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Abstract: Methane, a potent greenhouse gas and a major component of natural gas, holds immense
potential as a feedstock for producing value-added chemicals and fuels. This review examines recent
advancements in electrified methane conversion technologies, emphasizing sustainable approaches
to mitigate emissions while enabling efficient utilization. The paper explores key methods, including
electrocatalysis, plasma-driven reactions, and electrothermal processes, which leverage renewable
electricity to activate methane under mild conditions. Special focus is given to catalyst design, reac-
tor configurations, and process integration, highlighting improvements in selectivity, energy effi-
ciency, and scalability. These technologies offer promising pathways to decarbonize industrial
processes and transition toward a circular economy, aligning with global climate and energy goals.
By addressing current challenges and identifying future research directions, this review aims to
advance the field of methane valorization and support the development of greener chemical
manufacturing strategies.
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1. Introduction

1.1. Background

1.1.1. Natural Gas Emissions

Natural gas is a significant global energy source, accounting for

nearly 23% of the world’s energy consumption (see Figure 1).")
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methane hydrate as a potential renewable energy source in the
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Clean energy production remains a globally recognized pri-
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numerous renewable energy sources and advanced production
technologies. The gradual decline of the fossil fuel era is evident,
underscored by inidatives such as the European Unions pro-
posed ban on the production of internal combustion engine
vehicles by 2035. The primary impetus for such measures lies
in reducing carbon dioxide (CO,) emissions, the leading contrib-
utor to the greenhouse gas (GHG) effect. However, fossil fuels
contribute to GHG emissions not only through combustion but
also through the release of methane—the second largest GHG
contributor. Methane, the principal component of natural gas,
also emerges as a significant waste product from fossil fuel explo-
ration and production.

According to the International Energy Agency (IEA), address-
ing methane emissions from fossil fuel operations represents one
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of the most effective near-term strategies to mitigate climate
change. In light of this, a pathway to achieve a 75% reduction
in methane emissions from fossil fuel operations by 2030 has been
proposed.?

Methane concentrations in the atmosphere are currently
around 2.5 times higher than pre-industrial levels and continue
to rise steadily. Comprehensive estimates for 2023 from the
Global Methane Budget (Figure 2),”! indicate total methane emis-
sions of 570 Mt. These emissions are divided between natural
sources (around 40%) and human activities (around 60%).4¢!

Given these figures, it is imperative to address all methane
emissions arising from human activity. Fossil fuel operations,
as a significant source, warrant focused efforts to mitigate their
environmental impact. Such measures are essential not only for
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Figure 1. World energy consumption in 2023 by energy source. Reproduced
with permission."? Copyright 2023, International Energy Institute.
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combating climate change but also for ensuring a sustainable
transition to clean energy sources.

Methane does not pose a significant environmental problem
when it is effectively captured and converted into higher value-
added products such as methanol, ethanol, and other chemicals,
not intended to be used as fuels. However, there are substantial
opportunities to mitigate methane emissions, particularly in fos-
sil fuel operations. As illustrated in Figure 3, implementing strat-
egies such as methane capture, emissions monitoring, equipment
restoration, and on-site conversion technologies could result in a
reduction of ~54,611 kilotons (72%) of methane emissions
from these sources alone.”’ These measures represent a critical
pathway for both reducing GHG emissions and enhancing the
sustainable utilization of methane.

Methane has a relatively short atmospheric lifetime of about a
decade, during which it reacts with hydroxyl radicals to form
carbon dioxide—a compound that can persist in the atmosphere
for centuries. While its lifespan in the atmosphere is brief com-
pared to CO,, methane’s significant environmental impact arises
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Figure 2. Sources of methane emission for 2023 in Mt of Methane. Reproduced with permission.!”) Copyright IEA 2023, Global Methane Tracker 2023,

hteps://www.iea.org/reports/global-methane-tracker-2023, License: CC BY 4.0.
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Figure 3. Global Methane Emissions from Fossil Fuel Operations, IEA estimate for 2020. Reproduced with permission.”® Copyright IEA 2020, Methane Tracker
Database, https://www.iea.org/data-and-statistics/data-product/methane-tracker-database, License: CC BY 4.0.

from its potent heat-trapping ability. Methane absorbs heat
in the Earth’s atmosphere ~80 times more effectively than a
CO, molecule over a 20-year period, making it a critical target
for climate mitigation efforts.™

1.1.2. Natural Gas Reserves

Methane reserves exist in various forms and sources, with natural
gas reserves representing the largest and most significant contrib-
utor. Recent discoveries of substantial shale gas reserves have
further expanded the availability of methane, leading to a notice-
able decrease in its market price. As shown in Figure 4, Russia
holds the largest natural gas reserves globally, followed by Iran
and Qatar, highlighting the geographical concentration of this
critical resource. These reserves play a pivotal role in meeting
global energy demands and shaping the economics of methane
utilization.

Recent studies have highlighted the potential utilization
of before mentioned methane hydrates, which are found beneath
the sea surface, primarily within oceanic sediments (Figure 5).
These deposits represent an enormous yet largely untapped
source of methane. However, before harnessing methane
from hydrates, it is essential to develop green and economically
viable solutions for the utilization of methane from existing
natural gas reserves. Extracting methane from hydrates poses sig-
nificant technical challenges, as many deposits are located in
deep sediments, often beyond 500 meters below the ocean floor,
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making access and recovery particularly complex and resource
intensive.

1.2. Methane Activation

Methane activation and conversion processes, along with cou-
pling reactions, provide pathways for its utilization, but reducing
the energy demands of these reactions is essential for improving
their environmental footprint. Methane, as the hydrocarbon
with the highest hydrogen-to-carbon ratio, possesses four strong
and highly localized C—H bonds, making it chemically inert in
terms of its resistance to bond activation (434 k] mol™!) under
mild conditions, as methane also has low polarizability, and lack
of functional groups that could facilitate adsorption or reaction
at catalytic interfaces. Although the molecule can be activated, a
significant challenge arises from the lower chemical and thermo-
dynamic stability of the desired products. Traditionally, most
methane is burned for heating and electricity generation, with
a smaller fraction used as a vehicle fuel.”’

Currently, industrial methane utilization predominantly
relies on indirect conversion pathways, most notably steam
methane reforming (SMR), partial oxidation of methane
(POM), and autothermal reforming (ATR). SMR, the most
widely used process, involves the reaction of methane with steam
at 700-1100 °C over nickel-based catalysts to produce syngas
(CO and H,), but it is highly endothermic and energy intensive,
contributing significantly to CO, emissions and suffering from
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Figure 4. Top 5 Countries with the Largest Natural Gas Reserves. Reproduced with permission.’®”” Copyright 2025, Worldometer.
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Figure 5. Locations of sampled and inferred methane hydrate occurrences in oceanic sediment. Reproduced with permission.” Copyright 2025, American

Chemical Society.
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catalyst deactivation due to sintering and coking. POM, a faster
and mildly exothermic route, reacts methane with oxygen to
yield syngas but requires strict oxygen control to prevent total
combustion and suffers from lower selectivity. ATR integrates
SMR and POM in a single reactor to balance thermal require-
ments, yet it faces challenges in reactor complexity and precise
reactant management. Across all these methods, common limi-
tations persist: high operational temperatures, suboptimal car-
bon efficiency due to CO, byproducts, poor adaptability for
small-scale or remote applications, and catalyst degradation
under prolonged exposure. Furthermore, these processes do
not offer direct routes to high-value chemicals such as methanol
or olefins, with overoxidation and low selectivity hindering direct
methane functionalization."®'" Syngas does serve as a versatile
precursor for synthesizing a wide range of hydrocarbons and
alcohols using catalytic processes powered by various energy

02131 the most well-known such process is Fischer—

sources,
Tropsch process. Products like methanol, ethanol, and other
higher hydrocarbons are more reactive than methane and
thermodynamically favorable. However, slow reaction kinetics
often hinder the cost efficiency of methanol production, prompt-
ing the exploration of new direct conversion and activation
methods. These limitations underscore the urgent need for
novel, renewable and energy-efficient pathways. Recent studies
focus on discovering innovative catalysts and employing alterna-
tive power sources and reactor designs to exploit methane resour-
ces more efficiently and sustainably, preferably onsite.

A growing interest in non-oxidative methane conversion
methods is evident, particularly because these processes avoid
the formation of CO,." In oxygen-free environments, methane

City Centre

Industrial zone
= B

can be directly converted into higher hydrocarbons while releas-
ing hydrogen, ensuring complete utilization of its carbon and
hydrogen atoms. Non-oxidative activation methods include
electrocatalysis, electric field-mediated conversion, magnetic
field and plasma-powered activation, halogenation, and ther-
mal dry reforming, but these processes are yet to be widely
commercialized.

The primary objective of this publication is to provide
readers with a comprehensive understanding of innovative meth-
odologies and reactor designs for efficient methane conver-
sion, aiming for near-zero GHG emissions. To mitigate these
transport-related emissions, we propose a paradigm shift toward
deploying new technologies directly at methane sources, facili-
tating on-site/offshore conversion as presented in Figure 6.

In addition, this publication will analyze the most practical
and valuable final products derived from methane conversion,
offering insights into their applications. The four principal meth-
ods for methane conversion utilizing electricity as an energy
source will also be explored, highlighting their mechanisms, effi-
ciencies, and environmental benefits. This integrated approach
aims to advance the sustainable utilization of methane while

aligning with global climate and energy goals. (Figure 7).

2. Electrochemical Conversion of Methane
2.1. Electrocatalytic Conversion

Electrocatalytic methane conversion presents a compelling path-
way for the valorization of natural gas using electricity, particu-
larly from renewable sources, under ambient or near-ambient

On Site/Off Shore

Figure 6. Industry shift from city centers in 1950s to city adjacent industrial zones nowadays, to on-site/off shore plants in the future.

Chem. Rec. 2025, 25, ¢202400256 (6 of 22)

© 2025 The Author(s). The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

QSUAOIT SUOWWO)) d9ANEa1) dqeaijdde oy £q pauIdA0S oIk SO[OIIR () SN JO SI[NI 10J AIeIqIT auljuQ) A9[IAN UO (SUOIIPUOD-PUE-SULID) /W00 Ad[1M " K1elqijaut{uo//:sdyy) suonipuo)) pue suua ], oyl 23S ‘[$z07/60/10] uo Areiqi auruQ Ao[ia ‘ymnsuy pysfiway] £9 95700420 101/2001°0 1/10p/wod Kopim  Kreiqiauruo//:sdny woly papeojumo( ‘g ‘70T ‘169087S 1



THE CHEMICAL RECORD

Review

« | Ef et

®

Methane I

i :

)
| (=] [ Conversion using

®

conversion

Figure 7. Four main bespoke methane conversions using electricity.

conditions. Unlike thermal or oxidative methods that rely
on high temperatures and often yield CO, as a byproduct,
electrochemical approaches offer the potendal for selective,
low-emission conversion of methane to oxygenates, alcohols,
and hydrocarbons through precisely tuned redox environments
at the electrode—clectrolyte interface.

At the core of electrocatalytic activation lies the multielec-
tron, proton-coupled oxidation of methane, where controlling
the number and timing of electron transfers is critical to avoid
overoxidation and to favor partial functionalization. This con-
trasts sharply with traditional catalysis, as the electrochemical
potential can serve as an external, non-thermal driving force
to selectively increase concentration of wanted intermediates
and lower activation barriers. However, the low polarity and elec-
tron affinity of CHy result in poor adsorption and electron
transfer kinetics, making the first C—H bond activation step
rate-limiting in most systems. Overcoming these hurdles
through electrocatalysis under ambient or moderate conditions
has become a focal point in catalytic research, offering the poten-
tial for selective, energy-efficient chemical production while
leveraging renewable electricity. Representative methods for elec-
trocatalytic methane conversion are presented in Table 1.

Catalyst design lies at the heart of advancements in methane
electrocatalysis. Among the notable breakthroughs, Ni-based
catalysts have emerged as powerful tools for methane activation.
For instance, the NiO/Ni hollow fiber electrode has demon-
strated exceptional performance in producing ethanol through
electrocatalytic oxidation. By engineering the NiO/Ni interface,
researchers achieved a remarkable Faradaic efficiency (FE) of
89% at 1.4V vs. reversible hydrogen electrode (RHE), with a
yield of 25 pmol g~ h™". This success is attributed to the unique
ability of the NiO/Ni interface to facilitate both C—H activation

Chem. Rec. 2025, 25, ¢202400256 (7 of 22)

and C—C coupling, which are critical steps in ethanol synthesis.
This system represents a step forward in addressing the inherent
challenges of methane activation under mild conditions.">®!
The FE of electrocatalytic systems critically determines their via-
bility for industrial applications. For example, high FE values
were achieved by Deng et al. in an electrolysis cell under ambient
conditions using d° early transition metals such as titanium (IV),
vanadium (V), and chromium (VI). These metals were employed
as homogeneous molecular eletrocatalysts in 98% sulfuric acid,
activating methane through a turnover-limiting one-electron oxi-
dation mechanism. The primary product of the reaction was
methyl bisulfate (CH;0SO3H), formed with a high FE of up
to 84.5% under 3 bar CHy at room temperature. The study
highlights the catalytic stability, achieving turnover numbers
exceeding 45 000 over 72 h without significant catalyst degrada-
tion. This work establishes the general applicability of d° early
transition metals for methane activation, offering a pathway for
efficient, ambient, and selective conversion of methane into
value-added chemicals."”’

Similarly, oxide-based catalysts have shown great promise in
methane conversion. The ZrO,-NiCo,0, quasisolid solution
nanowire catalyst exemplifies this potential by achieving meth-
ane oxidation to a suite of valuable products, including propionic
acid, acetic acid, and acetone. This system operates without the
need for high temperatures or noble metals, achieving a conver-
sion efficiency of 47.5% over 20 h of operation. The success of
this catalyst lies in its unique nanostructure, which enhances the
availability of active sites and promotes efficient oxygenate pro-
duction,"® same authors presented similar work on operating
such cell (Figure 8) at potential of 2.0 V, and after 12 h of oper-
ation, there was almost 40% conversion of methane achieved,
where they oxidized CHy to 1-propanol and 2-propanol via
an electrochemical method.™”

Additionally, cobalt oxide (Co304) combined with ZrO, nano-
tube supports has proven to be another highly effective system. The
nanostructured Co;O4-ZrO, composite facilitates POM into
higher alcohols, with a production rate of 2.42 mmol g~' h™",
driven by the synergistic interaction between the Co3;04 and
ZrO, components. The high specific surface area and efficient
electron transport in this composite further enhance its catalytic
activity.””) Chen et al. reported that focusing on the interplay
between catalyst design, reactor configuration, and process effi-
ciency, using Co304-ZrO, composites further highlights the effi-
ciency of oxide-based catalysts in producing higher alcohols under
ambient conditions.

Building on these catalytic innovations, noble metal systems
such as platinum-based catalysts still demonstrate exceptional
capabilities in methane functionalization. Pt™-based aqueous
systems provide a highly selective route for methane oxidation
to methanol, achieving a 70% selectivity for methanol produc-
tion. The process leverages electrochemical regeneration of Pt"")
oxidants, eliminating the need for stoichiometric oxidants and

© 2025 The Author(s). The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

QSUAOIT SUOWWO)) d9ANEa1) dqeaijdde oy £q pauIdA0S oIk SO[OIIR () SN JO SI[NI 10J AIeIqIT auljuQ) A9[IAN UO (SUOIIPUOD-PUE-SULID) /W00 Ad[1M " K1elqijaut{uo//:sdyy) suonipuo)) pue suua ], oyl 23S ‘[$z07/60/10] uo Areiqi auruQ Ao[ia ‘ymnsuy pysfiway] £9 95700420 101/2001°0 1/10p/wod Kopim  Kreiqiauruo//:sdny woly papeojumo( ‘g ‘70T ‘169087S 1



15280691, 2025, 8, Downloaded from https://onlinelibrary.wiley.com/doi/10.1002/tcr.202400256 by Kemijski Institut, Wiley Online Library on [01/09/2025]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

THE CHEMICAL RECORD

Review

QU0120y pue pIoe

[81] oneoy ‘proe oruordorg - %S LY WO YW €T A 0T Do ST [[22 apomd3]2 ¢ YOLODINOIZ
91BWI0}
M pue [Aypowr Toy10
[c2] [Apowp ‘outpow - YT oWl [08V/3Y "$A A €0 0. ST OdWAd 0/
UONEPIXO
(L2l [OUBIN - %0¢ A€0 D, 6T OdINEVV Jsed O/d [EBIEd
Q=905 00N S T47IS
[¢7l aueyId dudAIyg - %1% A9T D, 068 408 —24S$L0°0
SPOIDI[D DU
[¥7] duarhyy QUL 90/ - ua8Ax0 "sa A 9°0— 03 80— ‘D, 058 q0S OLAGEEN
opAyopreraoe
[61] ‘Jouedoid-z Jouedord-| - %0% WD YW /8 9 SA AT D, ST T[22 2pond3d 7 e vdide 0
Joueyiy L )
[o7] ‘[ouedoid-z ‘jouedoid-| - 3 jown 91%¢ WD YW Y A A 9T 9D, 6T [[9° 9po1d3 ¢ IN “O¥Z/70f0D NWDO
[£1] areydins (Ao 9%8°/S Y201 0L SH/POSBBH SA A L1T Do ST [[22 2pomd92 ¢ YOS*H ut |, JD/opoue 1]
[£1] areydins Aoy %569 Y €8% AOL SH/POSPBH SA A 97T D, ST [[9° 2po1ddP ¢ YOS®H Ul ,A/opout 1]
(L1] areydns [Agopy %869 -4%9 0L SH/"OS™H A A €T 0, ST [[P2 2ponddp ¢ OSTH Ul 411 /2Pout 1]
Ppioe orwro ‘[orp 4 ceo [[30 9po1ddPp ¢
(17] SUTYRIN ‘[OUBYIAN - HO 40.L yw 160 “15d 6/9 D, 0€1 — amssaxd yary anm 1J
HON
[91] [ouryry OUBON %L1 HOY %68 - WO VW E Y A AT D0 ST [[92 2ponddpP ¢ 'N/OIN
HON
[¢1] [ouey POUEYRN  %HS HOY %68 - W YWH00 HHY A AT *D0 6T [[°2 9pO1Nd3P ¢ JHIN/OIN
(97l Lpmdarg ‘00 “H - %¢ ASLO WM LED *Do 005 o408 qARDZI N
OdNdad)
[[92 [o1y SueIquidsw
(44 O°H 00 - - AST0 S Wd YW [G°E ), 08 JBueypxs-uoror] O/OPuz*9pq
Ued[NA UOGIED)
(87] O%H ‘Touryp - =4 - TeW gl WO YW IT0 “HAAYT A A0 OLRIAEN uo (06°7) xo[dwoo-ny - uonepxQ
911 /UOISI2AUO]) adhr UOISIOAUOD
SDUIYY s1onpoi Arewrti [%] A1 YHD uonIpuod sIsA[o1Ida[g 1924]0n09]2/10108Y s1s4[e1e]) /opouy Jo suesN

‘aueIowr mo UOISIAUO0D Uﬁ%ﬂmu‘muoyﬁuuﬁu uo sarpmis u>ﬁmu50wuu&bam ‘T D—JN.H

© 2025 The Author(s). The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

Chem. Rec. 2025, 25, €202400256 (8 of 22)



Review

THE CHEMICAL RECORD

. l :Cathode Anode . s

Electrolyte

Alco/hols

Figure 8. The electrocatalytic oxidation of methane. Reproduced with permis-
sion."”’ Copyright 2017, WILEY-VCH.

enabling sustained activity under mild conditions. This approach
highlights the potential for integrating electrocatalysis into prac-
tical applications by overcoming the economic and operational
barriers associated with traditional catalytic cycles.*"! Similar to
platinum-based catalysts, Godoi et al. presented PdCu/C system,
for example, which demonstrates high activity for POM in alka-
line fuel cells (FCs), producing methanol, dimethyl ether, and
formates. Differential mass spectroscopy reveals that the
PdsoCuse/C combination achieves the highest methane oxida-
tion rates, leveraging the synergy between palladium and copper
to improve water activation and C—H bond scission. This sys-
tem also enables energy co-generation, offering a dual benefit of
chemical production and power generation.?>*!

Reactor design plays a critical role in translating these cata-
lytic advances into scalable systems. Solid oxide electrolyzers
(SOEs) have emerged as a particularly effective platform
for methane electrocatalysis. By utilizing Sr,Fe; sMog.sO4-0
(SEMO) catalysts, SOEs have demonstrated selective oxidative
coupling of methane (OCM) to ethylene with a C, selectivity
of 81.2%. This system operates at high temperatures suitable
for SOE technology but benefits from the ability to regulate
methane activation through applied potentials and the intrinsic
stability of SFMO catalysts against coke formation. These fea-
tures make SOEs a promising candidate for industrial-scale
applications,.? Zhu. et al. presented a similar SFMO-based
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system. By incorporating nanoscale metal-oxide interfaces on
porous SEMO scaffolds, researchers achieved a methane conver-
sion rate of 41% at 850 °C. The interface facilitates efficient
C—H activation and prevents coking, making it highly
stable under extended operation.”” The study by Chen et al.
presents a novel solid oxide FC (SOFC) operating on nearly
dry methane (%3.5vol% H,0) at 500 °C, achieving a peak
power density of 0.37 Wcm > The SOFC design integrates
a PrBay.sSry.5Co;.sFey.sOs+8 (PBSCF) nanofiber-based cath-
ode, a BaZry.1Ce.;Y(.1Yby.;O5-86 (BZCYYb)-based multifunc-
tional anode, and a Cej.90Nip.osRug.050, (CNR) catalyst layer
for reforming methane into H, and CO. This synergistic com-
bination facilitated effective steam reforming and electrochemi-
cal oxidation, yielding high selectivity for H, (99%) and CO
(97%) at 500 °C. The catalyst demonstrated robust coking resis-
tance, maintaining performance over 550 h of continuous oper-
ation without degradation. The work highlights the synergistic
role of Ru and Ni cations in activating CH, and H,O for effi-
cient methane reforming, showcasing the potential of advanced
catalysts for intermediate-temperature SOFCs.”*!

In contrast to SFMO catalyst-based solid oxide electrolysis
systems, Santos et al., confirmed that advances in reactor design
have been crucial in translating catalytic innovations into prac-
tical applications. Solid electrolyte membrane reactors (SEMRs)
and alkaline anion exchange membrane FCs (AAEMFCs) have
emerged as leading platforms for methane electrocatalysis. In
AAEMECs, catalysts like Pt/C and Pd/C enable POM to convert
methanol and formate at room temperature. Pt/C shows a high
conversion efficiency of 20% at 0.3V, while Pd/C achieves
17.5% at 0.15V, with products being quantified through
Raman spectroscopy. These reactors demonstrate the feasibility
of co-producing electricity and valuable chemicals, particularly in
systems where methane serves as a fuel.””)

Another innovative reactor configuration involves SEMR-FCs,
which combine methane oxidation with electricity generation.
These systems achieve methane-to-methanol conversion rates
exceeding 1.85mol L™" h™", leveraging Cu-complex catalysts
under open-circuit conditions. The integration of methane conver-
sionand energy generation ina single device underscores the poten-
tial for creating multifunctional systems that maximize resource
utilization.”® The breadth of products achievable through meth-
ane electrocatalysis is a testament to the versatility of this approach.
Ethanol, methanol, aceticacid, and ethylene are just a few examples
of value-added chemicals produced through these processes.

Despite these advancements, challenges remain in optimiz-
ing catalyst stability, improving conversion efficiencies, and
reducing operational costs. For example, the chemical stability
of alkaline earth metal-based catalysts in carbon-rich environ-
ments and the susceptibility to overoxidation in oxidative cou-
pling reactions highlight areas for further investigation.**!
Addressing these challenges through continued innovation in
catalyst design, reactor engineering, and system integration will
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be crucial for advancing methane electrocatalysis as a commer-
cially viable technology.

In short, electrocatalytic methane conversion represents a par-
adigm shift in the utilization of natural gas, offering a pathway to
sustainable and efficient production of value-added chemicals.
The combination of advanced catalysts, innovative reactor designs,
and precise reaction control underscores the transformative poten-
tial of this technology, paving the way for its integration into
future energy and chemical production systems.

The integration of electrified methane conversion technolo-
gies with renewable energy sources could be achieved through
several practical strategies. These include leveraging the dynamic
response capabilities of systems like electrochemical cells to
match fluctuating power inputs, incorporating energy storage
solutions (e.g., batteries or hydrogen) to buffer variability, and
using smart grid technologies to enable demand-response oper-
ation. Additionally, the modular and distributed nature of many
electrified systems makes them well-suited for deployment near
renewable energy generation sites, enhancing overall process effi-
ciency and reducing transmission losses. Such approaches can
facilitate flexible, low-emission industrial processes aligned with
renewable energy availability.

However, a significant gap remains in the current body of
work, as long-term catalyst stability is rarely addressed. For these
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technologies to attract industrial interest and support further
development, comprehensive studies on durability and opera-
tional lifetime are essential.

2.2. Future Outlook for Electrocatalytic Methane
Conversion

Tonic liquids (ILs), often referred to as molten salts, are emerging
as powerful tools in methane conversion and coupling reactions,
particularly as electrolytes in electrolysis. Defined as compounds
composed entirely of ions, ILs have been a focus of intense
research over the past two decades due to their tunable proper-
ties, including their ability to remain liquid at temperatures
below 100 °C. Since Paul Walden first reported ILs in 1914, they
have developed into a major area of study across disciplines such
as chemistry, materials science, and environmental science, with
over 5,000 articles published in the past two decades, and have
recently gained back a huge interest.*” ILs unlocked many new
reaction pathways and mechanisms for methane conversion. But
ILs can not only work as an effective electrolyte or precursor for
catalyst formation, but also as an effective methane-soluble
medium for methane trapping or transporting,.

Initial studies have highlighted ILs’ versatility in methane con-
version (Figure 9). For example, Cheng et al.®® demonstrated a
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Figure 9. ILs reported for methane dissolution. Reproduced with permission.®! Copyright 2025, American Chemical Society.
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method to prepare highly active ternary systems comprising ILs,
inorganic platinum compounds, and sulfuric acid for the direct
conversion of methane to methanol. Typically, inorganic Pt
compounds such as PtCl, or PtO, are insoluble in organic or
aqueous solutions and even in concentrated acids. However,
the study found that heating Pt compounds in ILs, followed
by dissolution in sulfuric acid, created a homogeneous solution
that significantly enhanced catalytic activity. Methanol concen-
trations of 0.17 M were achieved using PtCl, + [1-mim][Cl] in
96% H,SOy, a performance approximately five times higher
than with traditional systems like (Bpym)PtCl,.

Building on this, Whang et al. demonstrated the ability of
ILs to electrochemically activate methane at the IL/Pt electrode
interface. In this system, the C—H bond in methane was broken
to form a methyl radical through the generation of bis((trifluor-
omethyl)-sulfonyl)-amide ([NTf,]) radicals. Using 1-butyl-1-
methylpyrrolidinium  bis((trifluoromethyl)
([Bmpy][NTE,]), methane was oxidized anaerobically at the
platinum-[Bmpy][NTf,] interface, forming methyl radicals

that are crucial for downstream applications such as organ
[31]

sulfonyl) amide

fluorination.

More recently, they continued the work on electrocatalytic meth-
ane conversion in IL electrolyte, converting it into methanol under
mild conditions using an oxygen-vacancy-rich V,05 (Ov-V,0s)
anode and an IL electrolyte, 1-butyl-3-methylimidazolium tetra-
fluoroborate ((BMIM]BE,), in a non-diaphragm electrochemical
system.

They have clarified the mechanistic underpinnings of
IL-based electrocatalytic methane conversion (Figure 10), par-
ticularly highlighting the role of electrogenerated oxygen species
in selective oxidation. In systems using aprotic ILs such as
[BMIM]BE,, active oxygen species like superoxide (-O,~) and
peroxide anions (O,”) are generated via the oxygen reduction
reaction at cathodic potentials of —0.85 and —1.20V, respec-
tively. These species participate in the oxidation of methane

CH, 0,
DN
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Figure 10. Mechanistic pathway of methane conversion using oxygen-vacancy-
rich anode in IL electrolyte. Reproduced with permission.®? Copyright 2025,
Elsevier.

adsorbed on anodic catalysts such as oxygen-deficient V,05
(Ov-V,05), which contains V4™ sites that facilitate CHy chemi-
sorption and lower the activation barrier, as supported by density
functional theory (DFT) calculations showing an oxygen
vacancy formation energy of 2.30 ¢V. Under optimized condi-
tions, methanol was produced at a rate of 352.5 umol g_cat™' h™"
with a FE of 61.1%. The IL medium enhances the stability of
reactive oxygen species by suppressing their protonation and
disproportionation, offering better control over reaction selectiv-
ity. However, challenges remain in aligning the kinetics of meth-
aneactivation with the oxygen supply, as excess -O, ™ can be lost to
side reactions, reducing overall efficiency. These findings
demonstrate both the potential and the complexity of IL-based
systems for carbon-efficient methane upgrading under mild
conditions.”*”

ILs are paving the way for new reaction pathways and mech-
anisms in methane conversion. Their tunable properties allow
for the engineering of highly specific systems and processes,
making them ideal for applications where unique solvent or
electrolyte characteristics are desirable. Additionally, their
environmentally friendly nature, along with easy recovery and
regeneration, positions ILs as a superior alternative to conven-
tional solvent systems. With continued advancements, ILs hold
great promise for revolutionizing methane conversion and other
electrochemical applications. There are still a few technical bar-
riers for IL-based methane conversion, which mostly include low
methane solubility, limited ionic conductivity, poor long-term
stability of ILs, and catalyst deactivation over time.

2.3. Methane Activation in the Electric Field

Recent research has demonstrated significant advancements in
electrocatalytic methane conversion using electric fields, empha-
sizing their role in direct activation and enhancement of reaction
efficiencies. Some publications have reported that methane
conversion improvement can be achieved by applying a
3335 For instance, Bai et al. illustrated
that microwave-assisted methane dehydroaromatization with
Mo/ZSM-5 catalysts achieved up to 18% methane conversion
at 550 °C under an electric field, compared to over 800°C
required in conventional thermal systems. The non-thermal

lower external E-field.!

effects of microwave irradiation created highly localized “hot
spots” on the catalyst surface, effectively aiding the conversion
process to yield C2 hydrocarbons and aromatics such as ben-
zene. Authors reported the issue of carbon deposition under
microwave-assisted conditions. However, coke formation still
presents a significant challenge due to its impact on catalyst per-
formance and system stability. Interestingly, their observations
revealed that the power required to maintain the target tempera-
ture dropped significantly to 30-50 W after initiating the
reaction. This effect is attributed to coke acting as a strong
microwave absorber, thereby influencing the local heating
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profile. However, since the coke formation rate varied between
experiments, only the initial power input before reaction onset
was used for comparison. This variability further underscores the
need for careful control and potential mitigation strategies to
manage carbon deposition during electric field-assisted methane
conversion.®®!

Nakano et al.®”! reported that in dry reforming of methane
(DRM), applying a direct current electric field to Pt/CeO, cata-
lysts facilitated low-temperature methane conversion at 473 K.
The electric field promoted the interaction between CHy4 and
surface lattice oxygen at the Pt—CeO, interface, increasing
CO; activation through carbonate intermediates and enhancing
CHy dissociation via surface oxygen vacancies. The application
of an electric field significantly reduces the apparent activation
energies for CH4 and CO, (from 66.1 and 62.3 k] mol™" to 8.2
and 12.1 k] mol ™", respectively), indicating a fundamentally dif-
ferent, non-thermal reaction pathway. Central to this mechanism
is the promotion of proton conduction on the catalyst surface via
the Grotthuss mechanism, wherein protons from adsorbed water
and hydroxyl groups “hop” across the surface and collide with
methane molecules to form a CHs;—H—HT; transition state,
facilitating C—H bond cleavage (Figure 11). Turnover fre-
quency analyzes reveal that catalytic activity correlates more
strongly with the Ni perimeter than total surface area, empha-
sizing the role of the Ni/La-ZrO, interface as the primary active
site. Isotopic labeling experiments with '®O, confirm the partic-
ipation of lattice oxygen in a Mars—van Krevelen redox cycle,
while in situ diffuse reflectance infrared Fourier transform spec-
troscopy data show reversible water rotation bands (850 cm ™)
exclusive to electric field conditions, corroborating surface
proton dynamics. An inverse kinetic isotope effect observed with
CDy supports proton-assisted activation of methane, and DFT
calculations show enhanced CO, adsorption and bicarbonate
formation at oxygen-deficient La-ZrO, sites. Together, these
findings demonstrate that the electric field promotes methane

Figure 11. Schematic illustrating the mechanism of dry reforming of CH4 over
Ni/La-ZrO, catalyst in an electric field. (Atoms colors: La atoms -> dark green;
Zr atoms -> light green; Ni atoms -> gray; C atoms -> black; O atoms -> red;
and H atoms -> blue). Reproduced with permission.”’” Copyright 2025,
American Chemical Society.

and CO, activation through a coupled protonic-redox mecha-
nism at significantly reduced temperatures.

Similarly, Yabe et al.®® demonstrated that Ni/La-ZrO, cat-
alysts under an electric field achieved DRM with a marked
reduction in activation energy. The electric field synergized with
surface protonic mechanisms, where proton collisions at the cat-
alyst interface enabled the formation of transition states condu-
cive to CHy conversion, producing synthesis gas with reduced
coke deposition.

In another study, Han et al.’”" explored OCM using
TiO,/ZSM-5 core-shell particles. The application of an electric
field activated oxygen species at the TiO,-zeolite interface, facil-
itating the production of light olefins such as ethylene and pro-
pylene. The selectivity toward desirable hydrocarbons was
enhanced, reducing deep oxidation side reactions. An experi-
ment at low reaction temperature of 150 °C, resulted in high
methane conversion (18.4%) with selectivity 8.5% toward
C,Hg and 15.7% toward C,Hy, whereas the selectivity toward
CO and CO, was at 64.2% and 3.4%, respectively.“”’ Zhao
et al. similarly investigated Ce-doped TiO, catalysts, where elec-
tric fields induced dynamic lattice phase transitions from anatase
to rutile, improving CHy oxidation efficiency. This transforma-
tion also promoted Pd reduction from Pd** to Pd’ an active
state for catalytic methane oxidation.

Electrostatic fields have also been shown to directly
activate methane through unique mechanisms. Geng et al./*"
highlighted a concerted double C—H bond insertion mechanism
using Cu*-carbide catalysts in the presence of an electric field,
enabling the direct conversion of methane to ethylene. This
mechanistically novel approach bypassed the need for interme-
diate syngas formation, offering an energy-efficient pathway.

Collectively, these studies underscore the transformative
potential of electric fields in electrocatalytic methane conversion,
enabling novel reaction pathways, reducing operating tempera-
tures, and enhancing catalytic efficiencies. The resulting prod-
ucts, ranging from syngas to value-added hydrocarbons such
as ethylene, propylene, and aromatics, highlight the versatility
and sustainability of electric field-assisted catalytic systems.
These advancements pave the way for cleaner methane utiliza-
tion technologies, significantly contributing to carbon-neutral
energy and chemical production.

Electric field-assisted methane conversion faces several criti-
cal challenges that must be addressed to advance the technology.
A key barrier is the limited molecular-level understanding of how
electric fields influence reaction pathways, activation energies,
and transient intermediates, particularly under operando condi-
tions. Most current studies rely on simplified models or ex situ
analyses, which fail to capture the dynamic and localized effects
of electric fields. Moreover, the lack of standardized experimental
setups hinders reproducibility and cross-comparison between
studies. To overcome these challenges, the field requires the
development of advanced insitu characterization techniques
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and multscale simulations, alongside systematic investigations
into the effects of field strength, orientation, and electrode com-
position. Bridging these knowledge gaps will be essential for
optimizing reactor configurations and enhancing the efficiency
and selectivity of electric field-assisted processes.

3. Methane Conversion in Plasma

Among many innovative technologies for the conversion of CHy
to more energy-dense fuels, plasma-assisted methane reforming
(PAMR) technology has garnered widespread interest because of
its promising benefits associated with gentle reaction conditions.
Plasma, a distinctive conductive fluid existing in the form of ion-
ized gas, is composed of ions, electrons with positive and nega-
tive charges, atoms and molecules in various neutral, excited, or
ground states, free radicals, and photons. A defining characteris-
tic of plasma is its electrical neutrality, maintained whether par-
tially or entirely ionized. Temperature is the parameter which
categorizes plasma into two main types: high temperature plasma
and low temperature plasma, which also divides into thermal and
non-thermal plasma (NTP). Plasma technology exhibits compel-
ling attributes toward methane reforming, such as achieving

Table 2. Most represented plasma types for methane conversion.

Plasma Type Temperature Mode of Operation

High (localized)

Triggered by high
voltage
Short pulses of
energy
Alternating current,
dielectric barrier

Spark Plasma
Pulsed Plasma Moderate to High

DBD Plasma

Low (non-thermal)

higher conversion rates and product selectivity while operating
at lower temperatures, leading to a notable reduction in carbon
deposition throughout the process. Furthermore, the tempera-
ture and energy densities within specific plasma phases far sur-
pass those attainable in conventional catalytic processes, reaching
remarkable levels of intensity. These attributes refer to NTP that
has highly energetic electrons at comparatively lower overall
(42,43

temperatures compared to the thermal plasma.”>**! Most rep-
resented plasma types for methane conversion are presented
in Table 2, and an extensive comparison of representational

recent works is presented in Table 3.

3.1. Spark Plasma
DRM have

highlighted the recurring issue of catalyst deactivation due to

Recent advancements in thermal-catalytic
coking at high reaction temperatures, which limits efficiency.
Plasma-based DRM offers a solution, as it operates at lower tem-
peratures, reducing coking and enhancing stability. While most
studies focus on plasma-only systems, some incorporate catalytic
materials around the plasma channel to leverage the heat gener-
ated in the plasma for thermo-catalytic reactions.

In one study by Lagic et al.,"**) an atmospheric pressure spark
discharge plasma reactor was designed to introduce gases through
hollow electrodes into a plasma channel, dispersing them out-
ward through a catalyst made of porous alumina foam wash-
coated with 15wt% Ni/AL,O;. Plasma-only experiments
revealed that higher CHy content in the feed increases H, con-
tent in syngas but also raises coke formation and reduces CHy
conversion while improving CO, conversion. However, catalytic
tests showed lower conversions than plasma-only experiments
due to the reverse reactions facilitated by plasma-generated heat,

Table 3. Comparison of different plasma-assisted methane reforming methods.

Reference Type of Plasma Used Reaction Conditions SEI (kJ/mol CHy) Products from CHy4
Sun et al. NPD 50 mL min~' CH,, 1 kHz, 100— 245-702 C,H,, C,H,, C,H,, CsHs, Hy,
350 ns, 1620 kV soot
Delikonstantis et al.*”’ NPD CH4H, (1:1), 11'W, 1-100 kHz, 870 Ethylene, acetylene, H,, C
pressure varied
Scapinello et al." ! NPD CH4:D, or CD4H, at 1-5 bar, 245-702 Ethylene, ethane, acetylene,

20-24W, 3 kHz
1% CHy in Ar, 100 mL min™},
17 Torr, 1 kHz
Nanosecond pulsed CH4CO, (1:1), 50 sccm, 55.7 W,

Nanosecond pulsed
plasma

Huang et al. (48]

Wang et al.®)
DBD 10 kHz
Nishimura et al.®*

DBD (non-thermal) CH,/CO,/Ar feed, 3.6 kV, 373 K, -

77 mL min ™"

H,, D,
44.352 (Low methane %) C2H2, C2H4, C2H6
247-315 H,, CO (syngas), small C,-C4
hydrocarbons
Acetic acid, formic acid, C,-C4
acids
Ethylene, ethane, acetylene, H,

Liu et al.’¥ DBD plasma with CHy4: He or CHy only, 54 W, -
catalyst atmospheric pressure
Miao et al.>! DC glow discharge CH,4/O,/N, & CH4/CO,/N,,

100 mL min~", ambient pressure
CH,/CO,, 100-200 cm® min™",

Spark plasma

Jurkovi¢ et al. 4
90-150V

67.200 (Low methane %)  Ethylene, C, * hydrocarbons,
H,, CO
H,, CO, small acetylene content,

some coke

up to 367
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which often falls short of achieving the thermal equilibrium
needed for higher conversions. Effective insulation and elevated
catalyst temperatures could mitigate this issue and enhance per-
formance. Notable findings include CH4 and CO, conversion
rates of 85% and 75%, respectively, with syngas as the predomi-
nant product.

3.2. Pulsed Plasma

Recent advancements in pulsed discharge plasma technology
have demonstrated its potential for efficient non-oxidative meth-
ane (CHy) conversion to hydrogen (H,). In a needle-to-plate
discharge reactor, experiments with nanosecond and microsec-
ond pulsed spark discharges revealed significant differences in
conversion and product yields. Using a nanosecond pulsed dis-
charge (NPD) with a 10 mm gap length, CH, conversion
reached 54.5% with an H, yield of 17.9%. In contrast, the
microsecond pulsed discharge achieved a much higher CH; con-
version of 91.2% and an H, yield of 38.4% at a 6 mm gap
length. Increased gas flow rates reduced CH conversion and
H, yield due to shorter residence times in the plasma, limiting
electron-molecule collisions. The findings highlight the superior
efficiency of microsecond pulsed discharges for methane-
to-hydrogen conversion, with results dependent on discharge
gap lengths and gas flow rates.*”’

The study by Scapinello et al.*®! focuses on the mechanism
of non-oxidative methane coupling in NPD reactors, highlight-
ing its efficiency in methane activation and product selec-
tivity. Their research demonstrates how elevated pressures and
co-feeding hydrogen improve methane conversion rates and eth-
ylene yields, with selectivity reaching around 20% per pass under
optimized conditions. The study emphasizes the dual role of
plasma in initiating methane dissociation and controlling inter-
mediate reactions to favor ethylene over acetylene. A key advan-
tage of this work lies in its use of isotope tracers to elucidate
reaction pathways, providing a deeper understanding of radical
chemistry and selective product formation.

Delikonstantis et al."”! investigate a plate-to-plate NPD reac-
tor configuration, emphasizing its suitability for non-oxidative
methane coupling. Their research demonstrates how proper
load-impedance matching enhances energy utilization and prod-
uct yields. Despite slightly lower olefin yields compared to coax-
ial setups, the plate-to-plate reactor offers significant energy
savings and improved operational stability, reducing carbon
deposition and extending operating life. Methane conversion
rates of up to 34% are reported, with ethylene and acetylene
as dominant products. This work highlights the potential of reac-
tor design optimization in achieving high-performance methane
reforming at reduced energy costs.

1.8 present an innovative energy pooling mech-

Huang et a
anism for catalyst-free methane activation in an argon-methane

mixture using NPD. Their experiments reveal how argon ions

and metastable species store energy during the pulse-on period,
sustaining the formation of reactive intermediates during the
pulse-off phase. This mechanism increases the methane dissoci-
ation degree by an order of magnitude compared to direct elec-
tron impact processes, achieving notable selectivity for hydrogen
and light hydrocarbons such as ethylene and acetylene. The main
advantage of this study lies in its use of real time, insitu diag-
nostics and kinetic modeling, providing a clear mechanistic
insight into plasma—methane interactions at low temperatures.

Sun et al.*” explore methane conversion across diffuse, fila-
mentary, and spark discharge regimes in NPD reactors, each
offering unique product distributions. Their findings indicate
that filamentary discharges favor the production of ethane
and ethylene, while spark discharges lead to higher acetylene
yields due to the dominance of thermal chemistry. Methane con-
version rates range from 2.2% in low-energy diffuse regimes to
over 74% in spark discharges. This work underscores the impor-
tance of discharge regime control in tailoring product selectivity
and highlights the potential of high-energy regimes for industrial
applications despite increased soot formation. The study’s advan-
tage lies in its comprehensive analysis of discharge dynamics and
optical emission spectroscopy, linking plasma properties to
methane conversion outcomes.

3.3. Dielectric Barrier Discharge (DBD)

Plasma can be categorized into low and high-temperature states,
depending on the internal electron temperature. In the domain
of low-temperature plasma, thermal and NTP are differentiated
based on thermodynamic equilibrium. One notable demonstra-
tion of NTP is the DBD.P”

DBD:s refer to self-sustaining electrical discharges occurring
within electrode setups featuring insulating material within the
discharge path. The dielectric or insulating material is account-
able for the induction of NTP at regular pressure. The intention
behind introducing an insulating medium into the discharge gap
is to restrict current flow and deter the occurrence of sparks and
arcs. Most commonly used dielectric materials appear to be
quartz, ceramics, glass, Teflon, and silicon rubber.”" DBD reac-
tors are preferred over spark and gliding arc discharges, where
maintaining discharge stability becomes challenging and the
gases spend limited time in the plasma zone, making it difficult
to enforce plasma-catalyst coupling.

Shivapuji et al.®? investigated the (DBD) plasma as a
method for in situ production of Hythane, a methane-hydrogen
blend, which exhibits superior combustion properties compared
to pure methane. By optimizing the methane residence time
within the plasma zone, the study achieved Hythane compositions
with hydrogen fractions of up to 15%. The approach demon-
strated enhanced flame speeds, significantly improving thermody-
namic efficiency for applications like spark-ignited engines. The
main advantage highlighted in this work is the plasma’s ability
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to create charged intermediate species, contributing to improved
reaction kinetics and combustion performance.

Nishimura et al.®® focused on the production of acetic acid
from methane and carbon dioxide using a DBD plasma reactor.
The study revealed that under NTP conditions, methane acti-
vation via electron collisions led to selective production of
methyl and other reactive intermediates. However, CO, incor-
poration into acetic acid was less efficient, indicating the need for
improved CO, activation mechanisms. The work emphasized
the reactor’s potential for carbon fixation and its capability to
convert GHGs into value-added chemicals, presenting an
environmentally beneficial pathway.

Liu et al.® demonstrated the synergistic effects of combin-

ing single-atom Pt catalysts with DBD plasma for nonoxidative
methane coupling. The system achieved methane conversion of
39% with a C2 hydrocarbon selectivity of 54% at low temper-
atures and atmospheric pressure. The study underlined the
advantages of single-atom catalysts in enhancing the selectivity
and reducing coke formation compared to traditional nanoparticle-
based catalysts. This integration of plasma and catalysis presents a
promising route for efficient methane valorization under mild
conditions.
Miao et al.” explored methane coupling in microstructured
DBD reactors to produce ethylene and longer-chain hydrocar-
bons. Their system achieved methane conversions of up to
75% with carbon selectivity toward C2+ products as high as
90%, alongside energy efficiencies exceeding 80%. The innova-
tive microreactor design allowed for low-energy discharge at
atmospheric pressure and ambient temperature, significantly
reducing operational costs and energy losses. This work high-
lights the feasibility of scalable and energy-efficient methane con-
version technologies for industrial applications.

These studies collectively illustrate the versatility and advan-
tages of DBD plasma in methane conversion, spanning applica-
tions from sustainable fuel production to carbon fixation and
high-value hydrocarbon synthesis.

4. Flectro-Thermal Methane Conversion

The most prevalent methane conversion method toward syngas
is SMR, which is a highly endothermic process. Despite the fact
that modern SMR units, when integrated into the large indus-
trial plants with extensive heat recovery, are capable of operating
at near 95% energy efficiency,”® standalone fired reformers typ-
ically operate at a considerably lower efficiency of near 50%.
Alternative methods for the production of syngas (or hydrogen)
from methane include other endothermic processes, such as dry
reforming, cracking, etc., with the efficiency of these processes
being limited by the constant supply of heat to the catalytic sites
within the reactors.

The electrification of thermal methane conversion entails
the substitution of conventional heat sources with electric-
based technologies. This transition not only facilitates the incor-
poration of renewable energy into methane processing but also
has the potential to overcome limitations of combustion and
brings the number of advantages in terms of enhanced energy
efficiency, more accurate process control, reduced carbon inten-
sity, and minimized environmental impact.

4.1. Joule-Heating

Nevertheless, the relationship between electrical current and gen-
erated heat has been known for neatly two centuries. Joule heat-
ing, also known as resistive heating or Ohmic heating, is
considered an innovative electrification technique for thermal
methane conversion. Apart from electrical heating elements in
chemical reactors, which can operate both externally and inter-
nally, the most innovative application of resistive heating is direct
Joule heating of the internal surface of narrow tubular reactors or
bed particles in both fixed- and fluidized bed reactors.””’ Direct
Joule heating operates with exceptionally high energy efficiency,
reaching 97-100%.5¥ This enables the attainment of high heat-
ing rates (up to 1000 °Ch™") and high operational temperatures
(up to 1200 °C).5”

Wismann et al.’” demonstrated the prototype, supported
by a computational fluid dynamics model and characteristic
timescale analysis, which illustrated how direct Joule heating
of the tubular reactor used for SMR can overcome limiting
thermal conductivity across the catalyst, thereby rendering heat
transfer the least limiting mechanism, while reactor perfor-
mance is governed by diffusion. The experimental setup was
constructed using a 6 mm conductive Fe—Cr—Al tube, which
was coated on the internal surface with a 130 um-thick zirconia-
based wash coat. The wash coat was impregnated with a
nickel nitrate solution, reduced, passivated, and reduced once
more insitu prior to testing. It was demonstrated that the
kinetic, mass, and heat-transport interplay mechanisms are
radically changed in the electrified SMR reactor, leading to
considerably higher efficiency than that of conventional SMR
reactors.

Another interesting application of direct Joule heating lies in
the electrification of fluidized bed reactors.®”’ When the fluid-
ized bed consists of electrically conductive particles, which allow
current to flow between the electrodes, the particles are being
heated due to their electrical resistance. Such heating pattern
allows high heat transfer rate while keeping the bed temperature
uniform, maintaining very high energy efficiency. Fluidized bed
reactors, heated by direct Joule heating, known also as electro-
thermal fluidized bed (ETFB) reactors, ETFB are widely
accepted in industry mostly for graphite and coke processing.
With their advantages, ETFB reactors are also applied for the

energy-extensive methane pyrolysis process.”"
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The potential expansion of ETFB reactor applications to
other fields is currently under investigation, with a particular
focus on overcoming the inherent challenges posed by the neces-
sity of the bed particles to be simultaneously chemically inert and
electrically conductive. Recently completed Industrial Chair
project “EcoGas” sponsored by TotalEnergies and the Region
of Normandy, which was dedicated to “Electrified Conversion
of biogas to clean energy vectors: H,, E-Fuel & biofuel compo-
nents”,'*" resulted in the development and construction of an
ETEFB reactor for effective biogas conversion. The ETFB reactor
for acid gas reduction will be demonstrated on a pilot scale as
part of the EU-funded e-CODUCT project, which is currently
underway. >

The lack of precise mathematical models of ETFB represents
a significant obstacle to a deeper understanding of heat genera-
tion in bed particles. This is due to the inherently challenging
nature of measuring local resistance between particles and
between particles and electrodes. Furthermore, the effective
bed resistance is a function of numerous variables, including par-
ticle size and shape, bubble formation, superficial gas velocity,
and others, making the consideration of all these very
challenging.

4.2. Induction and Magnetic Heating

One of the first reports on induction heating for heterogeneous
catalysis was published already in 1975 by Burton H. Bartley at
Texaco as a proof of concept. To show the capability of electrical
induction to heat up the catalyst, he prepared an iron catalyst
with silica-alumina support. Induction was also applied to phys-
ically mixed iron and silica—alumina. The temperature depen-
dence of propylene hydrogenation, which occurs only on Fe
particles, was used to determine the temperature of Fe particles,
and cyclopropane isomerization to propylene, which occurs only
on silica—alumina was used to determine the temperature of the
silica—alumina. Using the temperature dependence of the con-
version of both reactants in the presence of hydrogen, it was pos-
sible to show the temperature difference between the iron and
silica—alumina. In the case of physical mixture, the temperature
difference was 94 °C where the temperature of the iron was
245°C. The temperature difference was smaller in the case of
Fe supported on silica—alumina where it was 58 °C, with the
temperature of iron of 280 °C. This demonstration showed that
differential heating of dual-function catalyst is possible by elec-
tromagnetic induction applied to ferromagnetic material depos-
ited on the non-conductive and non-ferromagnetic support.'**!
In 1982 induction heating of single catalyst pellet with dispersed
nickel phase for reforming reactions was studied at 20 MHz of
radio frequency and qualitatively described mathematically using
Maxwell’s equations. It was concluded that with small Ni par-
ticles the predominant mechanism of heating are magnetic
and dielectric losses where the latter are increasing with

temperature. Joule heating due to induced eddy currents is
expected only with Ni crystals larger than several hundred
z’mgstréms.[“] In fact, in different susceptors different heating
mechanisms are present. Induced eddy currents occur in electri-
cally conductive materials which can be ferromagnetic or non-
ferromagnetic. In small enough electrically conductive particles
(as is the case on many catalysts) eddy currents large enough to
heat up the material cannot be induced. However, in magnetic
and superparamagnetic nanoparticles hysteresis losses are large
enough to generate heat. Additionally, in superparamagnetic par-
ticles another contribution to the generation of heat is Brownian
and Néel relaxation mechanisms. Hysteresis losses are only pres-
ent in magnetic materials when a material is heated above its
Curie temperature, it stops being magnetic, and heat generation
stops.°® Catalysts used in steam and dry reforming of methane
and partial oxidation usually contain nanoparticles of active
metal on some kind of support. Therefore, heat generation in
these catalysts is not a consequence of eddy currents. On the
contrary, when induction is used for graphene or carbon nano-
tubes (CNT) growth metal sheet is heating up due to eddy
currents. Developments in different reactions for methane valo-
rization, where effects of induction were used for heating ale pre-
sented next. The main advantages of magnetically induced
catalysis are localized heating, providing a large temperature dif-
ference between the catalyst and the surrounding medium, high
energy efficiency, and the ability to rapidly heat up and cool
down, which makes it suitable to use with renewable sources
of electricity with changing availability.

In 21st century, induction heating started being investigated
also for the valorization of methane. Firstly, for growth of CNT
and graphene.'*”%® And later for endothermic reactions that can
be carried out on a larger scale, such as SMR,**~") DRM, ">
methane decomposition,””’ and POM."®””) Graphene and
CNT can be grown by catalytic chemical vapor deposition
(CCVD) method where the plate or crucible in which the cata-
lyst is placed is heated by induction while in the case of the other
mentioned reactions the catalyst itself is usually heated by induc-
tion. For example, Biris et al.”®’ used the CCVD method to heat
up Fe-Mo/MgO catalyst for growth of double walled CNT
where methane was used as carbon precursor, and catalyst
was placed in graphite receptacle in the quartz tube. The wall
of a quartz tube was cooled with water, and the graphite recep-
tacle was heated by an induction coil with 5kW and 1.9 MHz.
Excellent purity of double-walled CNT of 95% was achieved
after purification. Graphene can be grown by decomposition
of methane on copper foil that is heated by induction to
1035 °C, as shown by several reports.'*”7877)

4.2.1. Steam Methane Reforming

More extensive research was carried out on induction heating in
SMR where high temperatures, between 800 and 900 °C, are
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needed. Because of high temperature needed for reaction mate-
rials with a high enough Curie temperature should be used to
ensure efficient heat generation by hysteresis losses since eddy
currents in metal nanoparticles on catalysts are not large enough
to heat up the catalyst. Example of a setup used for SMR in
induction heated reactor is shown in Figure 12. IR pyrometer
is used for measuring the temperature because thermocouples or
resistance thermometers are usually not suitable to use in alter-
nating magnetic field due to heat generation in them.

Danish researchers (Mortensens et al.) published several
works over the years on induction heating applied to SMR over
NiCo containing catalysts with different supports.®7%881 In 3
publication from 2017, they investigated magnetic properties of
catalysts with different content of Co and Ni supported on
MgALO4"" Nickel is responsible for methane conversion,
and cobalt ensures that the Curie temperature is above
800 °C. This way the reaction can proceed to high conversions
of methane. Another function of the alloy is that it prevents oxi-
dation of cobalt phase and preserves the magnetic properties of
cobalt. Higher content of cobalt results in a higher Curie tem-
perature. It was shown that NiCo/MgAlLL, O, with 12.6 wt% of
Ni and 9.0 wt% of Co has the best balance between magnetic
properties and catalytic activity. In the power range of 1200 to
1600 W (at 68 kHz) conversion of methane above 95% was
achieved with flow rates of 20 and 30 NLh™' and loading of
the catalyst between 40 and 80 mg diluted with MgAl,Oy sup-
port particles. At the highest power and the lowest flow rate,
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equilibrium conversion was achieved. According to the compo-
sition of the reactor outlet at equilibrium the temperature on the
surface of the catalyst was at least 780 °C. The main advantage of
induction heating is elimination of heat transfer limitations
because heat generation occurs directly at catalyst active sites
while on industrial scale reactors are heated with burning of nat-
ural gas, around 50% of the energy is transferred to the reactor
and the rest is recuperated from the flue gas.’®”

In another work the catalysts were prepared by precipitation
method where resulting spinel (M;Co(;_y1/2))Niy.1/2,Al, O where
M = Cu) was converted to metal nanoparticles on alumina sup-
port upon calcination and reduction. Two catalysts were exten-
sively characterized and evaluated for induction heated SMR.
The first one was Coyg sNig 5/Al,O5 (17.7 wt% Co and 17.3 wt%
Ni) and the second Cug35Cog5Nijs/ALO5 (0.4 wt% Cu).
Curie temperature of materials was determined to be 892 and
875°C for catalyst without and with copper, respectively.
Comparison of methane conversion at the same applied magnetic
field strength showed that the catalyst with Cu is 15% more effec-
tive than the catalyst without Cu but magnetic properties were
very similar. The explanation that was provided is that addition
of copper to nickel catalyst promotes activity for SMR.
Magnetic field amplitudes in range of 20 to 42 mT were used
for catalytic activity evaluation and the frequency of alternating
electromagnetic field was always 69 kHz. Long term stability of
NiCo catalyst was evaluated by using the catalyst for 300 h and
no loss in activity was observed. Conversion of methane was

Figure 12. Experimental setup for induction heated SMR. Reproduced with permission.”"! Copyright 2025, Elsevier.
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around 90% which corresponds to equilibrium at 715 °C. After
characterization of the used catalyst no changes in material were
observed compared to the fresh catalyst.

Further, the effect of frequency, coil geometry (height and
radius), and insulation type on the catalyst efficiency was stud-
ied.®" Again, the catalyst was CoNi on alumina support.
Although samarium was added during synthesis in an attempt
to improve hysteresis heating of CoNi it was found that in
the prepared catalyst Sm was present only on the support and
did not contribute to heating of the active phase. The catalyst
was denoted as CoNi/Sm,0;-Al, 05 containing 15.6 wt% Co
and 15.5wt% Ni. The content of Sm was 8.15 wt%, but it
did not contribute to catalyst activity or magnetic properties
or heating of the catalyst. The Curie temperature was deter-
mined to be 877 °C. With the same coil geometry and insulation
around the reactor, increasing the frequency from 68 to 189 kHz
decreased the power needed to reach 90% conversion of meth-
ane. At a lower frequency, the power needed was more than
800 W, but at a higher frequency, the required power was
around 500 W. Therefore, increasing the frequency resulted
in 18% higher efficiency (power for reaction compared to the
entire power input). The benefit of increasing the frequency
is limited by resistive losses, which become significant as the fre-
quency is increased. When a coil with a smaller diameter
(25 mm) was used, the efficiency increased from 16% (with coil
with 40 mm) to 23%. With a smaller coil diameter coil tube
length is also reduced, which results in smaller power loss
due to electrical resistance of the coil. Increasing the length of
the coil from 60 to 135 mm with the coil diameter of 25 mm
did not have a significant influence on the efficiency. Also chang-
ing the insulation from one kind to another did not significantly
affect the efficiency of the power delivery to the catalyst.

Mortensen et al.® demonstrated that adjusting the Co/Ni
ratio in metal nanoparticles can tune the Curie temperature,
allowing control over the catalyst’s maximum operational temper-
ature. They prepared five catalysts with Co/Ni ratios from 0.25 to
2.3, all containing #33 wt% metal and nanoparticle sizes of
25-30 nm on AL, Oj support. In SMR with an applied alternating
magnetic field with 195 kHz, the catalysts exhibited varying effi-
ciencies. The catalyst with a Co/Ni ratio of 1/4 (Curie tempera-
ture: 617 °C) achieved methane conversion of 53—58% as the field
amplitude increased from 15 to 30 mT. In contrast, the catalyst
with a Co/Ni ratio of 2/3 (Curie temperature: 795 °C) reached
over 90% conversion at 20 mT, as it achieved higher tempera-
tures. The outlet gas temperature was 591 °C for the lower cobalt
catalyst and 728 °C for the higher cobalt catalyst. Further increas-
ing the cobalt content required larger field amplitudes due to
lower hysteresis area (magnetic hardness of Co) despite higher
Curie temperatures. Co-rich catalysts were also less active in
SMR due to reduced nickel content. The hysteresis area increased
with cobalt content up to 50% but decreased thereafter, while
Curie temperature rose steadily with cobalt.

These results are summarized in Figure 13. Optimizing Co
content enables self-regulation of reactor temperature via Curie
temperature. A concept is more advantageous for exothermic
reactions since it can prevent occurrence of hot spots and tem-
perature excursions.

A different preparation method was used by Polleto
Dotsenko et al.® for the preparation of NiCo containing cata-
lysts for induction heated SMR. Conventional impregnation was
employed to prepare 3 different catalysts supported on y-Al203
(1/8” cylindrical pellets). Two catalysts had the same total metal
loading (30 wt%) and different Co/Ni ratios, namely 2/3 and 1.
The third catalyst had 35 wt% metal loading and Ni/Co ratio of
2/3. The radio frequency of induction was 242 kHz and the
maximum power that could be supplied was 2 kW. Specific
absorption rate (rate of absorption of energy) of the catalyst
was estimated by measuring the temperature at different mag-
netic field amplitudes. It was found that the absorption rate
is higher for the catalyst with Co/Ni ratio of 1. Also, this catalyst
performed the best among all 3 catalysts that were used for SMR
at gas hourly space velocity (GHSV) of 3000 h~' and applied
magnetic field amplitude of 28.5 mT. All 3 catalysts reached
equilibrium conversion of methane and the conversion was only
limited by the temperature that was reached at the catalyst and
not by kinetic limitations.

Besides heating up the catalyst itself, induction can obviously
also be used for heating up the reactor. Ma et al.® constructed a
reactor where the energy for heating was delivered to the heat
pipe surrounding the packed-bed reactor by induction. The heat
pipe was filled with sodium and was evaporating in the zone
where the coil was placed. Condensation of sodium in the upper
part of the heat pipe ensured a uniform temperature profile along
the heat pipe and reactor. Commercial Ni/Al,Oj; catalyst was

2.0
950 —40.6
900
15F 105
s 850
H H0.4
I 8000 2
< 1.0F — =
: W 03 ¢
.g 750
&
o H0.2
0.5F 700
o 401
0.0 L L L L X L—== 600 “0.0

L L
10 20 30 40 50 60 70 80 90
Cobalt content [mol%]

Figure 13. Activity of catalysts with different Co content and their Curie tem-
perature and magnetic hysteresis areas. Reproduced with permission.’

Copyright 2025, American Chemical Society.

Chem. Rec. 2025, 25, €202400256 (18 of 22) © 2025 The Author(s). The Chemical Record published by The Chemical Society of Japan and Wiley-VCH GmbH

QSUAOIT SUOWWO)) d9ANEa1) dqeaijdde oy £q pauIdA0S oIk SO[OIIR () SN JO SI[NI 10J AIeIqIT auljuQ) A9[IAN UO (SUOIIPUOD-PUE-SULID) /W00 Ad[1M " K1elqijaut{uo//:sdyy) suonipuo)) pue suua ], oyl 23S ‘[$z07/60/10] uo Areiqi auruQ Ao[ia ‘ymnsuy pysfiway] £9 95700420 101/2001°0 1/10p/wod Kopim  Kreiqiauruo//:sdny woly papeojumo( ‘g ‘70T ‘169087S 1



Review

THE CHEMICAL RECORD

used for SMR. The reactor operated at 620 °C and was able to
heat up in 250s.

4.2.2. Dry Reforming

Similar to the works done on SMR, Varsano et al.”? investigated
the DRM powered by induction heating. The energy was deliv-
ered directly to a NigyCoy alloy, which served as both the cata-
lyst and the heat generator, enabling the heat for the reaction to
be generated within the catalytic bed itself. This design elimi-
nates inefficiencies associated with external heat transfer.
Using NigyCoyo pellets in a continuous-flow fixed-bed reactor,
temperatures exceeding 850 °C were achieved, facilitating meth-
ane conversion and hydrogen production with yields comparable
to conventional heating methods. Notably, methane conversions
exceeding 70% and yields of CO and H, near 70% were attained
at 850 °C.

In 2015, Perez-Camacho et al.[®” applied induction heating
of the catalyst for dry and SMR. A stainless steel reactor with
0.1 g of mixed oxide catalyst (Nag sLag sNig 3Aly ;O,.5) was used.
GHSV was 30 L/(g.,. h). Induction heating was provided by a
system capable of 2 kW of output power. High conversion of
methane (around 90%) was achieved by dry reforming at the
highest electrical current applied (around 110 A). Temperature
of the reactor surface reached 552 °C (measured by IR probe) at
that current and temperature in the catalyst bed was measured by
a K-type thermocouple which showed 860 °C. It was shown that,
because of fast response in heating up and cooling down of the
reactor, the system is suitable for use with electrical energy from
renewable sources such as wind power, where the availability of
electricity is changing with time.

Li et al.”" reported the magnetic field-assisted CO, reform-
ing of methane over a novel hierarchical Co/MgO catalyst in a
fluidized bed reactor. The Co/MgO catalyst demonstrated supe-
rior CO, and CHj conversions, higher turnover rates, and
enhanced resistance to coke deposition compared to a conven-
tional fluidized bed reactor. At 800 °C CO, and CHj conver-
sions were improved by 22% and 30%, respectively, in the
magnetic-assisted fluidized bed (MFB) reactor. The MFB reactor
also exhibited a slightly lower apparent activation energy
(78.1 vs. 80.4 k] mol ") and prevented Co nanoparticle transfor-
mation into carbon tubes, highlighting the benefits of magnetic
field integration for enhanced catalytic performance.

Most recently, bi-reforming (dry and SMR) of methane was
carried out over Cu-Co and Cu-Ni-Co, Cu-Ni and Cu catalysts
heated by induction.”*’ The catalysts were prepared by the co-
precipitation method and were evaluated for methane reforming
reactions in magnetic fields up to 42 mT and a frequency of
69 kHz. By changing the applied field, the temperature of the
reaction was controlled. The experiments were performed in
temperature range of 400 to 700 °C. The weight hourly space
velocity was 5.0 L (g.,.*h) ™" and it was the same for all the

experiments. At 700 °C conversion of CO, was 61% and
conversion of methane was 92% over Cu-Co catalyst.
Selectivity for CO was almost 60%. Curie temperature of this
material was determined to be 390 °C. Higher activity compared
to other catalysts was attributed to greater hysteresis area of the
Cu-Co catalyst and larger effect of hysteresis heating although all
the catalysts were evaluated at the same temperature range.
Temperature of the surface of the reactor was monitored by
pyrometer and the middle of the catalyst bed might be heated
up to higher temperature which might also contribute to differ-
ence in activity with different catalysts. Also, copper catalyst
which does not poses magnetic properties was heated up to
700 °C by induced eddy currents. The difference in activity
might also stem from different kinetics on different materials.

4.2.3. Partial Oxidation

Patel et al. studied non-catalytic POM in indirectly induction
7677) They designed an induction furnace
flow reactor from SiC tube which was placed inside a copper
coil. At the middle of the coil a graphite susceptor cylinder
was placed and the SiC reactor tube was going through it.
Only 500 K could be achieved if no graphite susceptor was used
and only the SiC reactor was heated with induction. When a
graphite susceptor was used, mechanical contact between graph-
ite disc and SiC reactor, and high thermal conductivity of SiC
ensured heat transfer to the interior of the reactor and thus pro-

heated flow reactor.

viding the heat for the reaction. The frequency of induction was
0.7 MHz, and the maximum power of the radio frequency gen-
erator was 6 kW. Reactor had an internal diameter of 6 mm. The
height of the graphite susceptor was 5 mm but hot zone was lon-
ger because of high thermal conductivity of SiC. In this setup
POM was carried out in temperature range from 1485 to
1592 °C. The influence of temperature CH4/O, ratio and flow
rate was investigated. It was found that at flow rate (3000 sccm)
reactor was blocked with coke in 3 min while at 9000 sccm, it
was possible to run the reaction for 60 min. Complete conver-
sion of O, and high conversion of methane (over 80%) was
achieved. The main advantage of the reactor was the ability
to rapidly change the temperature in the reactor in response
to changing flow conditions or other conditions in the reactor,

which can occur due to carbon deposits.””!

5. Conclusion
5.1. Energy Outlook and Scalability

Electrocatalytic conversion, while promising for its selectivity
and operation under ambient conditions, currently suffers from
low overall energy efficiency (<30%) due to high overpotentials
and methane’s limited solubility in electrolytes, though it offers
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significant potential for decentralized and low-emission
applications.

Electric field-assisted activation, a more recent innovation,
provides an intriguing route to reduce activation barriers and
enhance catalytic activity at lower temperatures by polarizing
active sites or intermediates. This method has shown promising
methane conversion rates and selectivity enhancements, especially
in oxidative coupling and reforming reactions, with the added
benefit of potentially minimizing coke formation. However,
system-level energy efficiencies are still underexplored, and scal-
ability depends heavily on field uniformity and reactor design.

Plasma-assisted conversion enables high methane activation
rates and non-oxidative coupling under mild bulk temperatures,
but faces challenges with energy losses in plasma generation and
limited product selectivity, making it better suited for niche or
hybrid systems unless efficiency can be improved.

Electrothermal methods such as Joule and induction heat-
ing offer the highest energy efficiency (up to 95% for Joule heat-
ing in optimized systems) and better integration into existing
reforming infrastructure, although they rely on high operational
temperatures and robust materials.

From a scalability perspective, electrothermal methods are cur-
rently the most mature, while electrocatalytic systems show prom-
ise for modular, renewable-powered setups. Environmentally, all
three approaches can reduce GHG emissions when powered by
low-carbon electricity, with electrocatalysis and plasma pathways
showing particular promise for CO,-free product streams. A com-
parative summary is provided in Table 1 and 3 to help guide
future research directions and process development strategies.

5.2. Environmental Impact and Carbon

The transition toward sustainable energy systems necessitate
innovative approaches to address both the utilization and miti-
gation of methane emissions. Electrified methane conversion
technologies have emerged as a promising pathway to achieve
these goals, enabling efficient and scalable routes for methane
valorization while using electricity from renewable sources.
Electrocatalytic systems have demonstrated significant potential
through advancements in catalyst design and reactor configura-
tions. These systems enable methane activation under mild con-
ditions, providing pathways to produce methanol, ethanol, and
other hydrocarbons with high selectivity and efficiency. Similarly,
plasma-driven technologies leverage NTP to achieve high con-
version rates, particularly in processes requiring lower tempera-
tures and enhanced selectivity. Electro-thermal methods, such as
Joule and induction heating, present additional opportunities by
integrating renewable electricity to power endothermic reactions,
improving energy efficiency, and reducing carbon footprints.
Despite these advancements, several challenges remain to be
addressed. Enhancing catalyst stability, improving reaction kinet-
ics, and scaling up technologies for industrial applications are

critical areas for future research. Further, optimizing energy con-
sumption and integrating renewable energy sources into these
processes will be essential to make them economically viable
and sustainable.

Looking ahead, the integration of machine learning and arti-
ficial intelligence in catalyst design and process optimization
holds immense potential to accelerate progress. Additionally,
exploring hybrid systems that combine different electrified
approaches may unlock new synergies and enhance overall per-
formance. The deployment of modular and on-site conversion
units can further streamline methane utilization, especially in
remote or offshore settings, reducing transportation costs and
emissions.

In conclusion, electrified methane conversion technologies
represent a transformative step toward a low-carbon economy.
By leveraging renewable energy and advanced catalytic systems,
these methods offer a scalable and sustainable approach to meth-
ane utilization. Continued interdisciplinary research and collab-
oration will be key to overcoming existing barriers and realizing
the full potential of these technologies for clean energy and
chemical production.
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