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Electrocatalysts for the electrochemical CO, reduction reaction (CO,RR) have been developed for carbon
neutrality by enabling the direct conversion of renewable resources into valuable carbon-based fuels and
chemicals. Even electrocatalysts that exhibit high selectivity for CO,RR at high CO, concentrations often
suffer from increased competitive hydrogen production at lower CO, concentrations, requiring the
investigation of catalysts that maintain stable selectivity across a wide concentration range. In this work,
we fabricated a highly porous three-dimensional (3D) silver foam on an organic layer-added gas
diffusion electrode. The porous 3D Ag foam exhibited the greatest improvement when combined with
a benzimidazole organic layer (Bl-sf), whose suitable CO,-affinitive interfacial modifier and release
facilitated CO, reduction pathways toward CO production on the Ag surface. These phenomena helped
to enhance the partial current density (jco) and faradaic efficiency (FE) for CO production under
diffusion-controlled regions. Compared with Ag nanoparticles (AgNP), the BI-sf electrocatalyst achieved
a 4-fold and 2.5-fold increase in maximum jco with membrane-electrode-assembly (MEA) under 10%

and 100% CO, concentration conditions, respectively. Additionally, when the CO, concentration
Received 23rd October 2025

Accepted 28th January 2026 decreased within 50-10%, Bl-sf maintained relatively higher FE (CO) values compared to when Bl was

absent, demonstrating the promoting effect of Bl under low concentrations of CO,. These findings
DOI: 10.1039/d5ta086339 suggest that adjusting molecular interactions with CO, is particularly important to achieve high product

rsc.li/materials-a selectivity in CO,RR under low CO, concentrations for practical CO, utilization applications.

20%, and even lower in direct air scenarios (~0.04%) where
limited mass transfer may become the primary bottleneck due
to low partial pressure of CO,.>'° Developing an efficient

Introduction

The electrochemical carbon dioxide reduction reaction (CO,RR)

is promising for closing the anthropogenic carbon cycle
because it converts CO, into value-added fuels or chemical
feedstocks using renewable electricity.’ Most of the CO,RR
performances have been investigated at highly purified CO, gas
streams (>99% concentration) to increase reaction rates and
suppress competitive side reactions, including the hydrogen
evolution reaction (HER).**® The concentrated CO, feed condi-
tions can be utilized to understand the reaction activity and
fundamental phenomena of CO,RR, but their practical appli-
cation may be limited because the costly CO, capture-and-
regeneration process must be integrated upstream.”® In flue
gas or direct air CO, streams, the concentrations of CO, are 15—

“Department of Chemistry, College of Natural Science, Seoul National University
(SNU), Seoul 08826, Republic of Korea. E-mail: yjhwang1@snu.ac.kr

*Center for Nanoparticle Research Institute for Basic Science (IBS), Seoul 08826,
Republic of Korea

‘KOGAS R&D Institute, Korea Gas Corporation, Ansan-si, Gyeonggi-do, 15328,
Republic of Korea

+ These authors contributed equally.

This journal is © The Royal Society of Chemistry 2026

electrocatalyst that can operate effectively at low CO, concen-
trations remains a challenge for scalable carbon utilization
methods.

Recent efforts have concentrated on tuning catalyst surfaces,
electrode architectures, and local microenvironments to
address CO, mass-transfer limitations. Metal-based catalysts
such as silver (Ag) and gold (Au) have excellent selectivity
towards CO formation."'** However, their performance declines
significantly in a diluted CO, atmosphere due to limited CO,
availability near active sites, while the competitive HER from
water increases. In aqueous CO,RR environments, suppressing
HER is inherently crucial for achieving selective CO,
conversion.>**** To this end, even in conditions of high
concentrations of CO,, various strategies have been demon-
strated, including introducing porous gas diffusion electrodes
(GDEs), controlling the hydrophilicity/hydrophobicity of the
surface, designing defective nanostructures with high CO,RR
activity, or regulating microenvironments through ion accu-
mulation or transport.>**>> Nonetheless, these approaches often
face issues related to limited durability, complex fabrication
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processes, or instability under high current densities, which
require more refined strategies specialized at low-concentration
conditions.**>*

Meanwhile, organic molecule-assisted interface engineering
has emerged as a powerful method for controlling the local
chemical environment and enhancing CO, adsorption on
catalytic surfaces. Tailored organic modifiers can increase CO,
affinity through dipole-quadrupole interactions or Lewis acid-
base interactions, decrease the local proton concentration, and
inhibit competitive HER processes.”*>* Protonated organic
cations have also garnered attention. They act as co-catalysts if
introduced onto the surface of the cathode electrocatalyst under
pure water electrolyte conditions due to their ability to activate
CO, molecules instead of alkali cations.>*?° In addition, amines
or their derivatives have been widely investigated as CO,
absorbents due to their rapid reaction rates, highly selective
interaction with CO,, and ability to be regenerated for repeated
use.** Therefore, we propose that organic molecule layers can be
effective components that increase interaction with CO,,
allowing efficient CO, utilization even under diluted conditions.

In this study, we report a facile fabrication of an organic
molecule-modified 3D-Ag foam electrode that enables efficient
electrochemical reduction of low-concentration CO, gas in
a membrane electrode assembly (MEA) electrolyzer. The intro-
duction of a CO,-philic organic interlayer between the Ag cata-
lyst and the GDE enhanced CO, adsorption and local
concentration near active sites while effectively suppressing
hydrogen evolution. The 3D porous structure of Ag foam further
enhanced gas-liquid interface stability and electron transport,
maintaining superior activity at high current densities (>200 mA
ecm %) even under 10% CO, conditions. Density functional
theory (DFT) calculations combined with electrochemical
performance confirmed that the molecular interlayer lowered
the activation energy barrier for *COOH formation and
promoted charge delocalization across the catalyst-electrolyte
interface. The proposed electrode design offers several key
advantages for industrial deployment. First, it is simple,
solution-based, and compatible with large-area MEA configu-
rations, making it highly scalable and cost-effective. Second, by
enabling direct CO production from low-concentration CO,,
this technology can be integrated directly into existing carbon
capture and utilization (CCU) infrastructure, particularly in
sectors such as natural gas processing, biogas upgrading, and
flue gas treatment at power or cement plants. Finally, the
produced CO can be readily utilized as a component of syngas
for downstream synthesis of fuels (methanol, Fischer-Tropsch
hydrocarbons) and commodity chemicals, providing a sustain-
able pathway toward carbon neutrality.***

Experimental section
Chemicals/materials

All chemicals were used as received without further purifica-
tion. Iridium(v) oxide (Premion™, 99.99% (metals basis), Ir
84.5% min), silver nanopowder (APS 20-40 nm, 99.9% (metals
basis)), silver sulfate (ACS, 98% min), r-histidine (98%+),
benzimidazole (99%), 1H-benzotriazole (99%) were bought

J. Mater. Chem. A

View Article Online

Paper

from Thermo Fisher Scientific. Sulfuric acid (99.999%), octyl-
amine (99%), and sodium citrate tribasic dihydrate (puriss, p.a.,
ACS reagent, =99.0%) were purchased from Sigma-Aldrich.
Common solvents and electrolytes, such as isopropyl alcohol,
ethyl alcohol, potassium bicarbonate, and potassium
hydroxide, were purchased from Samchun Chemicals or Dae-
jung Chemicals & Metals. Deionized water (DW, Direct-Q, 18.2
MQ cm) was used routinely.

Preparation of a three-dimensional silver foam on an organic
layer-added gas diffusion electrode

Carbon paper and GDE electrodes (39BB, Sigracet) were cut into
36 mm x 25 mm and dried in an oven at 110 °C overnight
before use. To investigate the effect of the organic-molecule
layer beneath the Ag electrocatalyst on CO,RR, organic mole-
cules were first coated onto the GDE electrode. Various organic
molecules, including benzimidazole (BI), r-histidine (HIS),
benzotriazole (BTr), and octylamine (OA), were screened to
determine the effect of the organic layer on CO,RR perfor-
mances. Each organic molecule, Nafion solution (D521, 5 wt%
in ethanol), and isopropyl alcohol (IPA), were mixed in a 6 mg:
24 mg:1 mL ratio, and were sonicated for =30 min to prepare
the ink. Then, the ink was spray-coated onto a 25 mm x 25 mm
portion of the GDE until a total loading amount of 0.32 mg
cm 2, unless stated otherwise. The spray-coated GDEs were
subjected to Ag sputtering (15 W) for 210 s, resulting in a thin
film (~7 nm) covering the surface of the organic molecule-
coated GDE and facilitating the electrodeposition of Ag foam.
The back side of the GDE was sealed with tape, and the GDE was
used as the working electrode during electrodeposition. For the
electrodeposition, a 15 mm x 15 mm Pt mesh and a leakless
Ag/AgCl electrode were used as the counter electrode and
reference electrode, respectively. An aqueous bath of 20 mM
silver sulfate with r-histidine (20 mM), sodium citrate tribasic
dihydrate (0.1 M), and sulfuric acid (1.5 M) was used for the
electrodeposition. A voltage of —4 V was applied for 30 s to
enable porous Ag foam deposition via the dynamic hydrogen-
bubble template (DHBT) method. The fabricated electrode
was carefully washed in excess deionized water and dried
thoroughly at 60 °C.

Material characterization

To analyze the surface morphology and elemental composition,
scanning electron microscopy (SEM) and energy-dispersive X-
ray spectroscopy (SEM-EDX) were undertaken using an Apreso
2 S Hivac SEM at an accelerating voltage of 10.0 kV. The crys-
talline nature of the silver foam was determined by X-ray
diffraction (XRD; Bruker D2 Phaser diffractometer) using Cu
Ko radiation (A = 1.5406 A). Diffraction patterns were collected
in continuous mode over 20-80°. XPS analysis was performed
using an Axis Supra+ (Kratos) system with Al Ko radiation.
Infrared (IR) and Raman spectroscopy were applied to confirm
the existence of benzimidazole after Ag sputtering. FT-IR
spectra were collected on a PerkinElmer (Spectrum Two) spec-
trometer using a sample prepared by coating BI onto Ni foil and
then Ag-sputtering to avoid spectral interference from carbon

This journal is © The Royal Society of Chemistry 2026
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paper. Raman spectra were collected on a Renishaw (InVia
Qontor) spectrometer.

Electrochemical CO,RR measurements

CO,RR experiments were conducted in a gas-fed membrane
electrode assembly (MEA) electrolyzer (Dioxide Materials). The
fabricated GDEs and platinized Ti meshes sprayed with IrO, ink
were used as the cathode and anode, respectively. The two
electrodes were separated by a pre-activated anion exchange
membrane (AEM, Sustainion, Dioxide Materials) to construct
a zero-gap MEA. The membrane was activated as instructed by
Dioxide Materials before use. The anolyte (0.1 M KHCOj3) was
pumped through the cell at a flow rate of 100 sccm using
a peristaltic pump. Mass flow controllers (MFCs) of N, and CO,
were adjusted to afford a total flow of 200 sccm, depending on
the desired CO, conditions. The flow rates of high-purity CO,
(99.999%) and N, (99.999%) gases were controlled by MFCs,
which passed through a mixing chamber before being supplied
to the MEA electrolyzer. The CO, concentration in the CO,/N,
gas mixture was confirmed by gas chromatography (GC, Agilent
8890). The gaseous products of CO,RR were quantified using an
online-connected GC equipped with a ShinCarbonST column
(Restek), a thermal conductivity detector (TCD) and a flame
ionization detector (FID). Liquid products were not detected by
'H NMR spectroscopy (Varian 500 MHz spectrometer). Chro-
noamperometry (CA) and chrono-potentiometry (CP) measure-
ments were carried out on an Ivium potentiostat (Ivium-n-Stat)
or Biologic potentiostat (VMP-3e).

Calculation of partial charge

To determine the partial charge of different molecules, an
iterative calculation procedure proposed by Gasteiger et al. was
used.* Codes for calculation are available at: https:/
github.com/jihoonkim2000/Molecules_partialcharge.

DFT calculation

To calculate the CO, reduction ability of different molecules
adsorbed on silver, a series of DFT calculations was conducted.
DFT calculations were performed using Quantum Espresso
software® following the generalized gradient approximation
(GGA) scheme with the Perdew-Burke-Ernzerhof (PBE) func-
tional.** A Grimme-D3 correction was introduced to describe
the van der Waals interaction between atoms, and the projector-
augmented wave (PAW) method was used to describe the
behavior of core atoms with a cutoff energy of 450 eV.%”*® For the
screening of molecules via the *COOH adsorption energy
descriptor, molecules and the *COOH adsorbate were placed on
top of a 5 x 5 Ag monolayer with I'-point Brillouin zone
sampling. The organic molecule candidates varied: benzoxazole
(BO), benzothiazole (BT), 1-histidine (HIS), benzimidazole (BI),
indole (In), benzopyrazole (BP), benzotriazole (BTr), imidazole
(Im), pyridine (Py), and octylamine (OA). Meanwhile, for the
simulation of the CO, reduction pathway on secondary amines,
molecules were placed on top of a 4 x 4 x 2 silver slab with
a frozen bottom layer, and the c-axis was set to 22 A to prevent
unwanted interactions along the axis. Brillouin zone sampling
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was done with I'-centered 2 x 2 x 1 sampling. A Gaussian
smearing of 0.2 eV was introduced to account for silver. For
both simulations, the electronic convergence criteria and force
convergence criteria were set to 107° eV and 0.05 eV A%,
respectively. The adsorption free energy was calculated using
the following equation:

Gslab

nG*ads = Gsystem - Gadsorbate -

In which the following equation represents Gibbs free energy:
:E+ZPE7TS+JdeT.

where G is the Gibbs free energy, E is the energy given by the
density functional theory calculation, ZPE is the zero-point
energy, T is the temperature, S is the entropy, and C, is the
heat capacity. The energy of molecules was calculated with
a unit cell size of 20 x 20.5 x 21 A® with single I'-point Brillouin
zone sampling.

Bond strength analysis with crystal orbital Hamilton
population (COHP)

From the PAW-based DFT calculation results, COHP analysis
was conducted to investigate the hydrogen bond strength
between N-H---O. Calculations were done with the LOBSTER
package.*

Results and discussion

Structural and interfacial characterization of the organic
layer-assisted 3D-Ag foam

Fig. 1a shows the screening procedure for this work. For the
initial screening of a vast chemical search space, molecules
containing at least one of the 20 functional groups of interest
were selected and analyzed using keyword queries in the Scopus
database.*® As a result, the amine group was selected based on
the number of publications (keyword search results are
summarized in Fig. S1). Afterward, based on the fact that
aromatic molecules attach well to metallic surfaces via van der
Waals interaction, most of the amines that we selected were
molecules with aromaticity, except for octylamine as a molecule
for comparison.** A list of 10 manually selected amines with
their abbreviations is presented in Table S1. A candidate list of
molecules contains aromatic, secondary amines to fully satu-
rated, aliphatic amines, and from small (e.g., pyridine) to bulky
(e.g., octylamine) molecules.

Enhancing local CO, availability at the electrode interface is
a key factor in CO, electroreduction. Hence, we investigated the
CO, affinity of candidate molecules using AG(*CO,) as
a descriptor for their potential role as CO,-affinitive interfacial
modifiers. Based on this criterion, 10 representative molecules
were systematically compared. Fig. S2 shows the adsorption free
energy of the molecular CO, physisorbed on a molecule
adsorbed on the Ag surface. As expected, all the molecules
except for OA (octylamine) exhibited similar CO, adsorption
capability, while OA exhibited significantly lower CO, adsorp-
tion capability due to the lack of van der Waals interaction with
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Fig. 1 Structural and interfacial characterization of an organic layer-assisted 3D-Ag foam. Overall screening procedure and mechanism study
using DFT. (a) Screening of molecules by keyword analysis, followed by partial charge calculation, mechanism study, and its experimental
verification. (b) *COOH adsorption energies of various molecules. Note that OA is discarded in the prior step. (c) Schematic diagram of how the
amine functions, including an organic layer that increases local CO, availability during electrolysis. (d) Schematic illustration of the fabrication
process and working principle of the organic molecule-assisted 3D Ag foam electrode for low-concentration CO, electroreduction. (e) Cross-
sectional SEM image of the 3D Ag foam electrode onto an organic layer, added GDE (left), and top-viewed SEM image of the electrode (right). (f)

EDS mapping of the as-prepared electrode; scale bar: 5 pm.

Ag surfaces. Therefore, we could discard OA as a promising
organic candidate. It should be noted that some essential
decisions for running DFT calculations (e.g., the relative posi-
tion and distance between intermediate molecules and amines)
were made based on the partial charge analyses of candidate
molecules (Fig. S3).

From the consensus that AG(*COOH) acts as a major barrier
for the CO,RR to CO on Ag, we set the subsequent descriptor as

J. Mater. Chem. A

the adsorption free energy of *COOH, where the amine mole-
cule of interest was also present and placed near *COOH.*>*?
Specifically, molecules having an AG(*COOH) >0.5 eV or lower
than —0.5 eV were discarded from the candidates. All the
relaxed structures are given in Fig. S4. Although the model
considered a single molecule on Ag, geometry optimizations
from various initial configurations consistently converged to
a flat-lying structure due to van der Waals interactions, as

This journal is © The Royal Society of Chemistry 2026
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shown in Movie S1, thereby supporting the validity of this
simplified representation for describing local COOH stabiliza-
tion. As shown in Fig. 1b, it is notable that secondary amines
could stabilize the *COOH intermediate, while the molecules
without an N-H bond did not. Moreover, for small molecules
such as Im and Py, significant deviations, including molecular
detachment, were also observed, which could affect the *COOH
adsorption energy and stability in practical organic molecule-
assisted CO, conversion, as shown in Fig. S4. Given the fact
that all the molecules with adequate *COOH binding energy
have an N-H bond with *COOH adsorbed near it, we suspect
that the stabilization of the *COOH intermediate via hydrogen
bonding may be an important descriptor for the CO,RR on
metal-adsorbed molecules.

Based on this hypothesis, Fig. 1c schematically illustrates the
key chemical steps of this study and our working electrode
configuration. First, it is thought that a pre-adsorbed organic
molecule can assist in binding CO, via a chemical step, followed
by a proton-coupled electron transfer step resulting in a *COOH
intermediate adsorbed on Ag, which is stabilized via the
hydrogen bond between the O of *COOH and a hydrogen atom
of the molecule. Further details on the reaction insights,
including DFT calculations, are given in the final section.

Introduction of the organic interlayer plays a decisive part in
governing the surface chemistry and reaction microenviron-
ment during CO,RR. The organic molecules in this work con-
tained polar functional groups, primarily amine (-NH)
moieties, that (i) promote selective CO, adsorption and (ii)
regulate local proton availability. The amine groups form
transient carbamate-like intermediates with CO,, effectively
concentrating the gas at the catalyst interface even under low
CO, partial pressures.

Next, the introduction process for the organic molecule layer
on the GDE was designed, as shown in Fig. 1d. The organic
molecules were entrapped between the porous GDE and the
sputtered Ag thin film layer, where they encountered the
supplied CO, gas before the Ag catalyst on the cathode. To
increase the amount of active Ag electrocatalyst, three-
dimensional silver foam (3D-Ag foam) was electrochemically
deposited on top of the sputtered Ag thin film.** The electro-
deposited Ag foam was designed to have a porous morphology,
providing diffusion pathways for CO, gas, which is essential if
mass transfer under diluted conditions limits the partial
current density for CO,RR. The organic molecules were depos-
ited onto the GDE surface by spraying an ink solution con-
taining the molecules and Nafion ionomers. Subsequently, an
Ag thin film (5-10 nm) was sputtered onto the organic molecule
added to the GDE surface. This process resulted in a uniformly
coated electrode, and Fig. S5a shows the case where BI was
applied as the organic molecule (BI-Ag). According to our DFT
simulation in Fig. 1b, BI was a promising cocatalyst candidate
for the CO, binding-assisted conversion scenario because its
binding affinity is near zero. Ag sputtering also improved the
electrical contact of the GDE substrate, facilitating the growth of
3D-Ag foam using the dynamic hydrogen-bubble template
(DHBT) method. The 3D porous interconnected Ag foam over
the Bl-coated GDE (BIL-sf) is shown in Fig. S5b. The cross-

This journal is © The Royal Society of Chemistry 2026
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sectional and top-view FESEM images of BI-sf showed the
porous 3D-Ag morphology over the GDE electrode (Fig. 1e). The
EDS spectrum and elemental mapping images of BI-sf
confirmed that Ag was uniformly distributed throughout Ag
foam regions, while carbon was primarily present in the GDE
region of the carbon paper. Additionally, a trim level of nitrogen
was detectable (Fig. 1f and S6-S8).

Structural characterization of the organic molecule BI on
electrodes

The electrode surface was further analyzed to determine
whether BI molecules remained on the electrode after Ag
loading via sputtering or electrodeposition (Fig. 2). FT-IR
spectroscopy was performed to identify the characteristic
vibrational features of the functional groups in BI (Fig. 2a and
b). To prevent IR spectral interference from the carbon paper
substrate, BI-Ag was prepared using the same procedure, but
with a Ni foil substrate instead. Since the organic layer peaks
were obscured by the thick Ag foam deposited on the electrode,
the spectra were compared using only the electrode after Ag
sputtering. The FT-IR spectra of the BI-Ag were consistent with
pure BI molecules, showing strong similarities in features. This
finding confirmed that BI molecules were present on the elec-
trode even after Ag sputtering. Notably, blueshifts were

observed in the BI-Ag spectrum at 1477 and 1003 cm™ ',

compared with the reference BI features at 1482 and 1006 cm ™%,
respectively. These features were assigned to the ring C-C
vibration and C-C bending motion, which shift to higher
frequencies upon metal coordination. Therefore, the observed
blueshifts in BI-Ag suggested that BI interacted with the sput-
tered Ag film. Furthermore, the BI-Ag prepared on the carbon
paper GDE was analyzed by Raman spectroscopy, which allowed
the use of the carbon paper substrate. The Raman spectra of the
pure-BI gas diffusion electrode (GDE), the sputtered Ag film on
the Nafion-coated GDE (GDE-Ag), and BI-Ag on the GDE are
shown in Fig. 2c. To confirm that BI was successfully incorpo-
rated, GDE and GDE-Ag were used as controls. The Raman
spectrum of BI-Ag exhibited clear emergence of two peaks
associated with BI (775.9 and 1275.1 cm ™) in addition to the
Raman features of D- and G-bands of the carbon substrate.
Again, this finding suggested the presence of BI molecules in
our BI-Ag electrode after Ag film deposition on the GDE
substrate. Additionally, XRD profiles of the Ag foam without BI
(denoted as sf) and BI-sf samples revealed that the diffraction
patterns corresponded to Ag (JCPDS no. 03-0921), as marked in
Fig. 2d. Four intense peaks appeared at 26 angles of 37.87°,
44.02°, 64.24°, and 77.24°, corresponding to the hkl values of
111, 200, 220, and 311 planes, respectively, indicating an fcc
crystal structure. Due to the relatively thick Ag foam compared
with the organic BI layer, detectable pattern shifts were not
observed; all samples exhibited metallic properties without
significant strains in Ag foam.

The XPS analysis of sf and BI-sf confirmed the presence of
the N signal only when BI was introduced. Ag 3d and N 1s
spectra provided detailed information on their electronic
structure and chemical compositions, as shown in Fig. 2e and f.
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Compared with sf, BI-sf showed broader features with peaks at
higher binding energies, implying BI-sfhad Ag°® and Ag" states.
This finding reflected the interaction between Ag and the
organic layer, consistent with DFT simulation results in Fig. 1b.
In Fig. 2f, the presence or absence of a nitrogen peak further
confirmed the incorporation of the organic layer, depending on
its addition. Overall, these surface analyses demonstrate that BI
was well integrated after fabrication of 3D-silver foam.

Electrochemical CO, reduction enabled by a CO,-affinitive
interfacial modifier

Following confirmation of the organic layer, further investiga-
tions centred on whether the organic layer could influence
CO,RR performance in the diffusion-controlled region. Initially,
linear sweep voltammetry (LSV) curves of the sf and BI-sf elec-
trodes were acquired with a zero-gap MEA setup under N, and
CO, flow conditions (Fig. 3a). The affinity of the silver active
sites for CO, could be inferred approximately from comparison
of current density profiles under N, and CO, atmospheres. The
sf and BI-sf electrodes exhibited higher current densities under
CO,RR conditions compared with the HER in an N, atmo-
sphere, indicating that the silver foam provided an environment
in which CO, activation was more feasible than H, formation.
The BI-sf electrode demonstrated a more noticeable increase in
current density when switching from N, to CO, compared with
the bare sf when BI was absent. This finding indicated that the
BI layer contributed to the CO, reduction reaction rate (as
estimated in Fig. 1) due to its improved CO, affinity relative to

J. Mater. Chem. A

bare Ag. The improved CO,RR rate was indicated by the onset
potential of the BI-sf (—2.2 V), which was nearly 100 mV less
negative than that of the sf electrode. Additionally, the current
density increased more evidently for the BI-sf electrode than
without BI, based on the differences in the initial slope between
N, and CO, atmospheres. This finding suggested that entrap-
ping organic molecules on the cathode surface supported
CO,RR by increasing its affinity for CO,, enabling it to supply
CO, more readily.

The CO,RR-to-CO conversion activity was more carefully
compared with the product analysis under chrono-
potentiometry (CP) measurements until 800 mA cm 2
(Fig. 3b), where the high current density conditions drive the
HER instead of CO. BI-sf and sf electrodes showed high selec-
tivity toward CO in comparison with the HER as the current
density was increased up to 300 mA em™ > However, at high
current densities where CO, depletion rates may quickly
outstrip CO, supply rates, CO, mass transport limits conversion
at Ag active sites even in direct CO, gas-fed MEA conditions.
This, in turn, allows increases in the competing HER selectivity.
The Bl-sfelectrode showed high CO,RR selectivity (~95%) up to
500 mA cm™ 2, while the sfelectrode exhibited a sharp decline in
FE of CO production when the current density increased beyond
400 mA cm ™. These distinctive selectivity differences signified
that BI-sf could mitigate the mass transfer limit. This effect was
again attributed to increased CO, accessibility due to the BI
interlayer. To elucidate the effect of benzimidazole (BI) on the
reaction interface, we investigated three configurations: (i) BI
coated on the surface of the porous Ag foam; (ii) BI inserted

This journal is © The Royal Society of Chemistry 2026
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between the gas diffusion substrate and the Ag layer; (iii) BI
applied to both locations (as shown in Fig. S9). Direct coating of
BI onto the porous Ag structure led to inferior performance,
which we attributed to inhibited interfacial proton transfer due
to the hydrophobic nature of BI. In contrast, positioning the BI
layer at the substrate-Ag interface effectively increased the local
CO, environment from the gas flow while preserving accessible
Ag active sites for subsequent electrochemical conversion. This
configuration also maintained favourable gas transport while
minimizing the kinetic penalties associated with excessive
surface coverage. Therefore, the interfacial placement of BI was
chosen as the optimal strategy rather than a limitation of the
fabrication process.

In Fig. 3c, this contrast is even more prominent in the
comparison of the CO production rate. It is notable that BI-sf
and sf electrodes produced similar amounts of CO in the
lower current-density regions, up to 300 mA cm™ 2, indicating
that the BI layer did not make a significant difference to CO,RR
activity if the amount of CO, conversion was low. As the current
density increased, the sfelectrode suffered from increasing HER
competition. However, when the BI layer was present, its
attraction for CO, enhanced CO, accessibility to Ag active sites,
effectively delaying the mass-transfer limit and achieving
a current density (jco) of 482 mA cm > with 96% selectivity.
Such a trait makes the BI interlayer configuration a novel
strategy for CO,RR electrocatalysts operating under industry-
relevant, high-current-density conditions. According to the
LSV measurement, the catalytic current density generated by BI-
sf at a wide CO, concentration range is shown in Fig. $10. Even

This journal is © The Royal Society of Chemistry 2026

at a low CO, concentration of 10%, the current density of BI-sf
retained over 45% compared with 100% at 3.25 V. Long-term
stability of the BI-sf electrode was obtained at —200 mA cm >
during 45 h of MEA operation (Fig. 3d). The resulting FE for CO
production was kept at almost 100% during electrolysis, indi-
cating structural stability of the BI-sf within the MEA configu-
ration. To verify that the sustained performance arose from
structural retention rather than electrode restructuring, post-
electrolysis characterizations were conducted after the long-
term stability test. SEM (Fig. S11) confirmed that the porous
morphology of the BI-sf electrode remained intact after elec-
trolysis. XRD patterns before and after operation (Fig. S12) did
not show detectable phase changes, indicating preservation of
the Ag crystalline structure. These results indicated that the
long-term stability observed in Fig. 3d originated from minimal
structural and interfacial changes during high-current-density
MEA operation. Electrochemical impedance spectroscopy (EIS)
was performed to compare the interfacial charge-transfer
properties of the AgNP-coated electrode, sf, and BI-sf. As
shown in Fig. S13, Nyquist plots revealed pronounced differ-
ences in charge-transfer resistance (R.). The AgNP-coated
electrode exhibited a relatively large R (0.93 ), indicating
sluggish charge transfer. In contrast, sf showed a markedly
lower R (0.034 Q), highlighting the advantage of the three-
dimensional porous Ag structure over a simple AgNP coating.
BL-sf displayed an intermediate R. (0.065 ), remaining
substantially lower than that of the AgNP-coated electrode,
which indicated that the benzimidazole interlayer did not
significantly hinder interfacial charge transfer. The comparable
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surface resistance (Ry = 0.2-0.28 Q) confirmed that these
differences arose primarily from interfacial effects rather than
ohmic losses.

CO,RR performance comparison under various
concentrations of CO,

The increased CO, accessibility effect of the organic molecule
interlayer was further investigated to determine whether its
promoting effect on CO,RR was valid under diluted CO,
conditions and with other organic molecules. The schematic
diagram of Fig. 4a illustrated the increased CO, transfer

View Article Online
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mediated by the BI organic molecule layer, which pre-emptively
interacted with CO, molecules. Before we screened the effect of
organic molecules, we first compared the catalytic current
density and FE depending on the Ag structure and deposition
method on the GDE to select the Ag deposition conditions
under diluted CO, conditions (Fig. 4b-d). jco and FE were
investigated to determine whether the Ag structure affected the
product selectivity between CO and H, under diluted CO,
conditions. Electrodes coated with Ag nanoparticles, sputtered
Ag thin film, and Ag foam, referred to as sf, were all prepared on
the GDE carbon paper. joo and FE were measured at three cell
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potentials (i.e., 3, 3.25, and 3.5 V) under 10% and 100% CO,
concentrations, respectively, as shown in Fig. 4b and S14. At
10% CO, concentration, the Ag foam (sf) exhibited the highest
current density and CO selectivity, probably owing to its highly
porous structure with thick 3D morphology. In contrast, the
thin sputtered Ag layer was not sufficient to convert CO, effec-
tively, resulting in the lowest CO selectivity. The AgNP electrode,
in which a commercial AgNP ink was sprayed onto the GDE,
showed moderate decreases in current density and CO selec-
tivity. Among the three types of Ag electrodes, Ag foam was the
optimized structure for achieving the highest j;o and FE(CO),
especially under diluted CO, conditions. Additionally, at three
potentials, —3.25 V showed a notable increase in CO current
density compared with that at —3.0 V, but a more negative
voltage of —3.5 V increased the HER more than CO,RR.

After determining the optimal cell potential, the three Ag
catalysts were tested under variously diluted CO, concentra-
tions (Fig. 4c and d). Notably, FE values remained unchanged at
high CO, concentrations of 50% and 100%, but declined rapidly
as CO, level decreased. Among the three catalyst structures, the
Ag foam structure best maintained CO selectivity, with only
a 1.4-fold decrease (FE(CO) 91.9% — 64.6%) compared with
a 3.5-fold decrease (95.7% — 26.9%) for the AgNP-coated
electrode and an 18-fold decrease (64.1% — 3.6%) for the
sputtered Ag electrode. Regarding individual CO current
densities, the Ag foam structure showed the highest CO current
ratios between 10% and 100% CO, conditions. Specifically, the
AgNP-coated and sputtered Ag electrodes retained only 18%
(226.4 mAcm > > 40.1 mAcm ™ %) and 6% (70.6 mAcm > — 4.5
mA cm?) of jco, respectively. In contrast, the Ag foam main-
tained 40% of jco (209.6 mA cm™> — 84.4 mA cm ™ 2), which was
remarkable considering the partial pressure of CO, decreased
by 10-fold between 10% and 100% CO, conditions. Therefore,
the highly porous nature of the Ag foam structure appeared to
positively influence CO,RR selectivity under diluted CO,
conditions.

To investigate whether other organic molecules can also
assist CO, accessibility, Ag foam electrodes with different
organic interlayers were systematically tested. Based on
preliminary calculations and structural analysis, r-histidine
(HIS), benzotriazole (BTr), and octylamine (OA) were selected
for screening across a range of CO, concentrations from high to
low. HIS is another imidazole-containing molecule, and BTr is
a member of the benzazole family, with an additional nitrogen
atom in the azole ring. OA was selected as a substantially
different primary amine source due to its linear, saturated
aliphatic chain. At high CO, concentrations, all organic mole-
cules showed similar CO selectivity, although HIS-sf quickly
accelerated HER rates as the CO, concentration was lowered.
Among the organic molecule candidates, BI-sf stood out for
retaining the highest CO selectivity and current density. This
reactivity was attributed to the nature of the imidazole ring
because the N-C=N bond can form carbamates via weak N-C
bonds. In light of the Sabatier principle, the relatively unstable
carbamic acid can easily dissociate back to CO,, which signifies
that partially activated CO, can be supplied to the active Ag
catalyst.

This journal is © The Royal Society of Chemistry 2026
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The CO,RR performances at high and low CO, concentra-
tions of the aforementioned electrodes are summarized in
Fig. S15. BI-sf showed the highest partial current density at high
and low CO, conditions. Specifically, the BI interlayer enhanced
CO selectivity under diluted CO, conditions by improving CO,
accessibility, showing 58% FE compared with 27% for AgNP.
BTr and OA showed selectivity profiles similar to BI, but
exhibited lower current density. HIS-sf showed high CO selec-
tivity and partial current densities at high CO, partial pressures.
Although HIS also contains an imidazole ring, the H,N-CH(R)-
CO,- motif may exist in the zwitterionic form, rendering HIS
inherently hydrophilic. Therefore, HER activity becomes more
dominant under lower CO, conditions. As summarized in Table
S2, the BI-sf electrode demonstrated competitive CO faradaic
efficiency and stable performance compared with those re-
ported for Ag-based MEA systems operating under diluted CO,
conditions. This comparison indicates that introducing an
organic interfacial layer between the substrate and Ag catalyst
can help mitigate CO, depletion effects and improve opera-
tional robustness during long-term testing. To probe the prac-
tical lower limit of gas-fed CO, electroreduction beyond flue-gas
conditions, additional experiments were performed under
highly diluted CO, conditions (650-5000 ppm) (Table S3).

To better understand the promoting effect of each organic
molecule on CO,RR-to-CO performance, the interaction
between molecules and CO, was further investigated. First, the
charge delocalization throughout an aromatic molecule
attached to the Ag surface was visualized (Fig. S16), demon-
strating its high CO, affinity. For the optimized geometries of
candidate molecules adsorbed with *COOH used in screening
(Fig. 1b and S4), a simple unit cell composed of 25 silver atoms,
the molecules of interest, and the *COOH adsorbate with a I'-
centered Brillouin zone sampling was selected for facile
screening. As one can see in the relaxed geometries (Fig. S4),
molecules with secondary amines were capable of stable
attachment on the Ag surface, while primary and saturated
amines were relatively unstable. Moreover, in some cases, such
as when pyridine was placed near *COOH, molecular detach-
ment was observed and has had a significant role in lowering
the adsorption free energy to an undesired level. For molecules
with higher *COOH binding energy than Ag (e.g., benzoxazole),
analysis of charge density difference revealed that the repulsion
between two electronegative atoms was the driving force for the
detachment of molecules from the Ag surface and a significant
increase in adsorption energy (Fig. S17). On the contrary, all
*COOH adsorption energies for secondary amines decreased
compared with that of bare Ag (1.05 eV). Therefore, we focused
on the ability of secondary amines for further discussion.

Three secondary amines (BI, BTr, and HIS) that showed
satisfactory CO,RR performances were chosen for further
mechanistic study. A bilayer Ag substrate with a fixed bottom
layer was introduced, and sampling was increased from
a single.

I'-Point to a I'-centered 2 x 2 x 1 Brillouin zone. Full reac-
tion pathways from *CO, to CO(g) desorption were simulated
for three molecules, and the results are shown in Fig. 5a and b.
Using BI as a representative molecule, the reaction mechanism

J. Mater. Chem. A
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is presented in Fig. 5a. First, the CO, molecule is thought to be
polarized and forms carbamic acid because the secondary N in
BI has the most negative partial charge according to the simu-
lation (Fig. S3). Afterwards, via a proton-coupled electron
transfer (PCET) step, the *COOH is adsorbed directly next to the
recovered molecule, benzimidazole. In this step, it is thought
that an H-bond between hydrogen from benzimidazole and O
from *COOH could be formed, which contributes to lowering
the adsorption free energy of *COOH. In a subsequent PCET
step, the *COOH becomes *CO and is finally released in the
gaseous form.

Fig. 5b shows the reaction pathway for three molecules.
Compared with the reaction pathways of Ag, these molecules
significantly lowered the AG_(*COOH), shifting the rate-
determining step from *COOH adsorption to carbamic acid
formation, which was significantly lower than AG_(*COOH) of
Ag. From the optimized structure of the *COOH-adsorbed Ag
surface with BI (Fig. 5a and S4), it was again notable that the
distance between H from the secondary amine of benzimid-
azole and O from the *COOH intermediate was 1.84 A, which
falls in a range of typical hydrogen bond length.** A charge
density difference plot of the structure (Fig. S18) also ensured
the interaction between hydrogen and oxygen, where the

J. Mater. Chem. A

electron-rich region is depicted in yellow, and the electron-
deficient region is depicted in blue.

For the quantitative examination of *COOH intermediate
stabilization behavior with H-bonding, crystal orbital Hamilto-
nian population (COHP) calculations conducted
(Fig. S19).*° In detail, the negative-signed integration of COHP
from negative infinity to Fermi energy, known as -ICOHP, was
used as a quantitative measure of bond strength. As a result, the
-ICOHP of —0.65 eV indicates a hydrogen bond, but also
corresponds well with the reported hydrogen bond strength of
N-H---0.* Thus, we concluded that the formation of a hydrogen
bond between the *COOH intermediate and benzimidazole was
feasible but also could contribute to stabilization of the *COOH
intermediate on the Ag surface.

We propose that the hybrid molecular-inorganic catalyst
design demonstrated a unique ability to preserve high CO
selectivity and activity even under dilute CO, concentrations,
where traditional Ag-based electrocatalysts typically experience
a dominant increase in HER activity due to the limited mass
transport of CO,. The 3D Ag foam structure provides highly
efficient gas electron transport and increases the electrochem-
ically accessible surface area, resulting in improved reaction
kinetics compared with conventional planar Ag catalysts.

were

This journal is © The Royal Society of Chemistry 2026
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Integrating a 3D Ag foam structure with an interfacial organic
benzimidazole layer enhances CO, affinity through reversible
chemisorption and hydrogen-bonding interactions, mitigating
the diffusion-controlled conversion rate. Additionally, the
integration process is simple and solution-processable,
compatible with MEA systems, and offers insights into prac-
tical catalyst design for the industrial CO,-to-CO conversion
under diluted CO, conditions.

Conclusions

We demonstrated that embedding a CO,-affinitive benzimid-
azole interlayer beneath a 3D-Ag foam catalyst enabled highly
efficient CO, electroreduction even under industrially relevant,
low-concentration CO, conditions. The organic layer enhanced
local CO, availability through reversible CO,-affinitive interac-
tions while stabilizing the *COOH intermediate with hydrogen
bonding, thereby shifting the rate-determining step and
reducing competing HER. Coupled with the high surface area
and fast gas-electron transport pathways of the 3D Ag foam, the
BI-sf electrode achieved high maximum CO partial current
densities and faradaic efficiencies across a wide range of CO,
concentrations, maintaining selectivity. Inclusion of the BI layer
promoted CO,RR activity, particularly under mass transport
control conditions, while CO production activity remained
similar at low current densities, because BI acted as a cocatalyst
to improve CO, accessibility near the Ag surface. Compared
with commercial AgNP, the BI-sf electrode exhibited a 2.5-fold
and 4-fold partial current density in 100% and 10% CO,
conditions, respectively. Furthermore, BI-sf showed the highest
Jco and FE for CO production at CO, concentrations diluted
within the 50-5% range, demonstrating a particular promoting
effect under mass transport control conditions. This molecular-
interfacial design strategy employs a rational organic-inorganic
combination and is fully compatible with scalable MEA
electrolyzer architectures, providing a practical pathway for
direct CO production from diluted CO, streams and signifi-
cantly advancing the feasibility of carbon capture-integrated
electrochemical utilization.
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