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A B S T R A C T

Massive production of high-performance biocarbon is essential for an electrified, green and sustainable society. 
However, its practical fabrication is still challenging due to stringent porosity requirements and reliance on toxic 
substances in the biomass deashing process. Particularly, hard carbons (HCs) suffer from unprecise pore regu
lation and impurity elements arising from precursors. Herein, we developed a biomass-derived HC treated with 
bioacid (phytic acid, PA) that enables one-step green deashing and precise pore engineering. The optimized HC 
anode derived from cellulose, with remarkable carbon yield (~ 40%, close to its theoretical value), exhibits a Na- 
storage capacity of 483 mAh g− 1 with a high initial Coulomb efficiency (ICE) of 90%. Besides, PA showed great 
potential in recyclability. Furthermore, life cycle assessment (LCA) analysis reveals that the proposed process 
reduces fossil depletion by 50% and greenhouse gas emissions by 60%. Our work opens a new avenue to massive 
production for the high-performance HC based on biomass through green, sustainable paths.

1. Introduction

The global energy transition increasingly centers on scaling renew
able resources, modernizing energy infrastructure, and steadily 
reducing reliance on fossil fuels to meet green and sustainability targets 
[1–2]. Electrochemical storage technologies played a critical role in the 
a green society since they buffer the temporal mismatch between 
renewable energy generation and demand, enabling stable and dis
patchable power from variable sources like solar and wind.

Carbon-based materials, serving as electrodes or conductive agents 
in electrochemical energy storage systems,are attractive due to their 
high electron conductance, tunable structures, and exceptional stability 
[3].

Unlike conventional carbon derived from fossil fuel (eg: coal and 
petrochemicals), biocarbon is sustainable and eco-friendly since it 
originates directly or indirectly from plant photosynthesis, which ac
quires considerable attraction[4–6]. However, there are some signifi
cant challenges sitting in the environmental fabrication for 
high-performance biocarbon, including: 1) low porosity and wide pore 
size distribution of biocarbon derived from the direct pyrolysis of 
biomass result in poor electrochemical performances; [7–8] 2) 

comparable ash (~7.2%) derived from the biomass promotes slagging 
and fouling of processing equipment; and it also forms inorganic im
purities to the final products[9–10]. 3) To remove it, inorganic acid 
leaching agents (such as HNO3, HCl, and H2SO4) are used, which impose 
significant environmental costs [11]. 4) Hazardous gases releasing and 
acidic waste generated during leaching lead to serious operational safety 
[12].

Hard carbons (HCs), one of the most representative carbon-based 
materials, have been widely used as anode for sodium-ion batteries 
(SIBs) due to its high specific capacity (>300 mAh g⁻¹) and low-voltage 
plateau (<0.1 V vs Na⁺/Na)[13–14]. Structurally, HC is a turbostratic 
carbon composed of randomly oriented, curved, and defective graphene 
nanosheets with enlarged interlayer spacing[15–16]. Recently, it was 
reported that low-voltage plateau was related to closed pores for sodium 
storage [17–18]. Specifically, it is effective method to increase the 
plateau capacity of HC through generating high density of closed pores. 
Komaba et al. reported HC obtained through pyrolyzing zinc gluconate 
delivered an ultrahigh sodium storage capacity of 480 mAh g⁻¹[19]. 
However, this method was restricted to specific precursors, not 
compatible with biomass precursors. Besides, a plateau capacity 
exceeding 400 mAh g⁻¹ was achieved with activated carbon as precursor 
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and through chemical vapor deposition (CVD). Small carbon species 
entered into the pores and controlled the pore structure precisely[20]. 
Nevertheless, the CVD process requires expensive equipments and 
complex procedures, making it impractical for large-scale or industrial 
applications[4–5,21]. Other emerging strategies for closed pore con
struction in HCs have been explored recently, such as flash heating 
[22–24], molecular crosslinking[25–27] and biomass decoupling[28], 
which exhibit promising pore regulation efficiency but still face chal
lenges in scalable fabrication for biomass-derived precursors. Addi
tionally, HC is highly sensitive to impurity elements, which can impair 
the reversible storage of sodium ions and result in low initial coulombic 
efficiency (ICE) or significant gas evolution[29–30]. Thus, it is urgent to 
develop a universal, cheap and sustainable method to process HC with 
high performances.

In this study, we proposed a simple one-step method for pore engi
neering and deashing process simultaneously for bamboo-derived HCs 
using phytic acid (PA) treatment and demonstrated its effectiveness as 
anodes for SIB (Fig. 1a). The results indicated that PA leaching can 
remove over 80% of ash from bamboo precursors and form uniformly 
pore-rich structure within the carbon matrix. During high-temperature 
carbonization process, these pores were in-situ transformed into closed 

pores, which resulted in enhanced sodium storage capabilities with 
initial specific capacity of 471 mAh g⁻¹ and coulombic efficiency of 90%. 
And it was evident that PA concentration affected its distribution in 
cellulose matrix, which further determined the pore structure in HCs. 
Moreover, PA can be readily recycled in the whole process. The obtained 
HC treated with reused PA still delivered high specific capacity (416 
mAh g⁻¹ with PA recycled for five times), underscoring the environ
mental sustainability of this method. Additionally, life cycle assessment 
(LCA) demonstrated that the proposed process reduces fossil depletion 
by 50% and greenhouse gas emissions by 60%, proving its enhanced 
environmental friendliness and sustainability. Our work exhibits a new, 
cost-effective, recyclable and sustainable method for bamboo-derived 
HCs with high performances (Fig. 1b), which provides the guidance 
for the rational design of green and sustainable biocarbon fabrications.

2. Results and discussions

2.1. PA one-step biomass deashing and pore engineering

Bamboo, a member of the subfamily Bambusoideae of the grass 
family (Poaceae), is one of the fastest-growing plants in the world, 

Fig. 1. . Fabrication mechanism and advantages of this method. 
a, Schematic of the synthesis of PA mediated bamboo-based HC (Bam-PA-HC). b, Radar chart illustrating the advantages of Bam-PA-HC. (Traditional bamboo-based 
HC, Bam-HC; Phenol formaldehyde resin-based HC, PF-HC) The scoring criteria for the scale are elaborated in Methods.
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serving it as a highly competitive precursor for biomass-derived carbon 
materials. And PA, or inositol hexa-phosphate, a natural and non-toxic 
compound, widely exists in plant seeds and embryos and is exten
sively used in the food and cosmetics industries. Structurally, the PA 
molecule contains six phosphate groups, conferring a strong chelating 
ability, which enables it to form stable complexes with various metal 
ions (e.g., Zn²⁺, Cu²⁺, Fe²⁺, Mg²⁺, Ca²⁺). Here, HCs were obtained from 
bamboo through recyclable PA as deashing agent and subsequent two- 
step carbonization process (Fig. 2a).

To evaluate the effect of PA as deashing agent, ICP-OES tests were 
conducted. And the results showed that the removal efficiency of K, Ca, 
Mg, Fe, Mn, and Zn exceeded 90% (Supplementary Fig. 1 and Fig. 2b), 
and ash content analysis also showed >80% of the ash in bamboo 
powder was removed (Supplementary Figs. 2 and 3). Furthermore, most 
K and Zn are volatilized after carbonization process at 1600 ◦C, whereas 
other elements, including, Ca, Fe, Mn, and Mg, were still enriched in the 
obtained HC. In Bam-1600, multiple metal elements showed high con
centrations (for example: Fe: 561 mg/kg). In contrast, these metal 

elements were almost undetectable in Bam-PA-1600 (Fig. 2c). And Fe 
exhibited extremely low signal (< 5 mg/kg), much lower than the lim
itation (100 mg/kg) in Chinese National Standard (GB/T 43114-2023). 
Moreover, the treated bamboo powder showed an unprecedented in
crease in carbon yield (from 19.91% to 38.77%), surpassing most re
ported bio-based HC and many resin-based HC (Fig. 2d and 
Supplementary Table 1).

Furthermore, to evident the functionality of PA as pore former, 
structures of carbon samples were investigated, including N2 adsorption- 
desorption measurements, Small-angle X-ray scattering (SAXS), Trans
mission Electron Microscopy (TEM), Raman Spectroscopy and X-ray 
diffraction (XRD).

Based on BET model, Bam-PA-400 showed high specific surface area 
(SSA) (1063.32 m2/g), proving functionality of PA as pore former. After 
carbonization at 1600 ◦C, the SSA decreased dramatically to 138.93 m2/ 
g, which originated from conversion open pores to close pores (Sup
plementary Fig. 4). SAXS patterns showed increased scattering in
tensities at 0.1–0.2 Å⁻¹ for Bam-PA-1600 and the obtained refined results 

Fig. 2. . Characterization of deashing and pore engineering. 
a, Schematic of the synthesis process for Bam-PA-HC; b, Metal elements removal efficiency of bamboo powder; c, The content of metal elements collected from ICP- 
OES for Bam-HC and Bam-PA-HC; d, Carbon yield of Bam, Bam-PA and other precursors (from precursors to HC) [15,31–34]; e, Small-angle X-ray scattering patterns; 
f, Initial charge-discharge curves of Bam-HC and Bam-PA-HC based cell. Inset is the comparison of the plateau and sloping capacity of Bam-HC and Bam-PA-HC based 
on the 2nd discharge/charge curves; g, Comparison of plateau capacity and initial coulombic efficiency between Bam-PA-HC and previously reported bamboo 
derived HCs [35–47].
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showed an increased average pore size from 0.922 nm to 1.137 nm, 
indicating the enlargement of closed pores (Fig. 2e and Supplementary 
Fig. 5). This observation is further corroborated by the TEM images 
(Supplementary Fig. 6). Specifically, In Bam-1600, closed pores were 
rarely observed, whereas in Bam-PA-1600, numerous closed pores with 
diameters around 1 nm were clearly visible. Furthermore, Bam-PA-1600 
exhibited enlarged interlayer spacing (0.396 nm) (Supplementary 
Fig. 7) and a higher AD/AG ratio (Supplementary Fig. 8) compared to 
Bam-1600, suggesting more disordered structure after being treated 
with PA.

It has been widely reported that closed pores are effective active sites 
for sodium storage at the low-voltage plateau[31,48]. Thus, massive 
closed pores in HC can effectively increase its reversible capacity. To 
prove it, the electrochemical performances of both Bam-1600 and 
Bam-PA-1600 through coin cells. Cell based on Bam-PA-1600 delivered 
higher charge specific capacity with 471.2 mAh g⁻¹ than Bam-1600 
(327.9 mAh g⁻¹) (Fig. 2f). Notably, the plateau capacity also increased 
by 65.95% after PA treatment (from 242.62 mAh g⁻¹ to 402.63 mAh g⁻¹), 
which is better than all the bamboo-derived HC anodes (Fig. 2g and 

Supplementary Table 2). Besides, Bam-PA-1600 based cell showed 
excellent cycling stabilities with 94.4% of its initial capacity retention 
after 75 cycles at current density of 20 mA g− 1 (Supplementary Fig. 9) 
and a 98.1% capacity retention after 80 cycles at 100 mA g− 1 (Supple
mentary Fig. 10). Further, the full cell base on Bam-PA-1600 and 
Na3V2(PO4)3 can deliver a high discharge capacity 108.6 mAh g− 1 

(based on the mass of the cathode electrode), with a high capacity 
retention of 97.8% after 15 cycles (Supplementary Fig. 11).

2.2. PA recovery and recycling

Apart from its functionality as a deashing agent and pore former, PA 
also possessed other great merits for massive, sustainable and recyclable 
production of high-performance HC. Fig. 3a illustrated the fabrication of 
bamboo-derived HC based on recycled PA. Specifically, bamboo, 
initially, was crushed into powder and the obtained powder was leached 
with PA. Excess PA was then removed by vacuum filtration and collected 
for reuse and the PA-treated bamboo powder underwent a two-step 
carbonization process to obtained either HCs or other biocarbon (eg: 

Fig. 3. . Recycling and characterization of PA. 
a, Simplified process flow diagram of the PA-HC product and PA Recycling. A dashed blue boundary is shown the solvent recovery unit operations. b, Photos of PA, 
WPA and RPA. c, The content of various metal elements by ICP-OES of WPA and RPA. d, FTIR spectra of PA and RPA. e, The specific capacity and initial coulombic 
efficiency of HC from each PA recycling cycle. f, Photo of a 20 L filtration device. g, Muffle furnace used in initial large-scale Bam-HC production. h, Produced Bam- 
HC from the production test.
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active carbon). And the collected wasted PA (WPA) was further deal 
with ion exchange to form usable recycled PA (RPA) with removing 
excess water through vacuum evaporation.

To evaluate the recyclability of PA, the WPA and RPA were further 
used to treat bamboo. It can be clearly seen that the RPA were pale- 
yellow, close to fresh PA, suggesting that most chromophoric organic 
compounds have been removed during regeneration and decolorization 
(Fig. 3b). And ICP-OES analysis confirmed that the contents of metallic 
elements in WPA originating from their chelation with PA decreased 
significantly, proving that most metal ions were removed during ion 
exchange (Fig. 3c). Besides, PA and RPA exhibited highly consistent 

FTIR (Fig. 3d) and ³¹P NMR spectra (Supplementary Fig. 12), indicating 
their structural homogeneity. Moreover, the HC anodes obtained based 
on RPA also showed remarkably high reversible charge specific capac
ities and initial coulombic efficiencies. Specifically, even with 5 recycles, 
the obtained HC delivered high specific capacity (416 mAh/g) and 
outstanding ICE (88.5%) in initial cycle (Fig. 3e).

Furthermore, the industrial feasibility of the PA treatment was also 
evaluated through a pilot-scale manufacturing trial. Bamboo powder 
was reacted with PA in a 30 L reactor with ratio of 1:10 (solid: liquid); 
then, after excess PA was removed by vacuum filtration (Fig. 3f), the 
resulting solid was transferred to a 30 L atmosphere muffle furnace and 

Fig. 4. . Fabrication and structure of hard carbon with closed-pores microspheres. 
a, Schematic of the synthesis of Cel-PA-HC; b, FTIR spectra of Cel, Cel-PA3560 and Cel-PA3560–90; c, Photos of Cel-PA3560 and Cel-PA3560–90; d, TG curves of Cel-PA060 
and Cel-PA3560; e, Carbon yield of Cel and Cel-PA (from precursors to HC); f, Pore size distribution of Cel-PA060–1600, Cel-PA3560–1600 and Cel-PA6060–1600; g, BET 
surface area of samples; h, Long-range and enlarged profiles of PDF; i, Small-angle X-ray scattering patterns; j, Galvanostatic charge-discharge curves for the first 
cycle; k, Mixed state of Cellulose chain and PA after 500 ps simulation; l, BET surface area, Specific capacity and Number of H-bonds between PA of samples.
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subjected to two-step carbonization. (Fig. 3g). Finally, HC was collected 
after the calcined powder washing. This scale-up process enables 
kilogram-scale batch production of bamboo-derived HC (Fig. 3h).

2.3. Mechanistic investigation of pore formation

Lignocellulose, one of the most abundant biomass resources on the 
earth, is composed of cellulose (40–50%), hemicellulose (15–30%), and 
lignin (15–25%), along with minor proteins, lipids, and ash [49–50]. 
Given the complexity of biomass, it is difficult to directly investigate 
PA's working mechanism during HC fabrication process. Considering 
fractions of cellulose and hemicellulose in lignocellulose and their 
similar structural units, cellulose was selected as a target for mechanism 
analysis.

For the formation of high-performance biomass-derived HC with PA 
treatment, we proposed a four-step process shown in Fig. 4a. 1) PA 
penetrated into cellulose matrix and catalyzed the hydrolysis of cellu
lose into oligosaccharides, forming a uniform PA@cellulose mixture; 2) 
PA catalyzed cellulose dehydration at 90 ◦C and in situ-formed poly
phosphoric acids acted as molten sacrificial templates to prevent pore 
collapse during subsequent low-temperature carbonization; 3) A porous 
carbon matrix was obtained with removing phosphorus compounds via 
water; 4) Lastly, the further high-T carbonization converted the massive 
open pores into closed pores, forming the closed pores-rich HCs. To 
evident it, systematic tests were conducted, including Fourier Transform 
Infrared Spectroscopy (FT-IR), Thermogravimetric Analysis (TGA), 
Brunauer-Emmett-Teller Method (BET), Neutron pair distribution 
function (nPDF), and molecular dynamics (MD) simulations.

The FT-IR spectra of cellulose and PA@cellulose mixture were shown 
in Fig. 4b, it can be clearly seen that an extra peak emerged at 2310 cm− 1 

in Cel-PA3560 and Cel-PA3560–90, relating to the hydrogen-bonding 
interaction between PA and cellulose. It was also evidenced by SSNMR 
result (Supplementary Fig. 13). Specifically, during heating treatment 
process, a noticeable color change from white to black was observed 
after being heated at 90 ◦C for 12 h, originating from the cellulose 
dehydration (Fig. 4c). To further quantify the carbonization process, 
TGA for both cellulose and Cel-PA3560 were conducted (Fig. 4d) and the 
results showed that compared to the limited mass loss (~ 4%) for pris
tine cellulose, Cel-PA3560 undergoes a substantial mass loss (48%) after 3 
h at 90 ◦C, which probably from likely reflecting PA-promoted dehy
dration of cellulose (15.8%) and water in PA solution (32.2%). 
Furthermore, The DTG curve (Supplementary Fig. 14) showed that the 
pristine cellulose started to decompose at 300 ◦C, while the decompo
sition temperature shifted to 200 ◦C for Cel-PA3560. Additionally, TG-MS 
results (Supplementary Fig. 15) revealed that Cel-PA delivered less CO₂ 
emission during the carbonization process, resulting to higher yield from 
17% to 40%, close to its theoretical value (44.44%), which is even 
comparable to that of resin precursors (Fig. 4e and 2d).

To evaluate the carbon matrix after low temperature carbonization, 
BET measurements were performed and the results were shown in Fig. 4f 
and Supplementary Fig. 16. The N2 adsorption-desorption isotherm of 
Cel-PA3560–400 showed a typical type-I isotherm, indicating the pres
ence of abundant micropores (<2 nm). In contrast, Cel-PA6060–400 
exhibited a combined Type-I and H2(a) isotherm, revealing the exis
tence of micropores and "ink-bottle" shape pores. Moreover, Compared 
with Cel-PA6060–400, Cel-PA3560–400 exhibited smaller and more uni
form pores, which facilitates pore closure during high-temperature 
carbonization. And the SSA of PA treated samples increased signifi
cantly from 7.03 m²/g to 1397.24 m²/g). As expected, pristine cellulose 
continued to exhibit low SSA after high-temperature carbonization 
(Fig. 4g). Notably, the SSA of Cel-PA3560–400 decreases significantly 
from 1397.24 m2/g to 90.38 m2/g. In contrast, the N₂ adsorp
tion–desorption isotherm of Cel-PA6060–1600 continued to exhibit a 
combined Type I and H2(a) isotherm (Supplementary Fig. 17), sug
gesting that the "ink-bottle" shape pores remained and pores were not 
effectively sealed during carbonization, which contributed to its high 

SSA (775.61 m2/g).
To investigate micropores (< 1 nm), CO₂ adsorption–desorption tests 

were further conducted (Supplementary Fig. 18). The results revealed 
that both Cel-PA3560–1600 and Cel-PA6060–1600 exhibited massive mi
cropores with size of ~ 0.8 nm. Interestingly, despite significant dif
ferences in their N2-SSA, their CO2-SSA and pore volumes were quite 
similar, which indicated that both possessed similar microporous 
structures. The huge difference on N2-SSA originated from the pore- 
surface connection. In Cel-PA6060–1600, pores were connected to the 
external surface through larger openings, which showed high SSA values 
in N2 test; In contrast, pores in Cel-PA3560–1600 remained enclosed and 
less accessible. And this pore connection difference may be attributed to 
the relatively larger pores formation during low-temperature carbon
ization, which further impeded the effective closure of open structures 
during subsequent high-temperature treatment.

This observation was further evident by the TEM results. In Cel- 
PA060–1600, closed pores were rarely observed, whereas in Cel- 
PA3560–1600, numerous closed pores around 1 nm were clearly visible. 
Additionally, as the concentration of PA increased, larger open pores 
were observed in sample Cel-PA6060–1600 (Supplementary Fig. 19). 
Moreover, their SAXS patterns (Fig. 4h) also showed increased scat
tering intensities in the range of 0.1–0.2 Å⁻¹ with increasing PA con
centration, proving the enlargement of closed pores. And their fitting 
results further confirmed the increased pore sizes (Supplementary 
Fig. 20).

To betterer understand their chemical bonding information, nPDF 
measurements[51] and Raman spectroscopy tests were performed. The 
obtained G(r) results (Fig. 4i) revealed that both Cel-PA060–1600 and 
Cel-PA3560–1600 were dominated by sp²-coordinated aromatic carbon, 
while the absence of a sharp interlayer peak at 3.35–3.45 Å indicated 
their turbostratic stacking structure. Cel-PA060–1600 exhibited sharper 
and stronger peaks in the first three features within 1–3 Å, suggesting it 
possesses higher degree of local sp² ordering and a narrower 
bond-length distribution. In contrast, the broader and slightly weaker 
peaks observed in Cel-PA3560–1600 reflected its more local structural 
disorder. In the range of 6–40 Å, both samples displayed damped os
cillations that decayed to the baseline around ~20–25 Å. The similar 
envelope and phase implied comparable correlation lengths of the 
nanodomains (~1.5–2.5 nm). Besides, Raman spectroscopy results 
(Supplementary Fig. 21) showed that both spectra can be well decon
voluted into five peaks, including I, D, D'', G and D'. Among them, G peak 
at ~1580 cm− 1 and D peak at 1340–1360 cm− 1 can be assigned to the 
E2g-symmetry vibration mode of ideal graphitic lattice and the 
A1g-symmetry vibration mode of defective graphitic lattice, respec
tively. The increased AD/AG ratio represented that PA promoted the 
formation of more disordered carbon structures. Moreover, graphitic 
phase can also be evident by broad peaks at low angles (2θ=21–23◦) in 
XRD patterns (Supplementary Fig. 22), which can be assigned to (002). 
And the calculated values of interlayer spacing showed that 
Cel-PA3560–1600 exhibited a larger interlayer spacing of 0.396 nm 
compared to Cel-PA060–1600 (0.388 nm).

The electrochemical performance of HCs treated with various con
tents of PA was evaluated through half-cell test. Cel-PA3560–1600 
exhibited a remarkably reversible specific capacity of 483 mAh/g and an 
ICE of 90% (Fig. 4j) due to its abundant closed-pore structure. However, 
Cel-PA6060–1600, with massive micropores, only delivered limited 
reversible specific capacity of 151 mAh/g and an ICE of 72%, which 
originated from the connection between pores and external surface 
through open channels. This connection was detrimental to store sodium 
ions. Additionally, the excessively large surface area promoted electro
lyte decomposition during cycling, resulting in low ICE.

To uncover the relationship between pore structure and capacity of 
HCs, a series of PA concentrations were further investigated. The BET 
and Raman results showed that both SSA and AD/AG ratio of the HC with 
PA concentration increasing (Supplementary Figs. 23 and 24), While the 
reversable capacity increased, reached an optimum at 3560 and then 
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declined sharply with concentration kept increasing (Supplementary 
Figs. 25–27 and Supplementary Table 3). To elucidate this trend, MD 
simulations were performed to analyze hydrogen bonding between PA- 
PA and PA-Cellulose pairs. Hydrogen bonds were identified according to 
two geometric criteria: (1) the distance between donor and acceptor 
atoms was <3.5 Å, and (2) the angle formed by the hydrogen, donor, and 
acceptor atoms was smaller than 30◦ Only those hydrogen bonds that 
can meet both criteria were counted. The temporal evolution of the 
hydrogen-bond obtained under these criteria was presented in Supple
mentary Fig. 28. The number of hydrogen bonds between PA molecules 
decreased rapidly at the beginning of the simulation and then reached 
equilibrium, whereas the number of hydrogen bonds between PA and 
Cellulose rose sharply initially and subsequently stabilized. These results 
suggest that during leaching process, PA molecules penetrated between 
cellulose chains, thereby weakening the intermolecular hydrogen 

bonding among PA molecules. After 500 ps of MD simulation, the cel
lulose chains became twisted, and the PA molecules were uniformly 
distributed between them (Supplementary Fig. 29). At low concentra
tions, PA molecules were separated by cellulose chains, resulting in 
limited intermolecular interactions; with concentration increasing, ag
gregation of PA molecules occurred (Fig. 4k). Massive PA-PA hydrogen 
bonds formed significantly with PA concentration reached 29.2% (PA- 
3560), closely paralleling to the variation in the SSA of the resulting HC 
(Fig. 4l).

Here, we propose a possible mechanism for this phenomenon. When 
PA concentration is lower than the critical value, PA molecules are 
dispersed within the cellulose matrix without significant intermolecular 
interactions, forming uniformly distributed closed pores after carbon
ization. However, PA concentration increases and surpasses the critical 
value, stronger interactions among PA molecules promote the formation 

Fig. 5. . Cost analysis of batteries fabrication and environmental impact of HC production. 
a, Total and component cost breakdown for a 100 kWh, 150 kW battery pack, including Graphite//LFP, Bam-HC//HCF and Bam-PA-HC//HCF. b, Variation of 
battery pack energy cost and energy density with HC Capacity. c, Comparative analysis of the environmental impacts associated with the Bam-PA-HC as opposed to 
Bam-HC and PF-HC. Dichlorobenzene (1,4-DB), which is a well-known pesticide, is used as a reference substance for normalizing the toxicity of the other substances 
contributing in this impact category.
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of larger, interconnected pores, which are detrimental to sodium-ion 
storage.

2.4. Battery cost analysis and LCA of HC production

It is widely recognized that SIBs are more cost-effective than lithium- 
ion batteries (LIBs) due to the absence of expensive elements such as Li, 
Ni, and Co[52–53]. However, the low capacity of HC anodes partially 
offsets the cost advantage from cathode materials, while the increased 
consumption of other components (e.g., electrolyte, separator) further 
contributes to the overall cost increase[54]. To quantify the impact of 
HC reformation on SIBs costs, we employed Battery Performance and 
Cost (BatPac) 5.2 to model a 150 kW/100 kWh battery pack for premium 
electric vehicles and conducted a comprehensive cost breakdown anal
ysis of its components (Fig. 5a), relevant parameters are listed in Sup
plementary Table 4. The calculated results showed that the Bam-PA-HC 
significantly enhanced capacity while reducing production costs. How
ever, high porosity of HC and limited capacity & low density of 
Prussian-type cathode resulted in more use of electrolytes and separator, 
which greatly increases the cost of SIBs, even higher than commercial 
LIBs based on lithium iron phosphate (LFP) and Graphite (G).

As shown in Fig. 5b, as the HC capacity increased, the energy density 
of the battery pack rose while the cost decreased. However, when the 
capacity exceeded 500 mAh g⁻¹, the rate of increase diminishes due to 
diminishing returns. Accordingly, targeting a HC capacity around 500 
mAh g⁻¹ is likely more cost-effective than pursuing ever-higher 
capacities.

Moreover, except for its cost-effectiveness and high capacity, the 
massive production process of Bam-PA-HC also possesses green and 
sustainable merits, compared to phenolic resin-based HC (PF-HC) and 
traditional biomass-based HC, suffering from high cost and required 
additional purification, respectively. To further evaluate its environ
mental impact, a Life Cycle Assessment (LCA) was conducted (Supple
mentary Figs. 30–35). And the results indicated that Bam-PA-HC 
achieved the lowest greenhouse gas (GHG) emissions—57.83% lower 
than those for Bam-HC. Unexpectedly, even with bamboo's carbon 
sequestration effect, the GHG emissions of Bam-HC were slightly higher 
than those of PF-HC (Fig. 5c). This disparity was mainly attributable to 
HCl and NaOH consumptions during deashing and wastewater treat
ment processes, respectively, which mainly accounted for GHG emis
sions. Notably, although carbonization off-gas is typically reused as fuel 
in actual production, this recovery process was excluded from our model 
for simplicity, potentially leading to an overestimation of GHG emis
sions. Among the varieties of the examined environmental impact cat
egories, the Bam-PA-HC demonstrated lower impacts compared with the 
other two methods, including fossil depletion, fine particulate matter 
formation, terrestrial acidification. Moreover, the fabrication of PF-HC 
may contribute to ecotoxicity, with marine and terrestrial ecotoxicity 
being 165.0 and 386.5 times higher, compared with the Bam-PA-HC, 
respectively. All these results firmly supported the environmental sus
tainability of the PA mediated HC production process.

3. Conclusion

In this work, we developed a cost-effective, green, sustainable 
method for preparing high-performance biocarbon through recyclable 
bio-acid (phytic acid) and validated its effectiveness as SIBs anodes. 
Precise regulations on pore’s structures were achieved through con
trolling PA dispersion within lignocellulose matrix and massive closed 
pores were constructed in biomass-derived HC. Consequently, the 
optimized HC exhibited an excellent performance with high capacity 
(483.1 mAh g⁻¹) and superb reversibility (ICE: 90%).

And the sustainability implications of the proposed bioacid-mediated 
method are twofold. Firstly, raw materials (PA and bamboo) are derived 
from biomass, avoiding the use of highly polluting chemicals such as 
hydrochloric acid and phenol-formaldehyde resins. Secondly, in terms 

of solvent recyclability, PA demonstrates impressive reusability, 
underscoring its recyclability and economic feasibility. The LCA results 
further highlight its environmental friendliness, indicating a reduction 
in the environmental footprint associated with production.

Our work provides fundamental insights and guidance for the high- 
performance HC massive production based on biomass through green, 
sustainable paths.
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