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Introducing defects is an effective approach to promote the lithium ion storage ability of host material. Con-
structing pure defects is beneficial to understand the lithium ion storage mechanism in the defects. Herein, we
fabricate defective graphene without intricate functional groups via a flash Joule heating (FJH) technique within
a mere 1 ms. The FJH-reduced graphene lattice harbors a multitude of defects, and its unique three-dimensional
structural network enables an ultra-high lithium ion storage capacity. Moreover, the highest capacity of F-RGO-5

reaches 2500 mAh/g in the 800th cycle, its three-dimensional architecture allows it to withstand high currents
and prolonged cycles without drastic failures. Nascent defects and defect-induced lithium plating predominantly
contribute to capacity enhancement during cycling, while dendrite formation primarily leads to decay. Our
findings present an approach to defect-based designs of high-capacity lithium anodes and provide valuable in-
sights into their energy storage mechanisms.

1. Introduction

Graphene, a two-dimensional monolayer structure of graphite, is
highly anticipated in the energy storage field for its unique electrical
properties and nano-size effect [1]. As potential anode materials, espe-
cially reduced graphene oxide and heteroatom doped graphene present
a capable lithium ion storage behavior. Thus, the lithium ion storage
model of graphene is built to support the electrochemical performance
beyond expectations. Initially, it was expected that lithium ions would
be stored as the LiCgLi on both sides of single-layer graphene, which
leads to a theoretical capacity of 744 mAh/g [2]. However, numerous
experiments and simulations have demonstrated that the electrostatic
repulsion between lithium ions is significantly stronger than the bonding
force between lithium ions and carbon atoms in graphene, making this
stoichiometric compound impossible to form [3,4]. Ji’s group [5]
proved that lithium ions only stored in the interlayer of two graphene
layers with the final phase of LiCy2, corresponding to a theoretical ca-
pacity of 186 mAh/g. This finding breaks the conjecture about graphe-
ne’s high capacity. Recently, the defect chemistry reveals that the
atypical lithium storage behavior and high capacities are attributed to
the defects in graphenes [6-8]. Density functional theoretical (DFT)
studies suggest that the electron cloud around the carbon atoms near
defect sites can accommodate additional electrons, improving the
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quantum capacitance, and showing a macroscopic increase in capacity
[9-11]. Therefore, introducing defects in graphene is a viable strategy to
enhance lithium adsorption. However, it is still a challenge to figure out
the lithium ion storage mechanism in defective graphene.

The defects in graphene can be divided into intrinsic defects and
external defects. The intrinsic defects are caused by the absence or
rotation of carbon bonds of six-membered rings and the external defects
are produced by heteroatom dopants. The introduced defects could
serve as extra lithium ion storage sites, leading to an improved capacity.
Usually, the chemical method is carried out to introduce the defects due
to the highest defect yield. Graphene oxide (GO) is one of the best
precursors for defect engineering and doping engineering, which
promise a large number of oxides-induced and adjustable defects [12].
However, it is difficult to remove all the oxygen functional groups on the
surface to construct an ideal defective graphene model. The residue
would hinder lithium ion and electron transport. In addition, the lithium
ion storage behavior is also affected by the heteroatom existence.

Hepported by the Student rein, graphene with multiple vacancy
defects is produced via the flash Joule heating (FJH) technique. During
the FJH process, a large amount of Joule heat generated around the
conductive path remove the oxygen-containing functional groups on a
microsecond time scale. At the same time, accompanied by the loss of
carbon atoms, a large number of defects are produced on the surface of
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rGO. Most of these defects exhibit considerable formation energy and
should not appear in thermal equilibrium, while they can be retained in
the FJH process owing to the ultrafast annealing rate. Meanwhile, the F-
rGO presents an “insertion-deposition” mixed lithium ion storage
mechanism, which leads to a reversible capacity of 2450 mAh/g after
1000 charge-discharge cycles at 1 A/g. The defects in the carbon
network, and the local “lithium anode” produced on the surface during
the cycle, as well as the partially enclosed three-dimensional structure,
synergistically endow the ultra-high capacity and excellent rate per-
formance. Furthermore, by analyzing the capacity changes in different
voltage intervals during 5000 cycles, the reason for excess lithium
storage in lithium-ion batteries and its fading mechanism was presented.
This work provides novel insights into understanding the lithium storage
mechanism of defective graphene.

2. Results and discussion

The parameters of the self-assembled FJH equipment are shown in
Figure S1 and Table S1. In a typical FJH process, the GO collected by
Hummer’s method is placed in a quartz tube with openings at both ends.
The occurrence of the FJH process is represented by a bright flash
emitted from the quartz tube after the energy is released by capacitor
banks, and the excess energy is dissipated as blackbody radiation
[13,14]. Real-time images of the process are shown in Figure S2 and
Video S1. The F-rGO displays the interconnected three-dimensional
porous features instead of an aggregated cluster of pristine GO, due to
a large amount of generated gas escaping from the GO interlayer and
shocking away the stacked layers. The discharge parameter is denoted
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by m@200 Vxn, where m represents the number of capacitors that are
charged to 200 V and discharged to GO, repeat n times. Four variations
of rGO were synthesized employing distinct parameters. These were
designated as F-RGO-1, F-RGO-3, F-RGO-5, and F-RGO-1-8, obtained
through the FJH processes labeled as 1@200x1, 3@200x1, 5@200x1,
and 1@200x8, respectively. Notably, among these, F-RGO-5 exhibite
the most separated lamellae, as depicted in Fig. S2f. When a higher
voltage is applied, thermal shock can break the quartz tube. Addition-
ally, the prolonged flash time induced the re-stacking of rGO, whereby
the initially disordered lamellas stacked into dense, short-range orga-
nized layers in a specific direction after several small-energy strikes
(Fig. S2g, h).

The transmission electron microscope (TEM) images (Fig. 1a) show
the F-rGO-5 in a folded gauzy shape. Energy-dispersive X-ray spectros-
copy (EDS) mapping confirms the removal of oxygen elements from the
F-rGO surface, indicating the effective reduction of GO via the FJH
method (Figure S3, S4). The magnified edges of F-rGO-5 exhibit a clear
few-layer structure, with some edges presenting as curled, inter-
connected carbon nanostructures. Moreover, multiple holes appear on
the surface, indicating an undulating and rough surface, typically caused
by lamellar surface defects (Fig. 1b, c¢) [15-18]. The adsorp-
tion—desorption isotherms for both GO and F-rGO-5 exhibit character-
istics aligned with type IV isotherms. The emergence of the H3-type
hysteresis loop is ascribed to the layered stacking structure inherent in
carbon sheets. As per the Brunauer-Emmett-Teller (BET) method, the
specific surface areas of GO and F-rGO-5 measure 3.23 m?/g! and
364.14 m?/g!, respectively. This notable increase in specific surface area
is attributed to the development of an interconnected three-dimensional
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Fig. 1. (a-c) TEM, regional magnification, and (d) SAED pattern of F-rGO-5. (e) Current signal during 5@200 V*1 process. (f) Schematic illustration for the

FJH process.
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structure. Utilizing the Barret-Joyner-Halenda (BJH) model, the pore
size distribution analysis of F-rGO-5 predominantly falls within the
range of 2-5 nm, indicating a highly abundant porous framework.
Corresponding selected-area electron diffraction (SAED) spots with high
brightness display a classical hexagonal distribution, signifying a hex-
agonal crystalline structure (Fig. 1d). The multiple concentric rings
observed in SEAD are the result of stacking or folding of carbon layers
[19]. Notably, there are several sets of sixfold symmetrical bright spots
in the circle, which rotate relative to each other. These bright spots
represent atypical Bernal (AB) stacking of the F-rGO layers, resulting
from small angular rotations between multiple planes or the bending of
graphene edges, as illustrated in the TEM result [18,20]. The undulating
surface in the AFM image also demonstrates the unevenness of the

graphene surface (Figure S6).

Through the use of a Hall device in conjunction with an oscilloscope
and a signal acquisition interval of 0.1 ps, we were able to capture the
current signal during the 5@200 Vx1 process. The I-t curve (Fig. le)
demonstrated that the FJH process was complete in a remarkably short
time, taking only 620 ps, which is much faster than other commonly
used reduction methods. The step-like current signal reveals a three-
stage reaction, as depicted in Fig. 1f. During the initial stage, the cur-
rent step undergoes a sharp spike at 45 A, followed by a rapid decline to
0 A in just 158 ps. After the capacitive switch is turned on, a large
number of electrons are released and governed by Fowler-Nordheim
tunneling under a high bias [21]. Initially, the electrons preferentially
travel along the basal plane, which offers the lowest resistance, thereby
generating a significant amount of Joule heat along the conductive
pathway. This process sequentially removes adsorbed water, epoxide
(C-0-C), hydroxyl, and carboxyl groups (C-OH, COOH) from the GO
layers [22,23]. The resulting expanding gas serves to separate the GO
layers and, in turn, obstructs the current flow. Thus, the current during
the first stage manifests as three distinct steps. Subsequently, as the GO
layers come into contact again under the pressure of the spring, the
electrons continue to travel along the conductive path, resulting in a
secondary FJH process, which represents the second stage. Finally, the
oxygen-containing functional groups between the interlayers decrease
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substantially, and the distance between the lamellae starts decreasing.
The dangling bonds at the edges and interlayers are easily built together
during Joule heating, resulting in the generation of a current response
along the conducting network. Under the guidance of the current, fusion
occurs at the interface overlap, and reconstruction occurs at the edge,
leading to the formation of a 3D RGO network [24]. In general, the
conductivity of multilayer graphene is higher along the direction par-
allel to the layers as compared to the perpendicular direction. However,
in the case of F-rGO structures, the electron pathway is augmented,
thereby enhancing the overall conductivity of graphene. The resistance
of the reactor also shows a significant decrease before and after the FJH
process (Figure S7) (22.9 kQ decreased to 0.6 Q).

To gain a better understanding of the structural characteristics of F-

rGO, further tests were conducted. The XRD pattern of GO (Fig. 2a)

groups

make

shows a sharp peak at 12°, which according to the Bragg equation cor-
responds to 7.37 f\, much larger than that of graphite (3.37 A) [25]. This
indicates that the original graphite is successfully exfoliated and inter-
calated. After the FJH process, the characteristic peak of obtained rGO
shift to a larger diffraction angle (26.2-26.4°), indicating the removal of
the intercalated functional groups, and a significant broadening of the
peak due to distortion in the RGO lattice. The RGO layer spacing in-
creases with the one-time released energy. Sharp diffraction peaks at
11.5° and 26.1° appear after eight strikes, representing the re-
emergence of AB stacking of rGO from disordered structures to
graphite-like structures during multiple FJH strikes, which is also
consistent with the changes in morphology observed by SEM (Fig. S2h).
Compared to GO, the oxygen-containing functional groups in F-rGO-5
are significantly reduced. This is evidenced by the disappearance of
broad peaks at 3390 cm™! (—OH, from carboxyl and hydroxyl groups
grafted on GO and absorbed water molecules) and sharp peaks at 1249
and 1151 c¢cm™! (v C-O-C) in the Fourier-transform infrared spectros-
copy (FT-IR) spectrum (Fig. 2b) after the reaction. Some incompletely
reacted oxygen-containing functional
(1677 em™! (v C=0)) not completely disappear, which cannot be
avoided by using GO as a precursor [26,27]. The ultra-high carbon
content in F-rGO-5 is further confirmed by high-resolution X-ray
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Fig. 2. (a) XRD patterns of F-rGO and GO. (b) FTIR, (c) TG, (d, e) high-resolution XPS spectra for C 1 s of F-rGO-5 and GO. (f) Raman spectra of F-rGO and GO.
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photoelectron spectroscopy (XPS) spectrums (Fig. 2d, e, and S8) and
thermogravimetric (TG) curves (Fig. 2c). The TGA curve clearly illus-
trates that GO was effectively reduced, with the oxygen content in the
initial graphene oxide being only not more than 40 %, and the carbon
content reaching 96% as the FJH proceeded. The C 1 s peaks are
deconvoluted into several sub-peaks. After the FJH process, the content
of sp3 C (285.4 eV) decreases but still exists. Given that the above test
results indicate that the F-rGO-5 is almost entirely C-element, only a
small portion of the oxygen-containing functional groups are not
completely reduced. It may represent edges and the inter-layer bridge
bonds between graphene lamellae. Additionally, the appearance of n-n*
satellite peak at 290 eV confirms the conjugated n-electron system in F-
rGO-5. As shown in Figure S9, we performed XPS tests on the other
three groups of samples and found that the proportion of C-C sp2 bonds
was only 55 %, 59.6 %, and 50 % (F-rGO-1, F-rGO-3 and F-rGO-1-8),
respectively. The percentage of sp® bonds in F-rGO-5 is 66.3 %, which is
the highest [28]. Raman spectroscopy (Fig. 2f) is performed to charac-
terize defects and stacking in GO and F-rGO [29,30]. The D peak locates
at 1350 cm ! and is evoked by defects, while the G peak at 1580 cm ™!
reveals the stretching vibration mode of the in-plane SP? carbon. In the
one-time FJH reaction products, the D peak is always present, and the
value of I4/I, is almost constant. Given that F-rGO is composed of carbon
elements, the D peak indicates the defects and edge scattering in the
lattice. The appearance of the 2D peak in the Raman spectrum of F-rGO-
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5 represents the few-layer structure, and the bump-like region
(2400-2500 cm—1) also demonstrates the disorder stacking of the gra-
phene network [31].

When serving as anode materials for the Li-ion half cells, F-rGO-5
anodes display discharge capacities of 3307, 1377, 1275, and 1224
mAh/g at 1 A/g in the initial four galvanostatic charge-discharge (GCD)
cycles. A large irreversible capacity in the first cycle indicates that the
solid electrolyte interface (SEI) mainly forms during the first lithiation
process (Fig. 3a) [12,32]. Correspondingly, two reduction peaks at 1.7 V
and 0.7 V in the first cycle of the CV curve (Figure S10a) are attributed
to the decomposition of the electrolyte on the F-rGO-5 surface. The peak
at 0.7 V represents SEI generation and the peak at 1.7 V partially-
reversible side reactions occur between Li* and some remaining sur-
face functional groups of F-rGO [33]. The peak current (i) and scanning
rate (v) in CV curves at scan rates of 0.2 to 5 mV s~ ! are consistent with
the formula:i = av®, in which a and b are fitting parameters calculated
from the slope of the log (i)-log (v)curve. When b approaches 1,
capacitance behavior dominates the electrochemical process; when b
comes to 0.5, semi-linear diffusion takes over. The b value of C1, C2, and
Al is 0.57, 0.72, and 0.84, respectively (Fig. 3b, ), indicating the Li™
storage is controlled jointly by capacitance and battery behaviors
[34,35]. The capacitive behavior accounts for 64 % at 5 mV s~ ! for F-
rGO-5 (Figure S10b, the area beyond the original curve is due to the
residual current and ohmic polarization [36]). To exclude the effect of
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lithium-ion consumption by the SEI formed in initial cycles, a cycle test
was conducted at 1 A/g (Fig. 3d). After twenty GCD cycles, the discharge
capacity shift from falling to increasing with the Coulombic efficiency of
~ 100 %. The initial state battery and the battery after 1000 GCDs cycles
was tested for rate performance, the initial state battery has the
discharge capacities of 2556, 2059, 1480, 851, 485 mAh/g current
densities of 0.2, 0.5, 1, 2, and 5 A/g, respectively. And the battery after
1000 GCDs cycles showing high discharge capacities of 3321, 2833,
2450, 2075, and 1950 mAh/g at current densities of 0.2, 0.5, 1, 2, and 5
A/g, respectively, showing an outstanding performance to previous re-
ports (Fig. 3e, g, Figure §11) [37-43]. The self-discharge behavior was
evaluated by testing the discharge curve of a fully charged battery. The
voltage of the battery drop to 2.2 V after 10 h of standing and remain
stable for the following 17 h (Fig. 3f). The voltage drop is attributed to
the weakly adsorbed ions returning to the electrolyte driven by the
electrostatic effect. A discharge capacity of 2141 mAh/g could still be
released at a current density of 1 A/g after 27 h of standing, demon-
strating its potential in high-capacity and stable energy storage. As a
comparison, reduced graphene oxide (rGO) prepared by heating GO in
an Ar-protected tube furnace at 800 °C was also tested as a lithium
storage electrode under the same conditions. The capacity of rGO is only

Chemical Engineering Journal 481 (2024) 147988

350 mAh/g at a current density of 1 A/g, and a similar increase in ca-
pacity is not observed (Figure §12).

To further understand the high and increasing capacity of F-GO
during cycling, the rate of charge change at constant potential change, i.
e., differential capacitance (dQ/dV) is analyzed. According to the dQ/dV
curve (Figure S10c) of the discharge process, the charge accumulation
linearly relates to the voltage in the 3 V-1.5 V segment, representing the
capacitive adsorption of lithium ions on the surface [44]. The capacity
accumulation exhibits a mixed control of capacitive, semi-infinite
diffusion at discharge voltages below 1.5 V. Considering the lithium
insertion process between 0.3 V and 0.01 V, the voltage interval is
divided into three segments, and 1.5 V and 0.3 V are chosen as the
boundary. Define the proportion of the voltage interval’s capacity to the
overall capacity as the capacity ratio. We found an increasing trend in all
segments, but the degree of the increment varies (Fig. 3h and S13). The
capacity ratio of 3-1.5 V hardly changes throughout the cycling cycle,
indicating that the structure of the electrode undergoes uniform
expansion without drastic changes. Since the capacity obtained by
lithium ions through the formation of lithium-carbon compounds with
SP? C does not increase with cycling, and the above characterizations
demonstrate that F-rGO contains multiple defects, then the rise in
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capacity of other segments may be attributed to the contribution of
defects in the structure. The significant increase in the intensity of the D
peak in the Raman spectrum of F-rGO-5 after 1000 GCD cycles suggests
the new defects generation during cycling (Fig. 3i). According to pre-
vious reports, the maximum theoretical capacity of monolayer graphene
with a 100 % Stone-Wales (SW) defect is 1100 mAh/g, and with the
highest double vacancy (DV) defect of 25 %, the maximum capacity is as
high as 1675 mAh/g [45]. However, the highest capacity of F-RGO-5
reaches 2500 mAh/g in the 800th cycle, indicating the existence of an
additional lithium storage mechanism in F-RGO-5 electrode.

To comprehensively elucidate the energy storage mechanism of F-
RGO-5, a longer cycle test was conducted at 5 A/g (Fig. 4a). The capacity
first climbs and then decreases in 5000 cycles, peaking at the 1000th
cycle and then steadily declining. Remarkably, new peaks are observed
in the differential capacitance (dQ/dV) curves of the 300th and 100th
(Fig. 4c and S14), which may be attributed to the reduction of lithium.
Furthermore, as the defects content increase, the lithium deposition
potential shows a positive shift (0.03 V at 300th and 0.04 V at 1000th).
Thus, the rising in capacity during cycling is not only attributed to the
increase in defects but also to the deposition of lithium layers. The stable
Coulomb efficiency suggests that the deposited layer is highly reversible.
At the 5000th cycle, the discharge capacity drops to 1007 mAh/g, equal
to the capacity in the 300th. Despite having similar overall capacity, the
capacity ratio in the 0.3-0.01 V decreased from 50 % to 39 % (Fig. 4b).
Electrochemical impedance spectroscopy (EIS) is fitted by equivalent
circuits (Figure S15a for initial data, Figure S15b for cycled data). Rsgs
decreases significantly during the capacity rising stage, indicating that
the formation of SEI facilitates ion conduction (Fig. 4 d, e, and
Table S2). The appearance of Ry; confirms the formation of the Li
deposition, as shown in Fig. 4e, and the significant increase of Ry; after
5000 cycles represents the formation of an irreversible lithium deposi-
tion layer. Fluctuations in Coulomb efficiency indicate that this dead
lithium is shed during cycling (Fig. 4a), so the formation of lithium
dendrites and their shedding are the main factors in capacity degrada-
tion. The deposited lithium layer also leads to a weakening of the in-
tensity of the D-peak in the Raman pattern (Fig. 3i). Compared to the
initial state, a layer of SEI film attach to the surface of the lamellae after
1000 cycles. In the ex-situ XPS spectra, as shown in Figure S15a, the
peaks representing Li;CO3, O—-C=0 and C-F bonds at 290, 288.6, and
286 eV, respectively. The peaks of Li-F and P-F appearing at 684.9 and
687.4 eV in Figure S15b. In the high-resolution spectra of Li 1 s, the
peaks at 54.8 and 55.5 eV prove the bonds of Li-F and Li,CO3 appeared
(Figure S15c). The appearance of these new signals after cell cycling
represents the generation of SEL. The XPS results show that the electrode
has a Li content of 28 %. Since the electrodes were disassembled after
charge and discharge cycles and the final step was a delithiation step,
this high Li content is consistent with our hypothesized model. After
5000 cycles, a large number of holes are evenly distributed throughout
the lamellae, which should be caused by deposition of large amounts of
lithium ions at the defect site. The distribution phenomenon is similar to
the location of the holes exhibited in the initial TEM by F-rGO-5 (Fig. 4f-
h, Figure S17). In order to further demonstrate the potential application
value of F-rGO-5, we assembled F-rGO-5 as the anode and lithium iron
phosphate (LiFePOy) as the cathode to form a full cell battery. In the CV
images of the first four cycles (Figure S18), it can be found that the
reduction and oxidation peaks appear at 3.55 V and 3.35 V, respectively,
which correspond to the embedding and detachment potentials of
lithium ions during battery charging and discharging. The full cell
achieved a specific capacity of 131 mAh/g in the first discharge,
retaining 82 mAh/g atter 90 GCD cycles.

As an illustration, theoretical calculations were performed using
Density Functional Theory (DFT) methodology, employing classic
Stone-Wales (SW) defect and single vacancy models (DV1 and DV2). In
exploring the adsorption system’s stability, the adsorption energy of
diverse Li atoms on graphene is computed using the subsequent formula:
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AEud (Ll) = ELi—defect - ELi—defect - Edefecl (l)

here, Epjdefect, Edefect, and Ep; denote the total energies of graphene
containing Li clusters, defect graphene, and individual Li atoms,
respectively. As depicted in Fig. 5a, defective carbon layers exhibit
lower adsorption energies compared to defect-free carbon layers, indi-
cating the propensity for lithium to preferentially occupy these defect
sites. Particularly, the adsorption energy is minimal between lithium
atoms and SV1. Differential charge maps (Fig. 5b) reveal an increased
electron-donating ability of carbon atoms near defects, facilitating
lithium ions’ easier access to electrons from carbon atoms at defect sites,
elucidating the reason for lithium ion deposition above 0 V.

The intricate reaction mechanism underlying the behavior of F-rGO-
5 is illustrated in Fig. 5c. The swift heating triggers the elimination of
oxygen-functional groups, while the rapid annealing ensures that the
high defect density is preserved. The Joule heat temperature, which is
elevated, augments the reactivity of carbon atoms with dangling bonds.
This, in turn, facilitates the formation of copious interlayer bridging
bonds, which greatly enhance electrical conductivity. Additionally, the
overlapping graphene fuse together at high temperatures, creating to-
pological defects that are subsequently reconstructed as a tightly con-
nected 3D network of carbon atoms. Due to the lower adsorption energy
of lithium ions at these defects compared to those on intact six-
membered ring carbon atoms, F-rGO exhibits a capacity that surpasses
the theoretical specific capacity of graphene. Furthermore, the 3D
structure of F-rGO-5 offers abundant sites for lithium ion adsorption.
During the cycling process, the defects in the network increase, reducing
the nucleation potential of lithium ions and promoting their deposition
at the graphene defects, which forms a localized “lithium anode” [40].
The appearance of defect adsorption, reversible lithium plating, and 3D
structure synergistically confer high capacity and excellent rate perfor-
mance of F-rGO-5. Moreover, the strong attraction of lithium ions at the
defects alleviates the self-discharge of the half-cell. After 1000 cycles at a
high current of 5 A/g, defect generation saturates, and the consequent
increase in local overpotential leads to the generation of dead lithium,
which results in the coverage of the carbon layer and a decline in ca-
pacity. However, the closed network, linked by carbon bonds, enables
the F-rGO-5 to withstand the volume expansion caused by dendrite
growth. As a result, although the capacity decays, the rate of decay is not
rapid, and F-rGO-5 can maintain a high capacity of 1007 mAh/g even
after 5000 cycles.

3. Conclusion

In conclusion, the FJH method effectively reduces GO and drastically
reduces the oxygen content, forming a 3D carbon network containing a
large number of intrinsic defects. The nascent defects during cycling
promote the rise in capacity, reaching as high as 2450 mAh/g (1 A/g)
after 1000 cycles, with capacity at different rates higher than that of
graphene modified by other methods. While the formation of dead
lithium reduces capacity, the tightly connected 3D network can with-
stand volume expansion during negative electrode cycling, resulting in a
reversible capacity of 1007 mAh/g after 5000 cycles at the current
density of 5A/g. Although graphene-based lithium still faces challenges
like low first efficiency and self-discharge, t this preparation method
provides a new approach to designing defect engineering-based elec-
trodes and fresh insights to comprehend changes during the cycling of
comparable thin-layer electrodes.
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