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A B S T R A C T

The application of external magnetic fields in electrochemical processes has emerged as a promising strategy to 
enhance efficiency. Nevertheless, the use of magnetic fields in electrochemical CO2 reduction (ERCO2) has been 
scarcely explored. This study evaluates the impact of magnetic fields on ERCO2 to formate in a filter-press 
reactor, combining experimental analysis with magnetic field modeling to understand the performance en-
hancements achieved by placing magnets outside the electrochemical cell. Magnetic field modeling reveals that 
the positioning of magnets relative to the cathode surface significantly affects the field strength. For instance, 
placing a magnet near the anode generates a field strength of 20 mT on the GDE, while positioning two magnets 
at opposite ends of the cell increases the field to 400 mT. Experimentally, placing magnets near the cathode or at 
both ends of the cell boosts formate concentration by more than 20 %, achieving values of 4.4 g L− 1 and 4.95 g 
L− 1, respectively, with FEs approaching 100 %. These improvements are attributed to the magnetohydrodynamic 
(MHD) effect, which enhances mass transfer by inducing turbulence in the cathodic electrolyte. This effect is 
particularly important at low catholyte flow rates, leading to a more than 50 % increase in formate concen-
tration, reaching up to 27.25 g L− 1 at a flow rate of 0.07 mL min− 1 cm− 2. However, the application of magnetic 
fields also increases energy consumption due to the higher cell voltage requirements, as indicated by Tafel 
analysis. Despite this limitation, this study demonstrates the potential application of magnetic fields to enhance 
ERCO2 processes, paving the way for future research to further explore and optimize this promising strategy.

1. Introduction

Electrocatalytic reduction of carbon dioxide (ERCO2) holds great 
promise as a technology for converting CO2 into value-added chemicals, 
offering a potential strategy to mitigate climate change [1–4]. ERCO2 
can yield several products, including methanol, carbon monoxide, for-
mic acid or multicarbon (C2+) products [5–7]. Formic acid or formate 
(depending on pH) are particularly attractive carbon-based products. 
They are excellent fuels for direct formic acid or formate fuel cells, serve 
as efficient hydrogen storage media, and have broad industrial appli-
cations [2,8–10]. Consequently, ERCO2 to formic acid/formate has 
emerged as an exciting area of research, with significant advancements 

in catalysts, electrodes, reactor configurations and operational condi-
tions over recent decades. These developments have enabled formate 
concentrations exceeding 35 %wt, high Faradaic efficiencies toward this 
product (80–90 %), and energy consumptions below 200 kWh⋅kmol− 1 

[5,11–15].
However, ERCO2 faces critical challenges that remain unsolved and 

that considerably compromise its performance [16]. These include the 
limitation in reaction rates due to CO2 mass transfer and difficulties in 
maintaining high current densities (> 200 mA⋅cm− 2), which are essen-
tial for industrial relevance [4,16–18].

Coupling magnetic fields with electrochemistry represents a prom-
ising approach for boosting electrochemical reactions [19–21]. In this 
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regard, magnetic fields can alleviate mass transfer limitations in ERCO2 
through the magnetohydrodynamic (MHD) effect [16]. This effect in-
volves the generation of macroscopic and microscopic convection in the 
electrolyte due to the interaction of the magnetic field with current 
density, driven by the Lorentz force [16,19,20,22,23]. The induced 
convection enhances mass transport, promoting a continuous supply of 
electroactive species to the electrode surface, thereby boosting ERCO2 
performance [16,24,25]. A comprehensive explanation of the MHD ef-
fect is provided in these excellent works [19,20,26].

Despite the outstanding potential of the MHD effect in electro-
chemical processes, few studies have exploited its application for CO2 
conversion, primarily focusing on enhancing ERCO2 to carbon monoxide 
[27–29]. These studies investigated changes in current density and po-
tential when magnets were positioned outside the cell (H-type, single 
compartment) near the anode or cathode. For instance, Karki et al. [29] 
and Kodaimati et al. [28] observed variations in velocity vectors and pH 
around the working electrode (Cu and Ag) in H-type cells under mag-
netic fields (0.2–0.3 T). These studies demonstrate that magnetic fields 
can influence CO2 conversion.

Expanding the application of the MHD effect to produce other 
valuable products like formic acid/formate is worthwhile given their 
industrial importance. Additionally, the limited number of studies on 
magnetically enhanced ERCO2 highlights the need for deeper under-
standing of how magnetic fields impact CO2 conversion, particularly in 
electrolyzers with different cathode configurations. Among these, gas 
diffusion electrodes (GDEs) are especially promising. GDEs improve 
contact between the gas, catalyst, and electrolyte, significantly 
enhancing ERCO2, as shown in our previous studies [11,30]. However, 
to the best of our knowledge, no studies have reported the influence of 
magnetic fields on CO2 conversion to formate using GDE as the cathode 
in a continuous mode. Since GDEs enable operation at industrially 
relevant current densities (200 mA⋅cm− 2), exploring the effect of mag-
netic fields on ERCO2 using this cathode configuration represents a 
compelling area of study.

In this context, the present work aims to investigate the effect of 
magnetic fields on ERCO2 to formate in continuous mode using GDE as 
cathode in a flow-cell electrolyzers. An electrochemical flow reactor 
containing bismuth/carbon-based GDEs was employed, as bismuth 
catalysts exhibit high selectivity towards formate [11,30]. The study 
evaluates how magnet placement (anode, cathode, or both ends) and 
catholyte flow rates influence magnetically coupled CO2 conversion to 
formate. Several figures of merit including formate concentration and 
rate, Faradaic efficiency (FE), and energy consumption were analyzed to 
address this investigation. Collectively, the insights gained from this 
work evidenced the potential of magnetic fields for boosting ERCO2 to 
formate, paving the way for the design of optimized electrolyzers that 
exploit the MHD effect for CO2 conversion.

2. Methodology

2.1. Electrode fabrication

For the cathode, a Bi-Gas Diffusion Electrode (GDE) is used as the 
working electrode to carry out the CO2 electrochemical reduction to 
formate. These electrodes, with a geometric surface area of 10 cm2, are 
composed of a Gas Diffusion Layer (GDL), specifically Sigracet 39 BB 
(Fuel Cell Store), coated with a bismuth-based catalyst (Bi/C) on the 
substrate. Bismuth is selected due to its proven efficacy in converting 
CO2 to formate in previous studies [10,30,31].

The GDEs are fabricated using an automatic spray pyrolysis tech-
nique (ND-DP Mini Ultrasonic Spray Coater, Nadetech Innovations), 
optimized to ensure high reproducibility and performance [32]. During 
the fabrication process, catalytic ink is deposited onto the carbonaceous 
support to reach a catalyst loading of 0.75 mg cm− 2. The catalytic ink is 
composed of Bi/C nanoparticles suspended in isopropanol (laboratory 
reagent grade, ≥99.5 %, Fischer Chemicals) as a solvent (97 % wt.) with 

Nafion ionomer (D521, 5 % wt. dispersion, Ion Power) as a binder, 
maintaining a catalyst/ionomer ratio of 70/30. Both catalyst and 
fabricated GDEs have been previously characterized [10].

2.2. Magnetic field sources and magnetic field and MHD simulations

For experimental tests, different magnet configurations are 
employed. On the cathode side, a magnet array consisting of five iden-
tical magnets with dimensions of 30x10x4 mm3 is arranged, covering a 
total volume of 50x30x4 mm3 (length, width, depth). This magnet as-
sembly is used to be able to cover all the GDE external area so that the 
magnetic field can affect a bigger volume in the cathodic compartment 
in comparison to a single magnet of the same dimensions. On the anode, 
a single magnetic block with dimensions of 40x18x5 mm3 is used. Fig. 1
a) presents the experimental setup, showing the placement of magnets 
on both electrodes. All magnets were commercially sourced at the 
highest available grades (N52, N35) and manufactured from rare earth 
metal allows (NdFeB).

The magnetic fields generated around the electrodes for various 
magnet configurations are simulated using the finite-element method 
(FEM) in COMSOL Multiphysics 6.2 software, as described in our pre-
vious studies [33,34]. Three scenarios are modeled: (i) a magnetic as-
sembly located on the cathode side only, (ii) a magnetic assembly 
located on the anode side only, and (iii) magnet assemblies positioned 
on both electrodes. Fig. 1 b) presents the simulated geometry for the 
third scenario, with magnets placed adjacent to both electrodes, 
including their dimensions and polarities (north and south poles indi-
cated by letters N and S, respectively).

Once the geometry is established, magnetic material properties are 
assigned, and magnetic flux conditions are configured. To account for 
the entire electrolyzer system, an additional surrounding domain is 
introduced, modeled as air. A finer mesh is applied through the system 
to improve accuracy. To characterize the magnetic field, the “magnetic 
fields, no currents (mfnc)” physics interface within the AC/DC module is 
used across all domains. Briefly, the simulations are based on Maxwell’s 
equations under the magnetostatic approximation, assuming no time- 
varying electric fields and no currents. The governing equations in the 
“magnetic fields, no currents” (mnfc) interface are: 

∇ • B = 0 (1) 

∇× H = 0 (2) 

where B = μ0(H+ M), and M is the magnetization of the NdFeB per-
manent magnets. We model the magnetization as a uniform vector field 
within the magnets, based on manufacturer-supplied remanent magne-
tization values. The magnetic insulation (n • B = 0) on the external 
boundaries of the air domain is chosen to simulate an open magnetic 
field. Continuity of the magnetic vector potential is enforced at all ma-
terial interfaces. The simulations assume negligible eddy currents and 
displacement currents due to the static nature of the magnetic field and 
the non-conductive surrounding medium (air). As such, the time- 
varying and conductive effects are omitted, justifying the use of the 
mfnc module. We have validated this model in our previous publications 
using experimental data [34]. This simulation provided the magnetic 
flux density (B) within the system.

Additionally, the electrolyte in the cell will experience a volume 
force (Lorentz force) as a consequence of the interaction between the 
ionic current and the magnetic field. We have included the effects of 
these forces in the fluid flow behavior in the catholyte compartment 
(that was modeled using a laminar flow approach), to predict the effect 
of the field in the generation of the MHD effect. Briefly, the magnets set 
up a static magnetic field B, that induce currents J in the fluid following 
the equation: 

J = σ (v x B)                                                                                 (3)
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where σ is the conductivity of the fluid, and v the velocity. This current 
J, flowing through the magnetic field, leads to a volume force on the 
fluid equal to: 

F = J x B                                                                                       (4)

These equations were solved using the “magnetic and electric fields” 
and “laminar flow” modules of COMSOL Multiphysics.

2.3. Filter press tests experiments

The prepared Bi-GDEs serve as working electrodes in a continuous 
system within a filter press electrochemical cell, operating in single-pass 
mode for reactant flow. The experimental setup includes the filter press 
cell (Micro Flow Cell, ElectroCell A/s), peristaltic pumps (HF-LabN3-III, 
HygiaFlex), tanks, and a potentiostat–galvanostat (Arbin Instruments, 
MSTAT4), as shown in Fig. 2.

Fig. 1.a and 3 represent a scheme of the cell. Two internal configu-
rations were tested. The first is a liquid–liquid configuration, where both 
the cathode and anode compartments contain liquid electrolytes, sepa-
rated by a cation exchange membrane, Nafion 117. This membrane al-
lows cations to transfer from the anode to the cathode compartment. In 

this setup CO2 reduction occurs at the cathode, where pure CO2 is 
supplied in the gas phase at a flow rate of 200  mL min− 1, allowing it to 
pass through the GDE to reach the catalyst surface and the liquid elec-
trolyte. The catholyte is a 0.5  M KCl + 0.45  M KHCO3 solution, with 
different catholyte flow rates per geometric surface area (0.07, 0.15, and 
0.57  mL min− 1 cm− 2).

The anolyte in the anodic compartment is a 1  M KOH solution with a 
flow rate per geometric surface area of 0.57  mL⋅min− 1 cm− 2. A 
dimensionally stable anode, [DSA/O2(Ir-MMO (mixed metal oxide) on 
platinum)]) is used as the counter electrode, while a leak-free Ag/AgCl 
3.4  M KCl reference electrode is positioned near the working electrode 
in the cathode compartment.

Experiments are performed with magnets positioned in various 
configurations. In single-magnet setups, one magnet is placed near 
either the cathode or the anode. In double-magnet setups, magnets are 
placed on both anode and cathode sides, covering the reactor’s active 
area.

In the gas–liquid configuration, the liquid catholyte is omitted by 
placing the GDE in direct contact with the ion exchange membrane, and 
a humified CO2 stream of 200 mL min− 1 is supplied to the compartment.

All experiments are conducted for 3600  s experiments at ambient 

Fig. 1. a) Experimental setup showing the magnet positions at the cathode and anode sides. b) simulated geometry for calculating the magnetic fields inside the 
electrolyzer, depicting magnet dimensions and origin of coordinate system.

Fig. 2. Experimental setup for Bi-GDE tests in continuous CO2 electrocatalytic reduction to formate. Adapted with permission from [10].
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pressure (101,325  Pa) and room temperature (20 ◦C). The key variables 
examined are the catholyte flowrate (Q/A), and the current density (j), 
supplied by the potentiostat–galvanostat. Samples are taken every 30 
min in duplicate for analysis. Formate concentration is measured using 
an ion chromatograph (Dionex ICS 1100 equipped with an AS9 − HC 
column, using Na2CO3 as the eluent.

The performance of CO2 electroreduction to formate is evaluated 
using the following figures of merit (Eqs. (1)–(3)) [5,35]: 

- Faradaic Efficiency (FE) quantifies the portion of current utilized to 
produce formate:

FE(%) =
z⋅M⋅F
j⋅A⋅t

× 100 (5) 

where z is the number of electrons exchanged in the reduction reaction 
(2 for formate), M is the moles of formate produced, F is the Faraday 
constant (96485C mol− 1), j is the applied current density, t refers to the 
experimental time, and A is the geometric active area. 

- Formate Rate (r) measures formate formation per time and area:

r
(

mmol
m2s

)

=
M

t • A
(6) 

where M and A are as defined above, and t is the experiment duration. 

- Energy Consumption (EC) indicates the total energy required to 
produce one kilomole of formate:

EC
(

kWh
kmol

)

=
j • A • V • t

M
(7) 

where j, A, t, and M are as in Eqs. (1) and (2), and V is the applied 
potential.

The electrochemical performance of the system under a magnetic 
field is evaluated using Tafel analysis, varying the applied current 
density from 25 to 200 mA cm− 2, with and without the presence of 
magnets. During this process, both cathode and cell potential are 
recorded to generate Tafel plots. The cathode potential is measured with 
the potentiostat, as the three-electrode set up allows the continuous data 
recording, while the cell potential is determined by using a multimeter.

3. Results

3.1. Evaluation of the different magnet positions

3.1.1. Field simulations
Fig. 4.a presents the magnetic field distribution (b field vectors) in-

side the electrolyzer for the three magnetic field configurations tested in 
this study. Additionally, in Fig. 4.b we present 2D maps (x-z) of the 
magnetic field (B magnitude, in Tesla) inside the electrolyzer, while 
Fig. 4.c depicts the magnetic field distribution at the cathode (on the 
GDE surface) for three scenarios: magnet on both electrodes (left), 
magnet only on the cathode (center) and magnet only on the anode side 
(right).

On the one hand, minimal variations in the magnitude of the mag-
netic field across the cathodic compartment or on the cathode itself are 
observed when the magnet is placed either on both electrodes or only at 
the cathode side. We have calculated the B field as a function of z in that 
particular plane (Fig. S.1), and the average field for these two scenarios 
is very similar, with values around 200 mT. The main difference be-
tween the two cases is the smoother B field for the scenario where the 
magnet is only at the cathode (low and high values of 150 and 300 mT, 
respectively), in comparison to the lower/higher values achieved for the 
condition where magnets are on both ends (100 mT and 350 mT, 
respectively). The different field conditions also cause a slightly varying 

distribution of the B field vectors (presented in Fig. 4.a), which affects 
mass transfer dynamics in the electrolyzer. Indeed, as it can be noticed 
from Fig. 4.a, the direction of the vectors within the cathodic 
compartment is slightly different between both scenarios, with vectors 
mainly pointing toward the GDE surface for the case where magnet is 
only placed on the cathode, and with vectors pointing in a variety of 
directions in the electrolyzer volume for the scenario where magnets are 
placed on both ends. Nevertheless, when the magnet is only located on 
the anode, negligible magnetic field values are achieved (20 mT) within 
the cathodic volume. Fig. 4.b also presents the variation of the magnetic 
field across the width of the electrolyzer, showing how the magnetic 
field diminishes drastically with increasing distance from the magnet 
poles, as expected. Overall, these results suggest that the process can be 
enhanced by placing magnets either only on the cathode or on both 
electrodes, due to the favorable magnetic field configurations achieved 
for these scenarios, with slightly different values and B field vectors 
achieved for these two conditions.

3.1.2. Effect of the magnet position in ERCO2 to formate
Different experiments are performed to evaluate the impact of the 

magnetic field created by the magnets on the electrochemical CO2 
reduction to formate behavior. Initially, the effect of the magnet is 
assessed by performing continuous CO2 conversion at 200 mA cm− 2 with 
the magnets positioned near the cathode, the anode, or at both ends of 
the electrochemical cell (Fig. 3). Results from the CO2 to formate con-
version performance are shown in Fig. 5.

As observed in Fig. 5, the positioning of the magnet in the electro-
chemical cell influences CO2 conversion to formate in various ways. For 
instance, placing the magnet next to the anode yields results similar to 
those obtained without magnets, with a formate concentration of 3.85 g 
L− 1 and FE of 78.4 %, compared to 3.95 g L− 1 and 80.4 % without 
magnets. In this configuration, the greater distance from the cathode 
surface, where CO2 reduction reaction takes place, minimizes magnetic 
field’s influence. However, when the magnet is positioned next the 
working electrode, a significant improvement in formate production is 
observed, reaching 4.4 g L− 1 with an FE of 89.6 %, indicating that the 
magnetic field is directly enhances the CO2 reduction reaction at the 
cathode surface. Additionally, placing magnets at both ends of the 
reactor creates a combined magnetic field effect, which further in-
tensifies the reaction at the cathode surface. This configuration yields a 
formate concentration of 4.95 g L− 1, improving conversion performance 
by 20 % over the system without magnets. The selectivity towards 
formate is also enhanced, achieving a FE of nearly 100 % (99.6 %). This 
enhancement can be attributed to the MHD effect [36], where the 
magnetic field induces mixing in the electrolyte compartment, reducing 
the mass transfer resistance of charge species toward the electrode 
surface and accelerating reaction kinetics [16].

Additionally, we have calculated the velocity values of the electro-
lyte in the cathodic compartment for all the magnet configurations 
tested, as well as for the case when there is not a magnetic field applied. 
Fig. 6.a presents the electrolyte velocity values on the GDE surface, as 
well as 1 mm away from the cathode (Fig. 6.b) for a representative flow 
rate value. It can be seen that the presence of the magnetic field en-
hances mass transport via MHD effects, as the velocity on the cathode 
surface is particularly increased when there is a magnetic field applied in 
the electrolyzer, in comparison to the case where no magnetic field is 
generated (Fig. 6.a). This is particularly significant for the cases where 
the magnet is located on the cathode (either alone, or at both ends), 
especially for high z values on the GDE surface. The higher velocity 
values on the GDE surface are directly correlated to a higher conversion 
of CO2 to formate.

Fig. 7 presents performance results in terms of formate production 
rate and energy consumption. The formate production rate trends 
similarly to formate concentration, with magnets in the electrochemical 
cell enhancing reaction kinetics. A production rate of 10.4 mmol m2 s− 1 

is achieved with magnets are placed at both ends of the cell. However, 
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Fig. 3. Schematic of the internal configuration with magnets placed on both the anode and cathode side.

Fig. 4. a) Magnetic field distribution (b vectors) in the x-z plane at the center of the electrolyzer (y = 0) showing also B magnitude for all the magnet configurations 
tested in this study: magnets on both electrodes (left panel), magnet on the cathode side (center panel), and magnet on the anode side (right panel). The red rectangle 
represents the location of the GDE on the cathode side. b) Magnetic field distribution (B magnitude) in the x-z plane at the center of the electrolyzer for all the magnet 
configurations. The white dashed line next to the magnet assembly on the left side of the chamber represents the location of the GDE. c) Magnetic field distribution in 
the y-z plane showing the expected magnetic field on the GDE surface (at a distance of 3.2 mm from the magnets on the cathode). The white dashed rectangle 
represents the active GDE area (33 mm x 33 mm). Legend represents the B field in Tesla.

J.A. Abarca et al.                                                                                                                                                                                                                               Chemical Engineering Journal 515 (2025) 163614 

5 



the induced magnetic field increases energy consumption, as higher cell 
voltages are required, thereby raising the total energy required for CO2 
to formate conversion. In the optimal setup, with magnets near both the 
anode and cathode, energy consumption rises from 277 to 397 kWh 
kmol− 1.

3.2. ERCO2 for the optimized magnet configuration

As shown in previous results, placing magnets at both ends of the 
electrochemical cell proves to be the most effective strategy for 
magnetically enhancing CO2 electroreduction to formate. This configu-
ration is used to evaluate the impact of the magnetic field on CO2 con-
version performance with varying catholyte flow rates, between 0.57 
and 0.07 mL min− 1 cm− 2.

As observed in Fig. 8, lower flow rates result in higher formate 
concentrations, consistent with previous works [10]. Regarding the 

effect of the magnetic field on CO2 electroreduction performance, the 
MHD effect is evident. At lower catholyte flow rates (0.07 mL min− 1 

cm− 2), where natural mixing induced from the catholyte flow is limited, 
the mass transfer enhancement from the magnets is more pronounced. 
For example, at a flow rate of 0.57 mL min− 1 cm− 2, the formate con-
centration increases by 20 % due to the magnetic field, while at a lower 
flow rate of 0.07 mL min− 1 cm− 2, the improvement reaches approxi-
mately 50 %, from 18.02 to 27.25 g L− 1 of formate. These results 
demonstrate the potential of an external magnetic field to enhance CO2 
electroreduction to formate. In terms of FE, higher values are achieved 
at larger catholyte flow rates, with an increase of 15–20 % across all 
cases when the magnetic field is applied.

Moreover, the magnetic field enhances the formate production rate, 
reaching values of 7.06 and 7.62 mmol m− 2 s− 1 for 0.07 and 0.15 mL 
min− 1 cm− 2, respectively, compared to 4.67 and 6.5 mmol m− 2 s− 1, 
without magnets (Fig. 9). On the other hand, as noted previously, the 

Fig. 5. Formate concentration and FE for different magnet positions in the filter-press reactor.

Fig. 6. Electrolyte velocity values at the cathodic compartment for the four magnetic field configurations employed in this work (magnets on both ends, magnet only 
on the cathode, magnet only on the anode, or no magnet) for a representative catholyte flow rate. a) Velocity values on the GDE surface (at an x distance of 3.2 mm 
from the magnets on the cathode). b) Velocity values 1 mm away from the GDE surface (at x = 4.2 mm from the magnets on the cathode).
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energy consumption of the system is adversely affected by the magnetic 
field. For instance, at a flow rate of 0.07 mL min− 1 cm− 2, energy con-
sumption increases by approximately 20 %, from 535 to 633 kWh 
kmol− 1, while for the 0.15 mL min− 1 cm− 2 scenario, energy consump-
tion rises from 364 to 620 kWh kmol− 1, as shown in Fig. 9.

To further investigate the impact of the MHD effect on cathode 
performance, a modification to the reactor configuration is proposed. 
Specifically, the Bi-based GDE is placed in close contact with the Nafion 

117 membrane to form a Membrane Electrode Assembly (MEA), elimi-
nating the need for a catholyte and feeding a humified CO2 stream 
directly into the cathode compartment. When comparing the formate 
production results with and without the application of the magnetic 
field, no significant change is observed. The magnetically influenced 
operation yields 320 g L− 1 of formate, compared to the 312 g L− 1 from 
the non-magnet operation [9], with FEs of 22.8 and 24.8 % respectively. 
The formate rate decreases from 2.57 to 2.21 mmol m− 2 s− 1. Thus, the 
behavior of this catholyte-less system confirms that the main effect of 
the applied magnetic field in the electrochemical cell is linked to the 
MHD effect, which enhances catholyte mixing in the reaction area, 
thereby reducing mass transfer limitations. This leads to a significant 
enhancement in CO2 reduction performance to formate when magnets 
are applied.

Moreover, in the MEA configuration, the placement of magnets in the 
electrochemical cell increases energy consumption, rising from 547 to 
1100 kWh kmol− 1, due to an increase in the overall cell potential. This 
trend is consistent across all configurations analyzed, where the pres-
ence of magnets results in a higher overall cell potential. To better un-
derstand the system’s behavior, additional electrochemical analyses 
have been conducted.

Fig. 10.a presents polarization plots for experiments conducted with 
and without a magnetic field, where different current densities are 
applied, and both cathode and cell voltages are recorded. As observed, 
for the same applied current density, the cell potential is higher when 
magnets are used. Fig. 10.b shows the Tafel plots for the cathode over-
potential, highlighting two distinct regions.

To calculate the cathode overpotential, a reference value of − 0.35 V 
(vs. Ag/AgCl) is used, as this is considered the working electrode po-
tential at which the ERCO2 to formate is thermodynamically feasible 
using a liquid electrolyte with a pH between 8.5–9 [37,38]. In the low- 
overpotential region (under 1.5 V vs. Ag/AgCl), the Tafel slopes are 
steeper for the ERCO2 operation with the magnetic field. However, in 
the high-overpotential region (overpotentials over 1.5 V vs. Ag/AgCl), 
which is more relevant for high current density operations, the Tafel 
slope for the magnet-assisted setup decreases to 1910 mV/decade, 
compared to 2011 mV/decade for the conventional configuration. This 
slight reduction in the Tafel slope suggests improved mass transfer 
resistance, likely due to the MHD effect, supporting the hypothesis of 
enhanced ERCO2 performance resulting from this phenomenon [39]. 
This hypothesis is supported by the EIS analysis (Fig. S.2). At low po-
tentials (− 0.8 V vs. Ag/AgCl), the measurements show that the electrode 
resistance remains unchanged regardless of whether magnetic fields are 
applied. However, the system with magnetic fields exhibits a higher 
resistance from other cell components, which is consistent with the 

Fig. 7. Formate rate and energy consumption for CO2 electroreduction to formate with different magnets positions.

Fig. 8. Formate concentration and FE for varying catholyte flowrates with and 
without the magnetic field.

Fig. 9. Formate rate and EC for varying catholyte flow rates with and without 
the magnetic field.
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higher cell potentials observed in this case. On the other hand, when the 
potential is increased to − 1.8 V (vs. Ag/AgCl), the Nyquist plots exhibit 
a characteristic shape of mass transport limitation [40]. Under these 
conditions, the Nyquist curve for the system with magnetic fields lies 
below that of the system without magnets, indicating improved mass 
transport due to the application of the magnetic field.

When considering Fig. 11, it is clear that the increase in cell voltage 
with the application of a magnetic field is primarily due to changes in 
the anode overpotential. Despite similar cathode overpotential values in 
both configurations (with and without magnets), the anode over-
potential under the influence of the magnetic field emerges as the main 
contributor to the overall increase in cell potential. In this case, previous 
studies have reported that the position of the magnets can significantly 
influence the cell potential, particularly at the anode. Li et al. [41] 
showed that when electrodes are oriented vertically and magnets are 
placed in parallel, the resulting Lorentz force can hinder the detachment 
of gas bubbles from the electrode surfaces. In the ERCO2 reactor, the 

high rate of O2 bubble generation at the anode, due to the elevated 
current density applied, may be similarly affected by the magnetic field. 
The Lorentz force slows down the detachment of these bubbles, leading 
to a partial blockage of the electrode surface. This reduces the effective 
active area in contact with the electrolyte, increases the local electrical 
resistance, and ultimately raises the anodic overpotential.

Nevertheless, despite the increase in energy consumption, the 
application of magnetic fields to enhance the ERCO2 to formate reduc-
tion has proven to be a promising approach to maximize the formate 
production and selectivity, as both concentrations and FE obtained are 
clearly improved.

4. Conclusions

The coupling of external magnetic fields with electrochemical pro-
cesses has been proposed to enhance their performance via various ef-
fects. However, the application of a magnetic field to the 

Fig. 10. Polarization plots and Tafel slopes, a) j-V curve with the overall cell potential as a function of the current density with and without the magnetic field, b) 
Tafel plot with Tafel slopes for both low and high overpotential regions (vs. Ag/AgCl), with and without the magnetic field.

Fig. 11. Anode and cathode potential (vs. Ag/AgCl) evolution for different current densities applied in the system with and without the effect of the external 
magnetic field.
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electroreduction of CO2 has been scarcely explored in the literature. 
Specifically, the use of magnetic fields in the conversion of CO2 to 
formate has not been previously reported. In this context, this study 
evaluates the impact of applying a magnetic field to the reduction of CO2 
to formate in a previously characterized filter-press reactor. The aim is 
to assess performance improvements both experimentally and through 
magnetic field modeling by strategically positioning magnets outside the 
electrochemical cell.

Magnetic field modeling reveals that the placement of magnets 
relative to the working electrode surface significantly influences the 
magnetic field intensity on this surface. For instance, placing a magnet 
next to the anode generates a field strength of 20 mT on the GDE. In 
contrast, the combined action of two magnets paced at opposite ends of 
the cell results in field values as high as 400 mT. These variations in field 
strength directly impact the performance of ERCO2 to formate. Placing a 
magnet near the anode yields negligible improvements in formate con-
centration or FE. However, positioning magnets near the cathode or at 
both ends of the cell increases the formate concentration by over 20 %, 
reaching 4.4 g L− 1 and 4.95 g L− 1, respectively, with FE approaching 
100 % when magnets are placed at both ends.

These performance improvements can be attributed to the MHD ef-
fect, where the magnetic field enhances mass transfer in the cathodic 
compartment by inducing turbulence in the electrolyte. This effect is 
particularly pronounced at lower catholyte flow rates, and at the surface 
of the GDE, as our simulations have reported. Under these conditions, 
formate concentration increases by up to 50 % at a flow rate of 0.07 mL 
min− 1 cm− 2, rising from 18.02 to 27.25 g L− 1 with the magnetic field 
application. The influence of the MHD effect is further validated using a 
catholyte-less MEA configuration, where magnet placement does not 
improve the ERCO2 to formate process performance.

Despite these improvements in formate production metrics, the 
application of a magnetic field adversely affects energy consumption. 
Higher cell voltage values observed in Tafel analysis lead to increased 
energy consumption in all scenarios involving magnet placement near 
the electrodes.

Overall, this work represents a promising first step by introducing 
magnetic fields to enhance the performance of ERCO2 to formate. It 
establishes a foundation for future research to further optimize system 
performance by investigating the effects of magnetic fields on various 
electrolytes, cell configurations, electrode architectures, and catalytic 
materials. Indeed, our ongoing work is focused on the detailed expla-
nation of the interplay between the magnetohydrodynamics, mass 
transfer of chemical species in the cell, and reaction rates, using FEM to 
describe the phenomena occurring in the entire GDE flow cell. Future 
studies in the field could be directed towards the optimization of all 
variables and parameters affected by magnetic fields using validated 
numerical modeling predictions and machine learning algorithms.
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Writing – review & editing, Methodology, Formal analysis. Ioannis H. 
Karampelas: Writing – review & editing, Validation, Formal analysis. 
Alejandro Gutierrez-Carballo: Writing – review & editing, Formal 
analysis. Joseph A. Gauthier: Writing – review & editing, Funding 
acquisition, Formal analysis, Conceptualization. Gerardine G. Botte: 
Writing – review & editing, Supervision, Formal analysis. Jose Solla- 
Gullon: Writing – review & editing, Formal analysis, Data curation. 
Angel Irabien: Writing – review & editing, Resources, Project admin-
istration. Guillermo Díaz-Sainz: Writing – review & editing, Writing – 
original draft, Methodology, Investigation, Funding acquisition, Formal 
analysis, Conceptualization. Jenifer Gomez-Pastora: Writing – review 
& editing, Writing – original draft, Validation, Resources, Methodology, 
Investigation, Funding acquisition, Formal analysis, Data curation, 

Conceptualization.

Declaration of competing interest

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

Acknowledgments

The authors fully acknowledge the financial support received from 
the Spanish State Research Agency (AEI) through the projects PID2022- 
138491OB-C31 and PID2022-138491OB-C32 (MICIU/AEI /10.13039/ 
501100011033 and FEDER, UE), TED2021-129810B-C21, and 
PLEC2022-009398 (MCIN/AEI/10.13039/501100011033 and Union 
Europea Next Generation EU/PRTR). The present work is related to 
CAPTUS Project. This project has received funding from the European 
Union’s Horizon Europe research and innovation programme under 
grant agreement No 101118265. This study was financially supported 
by Texas Tech University through HEF New Faculty Startup, NRUF Start 
Up, and Core Research Support Fund. Jose Antonio Abarca gratefully 
acknowledges the predoctoral research grant (FPI) PRE2021-097200. 
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