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A B S T R A C T

Liquid-fed bicarbonate electrolysis offers a promising route for coupling carbon capture with electrochemical 
CO₂ conversion; however, performance under high-current operation is fundamentally constrained by the 
availability and transport of in situ–generated CO₂ at the membrane–electrode interface. In these systems, 
effective reactant delivery is governed by reaction–transport coupling and multiphase flow rather than bulk CO₂ 
concentration alone. Here, we demonstrate that regulating interfacial morphology and surface functionality 
enhances local CO₂ retention and phase distribution under convective conditions. Amine-functionalized catalyst 
layers modify interfacial acid–base conditions and improve CO₂ retention, while microstructured Nafion mem
branes stabilize localized gas-phase CO₂ holdup zones and mitigate interfacial depletion. Two-phase computa
tional fluid dynamics simulations coupled with electrochemical measurements reveal a direct 
structure–transport–performance relationship, showing that enhanced superficial CO₂ mass fraction governs 
sustained activity. The integrated strategy enables selective CO production with Faradaic efficiencies of ~80% at 
500 mA cm− 2 and stable operation exceeding 160 h. These findings establish multiphase interfacial transport as a 
critical engineering parameter in bicarbonate electrolysis and provide design guidelines for scalable liquid-fed 
CO₂ conversion systems.

1. Introduction

Rising levels of atmospheric carbon dioxide (CO2) have intensified 
research into sustainable mitigation strategies, with electrochemical 
CO₂ reduction (ECR) emerging as one of the most promising methods 
[1–3]. Over the past decade, significant progress has improved our un
derstanding of ECR fundamentals and expanded its potential uses [4–8]. 
Depending on the catalyst used, ECR can produce a variety of value- 
added chemicals [9]. Among these products, carbon monoxide (CO) 
stands out as especially valuable as a key part of syngas, which serves as 
the feedstock for Fischer–Tropsch synthesis and other chemical upcy
cling processes [10].

Conventional CO₂ electrolyzers typically rely on high-purity gaseous 
feeds [11], where carbonate formation, CO₂ crossover, and downstream 
separation impose significant efficiency penalties and limit overall CO₂ 
utilization [12,13]. Direct (bi)carbonate electrolysis (DCE) has emerged 
as an attractive alternative, enabling integration of carbon capture and 
conversion within a single device by generating CO₂ in situ (i-CO2) via 

the reaction of membrane-transported protons (H+) with (bi)carbonate 
species [14–16]. Early demonstrations of this technology showed 
promising CO selectivity (FECO) of ~80% but at modest current densities 
(~100 mA cm− 2) [17,18]. The central limitation of direct bicarbonate 
electrolysis arises from how reactive CO₂ is supplied. Unlike gas-fed 
systems, CO₂ is generated in situ (i-CO₂) at the membrane–electrode 
interface through proton-mediated reactions with (bi)carbonate species. 
Under operating conditions, this CO₂ initially forms as a gaseous phase, 
and its retention and redistribution within the porous catalyst layer are 
critical for sustaining electrochemical reduction. As a result, local CO₂ 
availability at catalytic sites remains inherently limited, particularly at 
high current densities, due to constraints imposed by proton flux, 
bicarbonate–CO₂ equilibria, and transport within the electrode structure 
[19,20]. Although catalyst-layer microenvironment control, such as the 
incorporation of proton-conducting ionomers, can enhance local i-CO₂ 
generation near active sites [21], this does not address the dominant 
transport limitation. Under liquid-fed conditions, CO₂ availability is 
governed by interfacial transport at the membrane–electrode interface, 
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including diffusion, convection, and gas–liquid phase exchange. Here, 
two-phase dynamics refer to the coexistence and transport of gaseous 
CO₂ and liquid electrolyte within the porous electrode, which can lead to 
spatial variations in gas holdup and local CO₂ concentration. Insufficient 
retention of gas-phase CO₂ can result in localized depletion of reactive 
CO₂ at the interface under convective flow. Consequently, catalytic 
performance is determined not only by intrinsic catalyst activity but also 
by the ability to sustain local CO₂ availability through controlled 
gas–liquid phase distribution and interfacial transport. Overcoming 
these constraints therefore requires strategies that couple chemical 
microenvironment control with interfacial transport engineering [22].

Tuning the physicochemical properties of electrocatalysts remains a 
powerful strategy for enhancing their reactivity [23], and surface 
functionalization with organic molecules has emerged as one of the most 
direct and effective approaches [24,25]. Among available strategies, the 
spontaneous grafting of diazonium salts—driven chemically or electro
chemically—offers a versatile route for attaching a wide range of 
organic molecules, especially those containing primary amine groups 
(–NH₂), onto diverse electrode surfaces [26–29]. Amine functionaliza
tion has recently gained considerable attention because amines exhibit 
strong retention capacity for CO₂ and can modulate the local reaction 
environment of the catalyst layer [30,31]. For ECR systems, grafting 
amine-containing molecules can improve several key aspects of catalytic 
performance: (i) pre-binding CO₂, thereby increasing its local concen
tration near active sites and alleviating mass-transport limitations, 
[32,33] (ii) adjusting the local pH through their intrinsic alkalinity, 
which mitigates local acidification and suppresses the competing 
hydrogen evolution reaction (HER), [34] (iii) modulating the adsorption 
of the *CO intermediate, favoring the ECR over HER, [35] and (iv) 
tuning surface hydrophilicity, improving gas–electrolyte contact and 
reactant delivery [36,37]. Using this approach, Nazari et al. [38]
demonstrated nearly a 6-fold increase in C₂+ selectivity on Cu films, as a 
result of the supporting role of the molecular moieties to the ECR active 
catalyst centers. Amine functionalities, therefore, offer a practical route 
to modify interfacial CO₂ retention and local acid–base conditions 
without altering intrinsic catalyst composition.

Beyond adjusting the catalyst layer properties, performance limita
tions can also be overcome by engineering the morphology and spacing 
of the membrane–electrode assembly (MEA) interface. [39] Imprinting 
microstructures onto ion-exchange membranes has emerged as an 
effective strategy to enhance electrochemical performance [40]. Widely 
applied to Nafion-based membranes in well-known technologies, such as 
fuel cells, due to their chemical stability, this approach increases the 
effective membrane area and creates microchannels that improve 
reactant delivery and product removal [40–42]. These structures pro
mote uniform mass transport and higher conversion efficiency [43]. 
Additionally, microstructured membranes are known to also improve 
water and ion management by maintaining local hydration, enhancing 
ionic conductivity, and facilitating the uniform distribution and rapid 
detachment of gas bubbles, thereby reducing mass-transfer limitations. 
Together, these effects yield higher performance and long-term stability, 
particularly under high current densities [44–46].

In this work, we demonstrate that overcoming CO₂ availability lim
itations in liquid-fed bicarbonate electrolysis requires simultaneous 
regulation of interfacial reaction chemistry and multiphase transport at 
the membrane–electrode interface. We implement a composite mem
brane–electrode assembly strategy in which amine-functionalized cata
lyst layers enhance CO₂ retention, while microstructured Nafion 
membranes regulate gas–liquid distribution and mitigate interfacial 
depletion under convective flow. Guided by two-phase computational 
fluid dynamics simulations and validated experimentally, this approach 
establishes a direct link between interfacial morphology, CO₂ mass- 
fraction distribution, and electrochemical performance. The engi
neered assemblies sustain selective CO production (FECO ~ 80% at 500 
mA cm− 2) with stable operation up to 160 h. These findings highlight 
reaction–transport coupling as a governing factor in bicarbonate 

electrolysis and provide a framework for interfacial transport engi
neering in scalable liquid-fed CO₂ conversion systems.

2. Experimental procedures

2.1. Materials

We obtained demineralized water (MiliQ), carbon paper (Toray TGP- 
H-090), porous transport layers made from titanium fibers (Ti-PTL, with 
a thickness of 500 μm), Nafion dispersed in alcohol-based solution at a 
weight percentage of 5% wt/wt, Nafion 117 membrane, and carbon 
black (Cabot Vulcan XC-72) from the Fuel Cell Store. Additionally, we 
purchased a standard single-cell electrolyzer for CO2 reduction appli
cations from Dioxide Materials. Concentrated hydrochloric acid (HCl, 
37% w/w), Iron powder (99.9% Fe, 100 μm), melamine (99.99%), po
tassium bicarbonate (98.9%), silver nano-particles (50 nm), silver foam 
(85% porosity), Iridium oxide nanoparticles (99.9%), ethanol (EtOH, 
anhydrous) & isopropanol (IPA, anhydrous), polyvinyl-4-pyrolidon 
(PV4P), sodium nitrite (NaNO2 99.99% anhydrous), sodium perchlo
rate (NaClO4, 99.9% anhydrous) and cobalt phthalocyanine (CoPc, 
99.9%) were bought from Sigma Aldrich.

2.2. Catalyst preparation

The different modified catalyst materials were fabricated using the 
melamine Grafting reaction, utilized in a wet-chemical or electro- 
grafting form.

2.2.1. Melamine-grafted nano-particles
The wet-chemical grafting of melamine over carbon black (CB) and 

silver (Ag) nanoparticles was conducted as previously reported by 
Grondein et al. [47]. An equimolar amount of nanoparticles and mel
amine was dispersed in water, along with an amount of NaNO2 under the 
stoichiometric ratio of 2/3 of the melamine content. After rigorous 
stirring, the solution was brought to pH ~ 2 after the addition of 
concentrated HCl. The grafting reaction was catalyzed by the addition of 
160 mg Fe powder, and left to stir for 90 min. Afterwards, the dispersion 
was separated, and the powder was re-dispersed into an aqueous solu
tion of 1 M HCl and sonicated for 30 min, for the leftover Fe to be dis
solved. After separation, an additional cleaning step of sonication of 
MilliQ water was undergone. Finally, the powder underwent 1 washing 
cycle with KCl/water solution and 3 washing cycles with MilliQ water. 
The functionalized washed powders (CB/M and Ag/M) were left to dry 
overnight at 60 ◦C.

2.2.2. Melamine-grafted silver foam
The melamine functionalization of the silver foam (Ag_F) substrate 

was done via the Electro-Grafting reaction of melamine, as previously 
reported by Kesavan et al. [48] Briefly, a cleaned full-sized Ag_F sub
strate was immersed in the melamine-grafting solution (identical to that 
used for nanoparticle grafting but without Fe powder) inside an H-cell. 
In a three-electrode configuration, Ag_F served as the cathodic working 
electrode, and cyclic voltammetry (CV) was applied in the range of 
[− 0.7 to +0.6 V] (vs. Ag/AgCl) to drive the electrochemical attachment 
of melamine molecules. The grafting process is a one-electron reaction 
(n = 1) occurring within the potential window of [− 0.55 to − 0.35 V] 
(vs. Ag/AgCl).To match the theoretical melamine loading obtained via 
wet-chemical grafting of Ag and CB nanoparticles, the number of CV 
cycles was adjusted assuming 100% reaction efficiency. Specifically, 
105 cycles at a scan rate of 100 mV s− 1 were applied. The charge (Q) 
consumed per cycle in the grafting potential window was determined by 
integration and, using Faraday's law, translated into the number of 
grafted melamine molecules. The total cycle count was then linearly 
scaled to achieve the target-grafted amount on Ag_F. After the end of the 
reaction, the functionalized substrate (Ag_F/M) was washed with 
copious amounts of MilliQ water and left to dry overnight at 60 ◦C.
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2.3. Nafion membrane preparation

Oversized pieces of the Nafion 115 roll were activated as previously 
reported to assist in its transition to its protonated form [49]. The 
activated membrane was used later on for the electrochemical experi
ments in the single-cell.

For fabrication of the microstructured membrane, Nafion 117 was 
hot-pressed against a Ni foam template to imprint its surface 
morphology. The process was carried out at 130 ◦C (above the glass 
transition temperature of Nafion) and 0.2 kPa for 5 min, enabling partial 
softening of the membrane and conformal replication of the Ni foam 
structure. After cooling to room temperature, the membrane was me
chanically detached from the Ni template and subsequently subjected to 
acid treatment to remove any residual metal. As a result, the Ni foam 
serves exclusively as a sacrificial structuring template and is not present 
in the membrane during electrochemical operation. Afterwards, the 
structured membrane pieces were soaked in a solution of HCl/H2O2 (1/ 
1, M/M), and left overnight to dissolve leftover Ni traces. Following, the 
pieces were washed with copious amounts of MilliQ water and left to dry 
at RT for 48 h. After that, the micro-structured membranes were typi
cally used for single-cell experiments, as intended.

2.4. Porous transport layers preparation

All porous transport layers (PTLs) used for the electrochemical ex
periments (i.e., silver foam, Toray carbon paper, titanium PTL) and for 
the membrane micro-structuring (i.e., nickel foam) were cleaned before 
use. The cleaning process involved sonication steps of 10 min duration, 
in the order of: MilliQ water, acetone, MilliQ water. Afterwards, the 
PTLs were dried overnight at 60 ◦C.

2.5. Electrode preparation

All catalyst-coated substrates were made using Toray carbon paper 
as a substrate and coating the catalyst dispersion by an automated spray- 
coating machine (Sono-Tek, ExactaCoat) over a vacuum-heating plate, 
at 70 ◦C. To make the CoPc ink, 156.44 mg of catalyst powder and 
156.44 mg of melamine grafted carbon black were dispersed into a so
lution of PV4P in EtOH (1% wt./wt.) and 220 μl of Nafion solution (10% 
wt./wt.). The same ink recipe was applied for the case of silver nano
particles grafted with melamine, where the total amount of solids of 
catalyst and catalyst support was replaced with the melamine grafted 
nanoparticles and dispersed into a solution of water/IPA (1/3) con
taining PV4P (1% wt./wt.). The catalyst inks were then subjected to 
Ultra-Turex at a speed of 33,000 rpm for 10 min before being placed in a 
sonication ice bath for sixty minutes. The cathode electrodes that con
tained the catalyst had a loading level of 2 mg cm− 2. For the anode of the 
MEA, a porous transport layer (PTL) made from Ti fiber mesh was used. 
The initial Ti-PTL was etched in boiling HCl (1 M), removing the outer 
passivating TiOx layer. The ink recipe for this layer included 160 mg of 
IrOx and 800 mg of Nafion ionomer dispersed in a 5% wt./wt. ethanolic 
solution, which was then mixed with 60 ml of methanol. This ink 
mixture was treated with Ultra-Turex at 33,000 rpm for 10 min, fol
lowed by sonication in an ice bath for one hour. The IrOx catalyst layer 
was spray-coated onto a Decal transfer sheet, maintaining a loading of 1 
mg cm− 2, and then transferred by hot-pressing onto the membrane. The 
hot-pressing conditions were 150 ◦C under 1500 Bar for 10 min to 
ensure good contact and lamination of the IrOx layer with the 
membrane.

2.6. Electrochemical measurements

To evaluate the direct bicarbonate electrolysis, all experiments were 
conducted in a zero-gap MEA configuration with continuous catholyte 
recirculation, with an active area of 5 cm2. The catholyte consisted of a 
0.2 M KHCO3 solution. The cathode was in direct contact with the 

Nafion membrane, while 0.2 M KHCO₃ was circulated through the 
cathode flow field, and water was circulated through the anode flow 
field. The use of 0.2 M KHCO3 serves as a model system to isolate 
interfacial transport effects rather than replicate industrial capture 
conditions. The anode consisted of IrOx/Ti–PTL, and the anolyte was 
MilliQ water. An activated Nafion PEM (117) membrane was employed 
for the standard electrochemical experiments, which was later on micro- 
structured, for the enhancement of the i-CO2 availability. Both the 
anolyte and catholyte were continuously recirculated throughout elec
trolysis, with a pumping rate of 50 ml min− 1, from their respective gas- 
tight closed tanks of 250 ml volume. The catholyte tank was purged with 
CO2 (30 sccm) for standard testing and purged with N2 (30 sccm) for 
investigation purposes. Under CO₂ purging, the electrolyte remains in 
equilibrium with CO₂, stabilizing the carbonate/bicarbonate system and 
mitigating alkalinity drift during operation. During the initial perfor
mance screening (polarization curve and product selectivity measure
ments), the catholyte was refreshed after the end of each full 
measurement of each sample. During stability measurements, the cath
olyte was refreshed every 4–8 h. The used PTFE gaskets had a total 
thickness of 400 μm, and the assembly of the cell involved applying 
three Nm torque to each screw of the electrolyzer. The MEA cell was held 
together by four screws. In both cases, catalyst-loaded cathode PTLs 
served as cathode materials and were placed facing the cathodic side of 
the PEM membrane during assembly, which was later the micro- 
structured one. All measurements in the zero-gap single cell, were 
conducted at a constant compression of 5%, using the standard thickness 
PTFE gaskets as cell compression modulators. The loading of the 
cathodic catalyst side was fixed at 2.2 mg cm− 2 in between the PTL-PEM 
MEA interface. The anodic IrOx CCM side of the PEM where placed 
facing the anode, and on top the anodic Ti-PTL was placed. To generate a 
polarization curve, the cell was operated continuously at a fixed current 
for 25 min. Throughout this period, the voltage (on average) required to 
maintain this current was measured, and the gas products were sampled 
after 20 min. The different electrochemical experiments were conducted 
using an AUTOLAB potentiostat coupled with a 20 A booster, supported 
by Nova software as a means of control. All the potential reported po
tentials are without iR correction.

To examine the CO2 reduction products in the flow cell and MEA 
reactors, we utilized inline gas chromatography from Agilent. This 
analysis employed a thermal conductivity detector (TCD) and a flame 
ionization detector (FID). Argon (99.999%) was used as the carrier gas. 
The measurement of the gas flow rate at different points along the po
larization curve was conducted at the gas outlet of the cell. All of these 
experiments were carried out at room temperature (RT).

2.7. Electrochemical characterizations

PEIS measurements were conducted at the onset potential and at 200 
mA cm− 2 of each Electrode within a frequency range of 105–4•10− 2 Hz, 
into the single-cell. To assess the electrochemical surface area (ECSA), 
the double-layer capacitance (Cdl) was calculated for each electrode, 
both in an H-cell and in the single-cell. By directly comparing Cdl values, 
trends in ECSA could be observed among different electrodes loaded 
with various catalysts. The experiments took place in an H-cell using an 
Ag/AgCl reference electrode and a Pt wire as a counter-electrode. A 
standard electrolyte solution containing 0.1 M NaClO4 was used, which 
had been saturated with argon gas. In the single-cell, the Cdl measure
ments were used to assess the influence of the micro-structured mem
brane on the MEA surface area. Cyclic voltammetry scans were 
conducted at scan rates ranging from 20 to 100 mV sec− 1. Current 
density measurements were obtained from the non-faradaic region of 
the cyclic voltammograms.

2.8. Characterization of the catalyst materials

To analyze the surface composition and states of the catalysts, X-ray 
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photoelectron spectroscopy (XPS) was employed. The instrument used 
for this analysis was the Phi5000 VersaProbeII by ULVAC-Phi Inc., USA, 
utilizing Al K-alpha radiation at a monochromatic energy of 1.486 keV. 
The X-ray settings were as follows: 50 W power, 15 kV voltage, and a 
spot size of 200 μm. For obtaining survey spectra, a pass energy of 187.5 
eV with an increment step size of 0.8 eV and an acquisition time per step 
set to be at 100 ms/step was applied; whereas for detailed spectra 
acquisition pass energy was changed to 23.5 eV with an increment step 
size reduced to only 0.1 eV while keeping the time per step constant at 
100 ms.

Raman and FT-IR spectroscopy provided additional information 
regarding the successful grafting and chemical species on the function
alized materials. The Raman experiments were carried out in a confocal 
Raman microscope (Renishaw) in backscattering geometry. This system 
was equipped with a frequency-doubled Nd-YAG laser (wavelength: 532 
nm) and a CCD detector. The backscattered signal was collected through 
a 100× objective lens (working distance ~300 μm) and dispersed by a 
2400 grooves per mm grating. The laser power density was kept below 
0.5 mW/μm2 to avoid heating effects and thermal damage of the 
investigated materials. To observe the morphology of both catalyst 
powders and GDEs, a scanning electron microscope (SEM) was 
employed. Specifically, the Zeiss 1550 VP SEM with a Gemini column 
was utilized at voltages up to 30 keV. TEM and HRTEM measurements 
were conducted using a Philips CM 200 field emission gun with an 
accelerating voltage set at 200 kV. To achieve optimal “Z-contrast” 
conditions, a probe semi-angle of 25 mrad was employed alongside an 
inner collection angle of 70 mrad by the detector. The surface charac
teristics of the microstructured membrane.

The hydrophobicity of the catalyst layer was measured with a Kruss 
DSA25 Drop Shape Analyzer. Ten μL of Milli-Q water was automatically 
dropped on the GDE's catalyst layer for each measurement. Under static 
conditions (Cassie–Baxter), the value of the contact angle is measured. 
The nitrogen (N2) adsorption–desorption isotherm and the specific 
surface area (SSA) values calculated according to the Bru
nauer–Emmett–Teller (BET) method were obtained at − 196 ◦C with a 
Micromeritics ASAP-2020 system. The CO2 adsorption of the function
alized samples was measured in the same way, using CO2 instead of N2, 
and the measurement was conducted at RT. Before analysis, the samples 
were thermally treated (degassed) at 80 ◦C under a vacuum.

2.9. CFD model, methodology

The presented model of the CO2 electrolyzer is part of an electro
chemical cell model implemented in OpenFOAM®. This model exclu
sively focuses on the isothermal two-phase flow phenomena occurring 
on the anode side of the CO2 electrolyzer, where gaseous, in situ 
generated CO2 (i-CO2) is generated via chemical reactions. Conse
quently, any changes in temperature, electrical potentials, or reaction 
kinetics are neglected in the present model.

The CFD model captures the multiphase transport processes, 
including the multicomponent transport of species in both the gas and 
liquid phases, as well as transport within the functional porous layers, 
based on an Eulerian–Eulerian two-phase flow approach. Specifically, it 
accounts for the phase change between dissolved CO2 in the liquid 
electrolyte and gaseous CO2 bubbles. The CFD model is intentionally 
formulated as a transport-focused model and does not explicitly resolve 
electrochemical reactions, ion transport, acid–base equilibria, or local 
pH evolution. In particular, OH− generation at the cathode, proton 
transport through the membrane, and transport competition between K+

and H+ are not treated explicitly. Instead, in situ CO₂ generation is 
represented by an effective source term at the membrane interface 
derived from the applied Faradaic current density. This approach en
ables isolation of the influence of interfacial morphology on multiphase 
CO₂ transport, gas holdup, and local CO₂ distribution under otherwise 
identical operating conditions. With the assumptions used: (i) Newto
nian fluids, (ii) laminar flow regime, (iii) no electrochemical reactions 

considered, (iv) CO2 generation modeled as a dissolved species in the 
electrolyte based on the Faradaic current density, (v) CO2 forms spher
ical bubbles, (vi) CO2 generation occurs only at the membrane surface, 
with the rate defined by a constant Faradaic current density.

3. Results and discussion

3.1. Synthesis & characterization of the melamine grafted materials

Using a facile chemical synthesis approach, we successfully grafted 
melamine molecules onto carbon black (CB), silver (Ag) nanopowder, 
and silver foam (Ag_F). For CB and Ag-NP, such an approach has been 
previously demonstrated for various aryl diazonium salts, enabling the 
covalent attachment of aryl groups to various surfaces. [50,51] The 
grafting reaction was carried out via a wet-chemical route catalyzed by 
iron (Fe) powder (Fig. S1a), [52] while for Ag_F the process was elec
trochemically induced (Fig.S1b) [53]. The resulting melamine- 
functionalized materials—CB/M (as a catalyst substrate), Ag/M, and 
Ag_F/M—were employed as primary catalysts for CO2-to-CO 
conversion.

Scanning Electron Microscopy (SEM) coupled with Energy- 
Dispersive X-ray Spectroscopy (EDX) was used to examine the 
morphology and elemental composition of the functionalized materials 
(Fig. 1a–c). The CB and Ag-NPs displayed average particle diameters of 
~20 nm and ~ 50 nm, respectively, both before [54] (Fig. S2a) and after 
(Fig. 1a,b) the wet-chemical grafting process, indicating that the reac
tion did not alter the nanoparticle morphology. Likewise, the Ag_F 
surface exhibited no detectable morphological changes after the elec
trochemically induced grafting procedure (Fig. 1c & Fig. S2b). EDX 
elemental mapping confirmed the presence of nitrogen and carbon 
species on the functionalized surfaces, providing direct evidence of 
successful melamine attachment. As previously discussed, amine groups 
show increased interfacial interaction capacity under equilibrium con
ditions with CO₂ molecules, a property we aimed to utilize in catalysis. 
Besides their tailored surface chemistry, the functionalized materials 
were evaluated for their CO₂ adsorption capacity (Fig. S4d–f) and 
compared with their pristine counterparts. Adsorption data were 
normalized to each sample's specific surface area, determined by BET 
analysis (Fig. S4a–c), which remained constant for each material before 
and after its functionalization. CO₂ adsorption measurements (BET) at 
(Fig. 1d) indicate an increased CO₂ uptake capacity for the amine- 
functionalized surfaces, consistent with enhanced interfacial CO₂ 
retention. At 730 Torr of CO2, grafting with melamine increased CO₂ 
uptake by approximately 37% for the nanoparticle-based materials (CB 
and Ag) and by about 25% for Ag_F. This increase highlights the role of 
grafted melamine layers in boosting surface CO₂ retention capacity. The 
greater adsorption seen in the nanoparticles (CB/M and Ag/M) 
compared to Ag_F is due to their larger specific surface area (Fig. S4a–d), 
which provides more accessible binding sites for CO₂. Overall, in 
aqueous electrochemical environments, CO₂–amine interactions are 
dynamic and can involve reversible physical interactions and bicar
bonate formation rather than stable carbamate species. Under operating 
conditions, continuous electrochemical turnover and local pH gradients 
favor rapid CO₂ exchange, enabling sustained availability of electro
chemically active CO₂(aq). The role of amine functionalities is therefore 
interpreted in terms of transient CO₂ retention and interfacial buffering 
rather than static chemical binding [55].

Fourier-transform infrared spectroscopy (FT-IR) and Raman spec
troscopy (Fig. 1e,f) were also used to probe the surface chemical 
composition. The FT-IR spectra (Fig. 1e) revealed a broad absorption 
band at ~3000 cm− 1, corresponding to primary amine (–NH₂) stretching 
vibrations [56,57]. However, strong background contributions from the 
carbon and silver substrates masked weaker melamine vibrational fea
tures, making only the most abundant –NH₂ groups distinctly detectable 
[58,59]. In contrast, Raman spectra (Fig. 1f) provided complementary 
information: in addition to the –NH₂ vibrations, a distinct C–N 
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stretching mode at ~1350 cm− 1 was observed, confirming the presence 
of a melamine-derived shell covalently bound to the substrates [27,60]. 
The differences in peak shape between the samples arise primarily from 
variations in spectral background and support material. Carbon- 
supported systems (carbon black) exhibit broad Raman features and 
elevated baselines due to structural disorder in sp2 carbon and associ
ated fluorescence contributions, which can lead to peak broadening and 
reduced resolution [61]. In contrast, Ag-based substrates provide a 
cleaner spectral background and improved signal-to-noise ratio, result
ing in sharper and more well-defined vibrational features. This effect is 
further enhanced by the absence of carbon-related background contri
butions and the favorable optical properties of metallic surfaces [62,63].

The high-resolution X-ray photoelectron spectroscopy (XPS) of C 1 s 
and N 1 s (Fig. 1g,h) further validated these findings. Overall, the surface 
characterization techniques display characteristic bonding environ
ments consistent with C–N and –NH₂ groups, directly attributable to 
melamine, and absent in the pristine control samples (Fig. S3a–e) [64]. 
The grafted melamine layer formed a film of ~10 nm around the 
nanoparticles and ~ 13 nm on the Ag_F surface (Fig. S4g). Although both 
the wet-chemical and electrochemical grafting routes resulted in com
parable amounts of melamine bound to the surface (Fig. S3a), the 
observed thickness difference is attributed to the distinct specific surface 
areas of the nanoparticles (CB and Ag) versus the silver foam (Ag_F). 

Collectively, SEM/EDX, FT-IR, Raman, and XPS analyses provide 
consistent evidence for the successful covalent grafting of melamine 
molecules onto CB, Ag-NPs, and Ag_F surfaces.

3.2. Electrochemical performance of the functionalized materials

The electrochemical performance of the functionalized materials was 
evaluated in a zero-gap single-cell electrolyzer using a standard potas
sium bicarbonate solution as the standard electrolyte [34,65]. The use of 
0.2 M KHCO3 serves as a model system to isolate interfacial transport 
and phase behavior without additional effects from increased ionic 
strength, viscosity, and salt accumulation at higher concentrations. It 
should be noted that the use of 0.2 M KHCO₃ represents a model system 
to isolate interfacial transport and phase behavior, rather than replicate 
industrial bicarbonate concentrations (e.g., ~3 M). Under CO₂ purging, 
the electrolyte remains buffered, preventing significant alkalinity drift 
during long-term operation. This allows stable operation while enabling 
clear identification of transport-controlled limitations. The use of dilute 
electrolyte therefore enables isolation of interfacial transport effects, 
which are otherwise convoluted at higher bicarbonate concentrations 
[22]. Silver nanoparticles (Ag NPs) and silver foam (Ag_F), both estab
lished ECR catalysts for CO formation, were tested in their functional
ized forms: Ag/M, incorporated into the catalyst layer and deposited on 

Fig. 1. Physico-chemical characterizations of the melamine-grafted catalyst materials. (a) SEM/EDX images of the melamine-grafted carbon black nano-particles 
(CB/M); (b) SEM/EDX images of the melamine-grafted silver nano-particles (Ag/M); (c) SEM/EDX images of the melamine-grafted silver foam (Ag_F/M); (d) BET 
normalized CO2 adsorption of the different melamine grafted materials; (e) FT-IR spectra of the grafted materials; (f) Raman spectra of the grafted materials; (g) High- 
Resolution C-XPS of the grafted materials; (h) High-Resolution N-XPS of the grafted materials.
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carbon paper, and Ag_F/M, directly employed as electrodes [22,66]. 
These comparisons enabled assessment of melamine grafting on the 
direct bicarbonate electrolysis (DCE) performance. In parallel, carbon 
black (CB)—which is not intrinsically ECR-active and typically functions 
as a support—was functionalized (CB/M) and combined with cobalt 
phthalocyanine (CoPc), a molecular catalyst with well-documented ac
tivity and selectivity toward CO [67]. The optimal CoPc-to-CB/M ratio 
in the catalyst layer was determined to be 1:1 (CoPc_CB/M) (Fig. S5).

To evaluate electrode performance under industrially relevant con
ditions, we screened their activity across increasing current densities (j) 
until the Faradaic efficiency for CO (FECO) decreased to 70% [68]. The 
CoPc_CB/M and Ag/M electrodes demonstrated the most promising 
behavior, maintaining FECO values above 80% up to ~350 mA cm− 2 

(Fig. 2a,b). Both reached comparable maximum current densities, with 
CoPc_CB/M achieving 550 mA cm− 2 (Fig. 2a) and Ag/M 600 mA cm− 2 

(Fig. 2b). In contrast, Ag_F/M was limited to ~400 mA cm− 2, likely due 
to its lower available surface area (Fig. S6b). Overall, the melamine- 
grafted materials exhibited much higher ECR activity in comparison to 
their original state (Fig. S5e-g). Standard electrode properties, including 
surface hydrophobicity (Fig. S6a) and electrochemically active surface 
area (ECSA) (Fig. S6b), remained essentially unchanged between pris
tine and functionalized samples, indicating that the enhanced perfor
mance of the functionalized electrodes (Fig. 2a–c) is attributed to the 
modified interfacial CO₂ retention and transport characteristics induced 
by melamine grafting. The polarization curves materials (Fig. 2d), in 
terms of CO partial current density (jCO), reveal the onset of mass- 
transport limitations at high current densities (jCO > 300 mA cm− 2), 
which we attribute primarily to the generation and local availability of 
in situ CO₂ at the membrane/catalyst interface, rather than to bulk ion 
transport or electrode properties [69]. At such rates, the critical rate- 
limiting step is the sufficient production and retention of interfacial i- 
CO₂, over the membrane/electrode interface [70]. These results indicate 
that the catalytic performance is governed by the local availability of 
CO2(aq), which is controlled by gas–liquid equilibrium, in situ CO₂ gen
eration, and interfacial transport processes.

While catalyst-layer ionomer strategies can enhance local i-CO₂ 
generation near active sites, sustaining high-rate operation in liquid-fed 
MEAs additionally requires controlling the two-phase i-CO₂ local 
chemical environment and interfacial depletion under convective flow. 
To understand this device-level mass-transport bottleneck, we analyzed 
the generation and spatial distribution of in situ CO₂ at the mem
brane–electrode interface, where interfacial morphology critically gov
erns reactant availability for ECR. Two-phase computational fluid 
dynamics (CFD) simulations were therefore employed to resolve phase- 
specific CO₂ mass fractions, and a local superficial i-CO₂ mass frac
tion—accounting for both dissolved and gaseous CO₂—was evaluated 
across different MEA architectures (Fig. S15). The model quantifies how 
interfacial geometry alters local gas holdup and effective diffusive 
transport toward the catalyst layer under steady-state convective con
ditions. It should be noted that the CFD model is used here to isolate the 
transport consequences of interfacial geometry rather than to reproduce 
the full electrochemical system. Thus, the simulations are interpreted 
comparatively, with both membrane geometries evaluated under the 
same effective CO₂ generation condition.

For a conventional flat membrane, simulations show that electrolyte 
convection induces uneven i-CO₂ distributions and localized depletion at 
the membrane–electrode interface, thereby limiting reactant availabil
ity. In contrast, imprinting microstructures [44] onto the Nafion mem
brane (Fig. S14) fundamentally alters the interfacial CO₂ distribution, 
yielding a markedly higher superficial i-CO₂ mass fraction within the 
valley regions (Fig. 2e). The simulations reveal spatial gradients in CO₂ 
mass fraction and gas holdup that directly influence effective reactant 
transport to the interfacial environment under convective flow. These 
results establish a direct structure–transport–function relationship, 
linking interfacial morphology to effective interfacial CO₂ transport. 
This enhancement stems from the preferential accumulation of gaseous 

CO₂ bubbles in the valleys, which increases local gas holdup and elevates 
the gas-phase CO₂ fraction (Fig. S15). As a result, the microstructured 
architecture mitigates interfacial i-CO₂ depletion and promotes more 
uniform reactant availability across the MEA. Importantly, the ~1.5–2 
increase in valley-region i-CO₂ holdup relative to flat membranes 
(Fig. S15) directly correlates with proportionally higher sustained jCO 
under identical operating conditions (Fig. 2d,f). Although electro
chemical kinetics are not explicitly resolved, these results establish a 
clear structure–transport–performance relationship, identifying stabi
lized gas-phase i-CO₂ reservoirs at the membrane–electrode interface as 
a key design parameter for high-rate liquid-fed electrolysis.

3.3. Electrochemical performance under the effect of the microstructured 
membrane

For proof of concept, we have created such a micro-structured 
membrane to experimentally validate its effect during electrolysis. Our 
facile approach involved the gentle hot-pressing of Ni-foam to a com
mon Nafion membrane (Fig. 2f), over the Nafion glass-transition point 
(Tg). This resulted in a fine-tuned micro-structured surface (Fig. S8&9).

The functionalized electrodes (CoPc_CB/M, Ag/M, Ag_F/M) were 
evaluated in a zero-gap electrolyzer using a microstructured Nafion 
membrane (Fig. 3a,b) instead of a planar one, yielding the samples 
CoPc_CB/M_P, Ag/M_P, and Ag_F/M_P. The effect of the microstructured 
membrane was primarily reflected in the increased electrochemical 
surface area (ECSA, Fig. S6c), determined from capacitance measure
ments. This improvement was further confirmed by electrochemical 
impedance spectroscopy (EIS). The Nyquist plots (Fig. S6d–f) revealed a 
lower charge transfer resistance (Rct) and a higher time constant (τ), 
consistent with an enlarged membrane/electrolyte interface that en
hances H+ flux and increases MEA capacitance, respectively [41]. An 
effect directly correlated with the increase in cell voltage observed for all 
the MEA using a structured membrane (Fig. 3f) in comparison with the 
voltages of the plain-membrane MEAs (Fig. 2d). With the effect of the 
increased Rct at the higher current densities range. As all experiments 
were performed under identical compression (5%), the observed dif
ferences arise from morphology-dependent effects rather than variations 
in applied mechanical pressure.

Using the same testing protocol as before, we then evaluated the CO 
selectivity of the modified MEAs across a wide range of current densities. 
The CoPc_CB/M and Ag/M electrodes again delivered the highest ECR 
activity, largely attributable to their high initial ECSA (Fig. S6b). The 
CoPc_CB/M_P MEA (Fig. 3c) maintained a CO Faradaic efficiency (FECO) 
of around 80% up to ~400 mA cm− 2 and remained above 70% up to 700 
mA cm− 2. The Ag/M_P MEA (Fig. 3d) sustained high selectivity, with 
FECO values near 80% up to 500 mA cm− 2 and still above 70% at 800 
mA cm− 2. The Ag_F/M_P MEA (Fig. 3e) also exhibited enhanced per
formance, achieving FECO of ~80% up to 350 mA cm− 2 and maintaining 
~70% at 500 mA cm− 2. Overall, comparison of the polarization curves 
(Fig. 3f) confirmed that the Ag/M_P MEA delivered the highest perfor
mance, reaching a maximum jCO of 550 mA cm− 2 and demonstrating 
ampere-level electrolysis.

The increased interfacial area of the microstructured MEA promotes 
more uniform retention and distribution of in situ–generated CO₂ (i- 
CO₂), ensuring a steady reactant supply to the catalyst layer under high- 
current operation (Fig. 3f). The wavy membrane architecture provides a 
substantially larger effective surface area (Fig. 3a,b, Tables S3–S5), 
which not only improves spatial distribution but also enhances i-CO₂ 
retention at the reaction front under convective electrolyte flow 
(Fig. S15). Within the cavern-like features of the membrane, CO₂ 
generated near the membrane–electrolyte interface initially dissolves in 
the liquid phase and accumulates locally. When the dissolved CO₂ con
centration exceeds its solubility limit, gas nucleation occurs, leading to 
CO₂ bubble formation. These bubbles preferentially reside in the valleys 
of the wavy structure and subsequently migrate toward the catalyst 
layer. The resulting localized gas-phase CO₂ holdup zones that enhance 
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Fig. 2. Electrochemical performance of the different melamine-grafted catalyst materials and membrane characteristics. (a) Performance of the melamine grafted 
carbon black (CB/M) nanoparticles, using a CoPc catalyst (CoPc_CB/M); (b) Performance of the melamine-grafted silver nano-nanoparticles (Ag/M); (c) Performance 
of the melamine-grafted silver foam (Ag_F/M); (d) Polarization curve, in terms of partial current density for CO (jCO), of the different materials; (e) Computational 
Fluid Dynamics (CFD) simulation of i-CO2 concentration distribution over the microstructured membrane; (f) Graphical representation of the microstructured- 
membrane fabrication process.
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Fig. 3. Characterization of the microstructured membrane and evaluation of its influence on the ECR performance. (a) SEM and 2-D laser scanning imaging of the 
microstructured membrane's surface; (b) Detailed 3-D imaging of the microstructured membrane, using laser scanning; (c) Performance of the melamine-grafted 
carbon black nanoparticles, with a CoPc catalyst, using the microstructured-membrane (CoPc_CB/M_P); (d) Performance of the melamine-grafted silver nano- 
nanoparticles, using the microstructured membrane (Ag/M_P); (e) Performance of the melamine-grafted silver foam, using the microstructured membrane (Ag_F/ 
M_P); (f) Polarization curve, in terms of partial current density for CO (jCO), of the different materials, using the microstructured membrane.
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diffusive transport toward the catalyst layer near the cata
lyst–membrane interface, enabled by the microstructured geometry, is 
therefore proposed to contribute to the enhanced electrolysis perfor
mance by improving multiphase CO₂ distribution and reactant flux. This 
effect is consistent with the higher diffusivity of gaseous CO₂ compared 
to dissolved CO₂ in aqueous electrolytes (Table S2), which facilitates 
more efficient reactant transport to the catalyst surface and alleviates 
mass-transport limitations.

To clarify the origin of electrochemically active CO₂, control exper
iments were conducted under continuous N₂ purging conditions 
(Fig. S12 a&b), thereby minimizing the contribution of externally dis
solved CO2, while preserving bicarbonate-derived CO₂ generation, 
confirming that the observed activity is not solely due to externally 
dissolved CO₂. Under these conditions, measurable CO formation is still 
observed, confirming that bicarbonate-derived in situ CO₂ contributes 
directly to the electrochemical reaction. As expected, the absolute cur
rent densities are lower compared to CO₂-purged operation, indicating 
that dissolved CO₂ can contribute to the overall CO₂ supply. Importantly, 
however, the relative performance trends between electrode and 
membrane configurations are preserved. This demonstrates that the 

observed performance enhancement is governed by interfacial CO₂ 
retention and transport phenomena rather than the absolute CO₂ source. 
Accordingly, the conclusions of this work reflect transport-controlled 
CO₂ availability at the membrane–electrode interface. We note that 
electrochemical reduction proceeds via dissolved CO2(aq), while the in 
situ generated gas-phase CO₂ acts as a reservoir that maintains local CO₂ 
concentration and availability through dissolution. Therefore, the con
clusions of this work reflect transport-controlled CO₂ availability at the 
membrane–electrode interface.

3.4. Long-term stability of the electrolysis system

Building on the promising performance of our functionalized cata
lysts and the novel MEA architecture (Fig. 3), we next evaluated the 
stability of the electrolysis systems under constant operating conditions. 
The objective was to exploit the enhanced i-CO₂ flux provided by the 
microstructured membrane to sustain high reaction rates, using the 
functionalized Ag/M electrode as the model system. These stability ex
periments were designed to identify potential degradation mechanisms 
responsible for the loss of ECR selectivity. Among the developed 

Fig. 4. Evaluation of the ECR stability of the melamine grafted silver nanoparticles electrode, using the microstructured membrane MEA. (a) ECR stability and 
energy efficiency for CO (EECO) at different current densities; (b) SEM/EDX post-mortem characterization of the Ag/M electrode, after 80 h of constant electrolysis at 
400 mA cm− 2; (c) High-magnification SEM/EDX post-mortem characterization of the electrode after 80 h of electrolysis at 400 mA cm− 2; (d) SEM/EDX charac
terization of the melamine grafted silver nano-particles electrode spray-coated with an additional Nafion overlayer (Ag/M@N_P); (e) ECR stability and energy ef
ficiency for CO (EECO) at 400 mA cm− 2 of the Ag/M@N and Ag/M electrodes, using the microstructured membrane.
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materials, we focused on the silver-based catalysts—primarily the Ag/M 
electrode—given the inherent stability of silver nanoparticles and sub
strates under ECR conditions [71,72]. This allowed us to isolate and 
examine the influence of other factors, such as melamine functionali
zation and MEA architecture, on long-term performance deterioration.

Given the previously demonstrated high performance of the Ag/M_P 
MEA (Fig. 3d), its stability was evaluated under current densities 
ranging from 200 to 800 mA cm− 2 with a constant catalyst loading of 2 
mg cm− 2 (Fig. 4a). Across these conditions, the MEA exhibited declining 
CO selectivity (FECO) and energy efficiency (EECO) with increasing 
current density, primarily due to the higher cell voltage required to 
sustain elevated reaction rates. Despite this, operational stability was 
consistently ~80 h across all current densities, suggesting that perfor
mance loss was not dominated by depletion of electrochemical reduc
tion (ECR) active sites, as stability appeared independent of the reaction 
rate [73].

To investigate the source of degradation, post-mortem SEM/EDX 
analysis was conducted on the Ag/M electrode (Fig. 4b,c). The results 
showed minimal detachment of the silver-based catalyst layer and no 
significant change in nanoparticle dimensions, confirming the 
morphological stability of the catalyst and the preservation of its active 
sites under electrolysis conditions. However, the EDX spectra showed no 
N-species on the catalyst surface, suggesting that melamine functional
ities were washed away during extended electrolysis. The observed 
performance decay is attributed to the loss or degradation of melamine- 
derived surface functionalities under operating conditions. To confirm 
this mechanism, the Ag_F/M electrode was subjected to extended elec
trolysis at a similarly high current density (Fig. S10a). After 80 h, SEM/ 
EDX analysis again showed maintained silver morphology (Fig. S10b,c), 
but no detectable N-species on the surface (Fig. S10d). Complementary 
EDX line scans (Fig. S11b,c) confirmed the progressive diminishment of 
the nitrogen signal across the scanned regions, strongly indicating that 
the loss of melamine functionalities—rather than catalyst degrada
tion—was the limiting factor for long-term electrolysis performance. 
The stability of the microstructured membrane under relevant condi
tions was confirmed by SEM and laser scanning across different pro
cessing stages. The patterned membrane retains its imprinted features 
both before (Fig. S8a) and after prolonged wet-chemical treatment 
(Fig. 3a&b). Post-mortem SEM analysis after long-term electrolysis 
(Fig. S8e) further shows that the microstructured morphology remains 
clearly preserved, with only minimal swelling observed. These results 
demonstrate that the membrane structure is robust under hydrated and 
operating conditions, confirming that the observed transport effects are 
not artifacts of dry-state morphology.

These findings suggest that extended electrolysis operation could be 
realized if the grafted melamine moieties were retained on the catalyst 
layer for longer durations. To postpone their detachment and enhance 
stability, we applied an additional ionomer overlayer on the Ag/M 
catalyst surface. Such Nafion-overlayers are frequently employed in 
electrolysis technologies to mitigate catalyst depletion and regulate the 
local reaction environment [74,75]. In our case, a thin Nafion coating 
was sprayed onto the Ag/M catalyst layer (Fig. 4d), with an optimized 
Nafion content of 2% (Fig. S12c–f), resulting in the modified electrode 
denoted Ag/M@N. This electrode was then integrated into the micro
structured membrane MEA (Ag/M@N_P).

When tested under identical electrolysis conditions, Ag/M@N_P 
exhibited stable and selective CO formation, achieving a FECO of 80% for 
160 h at 400 mA cm− 2 and an energy efficiency for CO (EECO) of 34%. 
This corresponds to more than a twofold increase in operational lifetime 
compared to the unmodified electrode. Post-electrolysis SEM/EDX 
characterization revealed a preserved catalyst layer morphology with 
only minor nanoparticle growth, yielding an average size of ~50 nm 
(Fig. S13a–c). Furthermore, EDX mapping and line scans confirmed 
strong N-species signals across the electrode surface (Fig. S13d,e), 
consistent with the retention of grafted melamine moieties. The primary 
role of the ionomer overlayer is to stabilize the melamine-functionalized 

interface by mitigating the loss of surface-bound species during opera
tion. While ionomer layers can influence mass transport, control ex
periments (Fig. S12c–f) show that the ionomer alone does not provide a 
comparable stabilization effect in the absence of surface functionaliza
tion. Therefore, the improved durability arises from preserving the 
active interfacial chemistry rather than from the ionomer layer itself. 
The Nafion overlayer effectively retains the melamine species during 
extended operation, of over 160 h, highlighting the importance of sta
bilizing engineered interfacial structures in addition to optimizing 
intrinsic activity.

4. Conclusions

This study demonstrates that CO₂ availability in liquid-fed bicar
bonate electrolysis is fundamentally governed by reaction–transport 
coupling at the membrane–electrode interface. Under high-current 
operation, effective performance depends not only on catalyst compo
sition but on the regulation of multiphase CO₂ generation, retention, and 
transport within the interfacial region. By combining surface function
alization with interfacial morphology engineering, we modulate local 
CO₂ retention and gas–liquid distribution under convective flow condi
tions. Amine-functionalized catalyst layers improve interfacial CO₂ 
retention and buffer local acidity, while microstructured Nafion mem
branes alter multiphase transport by stabilizing localized gas-phase CO₂ 
holdup zones and mitigating interfacial depletion. Two-phase CFD 
analysis, coupled with electrochemical measurements, establishes a 
direct structure–transport–performance relationship, demonstrating 
that enhanced superficial CO₂ mass fraction and controlled phase dis
tribution govern sustained activity. The integrated assemblies enable 
selective CO production with Faradaic efficiencies of ~80% at 500 mA 
cm− 2 and stable operation exceeding 160 h. Long-term testing identifies 
interfacial modifier degradation as the primary durability constraint, 
which is effectively mitigated through a thin ionomer overlayer that 
preserves structural integrity under continuous operation. Overall, these 
results identify multiphase CO2 transport and distribution as a critical 
engineering parameter in bicarbonate electrolysis and provide practical 
design guidance for scalable liquid-fed CO₂ conversion systems.
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P. Buvat, P. Brault, J. Power Sources 298 (2015) 299–308.

[42] H. Cho, S. Moon Kim, Y. Sik Kang, J. Kim, S. Jang, M. Kim, H. Park, J. Won Bang, 
S. Seo, K.-Y. Suh, Y.-E. Sung, M. Choi, Nat. Commun. 6 (2015) 8484.
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