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HIGHLIGHTS

e A “Modular Electrocatalysis” (ME) framework is proposed to integrate fragmented research into a unified platform for global carbon

and nitrogen cycling.
e Customized design strategies for module units are established to enable precise control over feedstock, conversion, and energy supply.

e Systemic integration strategies are formulated to ensure operational robustness and scalability for industrial application.

ABSTRACT The. car.b<')n—n1trogen (FI—N) cycle is a pivotal natu- - C-N Cyeling o

ral process for maintaining an ecological balance. However, exces- Y.~ \ﬁm
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sive nitrogen pollution and greenhouse gas (GHGs) emissions have ; i ——

disrupted this equilibrium. The many complex reaction pathways of /' Fluegas Urea \

carbon and nitrogen, along with fragmented research into these, have % Sewage Bt %g

hindered practical application. Electrocatalysis as a transformative

approach is expected to restore this balance. This perspective proposes ai:f:x:{:: {1 L Ammonia

the innovative concept of “Modular Electrocatalysis™ as a highly effi- % frf/

cient system designed to integrate the numerous segmented electrocata- Modular Electrocatalysis System-__{Iy]

lytic C-N reactions. Here the underpinning aim is to deconstruct the

complex C-N conversion process into controllable, simplified reaction steps achieved through the customized module unit combination and
adjustable modular routes, facilitating the transformation of carbon- and nitrogen-containing pollutants into high-value-added chemicals
such as amines and amides. In this perspective, the related challenges and potential solutions for the design of feasible modular catalytic
routes will be presented. The significance of catalyst tailoring and reactor customization will be explored with a goal to reduce the underly-

ing difficulties of integration in a functional industrial implementation, providing systematic guidance for artificial C-N cycling processes.
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1 Introduction

The United Nations 2030 Agenda has emphasized the
urgency for implementing sustainable development initia-
tives, with the excessive emission of nitrogen species such
as nitrogen oxides (NO,), ammonia (NH;), and nitrous
oxide (N,O) remaining a critical concern [1]. Agricultural
activities contribute approximately 65 TgNyr~! (teragrams
of nitrogen per year) of global nitrogen emissions, account-
ing for 82% of human-induced nitrogen outputs [2]. These
emissions lead to groundwater contamination and the
eutrophication of ecosystems, significantly disrupting the
natural nitrogen biogeochemical flows [3]. Additionally,
the synthesis of nitrogen fertilizers (Bosch—Meiser process)
results in substantial carbon dioxide (CO,) emissions. This
series of processes has profoundly overwhelmed the regula-
tory capacity of natural complex and interconnected system
C-N cycle which is a that maintains a delicate biosphere
balance in the supply and demand of carbon and nitrogen
species [4, 5]. To date, various sustainable approaches have
been proposed to address these issues including enzyme-
catalyzed nitrogen fixation and artificial photosynthesis [6,
7]. However, low efficiency, difficulties in industrialization
and limited economic viability have hindered their practical
deployment. Therefore, development of a promising tech-
nique for rebalancing the C-N cycle, while simultaneously
converting waste into available resources, has become one
of humanity’s most pressing issues.

In the quest to integrate human technology with the natu-
ral C-N cycle, emerging electrocatalysis techniques driven
by readily available renewable energy sources have garnered
widespread attention as a promising solution [8—14]. How-
ever, the independent nature of the electrocatalytic reactions
of carbon and nitrogen hinders their synergy. Our recent
pioneering work has realized the electrochemical coupling
of previously isolated carbon dioxide reduction reaction
(CO,RR) and nitrogen reduction reaction (NRR) for the
synthesis of urea [15]. Subsequent studies have further
demonstrated the feasibility of rebalancing the C-N cycle
by effectively coupling carbon emissions and nitrogen-con-
tained waste toward the sustainable and eco-friendly produc-
tion of high-value-added chemicals [16-21]. However, C-N
related reactions typically involve complex multi-electron
transfer processes, numerous unpredictable intermediates
resulting in low selectivity, and the excessive formation
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by-products that add to an increased cost of separation and
pose significant challenges for real-world application [22].
Consequently, most current effort focuses upon the develop-
ment of multi-site electrocatalysts in order to achieve stable
adsorption of multiple key intermediates through precise
a modification of active sites at the atomic scale [23, 24].
Other approaches introduce the concept of tandem catalysis,
by leveraging the synergistic interactions between multiple
catalytic sites to facilitate intermediate cascade transfer [25,
26]. However, for tandem catalyst design, the spatial dis-
tribution of active sites along with the catalytic interfacial
structure needs to be carefully optimized, and catalysts must
be specifically designed for each different reaction to meet
their distinct requirements [27]. Furthermore, some studies
have proposed the use of tandem reactors to separate the
reactions, by increasing the surface concentration of key
intermediates to enhance the selectivity of complex reactions
[28, 29]. For example, in CO,RR, CO, is first converted to
carbon monoxide (CO) in a primary reactor, and then the
CO is flowed into the next reactor for further reactions. This
strategy holds promise for expansion into practical indus-
trial application; however, it is still in the early stages and
will require the design of efficient reactors and more diverse
route configurations to match more reactions. Therefore, the
current challenges are primarily focused on 1) the design
of catalysts struggles to meet the demands of numerous
complex reactions. 2) The need of a comprehensive system
that effectively integrate C—N related-reactions in industrial
scale. To address these gaps, there is an urgent need for high-
level design strategies that connect C-N cycling with the
electrocatalytic technologies. Underpinning this simplifying
C-N-related reactions from a systems engineering perspec-
tive to reduce the complexity of catalyst design to achieve
practical implementation in industrial applications will be
required.

In this perspective, we propose the concept of “Modular
Electrocatalysis,” a system that integrates modular, custom-
izable catalytic units designed to operate within a flexible
framework. This framework includes different route combi-
nations, facilitating integrated C—N-related reactions while
transforming intricate processes into more manageable and
controllable steps. The modular electrocatalysis system
aims to enhance and rebalance the C-N cycle by efficiently
converting industrial and domestic pollutant emissions into
value-added chemicals, such as amines and amides. We
highlight the future directions for electrocatalytic-driven
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C-N cycling, leading to in-depth discussions about the
potential challenges and solutions, encompassing modu-
lar reaction routine, catalysts tailoring and modular system
engineering.

2 Advanced Modular Electrocatalysis System

Modular electrocatalysis (ME) is a strategy that decomposes
complex reactions into controllable modular units through
flexible integration and optimization in system engineering
to enable directed synthesis of multiple products. Essen-
tially, the ME system is an engineered and practical platform
that consists of feedstock module, energy supply module,
and conversion module. The feedstock module performs pre-
treatment of carbon- and nitrogen-containing pollutants to
reduce impurities. The energy supply module is responsible
for managing and delivering renewable energy sources to
drive the system. The conversion module, as the core of
the system, functions similarly to an assembly of “LEGO”
blocks, consisting of two fundamental module unit: serial
configuration and parallel configuration, together with an
auxiliary equipment for directing intermediates into differ-
ent downstream pathways. The serial configuration serves
as the fundamental framework throughout the entire sys-
tem, enabling a stepwise process of elementary reactions
via reactor coupling. For individual elementary reactions,
employing multiple reactors in series ensures that reactants
can complete conversion, maximizes reactant utilization.
In the parallel configuration, it allows both the carbon and
nitrogen elementary pathways to proceed simultaneously.
Primary products can then flow into multiple parallel routes
for common use. For example, CO can be used in both amine
and amide synthesis pathways. For catalysts capable of
simultaneously generating both liquid-phase and gas-phase
products, such as CO and formic acid (HCOOH), a parallel
reaction pathway can be designed to facilitate the autono-
mous separation of gaseous and liquid products. Based on
the desired intermediate product, such as hydroxylamine
(NH,0H) and HCOOH, these three elementary modules
units can be custom integrated into a larger module. These
customized modules can be constructed and assembled
into multiple synthesis pathways. Additionally, the ME
system can optimize the pathways based on the catalyst
characteristics (such as selectivity and product distribution)
and the desired product, enabling the targeted conversion
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of pretreated pollutants into high-value-added chemicals
(Fig. 1).

In recent years, researchers have introduced several
concepts, including relay catalysis, cascade catalysis, and
tandem catalysis. ME has complementary and inclusive
relationships with these concepts. First, research based on
these concepts has been divided into two distinct branches.
One is based on catalytic site design, in which synergis-
tic interactions between neighboring active sites enable the
stepwise conversion and transfer of intermediates. The other
is based on the series coupling of reactors, where differ-
ent reaction steps are conducted in separate reactors and
linked in sequence. For tandem catalysts, ME and tandem
catalyst design are complementary strategies. If a tan-
dem catalyst can already achieve high efficiency, it can be
directly integrated into the ME system, thereby reducing
overall system complexity and avoiding unnecessary devel-
opment efforts. For complex reactions that still cannot be
efficiently achieved through the precise design of tandem
catalytic sites, ME enables a reduction in electron transfer
demand and mechanistic complexity by decomposing the
overall reaction into simpler pathways. For reactor-coupling
or cascade strategies, they can be regarded as an important
foundation of ME, but do not fully represent its concept. ME
is a broader electrochemical engineering framework based
on top-down reaction pathway design. Unlike reactor-cou-
pling strategies, which mainly focus on Faradaic efficiency
(FE) and production rate, ME also considers engineering
metrics such as single-pass conversion and energy efficiency,
together with practical factors including feedstock supply,
energy-input compatibility, and device integration. Overall,
ME is not merely a combination of reactors or a variation in
tandem catalysis, but a systems-oriented strategy for practi-
cal electrosynthesis, offering an electrochemical engineering
platform for constructing C-N conversion networks.

Several representative studies have already illustrated the
practical potential of ME strategy. For example, such as Wu
et al. reported a segmented gas-diffusion electrode (GDE)
consisting of two catalyst layer Ag and Cu with the different
selectivity, which allowed CO, convert to CO at the inlet of
GDE and more effectively transfer to multi-carbon (C,,)
products at rest of reactor, increasing intermediate CO uti-
lization of 300% compare to non-segmented electrode [30].
Similarly, Zeng et al. designed a complete product chain to
synthesize glycine by using CO,, nitrogen (N,), and H,O as
feedstock; they achieved the directed coupling of NH,OH

@ Springer
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Fig. 1 Schematic of C-N cycling by ME system

and glyoxylic acid (C,H,05) by conducting stepwise reac-
tions of the raw materials and intermediates in different reac-
tors [31]. In addition, Zhang et al. achieved the efficient syn-
thesis of alanine by coupling nitric oxide (NO) and pyruvic
acid through a spatially decoupled system, where NH,OH
formation and oxime reduction were conducted stepwise
in different reactors; compared to the one-pot system
(FE=17% and current density <40 mA cm™?), the decou-
pled strategy delivered a total FE of ~70% at 100 mA cm ™2
with>98% product purity [32]. These studies highlight the
potential advantages of ME, showing that stepwise or decou-
pling reaction schemes enable more controllable and effi-
cient multi-electron processes compare to the single-reactor
systems, while also providing preliminary evidence for the
feasibility of tandem reactor strategies and reaction pathway
decomposition.

The design principle of the ME system is built upon estab-
lished catalytic systems to address the complexities of multi-
step C-N reactions in practical scenarios. A key trade-off
within ME framework is the rational decomposition of reaction
pathways, rather than exhaustive fragmentation. If an existing
catalyst achieves high selectivity and single-pass conversion,

© The authors
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the route is integrated as a single module to minimize system
complexity. Conversely, for reactions lacking such efficiency,
we decompose the pathway into more controllable, single- or
low-electron transfer steps. For instance, in the electrocatalytic
synthesis of urea, carbon and nitrogen sources such as CO,,
nitrate (NO; "), nitrite (NO, "), NO, and N, are commonly uti-
lized. Coupling CO, with nitrogen oxides involve complex
processes with 10-16 electrons transfer, such a single-step pro-
cess often leads to low FE, typically around 20%—-60% [33,
34]. In the ME system, modularization enables the reaction
to proceed step by step; CO, could be reduced to CO via 2
electrons transfer process in one reactor, while nitrogen oxides
can be easily converted to NH; in another reactor. These ele-
mentary reactions are well developed, exhibiting high FE and
high single-pass conversion rates. These two intermediates,
CO and NH;, are then efficiently coupled to generate urea with
only an additional 4 electrons transferred, achieving FE over
70%. Similarly, synthesizing formamide directly from CO, and
NO;™ results in only 5.8% FE, whereas coupling the secondary
intermediates CO/CH;OH and NO,/NHj; can increase the FE
to over 40% [35-37]. Many studies have demonstrated the high
conversion rate of secondary intermediate coupling reactions

https://doi.org/10.1007/s40820-026-02231-7
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[38, 39]. Modular stepwise reactions not only enhance the
coupling probability of key intermediates but also reduce the
difficulty of achieving targeted synthesis.

By compartmentalizing and simplifying the intricate reac-
tion into distinct modules, the ME system could offer several
potential advantages:

1) Modularized elementary reactions involve fewer electron
transfer steps. The development of catalysts for few elec-
trons involved reactions is already well established, gen-
erally exhibiting outstanding performance and industrial
application potential [40-42]. The ME system provides a
practical application platform for directly utilizing these
developed catalysts into the corresponding modules, to
reduce the overall complexity of catalyst design and sub-
sequently minimizing the cost of trial and error. From
the perspective of energy utilization, the introduction of
well-developed catalysts can maximize the conversion
efficiency of each elementary reaction, which not only
reduces the overall energy consumption of the system
but also minimizes the environmental pollution risks
associated with subsequent separation steps.

2) For multi-step reactions, the design of catalyst is dif-
ficult to optimize for a specific individual step, whereas
modularized reaction units allow for independent adjust-
ment. For instance, the conversion of carbon and nitro-
gen sources generally exhibits different kinetics, leading
to reaction imbalances. In contrast, the matching rate
among different reactions could be manipulated in the
ME system by controlling the flow rate and temperature
of each module.

3) Modularity supports scalability and ease of upgrading,
allowing new functionalities to be added or existing
ones replaced, making the system adaptable to changing
reaction pathways or industrial demands. Moreover, the
adjustable catalytic reaction units can be reconfigured
to suit various operational scenarios; the scale of the
system can be adjusted based on the amount of upstream
feedstock.

3 Design Strategies of Module Units

To enable the practical implementation of C—N cycling, ME
establishes a systematic framework, comprising three core
functional modules: 1) a feedstock module, 2) a conversion
module, and 3) an energy supply module. This system archi-
tecture not only emphasizes the functional division among
modules but also provides strong support for coordination
and integrated optimization at the system level.

| SHANGHAI JIAO TONG UNIVERSITY PRESS

3.1 Feedstock Module

Under real-world conditions, the feedstocks involved in C-N
cycling are primarily derived from flue gas and wastewa-
ter, both of which contain a range of components that can
adversely affect catalytic performance. Flue gas typically
consists of N, (70%-80%), CO, (5%—15%), and water vapor
(10%-20%), with oxygen concentrations below 1%. In addi-
tion, it contains sulfur dioxide (SO,) (> 10,000 ppm), NO,
(200-800 ppm, mainly NO), CO (< 100 ppm), and trace
amounts of particulates [43].

To enhance system stability and catalytic selectivity,
the feedstock module must incorporate targeted removal
strategies based on the behavior of these components. For
instance, N, is chemically inert and requires no treatment.
SO,, however, is highly reactive and readily poisons cata-
lyst active sites, leading to rapid deactivation and reduced
selectivity [44]. Additionally, particulates can obstruct reac-
tors and interfere with gas flow dynamics [45]. These issues
can be mitigated through gas scrubbing techniques, which
facilitate particulate sedimentation and desulfurization of
the feedstock [45—47]. NO, can be effectively removed from
the feedstock by electrochemically coupling with CO, to
synthesize urea via C-N bond formation. Although oxygen
may introduce competing reactions, it can be suppressed at
high current densities [48, 49], and some studies have even
reported its positive role in promoting C,, product selectiv-
ity [50]. Low levels of CO can also facilitate C—C coupling
and do not necessitate removal [51].

On the wastewater side, nitrogen-containing pollutants
such as NO;~, NO,~, and NH,* vary in concentration
depending on the source. Generally, industrial and agri-
cultural wastewater contain higher levels of nitrogen pol-
lutants compared to other types of wastewaters [52-54].
Beyond nitrogen-containing pollutants, wastewater con-
tains various impurities that can affect the efficiency and
stability of the catalytic modules, necessitating effective
pretreatment before entering the reactor. Common impu-
rities such as suspended solids (which hinder mass trans-
port) and scale-forming ions (e.g., Ca**, Mg?*) can form
precipitates and poison the electrodes [55, 56]. These can
be removed via lime and Na,CO;-based coagulation—pre-
cipitation methods [57, 58], while NH; at high concentra-
tions can be recovered through air stripping [59]. Since
NO," is a key intermediate in NO;™ reduction, it is not
recommended to remove it during pretreatment; instead,
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it should be retained for further conversion in the conver-
sion module.

In practical deployment, the composition of flue gas and
wastewater may fluctuate depending on emission sources
and operating conditions. Therefore, the pretreatment
strategies described above should be regarded as repre-
sentative approaches rather than fixed processing routes.
In real systems, the configuration of the feedstock module
should be flexibly adjusted according to the actual com-
position and fluctuation range of the incoming streams. In
addition, many pretreatment technologies targeting typical
impurities are already well established in industrial prac-
tice and can be complemented with backup treatment units
to buffer transient concentration spikes. The outlet of the
feedstock module can also be coupled with online moni-
toring systems to track effluent composition in real time,
enabling timely process adjustments when the feed com-
position deviates from the desired range, thereby ensuring
that the streams entering downstream conversion modules
remain within acceptable operating conditions.

3.2 Conversion Module

After impurity interferences are mitigated in the pretreat-
ment module, the system enters the core conversion mod-
ule. The conversion module aims to transform carbon and
nitrogen feedstocks into high value products through the cas-
caded cooperation of multiple functional sub-modules. Here,
we outline key considerations for designing an efficient and
robust conversion module, focusing on pathway deconstruc-
tion, system-driven catalyst design, and reactor platforms
that enable high compatibility and seamless integration.

3.2.1 Pathway Design

The rational decomposition of reaction pathways is crucial
for enhancing overall efficiency of conversion modules.
Two main considerations are essential in the modular break-
down of reaction pathways. First, each selected reaction step
should exhibit both thermodynamic feasibility and kinetic
controllability, favoring reactions with established research
foundations, high intrinsic activity, and product selectivity.
Second, intermediates exchanged between modules must
possess sufficient stability to avoid degradation or side

© The authors

reactions during inter-module transfer. Stable intermedi-
ates such as CO, HCOOH, NH;, and NO,™ are well suited
for modular integration, whereas highly reactive or short-
lived species (e.g., radicals) are currently incompatible with
modular transfer. However, if future advances overcome the
technical challenges associated with unstable intermediates,
their integration into modular systems may become feasible.

Based on these principles, we propose a possible ME
route for C-N cycling, as illustrated in Fig. 2. Following pre-
treatment, the feedstocks enter the reaction modules. On the
flue gas side, part of the CO, can be directly electrochemi-
cally converted into oxalate in a dedicated reactor. Mean-
while, another portion of CO, is reduced to HCOOH and
CO, both of which serve as valuable intermediates for down-
stream transformations. Notably, high selectivity toward a
single product is not required at this stage, as both CO and
HCOOH can serve as intermediates for downstream pro-
cesses, thereby reducing the complexity of catalyst design.
On the wastewater side, if further utilization is not required,
NO;™ / NO,™ can be reduced to N, and safely discharged.
Alternatively, if nitrogen compounds are to be utilized,
NO;™ can first be reduced to NO,™ in a dedicated reactor,
followed by further conversion into NH; or NH,OH in later
modules. Depending on the desired product, C-N coupling
can proceed via three distinct pathways: 1) HCOOH and
NO,™ react to produce formamide, 2) CO and NH; couple
to generate urea, and 3) NH,OH and oxalate react to syn-
thesize glycine. Notably, in this proposed ME framework,
each reaction module is designed to operate independently
under optimized and controllable conditions. ME does not
restrict modules to being solely reductive or oxidative;
rather, it enables the integration of both types as long as
each module ensures high selectivity, high single-pass con-
version efficiency, and system-level compatibility. This ME
route design is inherently flexible and can be reconfigured
to accommodate variations in feedstock composition and
target product requirements, ensuring efficient and selective
conversions. To support the feasibility of this route, Table 1
summarizes representative reported studies corresponding
to each modular step, including catalysts, operating condi-
tions, FEs, and current densities where available. Although
the performance metrics of different modules are not always
matched, such disparities do not necessarily preclude system
integration, because the effective throughput of each module
can in principle be balanced through reactor engineering
strategies, such as adjusting the number or active area of
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Fig. 2 Schematic of a possible modular electrocatalysis route

reactors in different modules. As research on these elemen-
tary reactions continues to advance, further improvement in
current density and module compatibility is expected, which
will facilitate more practical implementation of ME systems.

3.2.2 Catalyst Selection

As previously discussed, the ME framework advocates
leveraging mature catalytic reactions and material sys-
tems to unlock their engineering potential through system-
level reconfiguration. This design strategy imposes a dual
demand on catalysts within the ME system: they must not
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only achieve maximum target product selectivity and high
single-pass conversion efficiency to prevent byproduct accu-
mulation, but also maintain exceptional operational robust-
ness under fluctuating energy inputs and complex feedstock
compositions.

First, the modular configuration imposes more stringent
requirements on catalyst selectivity and single-pass conversion
efficiency. While the ME framework achieves controllability
by decomposing complex reaction networks, it also implies
that any by-products formed can accumulate across successive
modules, thereby disrupting downstream reaction kinetics and
significantly reducing overall energy efficiency. In representa-
tive modular units such as CO,— CO and NO,~ —NHj;, many

Table 1 Key reactions and performance metrics for the ME route in Fig. 2

Reaction pathway Catalyst Applied potential (V vs. FE (%) Current density (mA  Refs
Reference) cm™?
CO, — Oxalate Pb - 53 80 [60]
CO,—HCOOH Bi—CrO, —0.9 Vvs. RHE 100 687 [41]
C0O,—CO Ni/Fe-DAC —2.3Vvs. RHE 100 608.2 [61]
NO;~ —N, 0-CuPd —0.7 V vs. RHE 95.2 200 [62]
NO;~ —NO,~ OD-Ag —1.15V vs. Ag/AgCl 91.2 ~11 [63]
NO,” —NH, Sb,Cu —0.6 V vs. RHE 96 424.2 [64]
HCOOH+NO,™ — Formamide ER-Cu —0.4 V vs. RHE 30 ~50 [65]
CO+NH;— Urea Commercial Pt 0.5V vs. RHE ~70 13.7 [39]
NH,OH + Oxalate — Glycine PbCu - 78 200 [66]

0
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catalysts have already achieved >90% FE and high single-pass
conversion efficiency under optimized conditions [64, 67-69].
However, for more complex C-N coupling reactions, the single-
pass conversion and selectivity remain relatively low, necessi-
tating further improvement. This is essential not only to allevi-
ate the burden of material recycling and separation but also to
optimize module-level energy efficiency and manage system
complexity.

Second, the ME framework imposes rigorous require-
ments on the operational adaptability and environmental
robustness of catalysts. Many materials that perform excel-
lently under ideal laboratory conditions struggle to adapt
to the authentic modular environments of C-N cycling. In
practice, feedstock compositions are complex and highly
fluctuating. For instance, CO, content in flue gas is typi-
cally only 5%—-15%, while NO;/ NO,™ concentrations in
wastewater vary widely. These factors limit reactant supply
at the interface and exacerbate competitive hydrogen evolu-
tion reactions (HER). To address this, local enrichment and
interface engineering strategies can be employed to counter-
act the effects of reactant dilution. For example, in CO,RR,
physical adsorption can be enhanced using Metal-Organic
Frameworks (MOFs) or porous carbon nanostructures, while
chemical affinity can be strengthened via functionalization
with amine groups or ionic liquids [70-78]. For NO4RR,
constructing internal electric fields, multi-coordination sites,
or confined pore structures can significantly increase surface
reactant coverage and optimize electron transfer [79-84].
Furthermore, although the ME system includes pretreatment
modules, the intrinsic resistance of catalysts to highly toxic
components like SO, remains indispensable. Constructing
hydrophobic-hydrophilic phase partitions within polymer
heterostructures, for instance, can effectively improve SO,
tolerance at the interface, ensuring long-term operational
stability [85].

Finally, tolerance to dynamic energy inputs is a critical
metric for ME catalysts to adapt to renewable energy systems.
Power supplies driven by solar and wind energy are inevitably
accompanied by voltage fluctuations. Such non-steady-state
conditions easily trigger side reactions and destabilize prod-
uct distribution. Therefore, within the ME framework, catalyst
design should emphasize structural modulation such as grain
boundary engineering or the construction of internal elec-
tric fields to expand the effective operating potential window
[86—89]. This ensures the stability of reaction pathways and
selectivity under fluctuating energy inputs.

© The authors

3.2.3 Reactor Design

In addition to catalyst design, the conversion module also
heavily relies on device-level architectures that support the
independent operation, synergistic coupling, and system-
level integration of multiple functional modules. Different
modules typically operate under varying reaction conditions
(e.g., voltage, current density, mass flow rate, and reaction
rate), which necessitates that the reactor exhibit high com-
patibility and integration capacity to maintain continuous
throughput and system stability.

Currently, the electrocatalytic reactors commonly used
in C-N cycling systems include H-type cells, flow cells,
solid-state electrolyzers, and membrane electrode assem-
blies (MEA) [90, 91]. When evaluated within the ME
framework, these platforms differ substantially in their
compatibility with modular operation. H-type cells feature
simple structures and ease of operation, making them suit-
able for laboratory-scale mechanistic studies, but their low
mass transport efficiency and high resistance render them
fundamentally incompatible with the continuous flow and
inter-module coupling demands of the ME framework [92].
Flow cells, which utilize GDEs, significantly improve mass
transport and current density, making them viable candi-
dates for individual high-throughput modules such as CO,
or NO;™ reduction [93, 94]. However, their susceptibility to
flooding, carbonate deposition, and poor long-term stabil-
ity introduces operational uncertainties that can propagate
across connected modules and compromise overall system
reliability [95-97]. Solid-state electrolyzers eliminate lig-
uid electrolytes and offer high product purity, representing
a promising direction for ME integration, but potentially
face challenges related to limited ionic conductivity and
high interfacial resistance, which may constrain achievable
current densities and compromise their suitability for con-
tinuous cascaded operation [98, 99]. MEA-based systems,
by contrast, offer the closest alignment with the demands
of the ME framework. Their compact and stackable archi-
tecture facilitates modular assembly, their well-defined
gas—liquid separation supports precise reaction compart-
mentalization, and their compatibility with continuous flow
operation enables stable inter-module coupling [95, 100,
101]. For these reasons, MEA-based reactors represent the
preferred platform for ME system construction. Neverthe-
less, several practical challenges must be addressed before
large-scale deployment can be realized, including membrane

https://doi.org/10.1007/s40820-026-02231-7
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durability under complex feedstreams, uniform catalyst layer
fabrication across large-area electrodes, and the complexity
of water and thermal management at scale. With ongoing
progress in materials and engineering, these challenges are
expected to be progressively overcome. While the choice of
reactor platform establishes the structural foundation of the
ME system, fully realizing its potential requires additional
design considerations at the level of flow fields, interfaces,
and pathway integration.

From a kinetic perspective, flow field design must match
the specific characteristics of different sub-modules. Reac-
tion steps within the conversion module differ significantly
in electron transfer numbers and rates. For low-electron
transfer reactions such as CO, to CO, short channels and
thin diffusion layers should be employed to maximize sin-
gle-pass conversion via high current densities. Conversely,
multi-electron transfer reactions like C-N coupling require
extended channels or increased catalyst layer thickness to
prolong residence time for deep intermediate conversion.
Additionally, computational fluid dynamics (CFD) simula-
tions can be used to precisely optimize flow field configura-
tions to regulate pressure drops and match mass flux between
modules [102, 103].

Moreover, interface optimization is key to ensuring inter-
module synchronization and efficient intermediate migra-
tion. In modules involving gaseous feedstocks, maintaining
a stable gas-liquid—solid triple-phase interface is critical.
Traditional gas-diffusion layers (GDL) are prone to elec-
trolyte flooding or carbonate deposition under high loads,
which disrupts individual module stability and overall coor-
dination. Strategies such as forced flow-through displace-
ment (FTDT) can form stable interfaces without relying on
conventional GDLs [104]. This GDL-free interface design
mitigates common failure associated with traditional GDLs
and supports stable operation of the reaction module.

Finally, pathway integration design can serve as an adap-
tive supplement to the modular paradigm. While physical
segregation of modules is ideal for independent optimiza-
tion, it may become less effective when dealing with reactive
intermediates characterized by short lifetimes or high trans-
port resistance. In such cases, spatial zone-loading strate-
gies within a single-reactor environment can be adopted to
minimize mass transfer distances. This can be achieved by
loading different catalysts sequentially along the flow direc-
tion on a single electrode surface or by constructing lami-
nated/layered electrode architectures [22]. This approach
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of achieving functional zoning within a restricted space
effectively mitigates transport losses and represents a stra-
tegic evolution of modular logic under spatial and kinetic
constraints.

3.3 Energy Supply Module

Beyond feedstock and conversion modules, the energy mod-
ule is an essential component of the ME system. Given the
varied operating conditions of each module including dif-
ferences in applied voltage, current density, and power con-
sumption, energy mismatches between modules are inevita-
ble. This energy heterogeneity can lower system efficiency
or lead to power losses under specific load conditions.

This challenge can be effectively addressed through cou-
pling with renewable energy. From a configuration perspec-
tive, the modular framework allows solar panels to supply
power directly to specific reactors rather than routing through
a centralized grid. This direct-coupling strategy enables flex-
ible configuration of photovoltaic arrays to match the pre-
cise voltage and current requirements of individual modules.
Compared to centralized power delivery, this approach sup-
ports responsive load balancing and enhances operational
resilience by allowing modules to adjust their power con-
sumption independently based on real-time energy availa-
bility. Moreover, integrating ME systems with green energy
sources promotes low-carbon transformation routes while
minimizing energy mismatch losses and operating costs.

From the perspective of system integration, the design
must also account for the inherent instability of renewable
energy. Solar and wind energy usually show temporal com-
plementarity. In many regions, these two sources show clear
phase shifts across both diurnal and seasonal timescales.
Through coordinated deployment and power smoothing
strategies, input-side power fluctuations can be mitigated to
provide a more stable energy environment for downstream
ME modules [105-107]. In addition, incorporating energy
storage units can further enhance system stability when
operating with intermittent renewable electricity. In prac-
tice, energy storage can serve as a transitional solution when
catalysts with strong fluctuation tolerance are not yet avail-
able. As more robust catalysts with wider operating potential
windows are developed, the reliance on energy storage could
be reduced or even avoided.
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4 Systemic Integration Strategies

While individual module designs provide the functional
building blocks, the core challenge lies in their collective
integration. A successful C—N conversion system requires
more than a simple assembly of feedstock, reaction, and
energy units. It demands the deep coordination of mass,
energy, and information flows to maintain equilibrium
under dynamic conditions. This transition shifts the focus
from optimizing single modules to ensuring the stability and
robustness of the entire system architecture.

Establishing mass flux equilibrium across modules is the
foundation of efficient system operation. Within the ME
framework, the entire system operates within a hermetically
sealed environment, preventing the volatilization of gaseous
or volatile intermediates and ensuring that residence times,
typically on the scale of seconds or minutes, remain well
within the chemical lifetimes of these intermediates. Beyond
individual transport stability, the coordination of these mass
flows is critical for overall system integrity. In a cascade reac-
tion, any mismatch between the production rate of one mod-
ule and the consumption rate of the next causes intermediates
to accumulate or dilute. Material accumulation triggers local
pressure anomalies and pH fluctuations while potentially poi-
soning catalysts. Conversely, excessive dilution degrades the
kinetic efficiency of downstream reactions. To prevent these
issues, the ME system introduces a buffer zone strategy using
intermediate storage units and pressure regulation devices to
absorb sudden flow surges. These buffer zones provide the
necessary residence time for concentration homogenization
before the feedstock enters the next stage. Within the buffer
zone, additional handling steps such as gas—liquid separa-
tion, purification, or pH adjustment can also be performed
before further conversion, depending on the properties of the
intermediates and the specific requirements of downstream
modules. If necessary, unreacted feedstocks can also be recir-
culated to upstream modules for further conversion, thereby
improving overall material utilization and helping maintain
system-level mass balance. Furthermore, by continuously
tracking conversion efficiencies in downstream modules,
upstream operating conditions such as current density can
be dynamically adjusted to match the consumption rate of
intermediates, ensuring that carbon- and nitrogen-contain-
ing intermediates remain within stable operating ranges and
reducing the risk of undesired accumulation or losses.

© The authors

Hierarchical energy synergy strategies allow modular sys-
tems to maximize efficiency by addressing heterogeneous
energy requirements. Unlike traditional integrated reactors
forced to operate at a single potential, the ME architecture
independently configures the optimal operating voltage for
each reaction module. This ensures that every functional unit
works within its specific thermodynamic window to elimi-
nate efficiency losses from potential compromises. Beyond
electrical optimization, the system integration incorporates a
thermal—electric cascading mechanism. Joule heat generated
during the electrolytic conversion process is captured through
a centralized heat exchange network. This reclaimed thermal
energy is then redirected to drive auxiliary units such as feed-
stock pretreatment or ammonia product stripping. This step-
wise energy utilization strategy significantly reduces the cool-
ing load of the reaction modules while improving the overall
energy efficiency of the entire C-N conversion process.

Long-term stability and failure resilience are essential for
the practical deployment of complex integrated ME systems.
Under realistic operating conditions, potential failure modes
can arise at multiple levels, including catalyst deactivation
caused by active site poisoning from feedstream contami-
nants or performance decay under prolonged operation,
carbonate or salt accumulation that progressively increases
ionic resistance and may eventually cause membrane failure,
and flow imbalance between adjacent modules that leads
to intermediate accumulation or downstream starvation.
Catalyst deactivation cannot be eliminated in long-term
operation and can only be mitigated through rigorous feed-
stream pretreatment and rational catalyst design that prior-
itizes intrinsic stability. Periodic acid washing to dissolve
accumulated carbonate or salt can effectively help prolong
membrane service life. Flow imbalance can be regulated
through the closed-loop feedback control and buffer zone
strategies described above. Although these measures help
address specific failure modes at the component and process
levels, preventing such disturbances from propagating into
system-wide disruption requires an additional architectural
safeguard. The ME framework reduces this risk through
physical and functional isolation enabled by its decoupled
architecture, in which parallel redundant pathways are intro-
duced at critical reaction nodes. Upon detection of failure
or severe performance decay in a given module, the mal-
functioning unit is bypassed and disconnected via upstream
isolation valves, and the material flow is redirected to
backup units, thereby maintaining overall system operation.
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Although total production capacity may temporarily decline,
the overall reaction process continues without interruption.
In this way, local degradation is prevented from escalating
into cascading failure, providing a practical basis for the
robust and reliable long-term operation of ME systems.

5 Conclusion and Outlook

In summary, ME emphasizes the modularization of com-
plex reactions into simplified, controllable elementary
steps, allowing greater flexibility, adaptability, and scal-
ability. By integrating optimized modular catalytic path-
ways, tailored catalysts, and well-designed reactors, ME
enables the direct conversion of carbon- and nitrogen-
containing waste into value-added chemicals under real-
world operating conditions. ME reduces the complexity
of catalyst development by decomposing multi-electron
reactions into elementary steps, enabling the direct utiliza-
tion of mature catalysts. It allows dynamic reconfiguration
of modules to match feedstock variations and industrial
demands. While ME offers significant promise, its practi-
cal deployment faces challenges including efficient mod-
ule integration, rational reaction pathway design, catalyst
multifunctionality, the design and development of suitable
reactors, and long-term system stability. Overcoming these
obstacles is crucial to advancing ME toward industrial
application and sustainable C-N cycling. Looking ahead,
techno-economic analysis (TEA) will be an important tool
for evaluating the overall cost-effectiveness and industrial
viability of ME systems, guiding the rational design of
pretreatment strategies, energy utilization schemes, and
process configurations to ensure both engineering fea-
sibility and economic competitiveness. ME represents a
promising approach to integrating advanced electrocata-
lytic techniques with practical industrial applications.
Its green and sustainable characteristics contribute to
addressing current nitrogen pollution and GHGs emis-
sions issues, while also helping to tackle the challenges
in C-N electrocatalysis from a systemic perspective by
providing a potential framework for the development of
artificial C—N cycling systems. Notably, this framework
is inherently versatile and can be extended to other com-
plex reaction networks, such as carbon—sulfur (C-S) and
carbon—phosphorus (C-P) coupling processes involving
multi-electron transfer pathways. Existing research has
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validated its feasibility and advantages; however, further
refinement and development are essential to accelerate and
facilitate the practical deployment of ME system:s.

1) Employing emerging artificial intelligence (AI) tech-
nologies can aid in the rational integration of various
modules by screening and adjusting reaction pathways
to better match the kinetics between different modules.
This enables dynamic optimization based on reactant
variation and facilitates automated control of the entire
system. When paired with advanced monitoring systems
to collect and analyze real-time data, Al supports contin-
uous performance improvement. Additionally, integra-
tion with sustainable energy supply modules allows for
both efficient energy recovery and real-time adjustment
of the supply voltage for each module, ensuring optimal
conversion efficiency and further enhancing the overall
performance of the ME platform.

2) Catalysts designed for ME systems are no longer limited
to fine-tuning active sites but instead aim to meet the
system’s requirements through multifunctional perfor-
mance. Catalysts designed for ME systems should pri-
oritize features such as tolerance to voltage fluctuations,
resistance to poisoning, and adaptability across multiple
modules. This functional emphasis aligns better with the
modular architecture and diverse operating conditions
of ME platforms. Furthermore, the integration of high-
throughput computational screening with machine learn-
ing provides an effective approach to discovering multi-
functional catalysts with optimal performance, helping
to reduce system complexity and lower the overall cost
of modular units.

3) Advanced in situ characterization techniques—such as
X-ray absorption fine structure (XAFS), Fourier trans-
form infrared spectroscopy (FTIR), and transmission
electron microscopy (TEM)—are often applied under
ideal laboratory conditions with precise control. How-
ever, they are rarely integrated into real operating envi-
ronments. By combining these techniques with ME sys-
tems, it becomes possible to monitor and analyze catalytic
processes across multiple scales, from the atomic level to
macroscopic reactions. This integration allows dynamic
tracking of intermediates and products, providing real-
time feedback to guide catalyst design and optimize reac-
tion conditions under practical working conditions.

Our envisioned ME system is designed to achieve stand-
ardized and formulaic production, ensuring a precise match
with any upstream conditions. This system will play a cru-
cial role in advancing the C—N cycle, optimizing resource
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utilization, and enhancing sustainability. By integrating cut-
ting-edge technologies, it will enable the cost-effective and
pollution-free synthesis of a wide range of valuable chemi-
cals, contributing to a greener and more efficient chemical
industry.

Acknowledgements This work was supported by the Australian
Research Council (DP220101290) and the Australian National
Fabrication Facility (ANFF) Materials Node and EMC unit at the
University of Wollongong.

Author Contributions Xiaokang Wang contributed to investiga-
tion, conceptualization, literature retrieval, visualization, original
draft writing and revision. Sirui Tang contributed to investigation,
literature retrieval, original draft writing and revision. Qilong Wu
contributed to conceptualization, review, supervision, and final
approval. Peter C. Innis contributed to literature retrieval and
review. Jun Chen contributed to conceptualization, review, super-
vision, and final approval. All authors approved the final version.

Funding Open Access funding enabled and organized by CAUL
and its Member Institutions.

Declarations

Conflict of interest The authors declare no interest conflict. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Transforming our world: the 2030 agenda for sustainable
development. In: Sustainable Development Goals. Nomos/
Hart, (2022). https://doi.org/10.5040/9781509934058.0025

2. B. Gu, X. Zhang, S.K. Lam, Y. Yu, H.J.M. van Grinsven
et al., Cost-effective mitigation of nitrogen pollution from
global croplands. Nature 613(7942), 77-84 (2023). https://
doi.org/10.1038/s41586-022-05481-8

© The authors

10.

11.

12.

13.

14.

15.

16.

. A. Uwizeye, 1.J.M. de Boer, C.I. Opio, R.P.O. Schulte, A.

Falcucci et al., Nitrogen emissions along global livestock sup-
ply chains. Nat. Food 1(7), 437-446 (2020). https://doi.org/
10.1038/s43016-020-0113-y

Q. Wu, F. Zhu, G. Wallace, X. Yao, J. Chen, Electrocatalysis
of nitrogen pollution: transforming nitrogen waste into high-
value chemicals. Chem. Soc. Rev. 53(2), 557-565 (2024).
https://doi.org/10.1039/d3cs00714f

B.Z. Houlton, M. Almaraz, V. Aneja, A.T. Austin, E. Bai
et al., A world of co-benefits: Solving the global nitrogen
challenge. Earths Future 7, 1-8 (2019). https://doi.org/10.
1029/2019EF001222

B. Zhang, L. Sun, Artificial photosynthesis: opportunities and
challenges of molecular catalysts. Chem. Soc. Rev. 48(7),
2216-2264 (2019). https://doi.org/10.1039/c8cs00897¢c

N. Cherkasov, A.O. Ibhadon, P. Fitzpatrick, A review of the
existing and alternative methods for greener nitrogen fixa-
tion. Chem. Eng. Process. Process Intensif. 90, 24-33 (2015).
https://doi.org/10.1016/j.cep.2015.02.004

D. Chen, J. Liu, J. Shen, Y. Zhang, H. Shao et al., Electro-
catalytic C—N couplings at cathode and anode. Adv. Energy
Mater. 14(28), 2303820 (2024). https://doi.org/10.1002/
aenm.202303820

R. Ge, J. Huo, P. Lu, Y. Dou, Z. Bai et al., Multifunctional
strategies of advanced electrocatalysts for efficient urea syn-
thesis. Adv. Mater. 36(49), €2412031 (2024). https://doi.org/
10.1002/adma.202412031

J. Han, H. Sun, F. Tian, W. Zhang, Z. Zhang et al., Modulat-
ing the coordination environment of cobalt porphyrins for
enhanced electrochemical nitrite reduction to ammonia. Car-
bon Energy 7(1), €657 (2025). https://doi.org/10.1002/cey?2.
657

W. Kwon, D. Kim, Y. Lee, J. Jung, D.-H. Nam, Advance-
ments in understanding catalyst reconstruction during elec-
trochemical CO, reduction. Exploration 5(4), 20240019
(2025). https://doi.org/10.1002/EXP.20240019

L. Li, L. Xu, H. Wang, H. Wei, C. Tang et al., Electrocata-
lytic nitrogen cycle: mechanism, materials, and momentum.
Energy Environ. Sci. 17(23), 9027-9050 (2024). https://doi.
org/10.1039/d4ee03156¢

D. Xue, H. Xia, W. Yan, J. Zhang, S. Mu, Defect engi-
neering on carbon-based catalysts for electrocatalytic CO,
reduction. Nano-Micro Lett. 13(1), 5 (2020). https://doi.
org/10.1007/s40820-020-00538-7

X. Cui, M. Wu, X. Liu, B. He, Y. Zhu et al., Engineering
organic polymers as emerging sustainable materials for
powerful electrocatalysts. Chem. Soc. Rev. 53(3), 1447—
1494 (2024). https://doi.org/10.1039/D3CS00727H

C. Chen, X. Zhu, X. Wen, Y. Zhou, L. Zhou et al., Coupling
N, and CO, in H,O to synthesize urea under ambient condi-
tions. Nat. Chem. 12(8), 717-724 (2020). https://doi.org/
10.1038/s41557-020-0481-9

P. Liao, J. Kang, R. Xiang, S. Wang, G. Li, Electrocatalytic
systems for NO, valorization in organonitrogen synthesis.
Angew. Chem. Int. Ed. 63(3), €202311752 (2024). https://
doi.org/10.1002/anie.202311752

https://doi.org/10.1007/s40820-026-02231-7


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5040/9781509934058.0025
https://doi.org/10.1038/s41586-022-05481-8
https://doi.org/10.1038/s41586-022-05481-8
https://doi.org/10.1038/s43016-020-0113-y
https://doi.org/10.1038/s43016-020-0113-y
https://doi.org/10.1039/d3cs00714f
https://doi.org/10.1029/2019EF001222
https://doi.org/10.1029/2019EF001222
https://doi.org/10.1039/c8cs00897c
https://doi.org/10.1016/j.cep.2015.02.004
https://doi.org/10.1002/aenm.202303820
https://doi.org/10.1002/aenm.202303820
https://doi.org/10.1002/adma.202412031
https://doi.org/10.1002/adma.202412031
https://doi.org/10.1002/cey2.657
https://doi.org/10.1002/cey2.657
https://doi.org/10.1002/EXP.20240019
https://doi.org/10.1039/d4ee03156c
https://doi.org/10.1039/d4ee03156c
https://doi.org/10.1007/s40820-020-00538-7
https://doi.org/10.1007/s40820-020-00538-7
https://doi.org/10.1039/D3CS00727H
https://doi.org/10.1038/s41557-020-0481-9
https://doi.org/10.1038/s41557-020-0481-9
https://doi.org/10.1002/anie.202311752
https://doi.org/10.1002/anie.202311752

Nano-Micro Lett.

(2026) 18:373

Page 13 0f 16 373

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

P. Liao, B. Zeng, S. Li, Y. Zhang, R. Xiang et al., Cu—Bi
bimetallic catalysts derived from metal-organic framework
arrays on copper foam for efficient Glycine electrosynthe-
sis. Angew. Chem. Int. Ed. 64(5), €202417130 (2025).
https://doi.org/10.1002/anie.202417130

J. Xian, S. Li, H. Su, P. Liao, S. Wang et al., Electrocata-
lytic synthesis of essential amino acids from nitric oxide
using atomically dispersed Fe on N-doped carbon. Angew.
Chem. Int. Ed. 62(26), 202304007 (2023). https://doi.org/
10.1002/anie.202304007

J. Kang, P. Liao, R. Xiang, W. Liao, C. Yang et al., Inter-
facial asymmetrically coordinated Zn—MOF for high-
efficiency electrosynthetic oxime. Angew. Chem. Int. Ed.
64(15), 202419550 (2025). https://doi.org/10.1002/anie.
202419550

T. Fukushima, M. Yamauchi, Electrosynthesis of amino acids
from biomass-derivable acids on titanium dioxide. Chem.
Commun. 55(98), 14721-14724 (2019). https://doi.org/10.
1039/c¢9¢c07208;

J. Shao, Y.-F. Zhang, S.-Z. Xue, Z.-Y. Li, X. Li et al., Effi-
cient electrochemical coupling of nitrate and biomass-derived
acetone to acetoxime at a high current density over a Zn/Cu
hexagonal nanosheet catalyst. Inorg. Chem. Front. 11(16),
5286-5298 (2024). https://doi.org/10.1039/d4qi01234h

Y. Luo, K. Xie, P. Ou, C. Lavallais, T. Peng et al., Selective
electrochemical synthesis of urea from nitrate and CO, via
relay catalysis on hybrid catalysts. Nat. Catal. 6(10), 939-948
(2023). https://doi.org/10.1038/s41929-023-01020-4

L. Lv, H. Tan, Y. Kong, B. Tang, Q. Ji et al., Breaking the
scaling relationship in C—N coupling via the doping effects
for efficient urea electrosynthesis. Angew. Chem. Int. Ed.
63(24), 202401943 (2024). https://doi.org/10.1002/anie.
202401943

J. Lan, Z. Wang, C.-W. Kao, Y.-R. Lu, F. Xie et al., Isolat-
ing Cu-Zn active-sites in ordered intermetallics to enhance
nitrite-to-ammonia electroreduction. Nat. Commun. 15(1),
10173 (2024). https://doi.org/10.1038/s41467-024-53897-9

J. Fu, H. Zhang, H. Du, X. Liu, Z.-H. Lyu et al., Unveiling
the interfacial species synergy in promoting CO, tandem
electrocatalysis in near-neutral electrolyte. J. Am. Chem.
Soc. 146(33), 23625-23632 (2024). https://doi.org/10.
1021/jacs.4c08844

P. Li, R. Li, Y. Liu, M. Xie, Z. Jin et al., Pulsed nitrate-
to-ammonia electroreduction facilitated by tandem cataly-
sis of nitrite intermediates. J. Am. Chem. Soc. 145(11),
6471-6479 (2023). https://doi.org/10.1021/jacs.3c00334

B. Zhang, L. Wang, D. Li, Z. Li, R. Bu et al., Tandem
strategy for electrochemical CO, reduction reaction. Chem
Catal. 2(12), 3395-3429 (2022). https://doi.org/10.1016/j.
checat.2022.10.017

B.S. Crandall, B.H. Ko, S. Overa, L. Cherniack, A.
Lee et al., Kilowatt-scale tandem CO, electrolysis for
enhanced acetate and ethylene production. Nat. Chem.
Eng. 1(6), 421-429 (2024). https://doi.org/10.1038/
$44286-024-00076-8

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

S. Garg, Z. Xie, J.G. Chen, Tandem reactors and reactions
for CO, conversion. Nat. Chem. Eng. 1(2), 139-148 (2024).
https://doi.org/10.1038/s44286-023-00020-2

T. Zhang, J.C. Bui, Z. Li, A.T. Bell, A.Z. Weber et al., Highly
selective and productive reduction of carbon dioxide to multi-
carbon products via in situ CO management using segmented
tandem electrodes. Nat. Catal. 5(3), 202-211 (2022). https://
doi.org/10.1038/s41929-022-00751-0

X. Kong, C. Liu, Z. Xu, J. Zhao, J. Ni et al., Oriented synthe-
sis of Glycine from CO,, N,, and H,O via a cascade process.
Angew. Chem. Int. Ed. 63(50), 202411160 (2024). https://
doi.org/10.1002/anie.202411160

M. Li, Y. Wu, B.-H. Zhao, C. Cheng, J. Zhao et al., Elec-
trosynthesis of amino acids from NO and a-keto acids using
two decoupled flow reactors. Nat. Catal. 6(10), 906-915
(2023). https://doi.org/10.1038/s41929-023-01012-4

X. Ma, B. Mao, Z. Yu, D. Wang, J. Xia et al., Elucidating
relay catalysis on copper clusters with satellite single atoms
for enhanced urea electrosynthesis. Angew. Chem. Int. Ed.
64(19), 202423706 (2025). https://doi.org/10.1002/anie.
202423706

Z. Dai, Y. Chen, H. Zhang, M. Cheng, B. Zhang et al., Sur-
face engineering on bulk Cu(2)O for efficient electrosynthesis
of urea. Nat. Commun. 16(1), 3271 (2025). https://doi.org/
10.1038/s41467-025-57708-7

P. Ramadhany, T. Trin-Phd, J.A. Yuwono, Z. Ma, C. Han
et al., Triggering C—N coupling on metal oxide nanocom-
posite for the electrochemical reduction of CO, and NO,™ to
formamide. Adv. Energy Mater. 14(32), 2401786 (2024).
https://doi.org/10.1002/aenm.202401786

N. Meng, J. Shao, H. Li, Y. Wang, X. Fu et al., Electrosynthe-
sis of formamide from methanol and ammonia under ambient
conditions. Nat. Commun. 13(1), 5452 (2022). https://doi.
org/10.1038/s41467-022-33232-w

J. Lan, Z. Wei, Y.-R. Lu, D. Chen, S. Zhao et al., Efficient
electrosynthesis of formamide from carbon monoxide and
nitrite on a Ru-dispersed Cu nanocluster catalyst. Nat.
Commun. 14(1), 2870 (2023). https://doi.org/10.1038/
s41467-023-38603-5

Y. Yu, J. Han, H. Li, H. Diao, Y. Shi et al., CuPt alloy ena-
bling the tandem catalysis for reduction of HCOOH and NO*
to urea at high current density. Adv. Mater. 37(14), e2419738
(2025). https://doi.org/10.1002/adma.202419738

H. Xiong, P. Yu, K. Chen, S. Lu, Q. Hu et al., Urea synthesis
via electrocatalytic oxidative coupling of CO with NH; on
Pt. Nat. Catal. 7(7), 785-795 (2024). https://doi.org/10.1038/
$41929-024-01173-w

J. Dong, Y. Liu, J. Pei, H. Li, S. Ji et al., Continuous electro-
production of formate via CO, reduction on local symmetry-
broken single-atom catalysts. Nat. Commun. 14(1), 6849
(2023). https://doi.org/10.1038/s41467-023-42539-1

P.-X. Lei, S.-Q. Liu, Q.-R. Wen, J.-Y. Wu, S. Wu et al., Inte-
grated “two-in-one” strategy for high-rate electrocatalytic
CO, reduction to formate. Angew. Chem. Int. Ed. 64(3),
€202415726 (2025). https://doi.org/10.1002/anie.202415726

@ Springer


https://doi.org/10.1002/anie.202417130
https://doi.org/10.1002/anie.202304007
https://doi.org/10.1002/anie.202304007
https://doi.org/10.1002/anie.202419550
https://doi.org/10.1002/anie.202419550
https://doi.org/10.1039/c9cc07208j
https://doi.org/10.1039/c9cc07208j
https://doi.org/10.1039/d4qi01234h
https://doi.org/10.1038/s41929-023-01020-4
https://doi.org/10.1002/anie.202401943
https://doi.org/10.1002/anie.202401943
https://doi.org/10.1038/s41467-024-53897-9
https://doi.org/10.1021/jacs.4c08844
https://doi.org/10.1021/jacs.4c08844
https://doi.org/10.1021/jacs.3c00334
https://doi.org/10.1016/j.checat.2022.10.017
https://doi.org/10.1016/j.checat.2022.10.017
https://doi.org/10.1038/s44286-024-00076-8
https://doi.org/10.1038/s44286-024-00076-8
https://doi.org/10.1038/s44286-023-00020-2
https://doi.org/10.1038/s41929-022-00751-0
https://doi.org/10.1038/s41929-022-00751-0
https://doi.org/10.1002/anie.202411160
https://doi.org/10.1002/anie.202411160
https://doi.org/10.1038/s41929-023-01012-4
https://doi.org/10.1002/anie.202423706
https://doi.org/10.1002/anie.202423706
https://doi.org/10.1038/s41467-025-57708-7
https://doi.org/10.1038/s41467-025-57708-7
https://doi.org/10.1002/aenm.202401786
https://doi.org/10.1038/s41467-022-33232-w
https://doi.org/10.1038/s41467-022-33232-w
https://doi.org/10.1038/s41467-023-38603-5
https://doi.org/10.1038/s41467-023-38603-5
https://doi.org/10.1002/adma.202419738
https://doi.org/10.1038/s41929-024-01173-w
https://doi.org/10.1038/s41929-024-01173-w
https://doi.org/10.1038/s41467-023-42539-1
https://doi.org/10.1002/anie.202415726

373

Page 14 of 16

Nano-Micro Lett. (2026) 18:373

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Q. Hao, C. Zhen, Q. Tang, J. Wang, P. Ma et al., Universal
formation of single atoms from molten salt for facilitating
selective CO, reduction. Adv. Mater. 36(33), 2406380 (2024).
https://doi.org/10.1002/adma.202406380

Z. Zhu, B. Xu, Purification technologies for NO, removal
from flue gas: a review. Separations 9(10), 307 (2022).
https://doi.org/10.3390/separations9100307

D. Tian, Q. Wang, Z. Qu, H. Zhang, Enabling direct flue gas
electrolysis by clarifying impurity gas effects on CO, elec-
troreduction. Nano Energy 134, 110563 (2025). https://doi.
org/10.1016/j.nanoen.2024.110563

P. Sun, L. Liu, K. Geng, J. Lu, L. Cui et al., Falling film
evaporation of desulfurization wastewater with synergistic
particle removal based on the dry-wet coupling electrostatic
precipitator. Sep. Purif. Technol. 298, 121664 (2022). https://
doi.org/10.1016/j.seppur.2022.121664

Y. Tang, Y. Bai, Y. Lin, H. Wu, Y. Hu et al., Treatment of
flue gas desulfurization wastewater by a coupled precipita-
tion-ultrafiltration process. Results Eng. 17, 100938 (2023).
https://doi.org/10.1016/j.rineng.2023.100938

R.K. Srivastava, W. Jozewicz, Flue gas desulfurization: the
state of the art. J. Air Waste Manag. Assoc. 51(12), 1676—
1688 (2001). https://doi.org/10.1080/10473289.2001.10464
387

H.-J. Zhu, D.-H. Si, H. Guo, Z. Chen, R. Cao et al., Oxygen-
tolerant CO, electroreduction over covalent organic frame-
works via photoswitching control oxygen passivation strat-
egy. Nat. Commun. 15(1), 1479 (2024). https://doi.org/10.
1038/s41467-024-45959-9

S. Van Daele, L. Hintjens, S. Hoekx, B. Bohlen, S. Neu-
kermans et al., How flue gas impurities affect the electro-
chemical reduction of CO, to CO and formate. Appl. Catal.
B Environ. 341, 123345 (2024). https://doi.org/10.1016/j.
apcatb.2023.123345

M. He, C. Li, H. Zhang, X. Chang, J.G. Chen et al., Oxygen
induced promotion of electrochemical reduction of CO, via
co-electrolysis. Nat. Commun. 11, 3844 (2020). https://doi.
org/10.1038/s41467-020-17690-8

X. Wang, J.F. de Aratjo, W. Ju, A. Bagger, H. Schmies
et al., Mechanistic reaction pathways of enhanced ethyl-
ene yields during electroreduction of CO,—-CO co-feeds
on Cu and Cu-tandem electrocatalysts. Nat. Nanotech-
nol. 14(11), 1063-1070 (2019). https://doi.org/10.1038/
s41565-019-0551-6

R. Chauhan, V.C. Srivastava, Electrochemical denitrifica-
tion of highly contaminated actual nitrate wastewater by Ti/
RuO, anode and iron cathode. Chem. Eng. J. 386, 122065
(2020). https://doi.org/10.1016/j.cej.2019.122065

K. Kumazawa, Nitrogen fertilization and nitrate pollution
in groundwater in Japan: present status and measures for
sustainable agriculture. Nutr. Cycl. Agroecosyst. 63(2),
129-137 (2002). https://doi.org/10.1023/A:1021198721003

X. Zou, J. Xie, C. Wang, G. Jiang, K. Tang et al., Electro-
chemical nitrate reduction to produce ammonia integrated
into wastewater treatment: investigations and challenges.

© The authors

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Chin. Chem. Lett. 34(6), 107908 (2023). https://doi.org/
10.1016/j.cclet.2022.107908

A. Tiehm, V. Herwig, U. Neis, Particle size analysis for
improved sedimentation and filtration in waste water treat-
ment. Water Sci. Technol. 39(8), 99-106 (1999). https://
doi.org/10.2166/wst.1999.0395

G. Jiang, M. Peng, L. Hu, J. Ouyang, X. Lv et al., Electron-
deficient Cud+ stabilized by interfacial Cu—O-Al bonding
for accelerating electrocatalytic nitrate conversion. Chem.
Eng. J. 435, 134853 (2022). https://doi.org/10.1016/j.ce;j.
2022.134853

D.P. Ghumra, C. Agarkoti, P.R. Gogate, Improvements in
effluent treatment technologies in Common Effluent Treat-
ment Plants (CETPs): review and recent advances. Process.
Saf. Environ. Prot. 147, 1018-1051 (2021). https://doi.org/
10.1016/j.psep.2021.01.021

S.-C. Kim, Application of response surface method as an
experimental design to optimize coagulation—floccula-
tion process for pre-treating paper wastewater. J. Ind. Eng.
Chem. 38, 93-102 (2016). https://doi.org/10.1016/j.jiec.
2016.04.010

C. He, K. Wang, Y. Yang, P.N. Amaniampong, J.-Y. Wang,
Effective nitrogen removal and recovery from dewatered sew-
age sludge using a novel integrated system of accelerated
hydrothermal deamination and air stripping. Environ. Sci.
Technol. 49(11), 6872-6880 (2015). https://doi.org/10.1021/
acs.est.5b00652

M. Konig, S.-H. Lin, J. Vaes, D. Pant, E. Klemm, Integration
of aprotic CO, reduction to oxalate at a Pb catalyst into a
GDE flow cell configuration. Faraday Discuss. 230, 360-374
(2021). https://doi.org/10.1039/DOFD00141D

C. Lu, S. Yang, P. Shi, S. Huang, C. Cai et al., Integrated
electrochemical biomass oxidation and CO, reduction over
ultra-wide potential window. Angew. Chem. Int. Ed. 64(20),
€202502846 (2025). https://doi.org/10.1002/anie.202502846
K. Wu, W. Wu, S. Liu, R. Zhang, Y. Chen et al., Switching
N-N versus N-H couplings in nitrate electroreduction with
CuPd surface atomic motifs. Angew. Chem. Int. Ed. 65(13),
€24218 (2026). https://doi.org/10.1002/anie.202524218

H. Liu, J. Park, Y. Chen, Y. Qiu, Y. Cheng et al., Electro-
catalytic nitrate reduction on oxide-derived silver with tun-
able selectivity to nitrite and ammonia. ACS Catal. 11(14),
8431-8442 (2021). https://doi.org/10.1021/acscatal.1c01525

F. Wang, S. Shang, Z. Sun, X. Yang, K. Chu, P-block anti-
mony-copper single-atom alloys for selective nitrite elec-
troreduction to ammonia. ACS Nano 18(20), 13141-13149
(2024). https://doi.org/10.1021/acsnano.4c01958

C. Guo, W. Zhou, X. Lan, Y. Wang, T. Li et al., Electro-
chemical upgrading of formic acid to formamide via coupling
nitrite co-reduction. J. Am. Chem. Soc. 144(35), 16006—
16011 (2022). https://doi.org/10.1021/jacs.2c05660

L. Li, C. Wan, S. Wang, X. Li, Y. Sun et al., Tandem dual-
site PbCu electrocatalyst for high-rate and selective glycine
synthesis at industrial current densities. Nano Lett. 24(7),
2392-2399 (2024). https://doi.org/10.1021/acs.nanolett.
3c05064

https://doi.org/10.1007/s40820-026-02231-7


https://doi.org/10.1002/adma.202406380
https://doi.org/10.3390/separations9100307
https://doi.org/10.1016/j.nanoen.2024.110563
https://doi.org/10.1016/j.nanoen.2024.110563
https://doi.org/10.1016/j.seppur.2022.121664
https://doi.org/10.1016/j.seppur.2022.121664
https://doi.org/10.1016/j.rineng.2023.100938
https://doi.org/10.1080/10473289.2001.10464387
https://doi.org/10.1080/10473289.2001.10464387
https://doi.org/10.1038/s41467-024-45959-9
https://doi.org/10.1038/s41467-024-45959-9
https://doi.org/10.1016/j.apcatb.2023.123345
https://doi.org/10.1016/j.apcatb.2023.123345
https://doi.org/10.1038/s41467-020-17690-8
https://doi.org/10.1038/s41467-020-17690-8
https://doi.org/10.1038/s41565-019-0551-6
https://doi.org/10.1038/s41565-019-0551-6
https://doi.org/10.1016/j.cej.2019.122065
https://doi.org/10.1023/A:1021198721003
https://doi.org/10.1016/j.cclet.2022.107908
https://doi.org/10.1016/j.cclet.2022.107908
https://doi.org/10.2166/wst.1999.0395
https://doi.org/10.2166/wst.1999.0395
https://doi.org/10.1016/j.cej.2022.134853
https://doi.org/10.1016/j.cej.2022.134853
https://doi.org/10.1016/j.psep.2021.01.021
https://doi.org/10.1016/j.psep.2021.01.021
https://doi.org/10.1016/j.jiec.2016.04.010
https://doi.org/10.1016/j.jiec.2016.04.010
https://doi.org/10.1021/acs.est.5b00652
https://doi.org/10.1021/acs.est.5b00652
https://doi.org/10.1039/D0FD00141D
https://doi.org/10.1002/anie.202502846
https://doi.org/10.1002/anie.202524218
https://doi.org/10.1021/acscatal.1c01525
https://doi.org/10.1021/acsnano.4c01958
https://doi.org/10.1021/jacs.2c05660
https://doi.org/10.1021/acs.nanolett.3c05064
https://doi.org/10.1021/acs.nanolett.3c05064

Nano-Micro Lett.

(2026) 18:373

Page 150f 16 373

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

S. Li, X. Dong, G. Wu, Y. Song, J. Mao et al., Ampere-
level CO, electroreduction with single-pass conversion
exceeding 85% in acid over silver penetration electrodes.
Nat. Commun. 15(1), 6101 (2024). https://doi.org/10.1038/
s41467-024-50521-8

J.-Y. Fang, Q.-Z. Zheng, Y.-Y. Lou, K.-M. Zhao, S.-N. Hu
et al., Ampere-level current density ammonia electrochemical
synthesis using CuCo nanosheets simulating nitrite reduc-
tase bifunctional nature. Nat. Commun. 13(1), 7899 (2022).
https://doi.org/10.1038/s41467-022-35533-6

L. Zhang, Y. Cai, Y. Li, C. Sun, Y. Xiao et al., Unlocking
high-current-density nitrate reduction and formaldehyde oxi-
dation synergy for scalable ammonia production and fixation.
Energy Environ. Sci. 18(6), 2804-2816 (2025). https://doi.
org/10.1039/d4ee04382k

Y. Meng, F. Yue, S. Zhang, L. Zhang, C. Li et al., Zr--MOF/
MXene composite for enhanced photothermal catalytic CO,
reduction in atmospheric and industrial flue gas streams. Car-
bon Capture Sci. Technol. 13, 100274 (2024). https://doi.org/
10.1016/j.ccst.2024.100274

B. Nie, X.-W. Xiong, X.-D. Xu, Y.-S. Cheng, D. Yu et al.,
Tailoring the hierarchical porous nitrogen-doped carbon
structures loaded single-atomic Ni catalyst for promoting
CO, electrochemical reduction at low CO, concentration.
Inorg. Chem. Commun. 153, 110876 (2023). https://doi.org/
10.1016/j.inoche.2023.110876

P. Hou, W. Song, X. Wang, Z. Hu, P. Kang, Well-defined
single-atom cobalt catalyst for electrocatalytic flue gas CO,
reduction. Small 16(24), e2001896 (2020). https://doi.org/10.
1002/sml1.202001896

Q. Sun, Y. Zhao, W. Ren, C. Zhao, Electroreduction of low
concentration CO, at atomically dispersed Ni-N-C catalysts
with nanoconfined ionic liquids. Appl. Catal. B Environ. 304,
120963 (2022). https://doi.org/10.1016/j.apcatb.2021.120963

Y. Cheng, J. Hou, P. Kang, Integrated capture and electrore-
duction of flue gas CO, to formate using amine functional-
ized SnO, nanoparticles. ACS Energy Lett. 6(9), 3352-3358
(2021). https://doi.org/10.1021/acsenergylett.1c01553

A.M. Appel, J.E. Bercaw, A.B. Bocarsly, H. Dobbek, D.L.
DuBois et al., Frontiers, opportunities, and challenges in bio-
chemical and chemical catalysis of CO, fixation. Chem. Rev.
113(8), 6621-6658 (2013). https://doi.org/10.1021/cr300
463y

Y. Yamazaki, M. Miyaji, O. Ishitani, Utilization of low-
concentration CO, with molecular catalysts assisted by
CO,-capturing ability of catalysts, additives, or reaction
media. J. Am. Chem. Soc. 144(15), 6640-6660 (2022).
https://doi.org/10.1021/jacs.2c02245

C. Qin, X. Li, T. Wang, Z. Xu, K.-J. Chen et al., Metal-
organic frameworks-based copper catalysts for CO, elec-
troreduction toward multicarbon products. Exploration
5(3), 270011 (2025). https://doi.org/10.1002/EXP.70011

X. Rao, S. Zhang, J. Zhang, Carbon semi-tubes for electro-
chemical energy catalysis. Electrochem. Energy Rev. 8(1),
7 (2025). https://doi.org/10.1007/s41918-025-00238-z

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

W.-J. Sun, H.-Q. Ji, L.-X. Li, H.-Y. Zhang, Z.-K. Wang
et al., Built-in electric field triggered interfacial accumula-
tion effect for efficient nitrate removal at ultra-low concen-
tration and electroreduction to ammonia. Angew. Chem.
Int. Ed. 60(42), 22933-22939 (2021). https://doi.org/10.
1002/anie.202109785

Y. Xue, Q. Yu, J. Fang, Y. Jia, R. Wang et al., A wetting
and capture strategy overcoming electrostatic repulsion for
electroreduction of nitrate to ammonia from low-concen-
tration sewage. Small 20(33), 2400505 (2024). https://doi.
org/10.1002/sml11.202400505

C. Xiao, Y. Guo, J. Sun, T. Guo, X. Jia et al., Efficient elec-
trocatalytic reduction of nitrate to ammonia at low concen-
tration by copper-cobalt oxide nanowires with shell-core
structure. Nano Res. 17(6), 5087-5094 (2024). https://doi.
org/10.1007/s12274-024-6530-8

W. Lee, D. Kim, K. Kim, Electrochemical valorization
of dilute reactive nitrogen compounds into ammonia:
advances in catalysis and reactive separations. Chemsu-
schem 18(8), €202402031 (2025). https://doi.org/10.1002/
¢ssc.202402031

C. Zhou, Y. Zhang, C. Xie, J. Bai, J. Li et al., Efficient elec-
troreduction of low nitrate concentration via nitrate self-
enrichment and active hydrogen inducement on the Ce(IV)-
Co;0, cathode. Environ. Sci. Technol. 58(33), 14940-14948
(2024). https://doi.org/10.1021/acs.est.4c06263

Z. Song, Y. Liu, Y. Zhong, Q. Guo, J. Zeng et al., Efficient
electroreduction of nitrate into ammonia at ultralow con-
centrations via an enrichment effect. Adv. Mater. 34(36),
2204306 (2022). https://doi.org/10.1002/adma.202204306

P. Papangelakis, R.K. Miao, R. Lu, H. Liu, X. Wang et al.,
Improving the SO, tolerance of CO, reduction electrocata-
lysts using a polymer/catalyst/ionomer heterojunction design.
Nat. Energy 9(8), 1011-1020 (2024). https://doi.org/10.1038/
s41560-024-01577-9

D. Chen, F. Wang, Y. Liu, W. Lyu, X. Zhao et al., Selec-
tive electroreduction of CO, to CO over ultrawide potential
window via implanting active site with long-range P regu-
lation on periodic pores. Angew. Chem. Int. Ed. 64(10),
€202421149 (2025). https://doi.org/10.1002/anie.202421149
Q. Wu, C. Liu, X. Su, Q. Yang, X. Wu et al., Defect-engi-
neered Cu-based nanomaterials for efficient CO, reduction
over ultrawide potential window. ACS Nano 17(1), 402410
(2023). https://doi.org/10.1021/acsnano.2c08768

C. Cai, B. Liu, K. Liu, P. Li, J. Fu et al., Heteroatoms induce
localization of the electric field and promote a wide potential-
window selectivity towards CO in the CO, electroreduction.
Angew. Chem. Int. Ed. 61(44), 202212640 (2022). https://
doi.org/10.1002/anie.202212640

X. Zhao, Q. Feng, M. Liu, Y. Wang, W. Liu et al., Built-in
electric field promotes interfacial adsorption and activation
of CO, for C1 products over a wide potential window. ACS
Nano 18(13), 9678-9687 (2024). https://doi.org/10.1021/
acsnano.4c01190

. X.Peng, L. Zeng, D. Wang, Z. Liu, Y. Li et al., Electrochemi-

cal C-N coupling of CO, and nitrogenous small molecules

@ Springer


https://doi.org/10.1038/s41467-024-50521-8
https://doi.org/10.1038/s41467-024-50521-8
https://doi.org/10.1038/s41467-022-35533-6
https://doi.org/10.1039/d4ee04382k
https://doi.org/10.1039/d4ee04382k
https://doi.org/10.1016/j.ccst.2024.100274
https://doi.org/10.1016/j.ccst.2024.100274
https://doi.org/10.1016/j.inoche.2023.110876
https://doi.org/10.1016/j.inoche.2023.110876
https://doi.org/10.1002/smll.202001896
https://doi.org/10.1002/smll.202001896
https://doi.org/10.1016/j.apcatb.2021.120963
https://doi.org/10.1021/acsenergylett.1c01553
https://doi.org/10.1021/cr300463y
https://doi.org/10.1021/cr300463y
https://doi.org/10.1021/jacs.2c02245
https://doi.org/10.1002/EXP.70011
https://doi.org/10.1007/s41918-025-00238-z
https://doi.org/10.1002/anie.202109785
https://doi.org/10.1002/anie.202109785
https://doi.org/10.1002/smll.202400505
https://doi.org/10.1002/smll.202400505
https://doi.org/10.1007/s12274-024-6530-8
https://doi.org/10.1007/s12274-024-6530-8
https://doi.org/10.1002/cssc.202402031
https://doi.org/10.1002/cssc.202402031
https://doi.org/10.1021/acs.est.4c06263
https://doi.org/10.1002/adma.202204306
https://doi.org/10.1038/s41560-024-01577-9
https://doi.org/10.1038/s41560-024-01577-9
https://doi.org/10.1002/anie.202421149
https://doi.org/10.1021/acsnano.2c08768
https://doi.org/10.1002/anie.202212640
https://doi.org/10.1002/anie.202212640
https://doi.org/10.1021/acsnano.4c01190
https://doi.org/10.1021/acsnano.4c01190

373

Page 16 of 16

Nano-Micro Lett. (2026) 18:373

91.

92.

93.

94.

95.

96.

97.

98.

99.

for the electrosynthesis of organonitrogen compounds. Chem.
Soc. Rev. 52(6), 2193-2237 (2023). https://doi.org/10.1039/
D2CS00381C

M. Zhuansun, T. Wang, J. Wang, G. Han, X. Wang et al.,
Reactors for electro-upgrading carbon dioxide into value-
added chemicals. Mater. Today Sustain. 19, 100185 (2022).
https://doi.org/10.1016/j.mtsust.2022.100185

N. Gupta, M. Gattrell, B. MacDougall, Calculation for the
cathode surface concentrations in the electrochemical reduc-
tion of CO, in KHCO; solutions. J. Appl. Electrochem. 36(2),
161-172 (2006). https://doi.org/10.1007/s10800-005-9058-y

T. Burdyny, W.A. Smith, CO, reduction on gas-diffusion
electrodes and why catalytic performance must be assessed
at commercially-relevant conditions. Energy Environ. Sci.
12(5), 1442-1453 (2019). https://doi.org/10.1039/c8eel
3134¢g

D. Ma, T. Jin, K. Xie, H. Huang, An overview of flow cell
architecture design and optimization for electrochemical CO,
reduction. J. Mater. Chem. A 9(37), 20897-20918 (2021).
https://doi.org/10.1039/d1ta06101a

X. She, Y. Wang, H. Xu, S.C. Edman Tsang, S.P. Lau, Chal-
lenges and opportunities in electrocatalytic CO, reduction
to chemicals and fuels. Angew. Chem. Int. Ed. 61(49),
€202211396 (2022). https://doi.org/10.1002/anie.202211396

J.A. Rabinowitz, M.W. Kanan, The future of low-temperature
carbon dioxide electrolysis depends on solving one basic
problem. Nat. Commun. 11(1), 5231 (2020). https://doi.org/
10.1038/s41467-020-19135-8

D. Ewis, M. Arsalan, M. Khaled, D. Pant, M.M. Ba-Abbad
et al., Electrochemical reduction of CO, into formate/formic
acid: a review of cell design and operation. Sep. Purif. Tech-
nol. 316, 123811 (2023). https://doi.org/10.1016/j.seppur.
2023.123811

Y. Kang, T. Kim, K.Y. Jung, K.T. Park, Recent progress in
electrocatalytic CO, reduction to pure formic acid using a
solid-state electrolyte device. Catalysts 13(6), 955 (2023).
https://doi.org/10.3390/catal 13060955

W.Li, Y. Zhai, S. Gong, Y. Zhou, Q. Xia et al., Electrochemi-
cal solid-state electrolyte reactors: configurations, applica-
tions, and future prospects. Nano-Micro Lett. 17(1), 306
(2025). https://doi.org/10.1007/s40820-025-01824-y

© The authors

100.

101.

102.

103.

104.

105.

106.

107.

H.-Y. Jeong, M. Balamurugan, V.S.K. Choutipalli, E.-S.
Jeong, V. Subramanian et al., Achieving highly efficient
CO, to CO electroreduction exceeding 300 mA cm™ with
single-atom nickel electrocatalysts. J. Mater. Chem. A 7(17),
10651-10661 (2019). https://doi.org/10.1039/c9ta02405k
L. Li, X. Li, Y. Sun, Y. Xie, Rational design of electrocata-
lytic carbon dioxide reduction for a zero-carbon network.
Chem. Soc. Rev. 51(4), 1234-1252 (2022). https://doi.org/
10.1039/D1CS00893E

M. Filippi, T. Moller, L. Liang, P. Strasser, Understanding
the impact of catholyte flow compartment design on the effi-
ciency of CO, electrolyzers. Energy Environ. Sci. 16(11),
5265-5273 (2023). https://doi.org/10.1039/d3ee02243a

S. Subramanian, K. Yang, M. Li, M. Sassenburg, M. Abdine-
jad et al., Geometric catalyst utilization in zero-gap CO, elec-
trolyzers. ACS Energy Lett. 8(1), 222-229 (2022). https://doi.
org/10.1021/acsenergylett.2c02194

G. Wen, B. Ren, X. Wang, D. Luo, H. Dou et al., Continuous
CO, electrolysis using a CO, exsolution-induced flow cell.
Nat. Energy 7(10), 978-988 (2022). https://doi.org/10.1038/
s41560-022-01130-6

Y. Chen, S. Yang, Y. Qian, Big data analysis of solar energy
fluctuation characteristics and integration of wind-photo-
voltaic to hydrogen system. In: 33rd European Symposium
on Computer Aided Process Engineering.. pp. 3103-3109.
Elsevier (2023). https://doi.org/10.1016/b978-0-443-15274-
0.50495-9

S.G. Nnabuife, K.A. Quainoo, A.K. Hamzat, C.K. Darko,
C.K. Agyemang, Innovative strategies for combining solar and
wind energy with green hydrogen systems. Appl. Sci. 14(21),
14219771 (2024). https://doi.org/10.3390/app14219771

X. Shi, Y. Qian, S. Yang, Fluctuation analysis of a comple-
mentary wind—solar energy system and integration for large
scale hydrogen production. ACS Sustainable Chem. Eng.
8(18), 7097-7110 (2020). https://doi.org/10.1021/acssu
schemeng.0c01054

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s40820-026-02231-7


https://doi.org/10.1039/D2CS00381C
https://doi.org/10.1039/D2CS00381C
https://doi.org/10.1016/j.mtsust.2022.100185
https://doi.org/10.1007/s10800-005-9058-y
https://doi.org/10.1039/c8ee03134g
https://doi.org/10.1039/c8ee03134g
https://doi.org/10.1039/d1ta06101a
https://doi.org/10.1002/anie.202211396
https://doi.org/10.1038/s41467-020-19135-8
https://doi.org/10.1038/s41467-020-19135-8
https://doi.org/10.1016/j.seppur.2023.123811
https://doi.org/10.1016/j.seppur.2023.123811
https://doi.org/10.3390/catal13060955
https://doi.org/10.1007/s40820-025-01824-y
https://doi.org/10.1039/c9ta02405k
https://doi.org/10.1039/D1CS00893E
https://doi.org/10.1039/D1CS00893E
https://doi.org/10.1039/d3ee02243a
https://doi.org/10.1021/acsenergylett.2c02194
https://doi.org/10.1021/acsenergylett.2c02194
https://doi.org/10.1038/s41560-022-01130-6
https://doi.org/10.1038/s41560-022-01130-6
https://doi.org/10.1016/b978-0-443-15274-0.50495-9
https://doi.org/10.1016/b978-0-443-15274-0.50495-9
https://doi.org/10.3390/app14219771
https://doi.org/10.1021/acssuschemeng.0c01054
https://doi.org/10.1021/acssuschemeng.0c01054

	Perspective on Modular Electrocatalysis for Carbon and Nitrogen Cycling
	Highlights
	Abstract 
	1 Introduction
	2 Advanced Modular Electrocatalysis System
	3 Design Strategies of Module Units
	3.1 Feedstock Module
	3.2 Conversion Module
	3.2.1 Pathway Design
	3.2.2 Catalyst Selection
	3.2.3 Reactor Design

	3.3 Energy Supply Module

	4 Systemic Integration Strategies
	5 Conclusion and Outlook
	Acknowledgements 
	References


