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A B S T R A C T

The utilization of carbon monoxide (CO), a key intermediate generated in CO2 reduction and syngas-based processes, is a central challenge in carbon management. 
Although several studies have explored carbon growth from CO, conventional approaches often suffer from limited structural control and heterogeneous products, 
hindering the valorization of CO into advanced materials. Here, we report a robust and potentially scalable method to directly synthesize helical carbon nanofibers 
(hCNFs) from CO under ambient pressure, enabling a carbon-negative pathway when integrated with dry reforming of methane (DRM, CH4 + CO2 → 2 H2 + 2CO). 
Using an earth-abundant Fe–Mo nanocomposite catalyst (Fe#MoOx), we achieve uniform Fe nanoparticle stabilization during reduction and carburization, which is 
essential for controlled helical growth. The resulting hCNFs exhibit uniform morphology (≈100 nm diameter; several micrometers in length), a narrow diameter 
distribution (σ < 11.6 nm), high graphitic order, and a carbon yield of ~20% relative to carbon input. Notably, structural characterization reveals an exceptionally 
high density of edge-plane exposure, approaching the theoretical maximum attainable for CNFs. This feature endows the material with intrinsically high surface 
energy and provides a foundation for exploiting edge-rich carbon architectures in applications. In situ mass spectrometry and Raman spectroscopy further elucidate 
the distinct sequence of reduction, carburization, and spiral growth. By transforming CO into nanostructured carbons of unprecedented structural quality, this study 
provides a practical solution to the CO bottleneck in CO2 utilization and establishes a platform for advanced applications in electrochemical storage, photothermal 
conversion, and biointerfaces.

1. Introduction

Carbon dioxide (CO₂) is considered a major greenhouse gas respon
sible for global warming. Consequently, substantial research has been 
devoted to reducing CO₂ emissions in key industrial sectors such as 
steelmaking, power generation, and cement manufacturing [1–3]. The 
Paris Agreement on climate change aims to limit the global temperature 
increase to well below 2 ◦C by imposing international obligations for net 
reductions in CO₂ emissions. Although technologies such as carbon 
capture and storage (CCS), which involve the direct underground 
sequestration of CO₂, are under active investigation to prevent its at
mospheric release, numerous technical challenges remain, including 
issues related to long-term storage stability and potential leakage. [4,5].

In recent decades, various approaches have been researched to 
convert CO2 into useful chemicals, including thermochemical, electro
chemical, photocatalytic, and biological methods [6–9]. Among these, 
CO₂ hydrogenation — in which CO₂ reacts with H₂ to produce fuels or 

value-added chemicals via pathways such as methanation (Sabatier re
action), methanol synthesis, and the reverse water-gas shift (RWGS) 
reaction — has attracted particular attention as a scalable thermo
chemical route [10,11]. A promising extension of this concept is the 
conversion of CO₂-derived gases into solid carbon nanomaterials, which 
offers permanent carbon fixation while yielding high-value functional 
carbon products. However, these methods have not yet been widely 
implemented due to low reaction efficiency and generation of CO2 
during the process. To reduce the annual CO2 emission of 40Gt, it is 
necessary to establish efficient, large-scale, and CO2-neutral CO2 fixa
tion methods. [12,13].

Dry reforming of methane (DRM) is a highly promising method for 
CO2 reduction. This reaction (chemical Eq. 1) enables the conversion of 
methane and CO2 into mixture of hydrogen and carbon monoxide 
[14–19]. CH4 and CO2 are two of the top greenhouse gases, so the sig
nificance of converting them is immense.

Our previous work established a catalyst capable of maintaining 
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stable activity for more than 1000 h, with no detectable side reactions 
such as coking. [20]. During this process, hydrogen is purified in high 
purity through a permeable membrane and is eliminated from the sys
tem. However, in systems represented by DRM, CO cannot be effectively 
utilized, leading to issues such as catalyst deactivation due to unex
pected carbon deposition. If CO produced from greenhouse gases can be 
fixed in a useful form, it would have a significant impact on the envi
ronment, industry, and science.

Here, we report a method for producing carbon nanofibers (CNFs) 
with a uniform diameter from iron(Fe) and molybdenum (Mo) nano
composites (Fe#MoOx) using CO as raw material. These CNFs are helical 
in structure and feature highly exposed edge surface of carbon (hCNFs). 
Additionally, they exhibit strong hydrophilicity and disperse well in 
water. hCNFs are obtained by heating the Fe-Mo composite in a CO at
mosphere. Typically, methods such as CVD process extracts carbon from 
CO to CNF(chemical Eqs. 2,3), but they are known to produce a lot of 
coarse and randomly formed carbon [21–23]. In contrast, our method 
utilizes a specific "Mo-pinning effect" to enforce a helical morphology 
even at mild temperatures (450 ◦C) under atmospheric pressure. Unlike 
conventional iron-catalyzed methods that often result in random carbon 
aggregates due to uncontrolled sintering, our Fe–Mo design regulates 
the nanoparticle size within a critical window, creating high-density 
active edges. This precise morphological control offers a distinct 
advantage over disordered carbons typically synthesized via the Bou
douard reaction, providing a robust platform for solid carbon fixation. 

CH4 + CO2 → 2H2 + 2CO ΔH̊= +247 kJ/mol                                 (1)

2CO → C + CO2 ΔH̊= -172kJ/mol                                                  (2)

CO + H2 → C + H2O ΔH̊= -131kJ/mol                                           (3)

Additionally, Reaction (1) is an endothermic reaction, while Reac
tion (2) is an exothermic reaction. Therefore, the most of reaction energy 
for (1) can be obtained by driving it with (2,3). By combining these two 
reactions, methane, a greenhouse gas, can be converted into high-value 
hCNF in a separate reaction environment without exhausting CO2. 
Furthermore, this process simultaneously enables the extraction of 
hydrogen, which is essential for society. This makes it promising for 
applications in electrode materials, photothermal conversion materials, 
and biological applications. Furthermore, by upgrading CO into valu
able solids of hCNF derived from greenhouse gases such as CH4 and CO2, 
our approach is expected to contribute to addressing environmental 
issues.

2. Experimental

2.1. Catalyst synthesis

A precursor plate of Fe-Mo alloy (Taiyo Koko Co.,LTD.) was 
sectioned into 6 mm × 6 mm squares and placed inside a quartz flow 
reactor, which was purged with argon gas. The gas was switched to a CO 
and O2 flow with a volumetric ratio of 2:1, and heat treatment was 
conducted at 600 ◦C for 12 h. The resulting plate (Fe#MoOx) was used as 
a catalyst for subsequent carbon production.

2.2. Synthesis of hCNFs

The reactor was heated to 450 ◦C under the Ar atmosphere, after 
which a mixed gas containing 10% CO and 5% H₂ was introduced. The 
reaction was maintained for approximately 15 h. Preliminary tests with 
shorter (~5 h) and longer (20–25 h) durations revealed that ~15 h 
provided the optimum balance between yield and structural uniformity 
of the obtained hCNFs. The synthesis temperature of 450 ◦C was chosen 
based on preliminary screening in the 400–600 ◦C range, in which lower 
temperatures led to quite slow carbon growth rate and higher temper
atures promoted random growth of carbon. The CO/H₂ composition 

(10%/5%) was selected to ensure both effective reduction/carburization 
of Fe to Fe₃C and suppression of excessive CO disproportionation, 
thereby yielding uniform helical CNFs. After the reaction, the reactor 
was cooled to room temperature under Ar atmosphere, and the sample 
was retrieved for subsequent analysis.

2.3. Characterization and measurement

A quadrupole mass spectrometer (QMS: Qulee BGM102, Ulvac) was 
used to continuously monitor the gas generated throughout the reaction 
in real time. The samples, both before and after the reaction, were 
characterized using X-ray diffraction (XRD: SmartLab, Rigaku), hard X- 
ray photoelectron spectroscopy (HAXPES), scanning electron micro
scopy (SEM: SU8230, Hitachi), scanning transmission electron micro
scopy (STEM: JEM-ARM200F NEOARM), and Raman spectroscopy (PR- 
1w, JASCO) to analyze structural, chemical, and morphological prop
erties. For morphology analysis, SEM images were used to measure fiber 
diameters at 20 points across different regions of the sample. The 
average diameter and standard deviation were calculated as 96.4 nm, 
and a narrow size distribution (σ < 11.6 nm) was confirmed. Raman 
spectra were collected with a 532 nm laser, and the ID/IG ratio was 
calculated by fitting the D (~1350 cm⁻¹) and G (~1580 cm⁻¹) bands 
using Lorentzian functions, providing a measure of the graphitization 
degree and defect density of the synthesized hCNFs.

2.4. Performance evaluation

The adsorption performance was evaluated using Methylene Blue 
(MB) as a model pollutant. In a typical test, 20 mg of the adsorbent 
(hCNF, or benchmark materials including Multi Wall Carbon Nanotubes 
(MWCNTs), Activated Carbon, and Graphene) was dispersed in 10 mL of 
an aqueous MB solution with an initial concentration of 100 mg/L. The 
suspension was super sonicated then stirred continuously in the dark at 
room temperature to reach adsorption-desorption equilibrium. At pre
determined time intervals, the carbon mixed solution were filtered to 
remove the adsorbent. The residual MB concentration was determined 
by measuring the absorbance at 664 nm using a UV–vis spectropho
tometer. The adsorption capacity at 60 min (q60) and surface utilization 
efficiency (ηSU) were calculated based on the mass balance principle 
and the specific surface area (SBET) of each material.

The photothermal conversion capability was assessed using a solar 
simulator(ASAHI SPECTRA, HAL-320) equipped with an AM 1.5 G filter. 
The light intensity was calibrated to 100 mW/cm2 (1 sun). The sample 
was then irradiated with simulated sunlight, and the surface tempera
ture evolution was monitored in real-time using a radiative thermometer 
(JAPANSENSOR, FLHX-TNE). All measurements were conducted under 
ambient conditions.

3. Result and discussion

3.1. Morphology of hCNFs

Fig. 1 shows the SEM and STEM images of synthesized hCNFs. As 
shown in Fig. 1a, the carbon produced from Fe#MoOx exhibits a helical 
structure. The synthesized hCNFs had a diameter of approximately 
100 nm, a length of several micrometers, and a helical pitch of 250 nm, 
forming a continuous helical structure. All hCNFs obtained were uni
form and exhibited consistent diameters(Fig. 1a). Furthermore, High 
resolution STEM analysis revealed that the hCNFs had a high exposure of 
edge planes(Fig. 1c, e and Figure S1). In contrast, carbon generated from 
iron metal, which is a typical catalyst for carbon production, under the 
same conditions was not observed to form fibers but instead grew in a 
random manner(Fig. 1b).Typically, in carbon nanotubes (CNTs), the 
basal planes of carbon are rolled up, leaving the edges unexposed 
[24–26]. In contrast, for graphene, the edges of its basal planes are 
exposed, representing high-energy sites where functional groups such as 
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Figure. 1. SEM, TEM, and STEM-EDX images of synthesized carbon. (a)SEM image of hCNF from Fe#MoOx precursor. (b)SEM image of amorphous carbon from Fe 
precursor. (c) TEM image of the tip of an hCNF and selected-area electron diffraction pattern. (d) STEM-EDX elemental maps of Fe, Mo and C acquired from the same 
region as panel (c), showing Fe in the particle core and Mo distributed at the periphery. (e) High-resolution STEM images of an hCNF, in which the exposed graphitic 
edges are clearly visible.

Figure. 2. Schematic diagrams of graphene(a) and commercially available CNFs with highly exposed edges (Pyrograf® from Aldrich), along with the STEM image 
and schematic diagram of hCNFs(c).
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hydroxyl (OH) or carboxyl (COOH) groups are more likely to form [22, 
27,28](Fig. 2a). In our hCNFs, the helical structure facilitates significant 
exposure of these edge planes (0001), as evidenced by the analysis. 
Fig. 2b illustrates a schematic diagram of a commercially available CNF 
(Pyrograf®) that is generally recognized for having highly exposed 
edges. The angle θ between the outer peripheral surface and the edge 
planes of graphite is reported to be approximately 25◦. Based on this, the 
number of edge planes per 10 nm, or the density of exposed edges, is 
calculated to be 14–20 edges per 10 nm. Theoretically, the edge density 
reaches 29.4 edges/10 nm when θ is 90◦, as in the case of graphite.

In contrast, for hCNFs, θ is significantly larger at 60◦, resulting in a 
calculated edge density of ~25 edges/10 nm(Fig. 2c). This corresponds 
to approximately 87% of the theoretical maximum edge density of ideal 
graphene edges. This geometric feature is critical for the enhanced 
surface activity discussed later. This indicates that the hCNFs exhibit an 
edge density several tens of percent higher than that of CNFs, which are 
generally considered to have highly exposed edges.

It is known that the size of CNFs varies depending on the size of the 
catalyst, when the size is a few nanometers, carbon nanotubes (CNTs) 
are formed, while at around 100 nm, helical CNFs are produced, and 
when the size exceeds that, random and coarse carbon fibers are more 
likely to form [29,30]. Fig. 3 shows the surface structure of Fe#MoOx 
catalyst during the CO driven carbon formation reaction over time. By 
heating in a CO atmosphere, Fe-based particles are formed on the sur
face in the sequence of a → b → c, and after 4 h, it is observed that the Fe 
particles are being pushed up. It is revealed from the subsequent 
HAXPES measurements, described in the next section, that the Fe par
ticles are in the form of cementite (Fe3C)(FigureS2). During this process, 
the catalyst surface becomes homogenized in the range of 50–100 nm, 
and once the size of Fe3C reaches this range, hCNFs are rapidly formed 
(Fig. 3d). In other words, the Fe#MoOx catalyst promotes the formation 

of homogeneous Fe based nano-particles on the surface, and once these 
particles reach the optimal size, it functions as a substrate catalyst to 
generate uniform hCNFs. Furthermore, STEM-EDX analysis in Figure 1d 
reveals that Fe is concentrated in the nanoparticle core (consistent with 
the Fe₃C identified by XRD), while Mo is distributed mainly at the pe
riphery of the particle and in the surrounding matrix, rather than at the 
apex from which carbon is extruded. This spatial segregation, combined 
with HAXPES analysis showing that Mo persists predominantly in a Mo⁴⁺ 
(MoO₂) oxidic state with only a minor surface-carbide contribution 
throughout the reaction (Figure S2) — in contrast to Fe, which is pre
dominantly transformed to Fe3C and Fe0 as the operative phases for 
carbon growth (Figure S2; Fig. 4b) — supports the interpretation that 
Mo acts as a structural stabilizer at the Fe₃C surface rather than a direct 
catalytic site for CO dissociation, ensuring a narrow size distribution 
(50–100 nm) critical for hCNF growth. This size control prevents 
random carbon deposition and enables consistent helical morphology. 
[31] Our time-resolved analysis confirms that without Mo, Fe particles 
rapidly sinter into large aggregates (>200 nm), leading to amorphous 
carbon formation (Figure 1b). Thus, Mo acts as a critical structural 
stabilizer ("pinning agent") that confines Fe particles to the 50–100 nm 
window essential for helical growth. Under our standard conditions 
(10% CO + 5% H₂ in Ar, 50 sccm total flow, ~10 g Fe#MoOₓ substrate, 
450 ◦C, 15 h), approximately 20% of the supplied CO is converted to 
solid carbon — estimated by integration of the in-situ QMS CO and CO₂ 
traces (Fig. 5a) — corresponding to a carbon productivity of ≈ 24 mg_C 
per gram of bulk substrate over 15 h (≈ 1.6 mg_C g⁻¹ h⁻¹). Because the 
catalytically active region is confined to the surface of the substrate, the 
per-gram-of-Fe productivity is considerably higher than this 
bulk-substrate value.

Fig. 3. SEM image of the substrate surface during the reaction(a)0 h (b)2 h (c)4 h (d)6 h.
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3.2. Spectroscopic analysis of Fe#MoOx and hCNF

The HAXPES spectra(Figure S3) indicates that synthesized carbon 
exhibits peaks distinct from those of carbon nanotubes(CNTs), revealing 
the presence of a higher proportion of graphitic bonds [32,33]. This 
suggests that the synthesized carbon is closer to carbon nanofibers 
(CNFs) rather than CNTs. This result is good agreement with the STEM 
image, where the (0001) planes of graphite are stacked and exposed. 
HAXPES analysis of the Mo 3d region (Figure S2) confirms that Mo exists 
predominantly as Mo⁴⁺ (MoO₂; 3d₅/₂ ≈ 229.5 eV [34,35]) with a minor 
Mo⁶⁺ (MoO₃) contribution before the reaction, consistent with a 
mixed-valence surface-oxide environment. After the CO/H₂ treatment, 
the Mo 3d spectrum broadens, but Mo⁴⁺ remains the dominant compo
nent, with additional minor contributions from residual Mo⁶⁺ and a weak 
low-binding-energy shoulder near ~228 eV consistent with a small 
fraction of surface Mo²⁺ carbide [36]. Importantly, Mo does not undergo 
a clean transformation to a single reduced or carbide phase — in marked 
contrast to Fe, which is predominantly transformed to Fe₃C and Fe⁰ as 
the operative phases for carbon growth confirmed by XRD of the sepa
rated hCNFs (Fig. 4b) and HAXPES(Figure S2). This chemical contrast 
supports the role of Mo as a structural stabilizer rather than an active 
carbon-growth site.

The XRD analysis prior to the reaction revealed that the main phase 
of Fe#MoOx is a mixture of Fe2O3 and Fe (Fig. 4a, bottom). After the 
reaction, the main phase was identified as iron carbide (cementite, Fe3C) 
(Fig. 4a, top). the strongest Fe peak observed at this stage originated 
from the bulk substrate, which did not participate in the reaction. In the 
hCNF grew on the surface, a strong peak attributed to carbon was 
observed near 26◦, along with peaks corresponding to Fe3C, whereas no 
peaks corresponding to metallic Fe were detected (Fig. 4b). This result is 
consistent with the STEM image and electron diffraction pattern of Fe3C 
incorporated within the hCNF, as shown in Figure 1c.

The HAXPES analysis further confirmed the presence of Fe3C even in 
the separated carbon generated on the surface of Fe#MoOx, indicating 

that Fe3C generated from Fe#MoOx served as the active site for hCNF 
growth(Figure S2). Previous studies have shown the same phenomenon, 
for example, hematite (iron oxide) being reduced to iron and subse
quently carburized into cementite under a CO and H2 atmosphere to 
produce carbon fibers [37–39]. Therefore, it can be inferred that a 
similar reaction is occurring in this case. It is worth noting that the re
sidual Fe3C cores impart magnetic properties to the hCNFs, allowing for 
easy magnetic separation in slurry-type applications such as water 
treatment. For applications where high carbon purity is strictly required 
(e.g., electrode materials), we confirmed that a simple acid treatment (e. 
g., aqua regia) can effectively remove the catalyst residues.

3.3. Time resolved catalytic changes and hCNF growth

Fig. 5 shows the temporal evolution of in-situ QMS signals 
throughout the reaction. From these data, qualitative changes in the 
concentrations of CO and CO₂ are clearly observed over time (Fig. 5a). In 
particular, during the initial stage of the reaction (Fig. 5b), a substantial 
decrease in the CO signal indicates that CO is rapidly consumed at the 
onset. Complementary in-situ Raman spectroscopy results (Figure S4) 
further reveal that carbon formation does not occur immediately but 
appears after a certain induction period following the introduction of CO 
and H₂ gases. Notably, the Raman spectra of the hCNFs show charac
teristic D and G bands at ~1350 and ~1580 cm⁻¹ , respectively, with an 
intensity ratio ID/IG ≈ 2.96. This relatively high ratio indicates that, 
while the carbon possesses graphitic layers, it also contains a large 
number of edge sites and structural defects that strongly contribute to 
the D band intensity. This interpretation is consistent with the STEM 
observations, which clearly reveal graphitic stacking accompanied by 
abundant exposed edges. Thus, the carbon formed can be regarded as 
graphitic in nature but with a high density of edge-related defects, in line 
with the structural features observed in the microscopic analysis [40].

These observations suggest that, in the initial stage of the reaction, 
the reduction of iron oxide and its carburization into cementite take 

Fig. 4. (a) XRD patterns of Fe#MoOx before the reaction (orange, bottom) and after the reaction (blue, top), showing the transition from Fe₂O₃/Fe to Fe₃C. (b) XRD 
pattern of the generated hCNFs separated from the Fe#MoOx substrate, displaying peaks of graphitic carbon and Fe₃C.

Fig. 5. (a) Temporal evolution of QMass signals of CO and CO₂ during the reaction. (b) Magnified view of the CO signal at the initial stage, highlighting its rapid 
consumption.
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place. This reaction is consistent with those observed in direct reduction 
processes of iron under CO and H₂ atmospheres [37,38,41], with prior 
examples reported in the literature. The subsequent formation of carbon, 
following carburization, is corroborated by the changes observed in 
Raman spectra. Therefore, it can be concluded that the initial stage of 
the reaction involves the reduction and carburization of iron, while 
carbon formation occurs only after carburization has progressed to a 
certain extent.

When the gas was changed to CO only instead of CO + H2, no carbon 
was generated, and XRD showed peaks corresponding to Fe3O4. This 
suggests that hydrogen plays a crucial role in the reduction of iron. 
Specifically, it indicates that it is necessary to reduce iron as a precursor 
to the transformation into Fe3C. furthermore, after carbon formation, 
when the supply of H2 gas was stopped and only CO was flowed, no CO2 
generation was observed. Similarly, this suggests that the presence of 
hydrogen is essential for the growth of carbon as well.

3.4. Adsorption performance and benchmarking

To evaluate the surface activity and industrial potential, we con
ducted Methylene Blue (MB) adsorption tests and compared the results 
with three representative benchmarks: Activated Carbon (AC), com
mercial Multi-Walled Carbon Nanotubes (MWCNTs), and Graphene 
Nanoplatelets. As summarized in Table 1, hCNF exhibited an equilib
rium adsorption capacity (q60) of 32.3 mg/g. Although this value is 
comparable to commercial MWCNTs (30.3 mg/g), the specific surface 
area of hCNF (46.1 m2/g) is less than half that of MWCNTs (119.6 m2/ 
g). Consequently, the Surface Utilization Efficiency (ηSU) of hCNF is 
calculated to be 0.70 mg/m2, which is ~2.8 times higher than that of 
MWCNTs (0.25 mg/m2) and ~13 times higher than Activated Carbon 
(0.05 mg/m2). This confirms that the hCNF surface is qualitatively su
perior (higher site density) compared to the basal-plane dominated walls 
of CNTs. Furthermore, in terms of kinetics (Figure S5), hCNF showed 
rapid adsorption comparable to AC in the initial stage, proving the 
excellent accessibility of the exposed helical edges. Notably, the exper
imental adsorption capacity of hCNF (38.4 mg/g) is approximately 82% 
of that of Graphene Nanoplatelets (46.6 mg/g, edge-rich reference). This 
ratio is in reasonable agreement with the geometric prediction derived 
in Section 3.1, where the edge density of hCNF was calculated to be 
~87% of the theoretical maximum. This quantitative consistency sup
ports the validity of our simplified helical model.

Additionally, regarding energy applications, we demonstrated the 
photothermal capability (Figure S6). The hCNF film exhibited a rapid 
temperature rise of 20 ◦C within 25 min under simulated sunlight, 
outperforming Graphene Nanoplatelets and MWCNTs due to enhanced 
light trapping within the helical structure. The superior photothermal 
heating of hCNFs can be well explained by their specific geometry, 
consistent with established light-trapping mechanisms. Similar to the 
multiple scattering effects reported in helical graphitic carbon nitrides, 
the coiled structure likely induces internal reflections that trap incident 
photons [42]. Additionally, the ~100 nm diameter suggests enhanced 
light absorption, likely due to multiple scattering and internal re
flections within the helical structure, similar to light-trapping effects 
observed in other structured carbons. These precedents strongly indicate 
that the helical architecture effectively functions as a "light trap," 
resulting in the observed enhancement in photothermal conversion 

[43].

4. Conclusion

CO-based CNF synthesis typically results in random growth modes, 
yielding only coarse carbon. However, by using the Fe-Mo composite 
Fe#MoOx, we successfully controlled carbon formation and synthesize 
high-quality hCNF. Through in-situ observations combining QMS gas 
analysis and Raman spectroscopy, we elucidated the reaction mecha
nism and identified the cause of carbon growth mode. In a H2 and CO 
atmosphere, iron is reduced and carburized into iron carbide (cementite, 
Fe3C), serving as the carbon source. The Fe–Mo nanocomposite 
(Fe#MoOx) enabled uniform hCNF growth by controlling Fe nano
particle size through Mo-assisted structural stabilization during reduc
tion and carburization. This size control is essential because Fe particles 
outside the 50–100 nm range lead to CNT or amorphous carbon for
mation, whereas optimized Fe particle sizes favor helical CNF growth. 
Under standard conditions, the carbon productivity is ≈ 24 mg_C per 
gram of bulk Fe#MoOₓ substrate over 15 h (CO conversion ≈ 20%, 
estimated from in-situ QMS). We note that the catalyst is single-use in its 
present form, since the active Fe nanoparticles become encapsulated 
into the growing hCNFs through a tip-growth mechanism; scalable in
dustrial deployment will therefore require a regeneration or continuous- 
extraction strategy, which is a subject of ongoing work. Combining DRM 
with CO fixation is effective as it reduces greenhouse gases like methane 
and carbon dioxide while producing hydrogen. This study aims to ach
ieve negative emissions of greenhouse gases and demonstrates the utility 
of greenhouse gas fixation technology through the synthesis of func
tional carbon.
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Content of Interest

• Demonstrates a robust and scalable method to directly synthesize 
high-quality helical carbon nanofibers (hCNFs) from CO, a key in
termediate in CO₂ utilization and syngas chemistry.

• Integrates catalytic CO fixation with dry reforming of methane 
(DRM), providing a carbon-negative route to durable nanostructured 
carbon materials.

• Highlights a unique strategy to valorize CO₂-derived intermediates 
into high-value products, directly addressing the journal’s focus on 
sustainable CO₂ conversion and utilization technologies.

• Offers industrial relevance by coupling greenhouse-gas mitigation 
with the scalable production of advanced carbon nanomaterials.

Appendix A. Supporting information

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jcou.2026.103471.

Data availability

Data will be made available on request.
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