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s ABSTRACT: Metal combustion reaction is highly exothermic and is used in energetic Promote :‘ f""‘b“s‘i""
eal

6 applications, such as propulsion, pyrotechnics, powering micro- and nano-devices, and . —— Gasd Graphens Fiucride

q 3 q q g g g g g Oxidizer € *¢
7 nanomaterials synthesis. Aluminum (Al) is attracting great interest in those applications (GF)

. . . . o Facilitats Dissociation
8 because of its high energy density, earth abundance, and low toxicity. Nevertheless, Al N NS
9 combustion is hard to initiate and progresses slowly and incompletely. On the other Disproporionation, ¢ _Facliat
10 hand, ultrathin carbon nanomaterials, such as graphene, graphene oxide (GO), and Synergistically chemical and

. . . - Photothermal thermal couplings of GO/GF
11 graphene fluoride (GF), can also undergo exothermic reactions. Herein, we effect %C.50 oF H
12 demonstrate that the mixture of GO and GF significantly improves the performance A Thme | Ee
» fi oo

13 of Al combustion as interactions between GO and GF provide heat and radicals to
14 accelerate Al oxidation. Our experiments and reactive molecular dynamics simulation
15 reveal that GO and GF have strong chemical and thermal couplings through radical
16 reactions and heat released from their oxidation reactions. GO facilitates the
17 dissociation of GF, and GF accelerates the disproportionation and oxidation of GO.
18 When the mixture of GO and GF is added to micron-sized Al particles, their synergistic
19 couplings generate reactive oxidative species, such as CF, and CE,0,, and heat, which greatly accelerates Al combustion. This work
20 demonstrates a new area of using synergistic couplings between ultrathin carbon nanomaterials to accelerate metal combustion and
21 potentially oxidation reactions of other materials.
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1. INTRODUCTION exothermic disproportionation and oxidation reactions, cata- 46
Iytic effects,’'~'* and excellent light absorption proper- 47
ties.'>~"” In addition, we showed that the y-Al/GO composites 48
exhibit much better combustion performance than the p-Al/ 49
metal oxides (e.g, WO;) thermite mixtures with the same so
weight percentage of y-Al. Nevertheless, the addition of GO si
inevitably lowers the specific energy density of u-Al particles. It s2
is desirable to increase the energy density of Al/GO while s3
maintaining or even improving its combustion performance. s4

Fluorination of Al is known to have a much higher heat of ss
reaction than that of Al oxidation (55.7 kJ/g vs 35.6 kJ/g)."® s
Moreover, fluorine reacts with the native Al,O; layer to form s7

23 Combustion of metal-based energetic materials is an
24 exothermic process that generates heat, light, and thrust
25 rapidly, and it is of great interest for a variety of applications
26 ranging from aerospace to nanoscale, including propulsion,
27 pyrotechnics, micro- and nano-devices in microelectromechan-
2 ical systems, and synthesis of nanomaterials.'™ Aluminum
29 (Al) is the most popular metal for those applications due to its
30 earth abundance, low toxicity, and high specific energy
31 density. In those applications, Al is typically used in the
32 forms of nano- or micron-sized particles. Nano-sized Al (n-Al)
33 has a lower ignition temperature and higher reactivity than the

b

—

34 micron-sized Al (4-Al),”® but n-Al tends to agglomerate and more volatile AlF,, V\If(})nz%h enhances both the ignition and the ss
35 has a larger fraction of inert Al,O;. For example, a 50 nm combustion of AL Hence, a potential solution for so
36 diameter n-Al particle has about a 2 nm thick AL,O; shell, increasing the energy density of Al/GO is to replace some o
37 occupying 30% of the total n-Al mass. Hence, y-Al particles are GO with fluorine-containing oxidizers. In fact, fluoropolymers, 61
38 still commonly used in practical applications.”'” It is highly such as polytetrafluoroethylene (PTFE) and polyvinylidene &
39 desirable to improve the combustion performance of y-Al fluoride, have been used as oxidizers and/or binders in Al- 63
40 particles to be similar to n-Al for the aforementioned

41 applications. Received: November 10, 2019

42 Recently, we have demonstrated that ultrathin graphene Accepted: January 17, 2020

43 oxide (GO) lowers the ignition energy and increases the Published: January 17, 2020

44 energy release rate of u-Al particles with a Xe lamp flash
45 ignition."" The enhancement effect of GO is attributed to its

“n
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based energetic composites or as surface-coating materials on
Al particles to enhance their energetic performance.”' > In
addition, graphite fluoride (GtF) was shown to enhance the
combustion of Al and Mg particles.”*”

Here, we investigate a new type of fluorine-containing
oxidizer, exfoliated monolayer graphene fluoride (GF),**** and
combine GF with GO to enhance the combustion performance
of u-Al particles. GF is fully fluorinated graphene, and each
carbon atom in the basal plane of GF is sp®> hybridized and
bonded with one fluorine atom.’”*' GF has a number of
properties suitable for enhancing Al combustion. First, GF
contains ~50 at. % of fluorine, which is comparable to that of
PTFE (66.6 at. %) and GtF (~50 at. %), but all those fluorine
atoms in GF are exposed on the surface and easily accessible
for reacting with Al. Secondly, GF, similar to GO, has a low
density of ~2.7 g/cm®>>* so it helps to keep the specific
energy density of the composite high. Finally, GF can be
considered energetic as it decomposes and reacts with oxygen
in the air at ~ 400—600 °C, generating CF, and CF,O, species
that can further react with AL***

In this study, we experimentally and computationally
compared the combustion performance of three mixtures: y-
Al/GO, u-Al/GF, and u-Al/GO/GF. Motivated by our
previous study on the enhanced optical ignition of u-Al by
the intrinsic chemical activity of GO,'" our current study used
the chemical and/or thermal coupling effect of GO and GF to
enhance the ignition and combustion of u-Al and further
revealed the underlying mechanism responsible for the
coupling effect of GO/GF. We found that the combination
of GO and GF provides synergistic enhancements for p-Al
ignition and combustion through both Xe flash ignition
experiments and reactive molecular dynamics (RMD)
simulation. The enhancement mechanism is schematically
explained in Figure 1. GO is rapidly heated by the Xe flash

Promote Al combustion
Heat

N Gas $e N
Graphene Oxide i Graphene Fluoride
(GO) Oxidizer € *¢ (GF)

Facilitate ( Dissociation

disproportionation
and oxidation CF)(

Disproportionation Heat Facilitate
and oxidation dissociation

Synergistically chemical and
Photothermal thermal couplings of GO/GF
effect oC 0O °oF °H

Figure 1. Proposed mechanism for GO/GF chemical and thermal
couplings. Schematics of the synergistically thermal and chemical
coupling between GF and GO and its effects for enhancing the
energetic performance of Al (green, C atoms; red, O atoms; blue, F
atoms; yellow, H atoms).

lamp through the photothermal effect,>*~>® which triggers its
exothermic disproportionation and oxidation reactions. Those
reactions release heat and oxygenated species to initiate the
dissociation of GF, which generates CF, species to further
react with GO, releasing more heat and radicals. The
interaction between GO and GF produces heat and oxidative
radicals that facilitate Al combustion. In addition, we found
that GO/GF is more effective than GO/PTFE and GO/GtF in
enhancing p-Al combustion. These results suggest that the
mixture of GO/GF is an effective energetic additive to
synergistically promote p-Al combustion. Finally, to our best
knowledge, this is the first study demonstrating the chemical
and/or thermal couplings between GF and GO.

2. METHODS

2.1. Material Preparation. Al/GO/GF (80/10/10 wt %)
composites were prepared by a mechanical mixing method. We first
sonicated 10 mg of GO powder synthesized by the Hammer’s method
(0.5—5 um in diameter, 0.8—1.2 nm in thickness, XFNANO), and 10
mg of GF powder prepared by high-temperature fluorination of
graphene by F, (0.4—S5 um in diameter, 0.8 nm in thickness,
XFNANO) in ethanol (1 mg/mL) for 2 h, separately. Then, the
suspensions of GO and GF were mixed together, and the mixture was
sonicated for another 1 h. Meanwhile, 80 mg of Al particles (3.0—4.5
um in diameter, Alfa Aesar) were dispersed in 8 mL of ethanol by
sonication for 30 min. After that, the GO/GF suspension was added
to the Al suspension and sonicated for 1 h. The mixture powders were
collected by filtration and fully dried on a hotplate at 60 °C for 1 h
and subsequently in a vacuum desiccator for 12 h. We used the same
method to prepare other samples of GO/GF (50/50 wt %), Al/GO
(80/20 wt %), Al/GF (80/20 wt %), Al/GO/GtF (80/10/10 wt %),
and Al/GO/PTFE (80/10/10 wt %). The GtF powders are 4—10 pm
in diameter and 5—10 nm in thickness (XFNANO), and the PTFE
powders are 100—200 nm in diameter (DuPont).

2.2. Thermal Analysis of Samples with Thermogravimetry
Analysis/Differential Scanning Calorimetry. To investigate the
thermal behaviors of GO and GF, the evolution of mass and heat flow
of GO, GF, and GO/GF mixture heated in the air was investigated by
the combination of thermogravimetry analysis and differential
scanning calorimetry (TGA/DSC, Setaram LABSYS Evo). In each
test, an alumina crucible of 100 yL with 4 mg of the sample inside was
heated at a rate of 10 °C/min from 100 to 800 °C in the air (40
sccm). The baseline correction of the sample TGA and DSC curves
was performed by subtracting the TGA and DSC curves of the empty
alumina crucible with the same heating process. The heat release of
each exothermic peak was obtained by integrating the peak area

(illustrated as first AH and second AH in Figure 2b) of each DSC
a b 5 [}
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Figure 2. Thermal analysis of GO, GF, and GO/GF mixture showing
the thermal and chemical couplings between GO and GF. (a) TGA
and (b) DSC results of GO, GF, and GO/GF being heated from 100
to 800 °C at 10 °C/min in the air (the numbers labeled in (a) are the
mass percentages of the residual materials after experiments); (c)
specific heat release calculated by integrating the exothermic peaks
labeled in (b) DSC curves of GO, GF, and GO/GF samples; (d)
onset temperatures for the release of carbon oxide species C,O,
(including CO,, CO, C, and O) and carbon fluorides species (CF,),
measured by T-jump TOFMS experiments, which resistively heated
the sample coated on a Pt filament to ~1000 °C in 3 ms at 2.0 X 107
Torr.

curve. Similar TGA/DSC experiments were also conducted by heating
S mg of Al/GO (80/20 wt %) and Al/GO/GF (80/10/10 wt %)
samples from 100 to 1250 °C to investigate their thermal behaviors.

2.3. Temperature-Jump (T-Jump) Experiments. GO, GF, and
GO/GF mixture (50/50 wt %) were analyzed with a T-jump electron
ionization mass spectrometer.39 The electron energy was set at 70 eV.
The sample was first dispersed in ethanol and sonicated for 1 h. It was
then coated onto a Pt filament 76 ym in diameter, which was
resistively heated to ~1000 °C in 3 ms at about 2.0 X 10~® Torr near
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Figure 3. RMD simulation results reveal molecular-level thermal oxidation behaviors of GO, GF, and GO/GF mixture. Snapshots of RMD
simulations for the thermal oxidation behavior of (a) GO, (b) GF, and (c) GO/GF 1:1 mixture with O, at 2000 K at 0 and 128 ps; (d) the relative
potential energy vs time for the three different systems. A lower relative potential energy indicates more heat release; (e) reaction mechanisms for
the oxidation of CF, species by O, molecule or GO, derived by RMD simulations (green, C atoms; red, O atoms; blue, F atoms; yellow, H atoms).

the ionization region of the mass spectrometer. The time-of-flight
measurement was triggered by the T-jump heating pulse to measure
the gas species released/generated from heating the filament. The
temporal voltage and current of the T-jump probe were recorded
during heating, allowing resistivity to be obtained and related to
instantaneous temperature and mapped against mass spectra.

2.4. RMD Simulation of Systems with and without Al. We
used the ReaxFF***' reactive force field to investigate the chemical
reactions of GO, GF, and Al with GO and GF. Because the entire
system contains three different types of materials, multiple ReaxFF
parameters were merged into a single force field (ie, Al/C/H/O, C/
H/F, and F—O interactions employed by Hong and van Duin,*
Rahnamoun and van Duin,*’ and Kim et al,** respectively). For
RMD simulations, we modeled a pre-oxidized Al slab (5126 atoms), a
single GO sheet (134 atoms), and a single GF sheet (136 atoms). We
used an orthogonal simulation cell of 48.54 A X 49.47 A X 155.0 A
that contains the pre-oxidized Al slab model at the bottom, 16 GO/16
GF sheets (or 16 GO/16 GF sheets without Al), and 2000 randomly
distributed O, molecules. We applied a wall boundary condition in
the z-direction of the simulation domain to prevent reactions between
the bottom of the Al slab and gas species. The NVT ensemble (i.e., a
constant number of atoms, a constant volume, and a constant
temperature) with the Nosé—Hoover thermostat**® was applied to
the entire system. The detailed conditions of our RMD simulation can
be found in our previous work.'"

3. RESULTS AND DISCUSSION

3.1. Experimental Comparison of Reaction Character-
istics of GO, GF, and GO/GF Mixture in Air. We first
experimentally compare the reactive and thermal release
properties of GO, GF, and GO/GF mixtures in the air in
the absence of Al. Those properties were determined under
both a slow heating rate (10 °C/min) using TGA and DSC
and under a high heating rate (>10° °C/s) using the T-jump
electron ionization mass spectrometer.’”” The TGA/DSC
results are shown in Figure 2a—c, and the T-jump results are
shown in Figure 2d. Under the slow heating condition, as
shown in Figure 2a—c, pure GO first undergoes disproportio-
nation reaction at 200 °C and is further oxidized at 500
°C.'""* In comparison, pure GF starts to dissociate at 420

°C.>**” Bor the mixture of GO and GF with the 1:1 mass ratio, 1950
its first exothermic peak (first AH in Figure 2b) starts around 191
200 °C, similar to GO, and the second exotherm (second AH
in Figure 2b) starts at ~400 °C, which is earlier than both the
second exothermic (oxidation) peak of GO and the 194
dissociation peak of GF. Additionally, the residual mass
fraction for GO/GF is 12.6% at 800 °C after all the reactions 196
end, which is smaller than the average of pure GO and GF 197
(~18.2% = (26.3% + 10.1%)/2), suggesting that more GO and
GF have reacted to form gaseous products. Similarly, the 199
amount of heat release integrated from the second exotherm
(second AH in Figure 2b) in GO/GF (9.36 kJ/g) is larger
than those in GO and GF (8.58 and 7.50 kJ/g, respectively), as
shown in Figure 2c. In summary, the GO/GF mixture
produces more gaseous products and releases more heat than
the average values of two separated components, indicating a
synergistic effect between GO and GF.

Similar to the TGA/DSC observations, the fast-heating T-
jump time-of-flight mass spectrometry (TOFMS) experiments
also show a synergistic effect between GO and GF (Figure 2d).
The T-jump experiments provide onset temperatures for both
C.O, species (e.g, CO,, CO, C, and O) and CF, species. First,
pure GO has an onset temperature for C,O, of 373 + S0 °C.
Most of the signal for C,0, comes from the thermal reaction/
decomposition product of the GO sample, and a small portion
of C and O ion signals are from the fragmentation of CO, and/
or CO; second, pure GF has only one onset temperature
around 717 + S0 °C, where mainly CF, species are released
from the dissociation of GF, while a small amount of C,O,
species are also detected resulting from the oxygen residue in
the system. Finally, the mixture of GO/GF (50/50 wt %) has a
similar onset temperature of 362 + 50 °C for C,O, as GO, but
the onset temperature for CF, (622 + 50 °C) is about 95 °C
lower than that of GF. This behavior is very similar to the
TGA/DSC onset temperatures (Figure 2a,b). As such, both
TGA/DSC and T-jump experiments confirm that the presence
of GO facilitates the dissociation of GF.

224
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Figure 4. Comparison of the combustion performance of Al with different additives. (a) Snapshots of the burning of Al/GO (80/20 wt %), Al/GF
(80/20 wt %), Al/GO/GF (80/10/10 wt %), Al/GO/GtF (80/10/10 wt %), and Al/GO/PTFE (80/10/10 wt %) composites at 40 ms after
ignition by a Xe flash (power = 2.1 J/cm?); (b) traces of the time-resolved pressure release evolution and (c) summary of the peak values of
pressure release and optical emission of aforementioned Al composites (except Al/GF) ignited in a constant-volume reactor by a Xe flash (power =

2.1 _]/cmz).

227 3.2. RMD Simulations of Reaction Characteristics of
228 GO, GF, and GO/GF Mixture in Air. To understand the
229 interaction between GO and GF at the molecular level, we
230 performed RMD simulations to investigate the chemical
231 evolution of GO, GF, and GO/GF (mass ratio of 1:1) in O,
232 at 2000 K. Figure 3a—c provide snapshots of the GO, GF, and
233 GO/GF systems at t = 0 and 128 ps, respectively. At £ = 128
234 ps, the GO/GF mixture appears to have fewer larger GO and
235 GF sheets and more small-sized species than both pure GO
236 and GF systems, indicating a faster dissociation of the GO
237 and/or GF sheets. Figure 3d compares the dynamic change of
238 the relative potential energy, which is the interatomic potential
239 energy change with respect to the initial potential energy of the
240 system. It shows that the relative potential energy of the GO/
241 GF mixture drops much faster than that of pure GO and GF
242 (Figure 3d), indicating a faster energy release. It should be
243 noted that the larger fluctuations in the potential energy
244 evolution of the GF or GO/GF system (compared with the
245 pure GO system) may be attributed to additional reaction
26 steps of F—O, F—C, and F—H interactions in RMD
247 simulations. A closer inspection of the RMD simulation results
248 reveals the chemical reaction pathways for GO and GF. Figure
249 3e illustrates a few key reactions. GF dissociates at high
250 temperatures and generates CF, radicals. CF, radicals can be
251 oxidized by gaseous O, to produce O and CF,O, radicals, a
252 radical branching reaction. CF, radicals can also be oxidized by
253 O atoms on GO to form CF,O, radicals, which benefits both
254 GF dissociation and GO disproportionation. Those RMD
255 results suggest the molecular mechanisms on the experimen-
256 tally observed synergistic interaction between GO and GF,
257 which is caused by the accelerated radical generation and heat
258 release.

259 3.3. Experiential Comparison of pu-Al Particle Com-
260 bustion with GO, GF, GO/GF, and GO/Other Fluorinated
261 Oxidizers as Additives. The above studies of GO and GF
262 without Al demonstrate the chemical and thermal couplings
263 between GO and GF due to radical reactions. Next, we
264 investigate how those couplings affect p-Al combustion by
265 studying Al burning behavior to check the mechanism

o

S =

o«

L = o

«n

o

—

illustrated in Figure 1. We choose five control samples, all at 266
80 wt % of u-Al particles with a diameter of 3.0—4.5 ym and 20 267
wt % of additives. The five additives are GO (20 wt %), GF 268
(20 wt %), GO/GF (10/10 wt %), GO/GtF (10/10 wt %), 269
and GO/PTFE (10/10 wt %). The two other fluorine- 270
containing additives, GtF and PTFE, were included for 271
comparison with GF. GtF is the bulk form of GF and has 272
been reported as an effective additive for metal combustion as 273
aforementioned.”””” PTFE is a widely studied oxidizer for Al 274
combustion.*® All the samples were pressed into pellets with a 275
packing porosity of ~83% and ignited by a Xe flash unit 276
(AlienBees B1600). The experimental setup was illustrated in 277
our previous work.'" The flash pulse duration was about 5 ms 278
and its integrated output power was about 2.1 J/cm?. 279

Figures 4a and S1 show the high-speed video snapshots of 280 &4
the burning process of those five samples. First, all samples, 281
except Al/GF, can be ignited by the Xe flash lamp, indicating 252
that GO is critical for the optical initiation due to its strong 283
light absorption property. GF is transparent and cannot absorb 284
much energy from the Xe flash lamp. Second, the Al/GO/GF 2ss
(80/10/10 wt %) sample shows the most violent burning 286
among all five samples. This suggests the synergistic benefits of 287
GO/GF and also shows that GF exhibits a stronger enhancing 288
effect for Al/GO combustion than GtF and PTFE. The 289
comparison between Al/GO/GF and Al/GO/GtF implies that 290
the ultrathin fluorinated graphene is more effective than the 291
bulk fluorinated graphite, probably due to the higher specific 292
surface area, finer dispersion, and easier access to F of GF. 293
However, the performance of Al/GO/GF is also better than 294
that of Al/GO/PTFE, suggesting that GF is superior to the 295
popular PTFE to improve the energetic performance of Al. 296

Next, we quantitatively compare the burning properties of 297
these five samples by determining their dynamic pressure— 298
time traces measured in a constant-volume glass vial. The 299
details of the burning experimental setup can be found in our 300
previous works.'"*” Briefly, 20 mg of sample powders were 301
packed into a pellet with a porosity of ~83% in a 20 mL glass 302
vial with ambient air inside. The vial was placed on top of the 303
Xe flash unit, the samples were ignited at full power (2.1 J/ 304
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Figure S. Characterization of the morphology and composition of the as-prepared sample and post-combustion products. SEM images of (a) the
as-prepared Al/GO/GF (80/10/10 wt %), (b) its post-combustion products in the air, and (c) the enlarged image of (b); (d) XRD results of the
post-combustion products in air of Al composites with GO and different fluorine-containing additives. The formation of Al,O; nanoparticles and

AlF; nanocubes is confirmed by combining SEM and XRD results.
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Figure 6. RMD simulation results reveal molecular-level thermal oxidation behaviors of Al/GO, Al/GF, and Al/GO/GF composites. Snapshots of
RMD simulations of a pre-oxidized Al slab with (a) GO, (b) GF, and (c) GO/GF 1:1 mixture with O, at 2500 K at ¢ = 0 and 150 ps (gray, Al
atoms; green, C atoms; red, O atoms; blue, F atoms; yellow, H atoms); calculated number of (d) C—C bonds vs time and (e) Al-O bonds vs time;
(f) the relative potential energy vs time. A lower relative potential energy indicates more heat release.

305 cm?), and the time-resolved pressure and optical emission of
306 the vial were recorded by a pressure transducer (603B1, Kistler
307 Inc.) and a photodiode (PDA36A, Thorlabs Inc.). Figure 4b
308 shows the representative pressure—time traces of four control

samples, except Al/GF, since Al/GF cannot be ignited. The 309
peak pressures in Figure 4b and the peak optical intensity are 3o
summarized in Figure 4c. The Al/GO/GF (80/10/10 wt %) 313
mixture exhibits the highest peak pressure, pressure rise rate, 312
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313 and optical emission intensity, when compared with Al/GO,
314 Al/GO/GtF, and Al/GO/PTFE samples. Even the Al/GO/
315 GtF burns better than Al/GO/PTEFE. Finally, the TGA/DSC
316 results (Figure S2) of Al/GO (80/20 wt %) and Al/GO/GF
317 (80/10/10 wt %) also demonstrate that Al/GO/GF has a
318 higher specific heat release than Al/GO. The above results of
319 pressure generation, optical emission, and heat release are
320 consistent with the qualitative trend in the luminosity shown in
321 Figures 4a and S1, indicating that the GO/GF is a more
322 powerful additive than GO only for Al combustion.

323 3.4. Characterization of Al/GO/GF Post-Combustion
324 Products. The post-combustion products of Al/GO/GF
325 (from constant-volume pressure test) were further charac-
326 terized to understand the combustion process. Figure Sa—c
327 show the scanning electron microscopy (SEM) images of the
328 as-prepared Al/GO/GF composites and corresponding post-
329 combustion products. The as-prepared sample contains
330 spherical Al particles with an average diameter of 3—4.5 um,
331 and the Al particles appear to be wrapped by GO and GF
332 sheets. After flash ignition and combustion, the combustion
333 products are porous and composed of mainly spherical
334 nanoparticles (Figure Sb,c), which are supposed to be ALO;.
335 There are some sub-micron-sized cubes in the products
336 (Figure Sc), which contains both Al and F according to the
337 element mapping from energy-dispersive X-ray spectroscopy
338 (EDXS), as shown in Figure S3. Additionally, X-ray diffraction
339 (XRD) spectra show the crystalline phase compositions within
340 the products (Figure Sd). The main products are Al,O; and
341 Al,C; for all Al composites with GO and different fluorine-
342 containing additives. The Al/GO/GF sample shows an
343 obvious peak of AlF;. The formation of AlF; cubes is
344 confirmed by both SEM/EDXS and XRD, which was also
345 observed by previous studies on Al reaction with fluoropol-
346 ymers.””' The formation of AIF; suggests that fluorine from
347 GF reacts with Al and the fluorination of Al is one of the
348 reasons for the enhanced performance of the Al/GO/GF
349 sample.

350 3.5. RMD Simulations of u-Al Oxidation with GO, GF,
351 and GO/GF as Additives. To understand the effect of GO/
352 GF interaction on p-Al combustion at the molecular level, we
353 conducted RMD simulations for three systems: Al/GO, Al/
354 GF, and Al/GO/GF. Each system has a total number of 13,414
355 atoms, including a pre-oxidized Al slab and 2000 O, molecules.
356 In addition, the Al/GO system contains 32 GO sheets; the Al/
357 GF system contains 32 GF sheets; the Al/GO/GF system
358 contains 16 GO sheets and 16 GF sheets. We exposed each
359 system to 2500 K at t = 0 ps and let the system evolve until ¢ =
360 150 ps. Figure 6a—c show snapshots of the Al/GO, Al/GF, and
361 Al/GO/GF systems at t = 0 and 150 ps, respectively. At t =
362 150 ps, the Al/GO/GF system appears to have fewer larger
363 GO and GF sheets than both Al/GO and Al/GF system,
364 similar to the cases without Al (Figure 3a—c). The number of
365 broken C—C bonds in Al/GO/GF (1818 at t = 150 ps) is also
366 larger than the average value of those in Al/GO and Al/GF
367 [(839 + 2013)/2 = 1426 at t = 150 ps] (Figure 6d), which
368 implies that more GO disproportionation/oxidation and GF
369 dissociation occurred in Al/GO/GF. The Al/GF system
370 (Figure 6b) shows a higher degree of dissociation (e.g., more
371 C—C bonds break) and Al oxidation (e.g., more Al—O bonds
372 formation) than the Al/GO system (Figure 6e), but a similar
373 energy release as the Al/GO composites (Figure 6f). These
374 results imply that the CF, and CF,O, species released/oxidized
375 from GF facilitate Al oxidation/fluorination, but the dissoci-

ation and oxidation of GF are not as exothermic as the 376
disproportionation and oxidation of GO, which is also 377
consistent with the thermal analysis (Figure 2b,c). Interest- 378
ingly, the relative potential energy in the Al/GO/GF mixture 379
drops the fastest (Figure 6f), yielding the highest amount of 3s0
energy release among the three systems. This suggests that the 381
Al/GO/GF system reacts faster and releases more heat than 382
Al/GO and Al/GF (Figures 6d—f and S4a—c for comparison). 383

These trends in the RMD simulations agree with our 384
experimental observations. The energetic performance of Al 3ss
particles is effectively enhanced with the mixture of the GO/ 386
GF sheets. Replacing the GO sheets with the GF sheets does 387
not greatly improve the combustion of the Al particles. Only 388
when both GO and GF are present, the ejected CF, species 38
could react with the GO sheets, in addition to O,, to produce 390
more CF,O, to react with Al forming Al-O bonds faster 391
(Figures 6e and S4). 392

4. CONCLUSIONS

In summary, we conducted both experimentally thermal 393
analysis and RMD simulations to investigate the synergistic 394
chemical and thermal interactions between GO and GF. The 395
dissociation of GF generates CF, species, which are readily 396
oxidized by GO, forming CF,O, radicals. In other words, GO 397
reacts with GF through radical reactions that facilitate the 398
breakdown of GF and GO to release heat more rapidly. Since 399
the interaction between GO and GF generates oxidative 400
radicals and heat, this coupling was further used to accelerate 401
the combustion (i.e., oxidation) process of y-Al particles. We 402
found that the Al/GO/GF composites exhibit improved 403
energetic properties in terms of higher and faster pressure 404
generation and stronger optical emission than Al/GO, Al/GF, 4os
and Al/GO/other fluorine-containing nanomaterials. These 406
results demonstrate a new direction of utilizing chemical and 407
thermal coupling reactions between ultrathin carbon materials 408
to accelerate the combustion of Al and potentially oxidation 409

reactions of other materials. 410
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