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ABSTRACT: Flash Joule heating (FJH), an advanced material synthesis
technique, has been used for the production of high-quality carbon materials.
Direct current discharge through the precursors by large capacitors has
successfully converted carbon-based starting materials into bulk quantities of
turbostratic graphene by the FJH process. However, the formation of other
carbon allotropes, such as nanodiamonds and concentric carbon materials, as well
as the covalent functionalization of different carbon allotropes by the FJH
process, remains challenging. Here, we report the solvent-free FJH synthesis of
three different fluorinated carbon allotropes: fluorinated nanodiamonds,
fluorinated turbostratic graphene, and fluorinated concentric carbon. This is

evolution

nanodiamond graphene concentric carbon

done by millisecond flashing of organic fluorine compounds and fluoride

precursors. Spectroscopic analysis confirms the modification of the electronic

states and the existence of various short-range and long-range orders in the different fluorinated carbon allotropes. The flash-
time-dependent relationship is further demonstrated to control the phase evolution and product compositions.
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INTRODUCTION

The short-range order of adjacent carbon atoms in materials
determines their interatomic bonding and hybridization states,
which produce distinctive physical, chemical, and electronic
properties.' > For example, graphene, with its two-dimensional
(2D) sheet-like structure, is composed of sp>-hybridized
carbon in a hexagonal honeycomb lattice unit and it has zero
band gap, with high in-plane carrier mobility, thermal
conductivity, and mechanical strength.é’7 In contrast, diamond
is a three-dimensional (3D) material with sp>-hybridized
carbon that exhibits a large band gap (>3 eV), characteristic
fluorescence, and bio-compatibility.z’8 Therefore, the selective
synthesis of different allotropes using controllable phase
transformation is of great importance for researchers to exploit
materials to produce advanced properties for different
applications.” Furthermore, theoretical simulations have
shown small formation energy differences between diamond
and graphene (0.01—0.04 eV/atom).'® The large activation
energy (>0.4 eV/atom)' required to weaken the C=C or C—
C bonds and to rearrange the short-range order of the adjacent
carbon atoms makes it challenging to synthesize the desired
carbon allotropes from a single precursor. As a consequence,
external extreme conditions, such as high temperature and high
pressure (HTHP, >1000 °C, >1 GPa), are usually required to
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synthesize diamonds from carbonaceous materials with sp*-
hybridized carbon atoms,"'~"* while high temperature (>1000
°C) is needed to prepare onion-like carbons (OLC) or carbon
nanotubes with high crystallinity from diamond-like car-
bons 1415

Several recent reports have shown that transit of reaction
materials through intermediate states, such as the carbon liquid
phase'"'* or isolated carbonaceous radicals (C,, C;, C,H,, and
other radicals),’® had significant consequences for the
subsequent formation of various solid nanocarbon products.
The intermediate states, which are produced by femtosecond
laser pumping'” or by a plasma source'” with high energy
densities, are inherently transient with high reactivities and
short time scales. The phase transition kinetics of these
intermediate states were studied based on the cooling-adiabat
process, and different carbon allotropes, such as nanodiamonds
(NDs, sp*>hybridized carbon) and OLCs (sp*hybridized
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Figure 1. Phase evolution of carbon materials. (a) Schematic diagram of FJH setup to study phase evolution. (b—e) HR-TEM images show
the specific phases of carbon materials at different flash stages. (b) FAC; (c) FNDs; (d) FFG; and (e) FCC products.

carbon), have been observed as final solid products.
Conversely, atomistic simulations and experiments have
confirmed one of the most effective phase transition lpathways
is in the control of the interlayer C—C bonds."'”'® The
formation of NDs could be induced by fluorination”'® or
nano-indentation treatment' from AB-stacked bilayer gra-
phene, which indicates the important roles of interatomic
distance and interlayer C—C bonds in phase transformation.
Direct ion beam or electron beam bombardment could “unzip”
the diamond structure along the [111] direction and trigger
the formation of graphene at room temperature.10

The precursor types and structures, along with the reaction
conditions, have been confirmed to have strong effects on the
final structures. It is reported that laser-assisted fluorinated
diamond and fluorinated graphene synthesis from Teflon can
be achieved using a CO, infrared pulsed laser under ambient
pressure by varying the defocus values,” during which the
transient temg)erature can be as high as 2300 K within
milliseconds.' Since there is some overlap between the laser
wavelength and the shoulder of the C-F stretching peaks in the
fluoropolymers, the photon absorption occurs and the
photothermal/photochemical effects induce the formation of
the FND.” While starting from commercial polyimide films,’
woods,”® or other natural sources, like coals,”' laser-induced
graphene with different degrees of graphitization and distinct
morphology features can be prepared. The content of fluorine
in the sample has been confirmed to play an important role in
the stabilization of sp>-hybridized carbon and the formation of
interlayer C—C bonds. While the detonation method provides
the transient high pressure and high temperature, the NDs
become more thermodynamically stable than graphite under
these conditions as shown in the phase diagram.11 Thus, the
NDs form in the detonation method. In this work, we further
demonstrate the formation of different fluorinated carbon
allotropes from various types of organic fluorine compounds
and fluoride precursors by the flash Joule heating (FJH)
method. FJH is an electrothermal approach that has the
potential to reach more than 3100 K within milliseconds.”*™’
Spectroscopic analysis confirms the modification of the
electronic states and the existence of various short-range and
long-range orders in different fluorinated carbon allotropes. We
further explore the flash time-dependent relationship on
products, which demonstrates the ultrafast and controllable
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phase evolution during the FJH process. The flash conditions
for the formation of fluorinated nanodiamonds (FND),
fluorinated turbostratic graphene (FTG), and fluorinated
concentric carbon (FCC) material are provided for seven
different types of organic fluorine compounds and fluoride
precursors. FJH offers rapid access to different carbon
allotropes and has the potential for production of function-
alized carbon materials without the need for solvents or any
wet methods, making them potentially more attractive for
scaling.

RESULTS AND DISCUSSION

Figure la shows the FJH setup. Different types of reactants
were tightly compressed inside a polytetrafluoroethylene
(PTFE) tube, and the electrodes were tungsten carbide rods
with graphite spacers. The reactants were mixtures of various
organic fluorine compounds: PTFE, polyvinylidene fluoride
(PVDF), 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-io-
dodecane, 1H,1H-perfluoro-1-dodecanol, and NaF. There were
intrinsic sp>-hybridized carbon atoms in the organic fluorine
compounds that could lower the formation energies of FND. It
has been reported that selective etching of carbides, such as
silicon carbide (with intrinsic sp*-hybridized carbon), can
remove the Si atoms from the carbide lattice and induce the
direct formation of crystalline diamond-structured carbon.*®
Carbon black (CB) or flash graphene (FG, 20 wt %) was
added and homogeneously mixed to obtain the reactants with
the desired conductivity. During the FJH process, a large
amount of energy from electric heating triggers the formation
of various fluorinated carbon allotropes from the different
precursors. Additional experimental details and a photo of the
FJH setup can be found in the Experimental Section and
Figure S1. By using PTFE and CB (20 wt %) as the reactants,
the formation of specific phases of carbon materials at different
flash stages could be distinguished using microscopic imaging
to determine the morphology. By controllably tuning the flash
conditions, fluorinated amorphous carbon (FAC), FND (sp’-
carbon), fluorinated flash graphene (FFG, sp-carbon), and
FCC with high crystallinity and a polyhedral shape can be seen
in sequence as shown in Figure 1b—e.

High resolution transmission electron microscopy (HR-
TEM) was conducted to identify the atomic structure of the
different carbon allotropes in Figure 2. As shown in Figure 2a,
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Figure 2. Microscopic analysis of carbon materials at different stages of phase evolution. (a) HR-TEM image of FAC. The inset is the FFT
showing the blurred ring. Scale bar is 5 nm™ . (b) HR-TEM image of FNDs. (c) FFT image of selected area from (b). (d) TEM image shows
the distribution of FNDs. (e) TEM image of FFG. The inset is the FFT showing multiple distinct Bragg spots. Scale bar is $ nm™". (f) TEM
image of FCC with high crystallinity. The inset is the FFT showing the arc fragments with distinct Bragg spots. Scale bar is $ nm™". (g) A
statistical survey showing the FND sizes, N = 50. (h) Line scan showing interlayer spacing of FFG in (e). (i) Line scan showing interlayer

spacing of FCC in (f).

the irregular stripes reflect the amorphous nature of the initial
product after a short flash pulse. The inset shows the fast
Fourier transform (FFT) result reporting the blurred ring,
which also indicates the amorphous nature. In contrast, the
FNDs (Figure 2b—d) display a facet distance of 0.21 and 0.18
nm, which are the characteristic distances of {111} and {200}
diamond cubic, respectively.”” From the HR-TEM image in
Figure 2b, the FND was terminated by the {111} plane, which
was the lattice plane with minimal energy compared to other
low index planes. The corresponding FFT image in Figure 2c
shows the Bragg spots with four-fold symmetry, which was the
reflection of the {111} plane.2 There was more than one set of
Bragg spots, indicating different orientations of the FNDs. The
{200} plane showed a very weak signal in the FFT image,
which was the result of destructive interference in diamond
cubic.”® Figure 2d shows the distribution of FNDs, and the
contrasting difference in the TEM images makes it possible to
distinguish the FNDs from the FAC substrate. The average size
of the FND is 12.4 nm as shown in Figure 2g (the number of
samples N = 50), and the largest FND as shown in Figure Ic is
~40 nm with high crystallinity. Figure 2e shows the TEM
image of another typical carbon allotrope, FFG. The inset
shows the FFT, indicating multiple distinct Bragg spots, which
reflect the misorientation among different graphene sheets in
the [002] stacking direction and confirm the turbostratic
feature of the FFG.”>*" The average size of the FFG was ~20
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nm, which is similar to the unfunctionalized FG derived from
CB.”® The intensity profile (red line scan as shown in Figure
2e) reports that the average interlayer spacing of FFG was 0.36
nm (Figure 2h), which was ~7% larger than commercial
graphite (0.33 nm) that was composed of AB-stacking
graphene layers, indicating weaker coupling interaction
between adjacent layers.”® Longer flash duration induced the
formation of FCC with a polyhedral structure and high
crystallinity as shown in Figure 2f. HR-TEM images
demonstrate that graphene sheets with gradually changed
sizes shared a common center, while the periphery of the FCC
had a higher degree of crystallinity than the center region. In
the center region, the existence of an amorphous region and
grain boundaries could be observed. Theoretical analysis has
confirmed a higher graphitization degree at peripheral sections
due to the surface tension resulting from the nanometer-sized
curvature of carbon nanomaterials.”’ The inset in Figure 2f
shows the FFT image indicating the arc fragments with bright
and distinct Bragg spots, which reflects that there are graphene
layers with different orientations in the ¢ axis and the
coexistence of both AB stacking graphene and turbostratic
graphene. The intensity profile (blue line scan as shown in
Figure 2f) shows the average interlayer spacing of CC was 0.35
nm (Figure 2i), which reflects a common interlayer expansion
induced by a bent structure.
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To further distinguish between different carbon allotropes,
Raman spectroscopy was conducted, since various allotropes
have distinct phonon modes."***** As shown in Figure 3a,b,
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Figure 3. Spectroscopic analysis of carbon materials at different
stages of phase evolution. (a) Raman spectra of FAC, PTFE
reactant, FND, FFG, and FCC. (b) High resolution Raman spectra
showing specific peaks for FFG and FND. (c) High resolution
Raman spectra showing the TS series peaks of turbostratic FFG.
(d, e) TEM images of FND sample after TGA treatment.

for FAC, two obvious peaks, a D peak at 1344 cm™" (breathing
mode of sp*-carbon atoms in rings) and a G peak at 1599 cm™'
(bonds stretching of all pairs of sp*-carbon atoms in rings and
chains) and the absence of a 2D peak (second order zone-
boundary phonons in graphene) indicate the amorphous
nature of FAC.”> Sharp peaks at ~730 and 1380 cm™" indicate
the existence of PTFE in the PTFE reactant mixture. After the
flash reaction, the characteristic FND region shows a red shift
of the D peak from 1344 to 1333 cm™" and the increasing ratio
of the D peak to the G peak (Ip/I;) from 1.08 to 1.52, which
indicates the introduction of the electron-withdrawing F
substituents and the breaking of the periodic sp>-carbon
network structure. In contrast, the characteristic FFG region
shows a weak D band and a high ratio of I,p/I; with a value
>4.6, which indicates a low defect density and high quality
turbostratic graphene.”® Compared to the D and G peaks in
graphitic materials, such as FFG and FAC, there were two
diamond peaks at 1332 and 1605 cm™' in the FND sample
after the thermal purification treatment,”'” as shown in Figure
3b. The thermal gravimetric analysis (TGA) curve of the FND
sample is shown in Figure S2. The corresponding TEM images
of a thermally purified FND sample can be seen in Figures 3d,e
and S3. The isolated FNDs can be seen, with no obvious
amorphous carbon at the boundary of the FNDs. This

confirmed that thermal treatment is an effective method to
purify the flash product. A ridge-like structure, the grain
boundary, can be seen in Figure 3e and Figure S3, which
indicates high crystallinity of the FNDs. Compared to the
reactant PTFE, the flash product had higher dispersibility as
shown in Figure S4; this product has the potential to be used
as a lubricant additive.”>*" Since the Raman tensor for the sp*-
carbon structure causes a narrower Raman cross section
compared to a conjugated spz-carbon structure, the intensities
of the D and G peaks are much higher than diamond Raman
peaks in the spectra.’” The characteristic TS, (1887 cm™) and
TS, (2033 cm™") peaks and the absence of an M peak (1750
cm™') indicate the turbostratic nature of the FFG as shown in
Figure 3¢.”” The FAC sample was used as a comparison. Since
there was no regular stacking sequence along the c axis in FAC,
neither the M peak nor the TS series peaks (TS; and TS,) can
be seen in the spectrum. The TGA curve in Figure S5 shows a
higher thermal stability of the crystalline FFG than amorphous
FAC. The purity of FFG can reach >90% since there is only
one stage of the mass loss. The conclusion is consistent with
the TEM images as shown in Figures 1 and 2. FNDs are
embedded in the amorphous carbon substrate, and the purity
of FNDs is at least 30% (Figure S2). TEM images of the FND
sample after TGA treatment show the removal of the
amorphous carbon substrate and the existence of the NDs.
The estimated product yield is calculated as the ratio between
the mass of product after thermal purification treatment and
mass of the reactant. TGA curves of FND and FFG samples
indicate the yields are ~15% and ~40%, respectively, as shown
in Figures S2 and SS5. Longer flash duration induces the
formation of the FCC with I,p/I; ~ 0.55. There are no
obvious TS series peaks or M peak as shown in Figure S6,
which indicates there might be some sub-stacking sequence
along the ¢ axis rather than AB (Bernal) stacking or random
stacking. The peak positions of G and 2D peaks were 1580 and
2701 cm™, respectively, and there was no obvious downshift
compared to graphene sheets, which excluded the existence of
a fullerene shell in the FCC polyhedral structure.”* The X-ray
diffraction (XRD) results in Figure S7 further comfirm the
existence of the nanodiamonds in FND samples,'” the
turbostratic nature of the graphene in FFG samples,”” and
the long-order staking along the Z axis in FCC samples.”>*°
X-ray photoelectron spectroscopy (XPS) was also conducted
to analyze the elemental content and chemical bonds in the
various carbon allotropes.” Survey spectra in Figure 4a reveal
that only C and F exist in the samples, which excludes
interference from other elements, such as Cu that has a similar
lattice structure. The atomic ratio of C to F can be calculated
based on the integrated area of C 1s and F 1s for elemental
analysis. Table S1 lists the element content in the
fluoropolymers and different carbon allotropes. The F:C in
PTFE was 2.03, whereas the ratio in FND was 0.25 and in FFG
it was ~0.08, which indicate the important role of fluorine in
the formation of different carbon allotropes. The chemical
structures of FND and FFG were determined by high
resolution F 1s and C 1s XPS spectra. The covalent —CF, at
292.5 eV can be found in PTFE and FND as shown in Figure
4b, which recently has been verified to play an important role
in forming sp*-carbon in the carbon materials.”'® The peak at
285.2 eV derived from C-C can be found in the FND sample,
while, in the FFG sample, the C=C peak at 284.8 eV reflects
the graphitic structure. The chemical environment can also be
reflected by F 1s spectra as shown in Figure 4c. Both semi-
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Figure 4. Spectroscopic analysis of carbon materials at different
stages of phase evolution. (a) XPS spectra of FND, FFG, and
PTFE. (b, c) High resolution C 1s and F 1s spectra of FND, FFG,
and PTFE. (d) Valence band XPS spectra of FND, FFG, and
PTEFE.

ionic C—F (~687.1 eV) and covalent C—F bonds (~689.7 eV)
can be seen in the FFG sample, whereas only covalent C—F
bonds can be found in FND and PTFE, which agrees with the
result in our previous work using laser formation processes.”

The D parameter measures the binding energy separation
between maximum and minimum valence levels in differ-
entiated C KLL Auger transition spectra. In diamond and
graphene, the values are 13 and 21 eV, respectively.”” The
larger D parameter generally infers a higher sp*:sp® ratio. The
C KLL and corresponding differentiated spectra are reported
in Figures S8—S10, and the D parameters are listed in Table
S2. Those products with periodic graphitized structures, such
as FG, FFG, and FCC, had D parameters close to 21 eV, and
the organic fluorine compounds, like PVDF and PTFE, had the
values close to 13 €V, which indicate the sp>-carbon atoms
dominate. The FND had a D parameter of 16.0 eV, which
indicated the existence of both sp’-carbon atoms and sp*-
carbon atoms, which result from a mixture of the FND and
amorphous carbon as shown in HR-TEM images. The band
gaps of samples were further determined by valence band XPS
(VB-XPS), which is a powerful method to measure the energy
difference (E,) between the conduction band minimum
(CBM) and valence band (VB). As shown in Figure 4d and
Table S2, the band gaps of FND, FFG, and PTFE are 5.50,
1.78, and 4.08 eV, respectively. The large band gap in the FND
sample indicates the insulating feature of the FND. E, for FFG
is between 0 and 3 eV, which infers that it is a typical
semiconductor and might result from the formation of semi-
ionic C—F and covalent C—F bonds.

To further explore the effect of flash reactants on phase
evolution of carbon materials, seven different combinations of
organic fluorine compounds and fluorides were used: (1) CB;
(2) PTFE and CB; (3) PTFE and FG; (4) PVDF and CB; (5)
PTEE, CB, and NaF, (6) 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-
heptadecafluoro-10-iododecane and CB, (7) 1H,1H-per-
fluoro-1-dodecanol and CB. The results are listed in Table 1
based on the microscopic and spectroscopic analysis as shown
in Figures S11—S19. Accordingly, this would probably be a

polyfluoroalkyl substances (PFAS), and this is currently under
exploration in our laboratory.

Figure S11 shows TEM images of flash product made from a
blend of PVDF with 20 wt % CB. Figures S12 and S13 show
the XPS analysis of PVDF and flash product derived from
PVDF with 20 wt % CB, respectively. Compared to PTFE,
PVDF has a lower F:C ratio (F:C ratios of PTFE and PVDF
were 2.03 and 0.98 from the XPS result). As a consequence,
there was no FND formed, which indicates the F was
important for the formation and stability of FND when
compared to other carbon allotropes. Only FCC with a
polyhedral structure could form as the final product, which
indicates that FCC was the most stable allotrope under these
conditions. The crystallinity of the conductive additives might
also play an important role in the formation of different carbon
allotropes, since the crystalline additives could act as the seeds
for the nucleation, which bypasses the potential energy during
heterogeneous nucleation.”® Hence, CB was substituted by FG
derived from CB.*® The TEM images of the crystalline FG
derived from CB are shown in Figure S14. However, there was
no obvious difference for the formation of different carbon
allotropes. As shown in Figure S15, the formation of FNDs,
which were embedded in the amorphous carbon substrate,
could be seen. This indicated that the nucleation of FNDs
began from the PTFE instead of crystalline FG, since the
lattice parameters for sp*-carbon and sp*-carbon skeletons are
distinct.”” A previous report has shown that small NDs or
metal carbides could be used as seeds to grow larger
diamonds,”® which indicated lattice matching was important
for the seed candidates. Increasing the fluorine ratio by adding
extra fluoride, such as NaF, was also explored as shown in
Figures S16 and S17. Many FNDs with the size <10 nm can be
seen, while the addition of NaF facilitated the etching effect
toward the carbon materials during the flash reaction. As a
consequence, some large holes >50 nm can be seen in Figure
S§16. The other organic fluorine compounds, such as
1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-iododecane
and 1H,1H-perfluoro-1-dodecanol, can also be starting
materials for the formation of the FNDs. As shown in TEM
images (Figures S18 and S19), the size of NDs can reach ~80
nm.

The effect of the flash duration on phase evolution of carbon
materials was explored. The changing of flash duration will
alter the total electrothermal energy that is put into the system,
which directly determines the reaction process and final
products. Here, PTFE with 20 wt % CB was used as the
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Figure 5. Effect of flash duration on phase evolution of carbon materials. (a, d, g, j) Currents recorded through the carbon sources during
different flash durations of 10, 35, 100, and 500 ms, respectively. (b, e, h, k) The HR-TEM images of the carbon materials at corresponding
different stages in the same row. (¢, f, i, 1) Corresponding FFT images of the HR-TEM images in the same row.

reactant. As shown in Figure Sa—c, a very short flash duration
(~10 ms) was used, and the current was to >100 A at this first
stage. The TEM image indicated that only FAC was present,
and the FFT showed a blurred ring, an indication of
amorphous features. The current reached its highest value of
200—230 A after ~35 ms as shown in Figure 5d. Small FNDs
started to form and they were embedded in the amorphous
carbon substrate as shown in Figure Se,f. Figure S20 shows that
the average size of the FND particles was 4.06 + 1.22 nm (N =
100) at the second stage. With a further increase in the flash
duration to >100 ms, the I—t curve showed the current started
to decrease to 10—20 A as shown in Figure Sg. In this case, the
size of ND continued to increase (Figure Sh) and NDs up to
40 nm can be seen in Figure Ic; there was some graphene shell
formation on the surface. The end of the power-law decrease
of the current was at ~500 ms as shown in Figure 5j. The FCC
structure is identified in the TEM image with the size reaching

several hundred nanometers. There were many FFG sheets
around the large FCC, which has been shown to merge with
CC to increase the size of the CC structure.”®

The mechanism for the formation of different carbon
allotropes is proposed in Figure 6. Relay-controlled discharge
through the reactant powder results in rapid heating of the
mixture to ~3000 K within several ms, and the reactant
powder experiences ultrafast cooling with the average as fast as
~10* K s71.*” During the flash duration, the fluoropolymer is
rapidly heated and forms FND particles, while FAC is
graphitized and forms FFG. A longer flash duration can
further trigger the surface graphitization of the FND particles,
and these particles are converted into FCC with a highly
graphitized structure and polyhedral shape as shown in Figure
6a—c. During the discharge duration, the C—F bonds in the
fluoropolymer are broken, and a F-containing gas phase, such
as HF, can form. This process will result in the generation of
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FFG. (d) Schematic of the proposed mechanism for a single particle undergoing the formation of FND from PTFE, followed by subsequent
conversion of the FND into polyhedral FCC. The conversion from FND to FCC begins at the surface of the FND and progresses toward the

center of the FND particle.

C—C bonds (red dashed line shown in Figure 6d) and
formation of the carbon skeleton, followed by the growth of
FND particles. In the flash reaction, the fluorination of the
carbon species is vital for the formation of FNDs. Since the
difference of electronegativities between C and F is 2.43,
covalent C—F bonds are strongly polarized toward the F atoms
and the electron density near the C atoms decreases. By
forming the sp>-hybridized C atoms and additional C—C
bonds, the paired electrons are shared by these C atoms that
are electron deficient and the system energy is lower. Previous
simulation has shown that the formation energy of the
fluorinated graphene (C,F configuration) is lower with extra
interlayer C—C bonds.'® These results can be used to explain
the formation of the FNDs in the flash products when starting
from highly fluorinated reactants, such as PTFE, 1,1,1,2,2,3,3,-
4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-iododecane, and 1H,1H-
perfluoro-1-dodecanol. When starting from PVDF, there is no
FND formation, and in the flash product, the fluorine content
is only ~0.9%, which is much lower than the fluorine content
in the FND sample by using PTFE as the reactant. The loss of
fluorine can be attributed to the production of HF gas during
the flash process. Because the H—F bond is exceptionally
energetically strong, and C—H bonds have lower bond
dissociation energies than C—F bonds, decomposition with
loss of HF, leading to the formation of carbon species with low
fluorine content, is far more favorable for PVDF than for the
other starting materials that were tried as reactants here.
Increasing the flash duration graphitizes the FND particles

from the surface.'”" The longer duration further breaks C—F
bonds at the surface of FND particles and induces the
formation of the (002) plane in graphene from the {111}
planes in the FND particles. The fragments of the graphitized
region on the surface can merge and form the FCC shells with
a polyhedral shape at the outer surface.'* The progress of
graphitization moves to the interior of the FND particles, and
the FND particles are converted into FCC with a highly
graphitized structure and polyhedral shape as shown in Figure
6d. TEM images in Figure S21 show some FND enclosed by
graphene shells, which is the intermediate stage before the full
graphitization of the FNDs.

CONCLUSIONS

In summary, different fluorinated carbon allotropes such as
FFG, FNDs, and FCC are synthesized in <1 s by tuning the
flash conditions, which is effective, fast, and affordable.
Spectroscopic analysis confirms the modification of the
electronic states by fluorination and the existence of various
short-range and long-range orders in different fluorinated
carbon allotropes. Our work further expands the FJH-directed
synthesis for the production of various carbon allotropes other
than intrinsic FG, which broadens the applications for phase
selective syntheses using the FJH process. The FJH process is
especially useful to generate metastable phases that are difficult
to synthesize by conventional methods such as chemical vapor
deposition or hydrothermal methods.
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Table 2. Flash Parameters for Different Reactants (Categories 1—7)

1 2 B 4 S 6 7
reactant CB PTFE + CB PTFE + FG PVDF + CB PTEE + CB (20 wt %) + NaF A + CB B+ CB
(20 wt %) (20 wt %) (20 wt %) (10 wt %) (20 wt %) (20 wt %)

sample mass 30 mg 40 mg 40 mg 40 mg 40 mg 40 mg 40 mg
sample ~07Q ~15Q ~1.5 Q ~15Q ~35Q ~0.5 Q ~1.0 Q

resistance
discharge 110V 120—-150 V

voltage
flash duration 10—500 ms
total 60 mF

capacitance
chamber Ar or N, (~1 atm)

atmosphere

“To simplify the table, symbols are used to refer to different reactants. bA: 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluoro-10-iododecane. “B:

1H,1H-perfluoro-1-dodecanol.

METHODS/EXPERIMENTAL SECTION

Materials. Carbon black (CB, APS 10 nm, Black Pearls 2000) was
purchased from Cabot Corporation. Polytetrafluoroethylene (PTFE,
AF2400) powder was purchased from Teflon AF. Polyvinylidene
fluoride (PVDF, 121120-80G) powder was purchased from MTI
Corp. NaF powder (99+%, A.C.S. reagent, 201154-100G) was
purchased from Sigma-Aldrich. 1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-Hepta-
decafluoro-10-iododecane (370525-25G, 96%) was purchased from
Sigma-Aldrich. 1H,1H-Perfluoro-1-dodecanol, tech (423-65-4, 90%),
was purchased from Alfa Aesar. Tungsten carbide cylinder rods (4
mm diameter) were used as the electrodes. Polytetrafluoroethylene
tubes (ID = 4 mm, length = 6 cm) were used as the FJH reaction
vessels.

FJH System. The FJH reaction box, which provides high
compression force to the reactants, and the circuit diagram of the
FJH setup are shown in Figure S1. A PTFE tube with a thick wall (~1
cm) was used so as to reduce damage to the tube and to hold high
pressures during the FJH reaction and was loaded with various
reactants. Graphite spacers and tungsten carbide cylinder rods were
used as electrodes to compress the reactants as shown in Figure SI. A
gas absorber is used in the exhaust of the FJH system, and the active
species is soda lime, which is Ca(OH), with 3% NaOH. Ca(OH),
reacts with HF to form CaF,. NaOH accelerates the kinetic process of
the reaction.*® In this work, seven different reactants were used to
prepare various carbon allotropes. The reactants included a mixture of
(1) CB, (2) PTEE and CB, (3) PTEE and CB-derived FG, (4) PVDF
and CB, (5) PTEE, CB, and NaF, (6) 1,1,1,2,23,3,4,4,5,5,6,6,7,7,8,8-
heptadecafluoro-10-iododecane and CB, and (7) 1H,1H-perfluoro-1-
dodecanol and CB. The electrical energy was provided by a capacitor
bank in the circuit with a total capacitance of 60 mF. The capacitor
bank was charged by a d.c. supply that could reach 400 V. The flash
duration was controlled by an Arduino controller relay in the circuit
acting as a high-speed switch. The reactant resistances for various
reactants were different, and the flash conditions were changed to
control the total input electrothermal energy. The parameters are
listed in Table 2. Unless specified, the mass ratios of CB and NaF
were 20% and 10%, respectively, in the reactants (if added). More
safety notes and a circuit diagram of the FJH setup are in the
Supporting Information and our previous publications.”>%**>*
Caution! Ensure that all safety precautions are observed to mitigate
electrocution. As a last measure, be sure to wear thick rubber gloves that
extent to the elbows. After the FJH reaction, it is suggested to allow the
apparatus to cool and vent for 3—S min.

Characterization. TEM images were taken with a JEOL 2100F
field emission gun TEM at 200 kV. XPS data were collected with a
PHI Quantera SXM Scanning X-ray Microprobe with a base pressure
of 5 X 107° Torr. Survey spectra were recorded using 0.5 eV step sizes
with a pass energy of 140 eV. Elemental spectra and VB-XPS were
recorded using 0.1 eV step sizes with a pass energy of 26 eV. The C
KLL spectra (100 scans, 1190—1246 V) were recorded using 0.4 eV
step sizes with a pass energy of 112 eV. The XPS spectra were

11165

corrected using the C=C (284.8 eV) as reference. The peak positions
of the FNDs and PTFE were corrected by the covalent CF, bond at
292.5 eV. Raman spectra were collected with a Renishaw Raman
microscope using a 532 nm laser with a power of S mW. A 50X lens is
used for local Raman spectra. TGA was performed on a Mettler
Toledo TGA/DSC 3+ system. TGA and DSC data were collected
from 25 to 800 °C under air. The heating rate was set to 10 °C/min
from 25 to 400 °C, 1 °C/min from 400 to 700 °C, and 10 °C/min
from 700 to 800 °C. The air flow was maintained at 80 mL/min
throughout the run. UV—vis (Shimazu UV-3600 plus) was used to
collect the spectra of the suspension of reactant and flash products.
XRD measurements were done by a Rigaku SmartLab Intelligent
XRD system with filtered Cu Ka radiation (4 = 1.5406 A). The scan
rate was set as 1° per min.
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