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Magnetic fields enhance mass transport
during electrocatalytic reduction of CO,

Mohamad S. Kodaimati," Rui Gao,"? Samuel E. Root," and George M. Whitesides'**

SUMMARY

The selectivity of electrocatalytic reduction of CO, (CDR) is dictated
not only by the intrinsic reactivity of the catalyst but also by the trans-
port of reactants to the catalyst (i.e., mass transport). Current
methods for increasing mass transport in CDR rely upon either (1)
mechanical agitation or (2) use of gas-diffusion electrodes and are
unable to eliminate concentration polarization completely. This
work demonstrates that magnetic fields orthogonal to the ionic cur-
rent (i.e., the Lorentz force) can be used to increase mass transport
during CDR by generating convective flow in the fluid, thus modi-
fying the observed selectivity of CDR. This increase in mass transport
leads to a corresponding increase in current densities (up to 1.3x
higher than the analogous system with no B-field or agitation) and
increased selectivity of CDR relative to the hydrogen evolution reac-
tion (up to 2.5 x higher than the system with no B-field or agitation).

INTRODUCTION

Electrocatalytic reduction of carbon dioxide (CO,; CDR) to products such as
-3 is a method for both (1) sequestering CO;, and (2) produc-
ing chemical fuels compatible with carbon-based technologies.”™'" Industrial imple-
mentations of CDR would require systems operating at high current densities (>100
mA/cm?)'?"® and with high Faradaic efficiencies (FEs) of ~100%. We define FE as:
moles of product X number of electrons involved in the reaction / moles of electrons

ethylene and methane

originating from the electrode.'® In this chemical process, the hydrogen evolution
reaction (HER) is competitive to CDR."

Previous electrocatalytic methods for achieving high FEs and high current densities in
CDR have relied upon careful selection of the electrode/catalyst materials,'*™"" the

120 and the electrochemical cell.?’*” The hydrodynamics are important

electrolyte,
in electrochemical reactions such as CDR, which is limited by mass transport and
generates concentration polarization. The Faradaic processes of CDR induce
gradients in the concentration of protons/hydroxide ions and of CO, near the
electrode surface; these gradients modify the relative rates for CDR and HER."" These
gradients arise because: (1) bicarbonate is a weak buffer (and here allows for pH
gradients)”®?* and (2) the un-catalyzed exchange between CO, and carbonate/bicar-
bonate is slow. These rate constants represent spontaneous conversion of: 1) CO, and
water to carbonic acid (Kearbonic acid = 0.03 s~ ") and 2) CO, and hydroxide ions to bicar-
bonate (Kpicarbonate = 2.2 X 10° M~1/5)?>?¢ (Figure 1A). Concentration polarization of
protons/CO, during CDR decreases the FE of CDR relative to HER (Figure 1B).""*’

Typical approaches for mitigating the undesirable effects of concentration polariza-
tion involve either: (1) increasing the rate of transfer of CO, to the electrode surface
through a gas diffusion electrode (GDE) or (2) agitation of the solution (e.g., through

The bigger picture

At high current densities (>100
mA/cm?), the electrocatalytic
reduction of CO, (CDR) can be
limited by mass transport,
resulting in decreased selectivity
for CDR relative to the reduction
of protons to hydrogen. Common
approaches to increase mass
transport for CDR rely upon either
(1) gas-diffusion electrodes or (2)
mechanical agitation. This work
demonstrates that magnetic fields
acting through the Lorentz force
can increase mass transport
during CDR. Magnetic fields
generate convective currents by
the Lorentz force acting on ions
moving during electrolysis and
decreases the cost of operating a
CO; electrolyzer (by ~10% in this
work).
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Figure 1. Schematic representation of the role of magnetic fields on the electrocatalytic
reduction of CO, (CDR)

This work examines how selectivity of the cathodic reactions of CDR on a copper electrode is
influenced by magnetic fields.

(A) Schematic representation of CDR and the mechanisms of concentration polarization near the
cathode during CDR. Slow exchange between aqueous CO; and bicarbonate limits reactivity.

(B) Schematic representation of some of the reactions occurring in this system41 We observed two
major sets of CDR reactions and HERs. Competition between these reactions and the products
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Figure 1. Continued

formed is dependent upon both the intrinsic kinetics of the process and the concentration of
species near the electrode surface.

(C) Schematic representation demonstrating the findings of this work. At high current densities, j,
we observed depletion of protons near the electrode surface without a magnetic field (by Raman
spectroscopy and by adding a pH indicator). In the presence of a magnetic field and at a high j, the
concentration gradient near the electrode surface is less than in the case without a magnetic field.
The black circles correspond to negatively charged species (i.e., hydroxide ions) formed at the
cathode during CDR with black arrows (ri(t)) corresponding to the position of species i at time t.

the bubbling of gas or pump-driven circulation). These approaches (even when used
in combination), however, are not sufficient to eliminate concentration polarization
at high current densities (>100 mA/cm?).28-33

Although the influence of magnetic fields on electrochemistry has been studied for

more than 60 years,***

practical applications of magnetic fields in electrochemistry
have been primarily limited to microfluidic devices.?” Previous examples of using
magnetism in electrochemistry have focused primarily on four effects: (1) magneto-
hydrodynamics (MHD; using magnetic fields to generate convective currents),*® (2)
chirality-induced spin selectivity (using magnetic electrodes to inject electrons with
relatively well-defined spin),*” (3) magnetophoresis (using magnetic fields to control
the motion of paramagnetic species with respect to the magnet),”’ and (4) stabiliza-

tion of radical pairs***? (

using magnetic fields to stabilize radical pair spin states).
For example, Pan et al.*? recently reported that magnetic fields can increase yield
of formate from CO, and attributed this effect to the magnetic field “enhancing
the amount of single radical pairs via magnetic field-facilitated triplet—singlet
spin evolution.”*? In this work, we propose a method complementary to mechanical
agitation and GDEs for increasing mass transport and thus improving selectivity in
CDR by exploiting the fluidic convection generated by magnetic fields (MHD),**
mediated by the Lorentz force acting on ions. Although the Lorentz force has
recently been used to increase mass transport on the anodic processes of CDR for
a NiFe-based bimetallic catalyst,”® in this work we demonstrate how the Lorentz
force acts upon the cathodic processes of CDR to increase mass transport. The con-
centration of chemical species near the electrode dictates the observed rates for
competing reaction pathways (Figure 1).

RESULTS AND DISCUSSION

This paper focuses on MHD effects and demonstrates that magnetic fields can be
used to decrease spatial gradients of concentrations of reactants in electrocatalytic
systems—and thus modify the observed selectivity (Figures 1B and 1C). We demon-
strate the use of magnetic fields for modifying CDR; specifically, we examine the ef-
fects of interactions of a magnetic field with moving ions (i.e., electric current) gener-
ated by the electrocatalysis (i.e., the Lorentz force acting on ions). lonic currents are
generated in CDR because of (1) the production of protons at the anode and con-
sumption of protons and carbonate/bicarbonate at the cathode and (2) the electro-
phoretic transport of products away from the electrode surface arﬁl reactants toward
the electrode surface (Figure 1). When a static magnetic field, B [T], with compo-
nents perpendicular to the ionic current is applied, the instantaneous force, ?(t)
[N], felt by an ion with charge, g [C], moving with instantaneous velocity, V'(t) [m/
s], can be expressed using the generalized Langevin form of the Lorentz force,
following Equation 1,%¢%/

Ft) = q(? + V() x §) - /Oty(tft’)V(t’)dt#?(t), (Equation 1)
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Figure 2. Visual evidence of convective currents

We qualitatively compared mass transport in an electrochemical H cell in two configurations. The first configuration (i.e., the control experiment with B =
0) consisted of a Cu foil cathode, Ag/AgCl reference electrode, and Pt wire anode in an aqueous solution of 1.0 M KHCO3 + 0.1 M KCl, at a potential of
1.1V versus RHE. In the second configuration a four in x four in x one in NdFeB magnet was placed perpendicular to the Cu foil surface. The y component
of the B-field near the Cu foil is ~0.3 T.

(A) Upon application of a magnetic field, we observed the generation of helical currents in the bubbles.

(B) After adding 0.5 mM metacresol purple (as a pH indicator), we observed the magnetic field decreases the pH gradient formed in the H cell upon
electrolysis.

(C) After adding 5 um red-colored polystyrene microspheres to the solution, we observed mixing in the bulk of the electrochemical solution under UV
illumination. The arrows correspond to the trajectories of the particles.

(D) Particle-image velocimetry maps near the Cu foil surface of 3-um fluorescent microspheres with and without an applied B-field. Arrows indicate
velocity vectors, and colors indicate the derived vorticity. The root-mean-square (RMS) vorticities for samples with no applied field and an applied field
were 0.59 and 1.31s7", respectively.

(E) Schematics and pictures of the colorimetric reaction we explored to understand how magnetic fields interact with electrochemistry/electrocatalysis.
We explored the reversible one-electron reduction of methyl viologen (MV?*) to form methyl viologen radical (MV®*). MV®" has a deep blue color. After
adding MV?*, we observed similar helical currents being formed upon application of the magnetic field. The dark color near the Cu foil is MVe™.
Horizontal lines in pictures correspond to the bottom edge of the H cell.

where fg Y (t—t')V(t')dt represents the drag on the ion and is obtained from a
memory kernel integral of the dynamic (i.e., frequency-dependent) friction coeffi-
cient, y(t). The term ?(t) is a stochastic force representing noise induced by colli-
sions with solvent molecules. Equation 1 predicts that a charged particle in solution
experiences a fo_r}ce in the direction of E, a force orthogonal to the velocity of the
particle and to B (following the right-hand rule), and field-independent drag and
stochastic forces resulting from collisions with solvent molecules. These frictional in-
teractions mediate the translation of the Lorentz force acting on the ions into hydro-
dynamic flow within the fluid at the electrode surface.

Particularly in the case of a planar electrode (Figure 1C), charged species ap-
proaching the surface of the electrode have a velocity component perpendicular
to the surface of the electrode.®” This ionic “current” can interact with an orthog-
onal magnetic field (i.e., in the plane of the surface of the electrode) to induce he-
lical motion in these ions—generating convection within the fluid that enhances
the mass transport and, thus, the mass transport-limited current.’® For single-
step electrochemical reactions, the effect of the magnetic field may be limited
to enhancing the observed current; however, for multi-step reactions, such as
CDR, we would expect to observe changes in reactivity/selectivity as well (because
the rate equations are non-linear).

To explore the effect of a magnetic field (ﬁ-ﬁeld) on CDR, we performed electrol-
ysis with a polycrystalliie Cu foil cathode ania Pt wire anode in an electrochem-
ical H cell: (1) with no B-field and (2) with a B-field oriented perpendicular to the
Cu foil (Figure 2). We applied a B-field by placing a 4 x 4x1-inch neodymium iron
boron (NdFeB) magnet perpendicular to the surface of the Cu foil (shown in Fig-
ure 2). We used the following xyz coordinate space to describe the reference
frame of our experiments: the x coordinate is perpendicular, and the y and z co-
ordinates are parallel to the plane of the Cu foil. The y component of the B-field
is ~0.3 T at the surface of the Cu foil (with the x and z components ~0 T). We used
aqueous solutions of 1.0 M KHCOj3 (which served three functions: [1] a buffer, [2] a
source of CO,, and [3] as a supporting electrolyte) + 0.1 M KCI (which also served
as a component of the supporting electrolyte) and a Ag/AgCl reference electrode.
CO, was bubbled through the solution to remove O, and N, (from dissolved air).
At the anode, we observed only the oxygen evolution reaction (OER), whereas at
the cathode, we observed both CDR and HER (Figure 1). We focus on the effects
of a B-field on the cathodic reactions unless otherwise noted.

Chem Catalysis 2, 1-19, March 17, 2022 5
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Visual evidence of convective currents

During electrolysis, we observed that (1) with no g-field, the bubbles rise to the top
of the solution and (2) in the presence of an applied B-field, the bubbles and the
fluid undergo helical rotations in the solution parallel to the plane of the Cu foil (Fig-
ure 2A; Videos S1 and S2). The direction of rotation for the bubbles/fluid is consis-
tent with electrophoresis of protons (positive charges) toward the cathode and/or
electrophoresis of hydroxide ions (negative charges) away from the cathode,
following the right-hand rule (Equation 1; Figure 1). In addition to transport of pro-
tons toward the cathode and hydroxide ions away from the cathode, we expect to
observe transport of bicarbonate toward the cathode and transport of carbonate
away from the cathode. The net ionic current involves positive ions moving toward
the cathode (or negative ions away from the cathode), where the ionic current is
equal in magnitude and opposite in sign to the electric current flowing between
the cathode and anode. When we changed the orientation/direction of the B-field
by moving or flipping the NdFeB magnet, we observe rotations in the fluid consis-
tent with the right-hand rule and the above-noted ionic currents (Figure S2). We
would expect to see a weak Hall effect because of the Lorentz force acting upon elec-
trons moving through the copper cathode.*® We exclude the Hall effect because the
voltage difference generated by the Hall effect (~1077 V) is much smaller than the
voltages applied to the electrochemical cell (~1-2 V).

To determine the effect of the fluid motion on the macroscopic pH gradients in the
electrochemical cell, we added a pH indicator (0.5 mM metacresol purple in a so-
lution of supporting electrolyte) (Figure 2B; Videos S3 and S4). Over the course of
5 min of electrolysis, we observed heterogeneity in the pH of the solution within
the electrochemical cell, presumably because of the fact that the rate of consump-
tion of protons at the cathode exceeds the rate of transport of protons from the
anode to the cathode. When we ran the experiments at a lower potential (and
thus lower current) but increased the electrolysis time to allow for the same
amount of charge (integrated current) to pass through the system, we did not
observe the formation of a pH gradient—supporting this hypothesis (Figure S3;
Video S5). When we performed electrolysis with a E—field, we observed that the
helical currents of the solution induced rapid mixing and a uniform pH within the
solution (Figure 2B).

By adding 5-pm-diameter red polystyrene microspPﬁjres to the solution, we
observed the solution was mixed upon application of a B—fiﬁld by analyzing the tra-
jectories of the microspheres, supporting our hypothesis of B-fields enhancing mass
transport for CDR (Figure 2C; Videos Sé6 and S7). To determine whether the E-field
was generating convection near the surface of the Cu foil, we analyzed the fluid flow
near the electrode surface using particle-imaging velocimetry (PIV) with 3-pm-diam-
eter fluorescent polystyrene microspheres.’” We observed that the presence of a
magnetic field increased the turbulence and mixing of the solution near the elec-
trode as evidenced by the fluid’'s velocity field and vorticity, which is defined as
the curl of the velocity field*® (Figure 2D). See the supplemental information for de-
tails (Figure S4). We suspected that the convective mixing in the solution was gener-
ated by protons/hydroxide ions in solution because most of our observed products
for CDR were neutral and near-zero magnetic susceptibilities (e.g., H,, CO, and
CH,). These helical flows are not unique to CDR; we have observed similar results
in the single-step electrochemical reduction of methyl viologen (MV?*) to the radical
species (MV®*) using the same electrochemical cell (Figure 2E; Videos S8 and S9). In
this case, MV?* is colorless, whereas MV®* is identified by its blue color and reverts
to MV2" upon exposure to oxygen.”” In the case of the reduction of MV, a net
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positive current flows toward the cathode (which results from transport of MV?* to-
ward the cathode and of MV®* away from the cathode). We did not observe helical
flows in the absence of a magnetic field (Figure S5). We performed control experi-
ments with MV?*(PF,7), (in dimethyl sulfoxide [DMSQ]), indicating this effect
occurred independently of the chemical nature of this “ionic” current. See the sup-
plemental information for details (Figure Sé).

In all the above experiments, we observed a reversal in the direction of rotation when
switching the direction of the magnetic field, consistent with the Lorentz force. We
also observed that moving the orientation of the magnetic field relative to the ionic
current (by moving the NdFeB magnet) modified the orientation of the helical flows
following the right-hand rule (Equation 1). From our visual experiments, we drew the
following conclusions: (1) helical/convective currents were generated by the Lorentz
force acting on ions within the fluid, and (2) these convective currents enhanced mass
transport/mixing in the bulk of the solution and near the surface of the electrode.
These experiments are consistent with previous reports®**® that the Lorentz force
acting on ions results in convective motion of the fluid because of the interaction
of the moving ions on the fluid through the viscous drag force (Equation 1). This
induced motion of the fluid is visualized by the movement of the bubbles and tracer
particles.

Raman spectroscopy

To determine whether the Lorentz force enhanced mass transport near the electrode
surface, we employed confocal Raman microscopy to measure the approximate pH
near the electrode surface. The concentrations of bicarbonate, carbonate, and CO»
have been shown to be out of equilibrium near the surface of the electrode,”® and we
measure the approximate pH to determine how electrolysis with and without a mag-
netic field shifts pH gradients formed near the electrode. We examined the Raman
peak of bicarbonate at 1,019 cm~" and Raman peak of carbonate at 1,070 cm™! (Fig-
ure 3B).?® We compared the ratio of the area of bicarbonate and carbonate peaks
(after correcting for differences in their Raman cross-sections) to determine the
approximate pH near the electrode surface.”® We determined the pH of the solution
from the relative areas of the bicarbonate/carbonate Raman peaks following
Equation 2:

pH = —log (—areabicarbonate X C) +PRAL L bonate (Equation 2)
ar€acarbonate
where C is a constant (obtained from a calibration curve) (see the supplemental in-
formation for details). By moving the focal point of the microscope relative to the
sample, we measured the pH at three distances from the Cu foil surface: 5 +
4 um (Figure 3C), 500 + 4 um (Figure S9), and 1,000 + 4 um (Figure 3D) throughout
electrolysis (—0.8 V versus reversible hydrogen electrode [RHE]). At 5 + 4 um from
the Cu, we observed a rapid increase in the solution pH from ~7.8 to ~8.6 within 30 s
of applying the cathodic potential, which is consistent with consumption of protons
at the cathode. Notably, we observed that the presence of the B-field decreases the
pH of the solution from 90 s until 720 s (the end of the experiment). At large distances
from the electrode surface (500 and 1,000 pm) in the absence of a magnetic field, the
pH of the solution remained largely unchanged during the duration of the experi-
ments, which is consistent with our visual experiments and primarily diffusion-driven
transport. Upon application of the 0.3-T B-field, we observed an increase in the pH
when the focal point was 500 and 1,000 um away from the electrode surface, which
was consistent with our visual experiments of convective transport generated by the
magnetic fields. The combination of decreasing the pH near the electrode and
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Figure 3. Raman spectroscopy during electrolysis

(A) Pictures and schematic of the electrochemical cell we used for in situ Raman measurements. The
electrochemical cell consists of a glass cuvette with copper foil cathode, Ag/AgCl reference
electrode, and Pt wire anode submerged in 1 M KHCO3. We used this electrochemical cell in
conjunction with a Horiba LabRam confocal Raman microscope to collect in situ Raman spectra.
(B) Representative Raman spectrum showing peaks corresponding to bicarbonate and carbonate
at 1,019 and 1,070 cm™", respectively.

(C and D) Plots showing pH of solution at distances of 5 um (C) and 1,000 pm (D) from the Cu foil
surface as a function of electrolysis time.

(E) pH as a function of a distance after 750 s of electrolysis under no field (solid, black) and with 0.3-T
field (dashed, blue).

(F) From these plots, we extracted the change in pH (ApH) per millimeter via a linear fit (F). Samples
with 532 nm excitation (10 mW) and collected on a cooled charge-coupled device (CCD) with 200-
um pinhole and 600 gr/mm grating with an applied potential of —0.8 V versus RHE. Error bars
represent the error propagated from a single experiment using the fitting procedure outlined in the
supplemental information.

increasing the pH farther away from the electrode resulted in a decrease in the effec-
tive pH gradient near the electrode surface (Figures 3E and 3F). From the Raman mi-
croscopy and visual experiments, we concluded that the magnetic field enhanced
convective mixing within the bulk of the solution and near the surface of the elec-
trode. These results are consistent with previous reports of MHD effects in
electrochemistry.”?
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Figure 4. Electrochemical evidence of magnetic field effects

Enhancement of current density in CDR upon application of a magnetic field.

(A) Schematic diagrams of the electrochemical H cell used. We compared data with and without a magnetic field by placing a 2.5 x 2.5 x 5 cm NdFeB
magnet perpendicular to the surface of the Cu foil.

(B) Amperometry measurements at a potential of —1.1V versus RHE with 0.1 M KHCO3 + 1 M KCl electrolyte. Blue regions correspond to time periods
with the north face of the NdFeB magnet being placed perpendicular to the surface of the Cu foil (~0.3-T B-field).

(C) Amperometry measurement of our cell at a potential of —=1.1V versus RHE with 1 M KHCOs5. Blue (red) regions correspond to time periods with the
north (south) face of the NdFeB magnet being placed perpendicular to the surface of the Cu foil (~0.3-T B-field).

(D) Plot of log(j/jo) versus log(B) for samples collected using 0.1 M KHCO3 + 1 M KCl aqueous solutions with the B-field parallel to the Cu foil (black) or B-
field perpendicular to Cu foil (blue). Field strength was changed by modifying the distance between the Cu and the magnet. The dashed lines are linear
fits to the data.

(E) Plot of j/jo versus kinematic viscosity for samples collected using solutions composed of 0.1 M KHCO3 + 0.5 g/9 mL PEG with the y component of the
B-field ~0.3 T (x,z = O T). Error bars at viscosities greater than 3 cSt are too small to see.

(F) Plot of j/jo versus voltage current density. The current density was modified by changing the potential applied to the cathode. The error bars were
calculated as the SD from n = 7 experiments.

Electrochemical evidence of convective currents

To quantify the effect of the Lorentz force on the transport-limited current density for
CDR, we performed amperometry while placing (and subsequently removing) a per-
manent magnet perpendicular to the Cu foil surface (Figure 3A). We observed an in-
crease in the current density upon agplying a B-field, and this enhancement was
built within ~10 s of applying_t}he B-field. Similarly, this enhancement decayed
within ~10 s of removing the B-field. In the case of changing the magnitude of
the B-field (by removing and replacing the magnet) in a time less than 5 s, we
observed no changes in current density, but, rather, a time average of the values
observed with and without a B-field. These observations are consistent with the
enhancement in current density being due to increasing mass transport of protons
and CO; (Figure 4B). Since the time scales for switching of the magnetic field by
moving the magnet (~1 s) are much slower than the time scales for individual reac-
tions in CDR, we believe the selectivity and current density will be dictated by the
duty ratio rather than the switching frequency. We did not observe any differences
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by flipping the poles of the magnet—and the direction of the B-field (Figure 4C). We
observed this effect only of the ‘B-field on the cathode and did not observe this ef-
fect of the B-field on the Pt wire anode because O, evolution is generally electron
transfer limited (Figure S10A).°" When we applied a 0.3-T B-fieldtoa planar Pt mesh
anode, we also did not observe any changes in the current density (Figure S12).
When we increased convection in the cathodic compartment of the H cell via stirring
(using either a magnetic stirring bar or electric motor), we observed an increase in
the current density (Figure S13). When we increased convection in the anodic
compartment of the H cell, we observed no change in the current density (Fig-
ure ST10B). This observation is also consistent with CDR being mass transport
limited'" and OER being electron transfer limited.”"

We observed an increase in the limiting-current density across different electrode
materials and electrochemical cell geometries. The independence of the material
and geometry of the electrode indicate that this enhancement in current density is
related to the cathodic reactions, rather than the composition and shape of the cath-
ode (Figure S14). We excluded magnetic field effects involving interactions with
paramagnetic species, namely, effects of gradients in concentration of paramag-
netic species and the field-g;adient force, by performing experiments where we
changed the gradient of the B-field while maintaining the same magnitude and di-
rection of the B-field (Figure S22). Interactions of species with high magnetic sus-
ceptibilities (such as paramagnetic species) depend on the strength of the magnetic
field, as well as the gradient of the magnetic field.?® When we increased the unifor-
mity of the magnetic field by placing the H cell in the center of two NdFeB magnets,
we did not observe any changes to the B-field effects. Similarly, we ruled out mag-
netic field effects on radical-pair states for the following reasons: (1) the onset poten-
tial and shape of linear-sweep voltammograms did not change upon applying a
magnetic field (Figures S20 and S21); and (2) when we applied a uniform magnetic
field orthogonal to the surface of the Cu foil (i.e., parallel to movement of ions in
the system) (Figure S23), we observed no magnetic field effects. The interaction of
magnetic fields with radical-pair states does not depend upon the macroscopic
orientation of the magnetic field, ruling out interactions with radical-pair states as
the dominant mechanism. In Figures S20 and S21, we observed no changes in the
onset potential for CDR upon application of a magnetic field. Radical-pair spin-state
effects should manifest as a change in the onset potential because they modify the
overpotential associated with CDR. Radical-pair spin-state effects also do not
depend on the orientation of the magnetic field; radical-pair spin-state effects
depend only on the magnitude of the magnetic field. We observed that the mag-
netic field needs to be parallel with the cathode surface (orthogonal to the ionic cur-
rent) to observe a change in CDR (Figures S22 and S23).

To quantify the magnitude of the enhancement, we introduce(ithe term j/j, (jand j,
refer to the current density in the presence and absence of a B-field, respectively).
Previous experimental and theoretical works have shown that a B-field parallel to a
planar electrode can increase the mass-transport-limited current for electrochemical

375253 the Lorentz force increases the hydrodynamic flow near the elec-

reactions;

trode-solvent interface through convection and decreases the thickness of the diffu-

sion layer. Lioubashevski et al.>” derived a scaling relationship between the limiting
—

current, I [A] and B-field strength in the case of a homogeneous magnetic field par-

allel to the surface of a planar semi-infinite electrode:

I OCA%p’%D%V’%C%B% (Equation 3)
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where A (m?) is the area of the electrode, p (kg/m?) is the specific density of the fluid,
D (m?/s) is the diffusion constant of the electrolyte, v (m?/s) is the kinematic viscosity,
C (M) is the concentration of the electroactive species, and B (T) is the magnitude of
the magnetic flux density.?” Lioubashevski et al.>” assume the reactants/products
are diamagnetic and soluble within the solution, and as such, one discrepancy be-
tween Lioubashevski et al.’s assumptions and our experiments is the formation of
bubbles in CDR.

Generally, we observed qualitative and quantitative discrepancies between those
predicted by Equation 3. When we varied the magnetic field strength by changing
the distance between the permanent magnet and the electrode, we observed that
j/jo scales with B8 (Lioubashevski et al.*” estimated B'/3)—in less strong agreement
with Equation 3 and Figure 4D. We believe the weak dependence of the current den-
sity on the B-field (o B8) arises because of a convolution of (1) the effects of the B-
field on mass transport, (2) the effects of bubble evolution on mass transport, and (3)
the effects of the B-fields on the product selectivity (Figure S27) and effects of prod-
uct selectivity on bubble evolution (buoyance of gas products formed).

To further test the relationship between j/jp and the g-ﬁeld, we changed the viscos-
ity of solutions (while maintaining a constant dielectric constant) from 2.48 to 4.97
cSt by comparing solutions with fixed concentrations (0.0556 g/mL) of polyethylene
glycol (PEG) and differing molecular weights (0.4-35 kg/mol). Although we observed
a negative correlation between the kinematic viscosity and j/jo, this relationship did
not follow a simple power law (Figure 4E).

Furthermore, we found that increasing the surface area, current density, and viscos-
ity of the solvent could produce a non-monotonic relationship with j/j,. For example,
Figure 4F illustrates how an increase in the current density—achieved by increasing
the applied potential—led to a non-monotonic relationship between the current
density and j/jo. We suspect these differences arise because the primary cathodic
products are gaseous (Hy, CO, CHy4, and C;H,). These products are subject to buoy-
ancy and solubility, and the removal of bubbles (composed of these products) gen-
erates convection.®* No previous reports of MHD effects in electrochemistry have
demonstrated these non-monotonic relationships. When we examined a reaction
that does not generate gaseous products (reduction of camphor-sulfonic acid to
the corresponding alcohol), we observed empirical trends consistent with previous
reports of MHD effects for electrochemical reactions (Figure S15), supporting our hy-
pothesis that the convection generated by the bubbles produced this non-
monotonicity.

Because commercial implementations of CDR require high current densities, and
thus rough/micro-structured electrodes, we explored the relationship between the
effect of a magnetic field on convective mixing and the electrochemical surface
area (ECSA) of the cathode to determine the effectiveness of MHD in nanostructured
electrodes (Figure 4). We used electrodes with the same physical dimensions/area
but with differing morphologies/roughness to modify the ECSA of the cathode
(see the supplemental information for details). We inferred the ECSA of the elec-
trodes by measurements of capacitance (Figure S1 9)." In brief, we observed three
distinct regimens relating the ECSA to j/jo. Regimen | corresponded to a cathode
(with a relatively smooth surface) with a low ECSA, where we observed a roughly
linear relationship (similar to Equation 3). Cathodes in regimen | included mechani-
cally polished Cu foil and Cu foil subjected to treatment with an O, plasma. Regimen
[l corresponded to Cu foams and consisted of a high ECSA cathode with microscopic
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roughness (approximately hundreds of micrometers) with high current densities and
j/jo. Finally, regimen Il consisted of CuO nanowires obtained by etching Cu foil*>
and corresponded to nanostructured electrodes with high ECSA and low j/jo
(~1.01). We suspect the differences between the three regimens primarily arise
because of changes in fluid flow caused by changes in the geometry of the surface
(i.e., the Reynold’'s number). For example, the pores in the Cu foam are ~150 um
in diameter, while the pores in the Cu nanowires are <1 um in diameter; these values
result in different regimens of fluid flow. As such, we expected the fluid flow in the
nanowires to be more laminar than in the foam, and thus impeding the convective
mixing generated by the magnetic fields. By analyzing the fluid flow in each case us-
ing PIV, we observed higher vorticity in the case of the Cu foam and lower vorticity
for the CuO nanowires, confirming the hypothesis that the nature of the fluid flow in
each of these three regimens is different (Figures 1D, 4E, and 4F). Finally, we
observed that the relative effectiveness of convection generated by mechanical
agitation versus by the Lorentz force differed based upon the relative surface rough-
ness of each electrode. In the case of the relatively smooth Cu foil electrodes, me-
chanical agitation was more effective and increased the current density by up to
three times higher than the increase in current density achieved by application of
‘B-field. In the case of the CuO nanowires, the B-field increased the current density
by as much as four times the increase in current density achieved with stirring, and for
the Cu foam, the B-field increased the current density by as much as two times the
increase in current density achieved with stirring. We observed that the roughness
of the catalyst surface determines the effectiveness of the convective mixing gener-
ated by magnetic fields—previously not considered by chemists but well known by
physicists.**

Modifying selectivity for CDR

To determine the effect of a magnetic field on the selectivity of the CDR, we analyzed
the distributions of products obtained using Cu foam for the cathode (after 15 min of
electrolysis). We did not examine shorter time spans. We compared the products in
three systems: (1) CDR without a B-field, (2) CDR with a B-field, and (3) CDR with
mechanical agitation (stirred with a paddle attached to a direct current (DC) motor
spinning at 6,000 rpm) (see the supplemental information for details). Concentra-
tions of gases formed during the reaction were measured by gas chromatography
(GC), and liquids formed in the aqueous phase were measured using 'H-NMR using
an internal standard (DMSO) (see the supplemental information for details). The
values reported correspond to the average value from three independent experi-
ments. We observed that the application of a magnetic field increased the propor-
tion of CDR products to hydrogen gas across all potentials measured (0.7-1.1 V
versus RHE), but the difference between no convection (the experiments carried
out with no E)—field) and convection (via stirring the electrochemical cell with a DC
motor or applying a E—field) in CDR versus HER selectivity increases at higher poten-
tials, which is consistent with increased concentration polarization at higher current
densities decreasing the selectivity of CDR relative to HER (Figure S27). Notably, we
observed that the magnetic fields increased CDR selectivity relative to hydrogen gas
production (up to 2.5 times higher than the system with no convection at 0.95 V
versus RHE and 1.5 times higher than a model system mechanically mixed with a mo-
torat 1.1 V versus RHE). We observed that these trends are not unique to this cath-
ode; when we used either a gold film cathode or polycrystalline copper foil cathode,
we also observed increased CDR versus HER selectivity (Figures S25 and S26). Our
observed results are consistent with previous reports that increasing mass transport
increases the selectivity of CDR versus HER.""?” A preliminary energetic analysis in-
dicates that the convection generated by the DC motor consumed ~30 mW of
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electricity during operation, whereas electrolysis consumed ~20-30 mW of elec-
tricity. Recent analyses of the potential operating costs associated with industrial-
scale CDR estimate the electricity consumed while operating an electrolyzer to be
>20% of the total operating costs.”'*°® Specifically, a Lorentz force-based
approach to mixing uses the potential energy stored within concentration gradients
formed at the electrode surface to mix the fluid near the surface decreases the en-
ergy consumption of the entire system and increases the selectivity for CDR prod-
ucts, whereas mechanical mixing-based approaches expend additional energy to
mix the solution. Finally, we also observed that Lorentz force-based mixing is
compatible with mechanical agitation methods; namely, the Lorentz force enhances
mixing and the current when used in combination with a peristaltic pump (see
Figure S26).

Effect of magnetic fields on flow cells with GDEs

To examine the effectiveness of using magnetic fields to increase mass transport at
high current densities (~100 mA/cm?), we measured the effects of a 0.2-T field on
CDRin a flow cell with a GDE. In brief, we used 25-nm Cu nanoparticles spray-coated
on one side of carbon paper as the cathode and a Pt mesh as the anode with graphite
serving as the current collectors (Figure 6A). We flowed CO, through the uncoated
side of the GDE while flowing 1 M KHCO3 over the cathode and anode. The cathodic
and anodic chambers were separated by a Nafion 117 membrane, and we used Ag/
AgCl as areference electrode in the cathodic chamber. In all cases, we flowed CO; at
30 scem. The supplemental information contains additional details concerning the
GDE experiments (Figure S28).

When we compared the current density at different flow rates for the catholyte aver-
aged over 10 min of electrolysis, we observed that an increase in the flow rate from 7
to 60 mL/min did not appreciably change the current density between ~—1and 0V
but increased the current density by up to ~17% (Figure 6B). These results are
consistent with our correlation of the magnitude of the enhancement of the current
with the roughness of the electrode; the GDE is microporous with pore sizes of
~100 pm (Figure S29), which corresponds to regimen Il of Figure 5A. When we
compared the current density with and without a magnetic field at a flow rate of
7 mL/min, we observed larger differences in the current density of ~28%. To disen-
tangle the contributions of HER and CDR to the current density, we used GC and
NMR to determine the partial current densities corresponding to HER and CDR
(see the supplemental information for details). In this system, we observed that
the majority of products were H,, CO, CH4, C;H4, and HCOO™. When we compared
the partial current densities for CDR with and without a magnetic field, we observed
that we were able to increase the partial current density of CDR by ~50% at the same
potential of 1.3V versus RHE (Figure 6C). To achieve the same partial current density
of ~85 mA/cm? for CDR, we decreased the cell potential (including the internal resis-
tance of the cell) from 2.2 to 1.9 V. The increase in partial current density of CDR is
due to the 17% increase in overall current density and a ~20% increase in the FE of
CDR.

To evaluate the potential cost-effectiveness of using magnetic fields for CDR, we
performed a preliminary techno-economic analysis adapted from Shin et al.”’ (see
the supplemental information for details). In this analysis, we assume the following:
(1) the primary product formed is ethylene, (2) the cost of electricity is $0.03 kwh=',
(3) the cell potential is decreased by ~10% from 5.9 V without a magnetic field to
5.3 V with a magnetic field, and (4) the cost of an NdFeB magnet is ~$75/kg.
From this analysis, we estimated that we could decrease the cost of production of
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Figure 5. Relationship between electrochemical surface area and magnetic field effects

(A) Plot of j/jo versus relative ECSA for samples where we varied the structure of the cathode. We identify three regimens: |, low surface area electrodes
(blue); II, macroscopically rough surfaces; and I, nanoscopic rough surfaces.

(B—F) Representative scanning electron microscopy (SEM) images of Cu foil (B), Cufoam (C), and CuO nanowires (D) corresponding to regimens |, Il, and
I1l, respectively. PIV maps near the surface Cu foam (E) and CuO (F) nanowires of 3-um fluorescent microspheres with a 0.3-T B-field. Arrows indicate
velocity vectors, and colors indicate the derived vorticity (curl of the velocity field). The RMS vorticities for the Cu foam and CuO nanowires are 1.16 and
4.66 57", respectively. PIV maps correspond to the plane and were not collected at the same absolute position relative to the magnet. The different
directions of the velocity fields are due to the macroscopic helicity (~2 cm) of the velocity fields.

ethylene from ~$3.40 to $3.09 kg™ (Figure 6D). Although the NdFeB magnet in-
creases the price of the electrolyzer from $4,300/m? to $5,800/m?, this price increase
is offset by the decrease in the power consumption of the system (here, we assume
the magnetic field decreases the voltage required to operate the cell at a fixed cur-
rent density). Although this analysis is preliminary, our analysis and previous analyses
indicate that the electrical efficiency primarily dictates the cost to produce chemicals
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Figure 6. Effect of magnetic fields on a gas diffusion electrode

(A) Schematic representation of the GDE flow cell that we used in these experiments.

(B) Current density as a function of applied potential versus RHE without a magnetic field at 7 mL/
min (black), with a 0.2 T field at 7 mL/min (blue), and without a magnetic field at 60 mL/min.

(C) Plots of partial current density versus applied potential for samples after 20 min of electrolysis
for CDR products (solid) versus HER (dashed) products for the case of no magnetic field with the
electrolyte flowing at 7 mL/min (black) and 0.2-T field flowing at 7 mL/min. Values represent the
average of three independent experiments, and bars correspond to the 99% confidence intervals
(Cls) of these experiments. The gas-phase products were quantified using GC, and formate was
quantified using "H-NMR.

(D) Table of estimated cost savings of the magnetic field on CDR.

Details are in the supplemental information.

via CDR, rather than capital costs. As such, we believe magnetic fields may be one
method for increasing the electrical efficiency and lowering the cost of CDR.

Conclusions

In summary, we demonstrated a method for increasing mass transport in CDR: using
magnetic fields generated by permanent magnets and orthogonal to the ionic cur-
rents generated in the electrochemical cell (i.e., using the Lorentz force). Specifically,
we observed that convective fluidic currents generated via the Lorentz force acting
on ions enhanced the mass transport in the bulk solution and near the surface of the
electrode. Through a combination of (1) PIV, (2) Raman microscopy, and (3) analysis
of the limiting-current density, we demonstrate how magnetic fields affect CDR by
increasing mass transport and selectivity of CDR over HER. PIV measurements
showed that the magnetic fields increase the vorticity (and convection) near the sur-
face of the electrode, and the Raman microscopy measurements showed that this
convection decreased the pH gradient near the surface of the electrode. Finally,
our analysis of the limiting-current density showed that this increased convection
increased the current density (analogous to stirring), and this enhancement in cur-
rent decreased in magnitude as we increased the viscosity of the solution (for solu-
tions of PEG). Specifically, we observed that an increase in mass transport near the
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electrode surface leads to increased current densities (up to 1.3 times higher than
the analogous system with no convection) and increased CDR selectivity relative
to hydrogen gas production (up to 2.5 times higher than the system with no convec-
tion and 1.5 times higher than a model system mechanically mixed with a motor). We
excluded (1) effects of gradients in concentration of paramagnetic species and (2)
the field-gradient force by performing experiments where we changed the gradient
of the B-field while maintaining the same magnitude and direction of the B-field (Fig-
ures S271 and S22). When we analyzed the effects of magnetic fields on flow cells with
a GDE, the use of a permanent magnet has the potential to reduce the energy con-
sumption of a CO; electrolyzer by up to 15% in this case. Convection generated by
magnetic fields is compatible with existing methods for increasing mass transport for
CDR (GDEs and mechanical agitation) and could help solve the long-standing issues

regarding mass transport and concentration polarization for CO, electrolyzers.?® "

We also identified two future directions for research exploring the intersection of the
Lorentz force and CDR: (1) mechanistic exploration of how the Lorentz force interacts
with electrochemical systems that produce bubbles (i.e., gas-liquid interfaces) and
(2) exploration of how to implement Lorentz force-based mixing in electrolyzers
with GDEs to prevent concentration polarization during CDR. We believe a combi-
nation of careful experimentation coupled with finite-element simulations can
further our understanding of how the Lorentz force affects mass transport in CDR
and how electrochemical cells can be designed to maximize these effects.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Future information and requests for resources should be directed to and will be ful-
filled by the lead contact, George M. Whitesides (gwhitesides@gmwgroup.harvard.
edu).

Materials availability
This study did not generate new reagents.

Data and code availability
Data generated by this work are available upon reasonable request.

Electrochemical cell

We primarily used Cu foil as the cathode and platinum wire as the anode. The Cu foil
and Pt wire had >99.9% purity and were obtained from Sigma-Aldrich. Samples were
prepared and sealed with rubber septa. Samples were sparged with CO; (bone-dry;
Airgas) for CDR and Ar (ultra-high purity; Airgas) for reduction of MV for 20 min prior
to use. The Cu foils are plasma treated with an air-based plasma in a Harrick plasma
chamber at high power (18 W) for varying periods of time.

Electrochemical measurements

Electrochemistry experiments were performed using a CH Instruments electrochem-
ical workstation. An Ag/AgCl (1 M KCI) electrode and a Pt wire were used as the
reference and counterelectrodes, respectively, in all measurements. We used a Pt
wire rather than a Pt mesh because of the fragility of the Pt mesh, but we did not
observe any differences between the two (<1% change in the current; Figure S11).
Milli-Q water (18.2 MQ cm at 25°C) was used in the preparation of all aqueous solu-
tions. CDR experiments were performed on aqueous solutions of 1 M KHCOj3 (which
served as a buffer, source of CO5, and electrolyte) and 0.1 M KCI (which served as
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additional electrolyte) unless otherwise noted. All of the potentials were calibrated
to a RHE. The electrodes were cleaned and polished using 0.05 pm alumina slurry
prior to use. All materials were analytical grade (>99%; Millipore-Sigma) and were
used as supplied unless otherwise specified.

GC analysis

We performed headspace chromatography (GC) experiments using an Agilent
7890A GC equipped with a ShinCarbon ST packed column (Restek) and a thermal
conductivity detector (TCD) with He carrier gas (Figures S17 and S18). To measure
the amount of gas formed during bulk electrolysis experiments, we manually in-
jected 100 pL of the sample headspace. The concentration of each species was
determined by integrating the area under their respective peak in the chromatogram
and comparing with a calibration curve for each species.

Raman microscopy

Raman measurements were carried out using a Horiba LabRam HR Evolution
confocal Raman microscope with 532 nm excitation (10 mW). The Raman measure-
ments were averaged overa 1 X 1 um lateral area using galvo mirrors, and two mea-
surements were collected for 5 s each with a 200-pm pinhole and 600 gr/mm grating.
The spectra were corrected for stray cosmic rays, and spectrograph was calibrated to
a Si wafer (peak at 520.7 cm™") prior to each measurement. Analysis and fitting of the
Raman spectra were carried out using a procedure described in the supplemental
information (Figures S7 and S8).

Measurements of viscosity

We performed measurements of viscosity using a calibrated Brookfield Rotational
Viscometer (model DV-IIl) equipped with a YULA-15 spindle. Before each experi-
ment, the spindle and the sample cup were rinsed with deionized water and dried
with a stream of nitrogen gas. The sample cup was loaded with 16 mL of aqueous
PEG solutions with a fixed concentration of 0.0556 g/mL and varied molecular
weights (400, 1,000, 2,000, 4,000, 6,000, 20,000, 35,000 g/mol), containing 0.1 M
KHCO3 + 1M KCl, and was fastened to the instrument, such that the spindle was
completely immersed in the liquid. After allowing ~1 min for thermal equilibration,
the temperature was measured with a thermocouple and determined to be in the
range of 22°C-23°C. A fixed rotational speed of 250 rpom (the maximum speed for
the instrument) was employed for all measurements such that the torque on the mo-
tor ranged from 19% to 9% of the maximum value, depending on the viscosity of the
solution. We note that the minimum torque required for an accurate measurement is
reported by the manufacturer to be 10%. Thus, the lower-molecular-weight samples
(400, 1,000, 2,000 g/mol) were at the sensitivity limit of the instrument; however, the
measured values fit the expected trend, and we believe them to be reasonable.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.checat.
2022.01.023.
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