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Production of hydrogen and carbon 
nanotubes from methane using a multi-pass 
floating catalyst chemical vapour deposition 
reactor with process gas recycling
 

Jack Peden    1  , James Ryley2, Jeronimo Terrones1,2, Fiona Smail1, 
James A. Elliott3, Alan Windle3 & Adam Boies    4

Converting natural gas into hydrogen and solid carbon materials using 
methane pyrolysis presents a promising opportunity to produce sustainable 
fuels and materials. The production of hydrogen and bulk carbon nanotubes 
(CNTs) via methane pyrolysis has been demonstrated independently, but 
concurrent production from the same reactor has remained elusive. Here we 
present a multi-pass floating catalyst chemical vapour deposition (FCCVD) 
reactor that converts methane into hydrogen and CNT aerogel. Whereas 
previous FCCVD CNT production consumed hydrogen, the multi-pass 
reactor recycles the carrier gas to eliminate the need for a hydrogen input. 
This results in a net output of 85 vol% hydrogen alongside CNT aerogel 
and a 446-fold increase in molar process efficiency. Furthermore, the 
demonstrated use of biogas to produce CNT aerogel enables a potential 
net sequestration of CO2 from the atmosphere. The results of this study 
have been extrapolated to a pilot-scale reactor, using data gathered at a 
commercial facility, to consider the challenges and opportunities associated 
with scale-up.
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Converting natural gas into hydrogen and solid carbon through 
methane pyrolysis presents a method to produce sustainable fuels 
and materials using hydrocarbon feedstocks that would otherwise be 
burned and produce greenhouse gas emissions. Hydrogen is sought 
as an energy vector for hard-to-electrify sectors and already plays a 
vital role as a precursor for artificial fertilizer production and other 
industries1–3. Today’s hydrogen production of ~100 Mt yr−1 contributes 
2–3% of global annual greenhouse gas emissions4,5. Therefore, alterna-
tive, sustainable modes of production are needed. In addition, >10% 
of greenhouse gas emissions can be attributed to the production of 
materials, in particular, steel (7.2%) and concrete (3%)6. Alternative 
materials with reduced embedded emissions are also key to enabling 
the transition to a low greenhouse gas economy.

Methane pyrolysis is a process in which natural gas is decomposed 
into ‘turquoise’ hydrogen and solid carbon through the reaction

CH4(g) → C(s) + 2H2(g). (1)

The pyrolysis reaction is endothermic and endergonic 
(ΔH° = 37.4 kJ molH2

−1 and ΔG° = 25.4 kJ molH2
−1)7, yet requires less energy 

than hydrogen production by water splitting (ΔH° = 286 kJ molH2
−1) or 

steam methane reforming (ΔH° = 63 kJ molH2
−1)8,9 (Fig. 1c) with the 

added benefit of producing solid carbon that can serve as a useful 
material rather than CO2, which requires further energy for capture 
and storage. The solid carbon can take the form of graphite or car-
bon nanomaterials, which provide a material revenue stream10. Bulk 
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Fig. 1 | Methane pyrolysis to produce hydrogen and bulk CNT materials from 
methane. a, Methane (CH4(g)), obtained from natural gas, landfill gas or biogas, 
is decomposed inside a hot reactor into hydrogen gas (H2(g)) and solid carbon 
(C(s)), which is catalytically grown into carbon nanotubes and collected from 
the reactor as an aerogel. b, CNT materials possess exceptional tensile strength, 
finding applications in tensile and composite materials, as well as in additive 
markets such as batteries11,15,16,47–49. c, Hydrogen production by methane pyrolysis, 

using either fossil natural gas (FNG) or renewable natural gas (RNG), is energy 
efficient and has a low CO2 intensity compared to other hydrogen production 
technologies such as steam methane reforming (SMR), SMR with carbon capture 
and storage (SMR + CCS) and photovoltaic (PV) electrolysis, providing a clean fuel 
and precursor for electricity generation, industrial processes and transport5,8,9. 
Credit: icons in a–c, OpenClipart.
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carbon nanotube (CNT) materials are exceptionally versatile11, with 
fibres possessing high electrical conductivity (5 MS m−1)12, thermal 
conductivity (770 W m−1 K−1)13 and low density14 (1–2 kg m−3). CNT fibres 
have undergone a doubling of strength every 3 years15, culminating 
in the production in 2024 of a fibre with the highest recorded tensile 
strength of over 8 GPa (Fig. 1b)16. Methane pyrolysis can be CO2-negative 
if bioderived methane is used, taking atmospheric carbon sequestered 
by photosynthesis and converting it into solid materials5 (Fig. 1c). 
Methane pyrolysis, outlined in Fig. 1, thus provides an appealing tech-
nology to produce low-CO2-intensity and low-energy-intensity hydro-
gen alongside functional carbon materials that sequester rather than 
release carbon5,17,18.

The direct production of CNT mats and fibres from methane has 
been achieved using floating catalyst chemical vapour deposition 
(FCCVD) reactors19. CNT production using this process has hitherto 
consumed hydrogen, in the form of dilution gas to suppress unwanted 
side reactions, rather than produced it20. Hydrogen and CNTs have 
been produced simultaneously in fluidized bed systems21–24, and at 
least one patent exists for such a system25. However, these systems 
produce CNT powders, not structural materials. The largest market 
for powdered carbon seems to be carbon black, but at 18 Mt yr−1 (ref. 
26), this is 100 times less than the rate at which carbon is produced in 
the form of natural gas (1.9 Gt yr−1)27. Structural materials, such as steel 
with a market of 1.6 Gt yr−1, are among the few commodities used on the 
same scale as hydrocarbons and thus present the most viable markets 
into which pyrolytic carbon materials could be absorbed27.

In this study, we successfully demonstrated the co-production of 
turquoise hydrogen and CNT mats using a multi-pass FCCVD reactor 
that recycles process gas, removing the need for an exogenous hydro-
gen supply during steady-state operation. We further found that this 
multi-pass process is suitable for both pure methane and methane con-
taminated with 33 vol% CO2. The latter simulates unrefined bioderived 
methane such as biogas or landfill gas28, which unlocks the potential for 
a carbon-negative process5. We investigated the differences between 
the multi-pass reactor and the traditional single-pass reactor in terms 
of process efficiencies and mass conversion, and characterized the 
resulting CNTs. We then applied our findings to data obtained from a 
pilot-scale reactor operated by industrial CNT producers to extrapolate 
the features of the multi-pass process to larger reactors.

Multi-pass reactor configuration
During steady-state operation, the multi-pass reactor is a quasi-closed 
loop with ~99 vol% of process gas circulating inside the reactor, mak-
ing multiple passes of the high-temperature reaction zone. Relatively 
small quantities of precursors (methane and catalyst) are added to 
the reaction mixture before each pass of the furnace, producing CNT 
aerogel and hydrogen, which are removed from the reactor. Figure 2a 
shows a schematic of the multi-pass reactor operating in steady state, 
where 1,785 standard cm3 min−1 of process gas is recycled from the 
exhaust back to the injector. This gas consists primarily of hydrogen 
(H2), hydrocarbons (CxHy) and hydrogen sulfide (H2S). An additional 
15 standard cm3 min−1 flow of methane and catalyst precursors (fer-
rocene (C10H10Fe) and thiophene (C4H4S)) is added to the recycled gas 
before injection into the furnace.

Flowing through the furnace, the precursors are heated to 
~1,300 °C, causing the methane to undergo pyrolysis to hydrogen 
and C2 species (primarily acetylene and ethylene) in the presence of 
nucleating iron–sulfur nanoparticles29,30. The catalyst particles act to 
nucleate and grow the CNTs31 from the pyrolysed species. These then 
agglomerate into bundles and form an interconnected aerogel32,33 
that is extracted from the gas stream onto a rotating roller within the 
collection chamber. Figure 2b shows the aerogel exiting the reaction 
tube and being wound onto the roller, which collects the CNTs as a mat 
(Fig. 2c) or fibre. The process gases leave the collection chamber and 
1,785 standard cm3 min−1 of the gas is recycled back to the injector for 

another pass of the reactor. An effluent flow of 22.5 standard cm3 min−1 
containing 84.7 vol% H2 was measured during steady-state operation, 
corresponding to 19.1 standard cm3 min−1 of H2 production and 54% 
hydrogen production efficiency. The hydrogen concentration could 
be increased with pressure swing absorption (Supplementary Fig. 1), 
as is done in steam methane reforming processes9 (see Supplementary 
Note 1 and Supplementary Fig. 2 for details on how the steady state is 
achieved and Supplementary Fig. 3 and Supplementary Note 2 for more 
details on steady-state hydrogen production). Figure 3 shows a detailed 
schematic of the reactor used in this study and Supplementary Fig. 4 
shows a photograph of the reactor.

In addition to enabling the combined production of CNTs and 
turquoise hydrogen, the multi-pass reactor proffers improved effi-
ciency compared with a traditional single-pass reactor (Fig. 2d). In 
a single-pass system, reactants exit the reactor after a single pass of 
the furnace, resulting in a waste stream comprising unreacted gases 
and solid losses that accounts for 99 wt% of the mass throughput at 
the lab scale. The multi-pass process (Fig. 2e) reduces the size of the 
waste stream to 6 wt% by recycling 92 wt% of the total mass flow. By 
using recycled hydrogen in the multi-pass process, the need for an 
exogenous hydrogen supply is completely removed, resulting in a 
much smaller input stream compared with in the single-pass reactor. 
By recycling rather than consuming dilution hydrogen, the hydrogen 
produced by pyrolysis in the multi-pass reactor can be collected as 
a secondary product stream. Overall, these developments lead to a 
33-fold reduction in the waste/product ratio between the lab-scale 
single-pass and multi-pass processes, from 99:1 (single-pass) to 3:1 
(multi-pass). Further improvements come with scale-up to a pilot 
process, as will be discussed later.

Mass conversion in the lab-scale process
Figure 4 gives a detailed breakdown of the mass conversion taking place 
inside the single-pass and multi-pass reactors. The inputs on the left of 
Fig. 4a,b represent the inputs shown on the left of Fig. 2d,e, respectively 
(recycled gases are not included). By recycling unreacted gases in the 
multi-pass reactor, throughput is reduced from 16.38 g h−1 to 1.15 g h−1, 
yet the CNT production is increased from 0.13 g h−1 to 0.17 g h−1.

The waste produced in the multi-pass process (0.88 g h−1) is lower 
than that in the single-pass process (16.25 g h−1). The single-pass waste 
stream shown in Fig. 4a comprises mostly hydrogen, but also contains 
>70% of the methane supply, which leaves unreacted, along with a 
further 10% of the carbon input in the form of hydrocarbon pyrolysis 
products (CxHy). By recycling these gases, the multi-pass reactor needs 
only enough methane input to ‘top up’ the carbon that is consumed 
in each pass of the furnace. The multi-pass process thus removes the 
need for an exogenous H2 input and enables a 10-fold reduction in the 
methane input and a 50% reduction in thiophene input (Fig. 4). The 
multi-pass process increases the amount of product from 0.13 g h−1 to 
0.27 g h−1 (140 g h−1 m−3 to 293 g h−1 m−3), largely owing to the additional 
H2 product stream. The solid carbon loss is reduced twofold in the 
multi-pass process, from 1.1 g h−1 to 0.57 g h−1, but 71% of the carbon 
is still lost.

Single-pass and multi-pass performance
Both single-pass and multi-pass reactors were run with concentrated 
(SP and MP) and dilute (SP2 and MP2) precursor mixtures. An additional 
mixture of concentrated precursors with an impurity of 33 vol% CO2 in 
the methane (MPbio) was also tested to simulate unrefined bioderived 
methane. Supplementary Table 1 provides details of these reaction 
mixtures, and Fig. 5 and Table 1 summarize the results of these experi-
ments (see Methods for details of the calculations). The performance 
of each process relative to the concentrated single-pass (SP) process 
is compared in Fig. 5a. Moving from the concentrated to the dilute 
single-pass (SP2) process there is a 40–70% decrease in CNT mass pro-
duction, carbon yield and molar efficiency as less conversion takes 
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Fig. 2 | Configuration of the multi-pass reactor developed in this study. 
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CNT production and hydrogen effluent leaving the reactor. b, Photograph of the 
CNT aerogel leaving the reaction tube and winding onto the collection roller.  
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the reactor. d,e, Conceptual models showing mass flows in the single-pass (d) 

and multi-pass (e) processes. The multi-pass process is primarily composed of 
recycled gas passing repeatedly through the reactor in a loop, resulting in smaller 
input and waste streams. The magnitudes of the flows are not drawn to scale 
and the relative weight% of each stream is indicated for the lab-scale processes 
detailed in Fig. 4 and the pilot-scale processes detailed in Fig. 6.
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place with fewer precursors inside the reactor. At the same time, some 
CNT properties increase in the dilute process, most notably the ratio of 
G-band to D-band measured with Raman spectroscopy (IG/ID) (3.8-fold) 
and electrical conductivity (17-fold). The need to balance throughput 
with CNT properties is reported in the literature and seems to be a 
caveat of FCCVD reactors34,35.

Both the concentrated and dilute multi-pass processes (MP and 
MP2) show clear efficiency improvements in Fig. 5a, with a 7.7–8.7-fold 
increase in carbon yield and 42–53-fold increase in molar carbon effi-
ciency compared with the concentrated single-pass process. While the 
dilute single-pass process shows a drop in efficiency compared with 
the concentrated single-pass, the dilute multi-pass still proffers an 
efficiency improvement, although its CNT production rate decreases 
by 42%. When the additional hydrogen product stream from the con-
centrated multi-pass process is considered, its overall molar process 
efficiency increases to 44.69%, 446-fold higher than the concentrated 
single-pass process, which operates at 0.1% molar efficiency, typical 
for lab-scale FCCVD reactors20. Moving from the single-pass to the 
multi-pass process proffers an increase in CNT mass production rate 
of 25% in the concentrated case and of 67% in the dilute case.

The introduction of CO2 impurities into the multi-pass process 
(MPbio) reduces its efficiency compared with running on pure meth-
ane. However, it still exhibits a 4- and 32-fold increase in carbon yield 

and molar carbon efficiency compared with the single-pass process, 
respectively, but suffers a 25% reduction in CNT mass production. The 
reduced efficiency and productivity of the MPbio process compared 
with the MP process is attributed to CO2 oxidizing carbon to form CO, 
which acts as a detrimental carbon sink (see Supplementary Note 3 
for more details and Supplementary Fig. 5 for oxide concentrations 
in the process gas).

Comparing the Raman spectra presented in Fig. 5b, the materials 
produced with the concentrated reaction mixtures show a range of 
IG/ID ratios (1.4–1.8), while those produced with the dilute mixtures 
show very similar IG/ID ratios of ~6. The thermogravimetric analysis 
(TGA) curves in Fig. 5c show that the multi-pass processes produce 
material with less iron impurity than their single-pass counterparts, as 
evidenced by the ~30% smaller residual mass. Conversely, the MPbio 
material contains 15% more iron than the single-pass material. The 
materials produced with the dilute recipes (SP2 and MP2) show more 
mass loss at high temperature (>600 °C), indicating the presence of 
CNTs with more graphetization and fewer defects23. The materials 
produced under dilute conditions are more electrically conductive 
(>10-fold) than the materials from concentrated mixtures and also 
more dense. The dilute single-pass material exhibits the highest elec-
trical conductivity (63,669 S m−1), density (273 kg m−3) and specific 
conductivity (233.2 S m2 kg−1).
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Fig. 3 | Schematic of the reactor used in this study. The same reactor can be 
operated in single-pass (SP) and multi-pass (MP) configurations, depending on 
the position of the SP/MP selector valve. The instruments used to characterize 

the process gas, including a Fourier transform infrared spectrometer (FTIR), 
HSense mass spectrometer (MS) and mass flow meter (MFM), are also shown. See 
Methods for more detail. MFC, mass flow controller.
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Structural differences in the CNT materials are visible in their 
transmission electron microscopy (TEM) images, as shown in Fig. 5d–h.  
Moving from the concentrated (Fig. 5d–f ) to the dilute recipes 
(Fig. 5g,h), the CNTs appear longer, forming more coherent networks. 
In particular, the dilute single-pass material (Fig. 5g) shows dense 
bundles with diameters of ~100 nm, containing many CNTs, possibly 
explaining the high density and electrical conductivity of this material. 
Comparing the concentrated multi-pass material in Fig. 5e with the 
single-pass material in Fig. 5d, there is a visible reduction in the number 

and size of iron nanoparticles, corroborating the lower residual mass 
revealed by TGA. The CNTs in the concentrated multi-pass and MPbio 
materials appear shorter than the CNTs in the single-pass material, 
and all three samples are composed of multi-wall CNTs with a diam-
eter of ~10 nm. The CNTs produced with the dilute recipes (SP2 and 
MP2) are also multi-walled, albeit with fewer walls. Many of the CNTs 
in the MPbio material (Fig. 5f) exhibit ‘herringbone’ walls, where the 
graphite planes are diagonal to the axis of the CNTs, possibly a result 
of the additional CO2 impurity.
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Mass conversion in the pilot-scale process
To assess the scale-up implications of the multi-pass process, we col-
lected data from a pilot-scale single-pass reactor operated by Tortech 
Nano Fibers to construct the Sankey diagram presented in Fig. 6a. The 
pilot reactor operates at a higher CNT production rate (30 g h−1), volu-
metric productivity (3.4 kg m−3 h−1) and carbon yield (60%) than the 
lab-scale reactor. The solid carbon loss is 5.9 g h−1, one-fifth of the size 
of the CNT product stream. However, the pilot single-pass process in 
Fig. 6a is dominated by the large hydrogen waste stream, with a net H2 
loss during the process.

Applying the reaction efficiencies of the multi-pass process to a 
pilot-scale reactor indicates that a pilot-scale multi-pass process could 
achieve efficient conversion of methane into CNTs and hydrogen. 
Figure 6b shows the mass conversion for a pilot-scale reactor running in 
the multi-pass configuration, producing 30 g h−1 of CNTs. The reduction 
in waste combined with the increase in product make the multi-pass 
process 57-fold more efficient than the single-pass process on a molar 
basis. The dominant carbon loss stream exhibited by the lab-scale 
multi-pass process in Fig. 4b is reduced at the pilot scale, becoming 
secondary to the CNT and hydrogen product streams in Fig. 6b. Overall, 
the process outputs 75% product by mass, with the process producing 
CNTs and hydrogen in a 3:1 mass ratio at a rate of 4.4 kg m−3 h−1, with an 
88% hydrogen production efficiency. While this is a notable improve-
ment in efficiency compared with the pilot single-pass process, the 
pilot multi-pass process still outputs 25% waste by mass, meaning 
that further improvements should be pursued on scaling from pilot 
to industrial reactors.

Multi-pass FCCVD compared with other pyrolysis technologies
The single-pass processes explored in this study exhibit relatively 
low molar carbon efficiency (0.04–0.1%) and carbon yield (1.4–2.4%), 
whereas the multi-pass processes are able to achieve a much higher 
molar carbon efficiency (4.2–5.4%) and carbon yield (18.2–20.8%), as 
shown in Fig. 7a. Scaling up the reactor for the pilot single-pass pro-
cess achieves a carbon yield of 60%, much higher than the lab-scale 
processes. The pilot multi-pass process model predicts a carbon yield 
and molar carbon efficiency of 79%, along with a hydrogen volumetric 
productivity of 1.1 kg m−3 h−1, approaching the efficiencies of fluidized 

bed systems26, as shown in Fig. 7b. The multi-pass reactor is compared 
with other ‘hydrogen-first’ pyrolysis reactors in Supplementary Fig. 6.

Discussion
This study has demonstrated that an FCCVD CNT reactor can operate in 
a multi-pass configuration with ~99% recycled process gas, requiring no 
exogenous hydrogen supply. The multi-pass reactor produced H2 with 
84.7 vol% purity and CNT aerogel, both were continuously extracted 
from the reactor. Compared with a conventional single-pass FCCVD 
reactor, the multi-pass reactor demonstrated an 8.7-fold improve-
ment in carbon yield and 446-fold improvement in molar process effi-
ciency. These efficiency gains are accompanied by comparatively small 
changes to the characteristics of the CNT aerogel. The dilute multi-pass 
recipe produced CNTs with a Raman IG/ID value of 6, comparable to the 
CNTs used by Zhang et al.16 to create a fibre with a tensile strength of 
8 GPa. Applying these findings to data collected from a commercial 
single-pass CNT reactor, we calculated that a pilot-scale multi-pass 
reactor could produce CNTs and hydrogen in a 3:1 mass ratio, with 75% 
of the mass throughput converted into useful products.

The co-production of CNTs and hydrogen has previously been 
reported using fluidized bed reactors21–24. These processes require peri-
odic removal of CNTs and regeneration of the catalyst, so the FCCVD reac-
tor’s ability to continuously extract CNTs and synthesize fresh catalyst is 
advantageous. However, fluidized bed reactors use more concentrated 
methane feedstock (25–100 vol% CH4) than FCCVD reactors (5–10 vol% 
CH4), allowing greater hydrogen productivity. Fluidized bed reactors 
are characteristic of ‘hydrogen-first’ processes such as molten metal, 
thermal pyrolysis and plasma pyrolysis reactors10,17,18,36. These reactors 
enable the high-production synthesis of turquoise hydrogen from con-
centrated methane feedstocks, while producing relatively low-value 
solid carbon. The fluidized bed reactors typically produce CNTs of large 
diameter (>50 nm) and low IG/ID ratio (~1), and are collected in powder 
form. Recent innovations in rotary kiln reactors enable the continuous 
synthesis of CNTs, potentially with smaller diameters than those from 
fluidized bed reactors, but the CNTs are still harvested as powder25.

The markets for carbon powders are unlikely to accommodate 
the volumes produced while satisfying the global hydrogen demand. 
For example, producing turquoise hydrogen to meet today’s hydrogen 

Table 1 | Performance data and CNT characteristics of the five lab-scale processes (SP, MP, MPbio, SP2 and MP2), and the 
pilot-scale single-pass and modelled pilot-scale multi-pass processes

SP MP MPbio SP2 MP2 Pilot SP Pilot MP

CNT mass production (g h−1) 0.132 0.165 0.0995 0.046 0.077 30.0 30.0

Carbon content (%) 64.41 75.53 58.89 78.33 85.37 95.02 95.02

Iron content (%) 29.66 20.39 34.26 18.06 12.19 4.15 4.15

Raman IG/ID 1.54 1.41 1.79 5.87 6.04 3.58 3.58

Electrical conductivity (S m−1) 3,643 1,593 4,165 63,669 35,470 – –

Specific conductivity (S m2 kg−1) 26.74 11.48 21.87 233.2 213.9 – –

Density (kg m−3) 137.9 139.1 190.4 273.0 166.1 – –

Methane conversion (%) 27.20 91.90 95.44 – – 85.0 95.0

Hydrogen production efficiency (%) 0 54.15 32.99 0 – 0 87.64

Carbon yield (%) 2.38 20.76 9.61 1.37 18.24 60.0 79.14

Molar process efficiency (%) 0.100 44.69 27.20 0.037 – 1.48 85.18

Molar carbon efficiency (%) 0.100 5.36 3.23 0.037 4.21 1.48 79.22

Mass process efficiency (%) 0.806 23.17 7.95 0.34 15.98 13.60 75.00

Volumetric productivity (kg m−3 h−1) 0.147 0.296 0.179 0 – 3.333 4.384

CNT volumetric productivity (kg m−3 h−1) 0.147 0.183 0.111 0.051 0.09 3.333 3.333

H2 volumetric productivity (kg m−3 h−1) 0 0.113 0.069 0 – 0 1.051

– indicates that no data points were obtained in this study.
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demand (~100 MtH2 yr−1) would result in the production of ~300 Mt yr−1 
of solid carbon, that is, >10-fold larger than the current carbon black 
market (~18 Mt yr−1)26,27. The production of primarily powdered CNTs is 
being scaled up to serve the battery electrode market, but is currently 
only ~20 kt yr−1 (ref. 37). As a ‘carbon-first’ approach, the multi-pass 
reactor produces CNTs with a small diameter (~10 nm) and high IG/ID 
ratio (up to 6) that naturally form bulk materials within the reactor 
and can be densified for further property enhancement11,16,38. Using 
bulk CNT materials as replacements for materials such as steel, alu-
minium and copper present the opportunity to not only increase CNT 

use but to realize additional CO2 emissions reductions by displacing 
CO2-intensive materials. Furthermore, the fact that multi-pass FCCVD 
can use biomass-derived methane offers a means for the net sequestra-
tion of carbon from the atmosphere within useful materials.

Huntsman Corporation announced long-term goals to scale up their 
FCCVD CNT process to 1 MtCNT yr−1 (ref. 39). Assuming CNT and hydro-
gen production in the same proportion as the pilot multi-pass process 
presented here, this plant would produce 330 ktH2 yr−1. Three hundred 
such plants could supply today’s H2 demand (~100 MtH2 yr−1) and consume 
~15% of global natural gas (see Supplementary Note 4 for further details).
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The global capacity of FCCVD methane pyrolysis systems is cur-
rently small, although precise numbers are unknown. Deploying this 
technology at scale presents a number of challenges. The first is the 
solid loss generated by the reactor. The pilot-scale reactor reduces the 
proportion of loss relative to the lab-scale reactor, but 15% of carbon is 
still lost. If such reactors are to process megatonnes of methane, the 
proportion of loss must be reduced by orders of magnitude. Similarly, 
the pilot multi-pass reactor consumes ferrocene and thiophene at 25% 
and 7.5% the rate of methane, respectively. Working at the megatonne 
scale, this may become prohibitive and will demand innovation in terms 
of catalyst delivery and use. There is scope for large improvements in 
catalyst efficiency in FCCVD reactors as it has been estimated that <0.1% 
of catalyst particles grow CNTs34. In addition, switching to elemental 
catalyst precursors may reduce costs.

A broader challenge is the ~3% leakage of methane from natural 
gas supplies40, contributing ~18% of total methane flux to the atmos-
phere41. Hydrogen that leaks into the atmosphere can also cause global 
warming42, so any wide-scale deployment of methane pyrolysis must 
address both upstream methane and downstream hydrogen leakage. 

Conversely, the FCCVD process allows biogas conversion to func-
tional carbons, enabling the net removal of atmospheric carbon into 
functional materials43. In addition, the diversion of natural gas away 
from combustion applications and into pyrolysis processes could 
reduce CO2-equivalent emissions from existing infrastructure; with-
out intervention, these emissions alone will exceed the budget for 
1.5 °C of global warming44. Overall, the multi-pass FCCVD process 
for the co-production of bulk CNT materials and turquoise hydrogen 
could reduce greenhouse emissions, but considerable development 
is needed to deploy this technology on a meaningful scale.

Methods
Precursors
N4.5 (zero-grade) argon, methane and CO2, and N5.0 (CP-grade) hydro-
gen and nitrogen were supplied by BOC. Ferrocene powder (98% purity) 
and liquid thiophene (>99% purity) were supplied by Sigma-Aldrich. 
The MPbio precursor contained 67 vol% CH4 and 33 vol% CO2, repre-
sentative of unrefined landfill and biogas (47–70 vol% methane and 
32–43 vol% CO2)28.

Dispensers
Gas flows were controlled by Alicat MC-Series MFCs with the following 
maximum flow rates and calibration gases: process gas (5 standard 
l min−1, H2), ferrocene carrier gas (1 standard l min−1, H2), thiophene car-
rier gas (500 standard cm3 min−1, H2), methane (500 standard cm3 min−1, 
CH4), recycled process gas (2 standard l min−1, H2), FTIR nitrogen purge 
(5 standard l min−1, N2) and CO2 (1 standard l min−1, CO2). Standard tem-
perature and pressure were taken to be 273 K and 1 bar, respectively.

Ferrocene was dispensed by flowing hydrogen carrier gas through 
a sublimation pack held at constant temperature, allowing dispensa-
tion rate calculations using the vapour pressure data from Fulem et al.45. 
Tubes carrying ferrocene vapour from the sublimation pack to the 
furnace were heated to 160 °C to prevent ferrocene condensing inside 
the pipework. Thiophene was dispensed by bubbling hydrogen through 
liquid thiophene cooled to 0.5 °C in an ice bath; the dispensation rate 
was calculated using the Antoine equation provided by NIST46. Fully 
saturated carrier gas was assumed for both precursors.

Reactor
CNTs were synthesized using the FCCVD process first reported by Li 
et al.19. A collection chamber was fabricated by Mackworks Precision 
Engineering to allow continuous winding of the CNT aerogel onto a 
rotating roller. Figure 3 shows a schematic of the reactor used in this 
study and Supplementary Fig. 4 shows a photograph of the reactor. 
The reactor could run in the single-pass configuration with the recycle 
MFC closed and the SP/MP selector valve taking hydrogen from the 
exogenous gas supply. In the single-pass configuration, all process 
gas exits the collection chamber through the water trap and bubbler.

Alternatively, the reactor could run in the multi-pass configura-
tion by closing the exogenous hydrogen supply and switching the SP/
MP selector valve to accept recycled process gas. In the multi-pass 
configuration, process gas from the collection chamber is pumped 
through the recycle MFC and back to the injector via the various MFCs 
and catalyst dispensers. During multi-pass operation, additional gas 
produced by the pyrolysis reaction left the reactor through the exhaust 
line. The exhaust line was fitted with a 2.3 kPa check valve to ensure 
that air could not back-flow into the reactor. Precursor recipes are 
provided in Supplementary Table 1, along with an explanation of the 
differences between the single-pass and multi-pass recipes in Sup-
plementary Note 5.

The reaction took place inside an alumina tube of 580 mm 
length × 45 mm inner diameter × 50 mm outer diameter. The reaction 
tube was heated inside a Carbolite Gero tube furnace with a set point 
of 1,300–1,350 °C. Gases and precursors were injected through a stain-
less steel tube of 3 mm inner diameter × 6.35 mm outer diameter that 
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protrudes 80 mm into the reaction tube. Gases and products exited 
the reaction tube into a stainless steel collection chamber where the 
CNT aerogel was wound onto an aluminium roller of 50 mm diameter 
rotating at ~60 r.p.m. A single CNT mat was collected for each experi-
ment, made by winding many layers of aerogel on top of each other on 
the roller. A 500 mm × 6.35 mm stainless steel rod could be inserted 
through an Ultra-Torr fitting in the collection chamber and into the end 
of the reaction tube; this allowed CNT aerogel to be ‘fished’ from the 
reactor at the start of operation and in case winding was interrupted 
during an experiment.

Between experiments, the reactor was cooled to ambient tem-
perature and flushed with argon to remove flammable gases and then 
with air to make it safe to open and clean. CNT samples were removed 
from the collection chamber, and the reaction tube and collection 
chamber were cleaned of soot and other solid residues using acetone 
and isopropyl alcohol. Once clean, the reactor was sealed and heated 
under a flow of air. Supplementary Note 6 describes the start-up and 
shut-down procedure of the reactor in detail.

Measurement of CNT production
Carbon nanotubes were collected from the reactor after each experi-
ment in the form of a mat collected on the roller and material collected 
on the stainless steel ‘fishing rod’. Both samples were weighed using 
a microbalance (A&D BM-252). The CNT mass production for a given 
experiment was taken to be the sum of the mass of these two samples. 
The CNT mass production rate was calculated by dividing the CNT mass 
production by the length of the experiment, measured to the nearest 
minute using a Lenovo P50 laptop.

CNT characterization
Samples were cut from the CNT mats for characterization. Raman 
spectroscopy was carried out using a Horiba XploRA PLUS Raman 
microscope with a 532-nm laser, 10% power, 450–850 nm grating 
and ×50 objective. TGA was carried out using a Mettler Toledo TGA/
DSC 2 instrument under a flow of air of 25 standard cm3 min−1. The 
samples were heated from 25 °C to 1,000 °C at a rate of 5 °C min−1. 
Electrical conductivity measurements were performed on a bespoke 
four-point probe jig connected to a milliohm meter (Aim-TTi BS407) 
to measure the resistance between three locations along the length 
of 100 mm × 10 mm strips of mat. The thickness of these strips was 
determined by averaging micrometre measurements taken at three 
positions along their length. Their mass was also measured using a 
microbalance, allowing their density to be calculated. TEM samples 
were prepared by dispersing CNT samples in ethanol by sonication for 
~1 h, until the ethanol was visibly slightly darker owing to the disper-
sion of CNTs. The CNTs were then drop cast onto copper TEM grids 
with holey carbon support films. TEM analysis was carried out using a 
Thermo Fisher Scientific Talos F200X G2 TEM microscope.

Gas measurements
During multi-pass operation, the effluent flow rate was measured with 
an Alicat MW-Series low-pressure-drop MFM with a full-scale flow rate 
of 1,000 standard cm3 min−1, shown in the upper right of Fig. 3. Mass 
flow rate measurements were corrected for gas composition according 
to Supplementary Note 7. During single-pass operation, the MFM was 
replaced by a Sensidyne Gilibrator 2 device with a 6 l min−1 standard 
flow cell. The hydrogen concentration in the effluent flow was meas-
ured using a V&F HSense mass spectrometer with an accuracy equal 
to 3% of the measured value. The HSense was located downstream of 
the effluent MFM, shown in the top right of Fig. 3. FTIR was conducted 
using a Bruker Matrix MG5 FTIR spectrometer with a path length of 
5 m (0.5 cm−1 spectral resolution) tracking CH4, C2H6, C2H4, C2H2, C6H6, 
H2O, CO2 and CO. During multi-pass operation, the FTIR spectrometer 
was located downstream of the recycle MFC (Fig. 3). Recycled process 
gas was analysed in the FTIR spectrometer and then returned to the 

reactor in a closed loop. The larger recycle flow provided a shorter 
response time (~20 s) than the smaller effluent flow, and the effluent 
and recycled process gases had the same composition. To characterize 
the single-pass exhaust gases, the FTIR spectrometer was positioned 
on the exhaust line.

Iron and sulfur content
Iron content was calculated from the TGA residual mass by assuming 
that the residual mass was Fe2O3, such that 69.94% of the residual mass 
would be the iron from the aerogel and the remaining 30.06% would 
be oxygen gained during the TGA experiment. Catalyst particle sulfur 
content was estimated to be 20 wt% based on the model of active cata-
lyst particle chemistry presented by Weller et al.20. We acknowledge 
that the specific role of sulfur in the process, and its concentration in 
catalyst particles, is not completely understood at the time of writing 
and that this is an estimate.

Loss quantities
Losses were calculated as the total mass of each element injected 
into the process minus the amount of that element measured leaving 
the reactor in the aerogel and effluent gas stream. This indicates the 
total mass that cannot be measured leaving the reactor. We made the 
assumption that any mass not leaving the reactor accumulates inside 
the reactor as loss, for example, on the walls of the reactor and in par-
ticle filters. This allows a quantitative analysis of the performance of 
the reactor with respect to mass conversion into useful product and 
the mass converted into waste products or loss. However, it does not 
confirm the precise chemistry, mechanisms or location of loss inside 
the reactor.

Iron in the reactor forms solid particles that are removed from 
the effluent and recycled gas flows by particle filters. Therefore, all 
iron not accounted for in the aerogel must take the form of solid loss. 
The mass of sulfur loss was assumed to equal 20% of the mass of iron 
loss (assuming the same nanoparticle chemistry as the catalyst in the 
aerogel). Hydrogen loss was assumed to accumulate in the form of 
hydrocarbon molecules within the amorphous carbon loss, thus the 
ratio of carbon loss to hydrogen loss is dependent on the chemistry of 
this amorphous carbon.

Sankey diagrams
The Sankey diagrams in Fig. 4 collate the inputs for each process 
and the data collected on the outputs, and unmeasured values were 
calculated. The precursor recipes and input rates are provided in 
Supplementary Table 1. The input rates of elemental carbon, hydrogen, 
sulfur and iron were then calculated from these data by summing the 
contribution of each element from each of the precursors. The mass 
production rate of the aerogel, effluent gas and loss streams were cal-
culated as described in the relevant sections above. Effluent H2S was 
calculated as the mass of sulfur not accounted for in the aerogel and 
solid loss. Oxides were detected in the exhaust of the lab-scale process, 
primarily as CO and H2O. The source of the oxygen is believed to be leaks 
in the reactor’s pipework, impurities in the feed gases, etching from the 
alumina (aluminium oxide) reaction tube or some combination thereof. 
To simplify the Sankey diagrams, the fugitive oxygen was not included 
and the mass of ‘oxides’ in the effluent flow accounts only for the mass 
of carbon and hydrogen bound in the oxide species (see Supplementary 
Note 4 for a more detailed analysis of oxides in the effluent streams).

The Sankey diagram representing the pilot-scale single-pass pro-
cess in Fig. 6a was constructed using data collected by ourselves at 
the Tortech pilot-scale plant in Ma’alot Tarshiha, Israel, and by char-
acterizing the material produced by this process (Table 1) and from 
the recipes and performance data provided by Tortech Nano Fibres. 
Supplementary Table 2 contains the mass flow rates of the precursors 
provided by Tortech, enabling the calculation of the elemental input 
rates. The production rate of CNTs was 30 g h−1 for this recipe. The iron 
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impurity in the aerogel was measured by TGA and the sulfur impurity 
was calculated at 20 wt% of the iron impurity, as above. The loss streams 
and effluent H2S were also calculated as above. The mass flow of effluent 
methane was known from the methane conversion efficiency (85%); 
however, the concentrations of the other effluent gas species were not 
measured. The effluent concentrations of CxHy were assumed to be the 
same as in the lab-scale single-pass process, while oxide species were 
ignored. The ratio of hydrogen loss/solid carbon loss was assumed to 
match the lab-scale single-pass process, and any remaining hydrogen 
was assumed to leave the reactor in the effluent stream. The mass of 
effluent hydrogen not accounted for in species such as H2S, CH4 and 
CxHy was assumed to be in the form of H2, yielding the mass flow rate 
of effluent H2 and defining the effluent flow rate. The mass of carbon 
loss was then iterated until the total mass of carbon in the aerogel, 
effluent and loss stream matched the carbon input, at which point all 
mass inputs and outputs of the reactor were balanced.

The effluent and loss flows shown with stripes in Fig. 6a were cal-
culated rather than measured, thus the relative distribution of loss 
between the solid and gas phase was based on calculation. However, 
the precursor flow rates and CNT production rates in Fig. 6a are meas-
ured values, and thus the sizes of the product and waste streams are 
based on measurements. The process efficiencies and carbon yields 
are based on the size of these two streams and are thus based solely 
on measured values.

The Sankey diagram in Fig. 6b was constructed by combining 
the data collected for the pilot-scale single-pass process in Fig. 6a 
and the performance improvements demonstrated by the lab-scale 
multi-pass process. The performance improvements for the pilot 
scale cannot be as large as those seen in the lab because the pilot-scale 
single-pass process is already much more efficient (Table 1). The 
pilot-scale multi-pass process was designed to produce 30 g h−1 CNTs 
like the pilot-scale single-pass process, with the same quantities of iron 
and sulfur impurity. The exogenous hydrogen supply was completely 
removed assuming that process gas will circulate in a closed loop as in 
the lab-scale multi-pass process. The flow rate of ferrocene was kept 
the same, while the thiophene flow was halved, in line with the lab-scale 
multi-pass process. A methane conversion efficiency of 95% was applied 
to the pilot-scale multi-pass process based on the 92% exhibited by the 
lab-scale process. Effluent methane concentration was calculated on 
the basis of this conversion efficiency. Effluent pyrolysis products were 
assumed to have the same concentrations as in the lab-scale multi-pass 
process, and effluent oxides were ignored. Carbon loss was assumed to 
remain the same in the pilot-scale single-pass and multi-pass reactors, 
and the ratio of carbon loss/hydrogen loss was assumed to be same as 
in the lab-scale multi-pass reactor. The mass of iron loss was calculated 
as the mass of iron not accounted for in the aerogel, and sulfur loss was 
calculated as 20% of the iron loss. The mass of effluent hydrogen and 
sulfur was calculated as the mass not accounted for in the aerogel and 
loss streams, providing the mass flow rate of effluent H2S. Effluent H2 
was calculated as the mass of effluent hydrogen not accounted for in 
other effluent species, defining the effluent flow rate. The methane 
input into the process was then iterated until the inflows and outflows 
of carbon and hydrogen were balanced.

Efficiencies
CH4 conversion is defined as

CH4 conversion = ṁ(CH4, injector) − ṁ(CH4, exhaust)
ṁ(CH4, injector)

(2)

measured during steady-state operation, where ṁ(CH4, injector) and 
ṁ(CH4, exhaust)  are the mass flow rates of CH4 in the injector and 
exhaust, respectively, where ṁ is used to represent a mass flow rate. 
CH4 conversion describes the amount of methane converted into dif-
ferent species inside the reactor.

Hydrogen production efficiency in a multi-pass FCCVD reactor 
must consider the hydrogen liberated from ferrocene and thiophene, 
along with the primary contribution from methane. H2 production 
efficiency is thus defined as

H2 production efficiency = ṁ(H2, exhaust)
ṁ(H, injector) (3)

where ṁ(H2, exhaust) is the mass flow rate of H2 leaving the reactor and 
ṁ(H, injector) is the mass flow rate of hydrogen injected into the reactor 
during steady-state operation.

Carbon yield is defined as

Carbon yield = Mass of carbon in aerogel (g)
Totalmass of carbon injected (g) (4)

during steady-state operation. It describes the fraction of the 
total carbon injected into the system that is converted into useful 
carbon products.

Molar process efficiency is defined as

Molar process efficiency = Amount of useful product (mol)
Total precursor input (mol) (5)

measured during steady-state operation. Note that the amounts of 
product and precursors are measured in terms of the number of moles 
of atoms, rather than the number of moles of molecules, such that 
molar efficiency describes the number of moles of atoms that are con-
verted into useful products. In the single-pass process, useful product is 
limited to the carbon aerogel. In the multi-pass process, useful product 
includes both the aerogel and the effluent hydrogen gas. Molar carbon 
efficiency is calculated in the same way as the molar process efficiency, 
but considers only the moles of carbon product:

Molar carbon efficiency = Amount of carbonproduct (mol)
Total precursor input (mol) . (6)

Mass-based process efficiency is defined similarly to molar process 
efficiency, but measures the mass of precursors and products rather 
than the number of moles:

Mass-basedprocess efficiency = Mass of useful product (g)
Total precursor input (g) . (7)

Data availability
All of the data supporting the findings of this study are available within 
the paper and its Supplementary Information. Source data are provided 
with this paper.
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