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a b s t r a c t 

Aluminum (Al) is an excellent metal fuel for combustion applications because of its high energy density 

and low cost. Nano-sized Al (nAl) particles have relatively low ignition temperature and high reactiv- 

ity, but their performance is limited by the presence of the native oxide (Al 2 O 3 ) layer surrounding the 

active Al core. To overcome this problem, nAl coated or mixed with fluorocarbon species have been in- 

tensively studied recently. In this work, we demonstrate a facile method to functionalize the surface of 

nAl particles with perfluoroalkylsilane and investigate the thermochemical and combustion behaviors of 

perfluoroalkyl-functionalized nAl particles at both slow and fast heating rates. At slow heating rates, the 

covalently-bonded perfluoroalkylsilane molecules partially undergo debonding at low temperatures before 

reacting with Al 2 O 3 . The remaining perfluoroalkyl molecules slowly react with surface oxide to thicken 

the surface shell, which improves the thermal stability of nAl particles. Nevertheless, under fast heating 

conditions, the dissociated fluorine species can readily react with the oxide on the nAl surface, enhancing 

the ignition and combustion performance of both nAl particles in the air and Al/copper (II) oxide (CuO) 

nanothermite. These results advance the understanding of the thermochemical behaviors of the fluoro- 

carbon species and their effects on the ignition and combustion of nAl particles and Al-based energetic 

materials. 

© 2022 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Metal fuels are essential for energetic applications that require 

igh energy densities, ranging from power generation, materials 

ynthesis and processing, aviation, to space propulsion [1–6] . Alu- 

inum (Al) is the most commonly used metal fuel because of 

ts high energy density, earth abundance, and low cost [7] . The 

gnition and combustion properties of Al are known to be size- 

ependent [8] . In comparison to micron-sized Al ( μAl) particles, 

he nano-sized Al (nAl) particles have a much higher specific sur- 

ace area, a reduced diffusion distance, leading to a higher reac- 

ivity and a lower ignition temperature [6 , 9 , 10] . However, a critical

hallenge of nAl is its high content of the native oxide (Al 2 O 3 ) layer

2 ∼5 nm) [11 , 12] . The presence of a native oxide shell not only

educes the active Al content and energy density of nAl but also 
∗ Corresponding authors. 
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lows down the mass transport through the oxide layer [13 , 14] . 

he presence of oxide shell also inhibits the oxidation of μAl, so 

he ignition temperature of μAl is close to the melting point of 

l 2 O 3 [10 , 15] . 

To overcome the native oxide problem, various methods have 

een explored to modify the surface structure and/or the compo- 

ition of Al. The most straightforward approach is to remove the 

ative oxide shell or synthesize oxide-free Al particles and then 

orm a passivation layer consisting of other materials that can 

eact with Al, including metals (e.g., nickel) [16] and fluorocarbons 

e.g., fluorocarboxylic acid, polyvinylidene fluoride) [17–19] . This 

trategy could effectively increase the reactivity and reduce the 

gnition threshold of Al-based energetic materials. It should be 

oted that the oxide-free Al particles are highly reactive and 

otentially dangerous. An alternative approach is to functionalize 

he native oxide to make it reactive in its own right. For this 

pproach, fluorine-containing species have been often adopted. 

irst, the fluorination of Al has a higher combustion enthalpy than 

he Al oxidation [12 , 20 , 21] . Second, a pre-ignition reaction occurs 

etween the fluorine species and Al 2 O 3 so that the inner Al core 
. 

https://doi.org/10.1016/j.combustflame.2022.112170
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
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Fig. 1. Schematic illustration of the molecular structure of C 8 H 4 F 13 Si(OC 2 H 5 ) 3 (FOTS) and the functionalization process of nAl to FOTS-nAl. 
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an be more easily exposed to the oxidizer [22] . Moreover, the 

ombustion product aluminum fluoride (AlF 3 ) is more volatile than 

l 2 O 3 at elevated temperatures, which can help to reduce the ag- 

lomeration of condensed phase products and enhance combustion 

fficiency [23–25] . Previous works have shown that coating nAl 

ith fluorocarbons simultaneously promotes its reactivity and sta- 

ility [26–28] . However, many of those coatings involve physically 

dsorbed fluorocarbons. It is of interest to study nAl particles that 

re only covalently functionalized with fluorocarbons and have a 

ow-content fluorocarbon functionalization, which may lessen the 

ndesired reduction in energy density. Moreover, it is necessary 

o investigate the thermochemical and oxidation behaviors of 

uorocarbon-functionalized nAl under different heating rates. 

Herein, we functionalized nAl particles with perfluoroalkyl- 

ilane molecules via a facile and ambient-condition synthetic 

ethod. Perfluoroalkylsilane was chosen as it can react with the 

ydroxyl group on the nAl surface to form covalent bonds under 

mbient conditions, and it is commercially available, which facili- 

ates the scale-up sample preparation and applications. The ther- 

ochemical behavior of functionalized nAl particles and nAl/CuO 

anothermite was investigated by thermogravimetric analysis 

TGA) and differential scanning calorimetry (DSC) at a slow heating 

ate (10 °C/min). The ignition and combustion of nAl and nAl/CuO 

anothermite were studied at much higher heating rates – 10 5 –

0 6 °C/s via T-jump and flash ignition techniques and/or 10 13 °C/s 

ia the laser-induced air shock from energetic materials (LASEM) 

ethod. We found that perfluoroalkyl-functionalized nAl exhibits 

 delayed onset temperature for slow oxidation, implying that 

he perfluoroalkylsilane functionalization improves the thermal 

tability of nAl particles. The nanothermite with perfluoroalkyl- 

unctionalized nAl has a similar onset temperature of reaction dur- 

ng slow heating as the one with pristine nAl. In contrast, under 

ast heating conditions, perfluoroalkyl-functionalized nAl and its 

anothermite show a reduced ignition threshold and an enhanced 

eactivity. Our analysis of the combustion products reveals that 

he perfluoroalkyl surface functionalization effectively removes or 

reaks the oxide shell with less agglomerated products, especially 

nder fast heating rates. Those results suggest that nAl with a low 

ontent of perfluoroalkyl-functionalization has enhanced thermal 

tability and better reactivity, beneficial for many combustion ap- 

lications. 

. Experimental specifications 

.1. Materials preparation 

The nAl particles (nominal diameter of 70 nm, US Nano, ∼
2.5 wt% of active content) were functionalized with 1H,1H,2H,2H- 

erfluorooctyltriethoxysilane (C H F Si(OC H ) ), known as FOTS, 
8 4 13 2 5 3 

2 
8%, Sigma-Aldrich) using the silylation chemistry ( Fig. 1 ), a 

ethod that we have used to functionalize boron previously [29] . 

riefly, 100 mg of nAl particles were first dispersed in 10 ml of 

ichloromethane (DCM, 99.9%, ACROS Organics) and sonicated for 

0 min. 0.5 ml of FOTS was subsequently added into the nAl/DCM 

uspension dropwise and the suspension was vigorously stirred for 

 h. The resulting functionalized nAl (FOTS-nAl) particles were cen- 

rifuged and washed with DCM three times to remove the resid- 

al unbound FOTS. The collected powders were further dried in 

 desiccator to remove the residual solvent. For the preparation 

f nAl/CuO thermite samples, nAl and CuO (50 nm in diameter, 

igma-Aldrich) powders were physically mixed and sonicated in 

exane for 30 min. The equivalence ratio between nAl and CuO 

as kept as 1.0 while considering only the active Al mass in pris- 

ine and functionalized nAl particles (not including oxides and 

unctionalization layers). The same synthetic procedure was also 

sed to prepare μAl and μAl/CuO thermite samples for compari- 

on. 

.2. Materials characterization 

The morphology and elemental composition of the pristine and 

unctionalized Al particles and their combustion products were 

haracterized by scanning electron microscopy (SEM, FEI Magellan 

00) with energy-dispersive X-ray spectroscopy (EDXS). The de- 

ailed surface morphology of Al particles was observed by trans- 

ission electron microscopy (TEM) utilizing a JEOL JEM 2100F with 

00 kV accelerating voltage. The surface composition of the func- 

ionalized nAl particles at elevated temperatures was investigated 

ia X-ray photoelectron spectroscopy (XPS, PHI VersaProbe) with 

he CasaXPS software. 

.3. TGA/DSC measurements 

The thermochemical behavior of pristine and functionalized nAl 

articles was investigated by simultaneous TGA/DSC (Setaram Lab- 

ys Evo). For each measurement, 5 mg of the sample powders were 

laced in a 100 μl alumina crucible, which was then heated in the 

GA/DSC chamber from room temperature to 10 0 0 °C at a heating 

ate of 10 °C/min with an airflow of 40 standard cubic centime- 

ers per minute (sccm). After cooling down to room temperature, 

he sample was reheated with the same process, and the reheating 

urve was used to correct the baseline of the first heating process. 

he integrated peak area of DSC curves indicates the heat release 

f the specific exothermic peak. Similar DSC experiments were also 

onducted for pristine and functionalized nAl/CuO thermites using 

he same heating profile but in a 40 sccm argon flow. 
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.4. T-Jump ignition experiments 

Perfluoroalkyl-functionalized nAl particles and their thermite 

ith CuO were analyzed with temperature-jump ignition (T-Jump 

gnition), a technique described in detail in previous work [30] . The 

ample was first dispersed in hexane and sonicated for 30 min 

nd then coated on a Pt wire (76 μm in diameter). The loaded 

t wire was inserted into a chamber filled with air and rapidly 

oule-heated to ∼10 0 0 °C by a 3 ms pulse. The temporal voltage

nd current of the wire were recorded during heating and the in- 

tantaneous temperature was calculated based on the Callendar- 

an Dusen equation. A Vision Research Phantom v12.0 high-speed 

amera with a high frame rate was used to determine the ignition 

vent on the wire. 

.5. Flash ignition and time-resolved pressure measurement 

The experimental setup for the flash ignition and the time- 

esolved pressure measurement in a constant-volume vial have 

een described in our previous works [12 , 31] . For a typical exper-

ment of flash ignition in the open air, either 10 mg of pristine 

r functionalized nAl sample or 5 mg of pristine or functionalized 

Al/CuO thermite sample was placed on a 1-mm thick glass slide 

n top of the Xe ring tube of a commercial flash unit (AlienBees 

1600). All the samples were packed to have a porosity of ∼85%. 

 high-speed camera (Photron FASTCAM SA5) was used to capture 

he burning process of flash-ignited samples at 5200 frames per 

econd (fps). A high-speed infrared (IR) camera (FLIR X6900sc) was 

sed to quantify the temperature dynamics of samples after flash 

gnition at 10 0 0 fps. For the time-resolved pressure measurement, 

0 mg of powders were loaded in a 20 ml glass vial in air, and the

ial with the sample was placed on top of the Xe flash ring tube 

nd then ignited by the Xe flash lamp at a power of 2.1 J/cm 

2 . The

ressure history from reactions was recorded by a pressure trans- 

ucer (603B1, Kistler Inc.). 

.6. LASEM measurement 

The experimental setup for the laser-induced air shock from en- 

rgetic materials (LASEM) was described in previous works [32–

4] . Briefly, a pulsed Nd:YAG laser (Quantel Brilliant b, 6 ns, 

064 nm, 850 mJ) was focused just below the thin residue sample 

urface, forming a high-temperature ( > 10,0 0 0 K) microplasma that 

asts for tens of microseconds, initiating exothermic chemical reac- 

ions of the ablated materials in the plasma. The initiated exother- 

ic reaction further accelerates the laser-induced shock wave and 

he expansion of the shock wave into the air above the sample 

as recorded with a typical Z-type schlieren imaging setup using 

 high-speed color camera at 84,0 0 0 fps (1 μs shutter). The posi-

ions of the laser-induced shock waves as a function of time were 

easured to determine the characteristic laser-induced shock ve- 

ocity of each sample. 

. Results and discussion 

.1. Material characterization of perfluoroalkyl-functionalized nAl 

articles 

Figure 2 shows the morphology, chemical composition, and sur- 

ace states of the perfluoroalkyl-functionalized nAl particles. The 

pherical shape and smooth surface morphology of the pristine nAl 

articles are preserved after surface functionalization ( Fig. 2 a and 

ig. S1). The SEM/EDS mapping shows consistent distributions of 

l and F elements, implying that a thin layer of perfluoroalkylsi- 

ane is present on the nAl surface. The functionalization layer is 
3 
lso observed by SEM/EDS mapping of the much larger μAl parti- 

les, which shows the presence of fluorine on the surface of par- 

icles (Fig. S2). The TEM image shows that the surface of FOTS- 

Al is covered by a thin amorphous layer ( Fig. 2 b) with additional

poradic ɣ -Al 2 O 3 deposits [35] , as specified by the orange circled 

egions and the EDS spectrum shows that the fluorine content is 

bout 6.2 at.% and the mass percentage of the perfluoroalkylsilane 

n FOTS-nAl is about 7.5 wt%. The XPS analysis ( Fig. 2 d and 2 e)

lso confirms the existence of fluorine and the existence of C-F 2 
nd C-F 3 groups on the nAl surface. 

.2. Ignition and thermochemical behaviors at a slow heating rate 

Figure 3 a and 3 b compare the measured specific heat flow and 

ass change of nAl and FOTS-nAl in air measured by TGA/DSC 

heating rate: 10 °C/min). First, both particles show similar behav- 

ors, one small endothermic peak at 660 °C (melting of Al) and 

wo large exothermic peaks accompanied by a large mass increase, 

hich should correspond to the oxidation of Al. The existence of 

wo large exothermic peaks is likely caused by the size nonunifor- 

ity of nAl particles and incomplete oxidation in the solid phase 

before the melting of Al). Secondly, the onset temperatures of the 

wo exothermic peaks for FOTS-nAl particles are about 30–50 °C 

igher than those of pristine nAl particles. The first delayed on- 

et of the functionalized nAl particles can be attributed to the rel- 

tively thicker Al surface shell from the products of the perfluo- 

oalkylsilane decomposition. The delayed onset for the oxidation 

eak after Al melting is caused by a higher content of solid-phase 

l 2 O 3 in the FOTS-nAl sample as a higher degree of Al is oxidized 

efore the Al melting. Thirdly, the FOTS-nAl sample exhibits a ∼2% 

ass drop at 30 0–40 0 °C with a tiny exothermic peak (Fig. S3 

or a zoom-in plot), which can be attributed to the reaction be- 

ween some decomposed fluorocarbons and Al 2 O 3 , known as the 

re-ignition reaction (PIR) [22] . This also suggested that our func- 

ionalization layer is thin. 

For FOTS-nAl particles, the resultant samples after heating to 

00 °C (onset of PIR), 500 °C (end of PIR and before major oxi- 

ation), and 700 °C (after major oxidation) are analyzed via XPS 

o investigate further the changes in surface chemistry after each 

tage of heating. Figure 3 c shows the O/Al and F/Al ratios esti- 

ated by XPS spectra for these temperatures normalized by their 

s-synthesized (25 °C) values. Figure 3 d further shows the XPS F 

 s peak evolution at those temperatures. It is interesting to note 

hat some Al-F bonds are already formed at 300 °C, suggesting 

hat some reaction between F and Al 2 O 3 has occurred at 300 °C 

36] . The F/Al ratio in Fig. 3 c shows a big drop around 30 0–50 0

C after the PIR before the first major exothermic peak ( Fig. 3 a)

nd the surface chemical binding state of F shows a shift from C- 

 to Al-F bond. This confirms the decomposition of perfluoroalkyl 

olecules and PIR between the fluorocarbons and the native ox- 

de layer ( Fig. 3 a and 3 b). These findings suggest that during this

low heating condition, some perfluoroalkyl molecules evaporate 

r decompose, and others slowly react with the surface oxide to 

orm the AlO x F y compounds on the surface [36] . A comparison be- 

ween the O/Al and F/Al element ratios of 500 °C products of pris- 

ine nAl and FOTS-nAl (Table S1) also suggests that a thicker shell 

as formed on the Al surface in the FOTS-nAl sample. This thicker 

lO x F y shell delays the first onset temperature of the oxidation 

f FOTS-nAl ( Fig. 3 a), leading to the enhanced thermal stability of 

unctionalized nAl in comparison to the pristine-nAl, as suggested 

y previous works [26 , 28] . Furthermore, the Al-F peak decreases 

ignificantly from 500 to 700 °C ( Fig. 3 d) as oxyfluoride or fluoride 

ecomes volatile. This opens up more channels for diffusion of Al 

nd O, resulting in a higher heat release and mass increase during 

he solid-phase nAl oxidation ( Fig. 3 a and 3 b). 
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Fig. 2. Materials characterization of the functionalized nAl (FOTS-nAl). Characterization on the as-prepared perfluoro-functionalized Al nanoparticles. (a) SEM and EDS el- 

emental mapping of the FOTS-nAl particles, EDS mapping indicates the Al and F elements distribution in the orange rectangle; (b) TEM image of the FOTS-nAl particles; 

(c) EDS spectra of pristine nAl and FOTS-nAl particles; (d) XPS spectra of pristine nAl and FOTS-nAl particles; (e) XPS spectrum of C1s of FOTS-nAl particles, the peak 

deconvolution suggests the existence of fluorocarbon groups on nAl surface. 

Fig. 3. Investigation of the ignition and combustion of perfluorocarbon-functionalized nAl at a slow heating rate (10 °C/min). (a) DSC and (b) TGA of pristine nAl and 

functionalized nAl (FOTS-nAl) in air. (c) Evolution of O and F element ratios of FOTS-nAl during slow heating. Al o , F o, and O o indicate the element ratios of the as-synthesized 

(25 °C) FOTS-nAl. The ratios were determined from the peak area in the XPS spectra of FOTS-nAl heated to different tem peratures via TGA/DSC (as shown by the dashed 

lines in Fig. 3 a). (d) XPS spectra of F1s of FOTS-nAl heated to different temperatures via TGA/DSC. 

4 
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Fig. 4. Investigation of the ignition and combustion of perfluorocarbon-functionalized nAl at a fast heating rate. (a) ignition by Xe flash (2.1 J/cm 

2 , 10 5 –10 6 °C/s). Both 

samples can be ignited by the Xe flash but FOTS-nAl exhibits a more intense burning; (b) ignition by T-jump (10 5 –10 6 °C/s) in air. Pristine nAl is not ignitable while FOTS- 

nAl exhibits an ignition delay time of 3 ms; (c) normalized laser-induced shock velocities measured by LASEM (up to 10 13 °C/s) for nAl and FOTS-nAl (normalized to the 

shock velocity of micron-sized Al). 

Fig. 5. Characterization of the combustion products of the pristine nAl and FOTS-nAl particles ignited under different heating conditions. (a) SEM of DSC products of nAl; (b) 

SEM of DSC products of FOTS-nAl; (c) EDS spectra of (a) and (b); (d) SEM of flash ignition products of nAl; (e) SEM of flash ignition products of FOTS-nAl; (f) EDS spectra of 

(d) and (e). For the nAl sample, it shows a higher extent of oxidation in DSC due to the slow heating condition. The FOTS-nAl sample has a higher oxidation degree in flash 

ignition, showing both higher O and F signals. The less F content in the DSC products of FOTS-nAl suggests that some fluorocarbons decompose at much lower temperatures 

and have limited reaction with nAl. 

5 
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Fig. 6. Ignition of nAl/CuO thermite samples at (a) slow (DSC) and (b) fast (T-jump) heating rates. 

Fig. 7. Combustion of nAl/CuO thermite samples under fast heating conditions. (a) temperature measurement of the flash-ignited nanothermite by IR camera. The snapshots 

are obtained from the high-speed video taken by the IR camera and show the highest temperature achieved during the reaction of each sample. (b) time-resolved pressure 

evolution of the flash-ignited nanothermite in a constant-volume vial. 
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.3. Ignition and burning properties at a fast heating rate 

Figure 4 shows the ignition and combustion properties of the 

-Al and FOTS-nAl with three fast heating rate methods: the 

e flash lamp (10 5 –10 6 °C/s), T-Jump (10 5 –10 6 °C/s), and LASEM 

echnique ( ∼10 13 o C/s). The Xe flash ignites both particles but 

he FOTS-nAl particles burn more violently with a larger burning 

ootprint ( Fig. 4 a). The T-jump experiment shows that pristine n-Al 

articles only sinter without ignition ( Fig. 4 b) and the FOTS-nAl 

as an ignition delay time of 3.00 ms in air. At an even higher

eating rate from LASEM ( Fig. 4 c), the FOTS-nAl also exhibits 

 higher laser-induced shock velocity ( ∼1.13, normalized to the 

elocity of micron-sized Al) [37] than the pristine nAl ( ∼1.01), 

uggesting a higher microsecond-timescale energy release. Those 

esults suggest that the localized fluorocarbon readily helps with 

he removal or break of the native oxide layer, which provides 

ore reaction sites for Al oxidation and thereby promotes the 

gnition and burning (energy release) of nAl particles in the air 

14] . On a separate note, the heat of combustion of the sam- 

les is compared in Fig. S4. It is found that FOTS-nAl exhibits 

 slightly higher combustion enthalpy due to the fluorination 
6 
f Al, and worth mentioning, better storage stability due to the 

ydrophobicity of the functionalized nAl surface. 

.4. Combustion products from different heating rates 

The morphology and chemical composition of the combustion 

roducts are analyzed to further understand the effect of surface 

unctionalization of nAl on the Al oxidation process under different 

eating conditions. As shown in Fig. 5 a and 5 b, the oxidation prod-

cts of TGA/DSC consist of micron-sized clusters, indicating the an- 

icipated sintering. The SEM/EDS spectrum in Fig. 5 c also suggests 

hat only 1.8 at.% of F remains in the products of FOTS-nAl after 

low heating in TGA/DSC, which is obviously lower than the initial 

 content (6.6 at.%). In contrast, the combustion products from Xe 

ash ignition for FOTS-nAl and pristine nAl are significantly less 

intered and contain many nanoparticles ( Fig. 5 d and 5 e), similar 

o previous studies [38 , 39] . The product of FOTS-nAl also contains 

ubic AlF 3 particles and the EDS spectra in Fig. 5 f show that there

s ∼5.7 at.% F left in the products. The difference in the remain- 

ng F contents of FOTS-nAl products from TGA/DSC and flash igni- 

ion further confirms that some fluorocarbons will decompose and 



Y. Jiang, Y. Wang, J. Baek et al. Combustion and Flame 242 (2022) 112170 

l

s

3

c

p

fl

m

w

f

t

p

o

f

a

(

a

s

t

c

r

c

h

i

a

t

4

s

b

U

m

a

f

m

c

fl

p

d

i

h

w

c

t

t

p

d

D

c

i

A

a

U

N

S

f

1

R

 

 

 

[
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[

[

[

[

[  

[  
eave the surface of nAl under slow heating conditions, which is 

uppressed under fast heating conditions. 

.5. Effect of perfluoroalkyl-functionalization on ignition and 

ombustion of nanothermite 

After investigating the ignition and combustion behaviors of 

erfluoroalkyl-functionalized nAl particles, the effect of the per- 

uoroalkyl molecules is further studied in Al-based energetic 

aterials. We chose Al/CuO nanothermite because it has been 

idely studied previously [40–43] . For TGA/DSC, perfluoroalkyl- 

unctionalization has little effect on the onset temperature of 

he thermite reaction ( Fig. 6 a). For the T-jump ignition, the 

erfluoroalkyl-functionalized nanothermite and the pristine nan- 

thermite have similar ignition temperatures ( Fig. 6 b), which is dif- 

erent from that of nAl particles ( Fig. 4 b). When the nanothermites 

re placed in a constant-volume vial and ignited by the Xe flash 

 Fig. 7 ), the FOTS-nAl/CuO shows a much higher peak temperature 

nd peak pressure during the thermite reaction. These observations 

uggest that nAl/CuO already has good ignition properties due to 

he close contact between Al and CuO, so the additional fluoro- 

arbon has little impact on its ignition. For combustion, the fluo- 

ine species actively reacts with Al 2 O 3 or Al, which provides extra 

ombustion enthalpy besides the thermite reaction. A similar en- 

ancement of fluorocarbon functionalization on thermite reaction 

s also observed for much larger μAl particles with CuO (Fig. S5), 

nd interestingly it also reduces the ignition delay time of the μAl 

hermite by ∼ 10%. 

. Conclusions 

In summary, this work studies the effect of perfluoroalkylsilane 

urface functionalization on the thermochemical and combustion 

ehaviors of nAl particles under both slow and fast heating rates. 

nder the slow heating condition, part of the perfluoroalkylsilane 

olecules leave the nAl surface at low temperature without re- 

ction, and the remaining perfluoroalkylsilane react with the sur- 

ace oxide and form oxyfluoride compounds, improving the ther- 

al stability of the nAl particles. In contrast, under fast heating 

onditions, the perfluoroalkylsilane molecules or their decomposed 

uorine species have limited time to escape and actively partici- 

ate in the ignition and combustion of nAl in air, leading to re- 

uced ignition threshold and promoted oxidation. Similar enhanc- 

ng effects were also observed for Al/CuO nanothermite under fast 

eating rates. These results indicate that surface functionalization 

ith perfluoroalkylsilane can significantly improve the ignition and 

ombustion properties of nAl particles. Because the decomposi- 

ion temperature of perfluoroalkylsilane is lower than the oxida- 

ion onset temperature of nAl particles, their benefits are more 

ronounced when the reaction is initiated under fast heating con- 

itions. 
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