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5 ABSTRACT: Metal combustion reaction is highly exothermic and is used in energetic
6 applications, such as propulsion, pyrotechnics, powering micro- and nano-devices, and
7 nanomaterials synthesis. Aluminum (Al) is attracting great interest in those applications
8 because of its high energy density, earth abundance, and low toxicity. Nevertheless, Al
9 combustion is hard to initiate and progresses slowly and incompletely. On the other
10 hand, ultrathin carbon nanomaterials, such as graphene, graphene oxide (GO), and
11 graphene fluoride (GF), can also undergo exothermic reactions. Herein, we
12 demonstrate that the mixture of GO and GF significantly improves the performance
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 CFx and CFxOy, 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.

22 KEYWORDS: energetic materials, graphene oxide, graphene fluoride, flash ignition, aluminum combustion

1. INTRODUCTION

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-
28 ical systems, and synthesis of nanomaterials.1−5 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.6 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
34 micron-sized Al (μ-Al),7,8 but n-Al tends to agglomerate and
35 has a larger fraction of inert Al2O3. For example, a 50 nm
36 diameter n-Al particle has about a 2 nm thick Al2O3 shell,
37 occupying 30% of the total n-Al mass. Hence, μ-Al particles are
38 still commonly used in practical applications.9,10 It is highly
39 desirable to improve the combustion performance of μ-Al
40 particles to be similar to n-Al for the aforementioned
41 applications.
42 Recently, we have demonstrated that ultrathin graphene
43 oxide (GO) lowers the ignition energy and increases the
44 energy release rate of μ-Al particles with a Xe lamp flash
45 ignition.11 The enhancement effect of GO is attributed to its

46exothermic disproportionation and oxidation reactions, cata-
47lytic effects,11−14 and excellent light absorption proper-
48ties.15−17 In addition, we showed that the μ-Al/GO composites
49exhibit much better combustion performance than the μ-Al/
50metal oxides (e.g., WO3) thermite mixtures with the same
51weight percentage of μ-Al. Nevertheless, the addition of GO
52inevitably lowers the specific energy density of μ-Al particles. It
53is desirable to increase the energy density of Al/GO while
54maintaining or even improving its combustion performance.
55Fluorination of Al is known to have a much higher heat of
56reaction than that of Al oxidation (55.7 kJ/g vs 35.6 kJ/g).18

57Moreover, fluorine reacts with the native Al2O3 layer to form
58more volatile AlF3, which enhances both the ignition and the
59combustion of Al.19,20 Hence, a potential solution for
60increasing the energy density of Al/GO is to replace some
61GO with fluorine-containing oxidizers. In fact, fluoropolymers,
62such as polytetrafluoroethylene (PTFE) and polyvinylidene
63fluoride, have been used as oxidizers and/or binders in Al-
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64 based energetic composites or as surface-coating materials on
65 Al particles to enhance their energetic performance.21−25 In
66 addition, graphite fluoride (GtF) was shown to enhance the
67 combustion of Al and Mg particles.26,27

68 Here, we investigate a new type of fluorine-containing
69 oxidizer, exfoliated monolayer graphene fluoride (GF),28,29 and
70 combine GF with GO to enhance the combustion performance
71 of μ-Al particles. GF is fully fluorinated graphene, and each
72 carbon atom in the basal plane of GF is sp3 hybridized and
73 bonded with one fluorine atom.30,31 GF has a number of
74 properties suitable for enhancing Al combustion. First, GF
75 contains ∼50 at. % of fluorine, which is comparable to that of
76 PTFE (66.6 at. %) and GtF (∼50 at. %), but all those fluorine
77 atoms in GF are exposed on the surface and easily accessible
78 for reacting with Al. Secondly, GF, similar to GO, has a low
79 density of ∼2.7 g/cm3,32,33 so it helps to keep the specific
80 energy density of the composite high. Finally, GF can be
81 considered energetic as it decomposes and reacts with oxygen
82 in the air at ∼ 400−600 °C, generating CFx and CFxOy species
83 that can further react with Al.34,35

84 In this study, we experimentally and computationally
85 compared the combustion performance of three mixtures: μ-
86 Al/GO, μ-Al/GF, and μ-Al/GO/GF. Motivated by our
87 previous study on the enhanced optical ignition of μ-Al by
88 the intrinsic chemical activity of GO,11 our current study used
89 the chemical and/or thermal coupling effect of GO and GF to
90 enhance the ignition and combustion of μ-Al and further
91 revealed the underlying mechanism responsible for the
92 coupling effect of GO/GF. We found that the combination
93 of GO and GF provides synergistic enhancements for μ-Al
94 ignition and combustion through both Xe flash ignition
95 experiments and reactive molecular dynamics (RMD)
96 simulation. The enhancement mechanism is schematically

f1 97 explained in Figure 1. GO is rapidly heated by the Xe flash

98 lamp through the photothermal effect,36−38 which triggers its
99 exothermic disproportionation and oxidation reactions. Those
100 reactions release heat and oxygenated species to initiate the
101 dissociation of GF, which generates CFx species to further
102 react with GO, releasing more heat and radicals. The
103 interaction between GO and GF produces heat and oxidative
104 radicals that facilitate Al combustion. In addition, we found
105 that GO/GF is more effective than GO/PTFE and GO/GtF in
106 enhancing μ-Al combustion. These results suggest that the
107 mixture of GO/GF is an effective energetic additive to
108 synergistically promote μ-Al combustion. Finally, to our best
109 knowledge, this is the first study demonstrating the chemical
110 and/or thermal couplings between GF and GO.

2. METHODS
1112.1. Material Preparation. Al/GO/GF (80/10/10 wt %)
112composites were prepared by a mechanical mixing method. We first
113sonicated 10 mg of GO powder synthesized by the Hammer’s method
114(0.5−5 μm in diameter, 0.8−1.2 nm in thickness, XFNANO), and 10
115mg of GF powder prepared by high-temperature fluorination of
116graphene by F2 (0.4−5 μm in diameter, 0.8 nm in thickness,
117XFNANO) in ethanol (1 mg/mL) for 2 h, separately. Then, the
118suspensions of GO and GF were mixed together, and the mixture was
119sonicated for another 1 h. Meanwhile, 80 mg of Al particles (3.0−4.5
120μm in diameter, Alfa Aesar) were dispersed in 8 mL of ethanol by
121sonication for 30 min. After that, the GO/GF suspension was added
122to the Al suspension and sonicated for 1 h. The mixture powders were
123collected by filtration and fully dried on a hotplate at 60 °C for 1 h
124and subsequently in a vacuum desiccator for 12 h. We used the same
125method to prepare other samples of GO/GF (50/50 wt %), Al/GO
126(80/20 wt %), Al/GF (80/20 wt %), Al/GO/GtF (80/10/10 wt %),
127and Al/GO/PTFE (80/10/10 wt %). The GtF powders are 4−10 μm
128in diameter and 5−10 nm in thickness (XFNANO), and the PTFE
129powders are 100−200 nm in diameter (DuPont).
1302.2. Thermal Analysis of Samples with Thermogravimetry
131Analysis/Differential Scanning Calorimetry. To investigate the
132thermal behaviors of GO and GF, the evolution of mass and heat flow
133of GO, GF, and GO/GF mixture heated in the air was investigated by
134the combination of thermogravimetry analysis and differential
135scanning calorimetry (TGA/DSC, Setaram LABSYS Evo). In each
136test, an alumina crucible of 100 μL with 4 mg of the sample inside was
137heated at a rate of 10 °C/min from 100 to 800 °C in the air (40
138sccm). The baseline correction of the sample TGA and DSC curves
139was performed by subtracting the TGA and DSC curves of the empty
140alumina crucible with the same heating process. The heat release of
141each exothermic peak was obtained by integrating the peak area
142 f2(illustrated as first ΔH and second ΔH in Figure 2b) of each DSC

143curve. Similar TGA/DSC experiments were also conducted by heating
1445 mg of Al/GO (80/20 wt %) and Al/GO/GF (80/10/10 wt %)
145samples from 100 to 1250 °C to investigate their thermal behaviors.
1462.3. Temperature-Jump (T-Jump) Experiments. GO, GF, and
147GO/GF mixture (50/50 wt %) were analyzed with a T-jump electron
148ionization mass spectrometer.39 The electron energy was set at 70 eV.
149The sample was first dispersed in ethanol and sonicated for 1 h. It was
150then coated onto a Pt filament 76 μm in diameter, which was
151resistively heated to ∼1000 °C in 3 ms at about 2.0 × 10−6 Torr near

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).

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 CxOy
(including CO2, CO, C, and O) and carbon fluorides species (CFx),
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 × 10−6

Torr.
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152 the ionization region of the mass spectrometer. The time-of-flight
153 measurement was triggered by the T-jump heating pulse to measure
154 the gas species released/generated from heating the filament. The
155 temporal voltage and current of the T-jump probe were recorded
156 during heating, allowing resistivity to be obtained and related to
157 instantaneous temperature and mapped against mass spectra.
158 2.4. RMD Simulation of Systems with and without Al. We
159 used the ReaxFF40,41 reactive force field to investigate the chemical
160 reactions of GO, GF, and Al with GO and GF. Because the entire
161 system contains three different types of materials, multiple ReaxFF
162 parameters were merged into a single force field (i.e., Al/C/H/O, C/
163 H/F, and F−O interactions employed by Hong and van Duin,42

164 Rahnamoun and van Duin,43 and Kim et al.,44 respectively). For
165 RMD simulations, we modeled a pre-oxidized Al slab (5126 atoms), a
166 single GO sheet (134 atoms), and a single GF sheet (136 atoms). We
167 used an orthogonal simulation cell of 48.54 Å × 49.47 Å × 155.0 Å
168 that contains the pre-oxidized Al slab model at the bottom, 16 GO/16
169 GF sheets (or 16 GO/16 GF sheets without Al), and 2000 randomly
170 distributed O2 molecules. We applied a wall boundary condition in
171 the z-direction of the simulation domain to prevent reactions between
172 the bottom of the Al slab and gas species. The NVT ensemble (i.e., a
173 constant number of atoms, a constant volume, and a constant
174 temperature) with the Nose−́Hoover thermostat45,46 was applied to
175 the entire system. The detailed conditions of our RMD simulation can
176 be found in our previous work.11

3. RESULTS AND DISCUSSION
177 3.1. Experimental Comparison of Reaction Character-
178 istics of GO, GF, and GO/GF Mixture in Air. We first
179 experimentally compare the reactive and thermal release
180 properties of GO, GF, and GO/GF mixtures in the air in
181 the absence of Al. Those properties were determined under
182 both a slow heating rate (10 °C/min) using TGA and DSC
183 and under a high heating rate (>105 °C/s) using the T-jump
184 electron ionization mass spectrometer.39 The TGA/DSC
185 results are shown in Figure 2a−c, and the T-jump results are
186 shown in Figure 2d. Under the slow heating condition, as
187 shown in Figure 2a−c, pure GO first undergoes disproportio-
188 nation reaction at 200 °C and is further oxidized at 500
189 °C.11,13 In comparison, pure GF starts to dissociate at 420

190°C.34,47 For the mixture of GO and GF with the 1:1 mass ratio,
191its first exothermic peak (first ΔH in Figure 2b) starts around
192200 °C, similar to GO, and the second exotherm (second ΔH
193in Figure 2b) starts at ∼400 °C, which is earlier than both the
194second exothermic (oxidation) peak of GO and the
195dissociation peak of GF. Additionally, the residual mass
196fraction for GO/GF is 12.6% at 800 °C after all the reactions
197end, which is smaller than the average of pure GO and GF
198(∼18.2% = (26.3% + 10.1%)/2), suggesting that more GO and
199GF have reacted to form gaseous products. Similarly, the
200amount of heat release integrated from the second exotherm
201(second ΔH in Figure 2b) in GO/GF (9.36 kJ/g) is larger
202than those in GO and GF (8.58 and 7.50 kJ/g, respectively), as
203shown in Figure 2c. In summary, the GO/GF mixture
204produces more gaseous products and releases more heat than
205the average values of two separated components, indicating a
206synergistic effect between GO and GF.
207Similar to the TGA/DSC observations, the fast-heating T-
208jump time-of-flight mass spectrometry (TOFMS) experiments
209also show a synergistic effect between GO and GF (Figure 2d).
210The T-jump experiments provide onset temperatures for both
211CxOy species (e.g., CO2, CO, C, and O) and CFx species. First,
212pure GO has an onset temperature for CxOy of 373 ± 50 °C.
213Most of the signal for CxOy comes from the thermal reaction/
214decomposition product of the GO sample, and a small portion
215of C and O ion signals are from the fragmentation of CO2 and/
216or CO; second, pure GF has only one onset temperature
217around 717 ± 50 °C, where mainly CFx species are released
218from the dissociation of GF, while a small amount of CxOy

219species are also detected resulting from the oxygen residue in
220the system. Finally, the mixture of GO/GF (50/50 wt %) has a
221similar onset temperature of 362 ± 50 °C for CxOy as GO, but
222the onset temperature for CFx (622 ± 50 °C) is about 95 °C
223lower than that of GF. This behavior is very similar to the
224TGA/DSC onset temperatures (Figure 2a,b). As such, both
225TGA/DSC and T-jump experiments confirm that the presence
226of GO facilitates the dissociation of GF.

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 O2 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 CFx species by O2 molecule or GO, derived by RMD simulations (green, C atoms; red, O atoms; blue, F atoms; yellow, H atoms).
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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 O2

f3 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 t = 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
246 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 CFx radicals. CFx radicals can be
251 oxidized by gaseous O2 to produce O and CFxOy radicals, a
252 radical branching reaction. CFx radicals can also be oxidized by
253 O atoms on GO to form CFxOy 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 μ-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 μ-Al combustion by
265 studying Al burning behavior to check the mechanism

266illustrated in Figure 1. We choose five control samples, all at
26780 wt % of μ-Al particles with a diameter of 3.0−4.5 μm and 20
268wt % of additives. The five additives are GO (20 wt %), GF
269(20 wt %), GO/GF (10/10 wt %), GO/GtF (10/10 wt %),
270and GO/PTFE (10/10 wt %). The two other fluorine-
271containing additives, GtF and PTFE, were included for
272comparison with GF. GtF is the bulk form of GF and has
273been reported as an effective additive for metal combustion as
274aforementioned.26,27 PTFE is a widely studied oxidizer for Al
275combustion.48 All the samples were pressed into pellets with a
276packing porosity of ∼83% and ignited by a Xe flash unit
277(AlienBees B1600). The experimental setup was illustrated in
278our previous work.11 The flash pulse duration was about 5 ms
279and its integrated output power was about 2.1 J/cm2.
280 f4Figures 4a and S1 show the high-speed video snapshots of
281the burning process of those five samples. First, all samples,
282except Al/GF, can be ignited by the Xe flash lamp, indicating
283that GO is critical for the optical initiation due to its strong
284light absorption property. GF is transparent and cannot absorb
285much energy from the Xe flash lamp. Second, the Al/GO/GF
286(80/10/10 wt %) sample shows the most violent burning
287among all five samples. This suggests the synergistic benefits of
288GO/GF and also shows that GF exhibits a stronger enhancing
289effect for Al/GO combustion than GtF and PTFE. The
290comparison between Al/GO/GF and Al/GO/GtF implies that
291the ultrathin fluorinated graphene is more effective than the
292bulk fluorinated graphite, probably due to the higher specific
293surface area, finer dispersion, and easier access to F of GF.
294However, the performance of Al/GO/GF is also better than
295that of Al/GO/PTFE, suggesting that GF is superior to the
296popular PTFE to improve the energetic performance of Al.
297Next, we quantitatively compare the burning properties of
298these five samples by determining their dynamic pressure−
299time traces measured in a constant-volume glass vial. The
300details of the burning experimental setup can be found in our
301previous works.11,49 Briefly, 20 mg of sample powders were
302packed into a pellet with a porosity of ∼83% in a 20 mL glass
303vial with ambient air inside. The vial was placed on top of the
304Xe flash unit, the samples were ignited at full power (2.1 J/

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/cm2); (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 J/cm2).
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305 cm
2), 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

309samples, except Al/GF, since Al/GF cannot be ignited. The

310peak pressures in Figure 4b and the peak optical intensity are

311summarized in Figure 4c. The Al/GO/GF (80/10/10 wt %)
312mixture exhibits the highest peak pressure, pressure rise rate,

Figure 5. 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 Al2O3 nanoparticles and
AlF3 nanocubes is confirmed by combining SEM and XRD results.

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 O2 at 2500 K at t = 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.
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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/PTFE. 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-

f5 326 terized to understand the combustion process. Figure 5a−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 μm,
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 5b,c), which are supposed to be Al2O3.
335 There are some sub-micron-sized cubes in the products
336 (Figure 5c), 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 5d). The main products are Al2O3 and
341 Al4C3 for all Al composites with GO and different fluorine-
342 containing additives. The Al/GO/GF sample shows an
343 obvious peak of AlF3. The formation of AlF3 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.50,51 The formation of AlF3 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 μ-Al Oxidation with GO, GF,
351 and GO/GF as Additives. To understand the effect of GO/
352 GF interaction on μ-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 O2 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 t =

f6 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 CFx and CFxOy species released/oxidized
375 from GF facilitate Al oxidation/fluorination, but the dissoci-

376ation and oxidation of GF are not as exothermic as the
377disproportionation and oxidation of GO, which is also
378consistent with the thermal analysis (Figure 2b,c). Interest-
379ingly, the relative potential energy in the Al/GO/GF mixture
380drops the fastest (Figure 6f), yielding the highest amount of
381energy release among the three systems. This suggests that the
382Al/GO/GF system reacts faster and releases more heat than
383Al/GO and Al/GF (Figures 6d−f and S4a−c for comparison).
384These trends in the RMD simulations agree with our
385experimental observations. The energetic performance of Al
386particles is effectively enhanced with the mixture of the GO/
387GF sheets. Replacing the GO sheets with the GF sheets does
388not greatly improve the combustion of the Al particles. Only
389when both GO and GF are present, the ejected CFx species
390could react with the GO sheets, in addition to O2, to produce
391more CFxOy to react with Al, forming Al−O bonds faster
392(Figures 6e and S4).

4. CONCLUSIONS
393In summary, we conducted both experimentally thermal
394analysis and RMD simulations to investigate the synergistic
395chemical and thermal interactions between GO and GF. The
396dissociation of GF generates CFx species, which are readily
397oxidized by GO, forming CFxOy radicals. In other words, GO
398reacts with GF through radical reactions that facilitate the
399breakdown of GF and GO to release heat more rapidly. Since
400the interaction between GO and GF generates oxidative
401radicals and heat, this coupling was further used to accelerate
402the combustion (i.e., oxidation) process of μ-Al particles. We
403found that the Al/GO/GF composites exhibit improved
404energetic properties in terms of higher and faster pressure
405generation and stronger optical emission than Al/GO, Al/GF,
406and Al/GO/other fluorine-containing nanomaterials. These
407results demonstrate a new direction of utilizing chemical and
408thermal coupling reactions between ultrathin carbon materials
409to accelerate the combustion of Al and potentially oxidation
410reactions of other materials.
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605 Zborǐl, R. Halogenated Graphenes: Rapidly Growing Family of
606 Graphene Derivatives. ACS Nano 2013, 7, 6434−6464.

(32)607 Han, S. S.; Yu, T. H.; Merinov, B. V.; van Duin, A. C. T.;
608 Yazami, R.; Goddard, W. A. Unraveling Structural Models of Graphite
609 Fluorides by Density Functional Theory Calculations. Chem. Mater.
610 2010, 22, 2142−2154.

(33)611 Belenkov, M. E.; Chernov, V. M.; Belenkov, E. A. Structure of
612 Fluorographene and Its Polymorphous Varieties. J. Phys.: Conf. Ser.
613 2018, 1124, 022010.

(34)614 Gong, P.; Wang, Z.; Wang, J.; Wang, H.; Li, Z.; Fan, Z.; Xu, Y.;
615 Han, X.; Yang, S. One-Pot Sonochemical Preparation of Fluorogra-
616 phene and Selective Tuning of Its Fluorine Coverage. J. Mater. Chem.
617 2012, 22, 16950−16956.

(35)618 Robinson, J. T.; Burgess, J. S.; Junkermeier, C. E.; Badescu, S.
619 C.; Reinecke, T. L.; Perkins, F. K.; Zalalutdniov, M. K.; Baldwin, J.
620 W.; Culbertson, J. C.; Sheehan, P. E.; Snow, E. S. Properties of
621 Fluorinated Graphene Films. Nano Lett. 2010, 10, 3001−3005.

(36)622 Ohkura, Y.; Rao, P. M.; Zheng, X. Flash Ignition of Al
623 Nanoparticles: Mechanism and Applications. Combust. Flame 2011,
624 158, 2544−2548.

(37) 625Ohkura, Y.; Rao, P. M.; Sun Cho, I.; Zheng, X. Reducing
626Minimum Flash Ignition Energy of Al Microparticles by Addition of
627WO3 Nanoparticles. Appl. Phys. Lett. 2013, 102, 043108.

(38) 628Yang, F.; Zhang, Y.; Yang, X.; Zhong, M.; Yi, Z.; Liu, X.; Kang,
629X.; Luo, J.; Li, J.; Wang, C.-Y.; Zhao, H.-B.; Fu, Z.-B.; Tang, Y.-J.
630Enhanced Photothermal Effect in Ultralow-Density Carbon Aerogels
631with Microporous Structures for Facile Optical Ignition Applications.
632ACS Appl. Mater. Interfaces 2019, 11, 7250−7260.

(39) 633Zhou, L.; Piekiel, N.; Chowdhury, S.; Zachariah, M. R. T-
634Jump/Time-of-Flight Mass Spectrometry for Time-Resolved Analysis
635of Energetic Materials. Rapid Commun. Mass Spectrom. 2009, 23,
636194−202.

(40) 637van Duin, A. C. T.; Dasgupta, S.; Lorant, F.; Goddard, W. A.
638ReaxFF: A Reactive Force Field for Hydrocarbons. J. Phys. Chem. A
6392001, 105, 9396−9409.

(41) 640Senftle, T. P.; Hong, S.; Islam, M. M.; Kylasa, S. B.; Zheng, Y.;
641Shin, Y. K.; Junkermeier, C.; Engel-Herbert, R.; Janik, M. J.; Aktulga,
642H. M. The ReaxFF Reactive Force-Field: Development, Applications
643and Future Directions. npj Comput. Mater. 2016, 2, 15011.

(42) 644Hong, S.; van Duin, A. C. T. Atomistic-Scale Analysis of
645Carbon Coating and Its Effect on the Oxidation of Aluminum
646Nanoparticles by ReaxFF-Molecular Dynamics Simulations. J. Phys.
647Chem. C 2016, 120, 9464−9474.

(43) 648Rahnamoun, A.; van Duin, A. C. T. Reactive Molecular
649Dynamics Simulation on the Disintegration of Kapton, POSS
650Polyimide, Amorphous Silica, and Teflon During Atomic Oxygen
651Impact Using the ReaxFF Reactive Force-Field Method. J. Phys. Chem.
652A 2014, 118, 2780−2787.

(44) 653Kim, S.-Y.; van Duin, A. C. T.; Kubicki, J. D. Molecular
654Dynamics Simulations of the Interactions between TiO2 Nano-
655particles and Water with Na+ and Cl−, Methanol, and Formic Acid
656Using a Reactive Force Field. J. Mater. Res. 2013, 28, 513−520.

(45) 657Nose,́ S. A Unified Formulation of the Constant Temperature
658Molecular Dynamics Methods. J. Chem. Phys. 1984, 81, 511−519.

(46) 659Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space
660Distributions. Phys. Rev. A: At., Mol., Opt. Phys. 1985, 31, 1695.

(47) 661Wang, X.; Dai, Y.; Wang, W.; Ren, M.; Li, B.; Fan, C.; Liu, X.
662Fluorographene with High Fluorine/Carbon Ratio: A Nanofiller for
663Preparing Low-κ Polyimide Hybrid Films. ACS Appl. Mater. Interfaces
6642014, 6, 16182−16188.

(48) 665Collins, E. S.; Skelton, B. R.; Pantoya, M. L.; Irin, F.; Green, M.
666J.; Daniels, M. A. Ignition Sensitivity and Electrical Conductivity of
667An Aluminum Fluoropolymer Reactive Material with Carbon
668Nanofillers. Combust. Flame 2015, 162, 1417−1421.

(49) 669Huang, S.; Deng, S.; Jiang, Y.; Zheng, X. Experimental Effective
670Metal Oxides to Enhance Boron Combustion. Combust. Flame 2019,
671205, 278−285.

(50) 672Wang, H.; Kline, D. J.; Rehwoldt, M.; Wu, T.; Zhao, W.; Wang,
673X.; Zachariah, M. R. Architecture Can Significantly Alter the Energy
674Release Rate from Nanocomposite Energetics. ACS Appl. Polym.
675Mater. 2019, 1, 982−989.

(51) 676Kostoglou, N.; Emre Gunduz, I.; Isik, T.; Ortalan, V.;
677Constantinides, G.; Kontos, A. G.; Steriotis, T.; Ryzhkov, V.;
678Bousser, E.; Matthews, A.; Doumanidis, C.; Mitterer, C.; Rebholz,
679C. Novel Combustion Synthesis of Carbon Foam-Aluminum Fluoride
680Nanocomposite Materials. Mater. Des. 2018, 144, 222−228.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.9b20397
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H

https://dx.doi.org/10.1021/jp308620t
https://dx.doi.org/10.1021/jp308620t
https://dx.doi.org/10.1021/jp308620t
https://dx.doi.org/10.1002/adem.201801330
https://dx.doi.org/10.1002/adem.201801330
https://dx.doi.org/10.1002/adem.201801330
https://dx.doi.org/10.1021/acsami.5b05238
https://dx.doi.org/10.1021/acsami.5b05238
https://dx.doi.org/10.1021/acsami.5b05238
https://dx.doi.org/10.1016/j.combustflame.2008.06.003
https://dx.doi.org/10.1016/j.combustflame.2008.06.003
https://dx.doi.org/10.1016/j.combustflame.2008.06.003
https://dx.doi.org/10.1038/s41598-017-04758-7
https://dx.doi.org/10.1038/s41598-017-04758-7
https://dx.doi.org/10.1002/adem.201700409
https://dx.doi.org/10.1002/adem.201700409
https://dx.doi.org/10.1002/adma.201806575
https://dx.doi.org/10.1002/adma.201806575
https://dx.doi.org/10.1002/prep.200500007
https://dx.doi.org/10.1002/prep.200500007
https://dx.doi.org/10.1002/prep.200500007
https://dx.doi.org/10.1002/prep.201200202
https://dx.doi.org/10.1002/prep.201200202
https://dx.doi.org/10.1002/prep.201200202
https://dx.doi.org/10.1002/advs.201500413
https://dx.doi.org/10.1002/advs.201500413
https://dx.doi.org/10.1002/advs.201500413
https://dx.doi.org/10.1002/smll.201001555
https://dx.doi.org/10.1021/jp303279r
https://dx.doi.org/10.1021/jp303279r
https://dx.doi.org/10.1021/nn4024027
https://dx.doi.org/10.1021/nn4024027
https://dx.doi.org/10.1021/cm903760t
https://dx.doi.org/10.1021/cm903760t
https://dx.doi.org/10.1088/1742-6596/1124/2/022010
https://dx.doi.org/10.1088/1742-6596/1124/2/022010
https://dx.doi.org/10.1039/c2jm32294c
https://dx.doi.org/10.1039/c2jm32294c
https://dx.doi.org/10.1021/nl101437p
https://dx.doi.org/10.1021/nl101437p
https://dx.doi.org/10.1016/j.combustflame.2011.05.012
https://dx.doi.org/10.1016/j.combustflame.2011.05.012
https://dx.doi.org/10.1063/1.4790152
https://dx.doi.org/10.1063/1.4790152
https://dx.doi.org/10.1063/1.4790152
https://dx.doi.org/10.1021/acsami.8b17803
https://dx.doi.org/10.1021/acsami.8b17803
https://dx.doi.org/10.1002/rcm.3815
https://dx.doi.org/10.1002/rcm.3815
https://dx.doi.org/10.1002/rcm.3815
https://dx.doi.org/10.1021/jp004368u
https://dx.doi.org/10.1038/npjcompumats.2015.11
https://dx.doi.org/10.1038/npjcompumats.2015.11
https://dx.doi.org/10.1021/acs.jpcc.6b00786
https://dx.doi.org/10.1021/acs.jpcc.6b00786
https://dx.doi.org/10.1021/acs.jpcc.6b00786
https://dx.doi.org/10.1021/jp4121029
https://dx.doi.org/10.1021/jp4121029
https://dx.doi.org/10.1021/jp4121029
https://dx.doi.org/10.1021/jp4121029
https://dx.doi.org/10.1557/jmr.2012.367
https://dx.doi.org/10.1557/jmr.2012.367
https://dx.doi.org/10.1557/jmr.2012.367
https://dx.doi.org/10.1557/jmr.2012.367
https://dx.doi.org/10.1063/1.447334
https://dx.doi.org/10.1063/1.447334
https://dx.doi.org/10.1103/physreva.31.1695
https://dx.doi.org/10.1103/physreva.31.1695
https://dx.doi.org/10.1021/am5042516
https://dx.doi.org/10.1021/am5042516
https://dx.doi.org/10.1016/j.combustflame.2014.11.008
https://dx.doi.org/10.1016/j.combustflame.2014.11.008
https://dx.doi.org/10.1016/j.combustflame.2014.11.008
https://dx.doi.org/10.1016/j.combustflame.2019.04.018
https://dx.doi.org/10.1016/j.combustflame.2019.04.018
https://dx.doi.org/10.1021/acsapm.9b00016
https://dx.doi.org/10.1021/acsapm.9b00016
https://dx.doi.org/10.1016/j.matdes.2018.02.021
https://dx.doi.org/10.1016/j.matdes.2018.02.021
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.9b20397?ref=pdf

