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enabling deep bulk-phase B incorporation and efficient thermal reduction with O
removal. Zeta potential and Kelvin probe force microscopy (KPFM) analyses reveal
that B substitution effectively modulates the electronic structure of graphene,
resulting in a less negative surface and an increased work function, thereby
significantly enhancing its rate capability. Remarkably, deeply heteroatom B-
substituted graphene induces surface folding and interlayer spacing expansion,
effectively increasing accessible active sites available for Li* storage. Electrochemical
tests demonstrate that the RGO-B electrode delivers a specific capacity of 415.5
mAh/g after 800 cycles at 0.5C, and maintains a capacity of 115.9 mAh/g after 20,000
cycles at an ultrahigh rate of 13C with a capacity retention exceeding 100%,
exhibiting exceptional long-term cycling stability. These results highlight the great
potential of RGO-B for ultra-long-cycle energy storage applications.
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1. Introduction

Graphene, a two-dimensional material consisting of a single layer of carbon (C) atoms arranged in a sp’-
bonded honeycomb lattice, is regarded as a revolutionary material in both scientific and industrial communities
due to its exceptional electrical and thermal conductivity, mechanical strength, and optical properties [1-6].
Engineering the crystal structure and atomic composition of graphene enables precise property control. In this
regard, heteroatom doping (e.g., N, B, S, F, P) constitutes one of the most facile and versatile strategies, owing to
its simplicity and efficacy in modulating the material’s physical and chemical properties [7—12]. Heteroatom
functionalization of graphene is primarily achieved through two routes: in-situ doping and post-treatment. The in-
situ doping route simultaneously accomplishes graphene synthesis and heteroatom incorporation, with chemical
vapor deposition and solvothermal methods being representative strategies [13,14]. However, these in-situ doping
routes are often time-consuming (hours or days), with solvothermal methods further accompanied by high solvent
consumption. In contrast, post-treatment methods utilize pre-formed graphene or graphene oxide as precursors, as
exemplified by techniques such as thermal annealing, ball milling, plasma-induced, and laser heating [15—18].
However, a fundamental challenge in these post-treatment routes is the preferential dopant incorporation at edges
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or defects, which disrupts the intrinsic sp?>-hybridized C network, introduces impurities, and can severely
compromise the structural integrity when strongly oxidizing precursors are employed.

Flash Joule heating (FJH) has emerged as an ultra-fast synthesis technique that utilizes electrical current to
rapidly elevate material temperature to 10>-~10° K within millisecond-to-second timescales, thereby activating
targeted chemical reactions. This method employs the raw materials themselves as heating media, enabling highly
efficient and direct energy conversion without solvents or catalysts [19,20]. Since 2020, FJH has proven to be an
effective strategy for graphene production, converting solid carbon precursors into flash graphene through the
synergistic effects of high temperature and electric field [21]. Currently, this technique is being extended as a
platform for the rapid synthesis of various heteroatom-substituted flash graphene materials [22-27]. However, the
scale-up of FJH technology faces significant challenges in terms of equipment capacity and the safety of associated
capacitor systems [28]. In parallel, the direct current-powered rapid Joule heating (RJH) technique shares the ultra-
fast kinetics characteristic of FJH (Figure S1, Supporting Information). This technique has been widely applied in
carbon fiber graphitization, high-entropy alloy synthesis, rapid ceramic sintering, and graphene doping [29-32].

In this work, we establish a pulsed rapid joule heating (PRJH) technique without catalysts or solvents that
enables simultaneous thermal reduction of graphene oxide (GO) and efficient deep substitution of heteroatom B
into the C framework through synergistic modulation of thermal and electric fields. The process converts GO to
RGO at 2700 °C (4 cycles x 10 s) while doping RGO/B to RGO-B at 1350 °C (10 cycles X 3 s) in a single
operational platform. Firstly, this work commenced with density functional theory (DFT) simulations to evaluate
the binding energies and electronic structure evolution during Li* migration for various B-C/B—C-0, B-O and B-
B configurations. These theoretical insights directly informed the optimization of PRJH parameters for precisely
synthesizing high performance RGO-B functional materials. Subsequently, coupled characterization via zeta
potential, Kelvin probe force microscopy (KPFM), and high-resolution transmission electron microscopy
(HRTEM) revealed how deep heteroatom B substitution modulates the surface electronic structure and bulk
interlayer spacing. Ultimately, the resulting RGO-B electrodes demonstrate exceptional rate capability under
20,000 cycles at an ultrahigh 13C rate, which is attributed to the accelerated transport of both Li* ions and electrons
induced by deeply B heteroatom-substituted graphene.

2. Materials and Methods
2.1. Synthesis of RGO-B

The commercial micron-sized graphene oxide (GO) sheets (purchased from Qingdao Yanhai Carbon
Materials Co., Ltd., Qingdao, China.) have a thickness of several hundred nanometers, which used as precursors
for dynamic pulsed rapid joule heating. 2.0 g GO particles were precisely loaded into a quartz tube and uniaxially
compressed into a cylindrical pellet. The packing density was carefully modulated to achieve a bulk resistivity of
1.2 Q (below the 6.0 Q threshold). All joule heating treatments were carried out under a controlled argon
atmosphere with vacuum conditions maintained at approximately —0.09 MPa. The sample first underwent three
preliminary joule annealing cycles at 15 A and 20 V to stabilize its structure, followed by four pulsed rapid joule
heating cycles at 50 A and 30 V, during which the temperature rapidly reached approximately 2700 °C. The final
product, collected as thermally reduced graphene oxide (RGO), was obtained with high structural integrity and
electrical conductivity. Subsequently, 0.1 g of B and 1.9 g of RGO were dispersed in 100 mL of deionized water
and magnetically stirred for 180 min to form a homogeneous mixture. The resulting suspension was freeze-dried
to obtain the RGO/B precursor. The precursor was then subjected to ten consecutive dynamic pulsed rapid joule
heating cycles at 45 A and 20 V, reaching a peak temperature of approximately 1350 °C under argon atmosphere
with mild vacuum conditions. This process resulted in the formation of a B-deep-doped RGO matrix, which was
designated as RGO-B.

2.2. Electrode Material Preparation

The prepared GO, RGO, RGO-B samples were individually blended with carbon black (conductive agent)
and polyvinylidene fluoride (binder) in N-Methyl-2-pyrrolidone at a mass ratio of 8:1:1, respectively. The resulting
slurry was uniformly coated onto a copper foil current collector and dried at 80 °C for 12 h in a vacuum oven. The
obtained areal mass loading of electrodes with a diameter 14 mm was about 2.78 mg-cm 2. The polyethylene
membrane (Cellgard 3200) was used as the separator, and the electrolyte consisted of 1.0 M LiPF6 dissolved in a
mixture of ethylene carbonate, diethyl carbonate and ethyl methyl carbonate (1:1:1 in volume ratio) solvent with
5% fluoroethylene carbonate as an additive. All CR2032 coin cells were assembled in an argon-filled glove box
with water and oxygen levels maintained below 0.01 ppm.
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2.3. Materials Characterization

The morphology and elemental distribution of the samples were characterized using a field emission scanning
electron microscope (FESEM, Zeiss Supra-55), high-resolution transmission electron microscopy (HRTEM, JEM-
2100F) and energy dispersive spectroscopy (EDX Oxford Inca). The phase composition was characterized by X-
ray diffraction (XRD, Shimanzu XRD-6000). The atomic concentration and valence status changes were tested
using X-ray photoelectric spectrometer (XPS, ESCALAB250). The specific surface area and pore structure of the
samples were characterized using a physical adsorption analyzer with N as the adsorbent (BET, AUTOSORB-
IQ-MP). The electrical conductivity of the as-synthesized samples was measured using a four-point probe powder
resistivity measurement system (ST2722-SZ). Surface zeta potential measurements were performed in deionized
water at 25 °C using a Zetasizer Nano instrument (NANOTRAC WAVE II). Atomic Force Microscope (AFM,
Dimension Icon) was employed to characterize sample topography, including thickness, wrinkle distribution, and
surface roughness. The probes used featured a typical tip radius of R =25 nm, with cantilever dimensions of L =
225 um in length, 2.8 um in thickness, and W = 35 pum in width, and a spring constant of k = 3 N/m. Kelvin probe
force microscopy (KPFM, SCM-PIT-V2) was employed to map the surface potential distribution of various
samples in a non-invasive manner, revealing local work function variations at the nanoscale. Secondary ion mass
Spectrometry (SIMS, ON-TOF.SIMS5) was used to characterize the two-dimensional (2D) and three-dimensional
(3D) distribution of individual elements of B, C and O in RGO-B sample at varying depths. The cycle and rate
performance of the assembled cells were tested using the BTS7.6.0 battery system with the voltage window of
0.01-2.50 V.

2.4. Simulation Model Methods

The Vienna Ab Initio Package (VASP) code was employed to perform all the DFT calculations with periodic
boundary condition, including energy calculation, geometry optimization and electronic structure characteristics
[33-35]. The GGA-PBE function in the projected augmented wave (PAW) method was used to describe the
electron exchange correlation interaction, and the D3(BJ) method was used for dispersion correction to illustrate
the weak interaction. The cut-off energy used for the calculation is 500 eV, the convergence accuracy of the
electron step is 107 eV, and the convergence accuracy of the ion step is 0.02 eV/A. A 4 x 4 x 1 Monkhorst-Pack
k-point grid for Brillouin zone integration [36,37]. The vacuum layer of 15 A was used avoid the influence of z-
direction periodicity. Moreover, the Binding energies (Ebinging) are calculated as Epinding = ETotal — Esurface — ELi
where Ebindging 1S the binding energy, eV; Eroal is the total energy of the bound configuration, eV; Eguface 1S the
energy of pristine electrode materials, eV; Eyiis the energy of isolated Li* ions, eV. Finally, the transition state of
the Li diffusion process was calculated by the climbing image—nudged elastic band (CI-NEB) method. The energy
barriers of the process were calculated by the difference of the transition state energy and initial geometry energy,
and the relative energy of final state was also calculated based on the initial state energy.

3. Results and Discussion

The circuit diagram of the pulsed rapid joule heating (PRJH) setup is shown in Figures 1a and S2, Supporting
Information. The DC power supply (3000 W, 36 V x 83 A) enables an ultra-rapid Joule heating process with
achievable temperatures ranging from 400 to 3600 °C. The entire synthesis process is exceptionally rapid. The
pulsed Joule thermal reduction of GO to RGO achieved 2700 °C in just 40 s (4 cycles x 10 s duration), while the
heteroatom B doping from RGO/B to RGO-B reached 1350 °C in only 30 s (10 cycles % 3 s duration), as shown
in Table S1, Figures S3 and S4, Supporting Information. Meanwhile, the RGO and RGO-B samples achieved high
mass yields of 96 and 99%, respectively (Table S2), with negligible mass loss, demonstrating the energy-efficient
and environmentally friendly advantages of the PRJH technique.

Joule heating has been widely recognized as a highly effective technique for infusing heteroatom B into C
matrix [7,11,28]. However, the success of substitution critically depends on achieving deep and uniform
distribution of heteroatom B within the C matrix, along with the formation of specific chemical bonds, which are
fundamentally linked to the overall enhancement of electrochemical performance. Thus, based on the preceding
analysis, we constructed four atomic configurations: RGO, RGO-B1 (B atom substitution forming B-C/B-C-O
bonds), RGO-B2 (B atom substitution forming B-O bonds) and RGO-B3 (B atom substitution forming B-B bonds)
in order to simulate the potential bonding types during the PRJH process (Figure S5, Supporting Information). The
binding energies and electronic structure characteristics of the configurations during Li" ions migration were
evaluated using density functional theory (DFT) simulations. The binding energies of the RGO-Li, RGO-B1-Li,
RGO-B2-Li and RGO-B3-Li configurations are —3.0834, —3.9221, —3.3609 and —3.6702 eV, respectively. The
results demonstrate that the RGO-B1-Li configuration has the largest absolute value of binding energy, indicating
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its highest structural stability during Li* migration (Figure 1b; Table S3, Supporting Information). The
corresponding energy barriers for Li" migration under different structural configurations are 1.1743, 0.0751,
0.2407 and 0.1125 eV, respectively, which reveal that the RGO-B1-Li configuration exhibits the lowest energy
barrier, indicating that a smaller barrier facilitates easier Li* ion migration. Namely, the formation of B-C/B-C-O
bonds enhances the stability of Li* ion migration (Figure 1c; Table S4, Figure S6 and S7, Supporting Information).

The spatial distribution of the electron density difference during Li* ion migration (Figure 1d, Table S5,
Supporting Information) further reveals that the RGO-B1-Li configuration exhibits the largest isosurface,
indicating the most significant electron transfer. Quantitative analysis shows that the O ion in the RGO-B1 gains
0.33 charge, which is higher than those in the RGO-B2 and RGO-B3 configurations. Although the O ion in the
RGO configuration gains a higher charge of 0.35 charge, this charge is primarily derived from the significant
electron loss (0.4 charge) of the adjacent C atom. In contrast, the C atom bonded to the O loses only 0.08 charge
in the RGO-B1 configuration. Collectively, electronic structure analysis indicates that the RGO-B1 configuration
is more stable. In summary, the simulation results demonstrate that the B-C/B-C-O bonds formed in the RGO
structure after the PRJH process are most conducive to the migration of Li* ions and electrons.
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Figure 1. (a) Process flowchart for the synthesis of RGO and RGO-B by PRJH method; (b) Binding energy and
(¢) Energy barrier for Li migration under different configurations; (d) Electron density difference distribution
during Li migration process.

The X-ray diffraction (XRD) patterns (Figure 2a) show consistent peaks at 26.4°, 42.4°, 44.5°, 54.5°, and
77.4° for all samples, corresponding to the (002), (100), (101), (004), and (110) planes, respectively, confirming
the preservation of the C crystal structure after different PRJH treatments. The RGO-B composite exhibits a broad
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low-intensity peak at approximately 9°, which is tentatively attributed to a phase formed by the bonding of B with
Cor O [15,38]. The X-ray photoelectric spectrometer (XPS) analysis (Figure 2b) indicates that the two-step PRJIT
process induces an effective thermal reduction of GO, as evidenced by a sharp decrease in O concentration (from
22.2 to 2.2%) and a concurrent increase in C content (from 77.8 to 95.8%), accompanied by the incorporation of
B (2.0%). The C 1s spectrum (Figure 2c) shows a significant 20.57% contribution from C-B bonds. Meanwhile,
the B 1s spectrum is dominated by B-C-O/B-C configurations (79.5%), alongside B-O (3.4%) and B-B (17.1%)
bonds [7,39,40]. Quantitative analysis further reveals that the B-C-O/B-C ensemble is dominated by B-C (37.8%),
BCO» (31.8%), and BC,0 (9.9%) configurations, which prior DFT simulations have demonstrated to be conducive
to rapid ion and electron migration, thereby enhances the charge transfer capability of the material. The BET
specific surface areas of GO, RGO, and RGO-B are 23.24, 21.53, and 18.25 m%/g, respectively. Figure 2d,e further
reveal that the PRJH treatment not only modifies the chemical bonding but also tailors the pore architecture, with
the average pore size of RGO-B increasing from 13.6 to 21.2 nm. Furthermore, all samples exhibit a common
trend of decreasing resistivity with increasing pressure (Figure 2f), with RGO-B achieving the lowest average
value (from 0.011 to 0.006 Q-m). The results collectively demonstrate that B doping via PRJH method is highly
effective in enhancing the overall conductivity.
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Figure 2. (a) XRD pattern; (b) XPS spectrum; (¢) B 1s and C 1s XPS spectra; (d) Adsorption isotherm; (e) Pore
size distribution; (f) Resistivity as a function of pressure; (f~h) Raman spectra for GO, RGO, and RGO-B.

Representative averaged Raman spectra of GO, RGO, and RGO-B are shown in Figures 2f~h and S8, each
derived from three sampling points. All spectra exhibit three characteristic bands: the D band at ~1358 c¢cm™,
corresponding to the breathing mode of sp?-C atoms in six-membered rings and correlating with the defect density;
the G band at ~1574 cm!, arising from the in-plane bond stretching of sp?-C pairs; and the 2D band at ~2712 cm !,
originating from second-order zone-boundary phonons and positively scaling with graphene crystallinity. Raman
analysis reveals that the Ip/Ig ratios of GO, RGO, and RGO-B are all substantially below 1, with mean values of
0.17, 0.26, and 0.37, respectively, which significantly lower than those reported in literature for doped graphene
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systems [11,19,28]. This indicates that although the defect-related D-band intensity of RGO-B increases after the
PRIJH process, its overall defect density remains low, thereby preserving the long-range ordered lattice structure
of graphene. This experimental finding is consistent with the preceding DFT calculations, which predict a
weakened interplay between defects and dopants. Notably, the progressive increase in Ip/Ig ratio from 0.29 to
0.55 further confirms that the PRJH technique simultaneously enables lattice repair of GO and substitutional B-
doping, effectively tuning the electronic band structure while preserving long-range order.

The microstructure and morphology of all samples were characterized using field emission scanning electron
microscope (FESEM), transmission electron microscopy (TEM), energy dispersive spectroscopy (EDX), and
secondary ion mass spectrometry (SIMS) techniques, with the results shown in Figure 3. Compared to GO, both
RGO and RGO-B processed by the PRJH technique display pronounced curved folds (Figure 3a, Figures S9—S11,
Supporting Information). The curved folds appear as the residual gases remaining through the weak interfaces of
GO during the thermal reduction and heteroatom doping process [17,33]. Figure 3b displays the HAADF image
at different regions of the RGO-B sample. Both region (1) and local region (3) show relatively uniform
distributions of elements B, C, and O (Figure S12, Supporting Information), whereas local region (2) corresponds
to a B-O enriched area on the sample surface. HRTEM analysis of the RGO-B sample (Figure 3c¢) further confirms
the formation of stable B—C bonds, evidenced by a lattice plane spacing of d = 0.213 nm. Deep heteroatom B
doping increases the (002) lattice plane spacing from 0.335 nm in RGO to 0.342 nm in RGO-B (Figure S13,
Supporting Information). The enlarged lattice plane spacing reduces the energy barrier for Li" ion transport,
enhancing the kinetic performance of the electrode material [11,17].
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Figure 3. (a) TEM images at different magnifications, (b) EDX elemental mapping, (¢) HRTEM image and (d) 2D
and 3D SIMS analysis of RGO-B after 10 cycles PRJH.

The SIMS analysis of RGO-B after 10 cycles PRJH process in Figure 3d shows that the spatial distributions
of the matrix elements C and minor O are relatively homogeneous, whereas the doped element B exhibits
significant diffusion behavior during the initial sputtering stage, with its concentration gradually decreasing until
reaching a uniform distribution in the final sputtering zone. The influence of pulse thermal shock on B diffusion
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kinetics was systematically examined by 2D and 3D color total SIMS maps and different element distributions of
RGO-B samples processed with 3 cycles versus 10 cycles PRJH (Figure S14, Supporting Information). It was
observed that the B distribution after 3 and 10 cycles PRJH treatment both exhibit diffusion and stable zones. The
RGO-B sample after 10 cycles PRJH shows a more homogeneous B distribution overall, with the B concentration
in its stable zone being approximately half an order of magnitude higher than that in the 3 cycles PRJH sample.
Compared to 3 cycles PRJH treatment, the 10 cycles PRJH reduces the O concentration by approximately threefold
while achieving a more homogeneous distribution (Figure S15, Supporting Information). The schematic
illustration of elemental migration (Figure S16, Supporting Information) elucidates a dual mechanism where
pulsed thermal shock simultaneously drives O removal via thermal reduction and enables uniform and deep
incorporation of B heteroatoms into the C crystal structure through bulk-phase diffusion.

Atomic force microscope (AFM) was employed to characterize the layer morphology evolution (Figure 4a—d).
It was found that the samples of RGO and RGO-B processed by PRJH method display pronounced curved folds and
areduced thickness. The thicknesses of GO, RGO, and RGO-B are 609.3, 230.3, and 110.3 nm, respectively (Figure
S17, Supporting Information), suggesting that the pulsed rapid thermal field not only induces stacking thickness but
also promotes structural folding. Analysis indicates that the O-containing functional groups between GO layers
rapidly decompose during the instantaneous ultra-high temperature of the PRJH process, generating gases such as
CO; and H,0 vapor. The gases instantaneously create high local pressure, which acts like micro-explosions that pry
apart the stacked layers, thereby achieving physical exfoliation and reducing the stacking thickness [5,11,28].
Furthermore, numerous thermal-induced bubbles formed on the surface of the RGO-B, which resulted from the
pulsed rapid cycles under the pulsed heating and cooling fields. This process further promotes the stabilization of the
incorporated B heteroatom in the form of B-O/B-C-O bonds within the C based material.
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k¢

-314.2 nm Rq=56.2nm -314.2nm
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Figure 4. (a) Schematic illustration of layer morphology evolution during the PRJH process; AFM height
distribution images at different views for (b) GO, (¢) RGO, (d) RGO-B.

Three-dimensional kelvin probe force microscopy (KPFM) imaging was utilized to map the surface potential
distribution, revealing nanoscale work function variations (Figure 5). The increase in work function can suppress
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the decomposition of the electrolyte, reduce the formation of by-products, and thereby effectively control the
cycling stability of the solid electrolyte interphase (SEI) [34,35,41]. The surface potential of GO, RGO, and RGO-
B span 691.4 mV-1.0 V, 798.3 mV-1.0 V, and 965.6 mV—-1.1 V, respectively. The results show that RGO-B
exhibits a higher surface potential than both RGO and GO, indicating an increase in work function. This provides
direct evidence that the B-doped pulsed thermal reduction effectively lowers the Fermi level of the C matrix,
confirming the role of B as an electron-acceptor in modulating the electronic structure. Surface potential line-scan
profiles further reveal spatial variations in work function across localized regions. The results indicate that the
crest regions of RGO folds (points D and F) exhibit surface potentials of 0.98 V and 0.96 V, respectively,
significantly higher than the value of 0.86 V measured in flat areas (point E). This result demonstrates that the
folding morphology generated during the induced reduction of GO to RGO via PRJH process effectively enhances
the work function. The bubble region (point H) exhibits the maximum surface potential of 1.07 V, indicating the
highest work function at B-C/B-C-O enriched sites.
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Figure 5. Three-dimensional front, lateral, and vertical views of KPFM surface potential mapping with
corresponding local line-scan profiles for different samples: (a) GO, (b) RGO, (¢) RGO-B.

Zeta potential measurements were further employed to elucidate the evolution of the material’s surface
chemical properties (Figure S18, Supporting Information) [38]. The measured zeta potentials of GO, RGO, and
RGO-B are —81.2, —65.4, and —43.7 mV, respectively. The results show that RGO-B exhibits the smallest
magnitude of negative zeta potential, indicating the lowest net negative charge density on its surface. This
reduction in surface charge magnitude confirms the electron-accepting role of B in the C lattice. The reduced
surface negativity of RGO-B suggests a lower energy barrier for Li* ions migration, thereby improving cycling
stability and rate capability, which is proved by the previous DFT calculations of the RGO-B1-Li model. Thus,
coupled analysis of zeta potential and KPFM confirms that deep heteroatom B doping effectively modulates the
electronic structure, creating a surface with weaker negativity and higher work function. This not only verifies
successful substitution of heteroatom B but also directly correlates with its superior electrochemical performance,
such as long cycling life at ultrahigh rate.

The rate performance of LIBs reveals that the initial discharge specific capacities of GO, RGO, and RGO-B
electrodes at current densities of 0.2, 0.5, 1.0, 2.0, 3.0, 5.0, and reset to 0.2 A/g reach 458.1/448.5/697.9,
331.8/355.1/402.3, 224.7/303.0/385.5, 60.1/136.6/311.9, 27.6/42.6/171.3, 26.3/37.4/128.8 and 328.1/394.1/429.7
mAh/g, respectively (Figure 6a). The results demonstrate that the RGO-B electrode exhibits the superior rate
performance, with its advantage becoming particularly pronounced at high current densities. The charge-discharge
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profiles and cyclic voltammetry (CV) spectra of RGO-B (Figure 6b,c) further reveal elongated sloping voltage
plateaus in the electrode. The peaks observed at 1.1 V and 0.69 V in the first cycle correspond to SEI formation
and Li" ion consumption via surface adsorption, respectively. The delithiation potentials consistently remain
around 0.3 V with no offset after multiple cycles, indicating low polarization in the RGO-B electrode structure.
This fully demonstrates the material’s advantage over graphite by enabling Li* ion storage in higher potential
regions, thereby effectively suppressing Li* plating. Cycling performance reveals that RGO-B delivers initial
discharge/charge specific capacities of 781.0/609.7 mAh/g, which stabilize at 536.5/531.7 mAh/g after 50 cycles
(Figures S19 and S20, Supporting Information). Figure 6d further demonstrates that the RGO-B electrode
maintains a discharge specific capacity of 415.5 mAh/g after 800 cycles at 0.5 C, following the rate performance
test. The charge transfer resistance values in the initial and 800th cycled states are 600 and 20 Q, respectively,
indicating significantly enhanced charge transfer capability during the cycling process (Figure 6¢). Furthermore,
the RGO-B electrode delivers an initial specific capacity of 60.5/74.9 mAh/g (ICE = 80.8%) at 13C. The capacity
gradually increases to 169.8/170.2 mAh/g after 460 cycles (CE = 99.8%) and stabilizes at 115.5/115.9 mAh/g after
20,000 cycles (CE = 99.7%), with a capacity retention rate exceeding 100%. The low initial capacity is attributed
to incomplete electrolyte infiltration, which hinders full access to the structural benefits. With progressive cycling,
enhanced electrolyte wetting activates more ion-transport sites [39,42], leading to a capacity rise driven by deep
electrochemical activation. The RGO-B//LiFePO; full cell maintains 153.0 mAh/g after 200 cycles, highlighting
its potential for energy storage applications (Figure 6f,g).
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Figure 6. (a) Rate performance; (b) Charge-discharge profile; (¢) CV spectra; (d) Combined rate and cycling performance
at 0.5C; (e) EIS spectra; (f) Long-term cycling stability at ultra-high current density of 13C for 20,000 cycles; (g) Full-
cell cycling performance; (h) Structural evolution during lithiation/delithiation processes; (i) Comparison for fast-charging
LIBs of carbon-based anodes, which is obtained according to Table S6 (Supporting Information).
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Electrochemical storage kinetic analysis of RGO-B electrode was characterized (Figure S21, Supporting
Information). The pseudocapacitive contribution of the RGO-B electrode increased from 44.2 to 86.8% with the
rise in scan rates from 0.1 to 1.0 mV/s. The pseudocapacitive contribution results reveal the dominant role of
capacitive behavior and the fast Li* insertion/extraction characteristics of the capacitive storage mechanism. This
enhanced performance can be primarily attributed to the deep penetration of B atoms into the RGO matrix via
PRIJH process, where the formed B—C/B-C-O bonds significantly regulate electronic structure, creating a surface
with weaker negativity and higher work function, which eventually enhance the cycling stability under ultra-high
rate. Combined with the aforementioned BET results, it is demonstrated that although RGO-B exhibits a slightly
lower specific surface area, B doping significantly enlarges its pore size (from 13.6 nm to 21.2 nm) and introduces
B-C/B-C-O active configurations. The lower specific surface area reduces the irreversible consumption of Li* ion
during initial SEI formation, contributing to its high ICE, while the enlarged mesoporous structure lowers the
resistance to Li* ion transport. Meanwhile, the additional active sites induced by B doping compensate for the
potential capacity loss associated with the decreased surface area. The synergistic effect of these factors
substantially enhances Li* ion transport kinetics, thereby enabling RGO-B to achieve optimal rate capability and
cycling stability. A comparison of SEM images of the RGO-B electrode reveals that the layered structure remains
largely intact even after 20,000 cycles, with no significant cracks observed across the entire electrode, which
further corroborates the exceptional structural stability of RGO-B under ultra-long cycling at high rates (Figure
6h, Figure S22, Supporting Information). Figure 6i (Table S6, Figure S23, Supporting Information) demonstrates
the superior high-rate charging capacity of RGO-B compared to diverse C-based materials in literature [43-51].
This highlights its exceptional characteristics such as green synthesis, short preparation time, and ultrahigh
capacity retention, revealing its significant potential for widespread application in advanced battery systems.

4. Conclusions

In summary, this work presents a novel strategy for preparing B-doped reduced graphene oxide (RGO-B)
without catalysts or solvents via a pulsed rapid joule heating (PRJH) method, which offer a more economically
viable route for scalable doped graphene production. This technique simultaneously enables efficient O removal
through thermal reduction and facilitates uniform and deep B incorporation via bulk-phase diffusion. DFT
simulations reveal that the B-C bonds formed during PRJH process are highly favorable for both Li* ion and
electron transport. Combined zeta potential and KPFM analyses confirm that deep B doping effectively modulates
the electronic structure, yielding a less negatively charged surface with a higher work function-corroborating
successful doping and directly accounting for the enhanced electrochemical behavior. The resulting RGO-B
electrode delivers a charge specific capacity of 115.9 mAh/g after 20,000 cycles at an ultrahigh rate of 13 C, along
with a capacity retention exceeding 100%, highlighting its exceptional promise for ultra-long-cycle energy storage
applications.

Supplementary Materials

The additional data and information can be downloaded at: https://media.sciltp.com/articles/others/2606181
111374476/eChem-26030195-S1.pdf. Figure S1: The temperature-time scale of the RJTH method and other heating
treatments, Figure S2: (a) The circuit diagram of the dynamic pulsed rapid joule heating (PRJH) setup. (b) The
optical photo of the PRJH vacuum chamber, Table S1: Experimental parameter design for PRJH process, Figure
S3: Sequential optical images capturing the PRJH process from GO to RGO over four consecutive pulses in quartz
tube with graphite paper, Figure S4: Sequential optical images capturing the PRJH process from RGO/B to RGO-
B over ten consecutive pulses in quartz tube without graphite paper, Table S2: Mass yield for different PRJH
processes, Figure S5: Unit cell configurations of different atomic structures, Table S3: Binding energy of all
configurations, Table S4: Energy barriers of the Li migration process, Figure S6: Density of states (DOS) for
different structural configurations: (a) RGO, (b) RGO-B1, (¢) RGO-B2, (d) RGO-B3, Figure S7: Energy barrier
for Li migration of Initial, Transition and Final states: (a) RGO, (b) RGO-B1, (¢) RGO-B2, (d) RGO-B3, Table
S5: Electron density difference distribution, Figure S8: Ip/Ig and Ip/Ig ratios for GO, RGO and RGO-B, Figure
S9: SEM images at different magnifications: (a) GO, (b) RGO, (¢) RGO-B, Figure S10: TEM and SAED images
at different magnifications for GO sample, Figure S11: TEM and SAED images at different magnifications for
RGO sample, Figure S12: EDX elemental mapping and compositional analysis of local region (3) in RGO-B,
Figure S13: Variation in the (002) lattice plane d-spacing, Figure S14: 2D and 3D color total maps and different
element distributions for RGO-B (a) 3 cycles PRJH and (b) 10 cycles PRJH, Figure S15: Atom distribution via
SIMS Analysis of RGO-B samples at different cycles PRJH for (a) B, (b) O and (¢) C, Figure S16: Schematic
illustration of B and O elemental migration during the PRJH process for (a) RGO/B and (b) RGO-B samples,
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Figure S17: AFM Nano layer thickness variation for GO, RGO, RGO-B, Figure S18: Zeta potential of GO, RGO,
RGO-B, Figure S19: Cycling performance of RGO-B at a current density of 0.1 A/g, Figure S20: Charge-discharge
profiles of RGO-B at a current density of 0.1 A/g, Figure S21: Electrochemical storage kinetic analysis of RGO-
B composite. (a) CV curves at different scan rates (0.1, 0.2, 0.4, 0.6, 0.8 and1.0 mV/s), (b) the fitting lines between
log i and log v, (¢) capacitive contribution in the CV curve (shaded region) at scan rate of 1.0 mV/s, and (d) the
ratio of capacitive and diffusive contributions at different scan rates, Figure S22: SEM images of the RGO-B
electrode: (a) Fresh state, (b) After 20,000 cycles, Table S6: Comparison for fast-charging LIBs of carbon-based
anodes, Figure S23: Comparison for fast-charging LIBs of carbon-based anodes from views of (a) preparation
time scale and (b) capacity retention after cycling. References [43—51] are cited in Supplementary Materials.
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