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ABSTRACT: Air pollutants and greenhouse gases (GHGs) pose threats to the

sustainable development of human society and ecosystems. While various Electron
established techniques are available for reducing air pollutant and GHG emissions e
from industrial sources, they typically focus on pollutant treatment rather than

conversion and utilization. Electrocatalysis is a promising technology for M“ Electricty

Electrocatalysis i

converting these harmful gases into valuable chemicals using renewable energy | | a\a‘\‘ -y, ‘@‘ é ;
inputs under mild conditions. Air pollutants and GHGs always coexist industrially [ ﬂ- a3 S; Emm A
and share some similar properties. Their electrochemical conversion, which occurs (o o chemicals
through similar electron-transfer mechanisms, can therefore be achieved AT SN

synergistically in a specific scenario. This review critically examines the rationality, ' T -

key considerations, and practical strategies for the synergistic conversion of air

pollutants and GHGs, bridging the gap between laboratory research and industrial

adoption. We assess the current state of electrocatalytic technologies, covering
fundamental mechanisms, electrode materials, and reactor designs. Detailed
analyses of electrocatalysts for anodic, cathodic, and synergistic reactions are provided along with investigations into reactor
configurations and the role of external fields in enhancing performance. By exploring the challenges and future perspectives in gas-
involved electrocatalysis, this review identifies critical barriers that need to be overcome to enable large-scale industrial
implementation.

KEYWORDS: climate change, air pollutants, greenhouse gases, mass transfer, synergistic reaction, industrial implementation

1. INTRODUCTION reaction rates. Especially, electrocatalysis is a future-oriented
technology. By operating under mild conditions and utilizing
renewable energy (e.g, solar and wind), electrocatalysis
bypasses fossil fuel reliance while enabling precise control
over reaction pathways through tunable potentials.”” Their
modular design also allows deployment in remote settings,
such as offshore platforms and landfills, without complex and
centralized infrastructure.” The electrocatalytic system also
shows an economic promise that the production costs of
carbon monoxide and formic acid (C, products) in the
electrocatalytic CO, reduction reaction (CO,RR) are
approaching $0.44 kg™' and $0.59 kg™', respectively,
competitive with conventional processes.’

Synergistic electrocatalytic conversion of coexisting air
pollutants and GHGs enhances efficiency, reduces energy
demands, and mitigates cross-interference issues. Their shared
electron-transfer mechanisms enable simultaneous processing

The rising concentrations of air pollutants and greenhouse
gases (GHGs) pose significant threats to human health and
environmental sustainability, driven by their interconnected
origins and compounding impacts." Air pollutants, such as
sulfur dioxide (SO,), nitrogen oxides (NO,), and volatile
organic compounds (VOCs), cause numerous environmental
problems such as acid rain and soil acidification, with cascading
effects on public health.”” Concurrently, GHGs such as carbon
dioxide (CO,), methane (CH,), and nitrous oxide (N,O)
drive global warming through atmospheric heat retention.”
Their point-source emissions frequently coexist in highly
energy-consuming sectors and share similar properties.” This
overlap creates opportunities for synergistic migration
strategies that offer both environmental and economic benefits.
Catalytic techniques are effective in converting these harmful
gases into value-added chemicals. For example, CO, and CH,
can be transformed into C,/C, chemicals, such as methanol
(CH;OH) and ethanol (CH;CH,OH), while NO can be Received: May 17, 2025
reduced to ammonia (NH;). Among various catalytic Revised:  October 10, 2025
technologies, such as thermal, photo, and electrocatalysis Accepted:  October 13, 2025
(Figure 1), electrocatalysis stands out as a sustainable Published: October 27, 2025
alternative playing a crucial role in air pollutants and GHGs
utilization by lowering activation energy and accelerating
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Figure 1. Mechanisms of (a) the change of free energy from without catalyst to with catalyst, (b) thermocatalysis, (c) photocatalysis, and (d)

electrocatalysis.

of mixed gases under optimized conditions. For example,
natural gas rich in CH, and CO, can be coprocessed, with
multiple-gas systems achieving higher product yields and
energy efficiency (EE) than single-gas systems.lo This
integration not only replaces fossil-fuel-driven treatments but
also addresses secondary issues like energy-intensive steam
methane reforming, which directly exacerbates CO, emissions.

Herein, given the coexistence of industrial pollutant gases
and similar electrocatalytic reaction mechanisms, this review
expands the electrocatalytic systems to under-reviewed air
pollutants (NO,, SO,, and VOCs) and GHGs (CO,, CH,, and
N,0), with emphasis on their utilization and synergistic
reactions. We analyze active species mechanisms during
electrocatalysis and evaluate state-of-the-art electrocatalysts
for anodic, cathodic, and coupled reactions. Reactor engineer-
ing strategies, including cell configurations and the coupling of
external fields (e.g., photo-, thermo-, and magnetic fields), are
explored for further improving the EE. To simultaneously
address multiple pollutants, synergistic conversion pathways
are systematically analyzed. Finally, we identify critical barriers
hindering industrial adoption, proposing pathways to bridge
the gap between laboratory research and scalable implementa-
tion.

2. ACTIVE SPECIES IN ELECTROCATALYTIC AIR
POLLUTANTS AND GHG UTILIZATION

During electrocatalytic reactions, various active species are
generated to interact with specific gases, playing a key role in
governing the reaction pathways. The electrocatalytic oxidation
process involves both direct and indirect pathways. Gas
molecules can directly lose electrons upon adsorption on the
active sites of electrocatalysts, or undergo indirect oxidation
through charge and proton transfer mediated by oxidative
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agents such as radicals and high-valent metal ions (Figure 2a).
For example, in electrochemical CH, oxidation reaction
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Figure 2. Electron transfer mechanisms in electrocatalytic systems:
(a) direct and indirect pathways on the anode and (b) direct
pathways on the cathode.

(CH,OR), CH, can directly under§o dehydrogenation to
form *CHj at the anodic active site. *'* Alternatively, C—H
cleavage can be mediated by reactive oxygen species (ROS)
(e.g, *O, *OH, and O*"), chlorine intermidiate (*Cl), as well
as high-valent metal ions (e.g, VY, Pt"Y, and Pd™)."*~"° These
active species can be generated in the anode, including *O
(deriving from the oxidation of H,O or CO5*"), *Cl (deriving
from the oxidation of CI7), and high-valent metal jons.'® To
enhance CH, oxidation efficiency, a strategic approach involves

https://doi.org/10.1021/acs.est.5c06634
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Figure 3. (a) Electrochemical oxidation/reduction potential of reactions involving CH, 20550,%* C0, %" NO,** and N,0.27 (b) Overpotential of
different catalysts at 1 mA cm™ (CH,), or at 20 mA cm™? (involving SO,, CO,, and NO) (see Table S1 in Supporting Information for details).

utilizing oxygen evolution reaction (OER) catalysts while
optimizing the applied potential to stabilize *O and
suppressing competing O, production.”” Recent studies also
propose utilizing active species reduced from O, or CO, (e.g,,
H,0,, 0,7, or HOO™) to facilitate CH,OR near the cathode,
thereby mitigating anodic overoxidation issues.'”'® Similarly,
in the electrochemical SO, oxidation reaction (SO,OR), both
direct electron transfer at the electrocatalyst active sites and
radicals like *OH contribute to the oxidation mechanism." In
electrochemical VOCs treatment, organic pollutants can be
selectively oxidized by electrode active sites or react with in
situ-generated oxidizing agents (*OH, H,0,, 0;, ClIO~, and
ClO,") from the supporting electrolyte.”’

In contrast, reduction reactions involving CO, or NO
typically proceed through direct multielectron transfers
without requiring external reductants or intermediates (Figure
2b). For CO, reduction, the reaction progresses through
partial reduction to C; products like CO, HCOOH, and
CH;O0H before undergoing complete reduction to CH, via an
8e™/8H' pathway.”' The selectivity of these reactions is
inherently challenging due to competing pathways requiring
2—12 electrons, which can yield diverse C; or C,, products.
Similarly, the electrochemical reduction of NO to NH,

24179

experiences a Se”/SH' mechanism, groceeding via either a
dissociative or associative pathway.”” In the dissociative
pathway, the N—O bond breaks on the active site, followed
by independent hydrogenation of the adsorbed *N or *O
species to produce NH; and H,O. In contrast, the associative
pathway involves sequential protonation of N and O atoms in
the NO molecule, forming an intermediate (HxNOHy) that
ultimately converts to NHj.

3. ELECTROCHEMICAL REACTION PROCESS IN AIR
POLLUTANTS AND GHG UTILIZATION

Electrochemical oxidation of CH,, SO,, and VOCs typically
occurs at the anode, while CO, and NO, undergo cathodic
reduction. The selectivity of these reactions can be controlled
by tailoring the catalyst design and tuning the applied
potential. The thermodynamic oxidation and reduction
potentials of these reactions vary significantly (Figure 3a),
and the overpotential for representative catalysts reported in
literature is intuitively compared (Figure 3b). The correspond-
ing data of overpotential, current density, faradic efficiency
(FE), and stability metrics are given in Table SI. Different
factors, such as electronic structure, surface modification
strategies, and electrolyte composition, will be systematically

https://doi.org/10.1021/acs.est.5c06634
Environ. Sci. Technol. 2025, 59, 2417724196


https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c06634/suppl_file/es5c06634_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c06634?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c06634?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c06634?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c06634/suppl_file/es5c06634_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c06634?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c06634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

Critical Review

analyzed to elucidate their impacts on activity and selectivity,
aiming to advance the rational design of electrocatalysts for
synergistic reaction systems.

3.1. Anodic Reaction. 3.1.1. CH, Conversion into C,, C,,
Substances. CH,, the cleanest and most abundant natural
carbon resource, is widely distributed in natural gas, shale gas,
coal-bed methane, and methane hydrates. Efficient on-site
conversion of CH, into transportable, high-value-added
chemicals holds important economic and environmental
benefits. However, the CH, molecule’s high tetrahedral
symmetry and strong C—H bond (bond energy: 439.3 kJ/
mol) require harsh conversion conditions. Industrial processes
like steam reforming/Fischer-Tropsch synthesis convert CH,
into syngas (CO/H,), featuring a high energy intensity and
large CO, emissions. Direct catalytic oxidation of CH, to high-
value-added chemicals under mild conditions presents a major
challenge in fields of catalysis and chemical engineering, often
regarded as a “holy grail” problem.

Transition metal oxide (TMO) catalysts have the potential
to electrochemically oxidize CH, into CH;OH. The CH,OR
activity of TMOs is determined by both higher CH, binding
energy and lower Madelung potential of the metal in TMOs,
and efficient activation of the C—H bond occurs at the stable
O active sites on top of the metal in TMOs.”® An investigation
of CH, adsorption on 12 TMOs revealed that the reaction
pathway is potential-dependent: *CH, intermediates dominate
at lower potentials, while *CH;OH becomes the primary
intermediate at higher potentials. To mitigate *CH;OH
overoxidation, Cu—Ti bimetallic catalysts were developed,
where Cu sites promoted *CH;—*OH coupling and facilitated
*CH;OH desorption.”

Interface engineering based on TMOs has proven to be
effective in facilitating CH, oxidation to ethanol. For example,
a catalyst containing 3% Ni transformed into NiO after
calcination, exhibiting optimized interfacial properties that
promote efficient C—H activation and C—C coupling.”> The
NiO(200)/Ni(111) interface significantly reduced activation
energy barriers compared to pure Ni, resulting in a remarkable
89% ethanol FE and a yield of 25 ymol g, h™ at 1.40 V vs
RHE. Cocatalyst integration further exemplifies this strategy,
where distinct components synergistically drive reaction steps.
In Rh/ZnO nanosheets, Rh stabilized *CHj species from CH,,
while ZnO facilitated water oxidation to *O, achieving an
ethanol yield of 789 umol g, ' h™" at 2.2 V vs RHE.*

Rational design of TMO composites is a promising approach
for generating C; liquid fuels in CH,OR. For example, a
Co0;0,/ZrO, nanocomposite exhibited high efficiency in the
electrochemical oxidation of CH, to 2-propanol and 1-
propanol using carbonate electrolyte, where ZrO, acted as
both a structural support and an oxidant source.”” The overall
production efficiency reached 60%, showcasing the potential
for practical CH, conversion under ambient conditions.
Subsequently, a ZrO,:NiCo,0, quasi-solid solution catalyst
with the ability to form stable CH;O species could enable
partial CH, conversion into oxygenates, including propionic
acid, acetic acid, and acetone.*®

Electrocatalysts in the electrolyte, such as metal species with
high redox potentials, could convert CH, more rapidly with
high FE, and functionalize CH, with some specific groups. For
example, a Pt'-containing electrolyte enabled continuous
regeneration of Pt", a stronger oxidant in CH, oxidation."
By employing Cl-adsorbed Pt electrodes, Pt" could be facilely
oxidized to Pt" with a remarkable 70% selectivity for CH;OH

at low overpotentials. During the electrochemical oxidation of
Pd" salts in concentrated sulfuric acid, a Pd,"™™ intermediate
assisted CH, activation, yielding CH;0SO;H and CH;SO;H
through both faradaic and nonfaradaic pathways.”” Addition-
ally, a vanadium(V)-oxo dimer electrocatalyst could oxidize
CH, to CH;0SO;H with a low activation barrier and a high
turnover frequency (TOF)."” This system converted natural
gas mixtures into liquid products with 90% FE and turnover
numbers exceeding 100,000 over 240 h, highlighting its
potential for decentralized applications requiring minimal
upstream separation or centralized infrastructure.

3.1.2. SO, Oxidation along with H, Production. SO,, a
toxic pollutant, also exhibits potential for industrial hydrogen
production through electrolysis in aqueous media. SO,OR
theoretical potential of only 0.158 V vs SHE at the anode,*
making it more energy-efficient than OER (E° = 1.23 V vs
SHE) in water electrolysis.”’ This principle underpins
prominent sulfur-based hydrogen cycles, including the hybrid
sulfur (HyS) cycle and the sulfur-iodine (SI) cycle.”” The SI
cycle features an electrochemical Bunsen reaction, avoiding the
need for excess iodine and water, operating through two key
electrode reactions:>

Anodic reaction SO, + 2H,0 — 2¢~ — H,SO, + 2H"

(1)
Cathodic reaction I, + 2H* + 2¢” — 2HI (2)
Overall reaction SO, + I, + 2H,0 — H,SO, + 2HI

)

In the SI cycle, HI is decomposed into H, and I,, while
H,SO, is concentrated or decomposed, thereby closing the
loop. In contrast, the HyS cycle can achieve an EE of up to
48—50%.""* The anodic reaction involves the oxidation of
SO, to H,SO,, while H" is directly reduced to H, at the
cathode. Both cycles leverage the SO,OR for hydrogen
production, indirectly in the SI cycle and directly in the HyS
cycle.

The electrochemical SO,OR has mainly focused on Pt-based
catalysts. For instance, in a Ru@Pt core-shell nanostructure,
the incorporation of Ru modified the Pt crystal lattice
parameters and induced an electronic effect on Pt atoms,
assisting H,O activation and enhancing adsorption ability."”
Catalytic activity was directly linked to the magnitude of this
electronic effect, with cyclic voltammetry (CV) confirming the
presence of adsorbed *OH intermediates. Comparative
analysis of alloy and core-shell structures revealed that both
structures improved performance via electronic and bifunc-
tional effects, but the Ru@Pt/C core-shell structure out-
performed alloys due to better Pt utilization and long-term
stability.”* Similarly, acid-treated Pt,Ni,/C (with a Pt-rich
surface) exhibited compressed Pt lattices and increased valence
electron vacancies.”” Among these, Pt;Ni;/C exhibited the
highest catalytic activity, showing a current density nearly 80%
higher than that of the commercial Pt/C catalyst, attributed to
its optimized electronic structure and enhanced Pt accessi-
bility.

The preparation of Pt-based catalysts, including support
selection and deposition techniques, critically influences Pt
loading and catalytic performance. While higher Pt loadings
enhance electrolysis efficiency, achieving optimal activity with
loadings exceeding 40% remains challenzging due to particle
aggregation and uneven distribution.’” Strategic support

https://doi.org/10.1021/acs.est.5c06634
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materials, such as reduced graphene oxide (rGO)/carbon black
(CB) composite-supported Pt (Pt/GC), enabled high Pt
loading while maintaining a small size, uniformly dispersed Pt
nanoparticles.”> Deposition techniques also have a significant
influence on catalyst activity and stability.”> For instance, the
electrospray (ES) method outperforms conventional air gun
(AG) deposition by achieving uniform catalyst distribution on
the gas diffusion layer (GDL) with a broad Pt loading range
(0.025—0.3 mgp, cm™?). Electrodes with lower Pt loadings
using the ES method demonstrated enhanced electrochemical
surface area (ECSA), and higher activity and stability in the
SO,0R.

Au has emerged as a high-performance catalyst in SO,OR.*®
Carbon-supported Au (Au/C) exhibited an earlier onset
potential than Pt/C in low-concentration sulfuric acid and a
higher TOF at higher acid concentrations.*® In situ electrolysis
with low Au loadings further displayed higher current densities
and greater stability than Pt. To address noble metals’ scarcity,
nanostructured strategies such as Au supported on TiO, (Au/
TiO,) reduced catalyst mass while enhancing activity beyond
bulk Au.’' Additionally, non-noble-metal-based catalysts, such
as partially oxidized Ni@C (po-Ni@C), also showed stability
in acidic solutions and even outperformed the 20% Pt/C
catalyst.””

Electrolyte composition is also effective at minimizing
SO,OR impedance. For instance, iodide additives, particularly
hydroiodic acid (HI) in the anolyte, lowered overpotentials
and enhanced reaction kinetics.”® Similarly, integrating a
Fe(1l)/Fe(Ill) redox cycle facilitated the HyS cycle using
FeCl; as the oxidant and Ar plasma-treated carbon paper (A-
CP) as the anode.*” This SO,-assisted Fe(II)/Fe(III) system,
coupled with the hydrogen evolution reaction (HER),
achieved an ultralow cell voltage of 0.97 V at 10 mA cm™
compared to conventional water electrolysis (1.85 V), by
leveraging the low oxidation potentials of Fe’* and SO,. Such
innovations highlight the promise of energy-efficient hydrogen
production and SO, remediation in industrial settings.

3.1.3. VOC Degradation and Utilization. VOCs emitted
from exhaust gases, waste incineration, fuel refining, and
chemical manufacturing pose significant environmental and
health risks.”” Their removal strategies involve either direct
gas-phase degradation or indirect liquid-phase transfer and
oxidation. For persistent VOCs like toluene and chloroben-
zene, investigated approaches combining absorption with
oxidation have been widely explored.””*'™* The initial
absorption of VOCs is crucial in the overall removal process,
influenced by the intrinsic wettability, solvent properties,
reactor configuration, mass transfer kinetics, and presence of
oxidizing agents in the solvent. Electrochemical oxidation
stands out as a sustainable method, generating reactive species
to degrade absorbed VOCs without secondary pollution.

In electrochemical VOC destruction systems, the absorbent
and electrolyte are usually the same solvent. Ionic liquids, for
instance, have been utilized as both an absorbent and
electrolyte in degrading ethanethiol and thiophene.***
While fluorine-modified f-PbO, electrodes enhanced degrada-
tion via *OH generation, achieving full mineralization
remained elusive. Optimizing reactor designs also contributes
to enhancing performance. For example, a stacked-mesh
electrochemical absorber with five electrode pairs maximized
styrene removal by tuning electrode dimensions and spacing.*®
Similarly, a Venturi-based jet electrode-absorber controlled

perchloroethylene degradation pathways by regulating bubble
size through throat width adjustments.”

Although complete VOC mineralization remains challeng-
ing, their chemical energy can be used for electricity
generation. A notable advancement is the use of toluene as
an anodic fuel in a solid oxide fuel cell (SOFC) with a yttrium-
stabilized zirconia (Ni-YSZ) anode and fused Ce,Gd,0,
electrolyte.** Operating at 600 °C, this system achieved
94.19% toluene removal efficiency even at extreme concen-
trations (1.874 X 10° ppmv) while generating 14 mW cm™> of
power, demonstrating the viability of simultaneous VOCs
abatement and energy conversion.

3.2, Cathodic Reaction. 3.2.1. CO, Conversion into C,,
C,, Substances. Electrochemical conversion of CO, into
value-added chemicals mitigates the greenhouse effect and
generates economic value, although it presents several
challenges. The high C=0O bond energy requires substantial
overpotentials (hundreds of millivolts) to drive reduction.
Effective electrocatalyst design requires a deep understanding
of reaction thermodynamics and kinetics to promote CO,
reduction while suppressing the competing HER. Achieving
high selectivity remains challenging due to the diverse
pathways of CO,RR, which yield diverse products ranging
from C; species (CO, HCHO, HCOOH, CH;OH, and CH,)
to C, compounds (C,H,, CH;CHO, and C,H;OH) via 2—12
electron transfer.

The CO,RR mechanism initiates with the rate-limiting CO,
activation to form *CO,” intermediates. Subsequent proto-
nation pathways bifurcate based on the adsorption of *CO,™:
protonation at the carbon atom yields *OCHO, favoring
HOOH or HCOO™ formation; while oxygen atom proto-
nation forms *COOH, leading to the generation of *CO. The
selectivity of the CO,RR depends on the relative binding
strengths of key intermediates (*OCHO, *COOH, *CO, and
*H). Weak *CO adsorption promotes CO production,
whereas strong *CO binding enables further reduction to
hydrocarbons (e.g., CH, and C,H,) or alcohols (e.g., CH;0H,
C,H;OH) through C—C coupling or multistep proton-
electron transfers.”

The selective production of C; and C, products in the
CO,RR can be achieved by tailoring applied potentials and
electrocatalyst design. For C; products, CO is a prominent
target formed through a two-electron transfer process, which
has been extensively studied using noble metals such as Au, Ag,
and Pt. Monodisperse Au nanoparticles demonstrate notable
activity and selectivity, although their surface structure-
property relationships remain a challenge.’** Recent advances
highlight atomically precise Au nanoclusters, such as the
[Au,,H;(dppe);(PPh,)s]**, which features a unique Auy,H,
core with three bridging H atoms.”” This catalyst exhibited a
92.7% FE at —0.6 V vs RHE and a high reaction activity of 134
mA mg_lAu over 10 h. In contrast, Ag catalysts offer a cost-
effective alternative for CO formation, combining scalability
with high selectivity.”* For instance, Ag nanoparticles modified
with redox-active CO, sorbents reach steady CO FEs > 90% at
1200 mA cm™* with a notable mass activity of 174 A mg™" Ag.ss

Recently, single atom catalysts (SACs) with isolated active
sites have demonstrated exceptional electrocatalytic activities
in CO, reduction to various products with the ability to inhibit
*H combination within competitive HER.**~" For example,
in terms of CO generation, a Co SAC with Co—Nj
coordination achieves >99.2% FEq and extraordinary stability
by promoting CO, activation, rapid formation of *COOH, and
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efficient CO desorption.” Similarly, a Ni SAC achieves a high
FEco of 95% at —0.6 V vs RHE while resisting metal
aggregation.”® Beyond traditional metals, erbium (Er) SACs
set a record high TOF of ~130,000 h™! at 500 mA cm~2,%
outperforming Ni—N;O SACs (TOF of 135,000 h™" at only 65
mA cm2).°" These high TOFs correlated with high EE and
CO, conversion efliciency. Notably, kilogram-scale synthesis of
carbon-supported SACs with high metal loadings has been
realized, making a critical step toward industrial adoption.”

HCOOH/HCOOT, valuable two-electron CO,RR products,
are highly desirable for their easy collection, low toxicity, and
industrial versatility.ﬂ’63 P-block metals (In, Sn, Pb, Bi, and
Sb) effectively convert CO, to HCOO~™ or HCOOH by
generating the intermediate *OCHO.®** With the exclusive
Sb?*—N, (0 < & < 3) active sites while suppressing HER, a Sb
SAC on N-doped carbon matrix showed a high HCOO™ FE of
94.0% at —0.8 V vs RHE.®® Similarly, sulfur-doped Zn-Sn dual-
atom catalyst with p-d coupling effect showed 94.6% FE at
—0.90 V.*” Carbon-coated tip-like In,O; exhibited an
extraordinary HCOOH FE of 98.9% at 300 mA cm™* and
>100 h stability in low-K* acidic electrolyte.”® Scaling to a 25
cm® electrolyzer yielded a 7 A total current with stable
HCOOH production, highlighting industrial feasibility. Among
p-block metals, Bibased catalysts (metallic Bi, BiO,, BiPO,,
Bi,0,CO;, and Bi,S;) exhibit optimal *OCH binding for
formate selectivity.””~’> To prevent active defect sites from
hydroxyl poisoning, vitamin C-modified Bi;S, achieved stable
pure HCOOH production over 120 h in a solid-electrolyte
reactor.”* Tensile-strained Bi-MOF-TS catalyst further acti-
vated inert Bi sites, showing a record HCOOH partial current
density of =995 + 93 mA cm™> with high FE and CO,
conversion efficiency.”

CH;OH is a six-electron CO,RR product serving as a liquid
fuel and energy carrier. While noble metals (Ru, Pt, and Pb)
have been explored,””~"” Cu-based catalysts dominate due to
low cost and high performance.”” Copper selenide nano-
catalysts exhibited 77.6% FE at 41.5 mA cm™> with an
overpotential of 285 mV.*" Atomically dispersed Cu SAs on
through-hole carbon nanofibers (TCNFs), exhibiting a 44% FE
and a partial current density of 93 mA cm ™ for CH;0OH.*" Ag-
doped Cu,0/Cu heterostructures enhanced selectivity by
stabilizing *CHO intermediates and suppressing HER,
achieving 67.4% FE and 122.7 mA cm™ current density.”

As a C; product of the eight-electron CO,RR, CH, is highly
valued for its energy density (55.5 GJ/ton), compatibility with
existing infrastructure, and potential to replace fossil fuels. Cu-
based materials are widely investigated for CH, production.®’
For example, anthraquinone-based covalent organic frame-
works (COFs) functionalized with Cu achieved a FEcyy, of
77% at 128.1 mA cm 2, leveraging their tunable 1D
superstructures.”” Similarly, low-coordinated Cu clusters
decorated by Cu—N/O single sites achieved a FEcy, of 71%
with less than 3% CO, loss at 100 mA cm™* while halving
energy consumption (254 GJ/ton CH,) compared to conven-
tional methods.®* With low coordination Cu—C, sites
promoting *H production, Cu SAC achieved a selectivity of
72.1% and a high CH, partial current density of 230.7 mA
em™2%  Metal-support interactions further modulate Cu
electronic structures to form different highest occupied orbitals
and coordination environments. CeO,-supported Cu SACs
promoted CO, activation and deep *CO hydrogenation,
achieving 70.3% FE at 400 mA cm 2.*® Besides, Zn SAs
anchored on microporous carbon achieved a high CH, FE of

85% at —1.8 V vs SCE, with Zn firmly bound with the O atom
of *OCHO, effectively suppressing CO generation.”’

Multicarbon (C,,) products such as C,H,, C,H;OH, and
CH;COOH are highly desirable for their energy densities but
face selectivity challenges due to competing reaction pathways
and complex C—C coupling mechanisms (for example, the
competition between the C,, alcohol pathway and the C,H,
pathway).*® Cu-based catalysts remain central to these
processes due to favorable adsorption properties for inter-
mediates such as *CO and *H.*’~"? Crystal facet engineering
reveals Cu(100) facets preferring ethylene production, while
Cu(110) facets promote oxygenates formation.”® The
Cu(100)/(111) facets enabled selective propylene electrosyn-
thesis.”> Heterointerface engineering like Cu—Pr interfaces
strengthened *CO binding, achieving 73% FE for C,, alcohols
at 700 mA cm™2.*® Surface modifications, such as hydrophobic
Cu dendrites with stabilized Cu®* states, achieved 90.6% C,,
FE at a 453.3 mA cm™2”* while Gd or hexagonal boron nitride
(h-BN) integration into Cu,O preserved Cu" sites to enhance
yields.”>”® Alkaline ionic liquid (AIL) concentrated CO, on
Cu surfaces to deliver 71.6% C,, FE at industrial-scale current
density (1.8 A cm™2).”” Polymeric ionic liquid (PIL) adlayers
on Cu surface further suppressed H"* diffusion, enriching K* to
facilitate C—C coupling, yielding 82.2% FE at 1.0 A cm™>"*

3.2.2. NO, Reduction into Ammonia. Mitigating hazardous
NO,, species is critical to mitigate environmental threats, such
as acid rain. While traditional methods reduce NO, to N, by
selective catalytic reaction (SCR) using costly reductants like
NH; and H,, electrochemical conversion of NO, to NH; offers
a dual-purpose strategy. NH; serves as both a carbon-free fuel
and a precursor for fertilizers and pharmaceuticals.”> The
conventional Haber-Bosch Process (HBP) for NH; synthesis
faces challenges including energy intensity, fossil fuel
consumption, and CO, emissions. Electrochemical NH;
synthesis via NO reduction is promising due to NO’s high
activity as a nitrogen source and its favorable thermodynamic
reduction potential (~0.71 V vs RHE), enabling high NH,
yields and FE.**

Despite atmospheric NO concentrations typically <5%, most
NO reduction reaction (NORR) studies focus on high-purity
or concentrated NO streams,”” %' highlighting the need for
catalysts under dilute conditions. Although Cu is a potent
catalyst for pure NO reduction, it showed a limited FE of
8.20% for 1% NO-to-NH; conversion.”” In contrast, low-
coordination Ru nanosheets performed excellently in dilute
NO environments (1%), delivering 65.96% NH," FE and a
robust NH; production rate (45.02 gmol h™ mg™).”” This
exceptional performance at dilute NO levels highlights the
potential of Ru-based catalysts for practical electrochemical
NORR.

The limited solubility of NO in water (~1.94 mM at 25 °C)
constrains NH; production at low concentrations due to mass
transfer limits.'"> Metal-based coordination salts, such as
EDTA-chelated ferrous ions (Fe>"), have been studied to
enhance the NO absorption. This approach leverages the
Brown-ring reaction mechanism, where Fe** coordinates with
NO to improve solubility.'”> A neutral-pH phosphate buffer
solution (PBS) containing an EDTA-Fe’* metal complex
(EFeMC) was employed to control NO solubility, with higher
EFeMC concentration (50—200 mM) boosting current density
(~34 mA cm™2).""* To mitigate the impact of EDTA on NH,
detection, ferrous citrate (Fe''Cit) was utilized as the

https://doi.org/10.1021/acs.est.5c06634
Environ. Sci. Technol. 2025, 59, 24177—-24196


pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c06634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est Critical Review

(a) (b)
JT

Macroporous,
layer
®
Electrolyte | |[Electrolyte ®
(]
()
Catalyst
layer
1 WE Membrane CE

i

T TI CE
Gas input Gas input Electrolyte
H-type cell GDE-type cell
(e) Liquid products
(d) e
IT T _IT
Solid-state
electrolyte
WE WE Membrane
1 '
Gas input  Electrolyte Gas input  Electrolyte Gas input H,O/N,

MEA-type cell MF-type cell

SSE-type cell

Figure 4. Schematic representation of different reactor configurations: (a) H-type cell; (b) GDE-type cell; (c) MEA-type cell; (d) MF-type cell;

and (e) SSE-type cell.

electrolyte, achieving a NHj yield of 14.6 ymol h™ cm™ and
65.2% FE using Au/rGO electrodes.'®

TMO catalysts display outstanding performance in NORR.
Specifically, Cu-based catalysts display superior selectivity for
NH; over H,'”" At a potential of —0.9 V vs RHE, a Cu foam
electrode achieved an NHj synthesis rate of 517.1 ymol h™
cm™? with 93.5% FE and 100-h stability. Modifications such as
g-C;N, decoration or integration with porous TiO, (Cu/P-
TiO,) further enhance catalytic activity by improving
electronic properties or NO adsorption.'*”'"” Pressurized
electrolysis with a Cu nanowire array monolithic electrode
elevated the NH; production rate to 10.5 mmol h™' cm™ with
96.1% FE at 1000 mA cm™2'% Additionally, hexagonal Co
nanosheets and NINC@CF electrocatalysts achieved an
impressive NHj; yield owing to the unique electron structures
and proton shuttle effect or robust substrate-catalyst
interaction,'*”"'® while P-doped MoS, nanospheres displayed
a maximal NH; FE of 69% and 388.3 ug h™' mg_,, ™" yield, with
P dopants assisting the activation and hydrogenation of NO.""

SACs have gained attention in NORR relating to the
coordination environment around the metal center.””''>'"?
SACs incorporating Al, Mn, Fe, Cu, and Nb on B,N codoped
carbon nanotubes exhibited high NH; yield, with Nb-SACs
nearing the US Department of Energy (DOE) target.''> A W-
SAC with W,—O; motifs on MoO;_, nanosheets achieved
91.2% FE and 308.6 umol h™' cm™ NHj yield by facilitating
NO activation and promoting H,O dissociation while
suppressing *H dimerization.""*
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3.3. Synergistic Control of Air Pollutants and GHGs.
Air pollutants and GHGs are often coemitted during fossil fuel
combustion, highlighting the importance of integrated control
strategies to reduce costs while addressing climate change and
environmental degradation. Key industrial sectors, such as
coal-burning power plants, steel production, and cement
manufacturing, are major sources of SO, and NO,, as well as
CO,. Technological advancements can promote the synergistic
control of carbon, sulfur, and nitrogen oxides.> The energy,
industrial processes, and product use and waste sectors are the
primary sources of CH, and N,O emissions. For instance,
wastewater treatment plants (WWTPs) represent a significant
source of greenhouse gas emissions in China, accounting for
8.7% of CH, and 22.1% of N,O emissions in 2022.""® This
highlights the potential for synergistic treatment strategies to
achieve both environmental and economic benefits. While
electrocatalytic N,O reduction currently focuses on pollutant
degradation (yielding low-value N,)," """ alternative path-
ways for N,O resource utilization leverage its role as a weak
oxidant. For example, N,O can enable the covalorization of
CH, and N,O through syngas production, offering a more
sustainable approach to emission mitigation.''®

Electrochemical processes offer a promising approach for the
simultaneous treatment of complex air pollutants with high
technological and economic efficiency. For example, the
coreduction of NO and CO, can facilitate urea synthesis,
where critical intermediates (*CO and *NH,) form a C—N
bond in a cascade reaction on Zn nanobelts, achieving a urea

https://doi.org/10.1021/acs.est.5c06634
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yield of 15.13 umol h™' mg™.""" This strategy not only
supports carbon-neutral goals but also promotes a sustainable
nitrogen cycle. To date, nitrate has served as the predominant
nitrogen feedstock for electrocatalytic urea synthesis via CO,
coreduction. Research employing NO as an alternative
nitrogen source constitutes a nascent field requiring significant
further development. Additionally, integrating CH,OR with
CO,RR enabled methyl formate production at 1660 gmol h™
ecm™ with ~152% EE.'"’ In this system, CH, was first
converted into CH;Cl using an IrO, nanowire anode, followed
by nucleophilic attack by HCOO™ derived from CO, to
produce methyl formate. This integrated approach exhibited
excellent stability at industrial-level current densities (700 mA
cm™?) and a 3-fold improvement in yield and EE compared to
those of separate processes, showing an efficient strategy of
utilizing GHGs.

Electrochemical reduction systems have demonstrated
effectiveness in CO,RR and NO, removal even in SO,-
containing flue gas."*”'*' For instance, in a simulated flue gas
mixture (15.0% CO,, 3.6% O,, 0.3% SO,, and 81.1% N,), a f5-
Bi,O;-derived bismuth catalyst maintained nearly identical
HCOO™ current densities and FE as in pure CO,,
demonstrating industrial applicability.'*" Another system
employed Fe(II)(EDTA) to absorb and electrochemically
convert NO, to N, while regenerating Fe(I[)(EDTA)."** With
activated carbon catalysis and NaSOj; assistance, 99% of NO,
and 98% of SO, removal were achieved at low energy
consumption.'”®  Alternative strategies include the simulta-
neous electrochemical oxidation of NO and SO, to HNO; and
H,SO,. In an Ag(Il)/Ag(I)-based mediated system, simulated
flue gas (100—400 ppm NO and SO,) achieved near-complete
removal, with SO, enhancing NO oxidation efficiency.'**'*’
Additionally, integrated electrochemical cells can co-remove
NO and CH, effectively, further illustrating the versatility of
electrochemical approaches for multipollutant control."**

4. REACTOR DESIGN

Recent advances in electrocatalyst development have been
complemented by a growing recognition of the critical role of
reactor design and operating conditions in determining
electrochemical performance. Electrochemical reactor systems
can be optimized through two perspectives: internal
configuration and external field integration, as detailed below.

4.1. Reactor Configuration. Batch reactors, such as the
widely used H-type cell, are common in laboratories due to
their easy assembly, simple operation, and cost-effectiveness.'*>
However, their performance is often limited by low gas
solubility in liquid electrolytes, resulting in low current
densities and low FE. To overcome this limitation, advanced
reactor designs with reduced resistance and enhanced mass
transfer efficiency have been developed,'*® including gas
diffusion electrode (GDE)-type, membrane electrode assembly
(MEA)-type, microfluidic (MF)-type, and solid-state electro-
lyte (SSE)-type cells (Figure 4).

4.1.1. Gas Diffusion Electrode (GDE)-Type. While flow cells
improve the mass transfer compared to conventional H-type
cells, they still suffer from low gas solubility. GDE-type cells
overcome this limitation by creating an efficient three-phase
interface that reduces gas diffusion pathways, from ~50 ym (in
an H-cell) to ~50 nm (in a GDE-type cell)."*” This
architecture combines a macroporous GDL for efficient
reactant transport with a microporous hydrophobic polytetra-
fluoroethylene (PTFE) to separate the electrolyte from the

gaseous stream while maintaining essential electric contact
(Figure 4b).

Such designs have enabled remarkable performance
enhancements, enabling high-rate CO, electrolysis at current
densities over 200 mA cm™2, while the H-cell suffers from a
limiting current density of the order of 10 mA cm™"** A 7-
fold increase in CO partial current density was obtained with a
nearly 90.0% FEqq at 450.0 mA cm™2 using a GDE-type cell'*’
and further increase to 3.2 A cm ™ for CO,RR was obtained by
enhancing the hydrophobicity of catalysts."*” An enhanced gas
reactant concentration at the gas-liquid-solid interface can be
achieved by efficient wettability modification or optimized
electrode structure design, such as bioinspired artificial lung-
type Au/PE catalyst system.”"'*? The remarkable mass
transport characteristics of GDEs make them particularly
effective for processing dilute gaseous reactants. For example,
by integrating nanoscale zerovalent iron into CB GDE, a 96%
FE for NH; production using feed gas with only 1% NO was
obtained.'* However, the influence of the GDE architecture
on reaction pathways requires careful consideration to fully
optimize system performance.

Material selection plays a critical role in the GDE
performance, particularly for oxidation reactions. Conductive
oxides, such as TiO,/RuO,, when pressed and sintered with
PTFE particles, demonstrate superior stability compared to
conventional CB graphite, especially under high positive
potentials."** This material advantage is exemplified in the
electrosynthesis of CH;OH from CH,, where the incorpo-
ration of 5.6% V,O; into TiO,/RuO,/PTFE composites
increased the current eficiency from 30% to 57%."**'*

However, GDE-type cells face operational challenges that
require engineering solutions. The issue of electrode flooding,
caused by gradual loss of hydrophobicity or pressure
imbalances, can be mitigated through optimized flow rate
control, hydrophobic additives, or novel binder-free electrode
designs."**~"** Additionally, conventional carbon-supported
electrodes face critical stability challenges under high-current
operation, including carbon support degradation and insuffi-
cient catalyst-substrate adhesion. These limitations highlight
the need for robust alternatives. The self-standing and binder-
free GDEs emerged as promising solutions, demonstrating
both exceptional electroactive species retention and superior
mass transfer performance at industry-relevant current
densities.*”"*

4.1.2. Membrane Electrode Assembly (MEA)-Type. The
conventional flow cell design, while effective in separating the
anode and cathode chambers through ionic exchange
membranes (IEMs), suffers from significant charge carrier
resistance. The MEA-type cell addresses this limitation
through a zero-gap configuration, where catalyst layers are
directly pressed onto both sides of the IEM (Figure 4c). This
design greatly reduces the ohmic resistance, leading to an
improved EE. MEA systems can operate in two ways: fully
vapor-fed or with liquid electrolyte on one or both sides,
offering precise control over pH and the catalyst micro-
environment while minimizing GDL flooding through reduced
liquid electrolyte contact.'*'

The MEA configuration enables several key advantages,
including the use of humidified gaseous reactants instead of
liquid electrolytes, which facilitates internal CO, recapture and
recycling, eliminating the need for downstream separation.**
Moreover, it resolves the trade-off between the FE and current
density. For example, when employing humidified CO, feed,
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CO,RR could reach high selectivity (>95% FEcp) at high
current densities up to 150 mA cm™'** As the humidified
gaseous CO, flow rates increased from 2 to 100 SCCM, the
selectivity toward CO increased from 90 % to 99%.

Vapor-fed MEA systems offer benefits for product collection
and separation.'*’ For example, methanol (boiling point of 65
°C) can be selectively evaporated from aqueous electrolytes (at
~80 °C), preventing complete oxidation.'*> This approach
also overcomes the challenges associated with decreasing
methane solubility at elevated temperatures. Various catalysts,
including metal oxides supported on SnO, with a ceramic
proton conductor such as Snyylny;P,0-, have demonstrated
excellent performance in CH, oxidation in a MEA cell at 100
°C, with V,0; achieving 88.4% CH;OH selectivity and 61.4%
current efficiency."**

MEA represents the most practical solution for achieving
industrial-scale current densities while maintaining high EE
and product selectivity.'*> For example, Sby;Sng,0, electro-
catalysts in a MEA cell delivered 200 h stability with 82%
FEformate at 500 mA cm™2, achieving 39.1% full-cell EE and a
HCOO™ formation production rate of 8.0 mmol h™! cm™2.'*
With optimized hydrophobic coatings, MEA achieved excep-
tional stability over 500 h at 200 mA cm™> while maintaining
FE(o of over 90%.'*

Although MEA applications in the electrochemical con-
version of NO to NH; remain underexplored, their adoption in
catalyst evaluations could provide more reliable performance
results compared to the H-type cell.'*” While MEA
configurations are currently the most promising CO,RR design
for industrial scale-up, several critical challenges must be
addressed for successful implementation.'*® Beyond mitigating
membrane degradation, selecting robust membranes that
combine high ionic conductivity with exceptional durability
is crucial for enabling prolonged operation in scalable systems
and reducing operational expenses.'*” For large-scale develop-
ment, two parallel development pathways are essential: (1)
optimizing large-area electrolyzers to simultaneouslgf minimize
ohmic resistance and enhance operational stability, *” and (2)
addressing stack integration challenges through the develop-
ment of low-resistance large-sized electrode catalysts and
engineered flow channels to ensure homogeneous electrolyte
distribution across extended electrode surfaces.*’ Further-
more, the unique configuration of MEA systems necessitates
sophisticated water management strategies to prevent perform-
ance-limiting water deficiency, particularly at high-current-
density operation, since water molecules must permeate from
the anolyte to serve as the exclusive proton source for
CO,RR."!

4.1.3. Microfluidic (MF)-Type. While membrane-based
systems face challenges including high cost, reduced ion
transport efficiency, and membrane degradation during
operation, MF-type cells offer a promising membrane-free
alternative."”> The MF cell consists of three parts: anode
chamber, cathode chamber, and ultrathin electrolyte chamber
(<1 mm) to reduce osmotic pressure on GDL and control the
intersection of reactants and products under laminar flow
conditions (Figure 4d). This configuration allows continuous
flow operation and individual electrode analysis, making it an
ideal electrochemical analysis tool.'*’

Electrolyte conditions are crucial in an MF cell. Initial
investigation using Sn catalysts for CO,RR revealed that acidic
conditions (pH = 4) enhanced both current densities and
formic acid selectivity compared to neutral or alkaline

environments.'>* Advanced pH differential systems demon-
strated even greater improvements, with a dual-electrolyte
system (catholyte pH = 2, anolyte pH = 14 separated by a 0.01
cm-thick polyvinyl chloride sheet) achieving triple the
reactivity and boosting FE from 81.6% to 95.6% compared
to a single neutral electrolyte configuration.'>® Electrolyte
composition studies in CO,RR further identified concentration
effects and anion-specific impacts (OH™, HCO;~, and CI”) on
reaction onset potentials."”> Additional critical parameters
requiring optimization include the gas concentration, flow rate,
channel length, GDE structure, and overall cell architecture.

MF cells exhibit superior operational stability compared to
MEA by eliminating membrane-related charge transfer issues.
This advantage is exemplified in CO,RR using cobalt
phthalocyanine (CoPc) catalyst: while the MEA configuration
showed a rapid FEq decline from 95 % to 60% within S h, the
ME cell maintained >80% FEqq over 100 h at 50 mA cm™2'*
This performance difference was attributed to proton depletion
at catalyst-membrane interfaces in MEAs rather than catalyst
degradation.

However, the absence of physical electrode separation in MF
cells introduces some limitations. Products generated at each
electrode experience opposing electromagnetic forces, leading
to undesirable reoxidation or secondary reduction that
compromises both FE and EE. This fundamental constraint
currently limits the practical application of MF systems despite
their other advantages.

4.1.4. Solid-State Electrolyte (SSE)-Type. To enhance the
efficiency of liquid product generation and minimize the need
for postproduct separation, SSE-type electrolyzers have
emerged as an innovative solution. Unlike conventional flow
cells that rely on liquid electrolytes, SSE cells utilize
functionalized porous solid electrolytes as ion transport
channels, with AEM and CEM positioned on either side
(Figure 4f). This design was first employed in CO,RR in 2019,
enabling the direct production of electrolyte-free HCOOH.'*°
The system operated with humidified CO, fed to a cathodic
GDE completely avoiding liquid electrolytes, while the anode
was circulated with H,SO, solution. The porous polymer
electrolyte, incorporating sulfonic acid functional groups for
H* conduction and quaternary amino functional groups for
HCOO™ conduction, allowed continuous extraction of the
pure HCOOH product through a deionized water stream. Bi
catalyst demonstrated stable production of 0.1 M HCOOH for
100 h.

Further advancements led to the development of an entirely
liquid-free, all-solid-state reactor designed to enhance both
product concentration and generation rates.">” In this system,
CO, was reduced to formic acid vapor, which was carried by
N, flow through the SSE, while H, gas replaced liquid acid at
the anode to supply protons. This innovative approach resulted
in a high-activity (HCOO™ partial current densities >440 mA
cm™?), high-selectivity (>97% FE), high-stability (100 h), and
the production of highly concentrated pure formic acid
solutions.

The versatility of SSE-cells has been demonstrated with
various catalyst systems, including Bi;S,-ascorbic acid hybrid
catalyst (BS/VC)’* and single-atom Pb-alloyed Cu catalyst
(Pb,Cu),"® both achieving continuous industrial-scale formic
acid production for 100 or 180 h. Notably, SSE electrolyzers
have also been adapted for C,H;OH synthesis, with a Cu
catalyst producing 90% pure C,H;OH solutions at 600 mA
over 50 h.”* While SSE cells show great promise for diverse
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liquid product generation, several critical challenges must be
addressed for practical implementation. First, the development
of defect-free, mechanically robust IEMs on an industrial scale
remains a fundamental challenge. Second, during device scale-
up, the precise control of the SSE layer morphology becomes
essential. Specifically, minimizing variations in particle packing
density and reducing interparticle gaps are important to ensure
uniform SSE/membrane interfacial contact and to enhance
ionic conductivity throughout the entire active area. Third,
rational liquid flow management systems should be imple-
mented to simultaneously achieve efficient product collection,
effective gas bubble removal, full utilization of the electroactive
area, and minimized pressure drops across the SSE layer.">”
These interconnected engineering considerations will be
crucial for transitioning SSE technology from lab-scale
demonstrations to commercially viable systems.

4.2. Coupling with External Fields. Incorporating
external fields alongside electric fields is emerging as a
promising way to enhance the activity or selectivity of gas-
involved electrocatalysis. Specifically, photo, thermal, and
magnetic fields (Figure S) have shown great potential in
enhancing reaction kinetics and thermodynamics by facilitating
charge and mass transfer. The integration of such external
fields provides a versatile means of engineering electrochemical

24186

processes, enabling convenient, continuous, reversible, dynam-
ic, and universally applicable control mechanisms.'*’

4.2.1. Photo Field. Photoelectrochemical (PEC) systems
combine the advantages of electrocatalytic and photocatalytic
processes. In these systems, light absorption by a photoanode
excites electrons to the conduction band, which are then
transferred to the cathode via an external circuit (Figure Sa).
An external bias or tandem cell configurations enable efficient
separation of photogenerated electron-hole pairs,® enhancing
anodic oxidation efficiency and charge transfer across the cell.
This photo field application can further decrease the reaction
overpotential compared to conventional electrocatalysis. For
instance, the WO;-OV photoanode achieved a high CH;CI FE
of 57.2% at only 0.9 V vs RHE, while the CoNi,0,
electrocatalyst required substantially higher potentials (>1.6
V vs RHE) for CH;Cl production.'”'®" PEC systems offer
several benefits, including controllable selectivity and reaction
rates by applied potential, adjustable electrode properties with
the cocatalyst, a wide range of compatible catalysts, and
adaptable device designs.'*>'*®

Mechanisms for CH,, CO,, and NO, treatment vary in the
PEC systems. At the photoanode, photogenerated holes
directly oxidize gaseous reactants or facilitate water oxidation
(with water vapor), producing ROS such as eOH, which
mediate anodic oxidation. In an ideal PEC CH,OR system,
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ROS lowers the energy barrier for C—H bond activation,
promoting CH, dehydrogenation, while electrons are trans-
ferred to the cathode, producing H,. For NO treatment,
oxidation dominates the process, rather than reduction to
NH;. During this process, -OH radicals drive complete NO
oxidation, while photogenerated electrons suppress O,
activation at the counter electrode, preventing partial NO
oxidation via -O,~ formation.'®* In contrast, the PEC CO,RR
system relies on a dark cathode receiving photogenerated
electrons to initiate CO,RR, while the photoanode governs
light absorption and electron-hole pair generation.'*> En-
hanced light-harvesting capabilities directly correlate with
higher photoconversion efficiency.

Intermediate control is critical for efficient PEC processes,
especially in C—C coupling for multicarbon compounds. For
instance, NiO-polyoxometalate (POM) subnanocoils stabilized
the *COOH intermediates via electron delocalization in POM
clusters, achieving 4.48 mmol g.,,~' h™' productivity and >99%
selectivity for CH,-to-C, conversion.'*® Similarly, a graphene/
silicon carbon composite catalyst facilitated electron transfer
from SiC to active sites, stabilizing intermediates to yield 17.1
mmol g.,.~' h™' ethanol from CO, with >99% selectivity.167

Nitrate accumulation during PEC NO treatment typically
occupies reaction sites, reducing the long-term reactivity. Ni-
modified NH,-UiO-66(Zr) on nickel foam addressed this issue
by enabling selective NO removal and nitrate storage
simultaneously.'* By tuning external bias to optimize -OH
generation, 82% NO elimination was achieved at 0.3 V without
NO, byproducts. The photoanode’s 3D porous morphology
enhanced nitrate diffusion and storage, maintaining system
stability and selectivity.

Dual-function PEC systems enable simultaneous anodic and
cathodic gas treatment. For example, a single PEC system
achieved concurrent SO, desulfurization and H,O, generation,
boosting photocurrent by 40% and achieving H,O, evolution
of 58.8 umol L™ h™' cm™2, which was 5-fold higher than SO,-
free conditions.'” PEC systems also show potential for
treating mixed acid gases (NO, and SO,).'® NaOH pretreated
waste gas underwent photoanodic SO, conversion to SO,*~
and cathodic NO,~ reduction to NH,". As a result, SO,*"-
NH," reactions selectively oxidized NH," to N, while reducing
SO,*” to SO,>” with 99.9% TN removal and 100% SO,*~
conversion.

Gas-phase reactant challenges arise from limited charge
transport in ambient air."’” CNTs in TiO,-based photoanodes
bridged electron transfer between TiO, and stainless-steel
meshes, enhancing hole exposure to flowing NO. Afterward, a
more effective TiO,/fluorine-doped tin oxide (FTO) photo-
anode achieved efficient indoor NO removal at low bias
voltages via rapid photoelectron-hole separation.'”!

4.2.2. Thermal Field. Temperature plays a crucial role in
electrochemical reactions by affecting charge transfer at
electrolyte-electrode interfaces, diffusion kinetics, electric
double-layer formation, and overall electrode reactivity.'*”'”*
Therefore, thermal fields can enhance reaction rates by
facilitating kinetic processes,'”> making their integration into
electrochemical systems a promising strategy for improving
reactivity and selectivity. Thermal-assisted electrocatalysis
involves techniques such as thermo-electrocatalysis and
electrical-, light-, or magnetic-induced heat generation.160

In the CO,RR, increasing the applied potential or bulk
electrolyte heating is a simple way to intensify both the electric
and thermal fields. However, this approach can also lead to an

increase in the HER and favors C; product generation. A more
efficient strategy involves localized electric-thermal field
enhancement (Figure Sb). For example, coating Cu nano-
needle (Cu NN) tips with PTFE amplified the electric and
thermal fields by ~3-fold with increasing PTFE coverage.'”*
The enhanced electric field lowered the Gibbs free energy
(AG) of C—C coupling, and the stronger thermal field
accelerated the C—C coupling reaction rate. The boosted
adsorption and dimerization of *CO intermediates facilitated
the selectivity for C, products, achieving over 86% FE, at a
partial current density of >250 m Acm™ with a record-high C,
TOF of 11.5 + 0.3 s™' Cu site™.'”

A similar tip-induced thermal field was also observed in a
high-curvature Bibased catalyst with an amorphous layer (HS2-
Bi)."”> Under a 1000 mA current, the catalyst’s temperature
rose by ~63.0 K. While elevated temperatures generally favor
H, generation over HCOO™ production, HS2-Bi’s high
curvature structure localized the electric field, selectively
suppressing H, and maintaining HCOO™ output. This study
demonstrated how self-generated local electrothermal fields
can simultaneously enhance the reaction kinetics and tune
selectivity.

4.2.3. Magnetic Field. Magnetic fields have recently
emerged as a promising, noncontact, and environmentally
friendly approach to enhance electrocatalytic perform-
ance.'”*'”” By modifying spin structures, facilitating bubble
removal through convection, increasing catalytic activity
through magnetohydrodynamic effects, and accelerating mass
transfer by the Kelvin force effect, magnetic fields can
significantly improve reaction kinetics, product yields, and
energy efficiency in electrochemical processes.'’°”'”® The
potential reaction mechanisms involved in promoting the
CO,RR with a magnetic field are discussed below as a
representative example.

Magnetic fields can promote the CO,RR by regulating the
spin states of radical pairs (Figure Sc). The reaction involves
the formation of radical pairs [CO,™*-H*], which exist in
singlet ('[CO,™*1+~-H®l]) and triplet (’[CO, *1--H"1])
configurations at a 1:3 ratio.'”” While singlet radical pairs
readily form *HCOOT, triplet pairs are spin-forbidden from
combining due to the Pauli exclusion principle."*’ An external
magnetic field facilitates triplet-to-singlet spin conversion, thus
increasing the amount of reactive singlet radical pairs to
enhance CO,RR efficiency.'®" Experimental results demon-
strated a dramatic increase in electrocatalytic current under a
magnetic field, with the effect amplified at higher KHCO;
concentrations and more negative electrode potentials. The
yield of formic acid doubled under a 0.9 T magnetic field
compared to magnetic-free conditions.

Magnetic field can also alter the selectivity toward C,/C,
products by modifying C—C Coupling dynamics. While C,
hydrocarbons form through CO dimerization, magnetic fields
can lower the activation barrier for this process."®> For
instance, on oxide-derived Cu catalyst, spin-antiparallel
electron alignment at asymmetric Cu*—Cu sites promoted
C—C coupling, reducing the optimal bias by ~0.2 V and
increasing C, FE. However, surface spin polarization can alter
*OCHO/*COOH binding energies, suppressing singlet C—C
coupling and favoring the formation of C; products."®> This
effect was demonstrated on CuO catalysts, where magnetic
field application significantly increased the C, FE while
simultaneously boosting current density and reducing over-
potential.
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Magnetic fields improve mass transport (Figure Sc) and
reduce energy consumption in the CO,RR systems. The
Lorentz force induces convective fluid motion, enhancing ion
transport both in bulk solution and near electrode surfaces."**
In one configuration, a perpendicular neodymium iron boron
(NdFeB) magnet generated fluid convection that reduced local
pH gradients, increasing the current density and selectivity
while lowering energy consumption by 15% in a GDE flow cell.
Similarly, NiFe-based bimetallic anodes under magnetic fields
exhibited reduced overpotentials.'®> The magnetohydrody-
namic effect further enhanced the mass transfer, achieving 7—
64% energy savings compared to that of IrO, anodes without a
magnetic field at CO partial current densities over 300 mA
cm™?

5. CHALLENGES AND PERSPECTIVES

The sustainable mitigation of industrial air pollutants and
GHGs has become a global priority. Electrocatalysis has
emerged as a promising technology for converting these gases
due to its possibility to operate under mild conditions,
compatibility with renewable energy sources, adjustable
reaction pathways for selective product formation, and
relatively simple infrastructure requirements. While recent
laboratory-scale research has demonstrated progress, key
challenges, including limited mass transfer efficiency and
complex process control, hinder the industrial scalability of
gas-phase electrochemical systems.

5.1. Regulation of Each Involved Gas Component.
The regulation of individual gas component in electrocatalytic
systems requires the comprehensive optimization of catalyst
properties. Achieving industrial-level current densities neces-
sitates careful design of electrocatalysts, where activity and
selectivity are fundamentally governed by structural character-
istics, surface chemistry, and electronic properties."*® Recent
advances have demonstrated that strategic modifications
through alloying, structural and surface designing, interface
and strain engineering can significantly enhance perform-
ance.'”” Certain 2D nanomaterials exhibit unique electronic
states (e.g., increased density of states near the Fermi level and
altered band-edge potentials and band gap) and physicochem-
ical properties (e.g, enhanced electrical conductivity and
carrier mobility) that make them catalytically active.'**'**
Lattice strain and surface defects are known to increase active
site exposure while simultaneously tailoring local chemical
environments and electronic states of materials."* """ These
unsaturated sites can directly interact with reactants or
intermediates as active centers, enhancing electrocatalytic
activity.'"”> Additionally, the integration of machine learning
and computational screening has emerged as a powerful tool
for identifying active electrocatalyst structures, enabling
rational design based on high-quality in situ characterization
data and theoretical simulations of intermediate interac-
tions, 193194

Beyond intrinsic electrocatalyst properties, practical imple-
mentation demands innovative solutions to overcome mass
transfer limitations in gas-phase electrocatalysis."*’ Trans-
forming from conventional H-cell configurations into advanced
configurations, such as GDE-type, MEA-type, MF-type, and
SSE-type cells, has improved the gas accessibility to active sites.
Strategic electrolyte engineering, including the use of
coordinating species like Fe’-EDTA complexes for NO
adsorption or tailed salt solutions for organic compound
adsorption, provides an effective pathway to enhance reactant

concentration at the electrode interface. Equally important is
the precise control of three-phase boundary properties through
wettability modification, which ensures a stable gas supply even
at elevated current densities."”' These interfacial engineering
approaches must be integrated with optimized fluid dynamics,
where novel flow channel architectures inspired by spiral,
corrugated, and biological patterns have demonstrated
remarkable improvements in mass transport characteristics.
The growing application of computational fluid dynamics
simulations has further accelerated the development of efficient
flow field designs tailored to specific reaction requirements.">”

5.2. Regulation of Complex Reaction Conditions. The
electrochemical treatment of industrial waste gases presents
significant challenges due to the inherent complexity and
variability of gas compositions. A primary concern is the
competitive adsorption of multiple pollutant species at catalytic
sites, where different components compete on the catalyst
surface and follow divergent reaction pathways. This multi-
component interference could be mitigated through the
development of cascade reaction systems designed to
sequentially process different gas constituents. Another critical
issue is the fluctuating nature of industrial emissions, where
sudden load changes can cause dramatic variations in pollutant
concentrations. Concurrently, overlapping potential windows
of competing reactions frequently result in poor product
selectivity. The mismatch in reaction kinetics between anodic
and cathodic processes creates additional complications, often
manifested as imbalances in mass transport and reaction rates
that limit system efficiency.

The electrocatalytic system of mixed-gas streams introduces
additional challenges in electrolyte management and product
separation. Substantial fluctuations in electrolyte composition
and pH occur due to competing reactions, which may cause
catalyst detachment and carbonate precipitation that blocks
active sites, such as electrolyte acidification from H,SO,
formation during SO,RR and localized pH increases from
CO,RR and NORR. Enhancing product concentration is
essential to maintain economic viability, as it increases product
value while reducing downstream separation energy and costs.
Pretreatment steps such as gas enrichment may be required to
achieve higher purity. Additionally, optimizing electrolyzer
selection and electrocatalyst design can enhance product yield
and purity by enhancing conductivity, catalytic activity, and
selectivity. For the downstream gas products separation,
combining effective separation technologies (e.g., pressure
swing adsorption) with strategies to increase single-pass
conversion efficiency can lower separation costs."”> For liquid
products, SSE-type reactors offer distinct advantages by
enabling in situ product separation, thereby decreasing the
energy input of distillation processes. These integrated
solutions address both the technical challenges of a mixed-
gas electrocatalytic system and the economic requirements for
industrial implementation.

5.3. Achieving Practical Implementation. The tran-
sition from lab-scale to industrial implementation of electro-
catalytic systems requires significant advancements in reactor
design and process engineering. Critical improvements in
membrane and device architectures are essential to meeting
industrial demands. While GDE and MEA-type cells exhibit
cross-reaction compatibility (CO,RR, NORR, CH,OR), the
limited scope of MF-type and SSE-type beyond CO,RR
underscores a critical research gap. Addressing this gap through
configuration-specific optimization and reaction pathway
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engineering could bridge laboratory innovation to industrial-
scale electrochemical manufacturing. For instance, optimizing
SSE-type cells may involve thickness control of the SSE layer
to reduce ohmic resistance and enhance electron transfer
efficiency.'”® Integrating resin wafers into SSE layers can
enhance reactor scalability and reproducibility while boosting
ionic conductivity via uniform membrane contact and
conductive gap-filling binders.">’ Additionally, the integration
of external fields in a large-scale application requires a deeper
mechanistic understanding and engineering solutions.

Scaling strategies must address both technical and opera-
tional challenges. Modular system design offers a flexible
approach to handling complex gas mixtures while enabling
development in diverse settin%s, including remote locations
powered by renewable energy.'”” The integration of electro-
catalytic systems with complementary technologies, such as
tandem electro-thermocatalytic processes, could provide
comprehensive solutions for CO,-rich natural gas.'”® To
establish the commercial viability of gas covalorization systems,
rigorous techno-economic analysis (TEA) and life cycle
assessment (LCA) should be conducted using pilot-scale
operational data. These comprehensive evaluations should
address three fundamental aspects: (1) the techno-economic
assessment requires systematic examination of both capital
expenditures (CAPEX) and operating expenditures (OPEX),
with particular attention to critical performance benchmarks
(e.g., minimum S year stability for electrolyzer components,
single-pass conversion efficiencies of 30% for C, and 15% for
C, products”’), product purity specifications, and overall system
energy efficiency; (2) the environmental impact evaluation
requires complete cradle-to-gate life cycle analysis to quantify
the carbon footprint and resource utilization efficiency across
the entire value chain, accounting for all material inputs and
energy flows; (3) the assessment should identify key
optimization opportunities by analyzing cost distribution
patterns, operational parameters sensitivities, and scale-up
effects on system performance. Together, these multidimen-
sional analyses will provide the essential framework for
transitioning these promising coelectrolytic systems from
laboratory demonstrations to commercially viable industrial
implementations, while ensuring both economic competitive-
ness and environmental sustainability. As the covalorization of
multiple gases is an emerging technology, data from lab-scale
and especially pilot-scale studies remain scarce. Therefore, key
economic considerations should include product yield and
purity, catalyst durability, and energy efficiency.

The high-purity production can be achieved by catalyst
engineering and process adjustment. Tuning electrocatalysts
with a well-defined local coordination environment and
electronic structure close to the active sites may help to
enhance the FE.”> For example, tuning the Cu clusters with
particle sizes of <2 nm could enhance the CO,RR selectivity
toward ethanol to an industrial relevance.'” Besides, a
reversed GDE design with CO, dissolved in the catholyte
and a flow field used as a gas collection chamber eliminates the
cost associated with additional separation steps.””’ An
integrated electrochemical recovery and separation system
shows great potential for largely reducing the cost of electrolyte
recovery, product separation, and CO, capture.201

Catalyst stability remains a fundamental challenge, with
degradation mechanisms including chemical corrosion, particle
agglomeration, phase transformation, and surface poisoning,
particularly under extreme pH conditions or high potential

operation. Advanced stabilization strategies, ranging from
atomic-level site engineering to self-healing materials with
dynamically stable interfaces and optimized GDL, are being
developed to address these issues. While SAC and in situ
product extraction methods show potential for reducing energy
demands,’”'*® the intermittent nature of renewable power
sources introduces additional system complexity.”*> This issue
requires careful consideration of energy storage and power
conditioning solutions to ensure stable operation. Further
energy input reduction can be achieved through external-field
coupling strategies regarding local conditions, in addition to
photoelectro, thermo-electro, and magnetic-electro catalysis.
Developing piezo-electro catalysis can potentially reduce the
activation barrier and dynamically optimize energy allocation
with external stress fields.'***%>*%*

The successful integration of these materials and engineering
innovations presents a multifaceted approach to addressing the
fundamental challenges in gas-involved electrocatalysis. From
atomic-scale catalyst design to macroscopic reactor optimiza-
tion, each advancement contributes to overcoming the
limitations that have hindered practical implementation. As
the field progresses, the synergy among computational
prediction, advanced characterization, and system-level en-
gineering will yield more sophisticated solutions for efficient
and selective electrochemical gas conversion. These develop-
ments not only advance fundamental understanding but also
pave the way for industrial-scale applications of electrocatalytic
technologies in gas-involved environmental remediation and
energy conversion.
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