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Rapid and Up-Scalable Flash Fabrication of Graphitic
Carbon Nanocages for Robust Potassium Storage

Lina Wang, Sheng Zhu,* Zhihao Huang, Mengxiu Li, Yun Zhao,* Gaoyi Han, Yan Li,
and Jiangfeng Ni*

Graphitic carbon nanocages (CNCs) have garnered attention as viable
candidates for potassium storage, primarily due to their notable crystallinity,
large surface area, and rich porosity. Yet, the development of a rapid, scalable,
and economically feasible synthesis approach for CNCs persists as a
formidable challenge. This study presents a rapid (millisecond-scale) and
scalable (gram-scale) method for fabricating mesoporous CNCs characterized
by high purity and orderly graphitic structures, utilizing the flash Joule heating
technique. Employed for potassium storage, the CNC electrode developed
herein exhibits exceptional performance metrics, including initial capacity,
rate capability, and cycling stability, surpassing numerous carbonaceous
materials previously documented. Impressively, it delivers a high initial
capacity of 312.3 mAh g−1 at 0.1 A g−1, maintains 175.1 mAh g−1 at a high
rate of 2.0 A g−1, and retains 219.6 mAh g−1 over 1000 cycles at 1.0 A g−1.
Molecular dynamics simulations and in situ characterizations are employed to
elucidate this robust behavior. This work underscores the significant
advantages of the flash Joule heating technique in synthesizing carbonaceous
materials for potassium storage applications.
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1. Introduction

Lithium-ion batteries have seen extensive
exploration across diverse fields in the past
two decades, attributed to their high energy
and power densities. However, the scarcity
and uneven distribution of lithium reserves
present obstacles to their future market
development.[1–6] Recently, potassium-ion
batteries (PIBs), featuring a similar “rock-
ing chair” mechanism, have emerged as
a viable alternative. The abundant reserve
(2.4 wt% in the Earthʼs crust), low stan-
dard redox potential (2.93 V vs standard hy-
drogen electrode), and reduced solvation ef-
fect of potassium imbue PIBs with high
operational voltage and energy density.[7,8]

In the quest for high-performance potas-
sium storage materials, graphite has been
the focus due to its formation of a KC8
intercalated compound, leading to a theo-
retical capacity of 279 mAh g−1. However,
the larger ionic radius of K ions (138 pm)
compared to Li ions (76 pm) causes sig-
nificant volume fluctuation and structural

instability in graphite.[9] Consequently, the rational design and
construction of graphitic carbon materials with robust structures
are pursued to address this challenge.

Graphitic carbon nanocages (CNCs), a kind of cage-like car-
bon nanomaterials composed of curved graphite nanosheets,
have attracted considerable scientific interest due to their high
crystallinity, large surface area, and rich porosity.[10] In recent
years, CNCs, with their distinctive hollow internal structure,
have gained increasing recognition in potassium storage as their
pores can accommodate volume variations.[11,12] Naturally, the
efficient synthesis of highly crystalline CNCs is a prerequisite
for their widespread application in PIBs. Typically, CNCs have
been fabricated through high-temperature graphitization or cat-
alytic synthesis. For instance, Song et al.[13] produced CNCs by
annealing Ketjen carbon black at 2800 °C, resulting in impres-
sive rate capability and cycling stability. However, high tempera-
tures and energy consumption pose challenges for their practi-
cal prospect. To reduce the synthesis temperature (<1200 °C), a
catalytic synthesis using transition metal catalysts (e.g., Fe, Co,
and Ni) has been developed.[14–16] Nevertheless, the complete re-
moval of metal catalysts is challenging due to the high acid ox-
idation resistance of the graphite shells, and this process in-
evitably damages the graphitic structure of CNCs, leading to poor
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Figure 1. Synthesis and morphology of FEG-CNCs. a) Schematic illustration of the preparation process of FEG-CNCs. b) Schematic of the FJH equipment.
c) Plot of the temperature versus time for FEG-CNC-180 during the FJH process. d) SEM, e) TEM, and f) HRTEM images of FEG-CNC-180.

electrochemical performance.[17–19] Thus, developing a simple,
scalable, and catalyst-free approach to produce CNCs with high
purity and quality is crucial.

In this study, we report the ultrafast and efficient synthe-
sis of CNCs through a flash Joule heating (FJH) technique
within hundreds of milliseconds. The FJH method eschews
metal-containing catalysts, chemical solvents, or special gas at-
mospheres, generating high instantaneous temperatures exceed-
ing 3000 K, which facilitate the formation of highly graphitic
and cage-like carbon materials. As-synthesized CNCs demon-
strate superior potassium storage performances, including high
reversible capacity, ultrastable long-term cyclability, and excel-
lent rate capacity. Molecular dynamics simulations indicate that
CNCs with a curved structure exhibit much lower K+ adsorption
energy compared to planar graphite. Moreover, the potassium
storage mechanism of CNCs has been investigated through both
in situ Raman and ex situ XRD measurements. This study con-
tributes valuable insights into the rational construction and struc-
ture modulation of CNCs for advanced energy storage, leveraging
the FJH technique.

2. Results and Discussion

Figure 1a schematically depicts the utilization of conductive ex-
panded graphite (EG) as substrate for the synthesis of CNCs. In
this process, the precursor, polycyclic anthracene (C14H10), un-
dergoes pyrolysis, forming CNCs during the flash Joule heating

procedure. The resultant material is designated as FEG-CNCs.
On the one hand, C14H10 molecules are composed of sp2 car-
bon atoms, which tend to form highly graphitic carbon materi-
als at high temperature. On another hand, the ultrahigh heat-
ing/cooling rates and uneven molecule evaporation during in-
stantaneously high temperature would lead to the generation of
hollow CNCs.[20–22] Given the propensity of C14H10 to volatilize
at temperatures exceeding 340 °C, a preliminary heating treat-
ment was employed to securely anchor the C14H10 molecules
onto the graphite surface. This step was executed in a muf-
fle furnace at 300 °C. Scanning electron microscopy (SEM) im-
ages presented in Figure S1 (Supporting Information) display the
EG@C14H10 post-treatment, where a discernible layer of crys-
talline C14H10 is evident on the EG surface. The precursor is then
exposed to an exceptionally high temperature exceeding 3000 K
in less than one second through FJH method, as evidenced by
the intense luminescence observed (Video S1, Supporting In-
formation). Figure 1b illustrates a typical FJH reaction system,
comprising three principal components: electrode rods, a quartz
tube, and graphite plugs. To initiate the FJH reaction, the precur-
sors are gently compressed within a quartz tube, flanked by two
graphite plugs, allowing for the modulation of sample resistance
by altering the distance between the plugs. The high-voltage elec-
tric discharge generates a transient peak temperature of ≈3600 K,
with a heating rate of ≈1.5 × 105 K s−1. The cooling rate post heat-
ing is estimated to be ≈5.6 × 103 K s−1, as illustrated in Figure 1c.
Optical photographs of the FJH reactor, both prior to and during
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Figure 2. Characterization of FEG-CNCs at different flash voltages. a) XRD patterns and b) Raman spectra of FEG-CNCs under different flash voltage and
EG samples. c) High-resolution C 1s XPS spectrum of FEG-CNC-180. d) N2 adsorption/desorption curves and pore size distributions of FEG-CNC-180
and EG samples.

the reaction, are presented in Figure S2 (Supporting Informa-
tion). Following the FJH process, the initially gray EG@C14H10
precursor transforms to the black FEG-CNCs (Figure S3, Sup-
porting Information).

The morphological characteristics of the fabricated FEG-CNC
samples were controlled by modulating the flash voltages, which
are intricately linked with the resultant reaction temperatures.[23]

This relationship is exemplified in Figure S4 (Supporting Infor-
mation), where the temperatures corresponding to flash voltages
of 90, 110, 130, 150, 180, and 200 V were determined to be 1997,
2130, 2585, 2991, 3616, and 3878 K, respectively. Detailed flash
parameters can be found in (Table S1, Supporting Information).
Analysis of SEM images (Figure 1d; Figure S5 and S6, Supporting
Information) reveals that the CNC-180 sample exhibits the most
regular and uniform spherical morphology, with an average outer
diameter of ≈50 nm. The cage-like architecture of the flash prod-
ucts was further elucidated through transmission electron mi-
croscopy (TEM) and high-resolution TEM (HRTEM). Figure 1e,f
highlights the FEG-CNC-180 sample, showcasing distinct lattice
fringes with a d-spacing of 0.346 nm (inset in Figure 1f), indica-
tive of a graphitic structure.[24] These dense carbon nanocages
are primarily composed of multiple graphene layers with a wall
thickness of 10–20 nm. Furthermore, the influence of the FJH
method on the EG substrate was investigated. As depicted in
Figure S6 (Supporting Information), the FEG substrate retains
its layered configuration without significant structural damage,
attributable to the extremely short duration (<1 s) of the FJH

process. In stark contrast, prolonging the pulse duration to 60 s
at 3000 K leads to substantial agglomeration of the EG layers,
as evident in Figure S7 (Supporting Information). The collective
analysis suggests that the FJH technique facilitates the thermal
decomposition of anthracene into FEG-CNCs without damaging
the structural integrity of the EG matrix.

The XRD pattern of the EG@C14H10 precursor reveals a coex-
istence of EG and polycyclic anthracene phases (Figure S8, Sup-
porting Information), which remains undecomposed at lower
temperatures. Figure 2a presents the XRD patterns of FEG-CNCs
produced at varying flash voltages. The observed characteristic
peaks correspond exclusively to the (002) and (004) crystal planes
of graphite, with no detectable impurities. Notably, as the flash
voltage increases from 90 to 180 V, there is a discernible enhance-
ment in the intensity of the (002) diffraction peak, indicative of
improved graphitization. However, an anomalous trend is noted
at a higher voltage of 200 V. Raman spectroscopy further eluci-
dates their structural characteristics, as displayed in Figure 2b.
The D-band (≈1340 cm−1) is indicative of structural defects or
stacking disorders, while the G-band (≈1570 cm−1) represents
the E2g vibration mode of sp2 hybridized carbon.[25,26] The in-
tensity ratio of the D-band to G-band (ID/IG) is a conventional
metric for assessing the degree of graphitization in carbon mate-
rials. A declining trend in ID/IG ratios is observed with increas-
ing flash voltages from 90 to 180 V. The FEG-CNC-180 sample
exhibits the lowest ID/IG ratio of ≈0.40 and the highest I2D/IG
ratio of ≈1.83, suggesting a more crystalline structure.[27] This
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observation is consistent with the XRD results. Importantly, no
significant alterations of EG occur before and after the FJH pro-
cess despite the transient high-temperature exposure (Figures
S9, Supporting Information). Figure S10 (Supporting Informa-
tion) shows the infrared spectra of products collected at different
flash voltages. Thermogravimetric analysis reveals that EG un-
dergoes decomposition near 500 °C, whereas the FEG-CNC-180
sample maintains stability up to approximately 600 °C (Figure
S11, Supporting Information). This finding underscores the ex-
cellent thermal stability of the FEG-CNC-180 sample following
FJH treatment.

X-ray photoelectron spectroscopy (XPS) was employed to ana-
lyze the surface chemical composition of the FEG-CNC-180 and
EG samples, as depicted in Figures S12–S14 (Supporting Infor-
mation). These spectra confirm the presence of both C and O
elements in both samples. Notably, the FEG-CNC-180 sample ex-
hibits a higher C/O atomic ratio compared to EG. This observa-
tion suggests a more carbon-rich composition in the FEG-CNC-
180 sample. High-resolution C 1s spectra reveal major peaks
at ≈284.8 and 285.5 eV, which are attributed to sp2 hybridized
graphitic carbon and sp3 hybridized amorphous carbon, respec-
tively (Figure 2c). The presence of weak C─O and C═O groups,
evidenced by binding energies ≈286.3 and 287.3 eV for both sam-
ples, is likely a consequence of minor oxidation of the carbon
material by atmospheric oxygen.[28,29] Furthermore, the different
chemical states of oxygen in the samples are elucidated by two
distinct peaks in the O1s spectra, located at 532.7 and 534.6 eV,
corresponding to C─O and C═O bonds, respectively.[30,31] In
addition, nitrogen adsorption–desorption isotherms were con-
ducted to determine the surface area of the materials. As shown
in Figure 2d, FEG-CNC-180 demonstrates a BET surface area
of 34.45 m2 g−1, which is significantly larger than that of EG
(23.67 m2 g−1). The larger surface area in FEG-CNC suggests a
higher availability of active sites for K+ storage.[32]

The physical and chemical attributes of FEG-CNC-180 render
it a prime candidate for use as an anode material in PIBs. The
representative CV curves of the FEG-CNC-180 electrode, con-
ducted at a scan rate of 0.25 mV s−1 in a 2025-type coin half-
cell with 0.8 m KPF6 in EC:DEC (1:1 v/v) electrolyte, are shown
in Figure 3a. During the initial cathodic sweep, a pronounced
peak at 0.01 V is observed, indicative of K+ insertion into the
graphite layers of the material. Additionally, a broad reduction
peak spanning a potential range of 0.2–1.1 V is evident only in
the first cycle, which might be attributed to the formation of a
solid electrolyte interface (SEI).[33,34] In the anodic scan, a signif-
icant peak at approximately 0.3 V corresponds to the deinterca-
lation of K+ from the graphite layers.[35] Subsequent CV cycles
exhibit well-overlapping curves, suggesting high reversibility in
the electrochemical cycling process. Notably, the CV profile of
FEG-CNC-180 closely resembles that of EG (Figure S15, Support-
ing Information), indicating a similar K-ion storage mechanism.
Figure 3b shows the charge–discharge profiles of FEG-CNC-180
across various cycles at a current density of 0.1 A g−1, which re-
flects similar electrochemical behaviors to that of CV analyses. In
the first discharge, an irreversible and gentle slope in the range
of 0.2–1.0 V can be observed, which disappears in the follow-
ing cycles, corresponding to the formation of the SEI film. In
the low-voltage region of the discharge curve, the plateau appear-
ing at ≈0.1 V are related to the intercalation reaction of K+. In

the subsequent discharge curves, another new voltage plateau at
≈0.25 V is associated with K+ insertion and the formation of a
series of graphite intercalation compounds from KC36 to KC8.
The long charge plateau at around 0.3 V can be observed dur-
ing the entire charge process, which corresponds to the deinter-
calation of K+ from graphite layers. It also demonstrates a re-
versible capacity of 312.3 mAh g−1 in the first cycle, superior to
EG (Figure S16, Supporting Information). However, the electrode
receives an initial Coulombic efficiency (ICE) of 42.2%. As far as
we know, the side reactions between electrode and electrolyte and
the formation of unstable SEI would lead to low ICE and large ir-
reversible capacity. These problems could be ameliorated using
the strategies of prepotassiation, electrolyte optimization, and/or
heteroatom doping, thus promoting its future application.[36–40]

Remarkably, a stable capacity in subsequent cycles is evident,
highlighting its structural stability. For further assessment, GCD
tests were conducted over 100 cycles in coin half-cells. As illus-
trated in Figure 3c, FEG-CNC-180 delivers a reversible capacity
of 298.7 mAh g−1 after 100 cycles, with a CE of ≈100% and a
capacity retention of 95.6%. In comparison, EG only exhibits a
capacity of 187.9 mAh g−1 and a capacity retention of 76.5%, fur-
ther underscoring the superiority of FEG-CNC-180. Electrolytes
play a key role in the electrochemical performance of energy stor-
age systems.[41–43] Based on this, we further assessed the elec-
trochemical performance of the FEG-CNC-180 electrode using
another electrolyte (0.8 m KPF6 EC:EMC (1:1 v/v)). However, it
presented poorer stability than the used electrolyte of 0.8 m KPF6
EC:DEC (1:1 v/v) (Figure S17, Supporting Information). In addi-
tion, potassium storage behavior of FEG-CNC-180 as a cathode
material was also been evaluated, as shown in Figure S18 (Sup-
porting Information).

Figures 3d and S19 (Supporting Information) compare the rate
capability of FEG-CNC-180 with EG under varying current den-
sities. At current densities of 0.1, 0.25, 0.5, 0.75, and 1.0 A g−1,
the FEG-CNC-180 electrode achieves capacities of 309.8, 278.3,
244.2, 224.8, and 206.8 mAh g−1, respectively, which are consis-
tently greater than those of EG. Even at a high rate of 2.0 A g−1,
the FEG-CNC-180 maintains a capacity of 175.1 mAh g−1, corre-
sponding to a capacity retention of 56.5%. In contrast, EG retains
only 8.4% of its initial capacity at the same current density. It is
believed that the unique structural design of FEG-CNC-180, fea-
turing graphitic carbon layers and 3D interconnected cage-like
structure, plays a pivotal role in its robust electrochemical per-
formance (Figure 3e).[44] This structure allows for rapid electron
transport between adjacent carbon nanocages and shortens the
ion diffusion path within the solid phase.[11,13,45] However, the
open layered structure of planar EG cannot withstand large inter-
layer changes during K+ intercalation/deintercalation, resulting
in structural degradation. It is noted that the rate performance
of FEG-CNC-180 is superior to many reported CNC and carbon-
based anodes, as detailed in Figure 3f and Table S2 (Support-
ing Information).[16,46–51] We highlight the long-term stability and
cycling efficiency of the flash CNC material in Figure 3g. After
1000 cycles, the FEG-CNC-180 electrode consistently maintains
a high reversible capacity of 219.6 mAh g−1, with a CE nearing
100%. Additionally, the electrochemical behaviors of FEG-CNC
anodes prepared at various flash voltages are assessed (Figure
S20, Supporting Information). It is evident from this analysis
that the FEG-CNC-180 electrode outperforms others in terms
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Figure 3. Potassium storage performance. a) CV curves at a scan rate of 0.25 mV s−1 and b) discharge/charge voltage profile at 0.1 A g−1 of FEG-CNC-
180. c) Cycling performance at 0.1 A g−1 of FEG-CNC-180 and EG. d) Rate capacity at various current densities from 0.1 to 2.0 A g−1 of FEG-CNC-180
and EG. e) Schematic illustration of structural variations of FEG-CNC-180 and EG electrodes during potassiation and depotassiation. f) Comparison of
the rate capability of the FEG-CNC-180 anode with reported other carbonaceous anodes for PIBs. g) Comparison of long-term cycle stability at 1.0 A g−1

of FEG-CNC-180 and EG.

of reversibility and rate capability during potassiation and de-
potassiation. SEM and TEM imaging of the FEG-CNC-180 elec-
trode after 100 cycles were conducted and presented in Figure
S21 (Supporting Information). These images reveal that the elec-
trode maintains its original morphology and the interconnected
cage structure remains intact. Specifically, we carried out the con-
trolled experiments without EG substrate. As shown in Figure
S22 (Supporting Information), the prepared carbon nanocages
also deliver a desirable capacity of 274.5 mAh g−1 after 100 cy-
cles with a capacity retention of 97.1% at 0.1 A g−1. Impor-
tantly, the electrochemical properties of FEG also remain un-
changed after undergoing the FJH process (Figure S23, Support-
ing Information).[52,53] Those results further validate that carbon
nanocages mainly contribute to the robust potassium storage per-
formance of FEG-CNC-180.

To elucidate the K+ storage mechanism, XRD analyses of FEG-
CNC-180 were performed during the initial discharge–charge
cycle. Throughout the process, the formation of various potas-

sium intercalation compounds (KCx) is observed, aligning with
previous findings.[54] During the discharge (points a to f), the
intensity of the (002) graphite peak at 26.4° progressively di-
minishes, while new diffraction peaks corresponding to KC36
(22.03°/29.51°), KC24 (20.35°/30.72°), and KC8 (16.48°/33.46°)
appear. In the subsequent charge process, the peaks due to
the KCx phases gradually weaken and finally vanish at the cut-
off voltage of 3 V (point i).[55,56] Such a peak evolution con-
firms the highly reversible and step-wise transitions of KC36,
KC24, and KC8 during the potassiation and de-potassiation pro-
cesses, as visualized in Figures 4a,b and S24 and S25 (Support-
ing Information).[57] In addition, in situ Raman spectroscopy was
further utilized to probe the structural changes of FEG-CNC-180
induced by K+ intercalation. Figure 4c illustrates that the inten-
sity of the D and G bands decreases as the electrode is discharged
to 0.01 V, correlating with the migration of K ions into the carbon
layers, forming staged intercalation compounds.[58] Notably, a red
shift in the G peak during prolonged discharge is observed, likely
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Figure 4. Structural evolution. a) Galvanostatic charge–discharge profile and b) corresponding ex situ XRD patterns at various voltage states during the
initial discharge–charge cycle. c) In situ Raman spectra and d) detailed variation of the G peaks upon potassiation and depotassiation process. e) The
contour plot of all Raman spectra during the in situ Raman experiment. f) The molecular dynamics simulations models with top- and front-view of K+

absorbing on planar and curved carbon surfaces.

due to the stretching of the in-plane C–C bond resulting from
increased electron density and steric hindrance following K+ in-
sertion, as shown in Figure 4d. Upon recharging to 3 V, the G
peak intensity returns to its original state, corroborating the high
reversibility of the FEG-CNC-180 anode, consistent with observa-
tions in Figure 4e.[35,59] Furthermore, molecular dynamics simu-
lations were conducted using the Forcite module in the Materials
Studio 2022 software. The simulations, detailed in Figure 4f, re-
veal that the adsorption energy (Eads) of K+ on curved graphite
surfaces is −3.30 eV, significantly lower than 0.01 eV for planar
graphitic carbon. This suggests that CNCs with curved graphite
structures are more favorable for K+ adsorption and storage,
thereby enhancing their effectiveness as anode materials.[60,61]

CV curves of FEG-CNC-180 in Figure 5a display consis-
tent shapes across various scan rates. The slight shifts in peak
positions at higher scan rates indicate minimal polarization

and excellent electrical conductivity, ideal for electrochemical
applications.[62,63] The relationship between the peak current (i)
and the scan rate (v) is quantitatively described by the following
equations:[64]

i = avb (1)

log i = b log v + log a (2)

where Equation 1 is the power-law relation and Equation 2 is
its logarithmic form. The constants a and b can be determined
from the slope of the log (i) versus the log (v) plot. The value of
b is indicative of the charge storage mechanism: values close to
1 suggest capacitive-dominated behavior, while those approach-
ing 0.5 are characteristic of Faradaic intercalation processes.
FEG-CNC-180 reveals b-values of 0.765 and 0.815 for oxidation

Adv. Funct. Mater. 2024, 34, 2401548 © 2024 Wiley-VCH GmbH2401548 (6 of 10)
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Figure 5. Kinetics analyses of FEG-CNC-180. a) CV curves of FEG-CNC-180 with scan rates ranging from 0.1 to 1.0 mV s−1. b) b-values of anodic and
cathodic peaks of FEG-CNC-180. c) Pseudocapacitive contribution (dark cyan region) at a scan rate of 0.8 mV s−1. d) The contribution of the capacitance
in the FEG-CNC-180 at different scan rates. e) Contribution of capacitance control contributions of FEG-CNC-180 and EG electrodes at different scan
rates. f) Impedance comparison after 10 cycles of CNCs 180 and EG. g) The GITT curves and GITT voltage profiles (inset in Figure 5g) of FEG-CNC-
180 during the first cycle. DK+ calculated from the first h) discharge and i) charge GITT curves for FEG-CNC-180 and EG electrodes during the first cycle
at 0.1 A g−1.

and reduction, respectively, implying a predominantly pseudoca-
pacitive K+ storage. (Figure 5b). This implies that surface reac-
tions contribute significantly to charge storage, which is advanta-
geous for high-rate performance. The capacitive and diffusion-
controlled contributions are further differentiated using the
equations:[65]

i (V) = k1 v + k2v1∕2 (3)

i∕v1∕2 = k1 v1∕2 + k2 (4)

where k1v represents the capacitive process and k2v1/2 is the
diffusion-controlled process. As depicted in Figures 5c and S26
(Supporting Information), the capacitive charge proportion of the
FEG-CNC-180 anode at a scan rate of 0.8 mV s−1 is 86.68%, sub-
stantially higher than the 64.71% observed for the EG anode. This

indicates that the FEG-CNC-180 has superior charge-transfer
kinetics.[66] Additionally, the pseudocapacitive contributions are
estimated to be 50.86%, 66.66%, 76.05%, 86.68%, and 91.52% at
the scan rates of 0.1, 0.3, 0.5, 0.8, and 1.0 mV s−1, respectively, re-
vealing that the capacitive contribution improves gradually along
with the increase of the scanning rates (Figure 5d). Moreover, at
each scan rate, the FEG-CNC-180 exhibits higher capacitive con-
tributions compared to the EG anode, as shown in Figure 5e. This
high capacitive contribution is likely due to the unique conduc-
tive network formed by the highly graphitic CNCs with curved
structures. This feature not only enhances the electrode stabil-
ity but also improves its overall conductivity, facilitating rapid K-
ion storage.[67,68] The electrochemical impedance spectra (EIS) in
Figure 5f reveal that the FEG-CNC-180 demonstrates a reduced
semicircle diameter and a more pronounced linear slope in
comparison to EG, suggesting the enhanced kinetics for K+

Adv. Funct. Mater. 2024, 34, 2401548 © 2024 Wiley-VCH GmbH2401548 (7 of 10)
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intercalation and deintercalation in the CNC-intermingled
graphitic electrode material.[69,70]

The galvanostatic intermittent titration technique (GITT) was
employed to characterize the FEG-CNC-180 during its initial cy-
cle. Figure 5g illustrates these GITT curves, aligning with the
standard galvanostatic charge–discharge profiles at a current den-
sity of 0.1 A g−1. An expanded view of the potential response
during a singular current pulse is presented in Figure S27 (Sup-
porting Information), where 𝜏 denotes the relaxation time, ΔEs
represents the steady-state potential change, and ΔEt signifies
the comprehensive potential change during the constant cur-
rent pulse, post iR- drop correction.[71] Notably, FEG-CNC-180
demonstrates diminished potential fluctuations (0.34 V) com-
pared to EG (0.45 V), as depicted in Figure S28 (Supporting Infor-
mation). This indicates a lower overpotential and expedited reac-
tion kinetics for the former. The K+ diffusion coefficients (DK+ )
across varying discharge/charge potentials are calculated utiliz-
ing Equation 5:

DK+ = 4
𝜋𝜏

(
mVm

MS

)2 (ΔEs

ΔEt

)2

(5)

where m, Vm, M, and S denote the active mass (g), molar volume
(cm3 mol−1), molar mass (g mol−1), and electrode surface area
(cm2), respectively.[72,73] Figure 5h,i illustrate that the K+ diffu-
sion coefficients in the FEG-CNCs electrode consistently surpass
those in EG across nearly all voltages during the potassium ion
insertion/extraction processes. This underscores that the FEG-
CNC-180 electrode exhibits superior ion diffusion kinetics.[74]

3. Conclusion

In conclusion, we have demonstrated a rapid and scalable syn-
thesis of CNCs via an FJH method. The resulting CNCs, charac-
terized by high crystallinity and large surface area, are promis-
ing candidates as anode materials for PIBs. Notably, the opti-
mized FEG-CNC demonstrates a substantial initial capacity of
312.3 mAh g−1 at a current density of 0.1 A g−1, maintaining over
95.6% capacity after 100 cycles. Moreover, it exhibits a capacity of
175.1 mAh g−1 at a higher current density of 2.0 A g−1, which no-
tably surpasses that of traditional graphite anodes. The structural
evolution of the CNC electrode during discharge and charge has
been meticulously analyzed using in situ Raman spectroscopy
and ex situ XRD techniques. These analyses have revealed the
high reversibility of the phase transitions in potassium interac-
tion compounds. Furthermore, molecular dynamics simulations
have corroborated that CNCs, with their curved graphite struc-
ture, are more conducive for potassium adsorption and storage.
Collectively, these findings highlight the great potential of FJH in
the development of advanced carbon-based materials for energy
storage applications.

4. Experimental Section
Synthesis of the EG@C14H10 Precursor: Commercial anthracene (98%)

was purchased from Shanghai Macklin Biochemical Co., Ltd. Expanded
graphite (99.5%, 80 mesh) was synthesized according to the prior re-
search as a conductive additive.[75] To realize a uniform deposition of

C14H10 on the surface of EG, first, EG and C14H10 were blended in an
agate mortar at a mass ratio of 1:30 for 5 min. Subsequently, the mix-
ture was transferred into an Ar-protected stainless steel autoclave with
a volume of 100 mL and raised the temperature to 300 °C for 2 h at
a heating rate of 5 °C min−1. Then, the EG@C14H10 precursor was
obtained.

Synthesis of the FEG-CNCs: The FEG-CNCs were fabricated through
a facile FJH route with the EG@C14H10 as the precursor. Detailly, the
EG@C14H10 precursor was encapsulated into a quartz tube with a size
of Φ11 mm × 70 mm. A graphite plug was placed at one end, followed
by adding 100 mg of the precursor material in the middle and another
graphite plug at the opposite end, forming a relatively closed contact be-
tween the precusor sample and the plugs. The plugs at the end of the
quartz tube were connected to two conductive copper electrodes and sus-
pended on a tube holder. The FJH reaction was conducted in a vacuum
box, where alternating current was converted into direct current using a
switch power supply to charge the capacitors. The power stored in the
capacitors was released instantaneously by heating the FEG@C14H10 pre-
cursor to extremely high temperatures (exceeding 3000 K in some cases)
in less than one second, followed by rapid cooling back to ambient tem-
perature. According to Ohmʼs law, the resistance of the feedstock in-
fluences the intensity of current discharge, thus controlling the gener-
ated heat. In this scenario, twice predischarge treatments were performed
by using a 30 V flash voltage to lower the initial resistance within 2 Ω.
Then, the FJH experiments were carried out by employing different volt-
ages (i.e., 90, 110, 130, 150, 180, and 200 V) to vary the pulse current.
The corresponding samples were denoted as FEG-CNC-90, FEG-CNC-
110, FEG-CNC-130, FEG-CNC-150, FEG-CNC-180, and FEG-CNC-200,
respectively.

Material Characterization: X-ray powder diffraction (XRD, Bruker D8)
was performed in the 2𝜃 range of 10°–80° to determine the crystalline
phase and microcrystalline structures of the as-prepared CNCs. Raman
spectra were acquired using the LabRAM3 HR800 spectrometer to gain in-
sights into the carbon texture of the FEG-CNCs. To perform the in situ Ra-
man tests, a 2025-type coin cell equipped with a hole in the top was used.
After the coin battery was assembled, a thin glass slide was placed over the
hole to seal it and prevent the electrolyte from being exposed to air. Raman
data were collected during the charge–discharge test at a constant current
of 0.3 mA covering the voltage range from 0.01 to 3 V. Fourier-transform
infrared spectroscopy (FT–IR, Bruker, Germany) was used to collect the
spectra of the materials. The surface chemical states of the elements in
the samples were identified by X-ray photoelectron spectroscopy (XPS).
The thermal stability and carbon contents of the samples were assessed
by thermogravimetric analysis (TGA) using a Netzsch STA 449F3 analyzer
within a temperature range from 30 to 1000 °C. The morphologies and mi-
crostructures of the EG-CNCs were investigated using scanning electron
microscopy (SEM JIOL, JSM–7001F, 15 kV) and high-resolution transmis-
sion electron microscopy (HRTEM, JEOL, JEM2010, 15 kV). The N2 ad-
sorption/desorption tests were performed on a Micromeritics ASAP 2020
analyzer.

Electrochemical Measurement: The electrochemical performance of
the electrode materials was investigated by assembling CR2025 coin cells
in an argon-filled glove box (with O2 < 0.1 ppm and H2O < 0.1 ppm).
The working electrodes were composed of FEG-CNCs (80 wt%), Super P
carbon (10 wt%), and polyvinylidene fluoride (10 wt%). The three compo-
nents were homogeneously dispersed in N–methyl–2–pyrrolidone (NMP)
to form a slurry. The uniform slurry was coated on copper foil and dried
at 120 °C in a vacuum oven for 12 h to prepare working electrodes. In
the half cells, the potassium metal foil, glass fiber (Whatman), and 0.8 m
KPF6 (dissolved in ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1
v/v)) were used as the counter electrode, the separator, and the elec-
trolyte, respectively. A LAND CT 2001A test system was employed for
conducting the galvanostatic charge–discharge (GCD) tests and the gal-
vanostatic intermittent titration technique (GITT) measurements. Cyclic
voltammetry (CV) curves and Electrochemical impedance spectra (EIS)
were recorded on a CHI660E electrochemical workstation. The relevant
molecular dynamics simulation parameters were shown in Supporting
Information.
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