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The transition to sustainable hydrogen production is critical to decarbonizing the global energy system
and reducing reliance on carbon-intensive methods such as steam methane reforming (SMR). Methane
pyrolysis has emerged as a lower-emission alternative, yet its viability is constrained by the extreme
temperatures required (600-1200 °C) and associated energy demands. Here, we present methane
photolysis, CH4(g) + hv — C(s) + 2H>(g), as a novel, light-driven pathway for simultaneous hydrogen and
carbon nanotube production. Operating at ambient conditions and powered by LED illumination, this scal-
able and continuous process selectively yields clean hydrogen with a maximum hydrogen production rate of
17.74 + 1.71 mol cm~2 h™! and high-value carbon nanotubes (CNTs) achieving yields of approximately 8.0 g
CNT per g catalyst at a production rate of ~0.150 & 0.001 g h~%, while circumventing the thermal and car-
Received 16th April 2025, bon burdens of conventional methods. Compared to water electrolysis, our approach requires approximately
Accepted 10th November 2025 70% less energy per kilogram of H, produced. For CNTs, the energy savings reach ~74% relative to conven-
DOI: 10.1039/d5ee02120k tional methods such as fluidized-bed chemical vapor deposition. Techno-economic and life-cycle assess-
ments demonstrate its potential as a scalable, energy-efficient alternative for decentralized hydrogen and
rsc.li/ees carbon nanomaterial synthesis, with implications for cleaner fuel production and circular carbon utilization.

Broader context

The global shift toward sustainable hydrogen production is essential for decarbonizing energy systems and achieving climate goals. While current industrial
methods like steam methane reforming and high-temperature pyrolysis can produce hydrogen at scale, they are energy-intensive and carbon-emitting. This
study introduces a light-driven methane photolysis process that operates at ambient conditions to simultaneously generate clean hydrogen and valuable multi-
walled carbon nanotubes (MWCNTs). Unlike conventional approaches, this method eliminates the need for high temperatures, reducing energy input by up to
70% for hydrogen and 74% for CNTs. Techno-economic and life cycle analyses show that the light-driven process not only lowers the environmental footprint
but also enhances economic feasibility, particularly under solar or LED operation. Beyond hydrogen, the co-produced MWCNTs offer sustainable value as next-
generation materials in batteries and electrical systems, potentially displacing copper. By integrating system energy requirements, carbon valorization, and
economic viability, this approach represents a transformative advancement in clean hydrogen and carbon nanomaterial production.
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Introduction

The global shift towards renewable energy sources is underscoring
the urgent need for sustainable methods of hydrogen production,
as hydrogen is increasingly regarded as a critical energy carrier in
the transition to a low-carbon future."” As a versatile fuel, hydrogen
has the potential to decarbonize a wide array of industries, from
transportation to heavy manufacturing, all while facilitating the
storage and transport of renewable energy.> However, the predo-
minant industrial methods for hydrogen production, particularly
steam methane reforming (SMR), face significant challenges.*”
SMR relies on fossil fuels and is associated with high energy
consumption and substantial CO, emissions, undermining its role
in achieving global sustainability goals.
Steam-methane reforming

CHyg) +2H20(g) — COxg) +4Ha g (1)
AHY.. = 252.75 kJ mol ' of CHy4

One such promising alternative is methane pyrolysis, which
can produce hydrogen without generating CO, by decomposing
methane (CH,) into hydrogen (H,) and solid carbon.®™®

Methane pyrolysis

CHyg) — Cs) + 2Hy(y D)
AHY.c = 74.90 kJ mol™' of CH,4

Unlike SMR, methane pyrolysis avoids direct CO, emissions by
utilizing high temperatures (600-1200 °C) to induce the necessary
chemical reactions. While this process offers a cleaner alternative
to SMR, the intensive thermal requirements result in substantial
energy inputs, limiting its economic viability and scalability,
especially when considering the broader goal of decarbonizing
the energy sector. Consequently, there is an increasing demand
for methods that can overcome the energy-intensive nature of
traditional pyrolysis while still enabling efficient, low-carbon
hydrogen production.

Another promising thermochemical approach employs con-
centrated solar to crack methane around 1600 K in a particle
flow reactor using light intensities equivalent to 1720 suns to
produce hydrogen (H,) and carbon filaments.’ Solar thermal
cracking of methane of this kind has been explored in different
reactor configurations, such as rotary beds and roll-to-roll
reactors.'™?

Methane photolysis, described herein by contrast, is a
photocatalytic (photochemical/photothermal) process in which
light under ambient conditions is used to dissociate methane into
hydrogen and carbon nanotubes. The direct use of photons
eliminates the need for high temperatures, significantly reducing
the energy input required compared to the aforementioned meth-
ods. The carbon nanotube coproduct brings dual value to the
process with applications in energy storage, electronics, and
advanced materials science.”*™** The process can be scaled and
operated continuously with light-emitting diodes, thereby circum-
venting solar intermittency. It outperforms methane steam reform-
ing and water electrolysis in energy requirements, environmental
impact, and cost-effectiveness, as validated by system energy
requirements calculations, techno-economic and life-cycle analyses
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(TEA-LCA). A comparative summary of similar work in the litera-
ture, including methane pyrolysis and concentrated solar-driven
cracking approaches, is presented in Table S1. To the best of our
knowledge, this is the first report of methane photolysis driven by
low-intensity light irradiation that enables the simultaneous pro-
duction of high-value CNTs and clean hydrogen, with CNTs
mechanically separable from the catalyst, eliminating the need
for chemical post-processing.

Results and discussions
Methane photolysis performance evaluation

Activity was initially evaluated using a 300 W Xe lamp (up to
30 W cm? irradiation intensity, where 0.1 W cm? is equal to
1 sun; Xe lamp spectra in Fig. 1a) in a fixed-bed reactor (Fig. S1
and S2). Methane photolysis showed a favourable low apparent
activation energy (E, = 4.14 k] mol™") compared to traditional
thermal approaches, which require elevated temperatures of
600-1200 °C, (E, = 58.71 kJ mol " (Fig. S3a)).'®'” Activation
energy differences can be attributed to a high localized tempera-
ture generated on the Ni particles under irradiation, which is
both highly concentrated and transient, minimizing energy
losses compared to broader environmental bulky heating meth-
ods like conventional thermal or concentrated solar thermal.
The intense and targeted heating at the nanoscale enhances the
activation of methane molecules, resulting in a fast production
rate and perfect selectivity for H, and multi-walled carbon
nanotubes (MWCNTs). The localized heating mechanism also
outperforms traditional thermal cracking by maintaining precise
control over the reaction environment, reducing undesired side
reactions, and optimizing catalytic efficiency with excellent
selectivity for MWCNT with an outer diameter of between 10 to
50 nm (average diameter of ~17 nm) and a length of between
20 nm to 50 pm. Light-driven methane conversion benefits from
reduced activation energy relative to thermal cracking. UV photons
can supply discrete quanta (~430 k] mol™" for 277 nm light),
directly matching the C-H bond dissociation energy, allowing
selective homolytic cleavage without excessive heating.'®'® This
pathway avoids the high-temperature effects and preserves catalyst
integrity. Comparatively, conventional methane thermal cracking
needs more energy input to break the C-H, overheating the
catalyst and causing significant chemical and/or microstructural
changes, and forming amorphous carbon and mostly tip-grown
CNT due to the nonuniform heat distribution during the
reaction.>**"

Control tests were performed to monitor the activity of each
component of the reaction system including the empty reactor,
catalyst, and photo-grown MWCNT, to confirm catalyst optimiza-
tion and rule out external contributions (Fig. 1b). 10% Ni/Al,O5
showed an optimum H, rate compared to pure Ni particles and
pure MWCNT, which could be related to the metal/support inter-
actions that improved the thermal and chemical stability of the
catalyst.”” Nickel was selected for this study as it is widely reported
in the literature as the most active monometallic catalyst for
methane cracking, exhibiting high methane conversion and
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Fig. 1 Photocatalytic performance evaluation. (a) Simulated Xe light spectrum used for wavelength dependence studies. (b) Methane photolysis reaction
performed on each component of the catalyst at light intensity (20 W cm™2). (c) 10% Ni/Al,Os sample for power intensity studies. (d) Photocatalyst surface
temperature measurement under varying light intensity measured by infrared thermometry. (e) Wavelength dependence studies at irradiance (20 W cm?).
(f) The H, rate over 10% Ni/Al,Os in the dark and heated to the corresponding temperature caused by light of different irradiance with respect to the rates
under light in the same reactor configuration. In each experiment, the total gas flow was set to 20 sccm (10 sccm CH,4: 10 sccm Ar) with an irradiated
sample surface area of 0.785 cm?. New samples were used for every test condition. At least three individual measurements were used to calculate the

error bars.

hydrogen yield across a wide range of conditions.”** > Its strong
activity in C-H bond activation, thermal stability, and compat-
ibility with Al,O; support made it a suitable choice for our
system. That said, we have also experimentally tested Co, Fe,
and Cu catalysts supported on Al,O; under similar conditions
(Fig. S4). Ni consistently demonstrated the highest catalytic
activity and favourable formation of ordered solid carbon struc-
tures among these candidates.

Various Ni loadings on Al,O; were investigated to study the
effect on the H, rate and CNT formation (Fig. S5a). 10% Ni
loading yielded MWCNT and had the highest H, production
rate compared to 1%, 5% and 20% Ni; all catalysts have been
tested under the same experimental conditions. PXRD patterns
of the spent 10% and 20% Ni/Al,O; showed the presence of
the graphitic carbon (002) at 26.2°, while 1% and 5% did not
(Fig. S5b). These results confirm the importance of the Ni
particle size and distribution on photocatalytic H, and MWCNT
formation. The influence of Ni particle size on conventional
thermal methane cracking has been extensively documented in
the literature.>*°

For this study, Ni/y-Al,O; was deliberately chosen due to
its well-established strong metal-support interaction, which is
widely reported to promote high dispersion of Ni particles,
suppress sintering, and provide consistent methane decomposi-
tion activity and stability. Strong metal-support interaction with
v-Al,O; also enables the formation of smaller Ni nanoparticles,
which are more resistant to aggregation and deactivation.*'*?

498 | Energy Environ. Sci., 2026, 19, 496-512

Ni/y-Al,O; additionally favors the formation of ordered
carbon structures by supporting base-growth of carbon nano-
tubes (CNTs) for the strong metal-support interaction with
better thermal stability for the gamma alumina support, facil-
itating separation and enhancing catalyst durability.>® This is
supported by studies showing that compared to inert (SiO,) or
basic (MgO, CaO) supports, y-Al,O; enables higher CNT quality
and stability, while basic supports may favor amorphous car-
bon and inert supports tend to result in larger Ni particles and
tip-grown CNTs with faster deactivation. Carbon-based sup-
ports can complicate mechanistic interpretation due to simul-
taneous carbon formation from the support itself.**

In addition, the acidity/basicity and high surface area of
v-Al,O; facilitate the balance between catalytic activity and
carbon structure, as also demonstrated in recent catalyst design
studies.

We have performed direct experimental comparisons under
identical conditions for 10% Ni/y-Al,O3, 10% Ni/SiO,, and 10%
Ni/MgO. The results show that both Ni/y-Al,O; and Ni/SiO, give
high hydrogen production rates, with Ni/SiO, the most active and
Ni/MgO showing the lowest activity (Fig. S6). TEM imaging con-
firms that Ni/y-Al,O; supports base-grown CNTs, which allow easier
CNT separation, whereas Ni/SiO, leads primarily to tip-growth
CNTs due to weaker metal-support interactions (Fig. S7). 10% Ni/
SiO, catalysts exhibit notably higher activity for methane photolysis
than Ni/y-Al, O3, under typical conditions. This increased activity is
attributed to weaker metal-support interactions on SiO,, which

This journal is © The Royal Society of Chemistry 2026
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expose more active nickel sites for reaction.’® However, this
same weak interaction leads to faster catalyst deactivation due
to rapid carbon accumulation that blocks the nickel surfaces. In
contrast, Ni/y-Al,O; demonstrates greater long-term stability and
enhanced resistance to coking, owing to stronger metal-support
interactions.®® Additionally, the weak interactions in Ni/SiO,
favor carbon nanotube (CNT) formation through tip-growth
mode, which complicates product separation and diminishes
CNT quality by increasing structural disorder and metal
contamination®>*” (Fig. S7b). The lowest activity of 10% Ni/
Mgo is related to the strong interaction between nickel and the
MgO support leads to the formation of stable NiO-MgO solid
solutions or spinel-type structures, which significantly inhibit
the reduction of nickel oxide to its active metallic Ni form.*® As a
result, fewer active Ni° sites are available to catalyze methane
decomposition.*® Additionally, the basic nature of MgO support
can stabilize nickel in its oxidized state and prevent the disper-
sion and accessibility of metallic Ni particles, further lowering
activity. Enhancing Ni/MgO activity often requires the addition
of promoters such as chromium or copper, which improve the
reduction of Ni and increase the number of accessible active
sites.® In the absence of such promoters, Ni/MgO remains much
less active than Ni/SiO, or Ni/Al,0; for methane photolysis.**™*

The dependence of reaction rate on light intensity is a key
indicator of the dominant reaction mechanism. A linear rela-
tionship typically suggests a photochemical process, where
photon absorption directly generates reactive species (e.g,
excited electrons, radicals) that drive the reaction. In such
cases, the generation rate of these species and therefore the
overall reaction rate is directly proportional to the photon flux
(i.e., light intensity, I), and can be expressed as:

The dependence of reaction rate on light intensity

Rate oc I (3)

Each absorbed photon can initiate an elementary reaction, so
doubling the light intensity approximately doubles the reaction
rate, resulting in a straightforward linear correlation.*"**

In contrast, an exponential or super-linear dependence indicates
a photothermal mechanism, where light energy is converted into
localized heat, which accelerates the reaction through thermal
activation. This behavior follows the Arrhenius law:

—E,
Rate < ¢ RT (4)

where E, is the activation energy and T is the local temperature.
Notably, the temperature itself increases nonlinearly (often expo-
nentially) with light intensity due to photothermal heating effects.

In practice, both mechanisms can co-exist. The dominant
pathway depends on the light intensity and the material’s
response to irradiation. Even a modest increase in light inten-
sity can lead to a substantial local temperature rise, shifting the
reaction behavior from photochemical to photothermal in
nature.****

Varied irradiation intensities were utilized to determine the
relationship between incident light intensity and H, produc-
tion rate as well as to evaluate the relative photochemical and

This journal is © The Royal Society of Chemistry 2026
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photothermal contributions of the 10% Ni/Al,O; for methane
photolysis (Fig. 1c). Incident light intensity showed a linear rate
dependence and photochemical behaviour at the light inten-
sities below 8 W cm™? and an exponential Arrhenius-type
photothermal behaviour at intensities above 8 W cm™2
(Fig. S3c and d).*>*°

Charge separation plays a critical role in photochemical
mechanisms. While our current study focuses primarily on
the photothermal pathway, dominant at light intensities above
8 W cm 2, further investigation into charge carrier dynamics,
such as through transient absorption spectroscopy or electron
paramagnetic resonance (EPR) studies, is necessary to fully
disentangle and quantify photochemical contributions under
lower-intensity illumination. Electron and hole scavenger
experiments can provide another quantitative insight into the
relative contributions of photochemical and photothermal
effects in light-driven methane decomposition. As discussed
in the literature,*”*® a pronounced drop in conversion upon the
addition of scavengers is indicative of photochemical involve-
ment, whereas negligible changes confirm a dominantly photo-
thermal mechanism.*

An IR camera was used to measure the bulk surface tem-
perature of the catalyst under various light intensities in reactor
with a CaF, window (Fig. 1d). The maximum measured tem-
perature was 410 °C due to the intrinsic light absorbance of the
material and light intensities used. Bandpass filters were used
to evaluate the wavelength dependency of the reaction. Incident
intensities were maintained to ensure all samples had the same
incident photon flux regardless of wavelength. The total inci-
dent optical power on the sample was carefully normalized
across all filter conditions, not the transmitted photon flux
above the cut-off. This normalization ensures that each experi-
ment is conducted under identical total irradiance conditions,
which is a standard approach in photochemical and photo-
thermal comparisons. 495 nm high-pass filter displayed the
highest H, production rate and demonstrated a linear relation-
ship between irradiation intensity and H, production (Fig. le
and Fig. S3e). Our catalyst (10% Ni/Al,O;) has a strong and
broad absorption band in the visible range (Fig. S8a), particu-
larly between 420-600 nm, which we attribute to plasmonic
coupling in Ni nanoparticles (20-80 nm).***° The broadband
Xe lamp (Fig. 1a) emits significant intensity in the UV, but the
catalyst has relatively low absorption in this region due to a
minimum near 344 nm. Shifting the light spectrum toward the
visible range, either with an AM1.5 filter or long-pass filters,
enhances overlap with the catalyst’s strong absorption band,
increasing photon absorption and thus promoting photother-
mal activation. Filtering out UV and blue photons (<495 nm)
eliminates photons that are poorly absorbed or contribute
primarily via slower, and less efficient non-radiative pathways.
The remaining photons (>495 nm) coincide with the broad
plasmonic absorption peak, leading to enhanced local heating
via fast plasmonic decay processes. Furthermore, based on our
Tauc analysis (Fig. S8b), the apparent optical band gap of the
catalyst is ~2.9 eV (~429 nm). Photons with energies above
this threshold may excite interband transitions or be lost to

Energy Environ. Sci., 2026, 19, 496-512 | 499
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inefficient relaxation. In contrast, longer-wavelength photons
(=495 nm) are better matched to plasmonic and free-carrier
heating processes, yielding higher local temperatures and thus
higher reaction rates.>>™® As the cutoff wavelength increases
beyond 590 nm, the photon energy drops below 2.1 eV, and while
still within the absorption band, these photons have significantly
less energy per photon. As a result, their contribution to local
heating diminishes, reducing the thermal activation of methane
cracking. Additionally, the optical absorption of the catalyst begins
to decline past ~600 nm, further limiting the efficacy of these
photons in sustaining elevated reaction temperatures.

The pristine 10% Ni/Al,O; samples were heated to the
maximum surface temperatures measured under light irradia-
tion by IR camera to observe the highest catalyst activity under
purely thermal conditions. The reaction rates were higher
under light irradiation compared to dark (Fig. 1f), confirming
that photocatalysis was the driving force behind the observed
activity increase.*®

Stability under photocatalytic conditions was determined
by varying incident light intensity (Fig. S9a-c). Hydrogen pro-
duction rates decreased over time until it matched the activity
of purely the formed carbon nanotubes. The observed decline
in activity is due to the progressive blocking of active sites by
the accumulated MWCNTs on the catalyst surface. This encap-
sulation effect reduces catalyst accessibility until the carbon
deposits are removed. To evaluate the reusability of the catalyst,
extensive cycling tests were performed over ten consecutive reac-
tion cycles, as shown in Fig. S9d. After each cycle, the deposited
CNT layer was mechanically removed to expose the active catalyst
surface. The results clearly indicate that the hydrogen production
rate gradually decreases during each run due to surface coverage
by carbon deposits. However, following mechanical carbon
removal, the catalytic activity was consistently restored to its initial
level. These observations confirm that catalyst deactivation is
primarily physical rather than chemical in nature, arising from
surface blockage rather than irreversible structural or composi-
tional degradation. Thus, the Ni/Al,O; catalyst remains stable
and can be readily regenerated through simple removal of the
carbon layer.

To validate the scalability of our approach, we developed a
customized reactor scaled 36 times larger than the bench-scale
model. This advanced system incorporates a 400W white LED
light source, integrated with a gas chromatograph (GC) and H,
and CH, sensors, as illustrated in Fig. S10. Remarkably, the
scaled-up system maintained the same selectivity for H, and
MWCNTs (Fig. S11). These findings confirm the feasibility and
practicality of our approach for large-scale hydrogen and CNT
production, preserving both high selectivity and operational
efficiency. We have also conducted an energy requirements
calculation of our system (Fig. S12, S13 and Table S2). Our
results demonstrate that our photocatalytic approach signifi-
cantly reduces energy requirements, requiring approximately
70% less energy for H, production compared to water electro-
lysis and at least 74% less energy for CNT production compared
to commercial methods. Additionally, our approach offers
cost-effectiveness and substantial reductions in greenhouse gas

500 | Energy Environ. Sci., 2026, 19, 496-512
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(GHG) emissions, as validated through our techno-economic
analysis (TEA) and life cycle assessment (LCA) (discussed in
detail in a later section). These findings underscore the potential
of our technology as a scalable and sustainable alternative for
hydrogen and CNT production.

Optothermal modelling

The surface and bottom temperatures of the 3 mm thick catalyst
pellet bed were determined experimentally and through numerical
modelling (Fig. 2a and b). Both the gradient between and the
absolute temperature for the surface temperature, 74, and the
bottom temperature, T, matched within 15 °C. Such a gradient
exists as the penetration depth of the incident light from the Xe
lamp is 10-100 um, which is a much smaller depth than the
3 mm thickness of the catalyst.>* Accurately determining the
temperature-dependence of emissivity is challenging, affects
thermal camera measurements, and is a possible source of
deviation in the expected trend in surface temperature.>® The
thermal conductivity of the support was the dominant para-
meter in determining the magnitude and change in the tem-
perature profile as a function of the power-density compared to
the effect of the optical properties. Heat loss by convection had
<10% effect on the overall temperature distribution as shown
in other analysis of pellet beds.’® The small deviation between
calculated and experimental in situ catalyst temperatures vali-
dates experimental results from IR camera surface temperature
measurements and the thermocouple measurements of the
bottom of the catalyst bed. Further, the modelling quantifies
the extent of light-induced heating and supports the predomi-
nance of photothermal effects and some photochemical con-
tribution which are responsible for the formation of CNT that
were absent under equivalent thermal conditions.

Rate law and Kinetic experiments

Kinetic experiments were conducted assuming a nonequilibrium
batch reactor system where the total conversion of CH, did not
exceed 10%. The conditions presented in Fig. 2c and d, where the
total CH, conversion fulfills this requirement, were not greater than
2% at up to 2 minutes of active irradiation. The kinetic rate
expressions formulated in the Materials section correspond to a
reaction pathway where H, is formed. The rate law was expressed
as a function of H, conversion, which depends only on the H,
concentration, the irradiated area and reaction time. As a result, the
reaction order can be described by the following equation: Ln(rA) =
Ln(k) + nLn(CA), where reaction order differences compared to the
conventional thermal process were attributed to light effects. This
suggests that the mechanism of methane photolysis could proceed
independently of the reactant concentration using light.

Catalyst and CNT characterization

Transmission electron microscopy (TEM) imaging of the
catalyst (10% Ni/Al,O3) showed deposited Ni nanoparticles with

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Temperature measurements and kinetic experiments of the methane photolysis reaction: (a) 3-D temperature profile of 10% Ni/Al,Oz catalyst
pellet in flow reactor cross-section (b) comparison of experimentally measured temperature of the bottom and top surface of the catalyst under different
irradiances with the temperature obtained from modelling. (c) The CH,4 conversion experiment of the methane photolysis reaction over the 10% Ni/Al,Os.
(d) The kinetic experiment of the methane photolysis reaction, where the Xe lamp light intensity was set to 10.6 W cm™2 in batch conditions, average

pressure each test = 14.6 psi, reactor volume = 16.8 mL.

an average size of about 24 nm on the y-alumina support
(Fig. 3a and 1b). PXRD patterns confirmed catalyst crystallinity,
with characteristic peaks at Ni (111), (200), and (220), in
addition to the main peaks of y-alumina. Interestingly, the
PXRD pattern of the spent catalyst after light irradiation,
showed the presence of well-stacked and aligned graphitic
carbon (002) at 26.2 two theta (Fig. 3c).”’

X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the surface chemistry and the elemental composition of
the catalyst prior to and post thermal and methane photolysis
reactions. The spent catalyst post-irradiation showed more
elemental carbon than the pristine sample. These results con-
firm the formation of the MWCNT following methane photo-
lysis (Fig. 3d and Table S3). The sharpness of the C 1s peak in
the post-methane photolysis indicates a high C-C: C=C ratio
and lower C—O0 content compared to the pristine catalyst and
confirms the ordered nature of the formed carbon (Fig. 3e).
Lack of changes to the Ni 2p peaks in the high-resolution XPS
spectra after methane photolysis confirms no structural change
on the catalyst following reaction at low irradiation (Fig. S14).

Thermogravimetric analysis (TGA) was used to confirm the
crystallinity of the formed MWCNT by measuring the sample’s
weight change over time as a function of temperature. Spent,
fresh catalyst, and commercial MWCNT showed no thermal
degradation between 150-550 °C in the amorphous carbon

This journal is © The Royal Society of Chemistry 2026

thermal degradation range, indicating high MWCNT crystal-
linity (Fig. 3f). We also conducted energy-dispersive X-ray
spectroscopy (EDX) to assess the purity of the separated CNTs
and quantify residual nickel and alumina impurities.
Across more than 15 scanned spots, the nickel content did
not exceed an average of 2%, while alumina remained below
8% (Fig. $15).

We observed that the thermal cracking of methane (methane
pyrolysis) at 500 °C produced a mixture of ordered carbon, such
as CNTs, and disordered carbon, like carbon black (Fig. 4a). In
contrast, methane photolysis yielded only MWCNTs (Fig. 4b).
The average diameter of the formed MWCNT was about 17 +
5 nm (Fig. 2c). HRTEM images confirm the multiwalled structure
of this photo-grown CNT (~40 wall) and also reveal an interlayer
spacing of ~3.33 A, similar to single crystal graphite interlayer
spacing”® (Fig. 4d and e).

Ip/Ig ratios in Raman spectroscopy identified the quality of the
formed carbon.’® High Ip/I; indicates more disordered carbon,
while low Ip/Ig ratios indicate a more ordered sp® hybridized
carbon. The pristine catalyst showed no carbon presence and did
not feature any Ip/lg ratio (Fig. 4f). The post-irradiation spent
catalyst featured a lower Ip/Ig ratio compared to post-thermal
spent catalyst (Fig. 4f). Increasing the irradiance from 8 W em ™2 to
20 W em 2 increased Ip/lg, likely resulting from higher local
temperatures under higher light intensities (Fig. 4f). The separated

Energy Environ. Sci., 2026, 19, 496-512 | 501


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee02120k

Open Access Article. Published on 13 Du 2025. Downloaded on 2026-02-06 15:34:21.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

a) o D)

c)

View Article Online

Pristine 10% Ni@Alumina

Count
8

d,=245:81nm

Graphitic
carbon (002)
NALO,

Intensity (a.u.)

—— Pristine 10% Ni@Alumina
10% Ni@Alumina post methane photolysis

N

(

|\ As0s
o, \L\
|

NALO,

Paper

HWN\J \

{
\
\
|
\
|

/
J‘W"

E
=
<

c

S
8
=
=

g
5

0 5 10 15 20 25

Ni particle size (nm)

D
§
0 35 40 45 5 55 60

T T T T T T

10 20 30 40 50 60 70 80
2 theta (degree)

100 . - .
Pristine 10% Ni@Alumina|

80

60 10% Ni@Alumina

post methane photolysis

Weight (%)

40

d) e)
[ Prsting 10% Ni@Alumina ole ks [—10% Ni@Alumina post methane photolysis
10% N@Alumina post methane photoysis
1\ |
=} \‘ 1
KA A A
z R e 3
2 — | A 3
L / | =
= |‘ \ g .
\‘“’/ld\/ \ &
A £
W) N 2g
T T T T
1200 900 600 300 0
Binding energy (eV)

204 =

EEEEEEEELEX
Sigma MWCNT

0 5% 0, in N, at 5 °C/min
T

T T T T T T T T
0 100 200 300 400 500 600 700 800 900 1000
Temperature (°C)

L L
305 300 295 290

L L
285 280 275

Binding energy (eV)

Fig. 3 Morphological and structural characterization of the 10% Ni/Al,O5 catalyst: (a) TEM image of the pristine catalyst; (b) particle size distribution of Ni
particles, (c) XRD of the catalyst before and post the methane photolysis reaction; (d) XPS survey of the catalyst before (black line), and after the methane
photolysis reaction (red line) and (e) High-resolution Cls XPS spectrum of the catalyst before and after the methane photolysis reaction and (f) TGA
curves of the catalyst before and post the methane photolysis reaction compared to the commercial Sigma Corporation MWCNT sample.

MWCNT collected from the irradiated catalyst, showed a slightly
higher I/l compared to commercial Sigma MWCNT due to the
presence of surface oxygen functional groups (Fig. S16d).

The C 1s high-resolution XPS spectrum of the mechanically
separated MWCNT showed C-C and C-OH, C—0, O-C—O0 and
n-n* peaks at 284.3, 284.7, 286, 290 eV respectively (Fig. S16a).
The O 1s high-resolution XPS spectra of the mechanically
separated MWCNT confirmed the formation of oxygen func-
tional groups (oxygen, C-O, C-OH, and C—=O at 533.2, 531.6,
and 530.1 eV, respectively) on the MWCNT surfaces through
changes in the integrated peak areas (Fig. S16b). FTIR spectrum
of the mechanically separated O-MWCNT, confirms the for-
mation of oxygen functional groups on the MWCNT surfaces
(Fig. S16c¢). Oxygen functionalization of MWCNT was attributed
to the high local temperatures involving chemical reactions
between the CNT surface and oxygen-containing species from
the catalyst (Ni’s high local temperature may facilitate the
oxidation of CNT using oxygen from the alumina support),
trace oxygen in methane (3.7 UHP Methane, 99.7%), or surface
defects.>® The high local temperature weakens and activates
specific C-C and C-H bonds on the CNT surface, particularly
at defect sites, edges, or unsaturated bonds, making them more
reactive.”®

Brunauer-Emmett-Teller (BET) surface area analysis and
Barrett-Joyner-Halenda (BJH) pore size and pore volume

502 | Energy Environ. Sci., 2026, 19, 496-512

distribution determined textural properties such as surface
area, the pore size and pore volume distribution of the pristine
and spent catalyst, and the separated MWCNT (Fig. S16, S17
and Table S5). The nitrogen adsorption-desorption isotherm of
the separated MWCNTs exhibits a low uptake profile with a
Type IV-like hysteresis loop (Fig. S16e), which is characteristic
of mesoporous materials and commonly observed in CNT-
based structures.®® The BJH pore size distribution (Fig. S16f)
reveals a broad range of pore widths extending into the macro-
porous region, with apparent pores >200 nm. While such
macroporosity may reflect interstitial voids between entangled
CNT bundles or structural heterogeneity.®!

As expected, the fresh catalyst exhibits higher N, uptake
than both spent samples, consistent with textural degradation
resulting from CNT formation. The N, adsorption isotherm
curve for the photolysis-treated catalyst shows more uptake,
especially at higher relative pressures, indicating higher surface
area and/or less pore blockage due to the formation of CNT on
the former’s surface (Fig. S17e). This supports our interpreta-
tion that photolysis leads to CNT formation on the external
surface rather than inside pores, thereby preserving more
accessible surface area compared to the pyrolysis-treated
catalyst, which may be more clogged or blocked. The fresh
catalyst shows a sharp peak around ~ 5 nm (mesopores), with a
drop in pore volume after reaction (Fig. S17f). Both spent

This journal is © The Royal Society of Chemistry 2026
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intensity and the after methane pyrolysis.

catalysts show narrowed and flattened distributions, consistent
with pore blockage due to CNT deposition (Fig. S17f).

MWCNT formation mechanism

Conventional thermal methane cracking (methane pyrolysis)
tends to form CNTs alongside amorphous carbon. The high
temperatures required cause the Ni to detach from the support
and eventually results in sintering and formation of graphitic
layers rather than CNT®* (Fig. 4a and Fig. S17a). Furthermore,
nickel is difficult to separate from these tip-grown CNTs as
doing so deteriorates the quality of the obtained CNT.
Comparatively, methane photolysis forms base-grown CNTs,
where the metal is attached firmly to the support and the CNT
stems from it (Fig. 4b and Fig. S17b). This growth difference can
be attributed to high local temperatures as opposed to bulk
temperatures during reactions.®*®* High local temperatures from
photothermal heating drive methane decomposition and facilitate
the nucleation and growth of MWCNTSs by enabling carbon atoms
to diffuse and arrange themselves into cylindrical graphitic layers
with enhanced crystallinity and fewer defects, thereby improving
their mechanical and electrical properties and resulting in facile
mechanical separation without degradation. The methane photo-
lysis reaction over 10% Ni/Al,O; can be described in three key
steps: methane activation, carbon nucleation, and carbon deposi-
tion to form carbon nanomaterials.”®> Methane molecules adsorb
dissociatively on the Ni metal particle surface through C-H bond

This journal is © The Royal Society of Chemistry 2026

photoactivation. After taking further steps, carbon atoms lead to
the simultaneous release of molecular hydrogen. The adsorbed
carbon atoms diffuse on the surface or through the bulk Ni metal
to a suitable area for CNT formation. Previous studies in the
literature showed the effect of the Ni particle size and support
interaction on the formation of different carbon nanomaterials
including carbon nanotubes, nano-onions, and nanofibers.>” The
base-growth mechanism can be attributed to strong Ni-support
interaction forcing carbon precipitation on only the exposed
surfaces of the Ni particles rather than the interface between Ni
and support. This results in carbon deposition and growth on the
surface of Ni particles at the gas-solid interface. As a result, the Ni
particle remains fixed to the support, and close-ended MWCNT
grows on the Ni surface.”

We have also investigated the effect of different light inten-
sities on the formation of MWCNT. Our findings indicate that
the d-spacing (interlayer distance) of the MWCNTs decreases
from 0.38 nm to 0.33 nm as the light intensity increases from 8
to 20 W ecm ™2, with no complete CNT formation observed at light
intensities <3 W cm™> (Fig. S18a). The local temperature
generated by light during methane photolysis significantly influ-
ences the formation of MWCNTSs and its d-spacing.®®"*® At low
light intensities (<8 W cm?), incomplete decomposition of
methane resulted in carbon atoms being deposited in a less
organized fashion, leading to increased d-spacing of 0.38 nm
due to the presence of structural defects, amorphous carbon,
and weakly bound graphene layers (Fig. S18b).

Energy Environ. Sci., 2026,19, 496-512 | 503
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As light intensity increases to 20 W ¢cm ™2, high local tem-
peratures increase methane decomposition efficiency, resulting
in a higher flux of reactive carbon species. This enhances
graphitization and a reduction in d-spacing to 0.33 nm as
graphene layers form more tightly packed and well-ordered
structures (Fig. S18c and d). However, excessively high light
intensities can produce high local temperatures, which may cause
thermal stress or non-uniform carbon deposition, potentially
introducing new defects that increase d-spacing. Therefore, an
optimal light intensity range exists for methane photolysis
that minimizes d-spacing and maximizes the structural integrity
of the MWCNTs. The increased degree of graphitization was
confirmed through PXRD analysis of the spent catalyst under
varying light intensities. The (002) peak intensity of the formed
MWCNTs progressively increased with light intensity, indicating
enhanced structural order and graphitization® (Fig. S3e). The
Raman spectra of the MWCNTs formed at different light inten-
sities showed an increasing Ip/Ig ratio. This change is observed
when increasing the irradiance from 8 W em 2 to 20 W cm 2

(Fig. 4f).

Computational modelling of CNT
nucleation

To provide further insight for the CNT nucleation process, we
used density functional theory (DFT) and its time-dependent
counterpart (TD-DFT) to model a potential light-enabled reac-
tion pathway for CH, conversion towards an adsorbed C,H,
fragment on a Ni(111) cluster-decorated 7y-Al,05(100) slab
(Fig. S19). Since C, fragments are crucial in the nucleation of
CNTs”® and the edge of growing CNTs can often terminate with
repeating C,H, fragments,”"”> adsorbed C,H, fragments can
be considered a ‘“building block” of CNT nucleation and
growth, and modelling a reaction pathway for its formation
from CH, would provide insights into how nucleation can occur
in this system. Fig. 5 shows a potential reaction pathway, with
the overall reaction in the diagram given by

* + 2CH4(g) - *7C2H2 + 3H2(g)

where * indicates the Ni/Al,O; catalyst surface and *_C,H,
indicates the adsorbed C,H, fragment on the surface. CH,
undergoes dissociative adsorption into adsorbed CH; and H,
and upon the loss of H,, the methyl fragments can couple into
C,Hg. The adsorbed C,Hg can then oxidatively add again to the
surface Ni and proceed via two successive dehydrogenations to
yield the adsorbed C,H, fragment. The overall process is
thermodynamically uphill by 2.17 eV, with energetically
demanding steps for C-C bond formation (0.87 eV) and the
2nd dehydrogenation (1.36 eV).

Following the formation of adsorbed C,H,, subsequent
additions and dehydrogenations of CH, can lead to an initial
layer of CNT as shown in Fig. S20. In our model, proceeding
from an adsorbed C,H, fragment to this first layer of CNT
(given by 12 sp” carbon atoms with C-C pairs alternating closer
to and further from the surface and the pairs further from the

504 | Energy Environ. Sci., 2026, 19, 496-512
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surface capped by H atoms) corresponds to adding and releas-
ing another 10 CH, and 18 H, molecules, respectively. The net
energy change is +22.43 eV or approximately +2.24 eV for each
additional carbon added.

For the two energetically demanding steps mentioned
above, we further performed linear response time-dependent
DFT (TD-DFT) to investigate possible pathways for light to
facilitate the reaction. While the 2nd dehydrogenation is the
most energetically demanding step, we found major excitations
across from the computed absorption profile of the *_(C,H, +
2H) intermediate (structure 9 in Fig. 5c¢) correspond to transi-
tions that involve an increase in electron density on one
adsorbed hydrogen and a decrease in the other, suggesting that
light can help facilitate the formation of a proton and hydride
towards the formation of H, heterolytically. We also observe
transitions that involve an increase in electron density between
the adsorbed C,H, fragment and the Ni cluster. This suggests
the light can also help facilitate a stronger bonding interaction
between the carbon fragment and the metal cluster, which helps
prevent the desorption of the adsorbed C,H, as ethylene prema-
turely and allows the carbon fragment to remain on the surface
for further dehydrogenation and building of the initial CNT
layer. For the complete absorption profile and the selected
difference densities, we refer to Fig. S21. For the *_2CHj; inter-
mediate (structure 6 in Fig. 5¢), we observe multiple transitions -
again within major excitations across the computed absorption
spectrum (Fig. S22) - that lead to a decrease in electron density
on one CH; fragment and an increase in another, suggesting
that these excitations could help form CH;" and CH; ™~ fragments
that facilitate heterolytic C-C coupling. Together, these results
demonstrate that light plays a critical role in facilitating the key
steps of CNT nucleation: C-C bond formation, dehydrogenation,
and preventing early desorption of ethylene fragments.

Photo-grown MWCNT as anode for
Li-ion batteries

Photo-grown and separated MWCNTs were incorporated into
electrodes (Fig. 6a), assembled into half-cells with electrolyte and
a separator, and then pressed into coin cells for electrochemical
evaluation to demonstrate the capability for energy storage
applications. To evaluate the long-term stability of the CNT
electrodes, extended cycling tests were performed at 1C for 100
cycles (Fig. 6b). The CNT electrode exhibited a peak capacity of
approximately 400 mAh g '. Notably, the specific capacity
achieved is significantly improved compared to previous studies
on CO,-derived CNT electrodes,” especially considering the high
C-rates applied. As the cycling continued, the capacity tended to
stabilize at 350 mAh g~ ', with minor fluctuations. Remarkably,
no abrupt voltage drop was observed at the 100th cycle, indicat-
ing effective prevention of lithium dendrite penetration and
internal short-circuiting. According to Licht et al.,”* the intricate
interaction among CNT likely facilitates a transition from the
initial dilute staging of Li", which occurs during the formation of
LiCs, to a mechanism combining this intercalation with a pore-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ee02120k

Open Access Article. Published on 13 Du 2025. Downloaded on 2026-02-06 15:34:21.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Energy & Environmental Science
a) 25 b)
20 1'1
s 10
o
2
3 1.0
g o
-E
§ 0.0
-0.5 712 (H) -» 723 (L+10)
435 - 470 nm
e 4 fosc: 0.14 = 0.27, X;,;: 0.12 - 0.51
C) ” Reaction coordinate
o) O +2CH,
o< 00
?Q
1
< 4 +Hy
i ; \ S
% e O A - Y- 0 o 4.
o< 00 05 00 o — o )
: ‘ 65 %9\ T80 Q 299
Q Q Q [~ Q Q9 q
2 3 4 5 6
Y’ \ R \ +H, | +H,
D.«b \\S‘o ’;*_/e.,o ’OQO 9}0
b O‘O 9 0x0 rf\‘o o0 “O 00 o 00
?Q ?Q - "7 ? Q ? Q
7 8 9 10 11

Fig. 5 DFT-computed reaction pathway for methane photolysis and CNT nucleation: (a) reaction profile for the conversion of 2CH,4 into adsorbed C,H,.
Numbers indicate the structures for each step found in (c), and yellow circles correspond to the intermediates where TD-DFT calculations were further carried out.
(b) Representative difference density for heterolytic H, formation under light for the *_(C,H,4 + 2H) intermediate (structure 9). H/L = highest/lowest occupied
band/orbital, s = oscillator strength, X;_,; = interband coupling constant (a number between 0 and 1 that describes how much a certain orbital pair contributes to

a certain excitation), and orbital isosurface value = 0.001 e Bohr~> (see Sl for
background lines = Al,O3(100) surface) when viewed from atop (i.e. along the

filling process. The progressive increase in capacity throughout
cycling highlights the sustained activation of this storage.”*
The CNT anode’s initial charge capacity (during lithium
insertion) closely matches its subsequent discharge capacity
(during lithium extraction), suggesting a stable electrochemical
performance (Fig. 6¢). Notably, the self-standing anode exhibits
consistent and reversible lithium-ion insertion and extraction.
Furthermore, it maintains minimal voltage hysteresis over 10
cycles, demonstrating stable cycling performance and an
extended cell lifetime. When compared to CNT-based anodes
reported in the literature, our electrode shows lower voltage
hysteresis and longer cycle life, thus demonstrating its excellent
performance.”® To investigate the reduction and oxidation beha-
vior of the electrode, cyclic voltammetry (CV) of CNT/Li half cells
was measured at 0.2 mV s '. The CV curves reveal essential
processes within the cell, with significant anodic and cathodic
peaks indicating Li* extraction and insertion, respectively.”®
The cathodic peak at ~0.03 V is attributed to the intercalation

This journal is © The Royal Society of Chemistry 2026

more details). (c) Structures of each intermediate (Ni: silver, C: brown, H: white,
c-axis). For a full view of the model used, we refer to Fig. S11.

of lithium ions into graphitic layers, while the anodic peak at
0.21 V is due to the deintercalation of lithium ions (Fig. $23).””
This observation aligns with the CV graphs reported by Liu
et al.”® and Zhao et al,”® which exhibited a similar trend for
CNT. In the initial cycle, no new strong peaks appeared, and the
peak potentials remained stable, indicating the electrochemical
stability of the CNT anode across the entire voltage range.”” The
CV curves for the first three cycles mostly overlap, except for the
reduction peak around ~1.0 V, which is present in the first and
second cycles but disappears in the third. This suggests that the
formation of the solid electrolyte interphase (SEI) effectively prevents
further decomposition of the electrolyte after the initial cycles.”
EIS measurements were taken to evaluate the resistive
properties of the electrodes, as shown in Fig. 6d. The EIS data
between 2 MHz and 0.01 Hz were fitted using MEISP software
based on an equivalent circuit model. The impedance informa-
tion was modelled using an electrical equivalent circuit shown
in the inset of Fig. 6d, which shows accurate reproductions of

Energy Environ. Sci., 2026, 19, 496-512 | 505
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(a) Morphology and electrochemical performance of MWCNT: SEM image of the mechanically separated MWCNT with an inset photo of the separated

MWCNT powder. (b) Extended cycling of the MWCNT cell was performed at a current density of 1C over 100 cycles with an inset photo of the MWCNT free-standing
electrode. (c) Charge/discharge profiles of MWCNT cell at 1C rate. (d) Nyquist plots of the MWCNT half-cell in the frequency range of 2 MHz to 0.01 Hz.

the arcs representing R, R, and Rg;.”* The intersection on the
real axis at high frequency, referred to as the equivalent series
resistance (Rg), indicates the combined ionic resistance of the
electrolyte and the electronic resistance of the active material in
the electrode. The semicircle observed at high frequencies
represents the resistance of the solid electrolyte interface (Rge;).
In addition to this high-frequency semicircle, and the mid
semicircle, attributed to the charge transfer impedance
between the electrolyte and the electrode, another distinct
arc, identified as the low-frequency Warburg impedance tail,
signifies the impedance resulting from the diffusion of ions
into the active materials.®® From the EIS fitting of the graph, it
can be observed that the values of Ry, R, and R are 7.72 Q,
54.76 Q, and 119.73 Q, respectively. The values of Ry; and R
demonstrate the dominance of the cell impedance, with the
increase primarily attributable to charge-transfer resistance. In
addition, it can be seen that R is relatively large, indicating
that the formation of the SEI plays a significant role in
influencing the insertion and extraction of lithium ions.®

System level analysis
Process synthesis

We recently introduced a new paradigm for the design of
photocatalytic processes. In contrast to using direct sunlight,

506 | Energy Environ. Sci., 2026, 19, 496-512

a strategy that is susceptible to intermittency, variability in solar
irradiance, and resulting catalyst performance, we proposed the
utilization of LED-based reactors to perform photocatalytic
reactions.”> In this type of design, a 24/7 operation can be
established if a constant supply of electricity can be ensured.
Herein, we rely on this paradigm to develop a new process to
produce hydrogen and MWCNT based on methane photolysis
(CH; — 2H, + MWCNT). The process consists of four main
subsystems: reactor, solids separation, pressure swing adsorp-
tion, and catalyst recovery (Fig. 7(a)).

First, methane is fed to a reactor, where a supported nickel-
based material is used to catalyze the photolysis reaction. The
required light is supplied via an ancillary LED system powered by
photovoltaics. The reactor system is designed considering a
modular approach, in which the total number of reactor vessels
(modules) is determined based on the amount of energy available
per modular reactor (0°F), details on the calculation of the
required number of modules are presented elsewhere.' To ensure
a 24/7 operation, a battery system is installed. Batteries are sized
based on the duration of an average night at the plant location
(15.41 hours). For this study, we have chosen a place in Southern
California, close to the town of Daggett. Location and night length
were established based on the analysis by Peng and Maravelias.®*
The system is sized such that ~11.3 Tons H,/h can be obtained;
this size is in line with other works for the production of hydrogen
and advanced carbon materials from methane.**

This journal is © The Royal Society of Chemistry 2026
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There are two reactor outlets (1) a mostly gaseous stream
(stream 5) consisting of unconverted methane, hydrogen, and
elutriated solids, and (2) a solid stream containing most of
MWCNT and catalyst (stream 4). As MWCNT grow on the
surface of the catalyst, it is necessary to remove a fraction of
the catalyst from the reactor to recover this product. The small
fraction of solids elutriated in the gas stream are removed using
a cyclone. The gas stream without solids (stream 6), consisting
of hydrogen and methane, is fed to a pressure swing adsorption
(PSA) unit. This unit operates at 35 bar and produces pure
hydrogen that can be sold to the market (stream 10), the PSA
recovery is 85%.%> The other outlet stream of the PSA unit
consists of unconverted methane along with unrecovered
hydrogen (stream 11). This stream is recycled back to the
reactor. To ensure that the gas phase in the reactor consists
mostly of methane, we impose a constraint limiting the fraction
of hydrogen in the reactor feed to be below a predefined limit
(6™ = 20%). The solid stream produced by the reactor (stream 4) is
separated into three streams, one containing catalyst (stream 13)
that is recycled back to the reactor; one consisting of MWCNT
(stream 12) that is collected, and a stream consisting of CO,
(stream 14).

The process to separate the catalyst from the MWCNT is still
in the early stages of development. Rather than describing a
specific set of unit operations, we adopt a more general
approach, in which we assume that it is possible to (1) recover
a functional catalyst to be recycled once all carbon attached to
its surface is removed (2) that a fraction of the carbon attached
to the catalyst surface can be recovered to be sold (3) that the
fraction of MWCNT that cannot be recovered from the catalyst
surface can be removed via incineration without affecting the
catalyst activity, and (4) that the catalyst has a shelf life of a year

(a)

CHa A cHa

Reactor v

Catalyst &
CNT recovery

Batteries

CATALYST

Molecular
Sieves
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and it is replaced continuously by adding/removing new/old
catalyst to/from the system. We note that the reusability of the
catalyst is backed by the results presented in the experimental
section. The magnitude of these streams is such that the
reactor catalyst load is replaced in a year. Despite the generality
of the modeling approach, we note that the system proposed is
consistent with the separation scheme reported by Parmar and
coworkers,*" this scheme consists of three operations (1) soni-
cation for the removal of the MWCNT (2) magnetic separation
of the catalyst fraction (3) thermal regeneration of the catalyst
to remove residual carbon.

Techno-economic analysis

We develop a non-linear model of the system to estimate mass
flows and energy consumption in the different process units (see
SI). The model finds the minimum selling price of the main
product. Since MWCNTs are produced at a greater quantity than
hydrogen (by mass) and they have a significantly larger price, we
assume that they constitute the main product. Hydrogen on the
other hand is produced as a valuable byproduct.

Capital costs of major pieces of equipment are estimated
using different approaches: (1) for equipment commonly used
in the chemical industry (cyclone, compressor) we use known
cost correlations.® (2) For pressure swing adsorption, we use
available cost estimations from the literature and the six-tenths
rule for scaling.®® (3) For batteries, we use reference costs based
on DOE estimations for energy storage and a linear scaling
relation®” (4) for novel equipment requiring a tailored design
(LED-based reactor and catalyst recovery system), we use a
reasonable initial estimate and perform a sensitivity analysis
to determine the influence that the capital cost of these pieces
of equipment has on the minimum selling price of the main
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in the model, results obtained for the upper bound are shown in blue and
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product. The operating costs of the system are estimated based
on material and energy balances.

The economics of this system is a strong function of several
physical/economic parameters whose value is susceptible to
change as technology develops. We have grouped these para-
meters into five categories as shown in Table 1. The value for
the parameters in the base case analysis, along with a range of
possible values is shown. This range is established such we can
explore the consequences of technological improvements over
the next 30 years, and the effect of overoptimistic assumptions
in the base case design. While the meaning of many of the
parameters is evident, some of them require further explana-
tion: The light-to-chemical efficiency (1°"") denotes the fraction
of energy contained in photons that is transformed into
chemical energy. The LED power conversion efficiency (1""")
denotes the amount of energy that is converted into light with
respect to the electric energy inputs to the LED system. The
energy available per modular reactor (6°%) characterizes the total
amount of energy that the LED system can supply to each of the
modular reactors. Finally, the fraction of carbon recovered (A°)
determines the fraction of MWCNT that can be recovered as a
pure and usable product. The reference values for most para-
meters are determined based on the current state of the art for
the involved technology. For example, for roundtrip battery
efficiency (%), we use a value of 85%, which is consistent with
current estimations for Li-ion batteries.”” A few of the para-
meters were assumed based on a reasonable estimate. Of
particular importance is the fraction of carbon recovered (1),
in this case, we adopt a conservative initial estimate to reflect the
uncertainty of the process. Likewise, the light-to-chemical effi-
ciency is assumed to be 10%, a low value that can improve as
better optothermal chemical reactor designs are developed.

First, we study the economics of the base case (BC). A
breakdown of the minimum selling price (MSP) for the base case
is shown in Fig. 7(B). An MSP of $106.3 per kg was obtained for
MWCNT assuming a hydrogen price of $1 per kg. These results
highlight the potential of the proposed technology, considering
that the market price for MWCNT has been estimated to be
between $100 per kg and $1000 per kg.”> Furthermore, these
results are obtained using the assumption of a hydrogen price of
$1 per kg, a price in line with DOE targets.®® To further explore the
relation between the MSP for the MWCNT and the hydrogen

View Article Online
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byproduct, we present a sensitivity analysis on the supplementary
information (Fig. S24); we show that the MSP of MWCNT is
relatively incentive to the price of H,. For reference, if the price
of H, drops to zero, the MSP of MWCNT increases by ~ 1.25%.
Conversely, if the price of H, increases five times the MSP of
MWOCNT is reduced by 5.25%. The annualized capital and operat-
ing costs are shown in Fig. 7(c). The dominant operating cost is
the electricity (~79%) and the dominant capital cost is the
batteries (~ 87%). The analysis of capital cost reveals that a major
limitation to the deployment of the proposed technology is the
high capital investment required (~47 billion for the proposed
design).

To identify the critical parameters affecting the MSF, we
perform a sensitivity analysis. The results are presented in
Fig. 7(c), where we show the percentage change in the MSP of
MWCNT when the value of each parameter evaluated changes
to the lower or upper bounds in Table 1. Since batteries
dominate the capital cost and are the major component of
the MSP, it is not surprising that the parameters related either
to the price of energy storage (capital cost of batteries), or the
amount of energy that needs to be stored (light to chemical
efficiency and LED power conversion efficiency) are the most
important economic drivers. In addition to these parameters,
we also find that the fraction of MWCNT that can be recovered
significantly influences the economics of the system. We also
highlight that the capital cost of the reactor may have an
important impact on the MSP if significantly larger capital
costs in comparison with the base case are required. Conver-
sely, the cost of the catalyst recovery system is not critical for
the economics of the system, an increase of 10x with respect to
the base case only has a marginal effect on the MSP. These
results point toward the need to develop better optothermal
chemical reactors for this system both requiring low capital
costs and leading to a more efficient utilization of photons.

In Fig. 8, we explore the effect that incremental improve-
ments in the parameters impacting the cost will have on the
MSP. In the figure, we show both the breakdown of the MSP,
and the total capital investment (TCI) required. Dramatic
improvements in the MSP and TCI can be obtained if the
projected improvements in key parameters are achieved. In
this respect, we note that the cost of energy storage in batteries
is projected to drop by more than 75% in the next 25 years.”?

Table1l Main parameters affecting the profitability of the process. LB: lower bound, BC: base case, UB: upper bound. All monetary values in 2021 dollars

Category Parameter Symbol  Units LB BC UB Ref.
LED/batteries Round trip battery efficiency n® % 80 85 95 87
Light-to-chemical efficiency n % 5 10 80 Assumed
LED power conversion efficiency n-EP % 20 32.5 86 88
Energy per modular reactor o%F MW 0.05 0.1 1 45
Capital cost of batteries 0 per KWh 104 414 500 87
Reactor capital cost o} $$MM per [kg s "¢ 0.5 1 10 Assumed
Catalyst recovery Fraction of carbon recovered € % 10 25 90 Assumed
Catalyst regeneration capital cost 69T $$MM per [kg s~ ']>¢ 0.5 1 10 Assumed
Feedstock and byproduct costs Selling price for H, JOAT $$ per kg 0.5 1 10 89
Purchase price of CH, JCHa $ per kg 0.1 0.16  0.48 90
Utilities Electricity price JE $ per KWh 0.03 0.06 0.09 91
Chemistry Conversion b4 % 1 8.7 90 This work
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Fig. 8 Breakdown of the minimum selling price of MWCNT as a function
of changes in the key parameters associated with the system.

Furthermore, the power conversion efficiency is also projected
to increase to close to 86%,*® in our calculations, we are
conservative and use a more moderate 65%. Along the same
lines, the efficiency of batteries has been reported to be as high
as 95%,%” but for the projection, we use a conservative 90%.
Finally, we note that the SunShot target for utility-based photo-
voltaics electricity is $0.03 per KWh.”" Regarding the develop-
ment of our system itself, we assume three main improvements
(1) that #°" can be increased by 3x, this is tied to the
development of better reactors (2) that conversion can be raised
without major changes in selectivity to 50%, this is contingent
on the development of better catalysts (3) that the fraction of
carbon recovered can be as high as 90%, this depends on the
design and optimization of the catalyst recovery system and (4)
that the available energy per modular reactor can be increased
5x, this is also contingent on the reactor design.

35
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Fig. 9 Global warming potential for the proposed technology under

different scenarios. S1 and S3: base case for technology, S2 and S4: best
case for technology development.
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There are two important conclusions from Fig. 8. First, we
see that the MSP in the most optimistic case can be reduced by
two orders of magnitude to as low as $1.2 per kg, this is
encouraging, considering that the market price of MWCNT
can drop if the offer for this type of material starts to increase
as this and other competing technologies develop. The second
point is that the total capital investment (TCI) will also reduce
as the technologies evolve, in the most optimistic case a ~20x
reduction is observed, bringing the TCI close to 2 billion.

Life-cycle analysis

We perform a preliminary life-cycle analysis of the system to
determine the global warming potential of the hydrogen pro-
duced. The functional unit used is 1 MJ of hydrogen. We
assume that the carbon contained in the MWCNT can be
treated as carbon credit. The PV electricity emissions factor is
assumed to be ~50 gCO,-eq. per KWh.?* In our analysis, four
scenarios are considered (S1 to S4) (Fig. 9 and Table S5): S1 and
S2 assume that the methane used comes from a fossil source.
In these scenarios there is a direct non-biogenic CO, emission
from the process, caused by the need to remove deposited
carbon from the catalyst surface. S1 represents the base case
technological conditions, and S2 represents the best attainable
conditions according to the analysis in Fig. 8. S3 and S4 assume
that the source of methane is renewable. Similarly, S3 corre-
sponds to the base case, and S4 to the best case in terms of
technological development. Cradle-to-gate factors for methane
are assumed to be 8 gCO,-eq. per KWh for fossil methane,’®
and 0 gCO,-eq. per KWh for biomethane.’® The results shown
in Fig. 9 show that in all scenarios significant reductions in
comparison with hydrogen obtained from steam methane
reforming (H,-SMR) of natural gas are obtained. For reference,
emissions associated with H,-SMR are approximately 91 gCO,-
eq. per KWh.?” The proposed technology yields in the base case
27.7 gCO,-eq. per KWh for fossil derived methane and
5.2 gC0O,-eq. per KWh for a renewable source. In the best-case
scenario, these numbers reduce to 9.4 gCO,-eq. per KWh and
-7 gCO,-eq. per KWh, thereby demonstrating the potential of
producing carbon negative hydrogen via methane photocataly-
sis. While these results are preliminary and there is significant
uncertainty associated with these early-stage calculations, we
highlight that they point toward the relevance of the technology
and the need for further development.

Conclusion

Currently practised thermo-chemical and plasma-chemical
industrial strategies for pyrolyzing methane into hydrogen
and value-added carbon nanotubes are energy and carbon
intensive processes operating at temperatures greater than
900 °C. We have circumvented these extremes in light-driven
process that generates clean hydrogen and high-value multi-
walled carbon nanotubes. Optothermal modelling of the photo-
catalyst confirmed light-induced heating and the roles of
photothermal and photochemical contributions to the reaction
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kinetics and formation of unique reaction products absent
under iso-thermal dark bulk heating conditions. The system
energy requirements, carbon footprint, economics of the pro-
cess, and comparison with alternatives, were evaluated by a
system-level TEA-LCA in the case of intermittent solar com-
pared to continuous LED irradiation for the co-production of
clean H, and value-added MWCNT. We demonstrate that the
light-driven pathway to these products is benefitted by a lower
activation energy, lack of requirement for an external source of
heat, and a zero- or even negative carbon footprint compared to
alternatives. It is envisioned that the produced H, will fuel the
emerging hydrogen economy and co-produced MWCNTs will
be a commercially valuable material for battery applications as
an anode in next-generation LIBs and even as an alternative for
copper wires. From our TEA-LCA sensitivity study, it is pro-
jected that the light-driven process is technologically, econom-
ically, and environmentally superior to thermo- and plasma-
chemical alternatives for the production of H, and MWCNTs.
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