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A B S T R A C T

Electrochemical conversion of CO2 to hydrocarbons is limited by the low solubility and slow transport of CO2 in 
aqueous systems. We demonstrate that we can reach partial current densities for CO2-to-CO of 40 mA/cm2 in 
fully aqueous systems, without the use of gas diffusion electrodes. We alleviate the mass transfer limitation by 
combining a suspension of catalytically active silver nanoparticles (Ag NPs) with a flow-through current col
lector. This extends the reactive area into the electrolyzer channel and improves the accessibility of dissolved 
CO2 in a larger volume of electrolyte. The flow-through electrode system also outperforms a fully suspended 
electrode (based on carbon black particles), due to enhanced electric conductivity and smaller carbon area to 
minimize parasitic side-reactions. Additionally, we show that the distribution of the Ag NPs is pivotal for high 
CO2 conversion rates, demonstrated by the highest CO current density obtained when a suspension of Ag NPs and 
SDS as surfactant is flowing through the 3D electrodes as pre-treatment. A stable CO current density can be 
sustained for more than 4 h. Although the conversion rate is still moderate compared to gas-fed CO2 electro
lzyers, the partial current density for flow-through electrodes is more than an order of magnitude larger than for 
planar flow systems. This work shows that CO2 conversion in aqueous systems can be enhanced considerably by 
exploiting larger electrolyte volumes via smart electrode designs, such as a flow-through principle.

1. Introduction

The excessive CO2 levels in our atmosphere are driving a global need 
to transition to fossil-free renewable energy, fuels, and materials. [1,2]
Electrochemical CO2 reduction is gaining attention as a clean route to 
convert CO2 to basic carbon compounds (e.g. CO, ethylene, formic acid), 
and ultimately to synthetic hydrocarbons such as fuels, plastics, and 
green chemicals without consuming fossil fuels and releasing new CO2. 
[3,4]

Despite the significant interest in electrochemical CO2 reduction, the 
technology is challenging to commercialize. Early work on CO2 reduc
tion in water demonstrated good selectivity to CO and hydrocarbons 
using Ag or Cu catalysts. [5–7] However, H-cells with aqueous-based 
CO2 reduction are typically limited to 2 mA/cm2, due to low CO2 solu
bility and slow mass transport, [8–10] while reaching current densities 
of at least 200 mA/cm2 at high (≥95 %) faradaic efficiency (FE) and low 
cell voltage (≤3 V) [11] in scalable systems will be required to achieve 
economic viability. [12–14] Higher current densities are obtained in 

gas-fed CO2 electrolysis configurations, using gas diffusion electrodes, 
that leverage improved mass transfer to achieve these targets at lab 
scales, but are suffering from complex water management [15–17], 
stability issues [18–21] and delicate heat management [22,23] in 
stacked and larger electrolyzers. At the same time, work on electro
chemical H2O2 production [24], CO2 reduction [25,26] and water 
electrolysis [27,28] has shown that (partial) current densities can be 
substantially increased by using 3D electrode structures. This raises the 
question whether mass transport can also be alleviated in a fully aqueous 
CO2 electrolyzer system.

To address the mass transport limitations in fully aqueous systems, 
we studied volume-based aqueous systems, leveraging a larger electro
lyte volume and making more reactant available, potentially leading to 
more robust and scalable systems. [26,29] Suspension electrodes, also 
known as semi-solid or flowable electrodes, enable the electric current 
to percolate deep into the electrolyzer channel and to reach otherwise 
inaccessible CO2 molecules. [30] Although suspension electrodes have 
proven effective in various electrochemical applications (e.g. semi-solid 
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redox flow batteries [31,32], flow-electrode capacitive deionization [33, 
34], microbial fuel cells [35,36]), their application in CO2 electrolysis 
introduces several challenges. A trade-off between conductivity and 
flowability results in a poor reaction distribution over the channel depth 
and creates dead zones where no reaction takes place. Additionally, the 
relatively large conductive area compared to the catalyst area can lead 
to increased competition with parasitic reactions, such as the hydrogen 
evolution reaction (HER). [37]

Further expanding the concept of volume-based electrodes, we 
introduce a flow-through current collector that effectively replaces the 
flowable conductive network with a static network. Incorporating a 
solid and continuous structure leads to higher electric conductivity than 
relying on intermittent particle-particle interactions [38,39]. Addition
ally, this strategy decreases the carbon surface area relative to the area 
active for CO2 reduction, thereby minimizing side reactions. [40]
Flow-through electrodes have already been applied successfully in other 
electrochemical applications such as redox flow batteries [41,42] and 
water electrolysis [28,43]. We expect that replacing the carbon particle 
network in a suspension by a static conductive network can lead to 
higher geometric current density and selectivity in aqueous CO2 
reduction as well.

Here, we demonstrate volume-based CO2 reduction with suspensions 
of silver nanoparticles (Ag NPs) flowing through a 3D (foam) current 
collector. We compare the flow-through system with a conventional 
flow-by system and a carbon black (CB) suspension-based system. We 
reach geometric current densities for CO2-to-CO conversion that are an 
order of magnitude higher than for flat electrodes and show that adding 
stabilizing agents improves the system further, demonstrating a viable 
pathway towards intensifying CO2 reduction in aqueous flow systems.

2. Materials and methods

2.1. 3D electrode materials

All experiments were performed in a custom-made PMMA flow cell 
with 6 mm thick flow channels. A glassy carbon plate (Goodfellow) is 
embedded in the cathode endplate in the flow-by configuration. The 
flow-through configuration has a glassy carbon foam (Goodfellow RVC 
foam, 24 pores/cm, approximately 430 μm pore size, 6.35 mm thick) 
inserted in the flow channel on top of the glassy carbon plate (Fig. S1). 
We selected a foam that was slightly thicker than the flow channel 
(6.35 mm versus 6 mm channel thickness) to ensure good electrical 
connection between the glassy carbon foam and the plate. The glassy 
carbon plate was cleaned before each experiment by polishing and 
subsequent sonication in deionized (DI) water. The RVC foam was 
cleaned by sonicating and rinsing in DI water, after which the foam was 
dried in an oven at 150 ◦C.

2.2. Cell setup

The cell was assembled as shown schematically in Fig. S2a with a 
Selemion AMV (100 μm, AGC Engineering) membrane separating the 
catholyte and anolyte compartments. The membrane was soaked and 
stored in electrolyte before use. A Ti sheet with Ir-/Ru-oxide coating 
(Permascand) was used as anode, and a leak-free Ag/AgCl reference 
electrode (LF-1–45, Alvatek) was inserted into the anode compartment. 
The flow cell was connected to the electrolysis setup as shown in 
Fig. S2b.

2.3. Electrolyte preparation

An electrolyte of 0.5 M KHCO3 (99 %, ThermoFisher Scientific) in 
deionized water was used for the catholyte and anolyte (both with a 
volume of 40 mL) unless otherwise noted. The catholyte suspensions 
were prepared by adding the desired type and amount of particles to the 
electrolyte and stirring for 10 min, followed by 15 min of sonication. 

Silver nanoparticles (Ag NPs, 99.9 %, ThermoFisher) were used as 
catalyst in suspension. For the surfactant-mediated solutions, we used 
sodium dodecyl sulfate (SDS) and Ag NPs capped by poly
vinylpyrrolidone (Ag-PVP, 99.5 %, Merck). When SDS was used, the 
particles were added to the electrolyte, the suspension was stirred for 
5 min and sonicated for 10 min before adding the required amount of 
SDS, followed by stirring and sonication for an additional 5 and 15 min, 
respectively. The types of particles, current collectors, and electrode 
configuration used in the different experiment types are listed in 
Table S1. The anolyte and catholyte were saturated with CO2 by 
sparging 50 mL/min of CO2, controlled by mass flow controllers (MFCs, 
Bronkhorst), for at least 30 min before each measurement. This was 
continued during the experiment to keep the electrolytes saturated and 
to flush the product gases to an inline gas chromatograph (Com
pactGC4.0, Interscience) for analysis. The electrolytes were circulated at 
a flow rate of 80 mL/min (L/S Precision Pump System, Masterflex). A 
needle valve in the anolyte tubing was used to minimize the pressure 
difference between the two compartments and prevent membrane 
rupture.

2.4. CO2 electrolysis methods

All electrochemical measurements were performed with an Ivium
Stat.h (±5 A/±10 V, Ivium), a XP20 (±20 A/±20 V, Ivium), or a 
PGSTAT302N (±2 A/±30 V, Autolab) potentiostat. Chro
nopotentiometry (CP) was performed at various geometrical current 
densities for 45 min each, during which the product gases were analyzed 
at time intervals of approximately 4 min with a CompactGC4.0 (Inter
science). A CP at 50 mA/cm2 was always performed first, followed by 
CPs at 25–200 mA/cm2 in a randomized order, and a second 50 mA/cm2 

at the end of the day for comparison. The electrolytes were resaturated 
with CO2 for 30 min between each CP.

3. Results and discussion

We analyzed CO2 electrolysis using a suspension of Ag NPs flowing 
through a carbon foam (Fig. 1b), a suspension of carbon black (CB) and 
Ag NPs flowing past a glassy carbon plate (Fig. 1c), and a silver plate 
(Fig. 1d). Employing a flow-through current collector with a flowing 
suspension of catalyst particles yields substantially higher CO current 
densities compared to the Ag/CB suspension and a conventional silver 
plate electrode (Fig. 1). When applying a total current density of 50 mA/ 
cm2, the CO current density of 27 mA/cm2 (Faradaic efficiency, FE =
54 %) reached in the flow-through system is more than 5 times higher 
than in the Ag/CB suspension system (max. 5 mA/cm2, FE < 10 %), and 
more than 10 times higher than on the Ag plate (max. 2 mA/cm2, 
equivalent to comparable flow systems in literature). [8] Although both 
the flow-through and the CB-suspension systems benefit from a larger 
volume with accessible CO2, larger electrode surface area (13.5x larger 
surface area for carbon foam, >100.000x for Ag/CB suspension), and 
interrupted electrode surfaces that disrupt diffusion boundary layers, 
the flow-through electrode holds additional advantages over the Ag/CB 
suspension system. [37,40] Firstly, the flow-through electrode provides 
a permanent conductive network that continuously spans the entire 
channel depth. This offers higher electrical conductivity than the dy
namic networks in a suspension electrode, which leads to improved 
volume utilization. [38–40] Secondly, flowing the suspension particles 
in the Ag/CB suspension system lowers the relative velocity between the 
electrode and electrolyte, which likely diminishes the positive effect of 
electrolyte flow. As a result, the flow-through configuration makes the 
best use of the available CO2 and the electrolyte flow.

Despite the stable performance during catalysis shown in Fig. 1, we 
observe that the Ag NP suspension is not stable. Upon flowing the sus
pension through the flow-through current collector, the foam acts as a 
filter and captures most of the suspended Ag NPs within 1 min of 
recirculation. This is evident from the fast loss of grey color in the fresh 
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suspension during pumping (Fig. 2a-b), and from the large amount of Ag 
NPs that are visibly stuck to the foam section facing the channel inlet 
(Fig. 2c) and on struts inside the foam (Fig. 2d). We hypothesize that 
severe agglomeration in the first cm of the current collector is pre
venting the flow-through from performing at its full potential. Based on 
the color of the electrolyte, the aggregation process happens at a time
scale of < 1 min, and therefore occurs before the product gas reaches a 
stable composition. Hence, the steady state (Ag NPs after 20 min in 
Fig. 1a) is reached with a significantly smaller catalytic surface area 
compared to the initially available area of the suspended Ag NPs. We 
expect that the performance can be enhanced further by preventing 
particle aggregation caused by strong Van der Waals forces and weak
ened electrostatic repulsion in the electrolyte. We can use methods from 
colloid science, such as adding stabilizing agents, to achieve this [44]. 
Moreover, some surface additives have shown increased selectivity for 
the CO2RR, suggested by locally higher availability of CO2 at the 

catalytic surface. [45,46]
Incorporating surfactants into the reactive suspensions, either by 

adding sodium dodecyl sulfate (SDS) or using pre-coated poly
vinylpyrrolidone (PVP)-capped NPs, indeed raises the CO current den
sity when operating at 100 mA/cm2 (Fig. 3b). At 50 mA/cm2, the SDS- 
and PVP-stabilized suspensions produce similar CO current densities 
compared to the bare Ag NP suspension (27 mA/cm2) (Fig. 3a), within 
the error margin of the measurements (see Fig. S4 for the standard errors 
between multiple series).

At a total current density of 100 mA/cm2, the SDS-stabilized solution 
is clearly outperforming the other electrolytes (Fig. 3b). The bare Ag 
suspension shows a decline in performance during the run at 100 mA/ 
cm2, which occurs even faster and more drastically when PVP-capped 
Ag NPs are used. We hypothesize that agglomeration at the electrode 
surface is alleviated by SDS surfactant. In addition, SDS can lend 
improved CO selectivity by protecting the NP surface from undergoing 

Fig. 1. a) The achieved partial CO current density (jCO) over time for three different flow systems, when operating at a total current density of 50 mA/cm2. The 
cathode and anode were both fed with 0.5 M KHCO3, saturated with CO2 at 1 bar, at 80 mL/min. For the case of Ag NPs flow-through (b), the catholyte contains 
0.1 wt% Ag NPs. For the case of Ag/CB suspension (c), the catholyte contains 1.25 wt% Ag NPs and 3.75 wt% carbon black. For the case of Ag plate flow-by, no 
nanoparticles were added. The jCO equilibrates during the first 10 min of reaction due to flushing of the headspace in the electrolyte container. The catalytic sus
pension combined with an inert flow-through electrode (Ag NPs flow-through) reaches higher jCO with greater stability than the flowed suspension of carbon black 
(CB) microparticles and silver nanoparticles (Ag NP), and the conventional flow-by system with a silver plate (Ag plate) electrode.

Fig. 2. Pictures of a) the fresh Ag NP suspension inside the flow channel right after starting the pump, and b) the same suspension that clears within one minute of 
pumping. c) Picture of a used carbon foam with a large quantity of Ag NPs captured and stuck to the side of the foam facing the channel inlet. d) SEM image of used 
RVC foam with agglomerated Ag NPs on struts of the foam.
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degradation and morphological changes at highly negative potentials. 
At strongly negative potentials, PVP will strip off the NP surfaces, 
initially increasing the availability of active sites and performance, and 
subsequently degrading the NP surfaces, decreasing the performance. 
[47] In contrast, the SDS-stabilized suspensions produce a stable CO 
current density of 40 mA/cm2 when 100 mA/cm2 is applied (FE =
40 %), and even withstand 150 mA/cm2 of applied current density 
(Fig. S5 in SI), although the achieved CO current density is decreased 
(25 mA/cm2, FE = 16 %) compared to 100 mA/cm2 (Fig. 3b). Although 
the initial motive for adding surfactants was to repress particle aggre
gation, surfactants also aid CO2 reduction by lowering the surface ten
sion and thereby facilitating bubble removal at smaller bubble sizes. 
[48] This can enhance bubble-induced mass transfer [49], preventing 
blocking of pores and active sites by large bubbles.

In more detail, SDS is especially interesting as its addition does not 
prevent the sticking behavior completely, but rather induces potential- 
dependent repulsion, demonstrated by a cloud of Ag NPs upon 
applying a negative potential (Fig. S6 in SI). As an anionic surfactant, 
SDS evidently has a higher repulsion to the negative electrode than the 
neutral PVP molecules (Fig. 3c-d), which helps to counteract Ag NPs 
sticking to the foam. We note that previous work on surfactant- 
supported Ag NP suspension indicated that SDS reduces the agglom
erate size [44,50]. Also changing the KHCO3 concentration to 0.1 M, 
with 0.1 wt% Ag NP + 0.1 wt% SDS, produces similar results as the 
0.5 M KHCO3 case (Fig. S8).

Work by Liu et al. [47] indicates that steric hindrance by surfactants 
can improve particle stability but also hinder CO2 transfer to the cata
lytic surface and block active sites. Therefore, we anticipate an optimum 
in the surfactant-to-particle ratio that lends sufficient stability while 
preventing the Ag NP surfaces to become too crowded for CO2 molecules 
to reach it. Varying the Ag:SDS ratio between 0.1:0 and 0.1:1 (wt%) 
reveals that the best performance is obtained when both loadings are 
equal at 0.1 wt% (Fig. 4a). This results in a concentration of 3.5 mM 
SDS, which is well above the critical micelle concentration (CMC) of SDS 
in 0.5 M KHCO3. [51] Varying the absolute Ag/SDS concentrations 
while keeping this ratio fixed at 1 shows that the CO current density is 
not increased further when raising both concentrations above 0.1 wt% 
(Fig. 4b). For the highest loading (0.5 wt%), the CO current density even 
decreases when applying 100 mA/cm2, while the partial current density 
is somewhat higher at 50 mA/cm2, but the differences between these 
results are close to the error margins. We conclude that the mass transfer 
(which relates to the catalyst distribution) is limiting rather than the 
absolute catalyst loading.

In more detail, at 200 mA/cm2, we also observe a decline in Faradaic 
efficiency over time (Fig. S5) and high overpotentials at the cathode 

(Fig. 5), caused by the thick cathode foam. We suggest that SDS loses its 
advantage at these large negative potentials, possibly due to electro
chemical decomposition of SDS or too strong repulsion and hence poor 
charge transfer between the electrode and Ag NPs, causing a decline in 
CO current density at electrode potentials below − 2 V vs RHE. This loss 
in dispersion functionality at strongly negative potentials is then miti
gated at larger concentrations of Ag and SDS (Fig. 4b).

We also note that there is a substantial sample-to-sample variation, 
both in the voltage applied to the cathode (Fig. 5) as well as in the 
limiting current density and Faradaic efficiency (Fig. S5 and Fig. S9). 
Interestingly, we observed consistently better performance when 
circulating the suspension through the foam electrode before applying 
the potential, compared saturating the container and applying a current 
immediately upon filling the flow cell (Fig. 6a). This suggests that 
having some Ag particles attached to the flow-through electrode pro
motes CO2 reduction. This effect implies that the surfactants have 
mainly the role to improve the spatial distribution and agglomeration 
size of Ag deposits. SDS would then mitigate the formation of large 
agglomerates and causes a more evenly distributed coating, thereby 
increasing the partial current density for CO. Because the coating with 
Ag NPs is stochastic and causes random flow patterns, further 

Fig. 3. The achieved CO current densities (jCO) on Ag NP suspensions without surfactant (blue dots), PVP-coated Ag NPs (yellow triangles), and suspensions of Ag 
NPs with 0.1 wt% of SDS added to the electrolyte (red squares), when applying a) 50 mA/cm2 and b) 100 mA/cm2. The molecular structure of SDS and PVP is 
illustrated in panel c) and d), respectively. jCO is averaged over multiple series; four series for the SDS-case at 50 mA/cm2, two series for the SDS-case at 100 mA/cm2, 
two series for the PVP-case at 50 mA/cm2, and a single series for the other measurements. Standard deviations are included in Fig. S5.

Fig. 4. Resulting CO current density a) at various Ag:SDS ratio’s where the Ag 
concentration is kept constant at 0.1 wt%, and b) at various Ag and SDS con
centrations where the Ag:SDS ratio is fixed at 1. The cases with Ag/SDS equal to 
0.1/0, 0.1/1, and 0.01/0.01 were not performed at every current density. The 
0.1/0.1 case was performed multiple times and the error bars indicate the 
standard error.
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complicated by bubble entrapment and repulsion, a large sample-to- 
sample variation is induced.

To assess different modes for Ag distribution, we also tested silver- 
coated CB suspension with a flow-through electrode, an Ag NP suspen
sion containing both PVP and SDS, and an Ag NPs + SDS suspension 
with a flow-through electrode with larger pores (8 pores/cm). None of 
these configurations performed better than the SDS-stabilized Ag sus
pensions in combination with the flow-through electrode with standard 
pore size (24 pores/cm); see Fig. S9. The drastically lower CO current 
density in the flow-through electrode with larger pores emphasizes the 
need for microporous electrodes to ensure sufficient Ag particle- 
electrode interactions.

Finally, to test the stability of this system, we assessed the system 
with multiple subsequent runs, reaching a total runtime of 250 min 
without replacing the electrolyte or electrodes (Fig. 6b). Between each 
runs, we stop the current to saturate the electrolyte with CO2, ensuring 
that the rate of dissolution is not limiting and removing all residual CO 
from the previous section. Apart from the fluctuations in the first mi
nutes of applying each current density, we see no clear degradation over 

time. Although longer stability remains to be proven in future research, 
the good performance after 4 h and the stable operation at 100 and 
150 mA/cm2 (where the bare Ag NPs show a decline in Fig. 3b), dem
onstrates that the SDS is still functional at this timescale and this current 
density.

As an outlook to a practical application, scaling a flow-through sys
tem should not be limited by the dissolved CO2 capacity; we calculate 
that only 0.6 % of the available CO2 in the channel is consumed at the 
highest partial current densities. Therefore, either the channel can be 
made longer to raise the portion of utilized CO2, or the CO current 
density can be boosted even further (almost 170x, in theory). A structure 
with pores smaller than the diffusion boundary layer (estimated to be 
approximately 10 μm for this foam structure [40]) would be ideal. With 
such intensification, the use of a bipolar membrane could be useful to 
mitigate the OH- accumulation, which would merge our concept of 
surfactant-assisted suspensions in flow-through electrodes with the 
route of bipolar membrane-based bicarbonate conversion. [52–55]

Comparing flow-through electrodes in this work to other CO2 elec
trolyzer concepts, the CO2-to-CO current density is lower than for gas- 
fed CO2 electrolyzers (> 200 mA/cm2) [12–14], but outperforming 
simple planar electrodes in aqueous CO2 electrolysis by an order of 
magnitude [9]. That brings these flow-through electrodes in the same 
range as BPM-based bicarbonate conversion [52–55], high-pressure CO2 
conversion [9], or pressure-pulsed CO2 conversion [56]. This indicates 
that mass transfer limitations can be alleviated, but that individual 
concepts do not yet reach the industrial requirements for current density 
and Faradaic efficiency. Nevertheless, given the room for improvement, 
and possibilities to combine strategies for aqueous CO2 conversion, fully 
aqueous CO2 conversion might reach the industrial needs for intensified 
CO2 electrolysis.

4. Conclusions

Our results show that, for fully aqueous-fed CO2 electrolyzers, a flow- 
through electrode in combination with surfactants can significantly 
improve the CO current density compared to a flow-by system. We 
obtain partial current densities for CO2 to CO conversion of 40 mA/cm2 

using a suspension of Ag NPs + SDS flowing through a carbon foam 
electrode, against 2 mA/cm2 for a Ag flow-by configuration and 5 mA/ 
cm2 for a carbon black suspension electrode. The flow-through elec
trodes benefit both from the larger surface area and thin (interrupted) 
boundary layers, while still providing good electric conductivity in the 

Fig. 5. Cathode potential vs RHE for different current densities, measured for 
the case of 0.1 wt% Ag + 0.1 wt% SDS. Standard errors are calculated based on 
potentials independent duplicate and triplicate runs.

Fig. 6. a) CO current density (values after 45 min, averaged over multiple runs, with standard error) at 50 and 100 mA/cm2 total current density, for cases where the 
solution was flowing through the electrochemical cell during pre-saturating with CO2, and for cases where the solution was pre-saturated in the container only. b) CO 
current density over time, for series running at 50, 100, 150 and 50 mA/cm2 without replacing the solution or electrodes, for a total time of 4 h. The jCO dips every 
45 min because the solution was purged with CO2 in between, to remove all residual CO from the previous section. Both cases used a 0.1 wt% Ag NPs suspension 
+ 0.1 wt% SDS.
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foam structure. Even though the partial current densities in this aqueous 
flow-through system are modest compared to gas-fed CO2 electrolyzers, 
the strategy of a flow-through electrolyzer is effective to enhance mass 
transfer. Surfactants are crucial to 1) allow an even distribution of Ag 
NPs with fewer aggregates and thus more catalytically active surface 
area, and 2) improve removal of smaller bubbles which enhances 
bubble-induced mass transfer and prevents large bubbles from blocking 
pores and active sites. Ultimately, we have shown that a smart electrode 
design can enhance the CO current density in aqueous electrolyzers 
considerably, offering an alternative to gas-fed systems as a pathway 
towards intensifying CO2 electrolysis.
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