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ABSTRACT: Novel structured graphene produced by an environmentally-
friendly and high-yielding method together with excellent electrochemical energy
storage performance is pursued. A one-pot, solvent- and catalyst-free flash Joule
heating approach is developed for synthesizing nitrogen-doped graphene and so
named aj :
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The
prepared FNG product features high graphitization with a turbostratic structure.
It delivers a high surface-area-normalized capacitance of 152.8 yF cm>at 1 A g™},
an extraordinary rate capability with prominent capacitance retention of 86.1%
even at 128 A ¢!, and a knockdown relaxation time of 30.2 ms. Besides, the .
assembled symmetric quasi-solid-state supercapacitor exhibits a high energy
density of 16.9 Wh kg™' and a maximum power density of 16.0 kW kg™, as well as
desirable cyclic stability (91.2% of initial capacitance is maintained after 10000
cycles). These outstanding performances show that FNG is a promising candidate for exploiting high-performance
supercapacitors.
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s complementary energy storage devices for recharge- materials."*~*° SCs based on graphene electrodes synthesized
Aable batteries, supercapacitors (SCs) have gained by different methods including liquid chemical oxidation,”"

extensive attention in the past few decades because mechanical exfoliation,”” chemical vapor deposition (CVD),”
of their excellent safety, high power density, and outstanding and arc-discharge’ have been developed with specific
durability." ™ The previous research studies have mainly capacitances in the range of 10-200 F g™ in aqueous
focused on the development of electrode materials by electrolyte.”>*° Among these synthetic methods, liquid
composition modulation and structure optimization, as well chemical oxidation and exfoliation are likely to produce a
as the understanding of the charge storage mechanism."”’ high yield graphene while inevitably undermining the
Despite tremendous advances in this field, the improvement of structural integrity.””*" Thus, the resultant SCs present an
energy storage performance with desirable charge capability unsatisfactory overall performance, especially an inferior rate
even at high current densities and scan rates is still a long- performance and power delivery. CVD and arc-discharge favor
standing challenge for practical SCs."”'’ Currently, the preparing high-quality gzrga%hene that is eminently suitable for
majority of SCs are operated at a charging speed of 0.1—20 fundamental research.”””” However, from the industrial

perspective, the mass production of graphene is presently
limited by several deficiencies such as low production yield,
special gaseous conditions, tedious processing techniques, and
high cost.

As a powerful electrothermal synthesis technique, the flash
Joule heating (FJH) method has recently been utilized for

A g™ or 2—100 mV s™!, meaning that the charging time ranges
from tens of seconds to an hour.''~'* Further elevating the
charging speed can shorten the charging time to meet the
demands of high-rate SCs, however, which always induces a
deteriorated electrode structure and decayed rate performance.

Compared with pseudocapacitive materials which store
energy via surface redox reactions, carbon-based materials

have the advantage in deploying high-rate SCs for fast and Received: July 9, 2022
reversible ion adsorption/desorption at the electrode/electro- Revised:  August 25, 2022
lyte interface.”~"” Graphene, with a unique two-dimensional Accepted:  August 26, 2022

nanostructure, high electrical conductivity, large theoretical
surface area, and excellent mechanical flexibility, has been
considered as one of the most promising electrode
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Figure 1. (a) Schematic illustration of a typical flash Joule heating (FJH) reaction device. (b) The real-time temperature during the first FJH
synthesis of FNG. (c) The real-time voltage and current during the second FJH synthesis of FNG. STEM image (d), high-resolution TEM

images (e, f), and elemental mapping images (g—i) of FNG.

producing high-quality carbon materials with bulk quantities.
In 2020, the Tour group’' first reported the ultrafast gram-
scale conversion of any carbon source to flash graphene (FG)
by using such an approach. FG features turbostratic
morphology with a rotational mismatch between neighboring
sheets, leading to similar spectroscopic signatures to high-
quality monolayer graphene.’”** Beyond the currently used
methods, the FJH technique possesses many advantages such
as high production yield, simple operation, and high quality of
the graphene product. The prepared FG has huge potential in
developing high-rate SCs with desirable overall performance.
Inspired by the above analyses, here, we report a one-pot
flash Joule heating (FJH) method for efficient synthesis of flash
nitrogen-doped graphene (FNG) within 1 s. This process is
free of any solvents, catalysts, or reactive gases. The solid
precursors endure an ultrahigh temperature (>3000 K) and
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then a rapid cooling (>10* K's™!) to room temperature. During
this process, the short electrical pulse with a bright flash of
blackbody radiation leads to the ultrafast conversion of
amorphous carbon black into graphitized graphene, which is
doped by nitrogen. The resultant FNG shows high quality and
crystallization with minimal structural defects. As electrode
material for supercapacitors, it demonstrates prominent
electrochemical performance in terms of high rate capability,
low relaxation time, and long-term electrochemical stability.
Results and Discussion. Figure la depicts the schematic
diagram of a typical FJH reactor which contains a quartz tube,
two copper spacers, and electrodes. The optical photos of the
FJH system are provided in Figures S1 and S2. To synthesize
FNG, carbon black and urea were employed as carbon and
nitrogen sources, respectively. The precursors were evenly
mixed and enclosed within the quartz tube, followed by
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Figure 2. (a) XRD profiles of CB, FG, and FNG. (b) Comparison of 20 deg and (002) distances of CB, FG, and FNG. (c) Raman spectra of
CB, FG, and FNG. (d) Comparison of I,/I; and I,/I;, values of CB, FG, and FNG.

compression between two copper spacers to ensure their
complete contact. The electrical conductivity of the precursors
can be controlled by varying the distance between two spacers.
In this study, the distance was kept as ~8.5 mm to achieve a
small initial resistance within 1 €. In order to improve the
conversion efficiency from precursors to FNG, twice flashing
was performed by transposing the cathode and anode. The
detailed experimental parameters of FJH reaction from CB to
FNG can be found in Table S1. The real-time temperature,
voltage, and current were recorded and shown in Figure 1b,c
and Figure S3. During the reactions, the electrodes were
connected to a capacitor bank and charged to a voltage of 180
V. The discharge of the capacitor bank leads to superfast
heating of precursors to above 3000 °C within 200 ms, and
then it cools to room temperature within seconds. The
electrical conductivity of the FNG after twice FJH is greatly
improved and confirmed by the much higher peak current in
Figure S3b. As shown in Figure S4, the sample resistance
decreased from 0.62 Q to 0.34 Q after FJH reactions. The CB
as starting material is predominantly composed of amorphous
carbon particles with small graphitic domains. The fast FJH
facilitates its efficient conversion to high-value turbostratic N-
doped graphene with a high graphitization degree and larger
interlayer spacings, which is easier to exfoliate than an AB-
stacked structure. As we can see from Figure SS, the FJH
process is free of any solvents, catalysts, and reactive gases,
having great superiorities compared with the conventional
synthetic methods.

As shown in Figure S6, the primary CB powders are
comprised of nanospheres with an average diameter of 20—30
nm. After the FJH reaction, the color of the prepared FNG
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changes from black to gray (Figure S7a). Unlike flat and thin
nanosheets that are always found for exfoliated graphene, the
scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of FNG in Figure S7
and Figure 1d present clusters of crumpled nanoflakes with a
smooth surface, and these clusters have a uniform size of tens
of nanometers. There are no obvious differences on micro-
morphology between FG and FNG products (Figure S8). It is
worth mentioning that we can also obtain FG from cost-
effective anthracite, as exhibited in Figure S9. High-resolution
TEM images (Figure le,f) of the FNG sample exhibit a group
of distinctive lattice fringes, confirming the high graphitization
degree. FNG features bend/wrinkled morphology and typically
has a thickness of 2—6 layers. The interatomic spacing is
determined as ~0.34 nm, corresponding to the turbostratic
structure of the FNG material.”> These findings are also
evident by atomic force microscopy images (Figure S10) in
which a well-dispersed FNG sheet has a height of ca. 1.7 nm,
equal to the thickness of five graphene layers. The uniform
distribution of C and N elements is found in the selected area
for the FNG sample (Figure 1g—i), indicating the success of N
within the graphene framework. Figure S11 shows the nitrogen
adsorption—desorption curves of CB and FNG. FNG has a
specific surface area of 114.6 m* g”', and this value is lower
than that of the CB (290.4 m* g™'). During the conversion
process, many electrochemical-inactive micropores of amor-
phous CB were eliminated, resulting in the formation of
graphitic FNG with greatly reduced structural defects.

The X-ray diffraction (XRD) profiles of CB, FG, and FNG
are supplied in Figure 2a. A broad (002) band located at
around 25.5 degree is observed for CB, indicating its low
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Figure 3. XPS full spectra (a), high-resolution C 1s spectra (b), and percentages of carboxyl (orange), sp> (green), and sp” (blue) carbon (c)

of CB, FG, and FNG.
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Figure 4. (a) CV curves of CB, FG, and FNG electrodes at a scan rate of 1000 mV s™". (b) CV curves of the FNG electrode at different scan
rates ranging from 5 to 1000 mV s~'. (c) Capacitance retention of CB, FG, and FNG electrodes at increasing scan rates from 5—1000 mV
s”". (d) Plots of charge and discharge current densities versus scan rates from 5 to 10000 mV s™' of the FNG electrode.

graphitization degree. However, FG displays a sharp (002)
peak along with a weak (100) peak, which are characteristic
signals of turbostratic graphene, confirming the absence of
ordered AB-stacking of basal planes.”*** After nitrogen doping,
the graphitic turbostratic structure was preserved with a
downshift of the (002) peak to ~26.0 deg. This result suggests
the expansion of interlayer spacing of FNG, which may stem
from the heteroatom doping.* Figure 2b compares the 260 deg
and interplanar spacing of (002) distances for these samples.
Graphitic FNG with high electrical conductivity and a
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intermediate spacing of 3.42 A is easier for exfoliation, thus
having great potential for high-performance charge storage.

A representative Raman spectrum of the CB is shown in
Figure 2¢, from which we can observe the high D band
(breathing mode of sp>-carbon atoms in rings) at ~1345 cm™!
and G band (bonds stretching of all pairs of sp>-carbon atoms
in rings) at ~1585 cm™'.>° For FG, it exhibits a very sharp G
peak and 2D peak (second-order zone boundary phonons in
graphene) at ~2700 cm™'. Their intensity ratio (Lp/Ig) is
close to 1, indicating the high graphitization and few layers of
the graphene sheets.”” From the Raman spectra of FG and
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FNG, we can see another defect-induced D’ peak at ~1620
cm™, which stems from the intravalley double resonance
process.”® The intensity ratio of the D and D’ band (Ip/Iy)
can be used to unveil the defect nature in the atomic structure
of graphene.’® As displayed in Figure 2d, the Ip/Iy, values of
both FG and FNG are lower than 3, indicative of the location
of some structural defects or disorders on the edge sites, rather
than the basal plane. The D’ band tends to merge into the G
band at a high defect concentration as suggested by
Casiraghi.”” The pristine G band of CB was deconvoluted
into two subpeaks containing the D’ band, its Ip/Ip value is
higher than 7, confirming the predominant presence of sp’
defects (Figure S12). These conclusions have been also
supported by analyzing the intensity ratios of D and G bands
(Ip/Ig). The Ip/I; value of CB was calculated to be ~1.2,
which is much higher than that of FG and FNG, suggesting the
elimination of many structural defects or disorders by the FJH
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method. Note that FNG shows slightly higher values of both
Iy/Iy and Ip/Ig than FG, which can be ascribed to the N-
doped substitutional defect sites. The low Ip/I; and high I,/
I values suggest the high quality of the as-prepared graphene,
and the comparison with reported graphene materials is
provided in Table S2. Note that another possible reason for the
low Ip,/I; value is the relative low N content (0.66 wt %) based
on the elemental analysis test. Additionally, the distinct TS1
and TS2 peaks in high-resolution Raman spectra (Figure S13)
confirm the turbostratic feature of prepared FG and FNG.*?
Nitrogen doping was also verified by X-ray photoelectron
spectroscopy (XPS). From Figure 3a and Figure S14, we
observe the N 1Is signal for the FNG sample (N ratio: 0.86 at.
%). It is mainly deconvoluted into two peaks centered at 400.1
eV (pyrrolic N) and 398.8 eV (pyridinic N). These N species
are located at the edge of graphene nanosheets, and they can
improve the ion adsorption capability and contribute
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pseudocapacitance for the FNG sample.”* The C 1s spectrum
(Figure 3b) of CB has been fitted with three components
located at 288.7, 285.5, and 284.5 eV, which refer to the
surface carboxyl group, sp® and sp®> bonded carbon,
respectively.*”*" After the FJH reaction, the signal at 288.7
eV disappears for both FG and FNG samples accompanied by
the intensity decrease of the sp® band. As depicted in Figure 3c,
the sp” contribution of FG is 86.5%, much higher than that of
CB (65.6%), confirming the conversion from amorphous
carbon to graphitic graphene.

The electrochemical performance of the prepared FNG
electrode has been studied in a 6.0 mol L' KOH electrolyte
with a three-electrode configuration. As displayed in Figure 4a,
the cyclic voltammetry (CV) curve of FG features a nearly
rectangular shape without redox peaks, revealing a typical
electrical double-layer capacititance (EDLC) behavior of the
highly graphitic carbonaceous materials. Once nitrogen atoms
are introduced into the FG, the CV curve of FNG shows two
aspects of divergences. First, the total amount of adsorbed
charges is remarkably increased as the CV integrated area of
ENG is larger than that of FG. Also, distinctive humps in a
potential range of —0.6 to —0.3 V suggest a combination of
EDLC and pseudocapacitive energy storage behaviors of FNG.
Second, the FNG electrode exhibits more fast electrochemical
responses at the beginning of both charge and discharge
processes, implying the elevated electrical conductivity and
unrestrained ion transport. This could be ascribed to the
unique graphitic turbostratic structure as well as the favorable
interfacial interaction between electrode and electrolyte since
the N-doping can improve the surface hydrophilic property of
crystalline graphene.””** When scan rates are increased from $
to 1000 mV s~!, the CV shapes of ENG are well kept (Figure
4b). As we can see from Figure 4c, ENG achieves a capacitance
retention of 77.4%, higher than CB (68.8%) and FG (75.0%),
confirming the excellent rate performance of FNG. More
interestingly, the FNG electrode still demonstrates ideal CV
curves at the high scan rate of 2, 5, and 10 V s (Figure S17),
where no polarization is found in the given potential window,
and both the charge and discharge current densities have a
desirable linear relationship with the scan rates ranging from S
to 10000 mV s™* (Figure 4d).

The galvanostatic charge and discharge (GCD) curves of
ENG, CB, and FG are provided in Figure 5Sa,b, Figures S18 and
S19. With the current density increases from 1 A g”' to 128 A
g~!, the curves of ENG electrode still maintain a nearly ideal
triangular shape. It also shows a small IR drop of 0.0015 V at
the current density of 1 A ¢! and 0.026 V even at 128 A ¢!
(Figure S20), revealing the robust electrochemical kinetics. In
comparison, the higher IR drops are observed for CB (0.0022
V) and FG (0.0036 V) at 1 A g~" (Figure S21); the high value
of FG may be attributed to the hydrophobic property. Despite
of a low specific surface area, it is worth mentioning that FNG
delivers a specific capacitance of 175.1 F g™' at 1 A g7,
outperforming the CB (161.4 F ¢g”') and FG (1262 F g™')
electrodes (Figure S22). Its surface-area-normalized capaci-
tance reaches 152.8 uF cm™ this value surpasses many
reported results of diverse carbon materials (Table S3),
revealing the prominent ion adsorption capability of the
FNG electrode. With an increase in the current densities, the
calculated specific capacitances of FNG are 172.2, 168.8, 165.5,
163.6, 162.5, 160.0, and 150.7 F g_1 at 2, 4, 8, 16, 32, 64, and
128 A g, respectively. A ultrahigh capacitance retention of
86.1% has been thus achieved when the current density
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changes from 1 A g' to 128 A g ' (Figure Sc). Such an
excellent rate performance is superior to CB and FG, and
hardly reported in the literature.

The electrochemical impedance spectroscopy (EIS) techni-
que was conducted with a frequency range from 100 kHz to
0.01 Hz to study the kinetic characteristics of each material. It
can be seen from Figure 5d that all of the electrodes show a
near-vertical curve in the low-frequency region and a semicircle
in the high-frequency region, indicating the ideal capacitor
behavior. The highest straight slope of FNG reveals its lowest
Warburg resistance (Z,,), and the diameter of the material is
related to the charge transfer resistance (Rcp))."™* The
equivalent circuit is provided in Figure S23. As depicted in
Figure S24, the FNG electrode affords a smaller Rcr of 5.8 Q
compared to the CB (7.6 Q) and FG (9.5 Q) electrodes,
suggesting that the outer surface of éraphene flakes is fully
accessed by the electrolyte solution.*>*” The lower Rcy of CB
than FG benefits from the surface oxygen-containing groups,
and the desirable hydrophilicity facilitates the transfer of
electrolyte ions to the electrode and lowering the electrode/
electrolyte interfacial resistance. Figure Se supplies the Bode
plots of different electrodes, and their phase angles are lower
than —80° at the frequency range of 0.1—10 Hz, approaching
the behavior of an ideal capacitor (defined by a phase angle of
—90°).** The relaxation time constant (z,) could be obtained
using the equation of 7, = 1/f, (where f, is the frequency at
—45°).*°% The 7, values of the FNG, CB, and FG electrodes
are calculated to be 30.2, 188.1, and 59.9 ms, respectively. The
low 7, of FNG reflects its fast response owing to the enhanced
conductivity, stemming from both high graphitization and
surface nitrogen doping. Its superior capacitive performances
regarding low IR drop, Ry, and 7, high normalized
capacitance and capacitance retention, are illustrated using
Radar plots in Figure 6 and Table S4.

To evaluate the electrochemical energy storage performance
of the FNG electrode toward application, symmetric quasi-
solid-state SCs were assembled according to the diagram in
Figure S25a. Figure S25b displays the CV curves of FNG-
based SC at the scan rates of 0.2, 0.5, 1,2, 5, and 10 V s}, and

Normalized capacitance
(uF cm™)
175,

FNG

40 Capacitance

IR drop 12
6 retention (%)

(mV)

7o (ms)

Ret (©)

Figure 6. Radar plots of FNG and CB electrodes involving area-
normalized capacitance (uF cm™) at 1 A g7, capacitance
retention (%) at 128 A g’l, Rer (), 7, (ms), and IR drop (mV)
at 1A g
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all of them present a rectangular-like shape in the potential
range of 0—1 V. According to the GCD curves in Figure S25c,
the specific capacitance of FNG-based SC was calculated to be
121.7 F ¢! (73.0 mF cm™?), higher than that of CB-based SC
(952 F g_l, 57.1 mF cm™2), as compared in Figure S25d. The
Ragone plots of two kinds of quasi-solid-state SCs are provided
in Figure S26; maximum energy and power densities of 16.9
Wh kg™ and 16.0 kW kg~ were achieved for the FNG-based
SC. Moreover, the as-fabricated quasi-solid-state SC with the
FNG electrode shows excellent cyclic stability, as evidenced by
a satisfactory capacitance retention of 91.2% after 10000 cycles
(Figure S27).

Conclusions. In summary, nitrogen-doped graphene has
been prepared via an ultrafast FJH method for high-rate
supercapacitors. This synthetic process helps the conversion of
amorphous carbon to crystalline graphene and is free of
solvents, catalysts, and gases. The resultant FNG flakes feature
average layers of 2—6 together with high graphitization and a
turbostratic structure. It exhibits desirable electrochemical
energy storage performance in terms of large surface-area-
normalized capacitance of 152.8 uF cm > at 1 A g™/, facilitating
both electron and ion transport (7, = 30.2 ms), and a excellent
rate capability as 86.1% capacitance can be maintained at an
extremely high current density of 128 A g™'. Additionally, the
assembled symmetric quasi-solid-state SC with the FNG
electrode affords a high energy density of 16.9 Wh kg™' and
capacitance retention of 91.2% after 10000 cycles, thus
demonstrating the great potential of the FNG material in
practical applications.
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