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5.1.3 Mechanism study 

Bio-oil is a high-viscosity liquid with a complex chemical composition, making 
it well suited for use as a binder in the agglomeration of biocarbon particles. In 
addition, biocarbon is intrinsically highly porous. When bio -oil is blended with 
biocarbon powders, it preferentially coats the particle surfaces and infiltrates 
accessible open pores. A similar phenomenon has been reported, in which 
generated pyrolysis oil fills the pore space of the charcoal, resulting in the 
reduction of porosity during the pyrolysis of Mesoproterozoic shales [66] .  A 
shaping process through high-pressure compression can further compress the 
biocarbon particles, resulting in a more thorough bio -oil pore filling effect. It has 
also been reported that the shear slip caused by high-pressure compression 
leads to the closure of open pores [67]. After the high -temperature carbonization 
process, additional carbon layers form on the inner open pores and outside the 
biocarbon surface. 

 

Figure 5-3 TEM images of CC-BHC-1300 [53]. 

 

Consequently, a fraction of open pores is closed or converted into enclosed pores, 
as evidenced by the TEM images (Figure 5-3 ), which show the formation of 
long, curved graphite-like layers at the edges of the HC particles. 
Correspondingly, BHC samples always exhibit a lower SSA, ID/I G ratio and 
open-pore volume. As mentioned previously, these are highly advantageous for 
achieving a superior ICE, which is consistent with the electrochemical 
performance results where the CC-BHC sample shows a higher ICE value 
compared to the CC-HC sample.  
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Figure 5-4 illustrates the mechanism of bio-oil-assisted surface engineering 
and the high-pressure compression. Bio-oil can act as a surface engineering 
agent, similar to methane/benzene employed in the CVD process. Moreover, the 
high-pressure compression can facilitate more bio-oil filling in open pores of 
biocarbon. As a result, the volatiles in bio-oil and biocarbon require more time 
to escape from the carbon block [68]. This extended retention significantly 
promotes the carbon formation by the decomposition of volatiles [69]. 
Consequently, after the carbonization process, thickened carbon layers are 
formed, leading to the enhanced closure effect of open pores. Compared with 
conventional carbonization followed by CVD treatment, this process is simpler 
and does not rely on costly surface modifiers such as methane or benzene, which 
may improve the cost competitiveness of the resulting HC products [42]. More 
significantly, bio-oil is derived from the same biomass precursor as biocarbon, 
and the additional carbon layer is expected to have similar properties to the 
carbon matrix in biocarbon, which would not affect the overall homogeneity of 
HC.  

 

Figure 5-4 The mechanism of bio-oil and the compressing effect on HC [53]. 

  

5.2 Creation and regulation of closed pores of HC by induction heating 
carbonization  

5.2.1 Background and aims 

Improving the reversible capacity of HC largely depends on enhancing the 
plateau capacity, which is primarily governed by closed-pore structures. 
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Accordingly, closed-pore engineering has become a central strategy in current 
HC modification research. As discussed above, closed pores can originate from 
two distinct pathways: (i) the closure of pre-existing open pores and (ii) intrinsic 
carbon structural evolution leading to enclosed void formation. However, 
conventional carbonization lacks the capability to effectively generate abundant 
closed pores within the optimal carbonization temperature window of 1200–
1400 °C. 

To address this limitation, several strategies have been proposed to increase 
closed-pore formation. These strategies typically involve creating additional 
open pores through activation or templating, followed by pore closure through 
CVD coating or high-temperature treatment [29]. Nevertheless, these 
approaches require extra chemical agents and additional processing steps, 
resulting in increased energy consumption and environmental burden, which 
limits their scalability and sustainability. 

To overcome these challenges, this section proposes a scalable and sustainable 
closed-pore engineering strategy based on induction heating carbonization (IC) 
of biocarbon columns formed by compressing a biocarbon and bio-oil composite. 
By inducing eddy currents directly within the carbon column, IC enables rapid 
and volumetric internal heating, which strongly promotes open pore closure and 
extensive closed-pore formation by facilitating internal carbon structural 
rearrangement. Specifically, four different HC samples (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). 

5.2.2 Results and discussion  

To evaluate the open-pore structure of HCs, N₂ adsorption–desorption 
measurements are performed, with the results summarized in Table 5-2. All 
HC samples exhibit very low SSA values below 30 m2/g, indicating a limited 
number of open-pore structures. CO₂ adsorption–desorption measurements 
are further conducted to assess the quasi-open pore structure. The pore volumes 
of different HC samples, together with their corresponding adsorption–
desorption isotherms, are presented in Figure 5-5, and the detailed structural 
parameters are summarized in Table 5-2. HC samples prepared via IC 
consistently exhibit extremely low pore volumes, all below 0.01 cm³/g. In 
comparison, the CC-BHC-1300-3h sample shows a higher open-pore volume of 
approximately 0.01067 cm³/g, while CC-HC-1300-3h exhibits a substantially 
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larger open-pore volume of approximately 0.1763 cm³/g. These results clearly 
demonstrate the superior effectiveness of IC in promoting quasi-open pore 
closure. Importantly, on the basis of bio-oil surface engineering, IC further 
suppresses residual quasi-open pore structures, indicating a synergistic effect 
between bio-oil modification and IC in minimizing open-pore structure. 

 
Figure 5-5 a) CO2 adsorption-desorption isotherms, and b) pore volume of HC samples [35]. 

 

True density analysis is performed to quantify the closed-pore structure of the 
HC samples. Figure 5-6a summarizes the closed-pore volumes of the different 
materials. HC samples prepared via IC consistently exhibit significantly higher 
closed-pore volumes than those produced by CC. Specifically, HC-3.59%-1300-
3h and HC-13.71%-1300-1h show closed-pore volumes of 0.218 and 0.230 
cm³/g, respectively, which are nearly four times higher than that of CC-HC-
1300-3h (0.058 cm³/g). These results indicate the unique capability of IC to 
promote extensive closed-pore formation. As discussed above, elevated 
carbonization temperatures facilitate closed-pore generation. Accordingly, HC-
3.59%-1300-3h and HC-13.71%-1300-1h also exhibit substantially higher 
closed-pore volumes than their counterparts carbonized at 1000 °C (HC-3.59%-
1000-3h and HC-13.71%-1000-1h). This confirms that IC enables efficient 
closed-pore engineering without reliance on extreme temperatures or additional 
chemical treatments. 

In this study, the closed-pore information is analyzed using small-angle X-ray 
scattering (SAXS), and the size of closed pores is determined by fitting the 
characteristic lengths associated with changes in scattering power [61]. 
According to the SAXS patterns of IC-HC (Figure 5-6b), all four samples 
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exhibit prominent peaks at approximately 0.1-1 Å-1, indicating the presence of 
closed pores ranging between 2 and 2.6 nm. Importantly, IC-HC samples 
produced from biocarbon with low volatile content (HC-3.59%-1000-3h and 
HC-3.59%-1300-3h) also display another distinct peak around 0.01-0.1 Å-1, 
suggesting the existence of larger-sized closed pores measuring approximately 
20 nm. 

 
Figure 5-6 a) closed-pore volume of HCs, b) SAXS patterns of IC-HCs, TEM image of c) HC-3.59%-1300-
3h, d) HC-13.71%-1300-1h [35]. 

 

TEM further confirms these observations, as shown in Figure 5-6 c and d. The 
HC-3.59%-1300-3h sample exhibits the presence of relatively large pores at the 
particle edges, which are formed by curled graphite-like layers enclosing sizable 
voids. In contrast, HC-13.71%-1300-1h displays a more turbostratic carbon 
structure with abundant small closed pores distributed along the particle edges. 
This structural difference indicates that the volatile content plays a critical role 
in regulating closed-pore size during IC. A higher volatile content promotes a 
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more extensive internal structural rearrangement and pore subdivision, leading 
to the formation of a larger population of smaller closed pores. 

 

Figure 5-7 a) Raman spectra, b) XRD patterns and c) structure parameters of HCs [35]. 

 

Figure 5-7 presents the XRD and Raman results of IC-derived hard carbons 
(IC-HCs), together with the corresponding ID/IG ratio versus d002 relationships 
for the different HC samples. With increasing carbonization temperature, HCs 
exhibit a clear reduction in defect density, as reflected by the decreasing ID/IG 
ratio, along with a progressive decrease in interlayer spacing (d002). These trends 
indicate that elevated temperatures promote carbon structural rearrangement 
and ordering during IC. Compared with HC samples prepared by conventional 
carbonization (CC-HC and CC-BHC), IC-HCs consistently show lower ID/IG 
ratios at the same carbonization temperature, demonstrating the enhanced 
effectiveness of IC in suppressing surface defects. 
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The electrochemical performance of HC samples produced via IC is first 
evaluated using SIB half-cells with an active material mass loading of 1–3 
mg/cm2. Figure 5-8a presents the initial charge/discharge capacities and 
corresponding ICE values of HC anodes prepared under different IC conditions. 
All IC-HC anodes exhibit ICE values exceeding 89% and reversible capacities 
above 240 mAh g-1, which are markedly higher than CC-HC anodes with ICE 
values of approximately 84.4%. Notably, the optimized sample HC-13.71%-
1300-1h achieves an ultra-high ICE value of 97.5%, approaching the 
performance of commercial graphite anodes used in LIBs and significantly 
surpassing most reported HC anodes in the literature [70, 71]. These results 
demonstrate that IC provides an effective and simplified route to substantially 
enhance the ICE value of HC anodes, directly addressing one of the major 
bottlenecks limiting their practical application in SIBs. Figure 5-8b compares 
the reversible capacity and plateau capacity ratio of HC anodes prepared via IC. 
All IC-HC samples exhibit plateau capacity ratios above 63%, confirming that 
sodium-ion storage is dominated by the low-voltage plateau process.  

High mass-loading electrodes (HMLEs) are critical for reducing manufacturing 
costs and increasing cell-level energy densities. To evaluate the commercial 
feasibility of the optimized HC-13.71%-1300-1h, HMLEs with a mass loading 
exceeding 5.4 mg/cm2 were assembled using 1 M NaPF6 in diglyme as the 
electrolyte. As shown in Figures 5-8c and 5-8d, the HC-HMLE delivers a 
reversible capacity of approximately 280 mAh g-1 with an ICE value above 95%, 
demonstrating that the exceptional electrochemical performance is well 
preserved under high mass-loading conditions. Cycling tests show that the HC-
HMLE retains approximately 82% of its initial capacity after about 300 cycles, 
which is comparable to the performance of current HC anodes [70, 71]. Rate 
capability tests (Figure 5-8e) reveal reversible capacities of 266, 245, 197, 93, 
and 62 mAh g-1 at charging rates of 0.2, 0.4, 0.8, 1.6, and 2C (1C = 250 mA g-1), 
respectively. This indicates favorable sodium-ion transport kinetics, despite the 
high degree of closed-pore formation. 

Finally, the HC-HMLE is coupled with a commercial Prussian white cathode to 
assemble a full cell. As shown in Figure 5-8f, the full cell delivers a discharge 
capacity of 96 mAh g-1 (based on cathode mass) with an output voltage of 
approximately 3.1 V, demonstrating the strong potential of IC-derived HC 
anodes for practical SIB applications.  
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Figure 5-8 Electrochemical performance of HCs. a) initial charge/ discharge capacity and ICE of IC-HC 
samples at a current density of 20 mA g-1, b) The specific capacity (mAh g-1) and corresponding plateau 
region (<0.1 V) ratio of 2nd discharge of different HC samples. c)charge/ discharge curve and  d) specific 
capacity of HC-13.71%-1300-1h-HMLE,  e) Rate performance of HC-13.71%-1300-1h-HMLE from 20mA 
g-1 to 500mA g-1, and f) Cycling performance of the full cell at a current rate of 20 mA/g [35]. 

 

5.2.3 Mechanism study 

5.2.3.1 Working mechanism of induction heating carbonization  

Biocarbon and HC products are categorized as non-graphitizable carbon. With 
an increasing carbonization temperature, the resulting material evolves toward 
glassy carbon [39], which is characterized by turbostratic carbon domains and a 
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high population of closed pores [72]. In other words, this reflects the intrinsic 
tendency of HC to evolve toward a structure enriched with closed pores 
originating from curled graphite-like domains [12]. In this process, temperature 
and heat transfer efficiency are the key factors governing structural 
transformation. In CC, heat is generated externally, and achieving significant 
structural transformation typically requires prolonged insulation times or much 
higher carbonization temperatures (often above 1500 °C [29]) to obtain HC 
enriched with closed pores. In contrast, IC utilizes an alternating 
electromagnetic field to generate fine eddy currents, which directly yield Joule 
heat within the carbon. The intense heat and the corresponding elevated 
temperature inevitably facilitate the carbon structure transformation process to 
form graphite domains [12].  

In addition, the electric field and eddy currents have also been reported to play 
a promoting role in the carbonization process. As reflected in the research on 
Joule heating production of flash graphene [73] and onion-like carbon [74], 
electric current promotes the growth of graphite layers, and the direction of the 
electric field controls the texture of carbon with preferential alignment [75]. 
Huang et al. [76] further confirmed this phenomenon through in situ TEM 
measurement. Simultaneously, it is also reported that electric current is effective 
in promoting the formation of sp2 bonds between carbon atoms [13], facilitating 
the formation of long-range graphite layers. Hence, IC provides localized high 
temperatures that promote carbon structural transformation, while the eddy 
currents generated simultaneously facilitate the growth and curvature of carbon 
layers, thereby enhancing the formation of closed pores.  

XRD and Raman spectroscopy analyses (Table 5-2) reveal that, compared to 
the CC-BHC samples at the same carbonization temperature, the IC-HC samples 
possess a higher graphitic-domain ratio (lower ID/IG value) and a smaller 
graphite interlayer spacing (lower d002 value). This suggests that IC can facilitate 
the graphitization process to form curled graphite domains, resulting in closed-
pore formation.  
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Figure 5-9 The mechanism of induction heating carbonization effects on hard carbon [35]. 

 

As shown in Figure 5-9, the working mechanism of IC can be summarized as 
follows: induction heating is highly effective in promoting the graphitization 
process to form elongated and curled graphite layers during carbonization, 
which is dependent on the generation of eddy currents. The eddy currents 
generate localized Joule heat and may promote carbon-layer growth and 
curvature, leading to closed-pore formation. 

5.2.3.2 Working mechanism of the volatile content of biocarbon   

With increasing pyrolysis temperatures, volatile content is progressively 
released from the biocarbon, and part of them condense to form bio-oil [77]. 
However, unlike bio-oil, which mainly surrounds and modifies the surface of the 
biocarbon as discussed in 5.1.3, the volatiles remain trapped within the 
biocarbon matrix during carbonization. During IC, these retained volatiles play 
a distinct role in the structural transformation of HC. In this study, two 
biocarbon samples with volatile content of 3.59 wt.% and 13.71 wt.%, 
respectively, are selected to explore the effect of volatile content. 

The results indicate that when the carbonization temperature is fixed at 1300 °C, 
the HC sample derived from high-volatile biocarbon displays a slightly higher 
closed-pore volume and a lower ID/IG ratio, despite the significantly shorter 
carbonization duration (HC-13.71%-1300-1h vs. HC-3.59%-1300-3h). SAXS 
analysis provides further insight into the closed-pore size distribution. The HC 
derived from low-volatile biocarbon displays two distinct closed-pore 
populations, with characteristic sizes of approximately 2 nm and 15 nm (Figure 
5-6b). In contrast, the HC derived from high-volatile biocarbon exhibits a single 
dominant closed-pore population centered at approximately 2 nm, consistent 
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with TEM observations (Figure 5-6c, d). These results demonstrate that an 
increasing volatile content promotes the formation of smaller and more 
uniformly distributed closed pores.  

The underlying mechanism can be understood as follows. A higher volatile 
content promotes a more complete pore filling with fewer residual voids, 
because volatile content released within the biocarbon particles is partially 
confined by the bio-oil–sealed outer surface. A similar phenomenon has been 
reported in coal carbonization, where an increased pitch addition leads to a 
sharpened closed-pore size distribution [78]. In the present system, a higher 
volatile content also facilitates the formation of graphite-like domains with a 
higher degree of curvature, which in turn promotes the generation of abundant 
small closed pores. First, IC promotes the transformation of volatile-derived 
carbon into curled graphite-like structures, converting larger closed pores into 
a greater number of smaller closed pores. Second, the voids created by the 
partial release of volatile content provide additional sites for closed-pore 
formation during IC. This phenomenon is further supported by XRD results, 
which show that HC with higher volatile content exhibits a smaller Lc than 
samples with lower volatile content, indicating a more turbostratic structure 
consistent with the TEM observations. 

Regarding the electrochemical performance of HC samples, HC samples derived 
from high-volatile biocarbon exhibit much higher ICE values (above 95%) 
compared to those derived from low-volatile biocarbon (around 90%, Fig 5-8a). 
This implies that, in addition to open pores, larger closed pores may be 
incompletely sealed and thus remain partially accessible to the electrolyte, 
contributing to SEI formation and reducing the ICE. Overall, a higher volatile 
content facilitates more sufficient pore filling, leaving fewer residual voids and 
promoting more complete pore closure. Consequently, the formation of 
relatively large-size closed pores is suppressed, which contributes to the 
enhanced ICE. In addition, the reversible capacity and low-voltage plateau 
capacity also increase, mainly owing to the larger interlayer spacing (higher d002 
value) and the promoted formation of graphite domains (lower ID/IG) of the 
13.71%-1300-1h sample. 

 

5.3 Sodium-ion storage behavior in engineered pore structures  

The formation of the SEI corresponds to the irreversible consumption of 
electrolytes, which is reflected by the capacity difference between the discharge 
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and charge curves. To elucidate the differences in SEI formation between the IC-
HC sample and CC-HC sample, cyclic voltammetry (CV) scans of HC electrodes 
were conducted as shown in Figure 5-10. It was observed that in 1 mol/L 
NaPF6 /diglyme electrolyte, SEI formation on HC occurs in the voltage range of 
0.1–0.6 V. In samples prepared by conventional heating carbonization, 
significant irreversible peaks were observed at 0.5 V for CC-HC-1300-3h and at 
0.25 V for CC-BHC-1300-3h. In contrast, the CV curves of samples treated by 
induction carbonization did not exhibit obvious reduction peaks. The first and 
second CV curves of HC-13.71%-1300-1h nearly overlapped with only minor 
differences, indicating that an extremely thin or even negligible SEI layer was 
formed.  

 

Figure 5-10 CV performance of HC samples [35, 53]. 

 

To gain further insights into the SEI, differential capacity (dQ/dV) versus cell 
voltage plots of different HC samples were generated as shown in Figure 5-11. 
Compared to the redox peaks in the CV curves, the peaks in the dQ/dV plots are 
sharper and easier to distinguish. Reversible redox peaks observed at 
approximately 0.1 V for all HC samples correspond to the reversible capacity 
attributed to the intercalation and filling behavior of sodium ions into the 
nanopores of HC in the low-voltage plateau region [79, 80]. Moreover, the 
samples obtained by CC all displayed a broad redox peak around 0.5 V, which 
can be attributed to the decomposition of the electrolyte [81]. However, in the 
two samples obtained by IC, no corresponding irreversible reduction peak was 
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found. This indicates that electrolyte decomposition is strongly suppressed. 
Furthermore, for the redox reaction at 0.1 V, the samples obtained by IC 
(~0.027 V) exhibited lower electrode polarization compared to those from the 
CC method (~0.05 V), indicating faster electrochemical reaction kinetics [81]. 
Consequently, the samples obtained by IC demonstrate better rate 
performances and cycling stabilities.  

 
Figure 5-11 dQ/dV plots of HC samples [35, 53]. 

 

Furthermore, HC-13.71%-1300-1h exhibits an ultra-high ICE value of over 95%, 
compared with approximately 90% for HC-3.59%-1300-3h. This difference 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, which suppresses additional 
SEI formation on the carbon surface and minimizes irreversible sodium-ion 
trapping [82]. Another important distinction between these two samples lies in 
their closed-pore characteristics. HC-3.59%-1300-3h contains relatively large 
closed pores, particularly near the particle edges, whereas HC-13.71%-1300-1h 
predominantly features smaller closed pores with characteristic sizes of around 
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2 nm, formed by curved graphite-like layers, as confirmed by SAXS and TEM 
analyses.  

The large-sized pores located at the edges of HC-3.59%-1300-3h 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 
[29]. Such partial accessibility can promote electrolyte decomposition and SEI 
formation within the pores, thereby adversely affecting ICE [27]. In contrast, 
smaller and enclosed pores are more effective at isolating internal surfaces from 
electrolyte contact, which contributes to the ultra-high ICE observed for HC-
13.71%-1300-1h.  

To further elucidate the influence of HC structure on sodium-ion storage 
behavior, in situ Raman spectroscopy and in situ XRD are used to compare the 
sodiation/desodiation processes of HC-13.71%-1300-1h, using CC-HC-1300 as a 
reference. The corresponding in situ Raman spectra and XRD patterns are 
presented in Figure 5-12. 

 For CC-HC-1300, upon decreasing the discharge voltage from 2 V to 0.01 V, the 
G band gradually shifts from 1600 cm⁻¹ to 1575 cm⁻¹, while the D band 
gradually diminishes and disappears around 0.3 V. This shift can be attributed 
to the insertion of sodium ions 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 [83].  In contrast, the D band of HC-13.71%-1300-
1h exhibits a broadened trend while remaining clearly distinguishable even at 
0.1 V during sodiation, suggesting a limited sodium-ion adsorption at defect 
sites and pore surfaces. Meanwhile, the G band shows no significant shift 
throughout the charge/discharge process, indicating that sodium-ion storage is 
dominated by pore filling rather than intercalation mechanisms [84]. During 
desodiation, both the D band and G band gradually return to their original 
positions at 2.0 V, demonstrating good structural reversibility and stability of 
HC-13.71%-1300-1h [38]. 
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Figure 5-12 Mechanistic study of sodium-ion storage in HCs. a) The in-situ Raman spectra of HCs; b) The 
in-situ XRD patterns with the potential-time curve of HCs; c) Sodium-ion storage mechanism in HC [35]. 

 

As shown in Figure 5-12b, the (002) reflection of CC-HC-1300 remains stable 
at ~22.5° during discharge from 3.0 V to ~0.4 V, followed by a distinct shift to 
~22.0° below 0.1 V, indicative of a lattice expansion caused by sodium-ion 
intercalation into carbon layers. In contrast, HC-13.71%-1300-1h exhibits a 
stable (002) peak at approximately 21.5° during the entire charge/discharge 
cycle, suggesting sodium-ion intercalation into the carbon layers is limited [85, 
86]. Additionally, upon discharge below 0.1 V, a peak corresponding to Na metal 
appears around 29°, confirming sodium-ion storage through pore filling [87, 
88]. This result aligns with the in-situ Raman findings, indicating that defect 
sites are minimally involved in irreversible reactions [27], and that sodium-ion 
storage contributing to the plateau capacity of HC-13.71%-1300-1h 
predominantly occurs within closed pores. 

The distinct sodium-ion storage mechanisms originate from structural 
differences induced by the two heating strategies. CC-HC-1300, produced by CC, 
retains a relatively larger interlayer spacing and limited closed-pore volume, 
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favoring sodium-ion intercalation. In contrast, HC-13.71%-1300-1h, synthesized 
via IC, exhibits abundant small closed-pore structures, leading to enhanced 
plateau capacity. Therefore, the three-stage adsorption-intercalation-closed 
pore filling mechanism is highly suitable for the sodium-ion storage mechanism 
of the HC products in this thesis [89], as depicted in Figure 5-12c. 

In summary, the sodium-ion storage behavior of HC-13.71%-1300-1h can be 
described as follows. An initially thin and uniform SEI is formed during the first 
cycle, contributing to an ICE value above 95%. The reversible capacity arises 
from two contributions: slope capacity originating from reversible sodium-ion 
adsorption at defect sites, and plateau capacity mainly resulting from sodium-
ion filling within closed pores. 

 

5.4 Summary of pore structure engineering strategy 

Based on the characterization and electrochemical results, the effects of bio-oil 
modification and IC on HC structure and electrochemical performance are 
summarized. As discussed in Chapter 4, the  open-pore structures (SSA/open-
pore volume) of HC are essential for its ICE value, and the interlayer distance 
and closed-pore volume of HC are essential for its reversible capacity.  

The underlying mechanism of the overall approach is displayed in Figure 5-13. 
The innovative induction heating carbonization method induces a significant 
reconstruction of the pore structure in HC production. Compared to CC methods, 
the proposed IC-based strategy enables multilevel pore-structure reconstruction 
through three sequential effects: 

 
Figure 5-13 Overall mechanism of induction heating carbonization approach [35]. 
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• Open pore closure induced by bio-oil surface engineering and high-
pressure compression (Section 5.1.3, CC-HC → CC-BHC); 

• Quasi-open-pore closure and closed-pore formation driven by IC-
enhanced internal carbon rearrangement (Section 5.2.3.1, CC-BHC → 
IC-HC-low);  

• Closed-pore size regulation assisted by confined volatile content during 
IC (Section 5.2.3.2, IC-HC-low → IC-HC-high). 

As a result, IC-HCs exhibit an extremely low open-pore volume and a high 
closed-pore volume with a narrow size distribution, characterized by 𝑉𝑉open ≪
𝑉𝑉closed and  𝑉𝑉closed/𝑉𝑉open > 60. In contrast, CC-HC shows dominant open-pore 

structures (𝑉𝑉open ≫ 𝑉𝑉closed;  𝑉𝑉closed/𝑉𝑉open ≈ 0.33). For CC-BHC samples without 

IC assistance, both open and closed-pore volumes remain limited (𝑉𝑉open < 𝑉𝑉closed; 

𝑉𝑉closed/𝑉𝑉open ≈ 6.7). 

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 CC method, surpassing values 
reported in the literature for HC materials [35].  
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6 Energy and Environmental Performance of 
Hard Carbon Production 

This chapter evaluates the energy efficiency and environmental sustainability of 
different HC production routes. First, COMSOL simulations are employed to 
compare the heat-transfer behavior and energy demand of conventional heating 
carbonization (CC) and induction heating carbonization (IC), revealing the 
energy-efficiency advantages of IC. Subsequently, a cradle-to-gate LCA is 
conducted to quantitatively compare CC-HC, CC-BHC, and IC-HC pathways 
using experimental and simulation data. The analysis shows that IC reduces 
energy consumption and greenhouse-gas emissions, supporting its potential for 
low-carbon HC production. 

6.1 Energy efficiency of different carbonization routes  

6.1.1 Background and aims 

One of the key challenges of CC is its high energy consumption, primarily arising 
from inefficient heat transfer and prolonged heating durations. Therefore, 
evaluating the energy demand and heat-transfer behavior of IC is essential for 
assessing its potential advantages. 

IC directly generates heat through eddy currents within the biocarbon, 
representing an innovative and highly energy-efficient heating technique. To 
elucidate these advantages, COMSOL Multiphysics is used to simulate the 
thermal fields within the furnace during the carbonization process for both CC 
and IC. The detailed model description and governing equations are provided in 
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Section 3.4.2. The furnace geometries and boundary conditions are constructed 
based on the laboratory-scale HC production furnaces used in this study. 

6.1.2 Results and discussion 

Figure 6-1a and Figure 6-1b depict the predicted sample temperature as a 
function of heating time at the initial sample heating stage of the CC and IC 
process, respectively. It is evident that IC heats the sample rapidly to the target 
temperature (1580 K) within just a minute after being powered, whereas CC 
requires more than 10 minutes even after pre-heating the furnace (with the heat 
source temperature fixed at 1800 K).  

 
Figure 6-1 Induction heating carbonization simulation results. The temperature and efficiency during 
heating in a) conventional furnace, and b) induction furnace; The temperature distribution in c) 
conventional furnace after 10 minutes, and  d) induction furnace after 1 min; e) the heat fluxes of different 
carbonization methods during isothermal period; f) the energy requirement of different carbonization 
methods [35]. 

 

As shown in Figure 6-1c, CC results in a declining temperature gradient from 
the wall to the sample surface. 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 6-1d, the application of 
induction carbonization results in the concentration of heat within HC samples, 
leading to higher temperatures compared to the surrounding environment. 
Correspondingly, IC exhibits instantaneous heating efficiency (on average > 80% 
versus < 40%) higher than that of CC methods (Figure 6-1a, b). The efficiency 
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of CC significantly decreases with increasing sample temperature, primarily due 
to the diminished heat transfer (convection and radiation) resulting from 
decreasing temperature differentials. In contrast, IC relies on current and 
frequency for energy accumulation [90]. The decrease in heating efficiency is 
attributed to heat loss by radiative transfer from the sample into the 
surrounding environment. Notably, this heat loss can be minimized by 
employing low-emissivity materials [91]. 

 During the insulation stage at 1580 K, the two methods exhibit markedly 
different heat transfer dynamics (Figure 6-1e). In IC, heat flows from the 
sample outward to the environment, while 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 [92]. Meanwhile, IC exhibits a heat flux almost ten times higher than 
that of CC. This suggests that IC concentrates a greater amount of energy on the 
sample, ensuring a rapid energy supply for structural transformation and 
reducing the overall time required for HC production. Consequently, as shown 
in Figure 6-1f, the calculated overall carbonization energy demand for IC 
(202.7 kJ/g for 30 g) is about 60% lower than the energy required by CC (504.6 
kJ/g for 150 g) under laboratory-scale production conditions. 

6.2 Life cycle assessment of HC from different production methods  

6.2.1 Background and aims 

The large-scale deployment of biomass-derived HC anodes for SIBs requires not 
only high electrochemical performance but also low environmental impact. As 
discussed in section 6.1, IC is expected to significantly reduce energy demand. 
However, a quantitative and systematic assessment of IC is essential to evaluate 
its sustainability potential. 

Therefore, this section performs a cradle-to-gate LCA to comparatively evaluate 
three HC production routes: CC-HC, CC-BHC, and IC-HC. The assessment is 
based on primary experimental data combined with COMSOL simulations. The 
aim is to quantify their environmental impacts, identify dominant energy and 
emission sources, and evaluate the potential of IC to enable energy-efficient and 
low-carbon HC production. 
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6.2.2 Results and discussion 

The mass and energy balance calculations are derived from experimental 
measurements combined with COMSOL simulations. Figure 6-2 presents the 
mass balance of the IC-HC production process, showing that approximately 3.72 
kg of raw biomass is required to produce 1 kg of HC. For comparison, the CC-
BHC route also requires 3.72 kg of biomass per kg HC, whereas the conventional 
CC-HC process requires a significantly higher biomass input of 5.17 kg per kg 
HC. 

The reduced biomass demand in both the IC-HC and CC-BHC routes originates 
from the bio-oil surface engineering strategy, in which bio-oil generated from 
the same biomass pyrolysis process is reused as a binder and carbon source. 
During subsequent carbonization, the bio-oil decomposes and forms additional 
carbon, thereby increasing the solid carbon yield. This effectively enhances 
overall material utilization and improves process efficiency, leading to a 
substantially lower biomass requirement compared with the CC-HC route. 

 
Figure 6-2 The mass balance of IC-HC [35]. 

 

Meanwhile, after compression, the biocarbon powder is transformed into high-
density columns, with the bulk density increasing from 0.59 to approximately 
1.17 g/cm³. This densification enables nearly twice the material quantity to be 
accommodated within the same furnace volume, thereby improving furnace 
utilization efficiency. As a result, energy consumption per unit product is 
significantly reduced, while transport and storage are also simplified due to the 
higher packing density. 

As shown in Figure 6-3a, the energy demand of the devolatilization step 
decreases from 76.89 kWh/kg HC for the CC-HC route to 59.19 kWh/kg HC for 
the CC-BHC route. Similarly, the energy consumption of the carbonization step 
is reduced from 108.58 kWh/kg HC to 68.25 kWh/kg HC when bio-oil 
modification and compression are applied (based on laboratory-scale 
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equipment). When the IC approach is employed, the carbonization energy 
demand is further reduced dramatically to 27.77 kWh/kg HC, highlighting the 
unique advantage of IC in energy-efficient HC production. This substantial 
reduction arises from the direct volumetric heating and high heating efficiency 
of IC, which minimizes heat losses and shortens the required processing time. 

The LCA results are summarized in Figure 6-3b. The results show that CC-BHC 
achieves an environmental impact reduction of approximately 20% compared 
to CC-HC. This improvement is primarily attributed to enhanced process 
efficiency and increased carbon yield enabled by the utilization of by-product 
bio-oil, which reduces both material and energy demand per unit of HC 
produced. 

 
Figure 6-3 a) Energy consumption of HC. b) Environmental impact of HC (relative amount) based on a 
Swedish electricity mix and supply chain [35, 53]. 

 

More importantly, compared with CC-HC, IC-HC exhibits a reduction of over 
35% in GWP and other environmental impact categories. This substantial 
improvement is mainly associated with the significantly reduced contribution of 
the carbonization stage, which decreases from approximately 38% to around 10% 
of GWP (using CC-HC as the reference route) due to its lower energy 
consumption. These results clearly demonstrate the strong potential of the IC-
HC approach to mitigate environmental burdens compared with CC routes. 

Since HC production in this study is dominated by thermal treatment, the GWP 
is highly sensitive to both energy consumption and electricity mix. For regions 
heavily dependent on fossil-fuel-based electricity, such as China [93], the 
estimated GWP reaches 304.69 kg CO2-equivalents/kg HC for CC-HC and 230.90 kg CO2-

equivalents/kg HC for CC-BHC. When the IC-HC route is applied, the GWP is further 
reduced to 186.84 kg CO2-equivalents/kg HC, highlighting the strong carbon-emission 
reduction potential of IC even under carbon-intensive energy systems. 
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In regions with cleaner electricity mixes, Germany [94], where electricity 
generation relied on more than 50% renewable energy in 2023, exhibit a 
substantially lower GWP of 85.34 kg CO2-equivalents/kg HC. Sweden, with 
approximately 90% renewable and low-carbon electricity [95], achieves an 
exceptionally low GWP of only 8.86 kg CO2-equivalents/kg HC for the IC-HC route. 
These results underscore the critical role of renewable energy integration in 
minimizing the environmental footprint of HC production. 

In addition, low-temperature steps such as pyrolysis and devolatilization below 
800 °C can be supplied by process heat or syngas combustion, further reducing 
external electricity demand. However, high-temperature carbonization still 
requires electricity when using conventional resistance heating. In this context, 
the IC approach offers a practical advantage by drastically reducing electricity 
consumption at high temperatures, thereby enabling a cleaner supply chain and 
a more sustainable pathway for future battery material production. 

6.3 Summary 

This chapter systematically evaluates the energy efficiency and environmental 
sustainability of different HC carbonization routes, including CC-HC, CC-BHC 
and IC-HC.  

COMSOL simulations reveal that IC exhibits a different heat-transfer behavior 
by enabling direct volumetric heating within the biocarbon through eddy 
currents. As a result, IC achieves rapid heating to the target carbonization 
temperature, substantially higher instantaneous heating efficiency (>80%), and 
significantly enhanced heat flux. Consequently, the overall carbonization energy 
demand of IC (202.7 kJ/g) is about 60% lower than that of CC (504.6 kJ/g) 
under laboratory-scale conditions, demonstrating the advantage of IC for 
energy-efficient HC production. 

Based on energy analysis and experimental data, a cradle-to-gate LCA is 
conducted to quantitatively compare the environmental impacts of CC-HC, CC-
BHC, and IC-HC routes. The results show that bio-oil surface engineering (CC-
BHC) reduces environmental impacts by approximately 20% relative to CC-HC, 
primarily due to increased carbon yield, improved furnace utilization, and 
reduced material and energy demand. More importantly, IC-HC achieves 
reductions exceeding 35% across all evaluated environmental impact categories. 
This improvement is mainly attributed to the drastically reduced contribution 
of the carbonization stage. 
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Overall, this chapter establishes that IC not only enables an effective pore-
structure regulation and enhances the electrochemical performance of HC, but 
also provides a robust pathway for low-energy and low-emission production of 
biomass-derived HC anodes for SIBs. 
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7 Conclusions  

7.1 Overall conclusion  

This thesis clarifies the relationships between precursor characteristics, 
processing conditions, structure, and electrochemical performance of HC, and 
develops an IC-based pore-engineering strategy for the sustainable production 
of HC anodes. The thesis consists of three main thematic parts, based on the 
work presented in Supplement I–IV. In accordance with the objectives of this 
doctoral research, the main conclusions are summarized below. 

Objective 1: Develop a qualitative understanding of process–structure–
performance relationships in biomass-derived hard carbon (Supplement 
I and II). 

Through a comprehensive literature data analysis and machine-learning 
modeling (Supplements I and II), carbonization temperature and HC pore 
structure are identified as the main factors controlling the electrochemical 
performance of biomass-derived HC. It is found that low open-pore volume and 
reduced surface defect density are essential for achieving high ICE. Meanwhile, 
interlayer spacing and closed-pore volume play a key role in determining the 
low-voltage plateau capacity. In general, HC with suppressed open porosity and 
enriched closed-pore structures is more favorable for sodium-ion storage. 

Importantly, the analysis reveals an intrinsic limitation of CC. Within the 
optimal carbonization temperature window of 1200–1400 °C, CC cannot 
simultaneously achieve effective open-pore suppression and abundant closed-
pore formation. At the same time, carbonization is identified as the most energy-
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intensive step in HC production. These findings together highlight the need for 
a sustainable carbonization and pore-engineering strategy. 

Objective 2: Develop and assess pore structure engineering strategies for 
improving HC electrochemical performance. 

Develop surface engineering strategies to suppress the formation of open pores 
and improve initial Coulombic efficiency. (Supplement III) 

Surface engineering using biomass-derived bio-oil is demonstrated to be an 
effective and sustainable strategy for reducing open-pore structures and surface 
defects in HC. By blending biocarbon with bio-oil followed by compression and 
carbonization, the SSA is reduced from 28 m²/g for CC-HC-1300 to 9 m²/g for 
CC-BHC-1300, while the open-pore volume decreases significantly from 0.176 
to 0.011 cm³/g. Meanwhile, surface defects are also effectively reduced, as 
evidenced by the decrease in the ID/IG ratio from 1.86 to 1.59. As a result, the 
ICE value increases from 84.4% for CC-HC-1300 to 89.9% for CC-BHC-1300, 
together with improved cyclic stability. Overall, bio-oil surface engineering 
offers a renewable and process-integrated solution without introducing 
additional fossil-based carbon sources. 

Design and validate induction heating carbonization as an efficient 
carbonization method to promote closed-pore formation and enhance 
electrochemical performance of HC. (Supplement IV) 

IC is demonstrated to be an effective approach for promoting closed-pore 
formation and further reducing open-pore volume. Compared with CC-HC, IC-
HC exhibits dramatically increased closed-pore volumes, reaching 0.218–0.230 
cm³/g, nearly four times higher than CC-HC (~0.058 cm³/g) at the same 
carbonization temperature. Meanwhile, the open-pore volume is further 
reduced to below 0.01 cm³/g. This structural reconstruction enables HC 
samples to achieve reversible capacities above 260 mAh g-1 with plateau capacity 
ratios exceeding 63%. Notably, the optimized HC-13.71%-1300-1h sample 
delivers an ultra-high ICE value of 97.5%, approaching that of commercial 
graphite anodes. These results demonstrate that IC can simultaneously suppress 
open-pore structures and promote abundant closed-pore formation without 
relying on extreme temperatures or complex post-treatments. 

Objective 3: Evaluate the energy efficiency and environmental impacts of 
different HC production routes. (Supplement III & IV) 

COMSOL simulations reveal that IC enables direct volumetric heating through 
eddy currents, achieving high heating efficiency and short insulation time. As a 
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result, the laboratory-scale carbonization energy demand is reduced from 504.6 
kJ/g for CC-HC to 202.7 kJ/g for IC-HC. 

Life-cycle assessment studies further show that bio-oil surface engineering can 
reduce environmental impacts by approximately 20% relative to CC-HC, mainly 
due to improved carbon yield and enhanced process efficiency. More 
importantly, IC-HC achieves reductions exceeding 35% across all evaluated 
environmental impact categories, with the contribution of the carbonization 
step decreasing from ~38% to ~10% of the total environmental burden. Under 
a Swedish electricity mix, the global warming potential is reduced to as low as 
8.86 kg CO₂-eq kg⁻¹ HC. These results confirm that IC provides a low-energy 
and low-emission production pathway for biomass-derived HC anodes. 

Overall, this thesis demonstrates that combining bio-oil surface engineering 
with IC can provide a scalable and sustainable route for producing HC anodes 
with high ICE, enhanced plateau capacity, reduced energy demand, and lower 
environmental impacts, as summarized in Figure 7.1. This approach enables 
HC anodes to be produced in a more energy-efficient and environmentally 
friendly manner for future SIB applications. A detailed summary of the 
objectives and main results of each supplement is provided in Table 7.1. 
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Table 7-1 Summary of the objectives and results for each supplement. 

 Objective Results 

I Qualitatively investigate the relationship 
between biomass precursor characteristics, 
processing parameters, HC structural 
properties, and electrochemical performance. 

Low open-pore volume (low SSA and Vt) is 
favorable for reversible sodium-ion storage.  

Carbonization temperature in the range of 1200–
1400 °C provides a large interlayer spacing 
(d002), enabling effective sodium-ion transport. 

II Develop predictive models for HC 
performance based on the precursor, process 
parameters, and structure data. 

XGB model has a R² value of up to 0.99 for 
training and 0.60 for testing. 

Precursor structures are important for HC 
capacity 

The optimal process flow consists of pyrolysis, 
carbonization, and post-leaching.  

III Develop sustainable surface engineering 
strategies to suppress open pores and improve 
initial Coulombic efficiency. 

Bio-oil modification reduces open-pore structure 
and enhances ICE (89.9%). 

Reused bio-oil increases HC yield by 40%. 

Bio-oil modification leads to an overall 
environmental impact reduction of ~20%. 

IV Design and validate induction heating 
carbonization as an efficient carbonization 
method to regulate pore structure and 
enhance electrochemical performance of HC. 

IC enables efficient direct volumetric heating 
through eddy currents. 

IC simultaneously reduces open-pore structures 
and promotes closed-pore formation. 

The optimized IC-HC shows an ultra-high ICE 
value above 95% 

IC results in an overall environmental impact 
reduction of approximately 35%. 
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8 Recommendations for future work  

Further research on the production of biomass-derived HC within a circular 
economic framework is recommended to improve both technical performance 
and economic feasibility. Based on the findings of this doctoral thesis, the 
following aspects are suggested for future investigation: 

• Clarify sodium-ion storage mechanisms in HC with different pore 
characteristics, with particular attention to how closed-pore size 
distribution and quasi-open pores affect SEI formation and plateau 
capacity. 
 

• Investigate the effects of multi-field (thermal, electromagnetic, and 
electric fields) on carbon structural evolution during carbonization. 
 

• Develop predictive modeling frameworks that integrate electrochemical 
performance, energy consumption, and environmental impacts, 
providing guidance for optimizing HC production routes. 
 

• Develop large-scale, continuous IC systems for HC production, with 
emphasis on process stability, scalability, and industrial integration. 
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