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Abstract
The transition toward electrified chemical manufacturing is accelerating the development
of  catalytic  technologies  that  can  efficiently  couple  renewable  electricity  with
thermochemical reactions. Among these, electrothermal catalysis has attracted increasing
attention because it generates heat directly within catalytic systems through Joule heating,
thereby redefining thermal energy delivery to reaction zones. Compared with conventional
heated  reactors,  electrothermal  systems  enable  rapid,  localized,  and  dynamically
controllable  heating,  offering  new  opportunities  for  process  intensification  and
energy-efficient  catalysis.  This  review  summarizes  recent  advances  in  electrothermal
catalysis,  including  its  fundamental  principles,  electrothermal  materials,  reactor  design
strategies,  and  emerging  applications  in  adsorption-desorption  processes,  hydrogen
production,  environmental  catalysis,  and  CO2  valorization.  It  also  highlights  recent

mechanistic insights into how electrical input can modulate interfacial electronic structure
and reaction pathways beyond purely thermal effects. Finally,  key challenges and future
opportunities  are  discussed,  highlighting  the  potential  of  electrothermal  catalysis  as  a
versatile platform for electrified and sustainable chemical transformations.
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INTRODUCTION
Heterogeneous catalysis underpins modern chemical

manufacturing and environmental remediation by

enabling the efficient conversion of small molecules

into value-added products and the elimination of

harmful pollutants
[1,2]

. In conventional catalytic pro-

cesses, the required thermal energy is typically sup-

plied by external heat sources, such as furnaces, com-

bustion systems and electric heaters, to overcome

reaction barriers
[3]

. Although this approach has sup-

ported large-scale industrial operation for decades, it

remains fundamentally limited by indirect heat deliv-

ery. In fixed-bed and other packed-bed reactors,

heat must first cross the reactor wall and then spread

through the catalyst bed by conduction and convec-

tion, often leading to slow thermal response, pro-

nounced temperature gradients, substantial heat loss

and limited energy efficiency
[4]

. These shortcomings

become increasingly restrictive in emerging scenar-

ios that demand rapid start-up, flexible load follow-

ing, decentralized operation and direct utilization of

intermittent electricity.

Against this background, alternative energy-input

strategies such as photocatalysis, microwave-assisted

catalysis, plasma catalysis and electrochemical cataly-

sis have been developed to overcome the limitations

of conventional thermal-driven operation
[ 5 - 8 ]

.

Among them, electrothermal catalysis has gained

increasing interest because it directly converts

electrical energy into heat within the catalytic bed,

typically through Joule heating in conductive

media
[9]

. This internally generated heat shortens the

heat-transfer pathway, reduces thermal resistance

and allows rapid, localized and programmable

temperature control
[10,11]

. As a result, electrothermal

systems can achieve fast start-up and shut-down,

low thermal inertia, improved temperature unifor-

mity and higher energy utilization, making them

promising for electrified chemical manufacturing

and responsive environmental treatment.

Importantly, the role of electric input in electrother-

mal catalysis may extend beyond heat generation

alone. In conductive catalytic systems, electric

current and associated charge transport may perturb

local electronic states, alter adsorption properties,

enhance lattice or surface oxygen mobility, and redi-

rect reaction pathways. As a result, the performance

gains observed in electrothermal systems are increas-

ingly attributed not only to improved heating

efficiency, but also to possible electrothermal syner-

gistic effects. However, the relative contributions of

thermal enhancement, local hotspot formation,

current-induced surface reconstruction and other

non-equilibrium phenomena remain under active

debate, and the mechanistic basis of electrothermal

promotion is still far from fully resolved.

Electrothermal catalysis has progressed rapidly in

recent years across a broad range of heterogeneous

reactions, including electrothermally driven desorp-

tion, hydrogen production, environmental catalysis

and CO
2
 valorization

[12,13]
. In parallel, the develop-

ment of conductive catalysts, self-heating supports

and structured reactor architectures - based on

carbon materials, metal foams and conductive ceram-

ics, among others - has greatly expanded the design

space of electrothermal systems
[14,15]

. These develop-

ments indicate that electrothermal catalysis is evolv-

ing from a simple substitution of external heat

sources toward a more integrated strategy involving

coupled optimization of catalyst composition,

current pathways, heat management and reactor

architecture.

Given the rapid growth of this field, a critical and

structured overview is timely. In this review, we

summarize recent progress in electrothermal cataly-

sis from the perspectives of fundamental principles,

electrothermal reactor and material design, and rep-

resentative applications in heterogeneous reactions.

Particular emphasis is placed on how electrothermal

input restructures heat generation and transport,

how conductive catalytic systems are designed to

exploit these features, and how recent studies have

sought to disentangle purely thermal effects from

broader electrothermal promotion mechanisms.

Finally, we conclude by outlining key challenges and

future directions for the rational design of next-gen-

eration electrothermal catalytic systems.

FUNDAMENTAL PRINCIPLES AND RECENT
EVOLUTION OF ELECTROTHERMAL
CATALYSIS
Electrothermal catalysis is fundamentally based on

Joule heating, whereby electrical energy is directly

converted into heat as current passes through con-

ductive media
[16 ,17]

. In such systems, conductive



Wang et al. Greenverse Sci. 2026, 1, 8 Page 3 of 18

Table 1. Comparison of various heating methods on their material selectivity, heat transfer, energy efficiency, and length scale

Method Material selectivity Heat transfer Energy efficiency Length scale

Joule heating Moderately conductive materials Surficial 95%-99% Resistor size

Resistance furnace Any conductivity Thermal radiation 50%-85% Furnace size

Microwaves Dielectric materials Volumetric 70%-95% Penetration depth

Electromagnetic induction Ferromagnetic material Surficial 80%-95% Penetration depth

Figure 1. (A) Heating principles of conventional fired reactor and
electric resistance-heated reactor. Reprinted with permission from
Ref. [ 1 8 ] . Copyright 2019, The American Association for the
Advancement of Science; (B) Schematic diagram of isotopic
oxygen exchange process under thermal and current-assisted
conditions. Reprinted with permission from Ref.[19]. Copyright
2025, Wiley-VCH.

supports, catalyst beds, or reactor components func-

tion as resistive heating elements, enabling heat gen-

eration within the catalytic zone. This mode of

internal heating differs fundamentally from conven-

tional external heating, where thermal energy must

first pass through reactor walls and then diffuse

across the catalyst bed via conduction, convection,

and radiation [Figure 1A]. Consequently, the heat-

-transfer distance is greatly reduced. As shown in

Table 1, Joule heating generally provides a higher

energy efficiency (95%-99%) than conventional

resistance furnaces (50%-85%), while also comparing

favorably with microwave (70%-95%) and electro-

magnetic induction heating (80%-95%). The associat-

ed heating length scale is likewise reduced from the

furnace scale to the resistor scale, which helps sup-

press heat loss and improve the temporal response

of the system. These features underlie several key

advantages of electrothermal catalytic systems,

including rapid heating, low thermal inertia, and

improved energy utilization
[18]

.

Beyond efficient heat delivery, electrothermal cataly-

sis may also involve additional current-related

effects at the catalyst interface. Electron transport

and associated electron-phonon interactions can

give rise to localized heat accumulation and may

perturb surface electronic states, adsorption behav-

ior, and oxygen mobility [Figure 1B]
[19]

. As a result,

the promotional effects observed in electrothermal

systems cannot always be interpreted solely in terms

of bulk temperature rise. Instead, electrothermal

catalysis is increasingly viewed as a coupled process

in which heat generation, current distribution, and

interfacial catalytic events may interact across multi-

ple length scales. The relative importance of these

contributions, however, remains highly dependent

on catalyst composition, reactor architecture, and

reaction conditions.

The recent evolution of electrothermal catalysis

reflects a clear shift from electrically assisted heating

in adsorption-desorption systems to integrated self-

-heating platforms for heterogeneous catalysis
[20-22]

.

Early studies mainly exploited Joule heating for the

regeneration of conductive adsorbents, whereas later

advances in conductive carbons, metal foams, and

conductive ceramics enabled the development of cat-

alysts and supports with improved electrical conduc-

t ivi ty ,  thermal  robustness ,  and  structural

tunability
[23]

. In parallel, structured electrothermal

reactors, including monolithic architectures and con-

ductive packed beds, have been introduced to

improve current pathways, temperature uniformity,

and catalyst utilization
[24]

. Together, these develop-

ments have expanded electrothermal catalysis from a

heating strategy into a broader platform for electri-

fied reaction engineering, with growing relevance in

environmental remediation, hydrogen production,

methane conversion, and CO
2
 valorization [Figure

2]
[25-27]

. This rapid development is further reflected in

bibliometric trends: the steady increase in related

publications over the past two decades, particularly
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Figure 2. Schematic diagram of the evolution of electrothermal
catalysis. VOCs: Volatile organic compounds.

Figure 3. Publication statistics of electrothermal research from the
Web of Science database.

since the mid-2010s, underscores the accelerating

research interest in electrically driven catalytic pro-

cesses [Figure 3].

DESIGN PRINCIPLE OF ELECTROTHERMAL
CATALYST
The design of electrothermal catalysts requires the

integration of heat generation, catalytic functional-

ity, and structural stability within a single material

framework. Unlike conventional catalytic systems,

where heating elements and catalysts are spatially

separated, electrothermal systems rely on conductive

catalyst architectures that simultaneously act as

electrical heaters, catalyst supports, and trans-

port-regulating structures. As a result, the central

design principle is the coordinated optimization of

electrical conductivity, thermal transport, and catalyt-

ic interface properties to ensure efficient Joule heat-

ing while maintaining uniform temperature distribu-

tion and stable catalytic performance [Figure 4].

Importantly, these requirements cannot be consid-

ered independently from reactor architecture,

because current pathways, heat dissipation, gas-solid

contact, and mechanical constraints are all strongly

influenced by the geometric configuration of the

reactor and the manner in which the catalyst is

integrated into it. A key challenge in this design lies

in balancing these interdependent properties. Suf-

ficient electrical conductivity is required to establish

continuous current pathways for controllable resis-

tive heating, whereas appropriate thermal conductiv-

ity is necessary to distribute heat within the catalytic

zone and suppress localized overheating. In addi-

tion, the conductive framework must provide chem-

ically stable surfaces capable of anchoring active sites

and sustaining repeated thermal and redox cycling

under reactive environments. At the same time, cat-

alyst morphology and microstructure must be

compatible with the reactor format, since features

such as monolithic channels, porous networks,

foams, or coated structured supports directly affect

current distribution, local temperature gradients,

pressure drop, and mass-transfer ef f ic iency.

Consequently, electrothermal catalyst design increas-

ingly focuses on coupling electrical pathways with

catalytic interfaces, enabling efficient energy conver-

sion while preserving structural and catalytic

integrity. In this sense, catalyst design in electrother-

mal systems is more appropriately viewed as a cat-

alyst-reactor co-design problem rather than a purely

materials-selection problem.

These principles are typically realized through con-

ductive material platforms such as metallic struc-

tures, carbon-based frameworks, and conductive

ceramics or carbides. Metallic systems provide excel-

lent electrical transport and mechanical robustness,

carbon materials offer rapid thermal response and

high surface area, while conductive ceramics such as

SiC exhibit exceptional thermal and chemical stabil-

ity under harsh reaction conditions
[28-32]

. Rather than

representing mutually exclusive options, these mater-

ials illustrate different strategies for implementing

electrothermal catalyst design. Ultimately, the opti-

mal system depends on the coordinated design of

conductive pathways, heat-transfer characteristics,

and catalyst-support interactions tailored to specific

reaction environments.
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Figure 4. Design principles of electrothermal catalysts.

DESIGN PRINCIPLE OF ELECTROTHERMAL
REACTOR
Electrothermal reactors represent a fundamental

departure from conventional thermochemical

reactor design by internalizing heat generation

within or near the catalytic zone. In traditional

externally heated systems, heat must be transferred

from the reactor wall to the catalyst bed through con-

duction and convection, which often leads to large

temperature gradients, heat loss, and substantial ther-

mal inertia
[33]

. By contrast, electrothermal reactors

generate heat directly through resistive elements

embedded in the reaction environment, thereby

shortening the heat-transfer distance and enabling

rapid, localized, and on-demand heating. This

internalized heating mode improves thermal

response, reduces unnecessary heating of non-reac-

tive components, and allows more precise matching

between heat input and reaction demand.

A wide range of reactor architectures has been devel-

oped to exploit these advantages. Structured resistive

elements in planar, curved, or twisted forms provide

design flexibility for tuning current pathways, heat

distribution, and gas-solid contact [Figure 5A]. Pla-

nar configurations are often preferred in model sys-

tems because they offer simple geometry and

well-defined temperature fields, whereas curved or

twisted structures can enhance surface contact and

flow disturbance. From an engineering perspective,

the distribution of current within these structures is

critical, because local variations in conductivity,

geometry, or electrode contact can lead to uneven

current density and therefore non-uniform heat gen-

eration. Such inhomogeneity may create local

hotspots, which can be beneficial for activating

strongly endothermic reactions but may also acceler-

ate catalyst sintering, side reactions, material degra-

dation, or even thermal runaway if heat removal is

insufficient. At a smaller scale, hollow-fiber and

other wall-functionalized electrothermal microre-

actors further intensify transport by integrating

Joule heating with reaction confinement and, in

some cases, selective product permeation [Figure

5B]
[34]

. These systems offer excellent heat- and mass-

-transfer characteristics, but their engineering trans-

lation requires careful control of electrical insula-

tion, sealing reliability, and long-term stability under
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Figure 5. (A) Representative resistive heater configurations (planar, curved, and twisted); (B) Rechargeable carbon-based hollow fiber
microreactor. Reprinted with permission from Ref.[34]. Copyright 2023, Elsevier; (C) Plastic pyrolysis driven by a porous carbon Joule
heater with efficient heat transfer and synchronized temperature distribution between heater and reactants. Reprinted with permission
from Ref.[35]. Copyright 2023, Springer Nature.

continuous bias and thermal cycling. In parallel,

three-dimensional porous conductive networks com-

posed of carbon fibers, foams, or conductive par-

ticles enable volumetric heat generation throughout

the reactor bed, which is particularly advantageous

for transport-limited and strongly endothermic reac-

tions [Figure 5C]
[35]

. Nevertheless, their practical

behavior is strongly influenced by particle-to-par-

ticle contacts, packing heterogeneity, and compres-

sion-dependent resistance, all of which can alter

current pathways and produce spatially uneven

temperature fields.

Collectively, these reactor concepts illustrate a broad-

er transition from wall-heated vessels to multifunc-

tional electrothermal architectures. In many cases,

the conductive framework no longer serves merely

as a heating element, but also as the catalyst support,

flow distributor, and structural scaffold. This “cat-

alyst-as-heater” or “reactor-as-functional-medium”

design philosophy minimizes thermal resistance

between heating and reaction sites and opens new

opportunities for process intensification. More

broadly, electrothermal reactor design is evolving

toward integrated control of heat generation, mass

transport, catalytic function, and structural stability,

forming a key engineering foundation for electrified

heterogeneous catalysis.

ELECTROTHERMAL CATALYSIS:
APPLICATIONS
Electrothermal catalysis offers a powerful route for

electrifying thermochemical processes by generating

heat directly within catalytic systems. Compared

with conventional externally heated reactors, this

internalized heat supply enables rapid thermal

response, localized temperature control , and

efficient coupling between heat generation and cat-

alytic reactions
[36]

. These features make electrother-

mal strategies particularly attractive for processes

constrained by heat-transfer limitations, slow ther-

mal dynamics, or highly endothermic reaction

requirements. In recent years, electrothermal cataly-

sis has been explored across a wide range of catalytic

scenarios. In this section, we summarize representa-

tive advances in five major areas: electrothermally

driven desorption processes, hydrogen production,

environmental catalysis, CO
2
 valorization, and mech-

anistic investigations of electrothermal catalytic

promotion.

Electrothermal-assisted desorption

Electrothermal regeneration represents one of the

earliest and most mature applications of electrother-

mal technology in adsorption-based separation. Its

significance lies not merely in replacing external

heating with electricity, but in fundamentally chang-

ing how energy is delivered during the adsorp-
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tion-desorption cycle. In contrast to conventional

temperature-swing adsorption, which relies on wall-

-mediated heat transfer and often suffers from slow

heating and substantial parasitic heat losses, Joule

heating generates heat directly within conductive

adsorbents or supporting frameworks, thereby

enabling rapid, localized, and low-thermal-inertia

desorption. This feature makes electrothermal regen-

eration particularly attractive for cyclic removal of

dilute pollutants and trace components, where fast

thermal response and reduced energy consumption

are essential.

Recent studies show that this field has evolved along

three main directions: improved regeneration

efficiency, coupling with catalytic purification, and

adaptation to structured and application-oriented

devices. In volatile organic compound (VOC) treat-

ment, conductive adsorbents such as activated

carbon fibers and carbon cloth have demonstrated

rapid regeneration, shortened cycle times, and stable

operation under repeated adsorption-desorption con-

ditions, highlighting the value of internal heat gener-

ation for efficient pollutant removal [Figure 6A]
[37-44]

.

More importantly, the integration of conductive sub-

strates with catalytic phases has extended electrother-

mal desorption beyond simple adsorbent recovery

toward combined desorption-oxidation processes,

enabling continuous purification of pollutants such

as formaldehyde while maintaining fast thermal

responsiveness [Figure 6B]
[45-47]

. A similar evolution

is evident in CO
2
 capture systems, where electrother-

mal regeneration has progressed from direct in situ

desorption on conductive sorbents to more sophis-

ticated architectures involving hierarchical porous

monoliths, sorbent-coated conductive fibers, and

air-filter-type modules [Figure 6C and D]
[48-51]

. These

systems i l lustrate  that  the  key advantage of

electrothermal-assisted desorption lies not only in

faster heating, but in the coordinated optimization

of adsorbent structure, conductive pathways, heat

and mass transfer, and module integration. Overall,

electrothermal desorption is developing from a

regenerat ion  technique  into  a  broader  pro-

cess-intensification strategy for dilute-gas separation

and purification, with growing relevance to VOC

abatement, CO
2
 capture, and other electrically driv-

en cyclic separation processes.

Electrothermal-assisted hydrogen production

The application of electrothermal technology in

hydrogen production is centered on the intensifica-

tion of strongly endothermic catalytic reactions. In

conventional reforming processes, heat is supplied

from outside the reactor, which inevitably creates

large temperature gradients, slow thermal response,

and inefficient catalyst utilization. Electrothermal

operation changes this paradigm by generating heat

directly within the catalytic bed, conductive support,

or structured reactor. This internalized heat supply

shortens the heat-transfer path, accelerates start-up,

and enables tighter coupling between heat input and

reaction demand.

Early studies mainly established the feasibility of

internally heated reforming systems. Electrically heat-

ed alumina-based monoliths, anodic supports, and

catalytic beds demonstrated that direct resistive heat-

ing could improve transverse heat transfer, shorten

start-up time, and sustain stable reforming under

cyclic operation
[52-56]

. These studies showed that the

benefit of electrification is not simply the replace-

ment of combustion by electricity, but the relocation

of the heat source from the reactor wall to the reac-

tion zone itself. This shift is particularly important

for methane reforming, where catalytic performance

is often constrained by insufficient heat delivery

through the catalyst layer.

Recent work has moved beyond feasibility toward

integrated electrothermal reactor design. As illustrat-

ed by Figure 7A, compact electrified methane

reformers can deliver heat directly to the coated cat-

alytic zone, allowing the reactor to operate closer to

the thermal and kinetic requirements of steam

reforming while greatly reducing characteristic

reactor dimensions
[18]

. In parallel, dry reforming stud-

ies have shown that electrothermal input must be

coupled with catalyst stabilization strategies. The rep-

resentative system in Figure 7B shows that internal

Joule heating, when combined with confined Ni

active sites, can sustain high activity under undiluted

CH
4
/CO

2
 feeds while mitigating deactivation by sin-

tering and coking
[57]

. This highlights a key evolution

in the f ie ld, namely that catalyst design and

electrothermal operat ion must be developed

together rather than treated independently. A fur-

ther step is the emergence of conductive structured

catalysts that integrate current transport, heat genera-

tion, and catalytic function within a single body. The
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Figure 6. (A) Experimental setup for electrothermal desorption and cyclic adsorption-desorption of toluene. Reprinted with permission
from Ref.[39]. Copyright 2014, American Chemical Society; (B) Schematic structure of a flexible MnO2-CC electrothermal heater with a Cu
electrode and its effect on HCHO purification. Reprinted with permission from Ref.[46]. Copyright 2019, Elsevier; (C) Sorbent-coated carbon
fibers and WEDAC modules for direct air capture: CO2 desorption performance during TSA and ETSA cycles and electrothermal heating
behavior revealed by thermal imaging. Reprinted with permission from Ref.[49]. Copyright 2023, Elsevier; (D) Schematic illustration of CO2

capture from air using a CNF-based filter and its regeneration via Joule heating powered by renewable energy. Reprinted with permission
from Ref.[48]. Copyright 2025, The American Association for the Advancement of Science. WEDAC: Wind-driven electric adsorption
capture; TSA: temperature swing adsorption; ETSA: electrically-driven temperature swing adsorption; CNF: carbon nanofiber; DC: direct
current; IR: infrared; PV: photovoltaic.

systems shown in Figure 7C exemplify this trend.

Structured conductive frameworks can minimize the

distance between heat generation sites and active

centers, improve temperature uniformity, and

enhance reforming stability under harsh endother-

mic conditions
[ 5 8 ]

. Related studies on SiC- and

SiSiC-based catalysts further demonstrate that suit-

able resistivity, thermal conductivity, and structural

robustness can enable direct Joule heating to reform-

ing temperatures with high methane conversion and

favorable energy efficiency
[59]

. Taken together, these

studies reveal a clear transition in electrothermal

hydrogen production, from electrically heated

reactors as proof-of-concept systems to electrother-

mal catalysis as a process-intensification platform.

Its central value lies not merely in electrifying heat

supply, but in reorganizing how heat is generated,

distributed, and consumed within the reactor.
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Figure 7. (A) Schematic illustration and cross-sectional features of a laboratory-scale resistance-heated reactor, together with its axial
temperature distribution and methane conversion performance. Reprinted with permission from Ref.[18]. Copyright 2019, The American
Association for the Advancement of Science; (B) Axial temperature distribution of the catalyst bed in the reactor. Reprinted with
permission from Ref.[57]. Copyright 2025, American Chemical Society; (C) Spiral electrothermal reactor configuration and its performance
for the co-production of syngas via methane dry reforming and carbon nanotubes. Reprinted with permission from Ref.[58]. Copyright 2026,
Elsevier. AC: Alternating current; CHA: chabazite.

Electrothermal-assisted environmental catalysis

The application of electrothermal technology in envi-

ronmental catalysis is increasingly defined by its abil-

ity to coordinate heat delivery, interfacial reactivity,

and dynamic operation within a single catalytic sys-

tem. Rather than serving only as an alternative heat-

ing mode, electrothermal input has evolved into a

process-intensification strategy that integrates con-

ductive supports, catalyst-substrate interface engi-

neering, oxygen activation, and device-level design.

Existing studies show that this approach has been

extended across VOC oxidation, part iculate

removal, indoor air purification, and flue-gas deni-

trification, with a clear shift from rapid ignition

alone toward broader multifunctional control
[60-62]

.

One important research theme is the use of struc-

tured electrothermal monolithic catalysts for VOC

oxidation. As shown in Figure 8A, FeCrAl-based

electrically heated monoliths can simultaneously act

as structural supports, current pathways, and heat-

-generating media, enabling rapid ignition and high

conversion of pollutants such as CO and C
2
H

4
 under

high space velocity
[60]

. Subsequent studies on Pd/Fe-

CrAl, MnO
x
/NiCrAl, and related metallic monolith

systems further confirmed that electrothermal mono-

liths can lower the apparent reaction temperature,

reduce overall energy consumption, and improve

transient response
[63,64]

. These features make them

highly attractive for fast and compact treatment of

industrial exhaust streams.

Another major area of development concerns the

electrothermal catalytic removal of particulates and

interfacially constrained pollutants. The conductive

oxide catalyst shown in Figure 8B demonstrates that

electrothermal input can markedly decrease the igni-

tion temperature of diesel soot and enhance combus-

tion efficiency in the low-temperature region
[65]

. This

effect cannot be attributed to rapid heating alone. It

is also closely associated with enhanced lattice-oxy-

gen activation, improved oxygen mobility, and

better catalyst-soot contact. Similar concepts have
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Figure 8. (A) Photograph of the pilot-scale VOC catalytic combustion unit and its catalytic performance. Reprinted with permission from
Ref.[60]. Copyright 2019, Royal Society of Chemistry; (B) Electrically powered programmed oxidation strategy for soot combustion.
Reprinted with permission from Ref.[65]. Copyright 2021, Springer Nature; (C) Schematic illustration of the designed reactor and its
catalytic activity for HCHO and CO oxidation. Reprinted with permission from Ref.[68]. Copyright 2020, Royal Society of Chemistry. VOC:
Volatile organic compound; DC: direct current.

been explored for cold-start hydrocarbon abate-

ment, highlighting the particular value of electrother-

mal catalysis in systems where reaction initiation is

difficult and interfacial contact strongly limits

performance
[66,67]

.

In parallel with these developments, increasing atten-

tion has been directed toward scenario-oriented

electrothermal purification devices. The portable

air-cleaner prototype in Figure 8C, based on a con-

ductive Ag-SnO
2
 catalyst, achieves the simultaneous

removal of HCHO and CO under low-voltage opera-

tion
[68]

. This result shows that electrothermal environ-

mental catalysis is moving beyond reactor enhance-

ment toward practical end-use integration. Related

studies on MnO
2
/Ni foam and Mn/NiFe/NF systems

likewise suggest that electrothermal conditions can

promote electron transfer and surface oxygen activa-

tion, allowing higher activity and stability at lower

apparent temperatures
[67,69]

. Such findings support

the transition of environmental catalytic devices

toward lightweight, distributed, and low-power oper-

ation.

Beyond these representative cases, electrothermal

strategies are also being extended to more complex

f lue-gas  treatment  processes .  For  example,

electrothermally integrated V
2
O

5
-WO

3
/TiO

2
 catalysts

have been shown to broaden the effective operating

window of NH
3
-SCR through surface-temperature

regulation, while also enabling in situ regeneration

after deactivation
[70]

. More broadly, the field is evolv-

ing from rapid ignition and low-temperature oxida-

tion toward a wider framework that includes interfa-

cial regulation, catalyst regeneration, and device

integration. The key value of electrothermal technol-

ogy in environmental catalysis therefore lies not

simply in providing a new heat source, but in offer-

ing  a  rapid,  local ized,  and  programmable

energy-input mode that improves the adaptability of
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catalytic systems to low-temperature, dynamic, and

distributed pollution-control scenarios.

Electrothermal-assisted CO2 utilization

In the field of CO
2
 valorization, electrothermal

technology has been primarily applied to reaction

systems with strong thermal demands, including

CO
2
 methanation, reverse water-gas shift, and dry

reforming of methane. Compared with conventional

externally heated configurations, recent studies have

moved beyond simple heat-source replacement

toward the coordinated optimization of catalytic-site

utilization, structured reactor design, and dynamic

process control
[71]

. Electrothermal CO
2
 conversion is

therefore emerging as an integrated framework that

links catalyst design, reactor engineering, and cou-

pling with renewable electricity.

As exemplified by the system shown in Figure 9A,

Ni-foam-based structured catalysts promoted with

Fe, La, and Ce can enable internal electrical heating

while simultaneously enhancing low-temperature

CO
2
 methanation activity and sulfur tolerance

[72]
. In

these systems, electrothermal input serves not only

as a rapid heating mode, but also as a means of

reinforcing metal-support interactions and modulat-

ing surface adsorption and activation behavior. Such

synergy facilitates CO
2
 activation while mitigating

H
2
S poisoning. Internally heated methanation sys-

tems thus illustrate how electrothermal operation

can simultaneously lower the apparent thermal

threshold of CO
2
 hydrogenation, increase CH

4

formation rates, and improve tolerance to fluctuat-

ing hydrogen supply, which is particularly relevant

to renewable-energy-coupled operation.

In CO
2
 reforming and reverse water-gas shift, the

advantages of electrothermal input are expressed

more clearly at the reactor level through structured

design.  As i l lustrated in Figure 9B,  direct ly

Joule-heated foams and other open-cell conductive

substrates can simultaneously function as current

carriers, heat-transfer media, and catalyst supports,

thereby establishing close spatial coupling between

electrical input and the reactive zone
[25]

. Studies on

SiC- and SiSiC-based structured catalysts have

shown that electrothermal operation can sustain

high CH
4
 and CO

2
 conversion while improving

temperature uniformity and reducing ineffective

thermal dissipation
[71,73]

. Under conditions where

RWGS and reforming proceed concurrently, the

product distribution can also be tuned more flexibly

by adjusting the input power, bed temperature, and

feed composition, thereby enhancing process con-

trollability.

Beyond these catalytic systems, modeling and pro-

cess-level studies further indicate that electrothermal

CO
2
 valorization offers clear advantages in start-up

dynamics, thermal management, and integration

with low-carbon electricity
[74]

. Taken together, these

studies suggest that the central value of electrother-

mal strategies lies in their ability to deliver rapid, tun-

able, and spatially controllable energy input, thereby

improving heat utilization, reaction selectivity, and

operational adaptability in CO
2
 conversion process-

es .  More  broadly,  these  advances  posit ion

electrothermal CO
2
 valorization as a representative

mode of electrified thermocatalysis, in which catalyst

design, thermal management, and renewable-power

integration are co-optimized within a single reaction

platform.

Electrothermal-assisted mechanistic
investigation

In recent years, mechanistic studies on electrother-

mal promotion have progressed from phenomeno-

logical observations toward a deeper understanding

of the fundamental physicochemical processes

involved. Current evidence suggests that the catalyt-

ic enhancement observed under electrical input

cannot always be explained solely by the average

bulk temperature rise arising from Joule heating.

Instead, electrothermal systems often involve multi-

ple coupled effects, including localized Joule heating,

steep temperature gradients, charge-carrier migra-

tion, surface electronic redistribution, and accelerat-

ed proton or oxygen transport. As a result, the

observed promotion should be viewed as the out-

come of intertwined thermal and current-mediated

contributions rather than being assigned unambigu-

ously to a single origin.

A critical issue is that the distinction between ther-

mal and non-thermal effects remains experimentally

challenging. In many electrothermal reactors, the

measured bulk or external temperature may not

accurately reflect the local temperature at catalyt-

ically relevant interfaces, where current concentra-

tion, contact resistance, and microstructural hetero-
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Figure 9. (A) Electrothermal behavior, catalytic stability, and reactant adsorption characteristics of Ni-based structured catalysts.
Reprinted with permission from Ref.[72]. Copyright 2021, Elsevier; (B) Electrified reactor configuration and eRWGS performance under
varying operating conditions. Reprinted with permission from Ref.[25]. Copyright 2023, Elsevier. eRWGS: Electrified reverse water-gas shift;
DC: direct current.

geneity can produce local overheating or transient

hotspots. Within this context, early investigations

revealed that reactions conducted under electric

fields exhibit markedly different kinetic characteris-

tics, including altered apparent activation energies,

react ion  orders ,  and  surface  intermediate

evolution
[75]

. In this context, the concept of ‘surface

protonics’ demonstrated that proton hopping across

adsorbed species can directly participate in catalytic

processes under an electric field, enabling reactions

such as methane steam reforming, dry reforming,

and ammonia synthesis to proceed at temperatures

far below those required for purely thermal systems.

More broadly, subsequent studies on redox-type cat-

alytic systems showed that electrical input can facili-

tate oxygen vacancy formation, increase the concen-

tration of reactive surface oxygen species, and accel-

erate intermediate turnover, often accompanied by

changes in metal oxidation states and metal-oxygen

bond strength
[76]

. These findings support the possibil-

ity that electrical input can modify surface chemistry

beyond simple external heat delivery; however, the
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relative contribution of true electronic effects versus

localized thermal effects remains system-dependent

and is still under active debate.

More recent studies have provided direct electron-

ic-level insights into this mechanism and extended it

from single-site regulation to cooperative multi-site

catalysis
[77]

. In a representative single-atom catalyst

system [Figure  10A],  weak  current-assisted

NH
3
-SCR was found to originate from directional

electron accumulation around isolated metal sites.

The migrated electrons increase the occupation of

antibonding orbitals, weaken metal-oxygen bonds,

and facilitate lattice oxygen release and regeneration,

producing an ‘electron scissors effect’ that lowers the

barrier for key surface transformations and enables

highly efficient NO
x
 reduction at low temperatures.

This mechanistic picture was subsequently expanded

in dual-atom catalytic systems, where current-assist-

ed oxidation reactions were interpreted through an

‘atomic relay’ mechanism
[78]

. In such systems [Figure

10B], electron enrichment preferentially occurs at

one metal center, promoting metal-oxygen bond

weakening and lattice oxygen activation, while an

adjacent heteroatomic site primarily facilitates bond

activation and product desorption. The spatial

proximity of the two atomic centers enables sequen-

tial reaction steps to occur cooperatively across

different sites, resulting in step-specific catalytic

enhancement. Further developments demonstrated

that electrical input can dynamically strengthen inter-

atomic charge transfer in diatomic catalysts, thereby

weakening metal-oxygen bonds and promoting

lattice oxygen activation while simultaneously lower-

ing the activation barrier for C-H bond cleavage
[19]

.

Importantly, the catalytic rate can be continuously

tuned by adjusting the applied current even at a con-

stant temperature, indicating that electrical input

can act as an in-situ regulator of interatomic interac-

tion and catalytic activity. Collectively, these studies

establish a coherent mechanistic framework in

which electrothermal promotion arises from

current-induced electronic redistribution that weak-

ens local metal-oxygen bonding and accelerates

lattice oxygen dynamics, evolving from site-selective

activation in single-atom catalysts to cooperative

and dynamically tunable multi-site catalysis .

Electrothermal catalysis therefore represents a dist-

inct catalytic paradigm in which flowing electrons

actively reshape local bonding environments and

reaction networks.

CONCLUSION AND OUTLOOK
Electrothermal catalysis is emerging as a distinctive

mode of electrified heterogeneous catalysis. By

internalizing heat generation within conductive cat-

alysts, supports, or reactor architectures, it funda-

mentally reshapes how thermal energy is delivered

to reaction zones. Compared with conventional

externally heated systems, this strategy enables faster

thermal response, lower thermal inertia, more

efficient heat utilization, and tighter coupling

between energy input and catalytic demand. Across

desorption processes, hydrogen production, environ-

mental catalysis, and CO
2
 valorization, electrother-

mal operation has shown particular promise for reac-

tions constrained by heat-transfer limitations,

dynamic operating requirements, or strong thermal

demands.

More importantly, the significance of electrothermal

catalysis extends beyond the substitution of fos-

sil-derived heat with electricity. It is increasingly

evolving into an integrated platform in which cat-

alyst design, reactor engineering, and process con-

trol are systematically integrated and jointly opti-

mized. Recent advances indicate that conductive

materials can simultaneously serve as heating media,

catalyst  supports ,  and  transport-regulat ing

frameworks, while electrothermal reactors are mov-

ing toward multifunctional architectures that

integrate heat generation, catalysis, and reaction

management within a single system. In this sense,

electrothermal catalysis should be viewed not simply

as an alternative heating strategy, but as a broader

route for process intensification in electrified chem-

ical transformations.

Despite this progress, several critical challenges

remain. A central unresolved issue is the difficulty of

disentangling purely thermal contributions from

current-induced interfacial effects, since local

temperature gradients, current pathways, catalys-

t-state evolution, and reaction kinetics are often

strongly coupled. Moreover, the rational co-opti-

mization of electrical conductivity, thermal trans-

port, catalytic activity, and long-term stability

remains far from mature. Further challenges arise

from the lack of standardized evaluation protocols,

especially for comparing local temperature, electrical
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Figure 10. (A) Current-assisted catalytic systems and atomic-scale active-site structure revealed by DFT calculations. Reprinted with
permission from Ref.[77]. Copyright 2024, Springer Nature; (B) Catalytic performance and mechanistic understanding of current-assisted
propane combustion. Reprinted with permission from Ref.[78]. Copyright 2026, Springer Nature. DFT: Density functional theory; CA:
current-assisted; ATO: antimony-doped tin oxide.

input, and energy efficiency across different reactor

configurations. Practical deployment also requires

greater attention to scale-up, durability under cyclic

operation, electrical safety, and compatibility with

fluctuating renewable-power input.

Future progress will depend on closer integration

across mechanism, materials, and reactor design. In

particular, more rigorous operando characterization

and multiscale modeling are needed to resolve local

temperature heterogeneity, current distribution,

interfacial charge transfer, catalyst-state evolution,

and elementary reaction pathways under realistic

working conditions. Meanwhile, electrothermal sys-

tems should be assessed not only by catalytic activ-

ity, but also by metrics central to electrified process-

ing, including specific energy consumption, effective

thermal utilization, start-up/shut-down dynamics,

load-following capability, and operational flexibility.

Looking forward, the greatest opportunity may lie in

coupling electrothermal catalysis with renewable

electricity and modular reactor technologies, thereby

enabling compact, load-flexible, and low-carbon

chemical processes. Realizing this potential will

require standardized evaluation protocols, deeper

catalyst-reactor co-design, improved management of

hotspot formation and current uniformity, and vali-

dation under long-term cyclic and dynamically

fluctuating operating conditions. If these challenges

can be addressed, electrothermal catalysis may devel-

op from a promising laboratory concept into a broad-

ly applicable platform for sustainable chemical man-
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ufacturing and environmental remediation.
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