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HIGHLIGHTS

e NiNC catalysts achieve nearly 100% faradaic efficiency in CO,-to-CO conversion.
® The carbon crossover coefficient is introduced as a diagnostic tool for performance optimization.

e Tandem electrolyzer design and mesoporous structures enhance product yields and efficiency.
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economy. Recent study by Strasser L,

et al. in Nature Chemical Engineer-

ing presents a high-performance
CO,-to-CO electrolyzer utilizing
a NiNC catalyst with nearly 100%

faradaic efficiency, employing

innovative diagnostic tools like the
carbon crossover coefficient (CCC) to address transport-related failures and optimize overall efficiency. Strasser’s research demonstrates
the potential of NiNC catalysts, particularly NiNC-IMLI, for efficient CO production in CO,-to-CO electrolyzers, highlighting their high
selectivity and performance. However, challenges such as localized CO, depletion and mass transport limitations underscore the need for
further optimization and development of diagnostic tools like CCC. Strategies for optimizing catalyst structure and operational parameters

offer avenues for enhancing the performance and reliability of electrochemical CO, reduction catalysts.
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1 Discussion

The CO,-to-CO electrolyzer is a device that utilizes elec-
trochemical methods to reduce carbon dioxide (CO,) into
carbon monoxide (CO). This technology holds significant
environmental and energy application potential as it can
convert CO, into useful carbon resources, thereby aiding in
mitigating greenhouse gas emissions and promoting a car-
bon circular economy [1]. In CO,-to-CO electrolyzers, cata-
lysts are typically employed to facilitate the electrochemical
reduction reaction of CO,, generating CO as the primary
product [2]. These catalysts are usually metallic or carbon-
based materials with efficient CO, conversion performance.
The design and operating conditions of the electrolyzer, such
as current density, temperature, and electrolyte composi-
tion, are crucial for its performance and stability. With the
increasing demand for CO, reduction and renewable energy
utilization, CO,-to-CO electrolyzer technology has attracted
growing attention and research.

A recent paper by Strasser et al. published in Nature
Chemical Engineering presents the design and diagnostic
analysis of a high-performance CO,-to-CO electrolyzer
cell [3]. The cell features a nickel-nitrogen-doped carbon
(NiNC) catalyst in a pH-neutral, zero-gap configuration,
demonstrating nearly 100% CO faradaic efficiency at cur-
rent densities up to 250 mA cm™2, with 40% total energy
efficiency and stable operation over 100 h.

This study designs and diagnoses a high-performance
CO,-t0-CO electrolyzer, utilizing a nickel-nitrogen-doped
carbon (NiNC) catalyst, achieving nearly 100% faradaic effi-
ciency. Operating at a low stoichiometric CO, excess ratio
(A
tion (~ 70 vol%) in the exit stream with a single-pass CO,

stoich ~ 1.2), the cell achieves a high molar CO concentra-
conversion rate of 40%. The study introduces the carbon
crossover coefficient (CCC) as a diagnostic tool to quantify
non-catalytic CO, consumption and transport-related fail-
ures, providing insights into ionic transport mechanisms and
undesired CO, losses, diagnosing transport failures caused
by salt precipitation and redissolution. Additionally, the pro-
posed tandem cell design uses a CO,-to-CO electrolyzer to
supply CO-rich streams to a second cell for the production
of C,, chemicals and fuels, aiming to improve overall effi-
ciency and product yields by optimizing individual process
steps (Fig. 1a).
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The experimental methodology involves synthesis, char-
acterization, and performance comparison. Initially, a series
of NiNC catalysts were synthesized through the pyrolysis of
various nickel salt precursors. Techniques such as powder
X-ray diffraction, transmission electron microscopy, and
X-ray photoelectron spectroscopy were employed to evalu-
ate their chemical state, composition, morphology, porosity,
and microstructure. Subsequently, the performance of the
NiNC catalyst was evaluated and normalized by near-surface
NiN, site density (SD), which surprisingly illustrated almost
identical intrinsic turnover frequency (TOF) for cell poten-
tial (E;) >—0.75 V. This suggested the NiN, motifs is the
active site for the CO, to CO reaction and the catalytic per-
formance is insensitivity of the emerging active site during
pyrolysis to the chemical nature of the precursors. Signifi-
cant TOF-E_, difference was observed for E ;< —0.75V,
which is speculated that the sites accessibility is different.
For a more in-depth analysis, the representative Ni-IMI
with low loading outperform the NiNC-PANI especially in
terms of CO mass activity, which can be explained by the
mesoporous peculiarity of NiNC-IMI offers enhanced site
accessibility, relieving the mass transport resistance. Despite
the encouraging results, the study underscores the challenges
in achieving commercial-grade performance, particularly in
terms of mass transfer and accessibility of active sites.

The NiNC catalyst exhibited remarkable faradaic efficiency
for CO production at neutral pH; while, the cell’s design facil-
itated operation with low stoichiometric CO, excess, enhanc-
ing CO concentration in the exit stream and overall efficiency.
Additionally, the development of reliable diagnostic tools for
the analysis of the dynamic operation, transport processes and
degradation at the electrode level of CO,-to-CO electrolyzers
is becoming of equal priority. Strasser derived and defined
the CCC value using a mathematical correlation between
the catalytic production rates of CO (V) and H, (Vy,) as
well as the CO, input feed (V,, in) and the exit flow rate
(Vo
between the rate of non-catalytic acid—base CO, consumption

.- The proposed CCC value can be interpreted as the ratio
and the rate of catalytic alkalinity production. This value is
empirically measurable, unaffected by the Faradaic value, and
elucidates the nature of the predominant anion traversing the
membrane in a lucid manner: An experimental CCC value of
0 signifies the exclusive transfer of OH™ ions, a CCC value
of 1 signifies the exclusive transport of CO32_ ions, and a
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Fig.1 a CO, valorization using coupled ‘tandem’ electrolyzer cells. b Cell diagnosis using the CCC and FEq. FEq( versus CCC plots yield
distinct operating reaction transport regimes (red (I), yellow (II) and green (III)) to diagnose the mass transfer limitations. Reprinted with per-
mission from Ref. [3]. Copyright 2024, Springer Nature Group. (Color figure online)

CCC value of 2 suggests the pure crossover of HCO;™ ions.
Non-integer CCC values suggest the formation of non-sto-
ichiometric (bi) carbonate species within the catalyst layer,
coupled with the transport of mixed anions. This implies that
only a fraction of the produced alkalinity (OH") is converted
into carbonate (with a CCC slightly below 1). If the carbon-
ate is not swiftly transported away, it may subsequently react
with another CO, molecule to form bicarbonate (with a CCC
slightly above 1). By utilizing the aforementioned analysis,
researchers can obtain a dependable diagnostic tool for dis-
cerning the dynamic operations and transport processes by
calculating the CCC value.

Strasser et al. identify three operational regions (green
(IID), yellow (II), red (I)) tied to in-plane (IP) and through-
plane (TP) transport and CO, conversion (Fig. 1b). For
NiNC-IMI cells with high loadings (red region), low CCC
and FECO reveal inadequate IP and TP transport. In con-
trast, NiINC-PANI cells with CCC ~ 1 and FECO < 60% show
inefficient IP CO, transfer to active sites. Optimal perfor-
mance (green region) occurs at CCC~ 1 and high FECO,
as in NiNC-IMI cells at 1 mg cm~2, where effective site
accessibility and transport are evident. CCC analysis reveals
NiNC-IMI layers hinder CO, access at higher loadings,
unlike NiNC-PANI, which maintains accessibility.

Despite the high activity of NiNC-IMI, differences in site
accessibility may lead to localized CO, depletion, particu-
larly under high loadings, resulting in a plateauing relation-
ship between TOF and E
thickness and density of the catalyst layer may hinder CO,

Additionally, increasing the

cell*
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diffusion, especially in the smaller pores of NiNC-PANI,
thereby affecting its performance [2]. As the catalyst load-
ing increases, the activity of both NiNC-IMI and NiNC-
PANI catalysts may decline due to mass transport limitations
[4]. Moreover, localized CO, depletion may occur during
the catalytic process, leading to insufficient CO, supply in
certain areas and thereby reducing reaction efficiency. The
significant differences in catalyst performance under differ-
ent electrolyte environments present another crucial chal-
lenge, necessitating optimized catalyst designs to accom-
modate various operational conditions [5]. Although CCC
has been proposed as a diagnostic tool, further research and
validation are necessary to better understand and address
the degradation mechanisms of catalysts. These drawbacks
underscore the key challenges that need to be overcome in
further developing and optimizing electrochemical CO,
reduction catalysts.

By optimizing the mesoporous structure to enhance site
accessibility and reduce local CO, depletion, refining cata-
lyst layer thickness and porosity to ensure better CO, diffu-
sion and consistent performance at higher loadings, develop-
ing and validating diagnostic tools such as the CCC to better
understand and improve transport properties and identify
degradation regimes, and optimizing operational parameters
such as the stoichiometric CO, ratio to maximize CO pro-
duction and overall cell efficiency, these measures highlight
the strengths of the current catalysts and suggest avenues for
enhancing their performance and reliability in electrochemi-
cal CO, reduction applications.

@ Springer



94 Page 4 of 4

Nano-Micro Lett. (2025) 17:94

Acknowledgements H. Z. acknowledges the University of Oxford
for the Mathematical, Physical and Life Sciences Division (MPLS)
Enterprise and Innovation Fellowship and the support of Massachu-
setts Institute of Technology. Y. W. acknowledges the support of the
National Key R&D Program of China (2021 YFB3801600) and the
National Natural Science Foundation of China (22325204).

Author Contributions Hao Zhang contributed to investigation,
original draft writing, and review. Menghui Qi was involved in inves-
tigation, visualization and review. Yong Wang was involved in con-
ceptualization, supervision, review and funding acquisition.

Declarations

Conlflict of Interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared 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 Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons 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/.

© The authors

References

1. M. Jouny, G.S. Hutchings, F. Jiao, Carbon monoxide elec-
troreduction as an emerging platform for carbon utilization.
Nat. Catal. 2, 1062-1070 (2019). https://doi.org/10.1038/
$41929-019-0388-2

2. J. Vavra, G.PL. Ramona, F. Dattila, A. Korményos, T. Priamushko
et al., Solution-based Cu* transient species mediate the recon-
struction of copper electrocatalysts for CO, reduction. Nat. Catal.
7, 89-97 (2024). https://doi.org/10.1038/s41929-023-01070-8

3. S. Briickner, Q. Feng, W. Ju, D. Galliani, A. Testolin et al.,
Design and diagnosis of high-performance CO,-to-CO electro-
lyzer cells. Nat. Chem. Eng. 1, 229-239 (2024). https://doi.org/
10.1038/s44286-024-00035-3

4. Y. Chen, X.-Y. Li, Z. Chen, A. Ozden, J.E. Huang et al., Efficient
multicarbon formation in acidic CO, reduction via tandem elec-
trocatalysis. Nat. Nanotechnol. 19, 311-318 (2024). https://doi.
org/10.1038/s41565-023-01543-8

5. M.G. Kibria, J.P. Edwards, C.M. Gabardo, C.T. Dinh, A. Sei-
fitokaldani et al., Electrochemical CO, reduction into chemical
feedstocks: from mechanistic electrocatalysis models to system
design. Adv. Mater. 31, e1807166 (2019). https://doi.org/10.
1002/adma.201807166

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

https://doi.org/10.1007/s40820-024-01595-y


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41929-019-0388-2
https://doi.org/10.1038/s41929-019-0388-2
https://doi.org/10.1038/s41929-023-01070-8
https://doi.org/10.1038/s44286-024-00035-3
https://doi.org/10.1038/s44286-024-00035-3
https://doi.org/10.1038/s41565-023-01543-8
https://doi.org/10.1038/s41565-023-01543-8
https://doi.org/10.1002/adma.201807166
https://doi.org/10.1002/adma.201807166

	NiNC Catalysts in CO2-to-CO Electrolysis
	Highlights
	Abstract 
	1 Discussion
	Acknowledgements 
	References


