figure S6 in Supporting Information).

2000 ‘ ‘ ‘ —L
B,0; + 3H, (g) = 2B + 3H,0 (g)
Ofb ------ L GRERE | gtttall CLLILE p-eeeeee | gRELEE | QEREEEE | gRRCEEE SRRIELD | SRREEEN <8
— s —8—8—85——8—— ——
-2000 - B,O; + 6H (g) = 2B + 3H,0 (g) B
=y
£ .4000- -
O
<
-6000 - -
-8000 f.__.___.___.___.___.__.———o—-—O——H,
B,O; + 6H* (g) + 6 e > 2B + 3H,0 (g)
-10000 - ‘ ‘ ‘ ‘ ‘ -

0 200 400 600 800 1000
Temperature (°C)

Figure 11. Gibbs energy change (AG) as a function of temperature is shown for molecular
hydrogen (red), atomic hydrogen (green), and ionic hydrogen (blue). These results indicate that
reactive hydrogen species (atomic hydrogen and ionic hydrogen) generated from hydrogen
plasma can reduce boron oxide even at low temperatures.
4.2 Effect of Plasma Treatment on the Oxidation and Energetics of BNPs

The performance of nanoenergetic materials is sensitive to the degree of agglomeration.

Chintersingh et al. [37] used acetonitrile with other hydrocarbons to remove the oxide layer

and showed that boron under TGA oxidizes more completely when less agglomerated. As a
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dry, low-temperature process, plasma processing does not induce agglomeration.
Agglomeration could increase due to passivation coating if multiple clusters are encapsulated
by the depositing film as a single unit. This is not the case here. As Figures 6 and 7 indicate,
the degree of agglomeration before and after plasma processing is the same and is limited by
the quality of the starting material.

The removal of the oxide layer and improvement in the oxidation characteristics are
further confirmed by TGA. The weight gain in the TGA experiments (Figure 9) is due to the
formation of the oxide and indicates the amount of boron oxidized under TGA test conditions.
The low-temperature weight loss [37] is the highest (3.4%) for untreated BNPs because of the
presence of a thicker hydrated B20s layer and it reduces to 1.6% after 120 min of hydrogen
plasma treatment as shown in Figure 9. A sharp decrease near 100°C is due to dehydration and
the blunt decrease after that is because of the decomposition of other volatile impurities. The
decreasing magnitudes of both the overall weight loss and the weight loss due to dehydration
from hydrated B20O3 (sharp decrease) suggest the substantial reduction of hydrated B20O3 from
the surface of BNPs as a result of hydrogen plasma treatments.

The weight gain is lowest for untreated BNPs and increases systematically with
treatment time under hydrogen plasma (Table 1). A corresponding increase is observed in the
heat flow measured by DSC (Table 1 and Figure 10). Interestingly, a sample with only 15 min
PECVD treatment has the same weight gain in TGA as the untreated boron sample, but the
energy released in the DSC measurement is ~4% higher than the untreated BNPs. The
additional energy release of ~4% (1 kJ/g) can occur as a result of exothermic gasification of
B203 [51-54] into BF3 due to the presence of perfluoro-based plasma films on the surface (CFx)
as evident by XPS analysis in Figure 8. The gasification of B2O3 results in enhancing the
contact between the oxidizer and boron, due to which some extra boron oxidizes to B203. This

gasification leads to a weight loss of the sample but that could be counteracted by the weight
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gain caused by the oxidation of extra boron (or previously unexposed boron surface). The
balance between the weight loss due to gasification of B203 and the weight gain as a result of
additional oxidation of boron in the same temperature range could be the possible reason for
similar weight gains for the untreated sample and the PECVD-only treated sample as shown in
Table 1.

BNPs treated for 120 min show a weight gain that is 11.2% higher than the untreated
BNPs. This is accompanied by a 19% increase in the energy release (from 24.7 kJ/g to 29.4
kJ/g). Stoichiometric calculations using equation S8 (Supporting Information) demonstrate an
11.2% weight gain corresponds to the oxidation of an additional 5% metallic boron in thermal
analysis. This extra 5% metallic boron content improves the energy release by ~15% (3.6 kJ/g),
caused by the additional metal oxidation as well as the better interfacial contact between an

oxidizer and boron due to the reduced concentration of B20s3 after hydrogen plasma treatment.
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Figure 12. Energy release (kJ/g) measured by DSC as a function of hydrogen plasma treatment
time (error bars: + 1%). The plot shows a linear trend in the improvement of the energy release
of BNPs with respect to hydrogen plasma treatment time. The dotted reference line shows the
energy release of untreated BNPs (control sample). The difference between the dotted
reference line and the first data point at time, t = 0 min is energy release associated with the
oxidation of the perfluoro-based PECVD films.
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The increase in energy release occurs due to the reduction of the oxide layer which
eliminated the diffusion barrier for the oxidizer to access a greater volume fraction of metallic
boron in the BNPs. No significant exothermic peak is observed after ~750°C because of the
presence of liquid boron oxide that clogs the porosity as the oxidation reaction progresses [50].
This decreases the overall rate of oxidation of the boron sample. Figure 12 shows a linear trend
in the improvement of energy released from BNPs with respect to hydrogen plasma treatment
time, thereby concluding that improvement in the energy release and reduction in oxide (Figure
S6 in Supporting Information and Figure 5) follow linear trends, and this confirms that energy

release and surface oxide reduction are correlated with each other.

4.3 Perfluoro-based PECVD Passivation

The deposition of the PFD coating following the removal of the oxide layer is critical
for maintaining the reduced state of the particle surface. A thickness of 2.5 nm as shown in
Figure 2 effectively passivates particles against oxidation during storage and subsequent
analyses. EDS also confirms that the coating shown in Figure 2 by HRTEM analysis is
composed of the CFx, which can provide a hydrophobic barrier [40] for the BNPs. (Figure S10
in Supporting Information). Plasma-based perfluorocarbon coatings exhibit very good stability
over time. TGA-DSC measurements of plasma-treated BNPs performed after 60 days of
storage under ambient conditions show no significant change compared to an untreated sample
(Figure S9 in Supporting Information).

A further advantage of the presence of fluorine at the particle surface is an additional
contribution to the energy release of the order of 4% (25.6 klJ/g from DSC analysis) as
compared to the untreated BNPs (control) (24.7 kJ/g from DSC analysis). The PECVD coating
containing CFx triggers their exothermic reaction with boron oxide (formed due to oxidation

by air) to form gaseous boron fluoride that increases the apparent enthalpy near the oxidation
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temperature of boron (~600°C) [52]. This effect has been reported in several studies of
perfluoro-based coatings [38, 51] and fluorocarbon additives (though not by plasma) to the
combustion of metal oxides [52-55]. In other studies [11-14, 26, 28], surface films formed from
alkoxy groups, halogens, silanes, oleic acid by solution-based methods adversely affect the
heat release from BNPs because they do not react chemically with the boron oxide and the
elements present on the surface have much lower energy density compared to boron. The
presence of fluorocarbon on the surface is therefore important, not only for providing
passivation but also for its combustion chemistry [52]. DSC results in this paper also suggest

a possibility that fluorocarbon-based plasma films can improve the energy release from BNPs.

5. CONCLUSIONS

We developed an in-sifu non-thermal plasma processing method to produce BNPs with
improved energetic performance and storage life. We found non-thermal hydrogen plasma
produced reactive species of hydrogen which reduced the oxidized boron surface. PECVD
processing after the reduction of the oxide prevents the re-oxidation of the surface while
improving the storage life of the BNPs in ambient conditions. HR-TEM, STEM-EDS, and XPS
were used to characterize the oxide reduction both qualitatively and quantitatively. The
reduction in native oxide content correlates with the thermal analysis results, which display an
increase in active boron content and energy release of the hydrogen plasma-treated samples.
The native oxide layer is a diffusion barrier and upon reduction of this barrier, leading to an
increase in the fraction of metallic boron, a 19% higher energy release was observed during
oxidation in air. Passivation by PECVD increased the storage time of the BNPs since we
observed no changes in the measured energy release over 60 days. We conclude non-thermal
plasma processing is a highly attractive technique to improve the performance of advanced

nanoenergetic materials.
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