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ABSTRACT
Hard carbon (HC) is currently the predominant anode material for sodium‐ion batteries; however, its practical application is 
still limited by insufficient initial Coulombic efficiency (ICE) and plateau capacity. Meanwhile, conventional HC production 
relies on energy‐intensive carbonization processes with considerable carbon emissions. Here, an induction heating carboni
zation strategy is developed for extruded biocarbon columns derived from biomass‐based biochar and bio‐oil, enabling 
simultaneous enhancement of electrochemical performance and production sustainability. Bio‐oil combined with high‐pressure 
extrusion suppresses open pores, whereas induction heating generates localized eddy currents and concentrated Joule heating 
that accelerate carbon rearrangement and promote closed pore formation. As a result, the closed‐to‐open pore volume ratio 
increases from 0.32 to 85.18, leading to improved ICE (95.0% vs. 84.4%) and plateau capacity ratio (77.6% vs. 64.7%) relative to 
conventional carbonized HC. Life‐cycle assessment further indicates an approximately 35% reduction in global warming 
potential. Overall, this work presents an energy‐efficient, low‐emission route for producing high‐performance HC anodes.

1 | Introduction 

Sodium‐ion batteries (SIBs) are widely regarded as a promising 
alternative to lithium‐ion batteries (LIBs) for large‐scale energy 
storage applications. They offer potential advantages in terms of 
costs, usage of abundant sodium resources, and excellent per
formance at low temperatures [1]. Thus, they could be applied 

in a wide range of applications in the future [2]. Among the 
various reported anode materials for SIBs, hard carbon (HC) 
has been extensively investigated and remains the sole material 
used in commercial SIBs [3, 4].

Despite its potential, the widespread application of HC still fa
ces many challenges in both production and performance [5, 6]. 
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In SIBs, an HC anode typically has both a slope region and a 
plateau region during charging and discharging. The slope 
capacity is attributed to the adsorption behavior of sodium‐ion 
at surface defects, whereas the plateau capacity primarily 
relates to sodium‐ion intercalation in the graphitic layers and 
filling in closed pores [7, 8]. Due to the inherent porosity of raw 
materials such as biomass and charcoal, HC has certain specific 
surface areas and open pore volumes, which provide abundant 
sites for sodium‐ion adsorption [9]. However, these porous 
structures also promote electrolyte decomposition, leading to 
the significant formation of a solid electrolyte interphase 
(SEI) layer during initial charge/discharge cycle. This ex
tensive SEI formation contributes to substantial electro
chemical irreversibility, resulting in suboptimal initial 
Coulombic efficiency (ICE) and limiting the practical appli
cation of HC in SIBs [10, 11]. Literature reports indicate that 
the ICE values of HC materials produced without modifica
tion approaches are typically below 90%, with the majority not 
exceeding 80% [12]. Various strategies have been used to 
reduce the surface area to address this issue, including surface 
engineering via chemical vapor deposition (CVD) [13], raw 
materials' pre‐treatment [14], and high‐pressure compression 
[15]. Despite these efforts, the ICE values for most HC ma
terials are typically lower than 90% (Supporting Information 
S1: Table S1), which remains significantly lower than that of 
graphite anodes in lithium‐ion batteries (LIBs) [16].

Furthermore, the enhancement of the ICE would inevitably result 
in diminished adsorption behavior of sodium‐ion and a corre
sponding decrease in slope capacity. Consequently, the low‐ 
voltage plateau capacity, which arises from the interlayer 
embedding and/or closed pore filling of sodium‐ion, becomes the 
primary contributor to the higher energy density of HC anodes for 
SIBs. Numerous efforts have been devoted toward enlarging the 
volume of closed pores to maximize the plateau capacity of HC 
[17], and it is widely accepted that high‐temperature carboniza
tion facilitates the formation of closed pores [18]. However, high‐ 
temperature processing is inherently energy‐intensive. More 
importantly, the current carbonization process predominantly 
utilizes indirect heating, wherein heat is externally supplied 
and transferred to the material [19, 20]. This approach requires 
the furnace to operate at temperatures significantly higher than 
the target temperature to ensure adequate inward heat flux 
[20, 21]. Consequently, the resulting energy inefficiencies not only 
limit the formation of closed pores but also lead to substantial 
emissions [4, 22, 23].

It is a significant challenge to enhance the ICE of HC to match 
that of graphite anodes in LIBs while simultaneously generating 
a substantial number of closed pores to boost plateau 
capacity [24]. In this study, we propose a scalable and sus
tainable approach for HC production involving induction 
heating carbonization (IC) of biocarbon columns formed by 
compressing a composite consisting of biocarbon and bio‐oil, as 
depicted in Figure 1A and Supporting Information S1: 
Figure S1. By inducing eddy currents within the biocarbon 
columns, this method significantly promotes open pore closure 
and massive closed pore formation. Compared to HC derived 
from conventional heating carbonization (CC) methods, the 
result HC products show a significant inversion of the closed‐to‐ 
open pore volume ratio (85.18 vs. 0.32), leading to substantial 
improvements in ICE (above 95% vs. 84.4%) and reversible 

capacity (280 mAh/g compared to 198 mAh/g at the 2nd cycle), 
particularly in plateau capacity and its ratio (77.6% vs. 64.7%, 
Figure 1B). Simultaneously, the ICE value, closed pore volume, 
and the corresponding plateau capacity ratio of our HC prod
ucts surpass those reported in the literature (Figure 1C,D) 
[9, 18, 25–43]. The present study offers a novel approach for the 
preparation of HC, addressing the inherent issue of low ICE and 
low plateau capacity, potentially driving the production of HC 
toward an efficient and sustainable direction.

2 | Results and Discussion 

2.1 | Hard Carbon Synthesis Through Efficient 
Induction Heating Carbonization 

Induction heating carbonization directly generates heat through 
eddy currents within the biocarbon, representing an innovative 
and highly energy‐efficient heating technique. To elucidate 
these advantages, we utilized Finite Element Method to simu
late the thermal fields within the furnace during the carboni
zation process for both CC and IC. The detailed model is 
provided in Supporting Information S1: Section 3.1.

The thermal field simulations reveal that CC results in a 
declining temperature gradient from the wall to the sample 
surface (Figure 2A). Achieving a target temperature of 1580 K 
for HC requires heat source temperatures exceeding 1800 K, 
which imposes significant energy demand. Conversely, as 
depicted in Figure 2B, IC concentrates the heat directly within 
HC samples, leading to higher temperatures compared to the 
surrounding environment in a short time. Correspondingly, IC 
shows instantaneous heating efficiency (on average > 80% vs. 
< 40%) superior to CC methods (Supporting Information S1: 
Figure S2). During the insulation stage at 1580 K, the two 
methods show markedly different heat transfer dynamics 
(Figure 2C). In IC, heat flows from the sample outward to the 
environment, whereas in CC, it transfers from the environment 
into the sample. This distinction means that all the energy 
utilized in IC is directed toward heating the sample, which 
accounts for its high heating efficiency [45]. Meanwhile, IC has 
a heat flux that is almost 10 times higher than that of CC. This 
suggests that IC concentrates a greater amount of energy on the 
sample, ensuring rapid energy supply for structural transfor
mation and reducing the overall carbonization time required for 
HC production. Consequently, as shown in Supporting Infor
mation S1: Figure S3, the calculated overall carbonization en
ergy demand for IC (202.7 kJ/g) is nearly three times lower than 
the energy required by CC (504.6 kJ/g) under laboratory‐scale 
production.

The present study further investigates the influence of the IC on 
HC structures. Commercially available biocarbon samples 
derived from sawdust (a mixture of pine and spruce) are utilized 
in this study, with detailed analysis provided in Supporting 
Information S1: Table S2. Specifically, four different HC sam
ples (after bio‐oil modification) are prepared by IC under 
varying conditions and named according to their specific 
preparation parameters, such as HC‐3.59%‐1000‐3h (volatile 
content–carbonization temperature duration). For comparison, 
samples are also prepared using the CC method, for example, 
CC‐HC‐1300‐3h. The detailed procedure is shown in the 
Supporting Information S1: Section 1.2.
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The micropore structure of HC is critical to its electrochemical 
performance. To evaluate the open pore structure of HCs, a CO2 

adsorption/desorption measurement is performed. The open pore 
volume of different HC samples is shown in Figure 2D and Sup
porting Information S1: Table S3, and the corresponding adsorp
tion/desorption isotherm lines are provided in Supporting 
Information S1: Figure S4. CC‐HC‐1300‐3h shows a significantly 
higher open pore volume of approximately 0.1763 cm3/g. In con
trast, HC samples prepared via IC consistently show extremely low 
open pore volumes, not exceeding 0.01 cm3/g, with HC‐13.79%‐ 
1300‐1h showing a value of approximately 0.0027 cm3/g. These 
values are nearly 80 times lower than those of CC‐HC‐1300‐3h, 
highlighting the effectiveness of bio‐oil modification combined 
with IC in promoting the closure of open pores.

Estimates of the closed pore volumes are obtained from 
the true density measurements (Supporting Information S1: 
Table S3) using graphite as a reference. Figure 2E shows the 
closed pore volumes of different samples. Similarly, HC samples 
prepared via IC show significantly higher closed pore volumes 
compared to those prepared using the CC method. Specifically, 
HC‐3.59%‐1300‐3h and HC‐13.79%‐1300‐1h show closed pore 
volumes (0.218 and 0.23 cm3/g, respectively) that are nearly 4 
times higher than that of CC‐HC‐1300‐3h (0.058 cm3/g). These 
findings demonstrate that the IC approach also offers unique 
advantages in promoting the formation of closed pores. As 
mentioned above, high‐temperature carbonization facilitates 

the formation of closed pores [46]. Consequently, HC‐3.59%‐ 
1300‐3h and HC‐13.79%‐1300‐1h also show significantly higher 
closed pore volumes in comparison with HC 3.59%‐1000‐3h and 
HC‐13.79%‐1000‐1h.

X‐ray diffraction (XRD) and Raman spectroscopy are per
formed, and the results are shown in Supporting Information 
S1: Figures S5 and S6. Figure 2F presents the corresponding 
ID/IG ratio versus d002 results for various samples. It is evi
dent that an increase in carbonization temperature leads to 
enhanced ordering of carbon atoms (as indicated by a 
decrease in the ID/IG ratio) and reduced interlayer spacing 
(d002), both of which are indicative of the temperature rise 
promoting the rearrangement of carbon atoms to form 
graphite‐like layers. Compared with the CC‐HC‐1300‐3h 
sample, both HC‐3.59%‐1300‐3h and HC‐13.79%‐1300‐1h 
show lower ID/IG ratios and d002. This result is consistent 
with the energy analysis results, which concluded that IC 
concentrates a greater amount of energy on the sample, en
suring rapid energy supply for structural transformation 
(formation of curled graphite layers) and reducing the 
overall time required for HC production. Correspondingly, 
distinct curled graphite layers with abundant closed pores 
are clearly observable in the high‐resolution transmission 
electron microscopy (TEM) image of HC‐13.79%‐1300‐1h 
(Figure 2G), whereas no obvious curled graphite layers or 
closed pores are evident in that of CC‐HC‐1300‐3h 

FIGURE 1 | Induction heating carbonization of extruded biocarbon. (A) Schematic figure of the proposed induction heating carbonization of 
extruded biocarbon. (B) Comparison between conventional and induction heating carbonization. Relationship between (C) ICE and open pore 
volume and (D) plateau capacity ratio and closed pore volume in the literature [9, 18, 25–43]. 
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(Figure 2H). This closed pore–rich microstructure is ex
pected to contribute to a higher plateau capacity during 
charging and discharging by providing additional sodium‐ 
ion storage sites.

To further evaluate the environmental impact of different car
bonization methods, a cradle‐to‐gate life‐cycle assessment 
(LCA) is performed based on a comprehensive process model 
covering the entire production line from raw biomass to the 
final HC product. The functional unit is defined as 1 kg of 
produced HC anode material, and the modeling details are 
presented in the Supporting Information S1: Section 3.2. 
Inventory data for the two methods (CC‐HC and IC‐HC) are 
included in the Supporting Information S1: Table S4 and S5.

The mass and energy balance calculations are based on ex
perimental data combined with COMSOL simulation results, 
compensating for the lack of industrial reference data. 
Supporting Information S1: Figure S7 illustrates the mass 
balance throughout the IC‐HC process model, revealing that 
approximately 3.72 kg of raw biomass is required to produce 
1 kg of HC. To enable a comparative analysis, the synthesis 
pathway of CC‐HC is modeled with the same background 
system (identical supply chain of raw materials and energy). 
Results indicate that IC‐HC achieves a reduction of over 35% 
in all considered environmental impact categories, as illus
trated in Figure 2I. This highlights the significant benefits of 

the IC‐HC approach in mitigating environmental burdens 
when compared to conventional methods of CC‐HC.

A region‐specific comparison of global warming potential 
(GWP) between two carbonization methods is conducted 
based on the emission factors for different electricity mix
tures for 2022, which changed significantly in recent years 
and will continue to change in the coming years. Signifi
cantly, the GWP heavily depends on the energy resources 
utilized in different regions, as shown in Figure 2J. For 
nations heavily reliant on fossil fuel–generated electricity, 
such as China [47], the GWP of the IC‐HC approach is es
timated at 186.84 kgCO2‐equivalents/kgHC. In German, more 
than 50% electricity is generate form renewable source in 
2023 [48], which leads to a significantly lower GWP of 
85.34 kgCO2‐equivalents/kgHC. Conversely, countries like 
Sweden, with a higher ratio (about 90% [49]) of renewable 
energy sources, can achieve a remarkably low GWP of 
8.86 kgCO2‐equivalents/kgHC. This finding underscores the 
importance of renewable energy integration for the inno
vative IC approach in ensuring a cleaner supply chain and 
sustainable development for future battery systems.

In summary, compared with CC (Figure 2K), IC offers an effi
cient, low‐energy, and sustainable route for HC synthesis, en
abling the production of optimized HC with suppressed open 
pores and abundant closed pore structures.

FIGURE 2 | Process energy analysis and HC products characterization: temperature distribution in (A) a conventional heating furnace after 
10 min and (B) an induction heating furnace after 1 min. (C) Heating flux of different carbonization methods during the isothermal period. (D) Open 
pore volume of HC samples. (E) Closed pore volume versus the true density of HC samples. (F) Relationship between ID/IG and d002 of HCs samples. 
High‐resolution TEM image of (G) HC‐13.71%‐1300‐1h and (H) CC‐HC‐1300‐3h. (I) Environmental impact of CH‐HC and IC‐HC (relative amount) 
based on a Swedish electricity and supply chain. (J) GWP of CC‐HC and IC‐HC under different scenarios; Reproduced with permission: Copyright 
2026, Elsevier [44]. (K) Comparison between IC and CC approaches. 
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2.2 | Electrochemical Performance of HC 
Product 

The electrochemical performance of HC samples produced via 
IC is initially assessed using SIB half‐cells assembled with an 
active material mass loading of 1–3 mg/cm2. Figure 3A presents 
the 1st cycle charge–discharge capacity and corresponding ICE 
values of cells assembled with various HC samples prepared by 
induction heating carbonization. It is evident that HC anodes 
show an ICE exceeding 89% and a reversible capacity greater 
than 240 mAh/g, both of which are significantly higher than 
that of HC anode (84.4%) prepared using the CC method.

Notably, the optimized sample, HC‐13.71%‐1300‐1h, achieves 
the highest ICE of 97.5%, which is comparable to that of 
graphite anodes in LIBs and far surpasses the reported literature 
values [50]. The IC approach offers a simplified method for 
significantly enhancing the ICE of HC anodes in SIBs, 
addressing one of the primary bottlenecks to their commercial 
application [51]. Figure 3B compares the differential capacity 
(dQ/dV) versus cell voltage plots of the HC‐13.71%‐1300‐1h 

anode and the CC‐HC‐1300‐3h anode. The CC‐HC‐1300‐3h 
anode shows an obvious redox peak at around 0.5 V, which is 
not observed for the HC‐13.71%‐1300‐1h anode. According to 
the literature, the redox peak at around 0.5 V is attributed to the 
decomposition of the electrolyte to form the SEI layer [52, 53], 
indicating that almost no SEI layer formed on the HC‐13.71%‐ 
1300‐1h anode. Moreover, the curve of the HC‐13.71%‐1300‐1h 
anode approaches zero between 0.1 and 0.5 V, implying that the 
proportion of sodium‐ion adsorption at the carbon layer edges 
and defects is very low. Cyclic voltammetry (CV) scans of the 
CC‐HC‐1300‐3h anode and the HC‐13.71%‐1300‐1h anode, 
shown in Figure 3C, further elucidate the differences in SEI 
formation. A significant irreversible peak is observed for the 
CC‐HC‐1300‐3h anode between the 1st and 2nd scans, indi
cating substantial SEI layer formation. However, the curves of 
the 1st and 2nd scans nearly overlap, with only minor differ
ences, suggesting that either an extremely thin or negligible 
SEI layer is formed. Additionally, the mild and wide voltage 
range reductions of the HC‐13.71%‐1300‐1h anode may facili
tate the gradual formation of a dense SEI layer with advanced 

FIGURE 3 | Electrochemical performance of HCs. (A) Initial charging/discharging capacity and ICE of inducted carbonization HC samples at a 
current of 20 mA/g, (B) dQ/dV plots, and (C) cyclic voltammetry (CV) performance of HC‐13.71%‐1300‐1h and CC‐HC‐1300‐3h. (D) Specific capacity 
(mAh/g) and corresponding plateau region (< 0.1 V) ratio of the 2nd discharge of different HC samples. (E) Cycle performance of HC‐13.71%‐ 
1300‐1h‐HMLE. (F) Rate performance of HC‐13.71%‐1300‐1h‐HMLE from 20 mA/g to 500 mA/g. 

5 of 12 Carbon Energy, 2026

 26379368, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.70243, W

iley O
nline L

ibrary on [21/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



layer‐by‐layer structures, which could protect electrode mate
rials more effectively [54]. A more detailed description of the 
SEI formation is provided in Supporting Information S1: 
Supplementary Discussion 1.

Figure 3D compares the reversible capacity and the plateau 
capacity ratio of different HC anodes prepared via IC. The 
plateau capacity ratio of all HC anodes exceeds 63%. Notably, 
the HC‐3.59%‐1300‐3h and HC‐13.71%‐1300‐1h anodes demon
strate significantly higher plateau capacities and corresponding 
ratios compared to the HC‐3.59%‐1000‐3h and HC‐13.71%‐ 
1000‐1h anodes. Moreover, these values are also considerably 
superior to those of the CC‐HC‐1300‐3h anode, suggesting that 
the IC approach markedly enhances both the plateau capacity 
and the corresponding ratio. Specifically, the optimized 
HC‐13.71%‐1300‐1h anode shows approximately 85 mAh/g in 
capacity enhancement and a 12.9% increase in the ratio com
pared to the CC‐HC‐1300‐3h anode. This improvement is a 
major contributor to the overall increase in reversible capacity.

High mass loading electrode (HMLE) enhances the active 
material content within individual cells, leading to reduced 
production costs and higher energy densities [54–56]. To eval
uate the commercial potential of the optimized HC‐13.71%‐ 
1300‐1h sample, we fabricated HC‐HMLE with an increased 
active material coating (over 5.4 mg/cm2) using 1 mol NaPF6 in 
diglyme as the electrolyte, and assessed their electrochemical 
performance as half‐cells. As depicted in Figure 3E, the cell 
demonstrates a reversible capacity of approximately 280 mAh/g 
and an ICE exceeding 95%. The consistent electrochemical 
behavior of the charging/discharging curve indicates that the 
HC‐13.71%‐1300‐1h sample can sustain its exceptional per
formance under high mass loading conditions. Additionally, the 
specific capacity demonstrates a retention rate of approximately 
82% after around 300 cycles (Supporting Information S1: 
Figure S8), which is comparable to findings reported in the 
literature (Supporting Information S1: Table S1) [57, 58]. The 
rate capacity of the HC sample is tested to assess the reversible 
capacity at a high charging rate. As plotted in Figure 3E, 
the specific reversible capacity values of 266, 245, 197, 93, and 
62 mAh/g are observed at charging rates of 0.2, 0.4, 0.8, 1.6, and 
2 C (1 C = 250 mA/g), respectively. Finally, the HC‐HMLE has 
been utilized as an anode coupling with a commercial Prussian 
white cathode to prepare pouch‐type full‐cell batteries. Notably, 
the full‐cell can deliver a high discharge capacity of 96 mAh/g 
(based on the mass of the cathode), with an output voltage of 
3.1 V, as shown in Supporting Information S1: Figure S9.

To further reveal the structural effects on sodium‐ion storage 
behaviors, in situ Raman spectroscopy and in situ XRD are 
utilized to comparatively investigate the electrochemical 
behaviors of two HC materials: a predominantly closed pore 
structure (HC‐13.71%‐1300‐1h) and a conventionally prepared 
HC with larger interlayer spacing and lower closed pore density 
(CC‐HC‐1300‐3h).

The corresponding in situ Raman spectra for both materials are 
presented in Figure 4A. For CC‐HC‐1300‐3h, upon decreasing 
the discharge voltage from 2 V to 0.01 V, the G band shifted 
from 1600 cm−1 to 1575 cm−1, whereas the D band gradually 
diminished and disappeared at around 0.3 V. This shift can be 
attributed to the insertion of sodium‐ion into the pseudo‐ 
graphitic structure, weakening and stretching the C–C bonds, 

leading to a redshift in the G peak and the disappearance of the 
D peak [59]. Conversely, the G band in HC‐13.71%‐1300‐1h 
showed no significant shift throughout the charge–discharge 
cycle, indicating that sodium‐ion storage primarily occurred 
through pore filling rather than intercalation [60].

As shown in Figure 4B, for CC‐HC‐1300‐3h anodes, the (002) 
peak remains stable at approximately 22.5° within the voltage 
range from 3 V to 0.4 V. Upon further discharge below 0.1 V, the 
(002) peak shifted from 22.5° to 22°, indicating an increase in 
interlayer spacing due to sodium‐ion diffusion into the carbon 
layers. In contrast, HC‐13.71%‐1300‐1h shows a stable (002) 
peak at approximately 21.5° during the entire charge–discharge 
cycle, indicating that sodium‐ion intercalation into the carbon 
layers is limited [61, 62]. This stability results from sodium‐ion 
storage in closed pores, which does not affect the interlayer 
spacing [60]. Additionally, upon discharge below 0.1 V, a peak 
corresponding to Na metal appeared at around 29°, confirming 
sodium‐ion storage through pore filling [63, 64]. This result 
aligns with the in situ Raman findings, confirming that 
sodium storage in HC‐13.71%‐1300‐1h predominantly occurs 
in closed pores.

The observed differences in sodium‐ion storage mechanisms are 
primarily due to structural variations resulting from the two 
heating methods. CC‐HC‐1300‐3h, prepared by conventional 
heating, possesses a larger interlayer spacing and minimal closed 
pores, favoring intercalation. Conversely, HC‐13.71%‐1300‐1h, 
produced by induction heating, has a smaller interlayer spacing, 
which limits intercalation but provides more closed pores for 
filling. This interpretation aligns with the dQ/dV voltage plots; 
the CC‐HC‐1300‐3h anode shows a pronounced redox peak at 
around ~0.5 V, which is absent for HC‐13.71%‐1300‐1h. There
fore, the three‐stage adsorption–intercalation–closed pore filling 
mechanism is highly suitable for the sodium storage mechanism 
of the HC products in this study [65], as depicted in Figure 4C. 
A more detailed discussion of HC‐13.71%‐1300‐1h electro
chemical performance is provided in Supporting Information S1: 
Supplementary Discussion 1.

2.3 | Mechanism Study of HC Prepared by 
Induction Heating Carbonization 

Based on the characterization and electrochemical results, the 
effect of IC on HC and its performance is investigated. Initially, 
a mini‐review is conducted (Supporting Information S1: 
Supplementary Discussion 2) to clarify the key properties of HC 
products that determine their electrochemical performance. It is 
redefined that the SSA/open pore volume of HC is essential for 
its ICE value, and the interlayer distance and closed pore vol
ume of HC are essential for its reversible capacity. More spe
cifically, closed pores play a crucial role in contributing to the 
low‐voltage plateau capacity. Figure 5A summarizes the rela
tionship between the ICE value and the open volumes of the 
HC samples prepared at 1300°C in this study, as well as those 
reported in the literature. The results further confirm that a 
relatively low open pore volume is essential for achieving a high 
ICE value. Additionally, another series of samples were also 
fabricated by blending bio‐oil with biocarbon and then sub
jected to high‐pressure compression and carbonization using 
the CC method. These samples, named as CC‐BHC‐1300‐3h, 
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were reported in our previous study [44]. The relationship 
between the ICE value and the open volumes of the CC‐HC‐ 
1300‐3h sample and the CC‐BHC‐1300‐3h sample is also pre
sented in Figure 5A. CC‐BHC‐1300‐3h, HC‐3.59%‐1300‐3h, and 
HC‐3.59%‐1000‐3h all show markedly higher ICE values 
(> 89%) than CC‐HC‐1300‐3h (~84%), consistent with their 
substantially lower open pore volumes. Moreover, the ICE 
values of CC‐BHC‐1300‐3h and HC‐3.59%‐1300‐3h are 
remarkably close, and the open pore volumes of both samples 
fall within a consistently low range (< 0.011 cm³/g). These 
results indicate that the addition of bio‐oil, combined with 
subsequent high‐pressure compression, can significantly reduce 
the open pore volume regardless of the heating method, thereby 
substantially increasing the ICE value of the HC anodes. 
However, for HC samples with high volatile content, an ultra‐ 
high ICE is observed despite similar open pore volumes, indi
cating the potential effect of IC and volatile contents on the 
ICE value.

The underlying mechanism is further inspected. As shown in 
Supporting Information S1: Figure S10, the working effect of 
bio‐oil can be regarded as a surface engineering agent, which is 
filled into the open pores during its mixture with biocarbon and 
high‐pressure compression. After the carbonization process, 
thickened carbon layers are formed, leading to the significant 

closure effect of open pores and an increase in ICE. A detailed 
explanation is provided in Supporting Information S1: Supple
mentary Discussion 3 and our previous paper [44].

Furthermore, bio‐oil also serves as a binder for shaping the 
biocarbon. In this study, the determination of the bio‐oil/ 
biocarbon ratio is deliberated, which is presented in Supporting 
Information S1: Supplementary Discussion 4. However, due to 
limitations in the shaping process, the bio‐oil to biocarbon ratio 
is fixed at 30:70 to ensure the reliable formation of biocarbon 
columns suitable for IC. A systematic investigation of the 
influence of bio‐oil content on HC structure will be conducted 
in future work, following further optimization of the shaping 
process.

Figure 5B presents the closed pore volume, plateau capacity, 
and their ratios for HC samples derived from IC at 1300°C (i.e., 
HC‐13.71%‐1300‐1h and HC‐3.59%‐1300‐3h) and those derived 
from CC at 1300°C (i.e., CC‐HC‐1300‐3h and CC‐BHC‐1300‐3h). 
Specifically, the closed pore volume of HC‐13.71%‐1300‐1h 
(0.230 cm3/g) and HC‐3.59%‐1300‐3h (0.218 cm3/g) is more than 
three times higher than that of CC‐BHC‐1300‐3h (0.070 cm3/g), 
which is similar to that of CC‐HC‐1300‐3h (0.058 cm3/g). Con
sequently, the plateau capacity of HC‐13.71%‐1300‐1h and 
HC‐3.59%‐1300‐3h is significantly enhanced compared to that of 

FIGURE 4 | Mechanistic study of sodium‐ion storage in HCs. (A) In situ Raman spectra of HCs. (B) In situ XRD patterns with the potential–time 
curve of HCs. (C) Sodium‐ion storage mechanism in HC. 
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CC‐BHC‐1300‐3h and CC‐HC‐1300‐3h. These findings indicate 
that the IC is highly effective in promoting closed pore forma
tion, thereby significantly increasing the plateau capacity. 
Moreover, elongated curled graphite layers are only detected for 
IC‐HC, as depicted in the TEM images (Figure 2H and Sup
porting Information S1: Figure S11–S13). As further illustrated 
in Supporting Information S1: Figure S14, the working 

mechanism of the induction heating can be summarized as 
follows: Induction heating generates eddy currents within the 
HC under an alternating magnetic field. These eddy currents 
serve not only as localized sources of Joule heating, enabling 
rapid graphitic rearrangement, but also promote the preferen
tial alignment of carbon layers into elongated and curled 
graphite‐like structures, which in turn facilitates the formation 

FIGURE 5 | Mechanistic study of HCs. (A) Relationship of ICE and open pore volume of HC samples. (B) Closed pore volume, open pore 
volume, and plateau capacity of HC samples. (C) Comparison of HC‐3.57%‐1300‐3h and HC‐13.71%‐1300‐1h. (D) Overall mechanism of the induction 
heating carbonization approach. 
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of closed pores. A detailed elaboration is presented in Sup
porting Information S1: Supplementary Discussion 5.

Compared with CC‐HC‐1300‐3h, CC‐BHC‐1300‐3h shows a 
significantly lower open pore volume while maintaining a 
similar closed pore volume (Figure 5B). This observation indi
cates that the closure of open pores is not necessarily linked to 
the formation of closed pores. In other words, reducing the 
open pore volume does not inherently result in more closed 
pores. This also suggests that the common assertion in the lit
erature, which posits that closed pores are formed through the 
closure of open pores [66], lacks sufficient rigor. Although some 
studies have demonstrated the formation of closed pores through 
the sealing of activation‐induced open pores [67], most closed 
pores originate from the growth of pre‐existing enclosed 
domains [68] or from the curvature and rearrangement of 
graphite‐like layers during high‐temperature carbonization [46]. 
In the present work, this process is facilitated by induction 
heating, leading to IC‐HC with a high closed pore volume.

A comprehensive comparison between HC‐3.59%‐1300‐3h and 
HC‐13.71%‐1300‐1h to elucidate the influence of the volatile 
content in the biocarbon samples is provided in Figure 5C. With 
increasing pyrolysis temperature, volatile contents are pro
gressively released from the biocarbon, and part of them con
dense to form bio‐oil [69]. However, unlike bio‐oil, which 
mainly surrounds and modifies the surface of the biocarbon, the 
volatiles remain trapped within the biocarbon matrix during 
carbonization in this study. As a result, these retained volatiles 
play a distinct role in the structural transformation of HC 
during IC. As depicted in Figure 5C, the major difference 
caused by the different volatile content lies in the closed pore 
size, as shown in the small angel X‐ray scattering (SAXS) 
images (Supporting Information S1: Figure S15). HC‐3.59%‐ 
1300‐3h shows two distinct closed pore sizes (around 2.04 nm 
and around 14.83 nm), whereas HC‐13.71%‐1300‐1h only 
shows one closed pore size (around 2.01 nm), which corre
sponds to the TEM images (Supporting Information S1: Fig
ure S13). As discussed above, the ICE of HC‐13.71%‐1300‐1h is 
significantly higher than that of HC‐3.59%‐1300‐3h. This dif
ference can be partially attributed to a reduction in surface 
defects, as indicated by the decrease in the Raman ID/IG ratio 
from 1.44 to 1.35. Another potential explanation is that the 
large‐sized pores located at the edges of the HC particles may 
still possess narrow pore mouths (< 0.35 nm) that are classified 
as closed in gas adsorption measurements but remain partially 
accessible to electrolyte species [7]. Such partial accessibility 
can promote electrolyte decomposition and SEI formation 
within these pores, thereby contributing to irreversible capacity 
loss [70]. Additionally, the closed pore size plays a crucial role 
in sodium storage behavior. Closed pores with a smaller sizes 
have higher sodium filling potentials, which reduces the risk of 
sodium metal plating at high current densities and thereby 
contributes to improved rate capability [71]. In summary, dur
ing carbonization, volatile contents are hindered from escaping 
the biocarbon matrix due to sealing and compression by bio‐oil 
[72], resulting in more complete pore filling within the HC. 
Meanwhile, the decomposition and partial release of volatile 
contents leave behind internal free space [73] that acts as a 
template for subsequent closed pore formation under IC. A 
detailed elaboration is presented in Supporting Information S1: 
Supplementary Discussion 6.

The underlying mechanism of the overall approach is displayed 
in Figure 5D. The innovative induction heating carbonization 
method induces significant reconstruction of the pore structure 
in HC production. Compared to conventional heating carboni
zation methods, this approach combines an open pore closure 
effect, facilitated by the addition of a bio‐oil surface engineering 
agent and high‐pressure compression (Supporting Information 
S1: Supplementary Discussion 3, from CC‐HC to 
CC‐BHC), with a closed pore formation effect, enabled by the 
induction heating process (Supporting Information S1: Sup
plementary Discussion 5, from CC‐BHC to IC‐HC‐low) and 
closed pore engineering with the aid of volatiles (Supporting 
Information S1: Supplementary Discussion 6, from IC‐HC‐low 
to IC‐HC‐high). As a result, the HC samples show a high closed 
pore volume with a smaller size while maintaining an ex
tremely low open pore volume (VOpen pores << VClosed pores; 
VClosed pores/VOpen pores > 85.18), which is in stark contrast to HC 
samples prepared using the CC method (VOpen pores >> VClosed 

pores; VClosed pores/VOpen pores ≈ 0.32). For HC samples prepared 
using bio‐oil surface engineering agents and high‐pressure 
compression but without induction heating (CC‐BHC), both 
the open and closed pore volumes remain relatively low 
(VOpen pores < VClosed pores; VClosed pores/VOpen pores ≈ 6.56). 
Consequently, the reconstruction of the pore structure leads to 
a substantial enhancement of electrochemical performance. HC 
samples prepared using the IC method demonstrate superior 
ICE, plateau capacity, and plateau capacity ratio compared to 
those prepared using the conventional heating carbonization 
method, surpassing values reported in the literature for HC 
materials (Supporting Information S1: Table S1) [74–86].

3 | Conclusion 

This study presents an innovative induction heating carboni
zation and pore engineering strategy for HC production. The 
process is divided into two stages. In the first stage, an open 
pore closure effect is achieved by introducing a bio‐oil surface 
engineering agent coupled with high‐pressure compression, 
effectively sealing off the open pores. In the second stage, the 
formation of closed pores is facilitated by the eddy currents and 
concentrated heat generated by induction heating. As a result, 
the resulting HC samples show an exceptionally high closed 
pore volume while maintaining an extremely low open pore 
volume. This unique structure leads to enhanced electro
chemical performance, with an ICE above 95% and a plateau 
capacity of up to 220 mAh/g. Moreover, the efficient induction 
heating carbonization approach substantially reduces the en
ergy demand for HC production, contributing to a lower en
vironmental footprint.
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