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A B S T R A C T

Nanostructured silicon has great potential as an energetic material due to its high energy density, close to that of 
aluminum; however, its combustion kinetics are strongly affected by the presence of a native oxide layer. As the 
particle size is reduced, the material behavior is dominated by surface effects, highlighting the need for new 
approaches to fabricate silicon nanoparticles and precisely control their surface chemistry. Here, we describe the 
use of low-temperature plasma to nucleate and grow < 10 nm silicon particles. The resulting aerosol is passed 
through a second plasma reactor, to which a fluorocarbon monomer is supplied. The second plasma initiates the 
growth of a polymeric shell onto the silicon particles, resulting in a highly conformal coating. Chemical analysis 
confirms that the polymer shell is compositionally similar to polyvinylidene fluoride (PVDF). We find that the 
fluorocarbon shell acts as an artificial passivation layer that significantly delays the onset of oxidation in air. In 
addition, the direct contact between the fluorocarbon shell and silicon core lowers the ignition temperature 
compared to the physical mixtures of silicon nanoparticles and PVDF. It leads to a higher pressurization rate and 
a lower combustion time when tested in a combustion cell. This is consistent with the combustion process being 
initiated by the exothermic interfacial reactions between the silicon core and the fluorocarbon shell. Mass 
spectroscopy confirms this hypothesis because silicon fluoride is produced only for the core–shell structure, and 
not for a physical mixture of silicon and PVDF. This study provides an example of a new processing technique 
capable of controlling the interfacial chemistry of small nanoparticles with beneficial effects on their combustion.

1. Introduction

Metals such as aluminum, magnesium, titanium, boron, silicon, and 
their alloys are actively investigated as solid-state fuels [1–3]. Their high 
specific and volumetric energy densities make them attractive candi-
dates for energetic materials. It is well-known that reducing particle size 
plays a crucial role in improving the kinetics of combustion [4,5]. 
Increasing the surface-to-volume ratio enhances the contact between the 
fuel and oxidizer and shortens the diffusion length scales, thereby 
improving reaction kinetics. However, any improvement from size 
reduction is countered by the presence of native oxide layers which 
hinders mass transport and reduces the active content of the material. 
Several studies have focused on modifying the surface of metal nano-
particles to tune their combustion characteristics [6–9]. Ghildiyal et al. 
have recently shown that the exothermic reaction between Mg vapor 

and the native oxide layer of boron particles enhances their combustion 
[10]. Our group has replaced the native MgO layer on Mg nanoparticles 
with a silicon shell, achieving a significant reduction in the ignition 
temperature because of the exothermic interfacial reaction between the 
particle core and its shell [11]. This structure was realized in a vacuum, 
before the Mg particles were exposed to air, via plasma-enhanced 
chemical vapor deposition. The use of plasmas to modify the surface 
of energetic nanoparticles has recently received significant attention. 
For instance, hydrogen plasma treatment is effective at partially 
reducing the surface oxide layer of aluminum particles [12,13]. Miller 
et al. used an argon plasma to increase the surface hydration of 
aluminum particles, which correlated with changes in the thermo- 
gravimetric analysis [14]. Wagner et al. exposed magnesium nano-
particles to a hydrogen plasma, partially converting them to MgH2 and 
inducing a significant reduction in their ignition temperature [15]. It 
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should be noted that the type of plasma used in these studies is referred 
to as a low-temperature plasma, i.e. a discharge that can produce a 
significant density of reactive species while maintaining a low gas 
temperature. Low thermal loading avoids reactions such as metal hy-
dride decomposition and is therefore crucial for achieving the desired 
functionality.

This study focuses on silicon as an energetic material. Silicon has 
high gravimetric (32.4 kJ⋅g− 1) and volumetric (75.5 kJ⋅cm− 3) energy 
density based on its mass and volume when oxidized in air. This is 
comparable to well-studied energetic materials such as aluminium 
[16,17]. One barrier to the development of silicon-based energetic 
materials is the access to small silicon nanopowders with well-defined 
sizes and size distributions. Our group specializes in low-temperature 
plasmas to rapidly convert molecular precursors (silane, SiH4, or 
chlorosilanes, such as SiCl4) into silicon nanoparticles (SiNPs) [18,19]. 
These reactors leverage their inherent lack of thermodynamic equilib-
rium (i.e., electron temperature in the 1–5 eV range, with gas near room 
temperature) to initiate the nucleation and growth of nanoparticles. 
Electrostatic stabilization in the plasma slows agglomeration and 
growth, and the final particle size is typically in the 5–15 nm range, with 
a narrow distribution (i.e., no particles larger than 20 nm) [20,21]. 
These properties have already been leveraged for a variety of applica-
tions, with plasma-produced Si particles being used in advanced pho-
tonics and batteries [22,23]. Our group has already investigated the use 
of plasma-produced silicon particles in energetic formulations. Ghildiyal 
et al. used them as an energy filler in mesoparticles composed of 
aluminum and calcium iodate [24]. Xu et al. found that plasma pro-
cessing parameters can be tuned to enrich the particle surface with 
hydrogen, leading to significant gas release and pressure generation 
upon ignition [25]. In addition, the same process provides a path for 
controlling the nanoparticle surface and functionality. This can be per-
formed directly in-flight, for instance, by placing two low-temperature 
plasma reactors in series. The first reactor nucleates and grows the sil-
icon particles, and a chemical precursor is added after the first reactor 
and before the second plasma to modify the particle surface. For 
instance, Chaukulkar et al. demonstrated that nonthermal plasmas 
successfully coat silicon nanoparticles (SiNPs) with amorphous carbon 
[26]. Yasar-Inceoglu et al. coated SiNPs with a highly conformal poly-
aniline shell via the gas-phase, plasma-induced polymerization of ani-
line [27].

In this study, we take advantage of the properties of low-temperature 
plasmas to produce silicon nanoparticles and coat them in-flight, before 
air exposure, with a fluorocarbon shell to mitigate the negative effects of 
native oxide growth while also taking advantage of the oxidative 
properties of the polymeric shell. Fluorine-containing polymers are 
attractive supplementary oxidizers because they can react with fuel 
nanoparticles to exothermically form their respective fluorides [28–30]. 
We have conducted comprehensive analyses of silicon nanoparticles 
(SiNPs) samples with and without fluorocarbon (FC) coating using 
techniques such as transmission electron microscopy (TEM), X-ray 
diffraction (XRD), scanning electron microscopy coupled with energy- 
dispersive X-ray spectroscopy (SEM-EDS), Fourier transform infrared 
spectroscopy (FTIR), and X-ray photoelectron spectroscopy (XPS). These 
results confirm that a highly conformal FC shell with F/C ~ 1 (i.e. 
compositionally similar to polyvinylidene fluoride, PVDF) was formed 
around the crystalline SiNP core. We find that the FC shell significantly 
improves the chemical stability of the SiNPs against oxidation in air. 
Ignition measurements performed with either air or potassium 
perchlorate (KClO4) as oxidizers show a reduced ignition temperature 
for FC-coated SiNPs compared to both pristine SiNPs and physical 
mixtures of SiNPs and PVDF. Temperature-jump time-of-flight mass 
spectrometry (T-Jump TOFMS) results show that SiF4 is produced during 
the combustion of the FC-coated SiNPs samples. This confirms that the 
increased interfacial contact in the core–shell structure, combined with 
the highly exothermic silicon fluorination reaction, significantly en-
hances the material combustion. These results show that small 

nanoparticles can be stabilized against oxidation in air via the applica-
tion of an artificial passivating shell. They also confirm that low- 
temperature plasma processing is an effective method for tailoring the 
performance of energetic materials via the realization of carefully 
designed nanostructures.

2. Experimental section

2.1. Materials

Hexafluoropropylene (C3F6) with a molecular weight of 150.02 g/ 
mol, and polyvinylidene fluoride (PVDF) with a molecular weight of 
64.03 g/mol, were acquired from Sigma-Aldrich. HPLC grade water and 
hexanes (99.9 %) were purchased from Fisher Scientific.

2.2. Plasma processing in-flight of SiNPs

A schematic of the in-flight plasma coating process is shown in Fig. 1. 
The setup, operating at a constant pressure of 267 Pa (2 Torr), consisted 
of an initial 1″ quartz tube equipped with two ring copper electrodes 
linked to a radiofrequency power source delivering 80 W at 13.56 MHZ, 
which flowed silane (SiH4) diluted in argon (1.36 % by volume) at 100 
sccm. Subsequently, the reactor tube was connected to a 3-way fitting 
where a mass flow controller supplied an additional stream of 30 sccm of 
hexafluoropropylene (C3F6), which was added to the SiNP aerosol before 
being directed to a second plasma reactor. The second plasma reactor 
consists of 1″ quartz tube, where a 40 cm long electrode was connected 
to a secondary power source delivering 30 W at the same frequency. 
Nanoparticles were collected by filtering using a fine stainless-steel 
mesh cloth downstream of the plasma reactor. Before removing the fil-
ter, the system was vented slowly for 15 min in an open-air environment 
to prevent unwanted ignition.

2.3. Characterization of the SiNPs

The size distributions of the FC-coated and uncoated SiNPs were 
determined using transmission electron microscopy (TEM) by capturing 
high-resolution transmission electron microscopy (HR-TEM) images and 
measuring the size of 100 nanoparticles. Imaging was conducted using a 
Thermo Fisher Scientific Titan Themis 300 instrument. The crystallinity 
of the particles was assessed by X-ray diffraction (XRD) analysis using a 
PANalytical Empyrean Series 2 instrument with CuKα radiation (wave-
length of 1.5406 Å) and an accelerating voltage of 40 kV within the 2θ 
range of 15◦–90◦. The elemental composition of the FC-coated SiNPs 
was assessed using a ThermoFisher Scientific NNS450, operating at a 
working distance of 5 mm equipped with an Everhart-Thornley detector 
(ETD), where 60 scans were processed using Oxford Instruments 
AztecSynergy software. Chemical characterization was performed using 
a Thermo Scientific Nicolet iS50 FTIR in conjunction with a Pike 
Technologies ZnSe attenuated total reflectance (ATR) crystal. The 
samples were sonicated in chloroform and drop-casted onto an ATR 
crystal. Using OMNIC software for data collection, 40 scans were aver-
aged from 4000 to 650 cm− 1 at room temperature. An X-ray photo-
electron spectroscopy (XPS) technique was employed to assess the 
elemental composition of both coated and uncoated nanoparticles. A 
Kratos AXIS Ultra DLD system featuring an Al Kα X-ray source and a 165- 
mm mean radius electron energy hemispherical analyzer was utilized for 
this purpose.

2.4. Preparation of SiNPs/PVDF and SiNPs/PVDF/KClO4

A composite material consisting of Si and polyvinylidene fluoride 
(PVDF) was combined with hexanes in a vial and ultrasonicated for 30 
min to ensure a homogeneous mixture. The composition of the mixture 
was controlled to maintain a ratio of 38.3 wt% SiNP (90 % active) and 
61.7 wt% PVDF, so that the F/Si ratio is similar to that of the plasma- 
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processed SiNPs. Subsequently, a small amount of the suspension was 
coated onto Pt wires. To ensure a PVDF coating on the SiNPs, the coated 
Pt wires were heated in an oven at 250 ◦C for 3 h. Pt wires containing the 
treated SiNPs sample were prepared similarly, but with 3 min of soni-
cation without heating in the furnace.

Three composites were prepared by adding SiNPs, SiNPs/PVDF, and 
FC-coated SiNPs to KClO4 as oxidizer. The oxidizer amount was adjusted 
to obtain an equivalence ratio of 1 with silicon. The samples and KClO4 
were combined in hexanes via ultrasonication to ensure a homogeneous 
mixture. The composites were dried for 24 h under ambient conditions 
to generate thermite powders. For completeness, we show estimates of 
the enthalpy of reactions in the Supplementary Information document, 
for the cases of SiNPs and FC-coated SiNPs combusted with KClO4.

2.5. Temperature-jump time-resolved mass spectrometry and ignition

Analysis of the reaction at a high heating rate was carried out using 
T-Jump time of flight (TOFMS). Further details on the T-jump TOFMS 
can be found in previous studies [31,32]. The analyte was coated on a 
70 µm Pt wire which is resistively heated to a temperature of approxi-
mately 1300 K at a rate of 105 K/s, while collecting time-resolved mass 
spectra data every 100 µs. The temperature of the wire during heating 
was calculated based on the acquired voltage and current data using the 
Callendar-Van Dusen equation. For the ignition characterization, the 
samples were ignited inside a chamber filled with air at 1 atm. The 
ignition delay time was determined from the obtained video after trig-
gering the heating process on the Pt wire at 100,000 fps with an expo-
sure of 9.57 us, enabling the estimation of the ignition time which could 

be mapped to temperature. A pressure cell test was performed to further 
analyze the reactivity of the FC-coated particles mixed with PVDF. The 
samples were mixed in hexanes and allowed to dry to obtain 25 mg of 
loose thermite powder, which was placed in a constant-volume com-
bustion cell and ignited using a resistive heating nichrome wire [33,34]. 
The experimental setup involved placing the samples in a constant- 
volume cell (~20 cm3) at atmospheric pressure. The nichrome wire 
was resistively heated to ignite the sample, leading to self-propagation 
of the sample in the chamber. An oscilloscope recorded the pressure 
and optical signal simultaneously, whereas a high-frequency pressure 
transducer captured the time-dependent pressure signal. The pressuri-
zation rate, determined by dividing the peak pressure by the rise time of 
the pressure signal, functions as a relative measure of reactivity and 
shows a documented association with flame propagation speeds. The 
burning time was characterized by the optical emission signal’s full 
width at half maximum (FWHM). Three runs were conducted for each 
sample to determine the average pressurization and burn characteristics. 
Differential scanning calorimetry (DSC) was performed on a Netzsch 
STA 449 F3 Jupiter thermal analyzer from room temperature to 1000 ◦C 
at a ramp rate of 10 K min− 1 in Ar.

3. Results and discussion

3.1. Characterizations of SiNPs and FC-coated SiNPs

The size distributions and morphologies of the SiNPs and FC-coated 
SiNP particles were determined by high-resolution TEM. Both samples 
exhibited a spherical morphology with a crystalline structure, as shown 

Fig. 1. Schematic of the two capacitively coupled radiofrequency plasma reactors used for synthesizing fluorocarbon-coated and uncoated SiNPs.
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in Fig. 2a-b. Fig. 2a illustrates SiNPs surrounded by a native oxide layer 
grown at room temperature. In contrast, Fig. 2b shows an FC-coated 
SiNP, suggesting that there is an amorphous shell surrounding the par-
ticle core. A STEM-EDS map of the in-flight coated material is shown in 
Figure S1, confirming the presence of fluorine in the shell. The size 
distribution derived from the analysis of 100 particles is plotted in 
Fig. 2c-d. The SiNPs exhibit an average diameter of 5.65 nm including an 
oxide layer with a thickness of 0.8 nm. The FC-coated SiNPs particles 
have an average size of 7.23 nm. The crystallinity of the SiNP samples 
was verified using X-ray diffraction (XRD). Fig. 2e shows the XRD pat-
terns with peaks at ~ 28◦, ~47◦, and ~ 56◦ corresponding to the (111), 
(220), and (311) planes of Si, respectively [35]. The same pattern can be 
observed for the FC-coated SiNPs, suggesting that no carbonization of 
the silicon core occurred during exposure to the second plasma.

The elemental composition of the FC-coated SiNPs was analyzed 
using SEM-EDS. The average atomic percentages (at.%), obtained from 
the 60 measurements, indicate that C, F, and Si constitute 36.35 ± 4.25 
at.%, 36.68 ± 3.54 at.%, and 26.97 ± 3.68 at.%, respectively, con-
firming the same F/C ~ 1 found in PVDF. The balanced presence of F and 
C can lead to both elements being fully utilized during combustion, 
resulting in a more stable chemical reaction and lower ignition tem-
perature, as demonstrated by Li et al. in their analysis of Al/PVDF [36].

The effect of RF power and C3F6 flow rate on the elemental compo-
sition (F/C, F/Si, and C/Si ratios) of the FC-coated SiNPs is summarized 
in the supplementary information, in Figure S2. We find that varying the 
power in the second plasma with a constant C3F6 flow rate of 30 sccm 
does not affect the F/C ratio, as determined via SEM-EDS and XPS 
analysis. An increase in power results in a decrease in the F/Si and C/Si 
ratios, consistent with a thinner polymeric shell. An increase in the C3F6 
flow rate from 25 sccm to 90 sccm (see Figure S3) results in a decrease in 
the F/C, F/Si and C/Si ratios, also consistent with a decrease in shell 
thickness. While these trends deserve further investigation, the overall 
weak dependence of the elemental composition over process parameters 
is consistent with a slow surface grafting reaction, with competing 
pathways being present. For instance, an increase in RF power supplied 
to the second plasma likely results in increased formation of atomic 
hydrogen, with hydrogen being produced in the first plasma during the 
nanoparticle nucleation and growth from silane. Studies related to 
plasma deposition of fluorocarbon coatings have shown that H atoms 

can scavenge fluorine atoms [37]. Hydrogen is also well-known to 
decrease the rate of plasma-induced polymerization of unsaturated hy-
drocarbons [38].

Additional details of the chemical composition of the SiNPs, FC- 

Fig. 2. (a) High-resolution images of SiNPs and (b) FC-coated SiNPs. Size distributions of (c) SiNPs and (d) FC-coated SiNPs (d) obtained from STEM. (e) XRD 
patterns of FC-coated and uncoated SiNPs. Diffraction peaks were observed at the same positions in both the cases.

Fig. 3. Fourier transform infrared (FTIR) spectra of SiNPs, PVDF, and FC- 
coated SiNPs. The PVDF- and FC-coated SiNPs shared peaks assigned to the 
C-H, α-, and β-phases of PVDF.
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coated SiNPs, and PVDF were collected by Fourier transform infrared 
(FTIR) analysis, as shown in Fig. 3. The SiNPs show a broad peak in the 
1200–1080 cm− 1 range due to silicon oxidation [39]. The PVDF and FC- 
coated SiNPs show similarities in the absorption of C-H stretching 
(~2850–3000 cm− 1) and peaks which are also observed for the α- and 
β-phases of PVDF [40,41]. Peaks in the α-phase are observed at ~ 762 
cm− 1 (stretching for CF2 + CCC) and ~ 1211 cm− 1 (stretching for CF2 +

wagging for CH2), whereas peaks for the β-phase are observed at ~ 879 
cm− 1 (stretching for C-C + CF2), ~1073 cm− 1 (stretching for C-C +
wagging for CF2 + CH2), and ~ 1401 cm (wagging for CH2 − stretching 
for C-C) [42,43]. Overall, the combination of EDS and FTIR confirms 
that the fluorocarbon coating applied by the plasma onto the SiNPs is 
similar to PVDF. It is therefore appropriate to use physical mixtures of 
uncoated SiNPs and PVDF as control samples, to further investigate the 
reactivity of the core–shell FC-coated SiNPs.

X-ray Photoelectron Spectroscopy (XPS) was used to determine the 
elemental composition of the shells around the SiNPs. For FC-coated 
SiNPs, we can reasonably assume that the results contain information 
on both the surface and bulk compositions because their size is similar to 
the photoelectron penetration depth (approximately 2–5 nm) [44]. 
Fig. 4a-c display the elemental composition of FC-coated SiNPs after one 
week of synthesis, confirming the presence of Si, C, F, and O. For 
completeness, the Si 2p, C 1 s, and F 1 s signals were deconvoluted using 
the Gaussian profiles. The Si 2p spectrum is shown in Fig. 4a, with 
contributions at 99.7 eV corresponding to Si-Si, 100.8 eV for Si-C, and 
103.5 eV for Si-O2 [45]. The C 1 s spectrum reveals a peak at 283.4 eV 
(C-Si), 286.7 eV (C-CFx), 291.4 eV (C-F2), and 293.5 eV (C-F3), as shown 
in Fig. 4b, consistent with previous studies [46–49]. The presence of C-F 
bonding is confirmed in the F 1 s spectrum because of a dominant peak 
at 688.9 eV (F-C), whereas the F-O and F-Si peaks are at 692.1 eV and 
686.9 eV respectively [46,50], as illustrated in Fig. 4c. These spectra 
suggest that carbon serves as a linkage between fluorine and silicon, 
with negligible direct bonding of F to Si.

To study the aging characteristics of FC-coated and uncoated SiNPs, 
we compared the changes in the elemental composition over a period of 
4 weeks, as shown in Fig. 5. The oxygen content of the FC-coated SiNPs 
after one week from production showed a 15.8 at.% of oxygen content. 
After four weeks, the O content was 24.4 at.%, which was lower than 
that of SiNPs without any shell (45.4 at.%) after the same period (see 
Figure S4). These findings suggest that the in-flight coating with a 
fluorocarbon shell is effective at significantly slowing down oxidation in 
air.

3.2. Combustion of SiNPs and FC-coated SiNPs

T-jump measurements for SiNPs, physically mixed SiNPs/PVDF, and 
FC-coated SiNPs in air, with and without the addition of KClO4 as an 
oxidizer, were conducted to compare their ignition temperatures and 
shed more light into the reaction pathway. The ignition temperature was 

determined through the analysis of high-speed image recordings in three 
separate trials in air, revealing that the ignition delay of the FC-coated 
SiNPs (~1.6 ms) was half that of its PVDF/SiNPs counterpart (~3.4 
ms). T-jump TOFMS was used to analyze the gaseous reaction products 
released from the ignition in air of SiNPs, SiNPs/PVDF, and FC-coated 
SiNPs. Fig. 6a shows the T-jump TOFMS results for the combustion 
products, including the pure PVDF. The mass-to-charge (m/z) peaks at 

Fig. 4. XPS scans of Si 2p, C 1 s, and F 1 s for FC-coated SiNPs.

Fig. 5. XPS scans were conducted for Si 2p on the SiNPs, SiNPs/PVDF, and FC- 
coated SiNPs. The oxidation evolution of the FC-coated SiNPs was compared 
with that of the SiNPs and SiNPs/PVDF over a period of four weeks.
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18 and 28 correspond to water (H2O) and nitrogen (N2). The SiF3 peak is 
due to the presence of SiF4 because to the nature of the TOFMS method. 
SiF4 undergoes ionization into SiF3

+ and F by electron impact because of 
the dominant dissociative ionization pathway [51]. The FC-coated SiNPs 
exhibited a peak at m/z = 66 (SiF2) and significant emission of SiF3 (m/z 
= 85). Fig. 6b shows that SiF3 began to be released after ~ 0.9 ms at 
405 ◦C while the SiNPs/PVDF mixture did not release silicon fluoride. 
The ignition temperature for FC-coated SiNPs in air was ~ 620 ◦C. This is 
consistent with a condensed-phase chemical reaction between the sili-
con core and the fluorocarbon shell. We should point out that PVDF 
decomposes in the 400 ◦C-500 ◦C range, with the decomposition pro-
ceeding via scission of the C-H bond and subsequent formation of HF 
[52]. This then leads to the reaction with the silicon core and the release 
of fluorinated silicon species. Differential Scanning Calorimetry (DSC) 
measurements further support this mechanism. Figure S5 shows the DSC 
measurement for the FC-coated SiNPs. A clear exothermic peak is 
observed with an onset at 400 ◦C and peaking at 574 ◦C, consistent with 
the exothermic reaction between silicon and fluorine and with the 
release of SiF3 that we observe in the T-jump TOFM measurements.

Further investigation of the combustion of SiNPs, SiNPs/PVDF, and 
FC-coated SiNPs, with the addition of potassium perchlorate (KClO4) as 
an oxidizer, was performed using the same tools described above. The 
images in Fig. 7a-c show high-speed videos capturing the ignition pro-
cesses of three samples. T-jump TOFMS analysis revealed noticeable 
variations in the outcomes of the ignition process among the diverse 
samples, with clear signals from SiF2 and SiF3 only for the case of the FC- 
coated sample, as shown in Fig. 7d. The ignition of SiNPs/KClO4 began 
at 580 ◦C (+1.462 ms). For SiNPs/PVDF/KClO4, ignition started at 
595 ◦C (+1.529 ms). Both of these temperatures are close to the release 
temperature of O2 from KClO4, which is ~ 592 ◦C [53]. In contrast, the 
FC-coated SiNPs/KClO4 ignited at 510 ◦C (+1.265 ms). In Fig. 7e we 
compare the ignition temperature of these samples with the O2 release 
temperature from KClO4. The FC-coated SiNPs exhibit a lower ignition 
temperature (~510 ◦C) than their counterparts and ignite below the 
KClO4 decomposition temperature. Figure S6 shows the SiF4 and O2 
release profiles from T-jump/TOFMS for FC-coated SiNPs. The release of 
O2 overlaps with the release of SiF3 and is in good agreement with the 
sample ignition temperature. Ignition and early decomposition of KClO4 
are likely induced by the highly exothermic, condensed phase silicon 
fluorination reaction which starts around 400 ◦C. The physical mixture 
of SiNPs and PVDF does not show the same behavior. We attribute this to 
both the poor contact between PVDF and SiNPs, as opposed to the highly 
conformal case of the FC-coated SiNPs, and to the inevitable presence of 
a native oxide shell around the silicon core. The presence of a conformal 
fluorocarbon shell limits the growth of the native oxide and facilitates 
the exothermic silicon fluorination reaction. Pressure cell experiments 
were conducted to compare the pressurization rates and peak pressures 
of the FC-coated SiNPs and the physical mixtures of SiNPs and PVDF, 
when blended with KClO4. The results are shown in Fig. 7f-h. The 

findings show that FC-coated SiNPs perform better than SiNPs/PVDF 
because they have a significantly higher pressurization rate and shorter 
burn time.

Based on the above discussion, Fig. 8 summarizes the reaction 
mechanism of the FC-coated SiNPs. Upon heating, the FC coating in-
teracts with the silicon core resulting in a condensed-phase, exothermic 
reaction that coincides with the release of SiFx volatile species. The 
localized release of energy and the disruption of the fluorocarbon pro-
tective layer exposes the Si core to the oxidizer, enhancing the com-
bustion process and leading to increased pressurization rate and 
decreased burn time. The proposed core–shell structure enhances the 
silicon combustion because of (1) the absence of a native oxide layer that 
hinders further oxidation and (2) the direct contact between the silicon 
core and the fluorocarbon shell, which accelerates the rate of exothermic 
interfacial reactions.

4. Conclusion

We have described a gas-phase process for the nucleation, growth, 
and immediate passivation of silicon nanoparticles with sizes below 10 
nm. We leverage the properties of low-temperature plasmas to obtain 
particles with a narrow size distribution and a highly conformal fluo-
rocarbon coating. XPS and FTIR data indicate that the fluorocarbon 
coating is chemically similar to PVDF. This structure provides two main 
advantages compared to physical mixtures of silicon nanoparticles and 
PVDF. First, the coating is applied in flight, before exposure to air. The 
FC coating acts as an excellent barrier against oxidation, with minimal 
oxide growth even 4 weeks after exposure to air. In addition, the close 
contact between the fluorocarbon and the silicon particles has major 
consequences on their combustion. We observe a significantly reduced 
ignition temperature, higher pressurization rate, and lower combustion 
time when compared to mixtures of silicon and PVDF. SiF3 is detected in 
the Tjump/TOFMS measurements, consistent with a combustion process 
that is jump-started by the interfacial reaction between the unoxidized 
silicon core and the fluorocarbon shell. Overall, our work confirms that 
precise control of surface chemistry is needed for nanostructured solid- 
state fuels and that this is achievable via novel processing techniques 
such as the plasma process used here.
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Fig. 6. (a) Full spectra of T-jump-TOFMS of FC-coated SiNPs, SiNPs/PVDF, and pure PVDF when ignited in air, showing decomposition and gas-phase products. (b) 
Timing and thermal profiles for the detection of SiF4. The samples were exposed to air at 1 atm inside the chamber, without mixing with KClO4.
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Fig. 7. High-speed camera images of ignition for (a) SiNPs/KClO4,(b) SiNPs/PVDF/KClO4, and (c) FC-coated SiNPs/KClO4. (d) Full spectra of FC-coated Si-KClO4, Si- 
PVDF-KClO4, Si-KClO4, and KClO4. (e) Analysis of ignition temperature in relation to the release of oxygen for SiNPs/KClO4, SiNPs/PVDF/KClO4, and FC-coated 
SiNPs/KClO4. Comparison of pressure cell results between FC-coated SiNPs/KClO4 and SiNPs/PVDF/KClO4 for (f) pressurization rate, (g) maximum pressure, and 
(h) burn time.

Fig. 8. Schematic representation of the hypothesized reaction mechanism of FC coated SiNPs.
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