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ABSTRACT

The energetic performance of aluminum(Al)-based nanothermite composites is hindered by the native
alumina shell on the surface of Al nanoparticles. To maximize the energetic release and lower the reaction
temperature between Al and metal oxide nanoparticles, a novel fluorine and oxygen co-functionalized
graphene (FGO) is reported. The material was synthesized by gas-solid reaction between graphene oxide
paper and XeF, gas. The stability of FGO in atmospheric humidity, heating, and exfoliation by sonication
in different solvents were obtained by FTIR and SEM-EDS. The FGO contained both unstable acyl fluoride
groups and stable carbon-fluorine covalent/semi-ionic bonds in its structure. The FGO was introduced as a
functional additive in an Al/Bi; O3 nanothermite composite, leading to a heat of reaction heat of 1123 J/g,
58% greater than that from loose Al/Bi,O3; powder. The reaction completed before reaching the melting
temperature of Al, indicating a novel all-solid-state reaction between Al and Bi,0s. The decreased reaction
temperature is attributed to fluorine etching of the native alumina shell surrounding the Al nanoparticle

fuel.

© 2020 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Following the fluorination of bulk graphite in 1934 [1], explo-
ration of fluorinated carbon-based materials has steadily increased
[2,3]. Fluorographite [4,5], which is commonly used as a lubricant
[6], biomolecular sensing agent [7], and cathode in lithium cell [8],
is prepared by bonding fluorine to sp? carbon materials. Fluorine-
functionalized polymers, consisting of fluorine atoms bonded to
a carbon skeleton, form the basis commonly-used materials such
as polytetrafluoroethylene (PTFE) [9-11]. More recently, fluorina-
tion of carbon nanomaterials such as Cgy [12], carbon nanotubes
[13,14] and graphene [15,16] has been demonstrated. Graphene
has been widely researched to exploit its high thermal and elec-
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trical conductivity, mechanical strength, and unique optical prop-
erties [17,18]. These properties are altered after fluorination due
to the strong electronegativity of fluorine. As a result, fluorinated
graphene has been applied in high-performance supercapacitors
[19], anode material for lithium-ion batteries [20], optical limiting
devices [21], and transistors [22].

Various methods have been developed to obtain fluorinated
graphene with different F/C ratios [23]. Gas-solid reactions be-
tween F, and graphene oxide (GO) [24], or between XeF, and
chemical vapor deposition (CVD) graphene [15,25] generated flu-
orinated graphene with an F/C ratio approaching unity. Plasma flu-
orination of graphene and GO using inorganic fluorine compounds
such as SFg [26], CF4 [27] or argon/F, [28], provided a mild F/C
ratio up to 0.3. Other chemical methods such as hydrothermal
(F/C up to 0.48) [29,30] and photochemical fluorination (F/C up
to 0.33) [31], or physical exfoliation of fluorographite (F/C up to
1.00) [32,33] were also employed to obtain fluorinated graphene.
Of these techniques, gaseous fluorination provided the highest ca-
pacity and controllability for fluorine loading; however, the toxic-
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Nomenclature

GO graphene oxide

FGO fluorinated graphene oxide
XeF, xenon difluoride

NaNO3 sodium nitrate

KMnO4 potassium permanganate

H,0, hydrogen peroxide

IPA isopropanol/isopropyl alcohol

THF tetrahydrofuran

PC propylene carbonate

PTFE polytetrafluoroethylene

THV terpolymer of tetrafluoroethylene, hexafluoropropy-
lene and vinylidene fluoride

CVD chemical vapor deposition

FTIR Fourier-transform infrared spectroscopy

DSC differential scanning calorimetry

TGA THERMOGRAVIMETRIC analysis
XRD x-ray powder diffraction

ity of F, gas limits its wide application [24]. Previous investigation
of XeF, has been limited to CVD graphene, leading to fluorinated
graphene without oxygen functional groups, limiting its further
applications [25]. Fluorinating GO using XeF, has not previously
been previously reported and may facilitate partial retention of
oxygen functional groups and enable the production of chemically
functionalized fluorinated graphene oxide (FGO).

While graphene and GO scaffolds have been recently been uti-
lized to increase the energy release and reaction rate in nanoth-
ermite materials [34-37], fluorinated graphene has not previously
been examined in this way. A typical nanothermite material is a
binary mixture composed of a solid-state fuel (Al, Mg, Si, B, etc.)
and a nanoparticle oxidizer (normally metal oxide). Al-based nan-
othermites are widely investigated because of the abundance of Al,
and its large mass-specific energy release [38]. The native alumina
shell on the surface of Al nanoparticles, however, severely restricts
access to the Al core and reduces the reaction rate of the mate-
rial. The role of the rigid shell in the reaction mechanism is not
fully understood, complicating the optimization of Al-based nan-
othermite composites [39-41]. Fluorine species may exothermally
react with and etch the alumina shell in a nanothermite compos-
ite, allowing both access of the Al core to external species and the
diffusion of Al from the shell. The al fuel may then react with oxi-
dizer, even below the Al melting temperature. These so-called pre-
ignition reactions between the alumina shell and fluorine species
have been observed during the decomposition of fluoropolymers
such as PTFE and THV [42,43]. Delivery of fluorine species to Al
fuel particles by other constituent materials, such as fluorinated
graphene or GO, has not been explored.

Here we report a parametric study of GO fluorination using
XeF,, with a targeted application in nanothermite composites. The
FGO samples contained both fluorine functional groups and oxy-
gen functional groups, enabling further functionalization and mod-
ification of the material with additional processing. Using FTIR and
XRD, functionalized samples were found to undergo changes of
functional groups such as the hydrolysis of acyl fluoride groups in
air. The release of fluorine from the material with heating was con-
firmed by mass spectrometry, TGA, and EDS. The FGO material was
then utilized as an additive for both Al nanoparticles and Al/Bi;03
nanothermite composites. DSC results indicate the FGO enhanced
the energetic performance and decreased the reaction temperature
for Al-based nanothermites.

2. Experimental details

GO paper was produced by the modified Hummer’'s method
[34]. In brief, 1 g graphite (xGnP science, 5 pm) and 1 g NaNO;
(Aldrich) were dispersed in concentrated 46 mL H,SO4 (Fluka)
cooled by ice/water bath under magnetic stirring. Next, 6 g of
KMnOy4 (Aldrich) was gradually added to the mixture while keep-
ing the dispersion under 20 °C. Subsequently, the mixture was
heated to 35 °C for a duration of 1 h. 80 mL of water was added,
and the mixture was heated to 80 °C for 30 min. After cooling,
6 mL H,0, (Fluka) was added to the mixture to terminate the re-
action. The GO product was then purified by repeatedly washing
with water and centrifugation until the resultant supernatant turns
neutral. Finally, the dispersion was sonicated in water at a concen-
tration of approximately 3 mg/mL and dried at 70 °C overnight to
obtain GO paper.

A custom-built pulsed xenon difluoride (XeF,) reaction sys-
tem was used for the fluorination of GO paper. XeF, in its vapor
phase is pulsed into the reacting chamber until the pressure in the
chamber reached 3000 mTorr, and the reaction of GO paper with
XeF, was carried out for 10 min before the reaction chamber was
purged with N, to complete one cycle of the pulsed reaction. Two
sets of fluorinated GO paper were synthesized under room tem-
perature, one with 130 pulsed cycles corresponding to 1300 min
of XeF, treatment, labeled as FGO-I, and the other with 270 cycles
corresponding to 2700 min of XeF, treatment, labeled as FGO-IL
After reaction, the samples were stored in a desiccator at approxi-
mately 15% humidity and 25 °C before further characterization.

GO/Al and FGO/Al samples were prepared using the following
procedure. FGO samples were used immediately after XeF, treat-
ment. GO and FGO were first dispersed in isopropanol (IPA, anhy-
drous grade, Fluka) at a concentration of 2 mg/mL by sonication
for 5 h. Separately, Al nanoparticles (Novacentrix, 80 nm average
diameter with 2.2 nm Al,03 shell, 79% reactive) were dispersed in
IPA at a concentration of 20 mg/mL for 4 h. The Al dispersion was
then added to the FGO or GO dispersion in pre-determined quan-
tities, and sonication for an additional 4 h. The mixture was then
dried under vacuum.

Al/Bi, O3 nanothermite (Al/Bi,O3 equivalence ratio = 1.4) was
synthesized by 5-hour sonication. Bi,O; nanoparticles (Aldrich,
200 nm) were first sonicated in IPA (400 mg in 1.2 mL) for 1 h.
Thereafter, 82 mg of Al nanoparticles were added directly to the
Bi, O3 /IPA dispersion and sonicated for an additional 4 h. The dis-
persion was then dried under vacuum [34].

The FGOJ/AI/Bi,O3 and GO/Al/Bi,O3 nanothermite composite
were prepared by a similar 9-h sonication process. FGO was dis-
persed in IPA at a concentration of 2 mg/mL by sonication for 5 h.
Simultaneously, Al /Bi;O3 was prepared in IPA using the 5-h son-
ication process described above. The Al/Bi;03 dispersion was then
added to the FGO dispersions and sonicated for an additional 4 h.
The mixture was then dried under vacuum. FGO and GO occupied
5% of total mass in the nanothermite composite, and the equiv-
alence ratio between Al and Bi,O; was 1.4 (fuel rich). A control
Al/Bi, O3 sample was also prepared separately to compare the en-
ergy release with the FGO/Al/Bi, 03 and GO/Al/Bi, O3 sample.

Thermogravimetry and differential scanning calorimetry (DSC-
TGA) was carried out (TA Instruments SDT-Q600) at a heating rate
of 20 °C min~! under argon flow at 200 mL min~!. Samples were
placed in Pt crucibles during heating.

Fourier-transform infrared spectroscopy (FTIR) spectrum was
measured by a Thermo Nicolet Nexus 4700 FTIR spectrometer. At-
tenuated total reflectance (ATR) was carried out on a germanium
stage.

Mass spectrometry was carried out by a T-jump [44] mass spec-
trometry hybrid system. The FGO sample was dispersed in IPA and
coated on a Pt filament. The Pt filament was heated at a rate of
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Fig. 1. Optical pictures of GO (A) FGO-I right after XeF, treatment (B) and after 3 days in desiccator (15% humidity) (C).

~3 x 10° K/s, producing decomposition products which were ion-
ized at 70 eV and analyzed by a time-of-flight mass spectrometer.

X-ray diffraction (XRD) patterns were recorded on a Rigaku
Ultima IV powder X-ray diffractometer operated at 44 kV and
44 mA using a copper X-ray radiation (% = 1.5438 A). Samples were
scanned from 5° to 60° (26) with a step size of 0.02° and at a scan-
ning speed of 2°/min.

X-ray Energy Dispersive Spectroscopy (EDS) was analyzed by
using Bruker Quantax 200 Silicon Drift Detector with Xflash6 with
a FEI Quanta 600 FEG Environmental Scanning Electron Micro-
scope. Measurements were taken at low vacuum mode at 50 Pa
water vapor to compensate the low conductivity of the material.

3. Results and discussion

GO paper underwent a color change as a result of the XeF, flu-
orination process, as shown in Fig. 1. The initial GO paper was dark
brown (Fig. 1(A)). After 1300 min of XeF, treatment, the FGO paper
was a light, translucent yellow (Fig. 1(B)), similar to fluorination of
GO by F, [24]. After three days in a desiccator chamber, the FGO
paper turned light brown, indicating further composition change
(Fig. 1(C)). The FGO-II sample (2700 min exposure) showed a sim-
ilar color change.

FTIR measurements showed distinct changes in the chemical
structure of GO after reaction with XeF,, as shown in Fig. 2(A).
The strong peak present in GO located at 3000-3700 cm™~!, corre-
sponds to the O-H stretching in C—-OH groups and —-COOH groups,
was significantly reduced in FGO-I after reaction with XeF, for
1300 min, and almost disappeared in FGO-II after 2700 min, indi-
cating the replacement of hydroxyl groups by fluoride groups. Pre-
vious reports showed that the bonded hydrogen atoms in macro-
molecules, such as polymers, could be readily substituted by fluo-
rine [45], and the potential HF product might further catalyze the
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fluorination reaction [46]. The absorption band at 1730 cm~!, at-
tributed to the C=0 stretching in the GO structure, remained simi-
lar after XeF, treatment, indicating no significant reaction between
the carbonyl groups in GO and XeF,. The asymmetric and symmet-
ric stretching of —COO- in the carboxyl acid groups in GO, shown
by the absorption bands at 1620 cm~! and 1420 cm~ respectively,
were reduced significantly after reaction. Correspondingly, an ex-
tra absorption band appeared at 1840 cm~!, representing the C=0
stretching in acyl fluoride (F-C=0), produced by the substitution
of —OH groups in carboxyl acid by fluorine atoms. The absorption
bands for stretching of the C-0 bond in C-O-C and C-OH groups at
1220 cm~! and 1050 - 1060 cm~! were also diminished. The sharp
peak at 1235 cm~! reflects the formation of C-F covalent bond-
ing, the chemical bond between fluorine and sp3 hybridized car-
bon. The peak near 1140 cm~! in FGO-I revealed the formation of
the semi-ionic C-F bond between fluorine and sp? hybridized car-
bon, which was also found in the carbon fluorinated nanotube pro-
duced below 100 °C [23,47]. In FGO-II, the peak shifted to around
1100 cm~!, indicating the formation of CFy (x>1) in the structure.
The presence of these unique peaks indicated the successful fluori-
nation of GO after fluorination reaction by using XeF, gas for 1300
or 2700 min. A scheme of the reaction is included in Fig. 2(B).
The XRD results of GO and FGO-I are shown in supporting in-
formation (Fig. S1 and Table S1). The XRD spectra of GO and FGO-I
was measured in the range of 5°-60° and both the samples shows
a peak (001) at 260 ~ 10.5°. Due to fluorination of GO, there is
small change in the peak (001) value. It is postulated that oxygen-
containing groups in the stacking were replaced by fluorine atoms,
thereby changing the interlayer distance (d) shown in the Table S1.
It is also noted that the FWHM of FGO increased, an indication of
a lower degree of crystallinity as compared to GO. Due to a small
change in the interlayer distance (d), the majority of oxygen func-

C=0 mostly keeps unreacted

Fig. 2. FTIR curves of GO, FGO-I (1300 min) and FGO-II (2700 min) (A) and scheme of reactions during the XeF, treatment (B).
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Fig. 3. FTIR curves of GO and FGO-I (Reacted with XeF, for 1300 min) after storage
in a desiccator.

tional groups remained in the structure, suggesting only minor in-
corporation of fluorine atoms during the XeF, treatment of GO.

FTIR was also employed to investigate the stability in the FGO
structure with time when stored in a desiccator environment (~15%
humidity), as shown in Fig. 3. After 3 days stored in the desiccator,
the absorption band of C=0 stretching in acyl fluoride (1840 cm~1)
was significantly reduced, remaining only as a small shoulder due
to the hydrolysis reaction of acyl fluoride groups with free water
in atmosphere (-COF + H,0 — -COOH + HF). The -OH absorption
band from 3200 to 3700 cm~! slightly increased due to the same
process. Additionally, the sharp C-F covalent peak at 1235 cm™!
was reduced, and the C-F semi-ionic peak around 1140 cm~! also
shifted to around 1170 cm~!, indicating the decomposition of some
C-F bonds in the structure. This result corresponds with the re-
sults reported by Stine et al. that fluorine bonded with the basal
plane of carbon decomposed with storage time [25]. A small shoul-
der also appeared at 1060 cm~!, indicating the formation of more
C-OH groups during storage. Therefore, after GO was fluorinated
by XeF,, reactions with residual atmospheric water vapor lead to
a gradual loss of the fluorine functional groups and a return back
to a structure similar to GO. The scheme of the material change
during storage is included in Figure S2.

DSC-TGA was also carried out to measure the thermal stabil-
ity of FGO samples with time. Results are shown in Fig. 4. Neat
GO paper was examined as a baseline. The GO paper decomposed
exothermically from 150 °C to 300 °C, with a peak energy release
at 178 °C. Newly prepared FGO-I samples began losing mass at
245 °C, while samples stored in a desiccator for 2 weeks began los-
ing mass at 219 °C, as shown in Fig. 4(B). The mass loss of GO and
exothermal reactions were attributed to the decomposition process
of oxygen-containing functional groups, including hydroxyl, epox-
ide, carbonyl and carboxyl groups. Fig. 4(B) shows that the mass
loss can be divided into two different stages. Stage I is from 150 °C
to around 210 °C, represented by a peak in the differential ther-
mal gravimetry (DTG) curve in Fig. 4B, indicating the evaporation
of trapped water and removal of labile oxygen functional groups
such as epoxyl or hydroxyl groups in the basal plane of graphene
[48,49]. Stage Il occurred from 210 °C to about 300 °C and re-
flected a slower mass loss. The removal of more stable oxygen
functional groups, such as carboxyl and carbonyl groups, occurred
in this stage. In the DTG curve of the FGO-I sample shortly after
fluorination in Fig. 4(B) (Day 1), the initiation of mass loss occurred

Table 1
Composition of FGO-I after heating to different temperatures by SEM-EDS.

Temperature Element content (atomic) Element ratio
Carbon (%) Oxygen (%) Fluorine (%) Cc/0 F/O
No heating 51.5 36.9 11.0 1.43 0.306
150 °C 54.8 37.6 6.8 1.43 0.180
300 °C 68.5 27.6 24 2.48 0.085
450 °C 77.2 20.6 0.6 3.74 0.027
600 °C 834 14.7 0.4 5.66 0.028

at 210 °C, indicating that most labile epoxyl and hydroxyl groups
had been removed from the structure during XeF, treatment. Af-
ter 16 days of storage, the decomposition temperature of FGO-I re-
duced to 219 °C, indicating that some of the fluorinated groups de-
composed during storage. Meanwhile, the temperature associated
with peak energy release also decreased in FGO-I sample with stor-
age time based on DSC results, shown in Fig. 4C. The total energy
release also decreased with storage, revealing that some fluorine
functional groups were unstable at room temperature. The mate-
rial reacted spontaneously and reached a state with lower energy.
Note that a trend towards decreased decomposition temperature,
reaction temperature, and energy loss are observed for intermedi-
ate days of desiccator storage. More detailed change in functional
groups will be discussed below with FTIR results.

FGO-II showed similar DSC-TGA trends, as observed in Figure
S3. The FGO-II sample contained a greater quantity of fluorine and
produced a greater decomposition temperature compared to FGO-I
at comparable storage times. The integrated energy release during
decomposition, the peak temperature of mass loss and the peak
temperature of heat release reduced significantly after 2 weeks of
storage. It also confirmed that XeF,-treated GO might return to a
structure similar to GO during storage due to the reaction and de-
composition of some fluorine functional groups. However, the DSC-
TGA data after Day 1 and Day 7 of storage were very similar. This
result is in contrast to those of FGO-I which showed a significant
difference even after 3 days of storage. Therefore, increased fluo-
rine content seems to have increased the stability of FGO to mois-
ture.

To further investigate FGO decomposition during heating, the
elemental composition of FGO-I was measured by SEM-EDS after
heating to 150 °C, 300 °C, 450 °C, and 600 °C and held isother-
mally for 5 min. The results are listed in Table 1. After 1300 min
of XeF, treatment, the fluorine content was approximately 11 at.%.
Upon heating to 150 °C, and before the main decomposition starts
(as identified by DSC-TGA), the fluorine content decreased to ap-
proximately 7%, implying that some fluorine species were ex-
tremely unstable and may be associated as intercalated fluorine
molecules, such as HF, stabilized between GO sheets due to the
intermolecular forces. Note that while the F/O ratio decreased,
the C/O ratio remained stable when heated to 150 °C, indicat-
ing the reduction of GO did not commence prior to 150 °C. At
higher temperatures, the C/O ratio increased as the oxygen func-
tional groups in FGO reduced. At the same time, the fluorine con-
tent decreased at a faster rate than oxygen, as confirmed by the
decreasing F/O ratio with temperature.

FTIR-ATR spectra on heated samples are shown in Fig. 5. The
change of different functional groups can be clearly seen. Acyl
fluoride (F-C=0, shoulder at 1840 cm~!) reduced after heating
to 150 °C, and disappeared at 300 °C. The C-F covalent bond
(1235 cm~!, as denoted by the short orange line to the left of
C-0-C peak in Fig. 5) showed a small peak in unheated samples
and those heated to 150 °C but reduced after heating to 300 °C
and disappeared at higher temperatures. C-F semi-ionic bond
(1140 cm!) also significantly reduced after heating to 300 °C. Af-
ter being heated to 600 °C, all other peaks disappeared except



328 A. Wang, S. Bok and CJ. Mathai et al./ Combustion and Flame 215 (2020) 324-332

—GO

- GO 178°C
—roiomy 5 Cleo
: ©
——FGO-IDay9 %, - ]
= 80 ——FGO-IDay16 = FGO-IDavi 245°C 2 GO-1 Dayt 254°C 1107 J/g
= 5 ;
g & JFGO-I Day3 232°C ;‘j |FGO-1 Day3 243°C 1093 J/g
= 60| £ % )
2 FGO-1 Day9 225°C |Fco-1 Days 238°C_1059 J/
1 ° 224°C 783 Jj
219°C
40 FGO-I Day16 {FGO-I Day16

T T T 1 T T
0 200 400 600 800 100 150 200
Temperature / °C

Temperature / °C

T T 1 T T T T T 1
300 350 400 100 150 200 250 300 350 400
Temperature / °C

Fig. 4. TGA (A), DTG (B) and DSC(C) curves of FGO-I for a storage duration of up to 16 days after synthesis. In (B), half transparent background is the differential of TGA,
while the solid curve represents the smoothed data. The temperature indicates the peak temperature of the smoothed line for each sample. (C) shows DSC curves from GO
and FGO samples after various storage times. The temperature shown above the DSC curves represents the peak of DSC curves, and the energy release is obtained from the

integration of the heat flow peak. Upward is exothermic.

FGO-I unheated

FGO-1 150 °C

GO-1300 °C

Absorbance

4. FGO-I 450 °C /\/\/\
] L iic=C |
T T T T T T T T A — T
3500 3000 2500 2000 1500 1000

Wavenumber / cm”

Fig. 5. FTIR-ATR of FGO-I (by XeF, for 1300 min) after heating to different temper-
atures.

for a small peak corresponding to semi-ionic C-F bond. Therefore,
both covalent and semi-ionic C-F bonds decomposed, and some of
the stronger C-F covalent bond might transform to less stable C-F
semi-ionic bond during the heating process.

Little change in oxygen functional groups was found between
the unheated samples and those heated to 150 °C. Hydroxyl groups
(-OH, 3000-3700 cm~!, C-OH, 1050-1060 cm~!) were signifi-
cantly reduced between 150 and 300 °C and almost disappeared
when heated to 450 °C. A similar trend occurred for the peak of
carbolic acid (-COOH, 1620 cm~1). It overlapped with alkane bond
(C=C, 1580 cm~!) peak when the sample was heated to 300 °C,
giving a peak between 1580 and 1620 cm~'. When the sample was
heated to higher temperature (450 and 600 °C), the peak of car-
bonyl groups (-C=0, 1730 cm~!) and ether groups (C-0-C, 1220
cm~1) decreased significantly, indicating their decomposition at el-
evated temperature.

T-Jump TOFMS was employed to confirm the release of fluo-
rine during the decomposition process found in DSC-TGA. FGO-I
was dispersed in IPA under sonication right after XeF, fluorina-
tion to avoid any further contact with environmental moisture. The
HF* fluorine peak appeared in the integrated mass spectrum in
Fig. 6(A), confirming the existence of fluorine in the XeF, treated

sample. Note that H,O*, N,* and NO* peaks represent unavoid-
able background signals. C*, O*, CO* and CO,* arise from the
decomposition GO and the oxygen functional groups. Additionally,
the time-resolved intensity curve in Fig. 6(B) clearly showed that
the fluorine content was released simultaneously with CO,*. We
may conclude that release of fluorine species occurs simultane-
ously with decomposition of GO, with an onset temperature of
about 265 + 50 °C, consistent with the decomposition at 245 °C
found by the DTG and DSC results. It is interesting that mass loss
started below 150 °C in DSC-TGA, while the presence of the fluo-
rine ion in mass spectrometry appeared above 250 °C. It is reason-
able to consider that some fluorine loss occurred during the sam-
ple preparation for mass spectrometry, especially the most loosely
bound species that may escape at reduced temperatures.

Due to the high fraction of oxygen functional groups retained
after fluorination, the FGO samples can be dispersed in a variety
of solvents under sonication, shown in Figure S4. The dispersing
behavior of FGO was similar like that of GO [50], which enhances
its potential application by dispersing in different kinds of sol-
vents. FTIR and SEM-EDS analysis of the vacuum-dried dispersions
prepared in IPA, THF, propylene carbonate (PC), and cyclohexane
were then obtained to determine the change in composition dur-
ing sonication. All solvents were dried by molecular sieve before
using. The results are shown in Fig. S5 and Table S2. It is clear
that extra C-H peaks showed up in all dried FGO dispersions as
evidenced from 2800 to 3000 cm~! in FTIR curves, which was ab-
sent in the FTIR curve of FGO-I, indicating that some solvent might
be trapped or bonded in the dried sample. Moreover, the peak of
acyl fluoride at 1840 cm~! of FGO-I in Fig. 3 almost disappeared,
confirming the decomposition of acyl fluoride during sonication.
Therefore, the fluorine species that loosely intercalated or bonded
between graphene sheets escaped from the structure during the
exfoliation of graphene under sonication. As a result, the fluorine
content dropped from more than 10% in FGO-I to only 1-3.5% in
these dried dispersions. The F/O ratio also dropped from 0.3 to
only about 0.1. The remained fluorine content mostly existed in C-F
covalent and semi-ionic bonds, which are thermally more stable.

These results indicate that XeF, can be employed as a means
for the fluorination of GO to FGO while retaining a majority of oxy-
gen functional groups. However, the fluorine content in the mate-
rial degraded with time in the presence of even a relatively small
quantity of water vapor (15% humidity at 25 °C). Part of the flu-
orine content formed acyl fluoride and can be easily hydrolyzed
with the moisture in atmosphere or can react with solvent dur-
ing dispersing process for further utilization. Almost 40% of flu-
orine escaped from the material when heated to 150 °C. Despite
the loss of acyl fluoride during heating, some fluorine structures



A. Wang, S. Bok and CJ. Mathai et al./ Combustion and Flame 215 (2020) 324-332

329

A oo B
7 Minor N,* 1
- 800
2 4
7 . > | Onset L 600 O
c CcO = 1 Temperature S
2 A 2 & ] ~265°C o
£ 9 7 —F 3
T £ —HF* g
S < J —cCO,’ 400 o
.2 c IS
wn k=2l Temperature o
7] ~
CSHSO*(IPA ion) 7
fragments - 200
I~
T v T v T v T v T v T v 1 T T T
0 10 20 30 40 . 50 60 70 0 1 2 3
Mass / Charge Ratio Time (ms)
Fig. 6. Integrated (A) and time-resolved (B) mass spectrometry results of FGO-I dispersed in IPA.
Table 2
Energetic samples measured by DSC-TGA with different compositions. GR stands for graphene-rich, and FR stands for fuel-rich.
Sample name and mass ratio ~ Mass (Total mass = 100 mg) Remark
GO/FGO Al (80% active)  Bi,03
GO/AI-GR (70/30) 70 mg 30 mg 0
FGO-I/AI-GR (70/30) 70 mg 30 mg 0
GO/AI-FR (30/97) 235 mg 76.5 mg 0 GO(FGO)/AI ratio same as in GO(FGO)/Al/Bi,0s.
FGO-I/AI-FR (30/97) 235 mg  76.5 mg 0
GO/Al/Biy 03 (30/97/473) 5 mg 16.2 mg 788 mg 5% GO(FGO) by mass. Equivalence ratio (ER) of Al/Bi;03 = 1.4.
FGO-1/Al/Bi, 05 (30/97/473) 5 mg 16.2 mg 78.8 mg
Al/Bi, 05 (97/473) 0 17 mg 83 mg ER of Al/Bi,0; = 1.4.

such as H-F molecules which are not strongly chemically bonded
to graphene plane might exist in the structure. This fluorine con-
tent can be easily removed from the structure under heating to
low temperature, during the exfoliation of graphene sheets under
sonication, or even during storage. Therefore, fluorine showed sig-
nificantly reduced stability when compared to oxygen in the FGO
synthesized by GO with XeF,.

One of the potential applications of FGO is as a component in
nanoenergetic formulations. Al nanoparticles are a common fuel
and possesses a naturally formed inert Al,03 shell on its surface,
which protects the Al core from further oxidation under ambient
conditions. Unfortunately, the shell also acts as a reaction limiting
barrier between fuel Al and oxidizer. Fluorine, however, may act
to remove or weaken the Al,03 shell and accelerate the reaction
with solid state oxide (Al,O3 + “F” — AlF3 + O, where “F” indi-
cates a highly reactive fluorine species, and O indicates produced
oxygen composites) [42]. To investigate the role of FGO additives in
nanoenergetic materials, DSC-TGA measurements were carried out
on samples composed of GO, FGO, Al and Bi;03, as summarized
in Table 2. In these experiments, the relative mass of GO or FGO,
Al, and Bi,03 were varied to better understand the role of FGO in
the overall reactions. The introduction of Bi;O3 was motivated by
conventional nanothermite composites that utilize a solid-state ox-
idizer to initiate the exothermic reaction with Al fuel.

A representative DSC curve of GO/AI-GR (Fig. 7(A), GR stands
for graphene-rich) shows no significant reaction before melting of
Al. The small exotherms between 500 and 620 °C resulted from
reaction between the Al core and generated OH species such as
H,0 from GO, mainly from the decomposition of hydroxyl groups
bonded in GO structure. These species were adsorbed on the amor-
phous alumina shell and reacted with Al when the core started
to diffuse as the temperature was elevated above 500 °C, giving

the small exotherms observed. A sharp endotherm of Al melting
is seen at 660 °C, followed by the main exothermic reaction be-
tween Al and GO, indicating that Al primarily reacted in the lig-
uid phase after it may readily flow out of the shell. When GO was
replaced by FGO-I, the DSC indicated that the largest exothermic
reaction occurred before the melting of Al. The main reaction peak
between 610 and 660 °C indicated that Al,03 shell was weakened
by the fluorine species generated from FGO-I decomposition. The
expanding Al at elevated temperature was then allowed to diffuse
out from the shell before reaching its melting point. The disap-
pearance of the small exotherms between 500 and 620 °C in FGO-
I/Al- GR compared to GO/AI-GR was due to the removal of hydroxyl
groups during fluorination. Al was not fully reacted before its melt-
ing, indicating that the fluorine and oxygen content in FGO-I was
not sufficient to weaken or remove all alumina shells prior to Al
melting. Some Al melted and then reacted with graphene. The total
reaction energy between the two samples was similar (118 ]J/g for
GO/AI-GR and 104 ]/g for FGO-I/Al-GR), but the fraction of energy
released before and after Al melting varied significantly between
the two materials.

As an additive in nanothermite composite, graphene or func-
tionalized graphene is usually no more than 5% mass with Al and
metal oxide [34], or no more than 30% mass with Al only [51] to
obtain optimized energetic performance. When assembling a com-
posite of only GO/FGO and Al, we analyzed the DSC of samples
with 23.5% FGO (GO) by mass, labeled GO/Al - FR and FGO-I/Al -
FR (FR stands for fuel-rich), as shown in Fig. S6. The GO/Al - FR
showed an exotherm between 520 and 600 °C, as a result of the
decomposed OH species penetrating the shell and reacting with
the Al, similar to GO/Al - GR. Unlike in the sample with 70% of
FGO (FGO-I/AI-GR) described previously, the fluorine content in the
composite FGO-I/Al - FR was not enough to react extensively with
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diffusing Al after reacting with the alumina shell. Therefore, there
was not a dominating exothermic reaction in DSC in Figure S6B
like in Fig. 7(A) (FGO/AI-GR) before Al melting. However, a small
exotherm was observed around 610 °C, which is close to the large
exothermic peak in Fig. 7(A) (FGO/AI-GR). This result indicated
that the Al core was able to diffuse out from the shell easier and
react with the FGO surrounding it before reaching melting, even
the amount of FGO-I was only about 1/3 in mass compared to Al

Based on calculation shown in supporting information, the 3%
fluorine in FGO by mass was not enough to react completely with
the Al,05 shell of Al in any of the samples listed in Table 2. We
note, however, that the alumina shell does not need to be com-
pletely removed to facilitate enhanced reactions. Small pinholes or
thinned walls could sufficiently accelerate the diffusion of the Al
core out of the shell before its melting. As we discussed above,
3% of fluorine in FGO in FGO-I/AI-FR was sufficient to react Al in
the solid state. A similar scenario is present if a secondary oxidizer
such as Bi,03 was added to the FGO/Al composite. Partial removal
or thinning of the Al,03 shell by fluorine from FGO was sufficient
to enable the Al/Bi,O3 reaction at a temperature at which Al is in
the solid state.

Bi, O3 nanoparticles are commonly used in Al-based nanoen-
ergetic composites due to its reaction and pressurization rate
[34,35,52]. Introduction of Bi;O3 nanoparticles provided a robust
solid-state oxidizer with which Al can react after escaping the
Al,03 encapsulating shell. Fig. 7(B) shows the reaction heat of
Al/Bi, O3 nanothermite with GO and FGO-I additives. In Al/Bi,03
loose powder, the reaction initiated at 500 °C due to the start
of Al core diffusion out of the shell, peaked at around 615 °C
and was completed at about 700 °C after the melting of Al. Neat
Al/Bi;O3 mixtures are known to be inhomogeneous as a result
of phase separation [34,35]. The low-temperature reaction likely
occurred between surface contacted Al and Bi,Os; nanoparticles,
while part of reaction occurred after the melting and free flow
of Al [35]. When GO was added to the Al/Bi,O3 nanocomposite
mixture, GO/Al/Bi;03 showed the lowest onset exothermic tem-
perature around 460 °C, similar to that observed previously when
testing GO/Al (70-30). OH species released from GO reacted with
diffused Al in the Al,03 shell when the sample was heated to
about 480 °C. The local exothermic reactions further accelerated
the diffusion and reaction of Al core. The total energy release
of GO/AIl/Bi,O3 was enhanced by approximately 20% compared to

neat Al/Bi,O3; due to the reduced phase separation as a result of
GO addition [34]. The improved Al and Bi,O5 intermixing in the
presence of GO reduced diffusion length scales for mass transport
and the peak reaction temperature for the GO/Al/Bi;03 compared
to Al/BiyO3 [34]. After the first reaction, GO/Al/Bi, O3 showed a sec-
ond reaction peaking at 626 °C as Al reacted with Bi,O3 particles
which were not in direct contact prior to reaction. It is notable
that the melting peak of Al was observed in both Al/Bi,03 loose
powder and GO/Al/Bi,03, indicating that part of the Al core re-
mained unreacted prior the melting point of Al at 660 °C. With
the addition of FGO-I, the melting peak of Al was not observed,
and the reaction was nearly completed before the melting tem-
perature of Al. Because fluorine reacted with the alumina shells,
solid state Al escaped from the Al,03 shell and reacted with Bi;03
nanoparticles at an onset temperature of 480 °C and peak reaction
temperature of 586 °C, both prior to the onset of the Al melting
temperature. Due to the absence of OH groups after XeF, fluorina-
tion, the reaction onset temperature of FGO-I/Al/Bi, O3 was greater
than that of GO/Al/Bi,03. However, the weakened Al,03 shell pro-
vided by fluorine species lowered the onset temperature relative to
Al/Bi,03. Moreover, FGO/Al/Bi, O3 showed a total energy release of
over 1100 ]J/g, which was 60% higher than Al/Bi,03 loose powder
and 33% higher than GO/Al/Bi,05.

4. Conclusion

Fluorination of GO was achieved using low-pressure process-
ing in XeF, gas, and the resulting FGO was then incorporated in
nanothermite composites to provide both a nanoparticle assem-
bly scaffold and a source of reactive fluorinated species. The XeF,
process retained the GO oxygen functional groups, enabling the
easy dispersion of fluorinated GO in different solvents while also
facilitating further chemical functionalization. The fluorine func-
tional groups in the FGO, identified by FTIR, included acyl fluo-
ride groups, carbon-fluorine covalent and semi-ionic bonds. The
intercalated fluorine and highly reactive acyl fluoride in the struc-
ture were loosely bound and were reactive with atmospheric mois-
ture, mild heating, or mild sonication. When FGO is introduced
into a nanothermite composite, the fluorine species supplied by
the FGO acted to etch the Al,05 shell of Al nanoparticles at tem-
peratures below the melting temperature of Al. Mass spectrometry
measurements indicate that fluorine species were released at ap-
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proximately 265 °C, concurrent with the generation of CO,~ from
FGO decomposition. DSC measurements further showed a reduc-
tion in reaction temperature with the addition of FGO and that
all Al reacted prior to the Al melting temperature in FGO/Al/Bi,;03
composites. Further, the all solid-state reaction between Al and
Bi, O3 in the FGO/AIl/Bi,O3 composites produced 58% greater en-
ergy release than Al/Bi,03 loose powder. The increased energy re-
lease is attributed to both the presence of reactive fluorine species
and the role of the FGO to act as an assembly template for Al and
Bi, O3 nanoparticles to increase particle intimacy while reducing
phase separation. The chemical functionalization of nanothermite
assembly scaffold materials, including fluorinated GO, represents a
new mechanism to control energetic material response.
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