
Nature Sustainability

nature sustainability

https://doi.org/10.1038/s41893-026-01815-wArticle

Methane pyrolysis-enabled production of 
high-value carbon fibres
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Xinpeng Zhao    2, Alexandra H. Brozena1,2, Kishor Gupta5, 
Pedro J. Arias-Monje    5, Xin Zhang    2, Keenan J. Mintz    5, Han Zong    3, 
Shen Wang6, Xizheng Wang2, Hongmei Gu8, Dongxia Liu    7, Ping Liu6, 
Satish Kumar    5  , Chao Wang    3,9   & Liangbing Hu    1,2,10,11 

Carbon fibres (CFs) are indispensable for lightweight structural engineering, 
yet their widespread adoption is stifled by the high cost and environmental 
toll of polyacrylonitrile (PAN) precursors. While substituting PAN with 
low-footprint alternatives such as lignin or carbon black reduces emissions, 
the resulting fibres typically suffer from mechanical degradation caused 
by poorly integrated fillers. Here we report an electrified carbon-fibre 
upgrading strategy that transforms low-cost, carbon-black-loaded 
PAN precursors into high-performance CFs by incorporating methane 
(CH4)-derived carbon. By using a porous, aligned fibril network as a 
Joule-heating element, we achieve rapid, high-temperature pyrolysis 
at 1,700 K that drives CH4 diffusion and densification of the internal 
microstructure. The resulting upgraded carbon fibres, comprising ~50 wt% 
CH4-derived carbon, exhibit a tensile strength of 1.7 GPa and a modulus of 
173 GPa. This electrified synthesis simultaneously slashes production costs 
to ~US$13.52 kgCF

−1 and carbon footprints to ~22.39 kgCO2 kgCF
−1, offering a 

commercially viable pathway for high-volume industries such as automotive 
manufacturing. Our findings establish a circular carbon economy model 
that converts greenhouse gases into high-value structural materials while 
yielding hydrogen as a clean coproduct.

Carbon fibres (CFs) have become indispensable to high-end aero-
space and performance engineering, prized for their exceptional 
specific strength and modulus1–3. Despite their critical importance, 
the global CF market remains overwhelmingly dominated by poly-
acrylonitrile (PAN)-derived precursors, which account for over 90% 
of commercial production4. However, the prohibitive cost and envi-
ronmental footprint of PAN-based CFs preclude their universal adop-
tion in high-volume sectors such as wind energy and automotive 
manufacturing5,6. To address this, the US Department of Energy (DOE) 
has established a benchmark for ‘affordable’ CFs—targeting a cost of 
US$11.0–15.0 kgCF

−1 with a threshold tensile strength and modulus of 

1.7 GPa and 170 GPa, respectively—to catalyse their integration into 
mass-market vehicle production7. At present, these economic and 
ecological barriers stem primarily from the high price of PAN precur-
sors and the energy-intensive thermal transformation required during 
oxidative stabilization and carbonization5,8. Developing a pathway that 
bypasses these constraints remains a central challenge in the transition 
towards a sustainable, CF-reinforced economy.

To address these economic barriers, research has focused on 
cost-effective precursors to partially or fully displace PAN5,9,10. Sustain-
able alternatives, such as lignin and carbon black (CB), have been inte-
grated as low-footprint fillers11–14; however, the resulting composites 
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stabilization heating time (20 min; Supplementary Fig. 2) compared 
with pure PAN-based fibres, which typically require 1–24 h at tempera-
tures between 473 K and 573 K (refs. 15,16), thus markedly decreasing 
energy consumption. After furnace heating, the PAN was successfully 
converted to carbon (Supplementary Fig. 3).

Figure 2f,g shows the surface and cross-sectional morphologies 
of the 60-CB/40-PAN CFs, showing a porous structure composed of 
a network of aligned carbon fibrils embedded with CB. This struc-
ture is also observed for fibres produced with different CB contents 
(Supplementary Fig. 4). In general, we found that lower CB loading led 
to smaller fibre diameters and lower pore fractions. For example, the 
60-CB/40-PAN CF shows a diameter of 23.9 ± 1.1 μm and a pore fraction 
of 27.9% ± 1.0%, whereas the 20-CB/80-PAN CF exhibits a diameter of 
12.1 ± 0.6 μm and a pore fraction of 17.8% ± 1.4% (Supplementary Fig. 5). 
These CB/PAN CFs remain sufficiently flexible for continuous processing 
and handling (Supplementary Fig. 6), while exhibiting notably enhanced 
mechanical properties (for example, the 20-CB/80-PAN sample features 
a tensile strength of ~0.8 GPa) compared with other CB-containing 
PAN CFs reported in the literature (for example, 12 wt% CB, ~0.1 GPa)14. 
Importantly, the fibre synthesis process achieves aligned PAN fibrils 
with a small diameter (for example, ~300 nm; Fig. 2e(ii),(iii)), which is 
attributed to the viscous effect causing the PAN solution to locally sepa-
rate from the CB particles, as well as the shear-force-induced alignment 
of the PAN fibrils during spinning and drawing. Fibrillar morphology, 
typical of polymeric fibres, including PAN-based CFs17,18, is evident in our 
sample (Fig. 2e). This observation is facilitated via the fibrillar separa-
tion induced by CB particles. Such a network of aligned carbon fibrils 
with a porous structure (Fig. 2f,g) enables CH4 diffusion throughout 
the material during the ECU process and provides a strong structural 
scaffold to bridge the existing and newly deposited carbon species.

Synthesis and characterization of upgraded CB/PAN CFs
To conduct the ECU process, in a typical experiment, we attached 
the 60-CB/40-PAN CFs to two electrodes and applied a current to 
achieve Joule heating (Supplementary Fig. 7a–c). Different temper-
atures can be achieved by adjusting the magnitude of the current 
(Fig. 3a), which allows us to tailor the reaction. Specifically, we used a 
three-step Joule-heating process to upgrade the CB/PAN CFs (Fig. 3b and 
Supplementary Fig. 8). In step 1, we applied a current to generate a tem-
perature of ~2,100 K for 2 min in argon to induce structural refinement 
of the PAN-derived carbon within the fibres (Supplementary Figs. 9 
and 10). Then, in step 2, we decreased the CB/PAN CF temperature to 
~1,700 K for 10 min in CH4 to conduct the pyrolysis reaction. In addition 
to producing hydrogen (H2) during this step (Methods), as the heating 
time increased, we found the pores in the fibres were gradually filled 
by the CH4-deposited carbon, eventually forming a dense microstruc-
ture (Fig. 3c). In comparison, a low depositing temperature of 1,300 K 
was not enough to promote the complete pyrolysis of CH4 to fill the 
pores after the 10-min treatment as a result of the slow reaction kinetics 
(Supplementary Fig. 11). Meanwhile, a higher pyrolysis temperature of 
2,100 K led to unfilled pores and a thick carbon shell surrounding the 
fibres after 10 min, probably caused by the rapid carbon deposition on 
the surface which hinders the CH4 diffusion to the fibre interior. Thus, 
a moderate heating time (for example, 10 min at 1,700 K) is necessary 
to fill the pores within the fibres and deposit a thin carbon layer on the 
fibre surface. These results demonstrate the importance of determining 
an appropriate pyrolysis reaction temperature and time to optimize 
the upgraded CB/PAN CFs. Finally, in step 3, we applied the same heat-
ing profile as used in step 1 (~2,100 K for 2 min) to promote structural 
refinement of the newly CH4-deposited carbon (Supplementary Fig. 12) 
to produce high-performance CFs.

The surface and cross-sectional morphologies and structural 
analysis of the upgraded 60-CB/40-PAN CFs after the three-step 
ECU process reveal a dense microstructure with substantially 
reduced pores (Fig. 3d–f ) and successful structural refinement 

exhibit poor mechanical properties. These performance losses stem 
from unbound fillers which function as structural defects within the 
PAN-derived carbon matrix, preventing these materials from meeting 
the rigorous benchmarks set by the US DOE7. For instance, lignin/PAN 
CFs containing 50 wt% lignin achieve only ~1.2 GPa in tensile strength 
and ~130 GPa in modulus, whereas CB/PAN CFs with just 12 wt% CB 
exhibit a precipitous decline in strength to ~0.1 GPa (refs. 13,14). 
Consequently, the field lacks a synergistic processing technology 
capable of integrating high filler loadings without compromising 
structural integrity.

In this study, we present an electrified CF upgrading (ECU) strat-
egy to engineer low-cost, low-carbon-footprint CFs by leveraging 
methane-derived carbon—both as pre-incorporated CB and as pyro-
lytic carbon deposited during synthesis. Our ECU-processed CFs, 
with 50 wt% CH4-derived content, achieve a tensile strength of up to 
1.7 GPa, a modulus of up to 173 GPa and an electrical conductivity of 
8.5 × 104 S m−1. Integrated cost and life-cycle analyses reveal that these 
fibres slash production costs to US$13.52 kgCF

−1 and reduce the car-
bon footprint to 22.39 kgCO2 kgCF

−1 relative to conventional PAN-based 
benchmarks. Beyond fibre synthesis, the ECU process facilitates the 
rapid fabrication of carbon/carbon (C/C) composites, dramatically 
condensing processing timelines while enhancing mechanical perfor-
mance over traditional chemical vapour deposition (CVD). Ultimately, 
the ECU technique provides a scalable, industrially viable pathway for 
high-volume applications such as automotive manufacturing, while 
simultaneously mitigating climate change by sequestering potent 
greenhouse gas into high-value structural materials.

Results
ECU concept and design of CB/PAN CFs
Figure 1a schematically illustrates the ECU process, in which porous 
CFs serve as the Joule-heating element in CH4. This process promotes 
CH4 pyrolysis, resulting in carbon deposition that densifies the porous 
CFs, thereby enabling the simultaneous production of high-value CFs 
and hydrogen. We designed and synthesized CB/PAN CFs through 
dry-jet wet spinning of a CB/PAN composite precursor, followed by 
furnace heating, producing a porous microstructure composed of 
aligned fibril networks (Fig. 1b). These porous fibres are then used as 
the Joule-heating element in CH4. The porous microstructure facili-
tates CH4 diffusion throughout the material, while the Joule-heating 
process generates high temperatures (~1,700 K) that promote carbon 
deposition from CH4 pyrolysis, as well as structural densification and 
refinement, leading to improved mechanical and electrical properties 
of the CB/PAN CFs.

Preparation of CB/PAN CFs
To fabricate a porous CB/PAN CF starting material for the ECU pro-
cess, we first mixed CB (produced by conventional CH4 pyrolysis, 
Fig. 2a) with PAN at various ratios (x-CB)/(100 wt% − x)-PAN, where 
x = 20 wt%, 30 wt%, 40 wt%, 60 wt% and 70 wt%) as the precursor for 
dry-jet wet spinning (Supplementary Fig. 1). The CB/PAN solutions 
were optimized (especially for CB particle size) to achieve uniform 
dispersion and a suitable viscosity for continuous spinning (Meth-
ods and Supplementary Tables 1 and 2). Using larger CB particles (for 
example, ~280 nm) facilitated optimal solution homogeneity and spin-
nability, permitting the production of CB/PAN precursor fibres with a 
record-high CB content of up to 70 wt%. The obtained fibre-forming 
solutions (Fig. 2b) were extruded through the spinneret into an air 
gap, followed by a coagulation bath and then drawing in a hot glyc-
erol bath to form the precursor fibres (Fig. 2c,d). The resulting CB/
PAN precursor fibres feature a unique structure composed of aligned 
PAN fibrils with embedded CB particles (Fig. 2e(i)). We then applied 
furnace heating under tension at 530 K for 20 min in air to stabilize the 
fibres, followed by 10 min of carbonization at 1,588 K in nitrogen. Note 
that the CB/PAN precursor fibres with a porous structure require less 
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(Supplementary Fig. 13a,b)19. For example, the pore fraction of the 
60-CB/40-PAN CFs decreased from 27.9% ± 1.0% to 6.1% ± 0.8% after 
upgrading (Supplementary Figs. 5b and 13c,d). High-resolution trans-
mission electron microscopy (HRTEM) imaging (Fig. 3g,h) and electron 
energy loss spectroscopy (EELS) analysis (Fig. 3i) of the surface and core 
show that the upgraded 60-CB/40-PAN CFs contain sp2-rich carbon20,21. 
Similar morphologies were obtained when we upgraded the other CB/
PAN CF samples (Supplementary Fig. 14). The porous structure of the 
CB/PAN CF starting material promotes CH4 diffusion and its pyrolysis 
inside the pores, filling them with carbon in addition to depositing it 
on the fibre surface.

Properties of upgraded CB/PAN CFs
The densified microstructure of the upgraded CB/PAN CFs results in 
enhanced electrical and mechanical properties compared with the CB/
PAN CFs before upgrading. For example, among all the CB/PAN CFs stud-
ied (Supplementary Table 3), the upgraded 60-CB/40-PAN CF exhibited 
the largest improvement in electrical conductivity, which increased by 
~125-fold, from ~6.4 × 102 S m−1 (before upgrading) to ~8.0 × 104 S m−1 
(after upgrading) (Fig. 4a and Supplementary Fig. 15a). All the upgraded 
CB/PAN CFs show high electrical conductivity, which is comparable to 
commercial CFs (for example, T300 and T700G, Fig. 4b). In addition 
to the electrical properties, the upgraded 60-CB/40-PAN CF showed 
the largest improvement in tensile strength (~8-fold), from 61 ± 21 MPa 
(before upgrading) to 479 ± 106 MPa (after the ECU process; Fig. 4c and 
Supplementary Fig. 15b). Meanwhile, the upgraded 20-CB/80-PAN CF 
(with tension applied during ECU) showed a tensile strength of up to 
1.7 GPa (average 1.45 ± 0.25 GPa) and a modulus of up to 173 GPa (aver-
age 147 ± 28 GPa; Fig. 4d and Supplementary Fig. 16).

Overall, we attribute the high electrical and mechanical proper-
ties of the upgraded CB/PAN CFs to the dense and integrated structure 
achieved from carbon deposition and structural refinement within the 
fibre via ECU, which provides enhanced bonding between PAN- and 

CH4-derived carbon. While the upgraded mechanical performance of 
CB/PAN CF is not intended to compete with high-end commercial CFs 
(Supplementary Table 4), it offers reductions in both cost and environ-
mental impact (discussed further below), creating substantial market 
opportunities such as non-luxury automobiles. When compared with 
other low-cost CFs reported13,22–24, our upgraded CB/PAN CFs exhibit 
enhanced mechanical properties (Fig. 4e and Supplementary Table 5), 
which closely align with the DOE requirements for low-cost CFs7.

Economic and environmental impact of upgraded CB/PAN CFs
The upgraded CB/PAN CFs also offer cost and environmental advan-
tages compared with pure PAN-based CFs due to the incorporation of 
inexpensive CH4-derived carbon (that is, CB and CH4-deposited carbon; 
Supplementary Table 6) and the electrified Joule-heating process, which 
has been explored in CF processing such as PAN-carbon nanotube and 
graphene fibres25–31. Using our approach, the CH4-derived carbon can 
make up to 50–85 wt% of the total fibre weight (Supplementary Figs. 17 
and 18). We performed a preliminary cost analysis of the upgraded 
20-CB/80-PAN CFs (containing ~24 wt% CB, ~27 wt% deposited carbon 
and ~49 wt% PAN-derived carbon; Fig. 4f) based on the costs of the 
raw materials, chemicals, utilities and so on, estimating the produc-
tion cost to be ~US$13.52 kgCF

−1 (Methods, Supplementary Fig. 19 and 
Supplementary Tables 7 and 8). This cost is lower than that of com-
mercial high-strength CFs (for example, ~US$25.00 kgCF

−1 for T300; 
Supplementary Table 4) and reported low-cost CFs with comparable 
properties (for example, US$11.00–15.00 kgCF

−1 set by the US DOE and 
US$17.30 kgCF

−1 based on Oak Ridge National Laboratory production 
line32; Fig. 4g).

In addition to the cost advantage, the use of CH4-derived car-
bon and reduced energy consumption during thermal treatment 
also reduces environmental impacts compared with pure PAN-based 
CFs. We conducted a simplified cradle-to-gate life-cycle assessment 
(LCA) for our upgraded 20-CB/80-PAN CFs, based on material inputs, 

Electricity
a

High-value CFs

ECU

Carbon fibre

Carbon deposition

CH4

H2

CH4

+ –
C + 2H2

b Porous, low-quality CB/PAN CFs Dense, high-quality CB/PAN CFs

ECU

CH4

~1,700 K

Pores CB Aligned carbon fibrils CB Deposited C

CH4-derived C: 50–85 wt%

Tensile strengths up to 1.7 GPa
Tensile moduli up to 173 GPa

Fig. 1 | ECU by methane pyrolysis. a, Schematic of the ECU process conducted 
through high-temperature Joule heating with porous CFs as the Joule-heating 
element. The process improves the quality of the CFs by depositing carbon 
inside the pores. b, As a proof-of-concept demonstration, porous CB/PAN CFs 
composed of aligned fibrils embedded with CB were used as the Joule-heating 

substrate. In the ECU process, the resulting high temperature (~1,700 K) can 
pyrolyse CH4 to produce a carbon product that fills the pores. The upgraded CB/
PAN CFs feature a high content (50–85 wt%) of CH4-derived carbon (including CB 
and CH4-deposited carbon) and achieve high tensile strengths (up to 1.7 GPa) and 
high tensile moduli (up to 173 GPa).
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outputs and process energy use (Methods). The global warming impact, 
reported as kilogram of CO2 emissions per kilogram of final product 
CF, was calculated. The upgraded 20-CB/80-PAN CFs exhibited a lower 
CO2 emission value of ~22.39 kgCO2 kgCF

−1 (Supplementary Table 9), 
compared with ~30.00 kgCO2 kgCF

−1 for pure PAN-based CFs33. A key 
contributor to this reduction is the decreased CO2 output associated 
with both the production of carbon feedstocks and carbon loss during 
fibre processing. Specifically, the CO2 emissions for pure PAN-based 
CFs are ~12.64 kgCO2 kgCF

−1, whereas for lignin-derived CFs, the output is 
~9.01 kgCO2 kgCF

−1. Meanwhile, the CO2 output for our CB/PAN CFs is only 
~7.23 kgCO2 kgCF

−1 (Fig. 4h and Supplementary Table 10), underscoring 
the environmental advantage of incorporating CH4-derived carbon as 
a partial PAN substitute.

Besides the cost and environmental benefits, the ECU process pre-
sents a promising approach for the continuous upgrading of low-quality 
CFs (Fig. 4i and Supplementary Fig. 20). We have designed and imple-
mented a roll-to-roll system in which aligned CFs are unwound from 
a supply spool and fed between two conductive graphite rods which 
serve as electrodes for Joule heating the fibres while maintaining fibre 
tension. An electric current flows through the segment of CFs between 
the electrodes, driving the resistive heating process. Under the flow of 
CH4, the CFs become densified as the pyrolysis reaction proceeds. The 

densified CFs are subsequently heated in an inert atmosphere to refine 
the microstructure and thus produce high-quality CFs. The proposed 
ECU system can be integrated into existing fibre manufacturing setups 
with minimal modifications (Supplementary Fig. 21).

Fabrication of C/C composites via ECU
Beyond its capability to densify individual CFs, our ECU process, 
distinguished by the in situ high-temperature decomposition of 
CH4 into carbon, can also be used to conformally bond CFs together 
(Fig. 5a) to create CF-reinforced C/C composites (one of the most 
widely applied forms of CF products)34, thus offering improved pro-
cess intensification. As a proof-of-concept demonstration, we used 
the upgraded 20-CB/80-PAN CFs to fabricate C/Cs via ECU (Methods 
and Supplementary Fig. 22). Our CB/PAN CF-based C/C had a tensile 
strength of 0.40 ± 0.06 GPa (Fig. 5b) and a dense structure (Fig. 5c), 
which is comparable to the strength (~0.38 GPa) of reported C/Cs (com-
prised of commercial T300 CFs and CH4-deposited carbon) that were 
prepared at 1,373 K over a 10-h duration under 20 kPa using conven-
tional CVD35,36. Additionally, we used T300 CFs to prepare the C/C via 
ECU (Methods). Choosing T300 CFs enabled us to directly compare the 
C/Cs produced using the ECU and conventional methods, all based on 
the same material platform but using different techniques. Our T300 
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Fig. 2 | Preparation of CB/PAN CFs for the ECU process. a, Digital photo of the 
CB produced by conventional CH4 pyrolysis. b, Digital photo of the fibre-forming 
CB/PAN solution. c, Schematic of the dry-jet wet spinning of the continuous 
CB/PAN precursor fibres. The inset shows a schematic of the CB/PAN precursor 
fibre. d, Digital photo of the continuous CB/PAN precursor fibres on a plastic 
spool. e, SEM (i) and scanning transmission electron microscopy (STEM, (ii) and 

(iii)) images of the 60-CB/40-PAN precursor fibres composed of aligned PAN 
fibrils and embedded CB. f,g, SEM images of the surface (f) and cross-sectional 
(g) morphologies of a 60-CB/40-PAN CF, showing a porous structure featuring 
aligned PAN-derived carbon fibrils with embedded CB particles. Scale bars: 1 cm 
(a), 2 cm (d), 5 μm (e(i)), 10 μm (e(ii)), 500 nm (e(iii)), 10 μm (f) and 5 μm (g).
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CF-based C/C also showed a high tensile strength of 0.68 ± 0.07 GPa 
(Fig. 5b) and a dense structure (Fig. 5d). This strength substantially 
exceeds that of previously reported CF-based C/Cs (~0.38GPa for C/Cs 
without binders and ~0.50–0.65 GPa for C/Cs with the addition of costly 
carbon nanotube binders)35,36. Importantly, our process only takes 
~40 min, which is considerably shorter than conventional methods 
such as CVD (>10 h; Fig. 5e).

Our ECU provides uniform in situ heating, avoiding thermal gra-
dients in the C/C and promoting effective CH4 pyrolysis for uniform 
carbon deposition throughout the composite. Simultaneously, the 
applied tension keeps the fibres aligned during heating, contributing to 
better mechanical performance of the C/C. Therefore, our ECU method 
presents a pioneering platform to leverage CH4-derived carbon for the 
synthesis of not only CFs but also C/Cs.
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d–f, SEM images of the surface (d) and cross-sectional (e,f) morphologies of the 
upgraded 60-CB/40-PAN CF, showing a dense structure. g,h, HRTEM images of 
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Discussion
Traditional methane pyrolysis typically yields low-value CB, a factor 
that fundamentally constrains its economic viability and long-term 
sustainability. While catalytic methods have been proposed to syn-
thesize higher-order architectures, such as carbon nanotubes, they 

are often hampered by energy-intensive catalyst recovery and com-
plex downstream purification. In contrast, our ECU strategy offers 
a catalyst-free, electrified pathway that directly transforms CH4 into 
high-value structural CFs while simultaneously cogenerating green 
hydrogen. Although the absolute mechanical metrics of CH4-derived 
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Fig. 4 | Performance of the upgraded CB/PAN CFs and schematic of 
the scalable ECU process for producing upgraded CFs. a, The electrical 
conductivity of the 60-CB/40-PAN and upgraded 60-CB/40-PAN CFs, showing 
~125-fold improvement. Data from eight independent measurements (n = 8) 
are presented as mean ± s.d. Bar heights represent mean values and error bars 
indicate standard deviation. b, The electrical conductivity of the upgraded CB/
PAN CFs compared with various commercial CFs (for example, T300 and T700G). 
c, The stress–strain curves of the 60-CB/40-PAN and upgraded 60-CB/40-PAN 
CFs. The tensile strength of the upgraded fibre increased by about eight times 
compared with the fibre before upgrading. d, The stress–strain curve of the 
upgraded 20-CB/80-PAN CFs (with tension applied during the ECU process), 
showing the highest tensile strength of up to 1.7 GPa and modulus of up to 
173 GPa. e, Mechanical property comparison of our upgraded 20-CB/80-PAN 

CFs with high-cost commercial CFs and other reported low-cost CFs. Data from 
eight independent measurements (n = 8) are presented as mean ± s.d. Red circle 
markers represent mean values and error bars indicate standard deviation. 
Other circle markers denote data from the literature13,22–24. f, Content of PAN- 
and CH4-derived carbon (CB- and CH4-deposited carbon) in the upgraded 
20-CB/80-PAN CFs. g, Comparison of the production costs of conventional PAN 
CFs (for example, T300), low-cost CFs defined by US DOE and our upgraded 
20-CB/80-PAN CFs. h, CO2 emissions associated with both the production of 
carbon feedstocks and carbon loss during fibre processing for pure PAN-based, 
lignin-based and our upgraded 20-CB/80-PAN CFs. i, Proposed scheme of the 
scaled ECU process for the production of high-quality CFs using low-quality CFs 
as the Joule-heating elements.
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CFs currently trail those of premium PAN-based benchmarks, their 
drastically reduced production cost and life-cycle carbon footprint 
present a transformative value proposition. These attributes render 
such fibres uniquely suited for high-volume, price-sensitive indus-
tries—most notably mass-market automotive manufacturing—where 
the coproduced H2 could serve as a decentralized energy supply, further 
enhancing the systemic efficiency of the ECU process.

When powered by renewable electricity and fed by biomethane, 
the ECU platform could achieve a carbon-negative potential by seques-
tering CH4 into solid-state carbon without direct emissions. Beyond 
remediating low-grade precursors (such as biomass- or CB-based 
fibres), this approach provides a universal template for converting 
abundant feedstocks into a diverse class of value-added materials, 
including high-performance C/C composites. Ultimately, the ECU 
framework demonstrates that integrating advanced materials synthesis 
with clean energy coproduction can forge a sustainable nexus between 
industrial manufacturing and global climate change mitigation.

Methods
Materials
Poly(acrylonitrile-co-methacrylic acid) (PAN, 4 wt% copolymers) 
with a molecular weight of 500,000 g mol−1 was used as the polymer 
binder and obtained from Japan Exlan. Dimethylformamide (DMF, 
ACS grade, 99.8%) was obtained from Sigma-Aldrich. Thermal CB (CB, 
Commercial Thermax N991; produced by the thermal decomposition 
of high-purity methane feedstock) with a diameter of 200–400 nm 

was purchased from Cancarb. Methane (ultrahigh-purity grade, ME 
UHP300) and argon (ultrahigh-purity grade, AR UHP300) were pur-
chased from Airgas.

Preparation of CB/PAN solutions
To prepare the CB/PAN solutions with different CB sizes/contents, the 
CB was first dispersed in DMF via 24h of sonication at a concentration 
determined by the target solid content. The CB/PAN solutions were 
then prepared by mixing dried PAN with the chilled (273 K) CB/DMF 
solution for 1 h, followed by increasing the temperature to 343 K and 
further stirring. After 2 h, the fibre formability of the solution was 
checked by observing whether thin fibres could be produced when a 
glass rod was withdrawn from the solution. The complex viscosity was 
measured using a parallel-plate rheometer to confirm that the solution 
had an appropriate viscosity for spinning. On the basis of the assessed 
fibre-forming behaviour and measured viscosity, DMF was added or 
evaporated while mixing until fibre formation was observed and the 
complex viscosity was within an acceptable range for fibre spinning 
(Supplementary Tables 1 and 2).

Spinning of CB/PAN precursor fibres
Dry-jet wet spinning was conducted on a single-filament system 
designed by Hills, in which the CB/PAN solutions were extruded 
through a spinneret (for example, 200 μm) into an air gap of 3 cm to 
5 cm, followed by a coagulation bath of methanol (MeOH) and dimethyl 
acetamide (DMAc, 70/30 v/v). The fibres were drawn by passing the 
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independent measurements (n = 5) are presented as mean ± s.d. Square markers 
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marker denotes data from the literature35,36. Scale bars: 5 μm (c) and 5 μm (d).
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fibre through a glycerol bath at ~438 K. The resulting CB/PAN filaments 
were wound onto a spool. To prepare the CB/PAN precursor fibres for 
heat treatment, these filaments were removed from their spools in 
bundles resembling fibre tows.

Stabilization and carbonization of CB/PAN precursor fibres
Stabilization of the CB/PAN precursor fibres was performed in a tube fur-
nace (MHI H17HT2.5×24, Micropyretics Heaters International), consist-
ing of a 20-min isothermal hold at 530 K with a supplied air atmosphere. 
Carbonization was then performed in a tube furnace by heating the fibre 
bundle in a nitrogen atmosphere from room temperature to 1,588 K at 
a rate of 5 K min−1. The fibres were kept at 1,588 K for 10 min and then 
cooled down to room temperature at a 5 K min−1 ramp-down rate. Dur-
ing stabilization and carbonization, a stress (5 MPa for 70-CB/30-PAN, 
60-CB/40-PAN and 40-CB/60-PAN and 15 MPa for 30-CB/70-PAN and 
20-CB/80-PAN) was applied using graphite and stainless-steel weights, 
as tension during stabilization and carbonization has been shown to 
improve the mechanical properties of the fibres37. After carbonization, 
these bundles were used in the ECU process.

Joule heating of CB/PAN CFs
The Joule-heating system without hanging weights (batch upgrading 
without tension; Supplementary Fig. 7a–c) includes calibrated mass flow 
controllers, a microflow quartz tube reactor (inner diameter of 1.27 cm, 
length of 20.32 cm, reactor volume of 25.73 cm3, Omega) and an external 
power source (Keithley 2425, Tektronix; or HY6020EX-60A, VOL TEQ). 
Both ends of the quartz tube were attached to Ultra-Torr tee fittings (Swa-
gelok), where one port of each tee was used to accommodate the electric 
wires, while the other was used as a gas inlet/outlet. A bundle of CB/PAN 
CFs was attached to the copper electrodes supported by a homemade 
alumina ceramic holder. The holder was placed in the quartz tube, with 
both ends of the holder connected to a power source by copper wires 
(8873K15, McMaster Carr) that fed through the alumina ceramic tubes 
(single hole, ORX-11618, Omega). Joule heating was performed under 
ambient pressure by varying the current and its duration applied to 
the CFs using the connected power source to achieve different heating 
temperatures. A three-step heating process was used as follows. In step 1, 
we applied a constant current to generate a high temperature of ~2,100 K 
for 2 min to induce structural refinement of the fibres in argon. In step 2, 
we first applied an initial current and gradually increased the current at 
a rate of 0.1–1.0 A min−1 to generate a temperature of ~1,700 K for differ-
ent heating times (10 min for 70-CB/30-PAN and 60-CB/40-PAN, 5 min 
for 40-CB/60-PAN and 30-CB/70-PAN and 2 min for 20-CB/80-PAN) to 
upgrade the fibres in CH4. Step 2 results in a decrease in the resistance of 
the upgraded CB/PAN CFs with the heating time due to fibre densifica-
tion, which makes it necessary to increase the applied current to maintain 
the fibres at a constant high temperature. In step 3, we applied a constant 
current to generate a high temperature of ~2,100 K for 2 min to induce 
structural refinement of the fibres in argon.

The Joule-heating system with hanging weights (batch upgrading 
with tension; Supplementary Fig. 7d–f) contains calibrated mass flow 
controllers, a quartz tube reactor (inner diameter of 5.5 cm, length of 
60.0 cm, reactor volume of 330.0 cm3, Omega) and an external power 
source. In a typical process, the CF ends were fixed between graphite/
stainless-steel weights, then attached to graphite rods, which were 
suspended on a specially designed ceramic tray. This arrangement 
was placed within a quartz tube and connected to a power source. 
Considering the improvement of the mechanical performance of the 
fibres, we used the setup with tension to upgrade the 20-CB/80-PAN 
CFs (applying a stress of 2 MPa).

Preparation of C/C composites
In a typical experiment, the two ends of the upgraded 20-CB/80-PAN 
CFs (an ~5-cm long bundle containing ~500 filaments) were secured 
between graphite/stainless-steel sheets. The fibres were then subjected 

to a stress (3 MPa), induced by graphite and stainless-steel weights 
and placed on a customized ceramic tray. The initial upgrading of the 
bundle was carried out in CH4 at ~1,700 K for 35 min under ambient pres-
sure, followed by structural refinement of the C/C in argon at ~2,100 K 
for 5 min. The spaces between the CFs within the bundle were filled by 
the CH4-deposited carbon. We also used 1,000 T300 CFs (an ~5-cm long 
bundle) to prepare the C/C via our ECU method. This process mirrored 
the fabrication of the CB/PAN CF-based C/Cs. Before use, the T300 CFs 
were de-sized with acetone for 6 h and rinsed with deionized water.

Mechanical measurement and calculation
Tensile testing was performed on an RSA Solids Analyzer II and an 
Instron 5943, using a gauge length of 0.635 cm for CFs before and after 
upgrading, as well as for C/Cs. A single filament (for CFs) or bundle (for 
C/Cs) was mounted on a paper frame using thermoset epoxy. To con-
duct the tensile test, the ends of the paper frame were clamped in the 
machine, then the paper frame was cut and a linear strain was applied. 
ImageJ was used to measure the diameter, cross-sectional area and pore 
area in SEM images of the fibre cross-sections. The tensile properties of 
the fibres/composites were calculated from the obtained stress–strain 
curves according to the diameter (or the overall cross-sectional area). 
The contents of PAN-derived carbon, CB and CH4-deposited carbon in 
the upgraded CB/PAN CFs were evaluated by their geometrical sizes in 
the cross-section (Supplementary Fig. 17).

Electrical conductivity measurement and calculation
The electrical conductivity of CB/PAN CFs before and after upgrading 
was determined using a two-probe resistance measurement technique 
(Keithley 2400/2425, Tektronix). Single-filament fibres were secured to 
a piece of glass with colloidal silver paste, which served as contacts for 
the probes. The length and diameter of the fibre between the probes 
were measured using ImageJ software. The resistance was then deter-
mined by measuring the potential between the probes over a sweep 
of applied currents from 0.5 μA to 500 μA and the conductivity was 
evaluated on the basis of the fibre geometry. The electrical conductiv-
ity of commercial CFs can be found on the manufacturers’ websites, 
including the datasheets for Toray T300 and T700G (https://www.
toraycma.com/resources/data-sheets) and for Hexcel IM10 and AS4 
(https://www.hexcel.com/products/carbon-fiber).

Materials characterization
Wide-angle X-ray diffraction of the fibre bundles was conducted on a 
Rigaku MicroMax-003 coupled to an R-axis IV++ detector. Rheological 
properties of the CB/PAN solutions were measured on an ARES rheom-
eter using parallel-plate geometry (25 mm in diameter and 1 mm gap). 
Thermogravimetric analysis (TGA, Q500, TA Instruments) was used to 
measure the solid content of the spinning solution. For this purpose, sam-
ples were heated to 403 K in air until a constant weight was reached. Scan-
ning electron microscopy (SEM) images were collected using Hitachi 
SU8230, Hitachi 2700 C and FEI Helios microscopes. HRTEM images, 
electron diffraction patterns and EELS were collected using JEOL 2100 F 
and Hitachi 2700 C. To reduce the charging of CB/PAN precursor fibres 
during TEM/SEM characterization, a double-fold copper TEM grid (50/50 
mesh) was sandwiched around the sample. We used a microbalance (Met-
tler Toledo, WXTS3DU) to determine the mass of various CB/PAN CFs and 
then calculated their volumes using the geometric dimensions for each 
sample. Knowing both the mass and volume enabled the calculation of 
density using the formula: density = mass/volume. The Joule-heated 
fibres emit light, which was recorded by a high-speed camera (Vision 
Research Phantom v.12.0) to determine the temperature of the material 
by evaluating ratios of the raw RGB channel intensities38,39.

Measurement of CH4 conversion and H2 yield
Our upgrading process facilitates CH4 pyrolysis, resulting in the pro-
duction of carbon and H2. The CH4 conversions and H2 yields in the 
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electrified CH4 pyrolysis reaction were determined through offline 
analyses. The ECU process in step 2 generates H2 with a yield of 
85.4% ± 4.3% (at a CH4 conversion of 93.2% ± 2.5%). We used a mixture 
of CH4 (2.5 ml min−1) and argon (0.5 ml min−1, as an internal standard) 
to flow through the heating element in the setup (without hanging 
weights) during the ECU process. During upgrading, the gas products 
were collected at the outlet of the reactor using a multilayer foil sam-
pling bag (0.6 l, Supel-Inert Multi-Layer Foil). The sample bag was 
brought to a gas chromatograph (Agilent, Model 6890 N) equipped 
with a thermal conductivity detector (ShinCarbon ST packed column, 
Restek) to quantify gas compositions. The sample was transferred from 
the gas sampling bag into the gas chromatograph by a gas-tight syringe 
(50 μl, Hamilton 1705). Equation (1) was used to calculate the CH4 con-
version (%) from the concentration difference between the feed 
(nCH4 ,feed) and product (nCH4 ,product) stream.

ConversionCH4 (% ) =
nCH4 ,feed − nCH4 ,product

nCH4 ,feed
× 100% (1)

The H2 yield (%) was calculated from equation (2), where nH2 is H2 
concentration in the product stream.

YieldH2 (% ) =
nH2

2 × nCH4 ,feed
× 100% (2)

Cost analysis of the upgraded 20-CB/80-PAN CFs
We estimated the production cost of the upgraded 20-CB/80-PAN 
CFs to be ~US$13.52 kgCF

−1. The major cost components, namely raw 
materials, chemicals, utilities and other process costs are detailed 
below (Supplementary Fig. 19 and Supplementary Tables 7 and 8). 
The techno-economic analysis (TEA) results were based on our experi-
mental data as well as data gathered from the literature and publicly 
available sources.

For raw materials, the upgraded CB/PAN CF contained PAN-derived 
carbon (~US$6.00 kgPAN

−1), CB (~US$1.00 kgCB
−1) and CH4-deposited 

carbon. PAN undergoes mass loss during stabilization and carboniza-
tion steps (45–50 wt%)40, whereas CB- and CH4-deposited carbon were 
assumed not to experience such loss. To produce 1 kg of final upgraded 
20-CB/80-PAN CFs, the required inputs were ~0.25 kg of CB, ~0.25 kg of 
methane-derived carbon, produced from 0.391 kg of CH4 in our case and 
~1.00 kg of PAN. On the basis of the cost of ~US$6.00 kgPAN

−1, the PAN pre-
cursor cost was estimated at ~US$6.00 kgCF

−1. Similarly, the CB cost was 
~US$0.25 kgCF

−1 and the CH4 cost (at US$0.29 kgCH4
−1) was ~US$0.11 kgCF

−1. 
This resulted in a total raw materials cost of US$6.36 kgCF

−1.
Several solvents were used in the process for specific functions. 

DMF was used to dissolve PAN and disperse CB to form the precursor 
solution; MeOH and DMAc served as a coagulation bath to solidify 
the precursor into fibres; and glycerol was used as a thermal medium 
during the hot drawing of the coagulated fibres. The estimated solvent 
losses were as follows: DMF at 0.14 kg (costing US$1.5 kgDMF

−1), MeOH 
at 0.06 kg (US$0.5 kgMeOH

−1), DMAc at 0.03 kg (US$1.0 kgDMAc
−1) and 

glycerol at 0.13 kg (US$0.8 kgglycerol
−1). These chemicals contributed to 

a total cost of US$0.37 kgCF
−1.

Utilities used in the process included electricity, nitrogen gas 
and air. Electricity was consumed during several thermal processing 
stages. In the furnace process, energy was used for stabilization at 
530 K in air for 20 min, consuming 43.60 MJ kgCF

−1 and carbonization 
at 1,588 K in nitrogen for 10 min, consuming 146.69 MJ kgCF

−1. For the 
ECU upgrades specific to CB/PAN CFs, electricity was used in three 
steps: step 1, structural refinement at 2,100 K in nitrogen for 2 min, 
consuming 47.7 MJ kgCF

−1; step 2, CH4 pyrolysis and carbon deposition 
at 1,700 K in methane for 2 min, consuming 21.0 MJ kgCF

−1; and step 3, 
final structural refinement at 2,100 K in nitrogen for 2 min, consuming 
another 47.7 MJ kgCF

−1. The total energy consumption was therefore 
306.69 MJ kgCF

−1 (equivalent to 85.19 kWh). At an electricity rate of 

US$0.03 kWh−1 (per the US DOE 2030 target), the electricity cost was 
estimated to be US$2.56 kgCF

−1. Additionally, ~1.75 kg of nitrogen gas (at 
US$0.12 kgN2

−1) was used during carbonization, adding US$0.21 kgCF
−1. 

The total utilities cost was thus US$2.77 kgCF
−1.

No substantial change was expected in other processing costs such 
as sizing, drying, winding, packaging, emissions treatment, labour, over-
head, maintenance and capital depreciation. Therefore, we adopted the 
previously reported estimate of US$4.02 kgCF

−1 for these other costs.

LCA of the upgraded 20-CB/80-PAN CFs
The LCA was performed using the SimaPro software (https://simapro.
com), which incorporates the primary US Life Cycle Inventory Database 
(https://www.nlr.gov/analysis/lci). In this preliminary LCA evaluation, 
we focused on feedstock/raw materials, chemicals and utilities (elec-
tricity and gas) consumption. Using these results, we used the TRACI 
method41 to determine the environmental impacts of our upgraded 
20-CB/80-PAN CFs.

The goal of this LCA was to evaluate the carbon footprint associ-
ated with the production of the upgraded 20-CB/80-PAN CFs, which 
used reduced PAN feedstock and lower heating energy requirements 
to minimize the global warming potential of the product and process. 
A cradle-to-gate LCA approach was adopted with a functional unit of 
1 kg of upgraded 20-CB/80-PAN CFs. The system boundary included 
upstream impacts from feedstocks (PAN, CB and CH4), chemicals (DMF, 
DMAc, MeOH and glycerol), electricity for heating processes and gas 
used in the production of the upgraded 20-CB/80-PAN CFs. The use 
phase and end-of-life treatment of the upgraded 20-CB/80-PAN CFs 
were excluded from this assessment.

For 1 kg of upgraded 20‑CB/80‑PAN CFs, the cradle-to-gate LCA 
yielded total CO2-equivalent emissions of 22.39 kgCO2 kgCF

−1. PAN pro-
duction and volatilization contributed 6.32 kgCO2 kgCF

−1. Approximately 
1.0 kg of PAN was consumed, generating 5.7 kgCO2 during precursor 
synthesis. During stabilization and carbonization, 0.5 kgPAN was lost, 
of which 0.17 kg was carbon, resulting in an additional 0.62 kgCO2. The 
use of 0.25 kgCB contributed an estimated 0.595 kgCO2 kgCF

−1. Methane 
use required 0.391 kg CH4, with upstream production contributing 
0.137 kgCO2 kgCF

−1. Oxidation of off-gas, comprising 0.027 kg CH4 and 
0.03 kg CxHy, added 0.18 kg kgCO2 kgCF

−1. The total methane-associated 
emissions were 0.317 kgCO2 kgCF

−1.
Solvent-related emissions amounted to 1.641 kgCO2 kgCF

−1. During 
solvent production, DMF, MeOH, DMAc and glycerol contributed 
0.293 kgCO2 kgCF

−1, 0.063 kgCO2 kgCF
−1, 0.077 kgCO2 kgCF

−1 and 0.628 kgCO2 
kgCF

−1, respectively.
Volatilization losses during processing contributed a further 

0.26 kgCO2 from DMF, 0.07 kgCO2 from MeOH, 0.07 kgCO2 from DMAc 
and 0.18 kgCO2 from glycerol, for a total of 0.58 kgCO2 kgCF

−1. Future 
work should explore safer and more sustainable solvents to reduce 
CO2 emissions.

Electricity consumption was 85.19 kWh per kilogram of upgraded 
20-CB/80-PAN CFs, corresponding to 12.69 kgCO2 kgCF

−1 under the 
assumed grid emission factors. In addition, production of 1.75 kg of 
nitrogen gas contributed 0.831 kgCO2 kgCF

−1.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available in this 
paper and its Supplementary Information. Source data are provided 
with this paper.
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