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Rapid Closed Pore Regulation of Biomass-derived Hard
Carbons Based on Flash Joule Heating for Enhanced

Sodium lon Storage

Yugian Qiu, Yanxia Su, Xiaohan Jing, Hao Xiong, Duo Weng, Jian-Gan Wang, Fei Xu,*

and Honggiang Wang

Closed pores are essential for enhancing the low-potential (<0.1 V) plateau
capacity and initial Coulombic efficiency of hard carbon (HC) anode materials
for energy-dense sodium-ion batteries. However, the lack of simple and
effective closed-pore construction strategies has severely hindered their future
commercialization. Herein, a rapid closed-pore regulation strategy for
biomass-derived HCs is proposed through pre-heat treatment followed by
flash Joule heating (FJH). The pre-heat treatment is critical for transforming
vulnerable biomass into high-carbonizability frameworks that are resistant to
over-graphitization. FJH treatment helps to generate enriched closed pores
surrounded by the resulting carbon walls with expanded interlayer spacing as
accessible Na™ channels. This strategy shows remarkable universality and
applicability for biomass feedstocks, enabling rapid conversion of various
carbonization-vulnerable precursors to high-yield (e.g. HC600-)-1500
compared with HC25-J-1500, ~14-fold yield increase) and closed-pore
enriched HCs. The optimized sample demonstrates an outstanding reversible
capacity of 377 mAh g~ with a superior initial Coulombic efficiency of 93.3%,
which stands in a record value prepared with FJH and is even competitive via
conventional carbonization. Comprehensive tests reveal that the efficient Na
storage originates from the pore-filling mechanism in the closed nanopores.
This work suggests a facile and universal closed-pore regulation approach for
the rational design of high-performance HCs.

1. Introduction

batteries (SIBs), due to their distinctive
structural characteristics, including tunable
interlayer spacing and abundant voids to
accommodate Na*.'! However, this com-
plex structure also poses challenges, as
the sodium storage mechanism remains
controversial.l’l Fortunately, it has been
recognized that low-potential plateau ca-
pacity is the dominant source of overall
sodium storage capacity and plays an es-
sential role in determining the output volt-
age and the energy density of the full
cells.’] Therefore, much effort has been
devoted to developing plateau-dominated,
high-capacity HCs, [ highly associated with
graphitic and pore microstructures. The
state-of-the-art investigation has reached a
consensus that appropriately sized closed
nanopores with Na cluster filling can
significantly prolong low-potential plateau
capacity.’] Meanwhile, such an enhanced
capacity triggered by closed pore-filling
does not show diminished initial Coulom-
bic efficiency (ICE) owing to a tiny in-
crease in the contact area between elec-
trolyte and electrode with internal close
pores. Consequently, the design and con-
struction of closed pores are becoming
thriving and rewarding in the field of HCs.

Various closed pore-forming strategies have been established,

Hard carbons (HCs) have attracted considerable attention as
the most close-to-commerce anode materials for sodium-ion
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such as controlling the carbonization process,[! tightening the
pore entrances of porous carbons,”l templating with pore-
forming agents/components,®l and chemical activation,®! etc.
These works partialy explored the mechanism of closed pore
formation and enabled delicate regulation of closed pores in
HCs.[1% However, these approaches involve complex and time-
consuming procedures such as template removal,l®l chemical
activation,!"] or chemical vapor deposition processes.!”! Besides,
these approaches are usually based on furnace heating treatment
for carbonization, which generally takes dozens of hours with
heating/holding/cooling and is thus energy consumptive. Thus,
it is necessary to seek a rapid and facile strategy to synthesize
HCs with enriched closed pores.

Flash Joule heating (FJH), known for its rapid high-
temperature treatment with high efficiency and low cost,!'? has
been well explored in fabricating energy storage materials such
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as ceramics,!'*! alloys,!'* and carbon materials,*! with its scala-

bility attracting increasing attention.!'*] Current applications of
FJH include ceramics for solid-state batteries,['”] high-entropy
alloy catalysts for lithium-sulfur batteries,[*®! and carbon-based
materials such as graphene for lithium-ion batteries.['”) Despite
the progress in these areas, the use of FJH in designing HCs
for SIBs remains relatively underexplored, with only serveral ar-
ticles addressing this topic rencently.[*?] It has been demon-
strated that the defective structure, graphitic micro-domains,
and closed pores in HCs can be effectively regulated via FJH,
through strategies such as increasing the pressure during the
FJH process,[?®*4 enhancing the frequency of FJH process,2%d]
or changing pulses of different widths!*’! thereby significantly
enhancing Na storage performance. However, these works are
mainly based on carbon microstructure reconstruction via post-
treatment of commercial HCs[““2%] or carbons by pre-pyrolysis
even to 800 °C.1*2] The use of pre-prepared carbons rather
than organic precursors could significantly limit the structural
diversity and flexibility in manipulating the resulting HC mi-
crostructures, and thus the majority of reported works showcase
a limited capacity of less than 310 mAh g~! and ICE no more
than 90%.1202>4] However, the utilization of organic precursors
with FJH to design high-performance HCs remains a great chal-
lenge. This is because in comparison to traditional furnace heat-
ing methods, FJH featured by blackbody radiation via an exter-
nal electric field, can release most of the heat within millisec-
onds, leading to rapid heating and fast cooling processes.!'>! Con-
sequently, tremendous gaseous small molecules were generated
and immediately carried away by the flowing protective gas, leav-
ing behind a few times for radical coupling, molecular rearrange-
ment, condensation, aromatization, and solidification, thus giv-
ing rise to diminished carbonization yield or even completely
burned off. Only those precursors containing easy graphitizable
components would survive the extreme heating/cooling condi-
tions of FJH, thus forming highly graphitic structures with re-
duced interlayer spacing and low closed porosity unfavorable for
efficient Na ion storage.l'!] Otherwise, a highly defective struc-
ture was generated with FJH under moderate carbonization tem-
perature (<1300 °C),2%<] ag also revealed by the conventional
furnace heating that a fast heating rate facilitates more defective
structures.??! Therefore, HCs generated at moderate carboniza-
tion temperatures with the rapid FJH process show quite low
ICE, which is <60%.2*4] These results suggest that there are
more rigorous requirements for organic precursors, requiring ro-
bust frameworks to allow high carbonizability under the extreme
heating rate of FJH. Therefore, it would be highly desirable to
extend the concept of FJH with diverse precursors to enable ele-
gant mediation of the microstructure, especially closed pores, for
further enhanced performances.

Herein, we present an effective strategy by pre-heat treat-
ment and further FJH that can get biomass-derived HCs with
abundant closed pores and larger interlayer spacing for Na* ac-
cess. By precisely controlling the pre-heat treatment temperature,
we can accurately regulate open pore structure and get a high-
carbonizability framework that is resistant to over-graphitization.
Upon the subsequent FJH, enriched closed pores are rapidly cre-
ated from the ultramicropores surrounded by the walls derived
from the high-carbonizability framework (Figure 1a). This pre-
heat treatment process leads to an increase in interlayer spacing,
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allowing for more accessible Na* channels within the material.
We elucidate the structural evolution of carbon phases and closed
nanopores under varying pre-heat treatment conditions and FJH
processes to get a carbonization model of cellulose-derived HCs.
Thus, the optimized sample achieves an ultrahigh reversible spe-
cific capacity of 377 mAh g™, and a superior ICE of 93.3% as
the anode of SIBs. Comprehensive ex situ tests reveal that the
high Na* storage performance originates from the pore-filling
mechanism in the closed micropores. This study presents a facile
and universal method for the formation of closed pores, facil-
itating the rational design of diverse biomass-derived HC pore
structures.

2. Results and Discussion

2.1. The Influence Of Pre-Heat Treatment On Forming Closed
Pores Of Hard Carbons

To evaluate the crystallinity of cellulose nanocrystals, X-ray
diffraction (XRD) was conducted (Figure 1b), and the calcu-
lated crystallinity was 85.7%, comparatively higher than reported
cellulose-based HC precursors.)l Although high-crystallinity
cellulose generally exhibited enhanced thermal stability due to its
ordered structure,?*l the direct FJH process of HC25-]-1500 leads
to only ~1% carbonization yield (Figure 1c; Table S1, Support-
ing Information). Thermogravimetric analysis (TGA) was con-
ducted to evaluate thermal stability, revealing cellulose nanocrys-
tal residues of 38.5, 24.0, and 16.8 wt.% at 350, 400, and 600 °C,
respectively (Figure 1d). Cellulose, a linear polysaccharide of f—
D-glucose units linked by f-1,4-glycosidic bonds, lacks aromatic
structures or conjugated systems, resulting in limited carbon
skeleton stability.[?°] Tt can be seen that the pyrolysis of cellulose
typically follows three main stages.[?>26] At lower temperatures
(<300 °C), cellulose undergoes dehydration, releasing water and
some light volatile compounds. As the temperature increases to
300-400 °C, it reveals a primary decomposition peak, leading
to the release of major pyrolysis products like D-glucopyranose
and other volatiles.””] The D-glucopyranose then participates
in a series of polymerization, aromatization, and intramolecu-
lar condensation reactions that ultimately lead to the formation
of biochar.”®] Complete inhibition of char formation (e.g., lev-
oglucosenone) from cellulose occurred during fast pyrolysis in
the presence of aromatic substances.*®! In the final stage, the
remaining solid undergoes further carbonization. This process
yields a more durable, carbon-rich structure with higher ther-
mal stability and increased graphitization. Therefore, preheat-
treatment temperatures (350, 400, and 600 °C) were applied to
cellulose-based HC samples (labeled as HCxx, where xx repre-
sents the preheat temperature), followed by FJH treatments (la-
beled as HCxx-J-yy, where yy represents the FJH temperature).
Figure S1, (Supporting Information) demonstrates that the pre-
heated HC600-J-1500 exhibited significantly higher weight, bet-
ter uniformity, and darker coloration compared to that of HC25-
J-1500. For instance, the yield of HC600-J-1500 achieved up to
~14.1%. Accordingly, the total energy demand is calculated to
be =45 kJ, and space-time-yield for the FJH process is calcu-
lated to be ~#1 x 10° kg m=3 h~!, higher than the space-time-
yield of coventional furnace heating, as shown the in the Support-
ing Information. Additionally, natural sources (coconut shells,
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Figure 1. a) Schematic illustration of the process for fabricating HCs through pre-heat treatment and post-high-temperature FJH carbonization, whereas
direct FJH carbonization without pre-heat treatment is presented for compare. b) The XRD pattern of cellulose nanocrystals. c) Total carbonization yield

of different precursors. d) TGA and DTG curves of cellulose nanocrystals.

hazelnut shells, corn cobs, and bamboo) of HCs were utilized to
evaluate the generalizability of this approach (Figure 1c; Figure
S2 and Table S1, Supporting Information). Yields increase more
than twice with preheat treatment, indicating a significant in-
crease in efficiency. These natural biomass precursors exhibited
significantly higher yields compared to cellulose nanocrystals,
which may be attributed to their higher lignin content, struc-
tural complexity, and the presence of inorganic components such
as potassium and calcium.?>?’"] Therefore, preheat treatment
proved crucial for studying cellulose-based HC materials.

The micro-morphology of HCs was examined via transmis-
sion electron microscopy (TEM). Although all HCs showed a
flake-like morphology at the micron scale (Figure S3, Support-
ing Information), distinct differences became evident at higher
magnifications in high-resolution TEM (HR-TEM) images
(Figure 2a,b) revealing significant structural differences between
the samples. The microstructure of HC600-J-1500 exhibits a
higher short-range order, typically formed by a combination of lo-
calized graphitized regions and amorphous carbon domains. Ad-
ditionally, some pores are uniformly distributed within the walls
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derived from the high-carbonizability framework, reflecting lo-
calized structural rearrangements induced by high-temperature
treatment. Due to the projection imaging mode of TEM, a com-
pletely accurate distinction between open and closed pores is
not achievable. Morphological features indicative of closed pore
structures are identified through HRTEM analysis and further
corroborated by small-angle X-ray scattering (SAXS) and true
density measurements in the next paragraph.[®?°] Interlayer dis-
tances indicated an increase in HC600-J-1500, ranging from
0.351 to 0.417 nm, compared to HC25-J-1500 (0.343-0.385 nm).
The larger interlayer spacing facilitates Na-ion transport and
storage.[*] The selected area electron diffraction (SAED) patterns
showed attenuated diffraction rings in HC600-J-1500 as com-
pared with that of HC25-]-1500, which indicates a lower degree
of ordered structure in HC600-J-1500.(3°]

The XRD patterns depicted in Figure 2c reveal two broad
diffraction peaks ~24° and ~43° corresponding to (002) and
(100) carbon planes across all samples subjected to varying pre-
heat treatment temperatures. The sharp reflex observed in the
XRD patterns corresponds to the (002) plane of graphitic carbon
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Figure 2. HRTEM and corresponding SAED images of a) HC25-J-1500 and b) HC600-J-1500. c) XRD patterns, d) XRD fitting curves, e) fitted value of
dooz and Ipq/lg, and f) Raman curves of HC25-J-1500, HC350-J-1500, HC400-}-1500, and HC600-J-1500. g) Sger of HC25, HC600, HC25-)-1500 and
HC600-J-1500. h) The curve of true density and closed pore volume for HC25-J-1500 and HC600-)-1500. i) SAXS curves, j) fitting R and fitting Sgaxs of
HC25-J-1500 and HC600-J-1500. k) Schematic illustration of the pore structure evolution during various thermal treatment processes.

in HC25-J-1500, indicative of regions with higher crystallinity
formed. The deconvolution of XRD patterns in Figure 2d and
the alignment with JCPDS 41-1487 of graphite in Figure 2c
further support this assignment.[3! The sharp diffraction peaks
in HC gradually disappear with increasing pre-heat treatment
temperature. The structural parameters of cellulose-based car-
bons are summarized in Table S2, Supporting Information. Af-
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ter calculation,3?! the interlayer spacing (d,,,) of the carbon ma-

terials is 0.358, 0.368, 0.376, and 0.393 nm, corresponding to
HC25-J-1500, HC350-J-1500, HC400-J-1500, and HC600-]-1500,
respectively (Figure 2e). Compared with graphite (0.335 nm),
the increased interlayer spacing in the samples is beneficial for
the insertion and extraction of sodium ions. As indicated by the
XRD results, the average interlayer spacing d,,, initially increases
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with increasing pretreatment temperature, reaching a maximum
of 600 °C (0.393 nm), indicating the highest degree of topo-
logical defects and disordered structure. To further investigate
the evolution of the crystalline phase with increasing pre-heat
treatment temperature, the (002) peaks were simulated using a
profile-fitting process (Figure 2d).13*] By calculating the d-spacing
value (extremely disordered > 0.40 nm, pseudo-graphitic 0.36—
0.40 nm, and graphite-like < 0.36 nm), each component of the
fitting peaks is allocated to a distinct carbon phase.l**] In compar-
ison with the other samples, HC600-]-1500 exhibited the highest
proportion of disordered carbon (56.8%) and the lowest percent-
ages of graphite-like carbon (22.1%) and pseudo-graphitic carbon
(21.1%). The impact of pre-heat treatment on the structure of
HC materials at high temperatures is also evident from the Ra-
man spectra shown in Figure 2f. The intensity ratio of the 2D
and G bands indicated that the HC25-J-1500 mainly consisted
of graphite-like structures,!*! which agree with the TEM results
above. The intensity ratio of the 2D and G bands of HC pre-
pared after pre-heat treatment is gradually reduced compared to
HC25-J-1500, indicating a decrease in graphitic carbon, which
is consistent with XRD results. Raman spectra of HCs are di-
vided into five peaks ranging from 1000-2000 cm~! (Figure S4,
Supporting Information). The peaks positioned at 1580, 1350,
1620, 1500, and 1200 cm™" are assigned to G, D,, D,, D; and D,
bands, respectively.[*>1% The intensity ratio of D, band/G band
(Ip;/Ic) is related to the defect degree of carbon.3%l As indi-
cated in Table S2 (Supporting Information), the value of I,/
increases from 1.64 for HC25-J-1500 to 2.40 for HC600-J-1500
(Figure S4, Supporting Information). The evolution of the carbon
microstructure indicates that the pre-heat treatment temperature
has a significant influence on the formation process of the final
carbon structure. Pre-heat treatment transforms vulnerable cel-
lulose into a high-carbonizability framework that is resistant to
over-graphitization, slowing the uniform growth of carbon crys-
tals. Besides, this phenomenon indicates that the defect concen-
tration in carbon materials can be regulated by pre-heat treatment
temperature. Therefore, the pre-heat treatment plays a crucial
role in the growth and accumulation of crystal structure during
the FJH process.

The pore structures were first investigated by N, adsorption-
desorption experiments (Figure S5, Supporting Information).
Based on the isotherms, the calculated Brunauer-Emmett-Teller
(BET) specific surface area (Spgr) of HC600 is measured to be
266 m? g1, a significant increase compared to that of HC25
(2 m? g7!) (Figure 2g). After FJH treatment at 1500 °C, the
corresponding value of HC600-J-1500 is significantly reduced
to 3 m? g7!. This result indicates that the open pores formed
during the pre-heat treatment process underwent a transforma-
tion after FJH, resulting in an inability for N, to access. In this
case, to determine pore structure within an HC material, the
true density and SAXS were tested (Figure 2h—j).1»3323¢] Inter-
nal closed pore volume can be estimated using the calculation
equation (Ve pore = 1/Pure_ 1/2.26) (Figure 2h).36237] By cal-
culation, the closed pore volumes of HC25-J-1500 and HC600-
J-1500 are 0.011 and 0.089 cm?® g!, respectively. SAXS pattern
of HCG600-J-1500 exhibits a higher intensity than that of HC25-
J-1500 in the intermediate g region, further confirming it con-
tains a greater number of closed pores (Figure 2i). The de-
rived pore size distribution curves indicate that the predomi-

Adv. Funct. Mater. 2025, 2423559

2423559 (5 of 12)

www.afm-journal.de

nant pore size of the HC600-J-1500 sample is 1.34 nm, which
is larger than that of pristine HC at 1.13 nm (Figure 2j; Figure
S6a,b, Supporting Information). The specific surface area asso-
ciated with the SAXS-fitted specific surface area represents to-
tal pores (Figure 2i).38] Notably, following pre-heat treatment,
the surface area of these closed nanopores significantly in-
creases from 60 to 397 m? g~!. Besides, the fitted results show
that the surface of closed nanopores becomes smoother after
pre-heat treatments (Figure S6c¢,d, Supporting Information).[36
These results further indicate that the open pores formed
during the pre-heating process were transformed into closed
pores.[113623739] Figure 2k illustrates differences in pore struc-
ture and size among HC25-J-1500, HC600, and HCG600-]-1500.
Under other pre-heating process conditions, a correspond-
ing trend is also observed (Figures S7 and S8, Supporting
Information).

2.2. Influence of FJH Treatment on Closed-Pore Formation of
Hard Carbon

To investigate how carbonization temperature influences the
microstructures of HCs, HC600 was selected as the carbon
precursor. The HRTEM images in Figure 3a,b reveal that the
microstructures of HC600-J-1000 and HC600-J-2000 consist
of closed pores enclosed by intricately curved nanographitic
nanosheets, resembling the structure observed in HC600-J-1500.
With the rise in FJH temperature, the size of closed pores in-
creases significantly. Simultaneously, the short-range ordered lat-
tice fringes of pseudographitic domains gradually transform into
more defined graphite-like microcrystal stripes, accompanied by
a reduction in defects. This progression is further confirmed by
the SAED patterns, which demonstrate a clear evolution from
blurred to sharp diffraction rings, indicating an increasingly or-
dered structure in the HCs.[*]

The XRD patterns, presented in Figure S9a (Supporting Infor-
mation), reveal broad diffraction peaks for the (002) plane at ~24°
and the (100) plane at ~#43°, indicating the non-graphitized struc-
ture of HCs. As shown in Figure S9b (Supporting Information),
the content of graphite-like carbon increases with higher FJH
temperatures. Furthermore, Figure 3c demonstrates that with ris-
ing FJH temperature, the (002) peak for HC600-J-1000, HC600-
J-1500, and HC600-J-2000 shifts to higher angles, while the cal-
culated d 4y, values progressively decrease. This reduction in in-
terlayer spacing reflects enhanced graphitization and improved
structural ordering of HCs.[?°l The development of the crystal
structure of the HCs can also be observed from the Raman spec-
tra in Figure S10a (Supporting Information). HCs generally ex-
hibit broad 2D signals at #2700 cm™', which provide information
regarding graphitic layer stacking and coherence. Furthermore,
a 2D signal appears with the FJH temperature increasing, imply-
ing that some graphitic layer coherence is developing. The val-
ues of I, /I are 3.04, 2.40, and 1.74 for HC600-J-1000, HC600-
J-1500, and HC600-]-2000 (Figure S10b, Table S2, Supporting In-
formation and Figure 3c), respectively, showing that higher pyrol-
ysis temperature leads to fewer defects.[*(]

Based on the N, adsorption-desorption isotherms (Figure 3d;
Figure S11, Supporting Information), the calculated Sgp; is
calculated to be 11, 3, and 2 m? g' for HC600-J-1000,
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Figure 3. HRTEM and corresponding SEAD images of a) HC600-J-1000 and b) HC600-]-2000. c) dyy, and Ipy/Ig from XRD and Raman spectra fitting
curves. d) Value of Sggr, €) true density, and the corresponding closed pore volume of HC600-J-1000, HC600-J-1500, and HC600-J-2000. f) Formation

mechanism of closed pores in HCs by FJH treatment.

HC600-J-1500, and HC600-J-2000, respectively. The increased
carbonization temperature caused the contraction of open
pores.[%%*1] The true density values and the obtained closed pore
volume are 2.044 g cm™ with 0.047 cm® g1, 1.882 g cm™ with
0.089 cm?® g~! and 1.673 g cm~3 with 0.155 cm?® g~! for HC600-]-
1000, HC600-J-1500 and HC600-J-2000, respectively (Figure 3e,
Figures S12-S14, Supporting Information). As shown in Figure
S12 (Supporting Information), with pyrolysis temperature rising,
the peak strength of ~0.1 A~' in SAXS curves increases, indi-
cating an increase in the average radius of closed pores, from
1.34 nm for HC600-J-1500 to 3.43 nm for HC600-J-2000. Higher
FJH temperatures promote the shift and folding of graphite-like
layers, resulting in more closed pores and being surrounded by
multiple parallel carbon layers for sodium storage; however, too
high temperatures increase graphite-like carbon content in car-
bons while narrowing and shrinking the carbon skeleton mini-
mizes closed pores which are not conducive to sodium storage.
Therefore, selecting an appropriate FJH carbonization temper-
ature is crucial, as it significantly influences the pore structure
of cellulose-derived HC. With temperatures rising, some curved
carbon layers tend to fold and form more closed pores. However,

Adv. Funct. Mater. 2025, 2423559

2423559 (6 of 12)

excessively high temperatures also promote the migration, stack-
ing, and growth of graphite layers, leading to the shrinkage of
closed pores (Figure 3f).

In addition, to emphasize the advantage of FJH treatment, it is
compared with HC600-F-1500 using furnace heating at the same
carbonization temperature. The closed pore volume of HC600-
J-1500 is higher than that of HC600-F-1500, indicating that FJH
treatment produces more closed pores than furnace heating treat-
ment (Figure S15, Supporting Information).

2.3. Pre-Heat Treatment Influence on Electrochemical
Performance of Hard Carbon

The electrochemical behavior of sodium storage was investigated
in a half-cell using sodium metal as the counter/reference elec-
trode. The initial galvanostatic charge/discharge (GCD) curves of
HC25-J-1500 and HC600-J-1500 at a current density of 25 mA
g~! are depicted in Figure 4a. HC600-J-1500 delivers a much
higher initial reversible capacity of 362 mAh g~! and an ICE of
92.4% in comparison to HC25-J-1500 (142 mAh g~! and 64.7%).

© 2025 Wiley-VCH GmbH
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To ensure reproducibility, we tested five independently prepared  Information) where error bars represent the standard deviation,
batteries using HC600-J-1500 as the active material. The first-  demonstrating the reproducibility of the observed performance.
cycle charge capacities were 362, 364, 360, 366, and 368 mAh  Notably, the ICE value is superior to the majority of reported
g~', with an average of 364 mAh g='. The corresponding ICE  HC anodes, even those with similar carbonization temperatures
values were 92.4%, 92.2%, 92.9%, 92.6%, and 93.1%, with an  (Figure 4b; Table S3, Supporting Information).[##310.203-c42] Gjpy).
average of 92.6%. The data is shown in Figure S16 (Supporting ilar to previously reported HC materials, the HCs electrodes
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exhibit typical discharge—charge curves; a sloping voltage region
above 0.10 V and a plateau region below 0.10 V. The plateau dis-
charge capacities of HC25-J-1500 and HC600-J-1500 show signif-
icant differences. From Figure 4c, the plateau discharge capac-
ity HC600-J-1500 (276 mAh g™') is ~2.9 times that of HC25-]-
1500 (96 mAh g1). The high plateau capacity of HC600-J-1500
can be attributable to its abundant closed pores, which have been
identified as suitable sites for Na storage.[*}] The plateau capac-
ity varies with the closed pore content in other HCs electrodes as
well (Figure S17, Supporting Information). Based on the above
discussion, the closed pore structure in HC plays a key role in
the plateau capacity contribution. Apart from these, the rate ca-
pability of HC600-]-1500 and HC25-]-1500 by applying stepwise
current densities ranging from 25 to 2000 mA g~ also show sig-
nificant distinction (Figure 4d and Figure S18, Supporting Infor-
mation). HC600-J-1500 electrode shows a much higher rate ca-
pability than that of HC25-J-1500, with a specific capacity of 323
mAh g~! at 250 mA g~!. This indicates that the closed-pore char-
acteristics resulting from the ultramicroporous structure formed
during pre-heat treatment have a positive impact on rate per-
formance. Furthermore, the rate performance of HC600-J-1500
exhibits higher capacity compared to other samples pre-heat at
other temperatures (Figure S19, Supporting Information). Both
HCs show excellent cycling stability (Figure 4e). In particular,
even at a current density of 500 mA g~!, HC600-J-1500 still main-
tains a capacity of 236 mAh g after 500 cycles and the retention
rate is maintained at 89.0% when compared to the capacity of the
third cycle (Figure 4f).

To further understand the sodium storage behavior, cyclic
voltammetry (CV) curves at different scan rates were recorded
to analyze the reaction kinetics (Figure 4g,h). It is observed that
the peak current of HC600-J-1500 increases with the scan rate
more intensively than that of the HC25-]-1500 electrode. Based
on the relationship (i = av?) between peak current (i) and scan rate
(v), b values for peak 2 in HC600-J-1500 is 0.29, which is higher
than that of HC25-]J-1500 (0.05) (Figure 4i). This means that the
pre-heat treatment has a significant impact on electrochemical
kinetic processes. Furthermore, fitting results from differenti-
ating currents contributed by surface-controlled processes and
diffusion-controlled reactions illustrate that the sloping region is
mainly dominated by surface-controlled currents while diffusion-
controlled currents account for the plateau region (Figure 4j,k).
The product CH;CH,ONa from Na and ethanol reaction can
turn phenolphthalein solution red, and thus the phenolphthalein
color test is used to prove the presence of quasi-metallic Na in
the closed pores.[**] Obviously, the color of the ethanol solution
of HC600-]-1500 gradually deepened as the potential decreased
(Figure 4i).

2.4. Influence of FJH Treatment on Electrochemical Performance
of Hard Carbon

In order to investigate the influence of FJH treatment, including
key parameters such as carbonization temperature, carboniza-
tion methods, and pulse widths, we conducted a systematic study
to evaluate their effects on the electrochemical performances of
HC. Using HC600 as the precursor, we adjusted the FJH param-
eters to set carbonization temperatures at 1000 °C, 1500 °C, and
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2000 °C, resulting in the preparation of HC600-J-1000, HC600-
J-1500, and HC600-J-2000. As shown in Figure 5a, HCG600-]-
1500 demonstrates the highest charge capacity and ICE in the
first cycle (362 mAh g=! and 92.4%) compared to HC600-J-1000
(258 mAh g~! and 87.1%) and HC600-J-2000 (323 mAh g~! and
88.3%). With increasing FJH temperature, the plateau charge ca-
pacity ratio in the second cycle also rises, reaching 57.7% (151
mAh g=1) for HC600-J-1000, 75.3% (276 mAh g=') for HC600-]-
1500, and 89.6% (293 mAh g~!) for HC600-J-2000 (Figure 5b).
This trend is attributed to the formation of a greater number
of closed pores, which are widely recognized as highly effective
storage sites for Na* ions.[®2!] When the pulse width is extended
to 20 s (denoated as HC600-J-1500-20S), the reversible capacity
and ICE are further improved, reaching 377 mAh g=! and 93.3%
(Figure S20, Supporting Information), which is as far as we know
a breakthrough in regulating structures of HC by FJH process.
However, the energy consumption increases x20-fold under this
condition, making HC600-J-1500 the more economical choice in
terms of energy efficiency. The Na ion storage performanes of us-
ing FJH and conventional furnace heating, were further studied.
As shown in Figure S21a (Supporting Information), the initial
reversible capacity of HC prepared by FJH is significantly higher
than that achieved by furnace heating (denoted as HC600-F-1500,
296 mAh g~!). Additionally, Figure S21b (Supporting Informa-
tion) illustrates that the plateau capacity of HC600-J-1500 exceeds
that of HC600-F-1500. This disparity may stem from the differ-
ences in the carbonization process. Traditional furnace heating
provides sufficient time for carbon layer rearrangement to occur,
as suggested by prior studies.*”] In contrast, the rapid heating
and cooling characteristic of FJH treatment preserves more of
the precursor’s microscopic morphology, resulting in a higher
number of closed pores. The HC600-J-1500 electrode shows bet-
ter rate capability than that of HC600-J-1000 and HC600-J-2000
(Figure 5c¢). Besides, the rate performance of HC600-J-1500 ex-
hibits higher capacity compared to that of HC600-F-1500 (Figure
S22, Supporting Information).

To further understand FJH treatment influence on the sodium
storage behavior, CV curves at different scan rates were recorded
to analyze the reaction kinetics (Figures S23 and S24, Supporting
Information). It is observed that the peak currents of HC600-J-
1500 increase more intensively with the scan rate than those of
the HC600-J-2000 electrode, but the increasement becomes weak
as compared to that of HC600-]-1000. Based on the relationship
(i = av’) between peak current (i) and scan rate (v), b values for
peaks 1 and 2 in HC600-J-1500 are 0.34 and 0.29, which are
higher than those for HC600-J-2000 (0.25 and 0.16) and lower
than those for HC600-J-1000 (0.42 and 0.38) (Figure S24d.e, Sup-
porting Information). This means that the lower carbonization
temperature is conducive to the fast kinetics while excessively
high temperatures impede the ion transpot/diffusion. Further-
more, fitting results from differentiating currents contributed
by surface-controlled processes and diffusion-controlled reac-
tions illustrate that the sloping region is mainly dominated
by surface-controlled currents while diffusion-controlled cur-
rents account for the plateau region (Figure 5d). This further
confirms the quasi-metallic sodium formed at the end of the
discharge process and the Na storage mechanism based on
closed pore filling.[**¥] To further evaluate the diffusion capabil-
ity of sodium ions in the electrode material, the galvanostatic

© 2025 Wiley-VCH GmbH
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Figure 5. a) The initial GCD curves for HC600-J-1000, HC600-J-1500, and HC600-J-2000 at 25 mA g~'. b) Discharge capacity of samples contributed
from slope and plateau region of HC600-J-1000, HC600-J-1500, and HC600-J-2000 in 2nd cycle. c) Rate performance of HC600-J-1000, HC600-J-1500,

and HC600-J-2000. d) Capacitive contribution percentage of HCs at various

scanning rates. e) Na* diffusion coefficients during the sodiation process

for HC600-J-1000, HC600-J-1500, and HC600-)-2000. f) In situ Raman spectra of HC600-)-1500 electrode during the discharge process. g) Schematic

diagram at various Na™ storage stages for HCs anode.

intermittent titration technique (GITT) was performed, and the
diffusivity coefficient (D, ) was calculated. The resulting GITT
curves, along with the corresponding calculated D, values, are
presented in Figure S25 (Supporting Information) and Figure 5Se,
respectively. The Dy, of all samples shows less fluctuations with
a potential >0.1 V during the sodiation process, corresponding to
the adsorption-dominated Na* storage behavior. After that, D,,
of HCs declines rapidly at first and rises later within 0.1 to 0.002
V, mainly ascribed to the Na* intercalation and nanoclusters
formation in the closed pores, respectively. It is evident that
the closed pore volume is positively correlated with the plateau
capacity; in other words, carbon samples with more closed pores
have higher plateau capacity.[*] In addition, as the FJH temper-

Adv. Funct. Mater. 2025, 2423559 2423559

ature increases, the potential of minimum value of D, shifts
towards a lower direction, which has also been observed in the
CV curves (Figure S26, Supporting Information). This is related
to the carbon layers that are curled and intertwined outside the
closed pores. The interlayer spacing of HC600-J-1500 is smaller
than that of HC600-J-1000 but larger than that of HC600-]-2000,
which is suitable for the transport and storage of Na ions. Based
on the above findings, the Na* storage mechanism for HCs can
be summarized by emphasizing the relationship between its
microstructures and electrochemical performance. As shown by
the in-situ Raman shifts in Figure 5f, from the open circuit poten-
tial to 1.0 V, the positions and intensities of the G and D bands
remain stable, indicating that sodium storage during this stage

(9 of 12) © 2025 Wiley-VCH GmbH
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primarily involves adsorption. As the potential further decreases
to 0.1 V, the G band in the Raman spectra begins to exhibit
a slight redshift, possibly indicating the gradual migration of
sodium ions from surface adsorption to interlayer adsorption
within the carbon structure,) in line with the some fluctuations
of Dy,, in range around 0.1-0.6 V in Figure 5e. Below 0.1V, the
similar redshift in the G-band peak suggestes sodium insertion
into the HC layers. This insertion occupies the 7+ anti-bonding
orbitals, leading to an extension of the C-C bonds.['!] As depicted
in Figure 5g, a large number of Na* ions are initially adsorbed
on the surface or defect structures of HC600-]J-1500 at potentials
ranging from ~0.6 to 2.0 V. Subsequently, the Na ions are ad-
sorbed on the edge of graphite interlayer ~0.1 to 0.6 V, followed
by their insertion into the graphite interlayer and gradual filling
of the inner surfaces below 0.1 V. Upon further discharging,
sodium metal clusters are formed through sodium-sodium
interactions, aggregating to nucleate and store in size-suitable
closed pore structures.l**33247] Baged on the above findings, full
cells consisting of commercial Na,V,(PO,); and HC600-J-1500
as cathode and anode materials were tested at 0.1 C in a potential
range of 1.5-3.8 V to demonstrate the practical feasibility of
using Na/HC600-J-1500 for applications. As shown in Figure
S27 (Supporting Information), the discharge-specific capacity of
the assembled cell reaches 327 mAh g! at a current density of
0.1 C (based on the active material mass of the anode electrode).

3. Conclusion

We have developed an effective strategy for closed-pore regulation
Dby a facile pre-heat and FJH treatment for biomass-derived HCs.
The pre-heat treatment can format ultramicropores, which trans-
form vulnerable cellulose into a high-carbonizability framework,
enhancing the final yield of biomass-derived HCs. The FJH-
enriched closed pores are rapidly created from the ultramicrop-
ores surrounded by the walls derived from a high-carbonizability
framework, with expanded interlayer spacings as accessible Na*
channels. Moreover, this carbon phase regulation technology
can be extended to various biomass feedstocks, demonstrating
its remarkable versatility. The high-performance HC anode ex-
hibits high ICE (93.3%) and charge capacity (377 mAh g~!). The
HC sodium storage mechanism has been verified to be a mode
of “adsorption-interlayer adsorption-insertion-pore filling forma-
tion”. This research paves the way for the design and synthesis of
biomass-derived HCs with customizable sodium storage mecha-
nisms toward high-performance SIBs.

4. Experimental Section

Material and Methods: Microcrystalline cellulose was provided by
Pingju Biotechnology Group Co., Ltd. (Shandong, China) with a purity of
99%. The crystallinity of the microcrystalline cellulose was determined to
be 85.7% using the Segal peak height method.I?}] The powder obtained
was processed for carbonization using two separate techniques: firstly,
heating in a tube furnace at 350, 400, 600, and 800 °C for 3 h with a heat-
ing rate of 5 °C min~! (denoted as HC300, HC400, HC600, and HC800),
and the furnace heating was conducted under a nitrogen atmosphere with
a flow rate of 80 mL min~ to prevent oxidation of samples. In the FJH
process, the precursor powder is lightly compressed within a carbon tube
positioned between two carbon electrodes (Figure S28, Supporting Infor-
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mation). The FJH reactor (Hefei In situ Technology Co., Ltd.) applies high-
voltage electrical pulses, generating ultrahigh heating rates and tempera-
tures. This enables ultrafast carbonization within approximately a few sec-
onds to reach 1000, 1500, or even 2000 °C (denoted as HCxx-J-1000, HCxx-
J-1500, and HCxx-J-2000) significantly outpacing the capabilities of most
conventional furnaces. HC600-F-1500 was prepared by heating HC600 in a
tube furnace at 1500 °C for 3 h under an argon atomosphere with a heating
rate of 2 °C min~".

Structural Characterization: The morphology and texture were ob-
tained using a TEM (JEOL JEM-F200, 200 kV) equipped with SAED. The
microcrystal structures of materials were characterized by XRD measure-
ments (Bruker D8 Advance; Cu Ka radiation, 0.154 nm) at room tempera-
ture. TGA measurement was performed on a Mettler TGA/DSC1 analyzer
from room temperature to 800 °C at a rate of 10 °C min~" in a nitrogen
atmosphere. Raman spectra were carried out on a Renishaw inVia Laser
Micro-Raman Spectrometer excited by a 532 nm He-Ne laser with a laser
spot size of T mm and a laser power of 10%. In situ Raman measure-
ments were performed using a custom-built setup, as shown in Figure S29,
Supporting Information. Pore structure information (specific surface ar-
eas, pore-size distributions) was collected following a Micromeritics ASAP
2460 surface area and porosity analyzer. Before measurement, the samples
were degassed overnight at 250 °C for HCs and at 120 °C for HC25, HC350,
HC400, and HC600. SAXS from a Xenocs Xeuss 2.0 with a Ni-filtered Cu
Ka source. True density data were collected by Ultrapyc 3000 using helium
as analysis gas. The true density of the materials was measured using a he-
lium pycnometer (as shown in Figure S30, Supporting Information), and
here helium was chosen as the probing gas due to its ability to penetrate
the smallest accessible voids.

Electrochemical Measurements: The original working electrodes were
fabricated by confusing HCs as active materials with sodium alginate as
a binder at a weight of 95:5 in deionized water and then slurry coating
on Cu foils. After drying at 80 °C overnight, the electrodes were cut into a
10 mm diameter circle with an average areal loading of #1.5-2.5 mg cm~2.
The electrochemical performances were carried out in standard CR2032
coin cells by using metallic Na as a counter electrode, glass fibers sep-
arator from Whatman, and 1.0 mol L~ NaPF in diglyme solution as
the electrolyte. The Na;V,(PO,); cathode was prepared by mixing with
polyvinylidene fluoride and Super P in a weight ratio of 8:1:1, dissolved
in N-methyl-2-pyrrolidone solvent, and coated onto the Al foil substrate.
The coin full-cells were conducted within a potential range of 1.5-3.8 V
with the N/P ratio of 0.95. The GCD cycles were carried out on the LAND-
CT2001A battery test system from 0.002 to 2 V. versus Na*/Na. CV tests
with various scan rates were measured by a multichannel Electrochemi-
cal Workstation (Bio-logic VMP3). The phenolphthalein color test using
3 mL 1% phenolphthalein after reaction with HC600-J-1500 at different
potentials. GITT testing was performed by a Land battery system with a
constant discharge—charge current density of 25 mA g=! for 30 min dura-
tion followed by an interval of 180 min as one step within a potential range
of 0.002-2.0 V, then charged in the same way.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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